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NMPEANCIIOBUE PEJAKTOPA TIEPEBOJA

Mouatue «MexaHHKa CKAJBHBIX NOpoa» (NpaBmiIbHEE ObLIO OBl rOBOPHTD
«MEXaHMKa CKAJIBHBIX MacCHBOB») yXe€ BOCTaTOYHO LUHPOKO HCMOJAB3YETCSA
B HHXEHEPHOM N€f€, ¥ XOTA U3BeCTHO OOJBILHOE YUCNIO HE TOJBKO XKyp-
HanbHbIX MyOJjHKanyuid, HO H MoHorpaduil, nOCBAIUEHHBIX mnpobiemam
CTPOHTEILCTBA Ha CKAJILHOM OCHOBAHWH, B TOM YHCIIE H Ha PYCCKOM S3BIKE
[1—10], kak Hayka MeXaHHKa CKaTIbHBIX IOPOJ HAXOAHTCA B Craxuu GopMupo-
BaHHA, W €€ OCHOBHBIC NMPUHLMIBL €Ilie He TOJHOCTBIO CHOPMYJIUPOBAHBL
Mo3ToMy HUKOro He AOJIKHO yIHBASThE HA3BAHHE HACTOSMLUECH KHUIM — «BBe-
IEHHE B MEXAHHKY CKaJbHBIX HOpom» H He Clie/lyeT CYuTaTh, YTO Takoe
Ha3BaHUe NPHHWXKAET €€ 3HaYeHHe ¥ OIPAHWYHBACT €€ codepixaHue. MH,
HECOMIleHHO, OyaeM CBHIeTeIsMM BHIXOJA B CBET ewje MHorux pabor
C aHaloTrMyYHbLIM Ha3BaHHEM, He cuuTas soimenwed B 1980 r. kHuru
npod. P. Tynmana [12]. Y 370 NOHATHO, TaK KaK CTPEMHTENBHOE Pa3sBHTHE
MEX2HHKY CKAJIBHBIX TOPOJ KaK HAyKH HEMMHYEMO JOJDKHO COTPOBOXAATHCA
BBUIBIDKCHHEM, 00CYXICHHEM 1 YTBEPKAEHHEM OCHOBONOJIATAFOIIMX FHIIOTES
H OPHHIMIOB, ABAAXOIIHXCA OCHOBROH pPa3BUTHI TEOPETHUYCCKHX H IKCIEPH-
MEHTAJILHBIX HCCIIe/IOBAHHI,

IIpennaraemas KHHra HanMcCaHa TrpYINOH AaBTOPOB, 4YTO HMeeT Kak
JOCTOMHCTBA, TAK H HEROCTATKH. DTO MO3BOJAET IO KAXKAOMY H3 pac-
CMaTPHBAEMBIX BOMPOCOB HpPEACTABUTL MHEHHE CHENHAIHCTA B JaHHOH KOH-
KpeTHOH O0JIACTH H OTPA3HThb DPa3NHYHBIE TOYKH 3PEHHS, HO HeH30eXHOo
Be/leT K HEKOTOPOMY Pa3JIH4HI0 B TEPMHHOJIOTHH H CTHJIE H3JIOXKCHHS.

ABTOpbI HE CTaBUJIH CBOCH HENBI0 NOAPOOHO ONHCATH OCHOBHBIE pa3/Ieibl
MEXAHHKH CKaJbHLIX TNOpPOA, [a 3TO H HEBO3MOXHO CaeJaTb B KHUTE
Takoro oovema. Kxura npefcrasnser coboif muKA NeKUHi U NpeJHA3HAYEHA
O yyaumHxcs H CHENHANUCTOB, XKENAIIMX NOJYyYMTh Hpe/CTaBiieHHe 00
OCHOBHBIX TOJIOKEHHAX H TIMIOTe3aX MEXAHHKH CKaJbHBIX TOPOA KAk
CaMOCTOATENIBHOH HayKH. ABTOPbI paCCMOTPENH HOBOJBHO LUHPOKHH KpyT
BONPOCOB, CTAPASCH H3JIOKUTh MATePHAN BO3MOKHO 60Jiee IPOCTHIM A3BIKOM,
YTO OTHIOAb HE CHHXAeT HayyHoro 3HauyeHuf Kkuuru. Yrto6ml mpocto pac-
CKa3aTh O CJIOXKHBIX M ellle He NOJHOCTHK H3YUEHHBIX NpoONeMax, HyxHO
O4YeHb MHOIO 3HATh. ABTOPH BIaNeKOT BECbMa OONBLINM HaYYHBIM H
IKCHEPHMEHTAILHBIM MaTEPHAJIOM, H MOITOMY HalHCAHHAA HMH KHHTra Ipe-
CTaBJifeT HECOMHEHHbIA Hay4HBIH HHTEpEC.

CxanpHple MacCHBHL SBJISIOTCA NHCKPETHBIMH, aHH30TPONHBIMH, HEOI-
HOPOJHEIMH CpelaMH, 00IaNaoIHMH K TOMY € HaYaJIBHBIM HANPHKEHHBIM
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COCTOSIHMEM, ¥ M03TOMY K HMM He BCEr/l@a NMPHMEHHMB! 3dKOHBI MEXaHHKH
CMJIOIUHBIX Te€T H MEXaHHKH IPYHTOB, YTo JOCTaTo4Ho YOEAHTeNbHo MoKa-
3dHo B HacTosued kHure B kHHre MHoro MecTa oTBeJCHo MNPUHIKNAM
MEXaHHKH 3€PHUCTOH CPEIBl ¥ PACCMOTPEHHIO KPHCTAJUIMYECKHX CTPYKTYp
MHHEPATOB B To %e BpeMA HeloCTATOYHO BHHMAHHUA YJ/eJICHO AHM30TPOIIHH
JeoPMANMOHHBIX M TPOYHOCTHBIX CBOHCTB CKaTbHBIX MAcCHBOB, XoTH
OCHOBHBIMY 37IEMEHTAMHM, OLPEJE IAIOMIMMH XaPaKTEPHCTUKH H IoBEJEHUE
CKalbHOTO0 MACCHBA, ABIAIOTCH HE CToJIbKo [eTporpaduyeckoe cTpoeHHE
Mopo/Ibl, CKOJbKO XapakTep TPEUMHOBATOCTH W MaciuTab OmodHocTH
CKaJIbHOTO MaccHBa, olPEACSIAIOILHNE €ro [I0BEJCHHE Kak [HCKPETHOoH Ccpemsl
(emv 1 7, 8 10, 12) B uenomM npeanaraeMas CoBeTCKOMY YHTATeSHO
KHUTd HECOMHEHHO MoJIe3HA /18 CMelMaHCToB, TaK KaK Mo3BoJIsSET 03HAKo-
MHThCA ¢ COBPEMEHHBIM TNpeACTaBieHHeM o0 OCHOBHBIX NPHHIMNAX MeXa-
HUKM CKQJIBHBIX HopPoJ KakK eJHOH CAMOCTOSTETbHOH HAYKH, C OCHOBHBIMH
pe3yJIbTATAME H HANPAaBIEHUAMH HCCNIeloBaHui

Kaura 6e3yciioBHo NpHBJieYeT BHUMAHWE HHXKEHEPOB-CTpoHTellel, Teo-
JIOTOB ¥ TOPHBIX MHKCHEPOB, & Takke CICIHAIHCTOB, 3aHHMAIOINHXCA
HCCITeJOBaHHAMH B 00JIACTH MEXAHHKHU CKAJIbHBIX NOPoJ (MEXdHHKH THCKpET-
HbIX Cpen)

3 Ta3zues

CIIMCOK JIMTEPATYPBI

1 bopw-Komnonuey B H Mexannka TOpHBIX [OPOJ, MAacCHBOB H TOpHOE
JaBneHue — M Moc ropH uH-T 1968

2 Tasues 3 T Mexannka ckaTbHbIX Nopod B cTpouTensctBe — M Crpoiinaaar,
1973

3 Tasues 3 I' YcTONYMBOCTD CKaNbHBIX MACCHBOB W METO/bI UX 3aKperUleHHS —
M Crpoituzzar, 1977

4 Eedokumos II 11 Canezun [ J TIpo4HOCTb, CONPOTHBAAEMOCTh CIBHIY
H 1eOpMHPYEMOCTL OCHOBaHMI COOPYXeHHH Ha CKaJlbHWIX mopogax — M —JI
Dueprus, 1964

5 Epwcanos K C TeopHa MNon3ydecTH TOPHBIX TNOpOA H ee TMPUIOKEHHA —
Anva-Ata Hayka, 1964

6 Kandavpos H M MexaHnka 3epHHCTBIX Cpel H €€ TpPHMEHEHHe B CTDOH-
tenscTBe — J1 — M ToccTpoitmagar, 1966

7 Paucescxuu B B Hoeux I' 4 OcHOBBl (HINKH TOpHHX mnopod — M
Henpa, 1973

8 Typuanunos H A Hoguc M A Kacnapean 3 B OCHOBBI MEXaHHKH TOPHBIX
nopoa — JI  Heapa 1977

9 JYxo6 C 5 CxalbHble OCHOBaHHA [HAPOTEXHHYECKIX COOPYXCHHE — M DHeprus,
1975

10 Q@ucenxo I' JI YcroitunBocts 60pTOB KaphepoB H otBanoB — M Heapa, 1965

11 HMaxyoeny I' M K Bonpocy onpeleneHHs YCIOBHH YCTOHYHBOCTH OMOJ3HEH —
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MNPEAUCJIOBUE

Ora MoHorpadus cocraBleHa Ha OCHOBE KpaTKOro BBOAHOIO Kypca
JIEKIMH MO MeXaHHKe CKAJbHBIX TOPOJ, NOATOTOBJIEHHOTO MO MPELI0KEHHIO
TopHopynHo#t xomnamun «MayHT-A#i3a» M NpoYHTABHOTO 5—9 ceHTAOps
1977 r B r Maynr-Aiiza B pesynbrare nOCIEIyIOIIAX OOGCYXIEHUN
ITHX JIEKIMH, & TAKXE B OTBET Ha 3alpoChl CO BCEX KOHLOB ABCTpafnu
OT JIMII, HE CYMEBIUMX MPOCIyIIaTh Kype, ObLIO PEIeHO H3AaTh 3Ty KHHIY
B €€ HACTOSIIEM BHJIE.

B cBs3H C JTHMM BIIOJIHE MOHATHO, 4TO COIEpXKaHWe KHUIH KacaeTcs
riaBHbIM 00pa3oM yciIoBHH TOpHBIX BEpaboTok BOOOILE ¥ pyaHHKOB MayHT-
Aiiza B ocobeHHocTH. Tem He MeHee aBTOPHI IBITATHCH, HACKOJBLKO BO3-
MOXHO, paCIUHPHTE COAEPKAHHE KHUTH. CO3HaBas MPH ITOM, YTO HEKOTOpble
BaxHblE OOJACTH MEXaHWKM CKalTbHbIX HOPOJA, B YaCTHOCTH TaKHe, Kak
MOIIeBble MCCJIEAOBAHUSA ¥ HATYpHBlE MCOBITAHUS, HE OVIyT 3aTPOHYTHL

W3nanne KHATH npecnieoBajo ABE NeTH Bo-MEPBBIX, OHa IOJIKHA CITy-
KHTh BBEeHHEM B MEXaHHKY CKaJBbHBIX MOPOA IJI CTYAEHTOB H TOPHBIX
HHXeHepoB-pakTHKOB. [Io 31Ol npuuHHe BEEMaHKHE O6BII0 OOpaIeHO Ha TO,
4TOOBl TEKCT He OBIT MeperpykeH neTalsiMH aHaJIHTHYECKO[O XapaKTepa
MHoro ycunuii 6b110 3aTpadedo Ha MOAOOD JONOSHHTEJIBHOH JIMTEPATyPBL
C NOMOIUBK KOTOPOH 4HTaTeIb MOr OBl OpPOAOTKHTH Do.lee moapobHoe
u3yyerne npeamera. Bo-BTopsix, MOHOrpadus 101k HA AaTh [PEACTABIICHUE
YHTATEI0 O TOM, YTO MEXAHHKA CKaJbHBIX HOPOA HAaXOAWTCH elle B CTalHH
CBOeT'0 aKTHBHOTO pa3BHTHSN, KOTOpOE BO MHOTOM 3aBHCHT OT COBpEMEH-
HOTO HAy4HOTO H HHXKECHEPHOI'O BKJaga B Hee. BbUIO pellieHO COCTaBHTH
KHHTY Tak, 4yToObl Kaxjas TIJ1aBa, OCTAaBasChb Ha OTBETCTBEHHOCTH aBTOpA,
3HAKOMHMJIA OBl YHTATENS ¢ Pa3IHUHBIMH CYILECTBYOIMMH MIOAX01aMH K pe-
IIeHHIO BOTPOCOB.

TayHcBHILT, X Box, I X Tpotion
teBpans 1978 r



BCTYNMUTEJBHOL CJOBO K JEKLIUAM
MO MEXAHUKE CKAJbHBIX MOPOJ
[IPOYHUTAHHLIM 5 -9 CEHIABPA 1977 r
B r MAYHT-AM3A

Bcemu npu3HdHa HeoOXOIUMOCTBL IOBBIIIEHUS! KBATHU(PHUKALMN CIIEIHA-
JUCTOB B TOPHOW MNpPOMBIIUIGHHOCTH HO TNpH J3TOM OoJblIe BHUMAHHA
yJesIseTCsl COBEPIIEHCTBOBAHHIO MCKYCCTBA YNpPaBJeHHS H MeHbUIE — TEXHH-
yeckomy obyueHuto Tem He MeHee c¢Tdnd O4YeBHUAHOH NOTpeOHOCTH
B PA3BUTUH TEXHUYECKOro OOpAa30BAHMSA TOPHBIX HHKEHEPOB M TIe0JIOrOB
CBEpX IIOTYYeHHOTO B y4eDHBIX 3aBeACHHAX, YTO AaJ0 GBI UM BO3MOMXKHOCTH
JIydlle BBINOJIHATH CBOM CTuyxkebHble 0Of3aHHOCTH

Ham neitctBuTenbHO noBessto, uto B CesepHoM KBuHCNMEHIe MMeeTCs
VHHBEPCUTET C TNPH3HAHHBIMU 4ABTOPHTETAMH B OTHOCHIENBHO HOBOH
00TaCTH 3HAHMM — MEXAHMKE (KAJBHBIX NOPO, ¥ Mbi 0JIAl O.1dpHBI WHKEHEp-
HOMY oTaeneHur0 YHusepcuteta lxenmca Kyka B CeepHov KBuHcneHZe,
COIJIACHBIIEMYCs NOUTOTOBUTL AJI HAC Kypc Jeklwil [OpHOpyZHas KOM-
naHus «MayHT-Alf3a» WMeeT NMPOAODKHTENIbHYIO MCTOPUIO COTPYAHUYECTBA
B [lejle HayYHbIX MCC1eJ0BaHUH ¢ YHHUBEPCUTETAMH, H NMPHATHO BHIETh, YTO
JTO COTPYJHMYELTBO TENePb PACNPOCTPAHHIOLL U B 0014cTh OOYYeHHS

Beiroga or J106 COBMECTHOW feSTeIBHOCIH IIPOABUTCH B JIByX Hampas-
TEHHAX TOPHbBIC HHXKXeHepbl U [e0JIOTH, NIPOL TYILIdBUINE KYPC JeKIIUH, oOpeTyT
3HAaHUs, KOTOPbIE IIOMOTVT HM B pabole, a YHHBEPCUTCTCKMH KOJIeKTHB
IEKTOPOB MOJIYYAT JIyYiIEE MPEACTABICHHE O HYX/JAaX [HPOMBIIIJIEHHOCTH

B saxmouenne s 11031pdBIs10 npenojaBaretei YHuBepcutera Ixeiimca
Kyka CeBeproro KeuHcsenaa ¢ NoAroTOBKOM 3TUX NPEBOCXOIHBIX JeKIHH U
XKendwo BceM CTYIEHTaM ycliexd B yuebe

P B 'PHHHJIII
Texuuyeckull 1UpeKTOp
TOpHOPYIHO! KOMOAHUH
«MaynT-Afizd»

MayHr Aiizd
centabpey 1977 1



I'naBa 1

BBeenne B MeXaHHKY CKAJIBLHBIX
nopoa

. X. Tpoason

1.1. Beegenwe. C 1aBHHX BpEMEH 4YeJIOBEK HMeEN €0 C TOPHBIMH
HOpOJAMH KaK CTPOHTEIBHBIM MaTepHaJIOM. BO3MOXKHOCTH MelnepHbIX JIHo-
Jleif BBDKMTH B 3HAUHTEJILHOM Mepe 3aBHCesa OT CHOCOOHOCTH IMpaBHIBHO
OLEHHTh HAJEXKHOCTh MOA3€MHBIX [EUlep, CJYXHUBIIMX MM YOeXHIueM,
H [03/lHee, KOr/la 4eJIOBEK Hay4YwiICsd HaXo/HTh H J00BIBATH H3 Help
HoJie3Hble HCKOMAaemble, OH [oNkeH Obl1 pa3sBUBATL yMeHHE HHTYHTHBHO
OLEHHBATL MHOTHe (PAKTOpBI, BIHAIOIHE Ha MeXaHMYeCKHEe CBONCTBa
MAaCCHBOB TOpHBIX MOPOJI.

File coBceM HelaBHO 3eMIIETPSACEHHMS H KPYOHbLIE OMOJI3HEBble SBJICHHS
CYMTAJIUCh TIPOSBJICHHAMH «O0XbeH BOJU», He JOCTYNHBIMH YEJOBEYECKOMY
TOHHMAHHIO H He MOAAN0IHMHCS KOHTposo. Tenepb Mbl HayaIH NOHHMATH
MEXaHH3M /[BHXKEHHS OONbIIHX MacC 3€MHOH Kopbi, H 3TO MOHHMAaHHe
IPEBPATHIIOCh B OBICTpO pa3BuBalOmyrocsd 00JIaCTh HAYKM.

MexaHuka CKaJIbHBIX NOpOJ 3aTpariBaet OoJBLIOH Kpyr BONPOCOB, OT
3emieTpAceHHH o OypeHHs MasbiXx OYpOBBIX CKBAXKHH, H ONMpaeTcs Ha
TaKHe HAyKH, KaK CTpYKTYpHAas reosiorisd, TeopeTHYecKas M MpUKJIagHas
MEXaHHWKA, CONPOTHBIIEHHE MATEpHAIOB, KpUcTaanorpadus.

T'omoM poxIOeHus MEXaHWKH CKaTbHBIX MOpPOA Kak CaMOCTOATENBHOIO
pasz/iena HHXEeHepHOH HayKu MoxXHO popmansHo cuutath 1966 roxg. Komurer
IO MEXaHHKE CKanbHBIX NOpOoJ AMEpHKAHCKOTO Teosioruieckoro obirectna
B 1966 r. aan chaemyromiee onpeneneHHe ITOH HaykH: «MeXaHHKa CKalIbHBIX
IOpPOJ ABJIAETCS TEOPETHYECKOW M NpPUKJIAJHON HAYKOH O MeXaHHYeCKOM
HIOBEIEHUH CKallbHOH TOpOJbl, 3TO paslesl MEXaHHKH, pacCMaTpHBAIOIIHH
peaKkiHlo CKajJbHOH NOpOABl HAa CHIOBBbIE BO3IEHCTBHA OKpyxalomed ee
¢dusnyeckoli cpeasl». B Tom xe roay B JlnccaboHe COCTOANCH MEPBBIH
KoHrpecc MexnyHapo/JHOro obmecTBa Mo MeXaHWKe CKAJbHBIX TOPOA MOA
npefcenaTeIbCTBOM €ro IepBoro IpesHpeHta Mpodeccopa Jleomonbaa
Mrosniepa. B npuBetcTBeHHOM cnoBe K KoHrpeccy Mrostep [16] ckasan:
«... MBI yXe JaBHO OCO3HaJIH, UTO CKaJbHAaf NMOpoJa, B KOTOPOH TOPHSAKH
HILYT MoJIe3Hble HCKOMAEMBble, HHKEHEPBI-CTPOHTESH IPOXOAAT CBOH TYHHENH
1 KOTJIOBaHBI H KOTOPYIO H3Y4aloT CHEHATHCTHI IO CTPYKTYPHOH TeOJIOTHH
M Treodusske, sSBIAETCH OJHOH W TOH Xe MOPOAOI». DTHMH CJIOBaMH
Mionsep Xoren NOJYEPKHYTh €IMHCTBO HHTEPECOB TODHBIX HHXEHEPOB,
HHXeHepoB-CcTpoHTeled H reosjioroB. M3 3toro ciemgyer, YTO MeXaHHKa
CKaJIbHBIX TOpOA TpejacTaBisier CoOol  HeoThemseMylo 4vacth Oonee
obmpHO# HaykW, HMeHyeMmoll zeomexanukoil, NpH3HaHue 3Toro Qakra
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npuseno k obpasoBanuio B 1970 r. ABCTpajMiicCKoro reomMexaHHYeckoro
obmecTsa, koTopoe B 1971 r. nposeno B MensGypHe nepByio ApcTpainicko-
HoBo3senanackylo KOH(EpEHIMIO MO0 reoMEXaHHKE.

BosHukaer Bompoc: 3a4€M Halo GbUIO xJaTh 1966 1. mas co3gaHusd
MEeXaHHKM CKaiIbHBIX [OPOJ, €CIM JIIOAM YyXe aBHO MMeau Ael0 CO
cKaJbHBIMI Nopodamu? Jerxo B ToM, 4To mpu GypHOM pa3sBUTHMM HAyYHBIX
sHaunit B XX B. cosgamuch OJaronpuATHBIE YCIOBHS M MOSBAIMCDH
NpaKTHYECKME METONbLI PacyeTa, MOArOTOBMBLIKE HOYBY I BO3HMKHOBEHNS
3To Hayky, JlOMOIHMTEIBHBIM TONYKOM [JIS CHEHMATNCTOB TOPHOTO
M CTPOMTENBHOIO [€ja HOCAYKMIM aBapHM Ha IuApoysjiax Manbmnacce
(1959 r.) u Batfiont (1963 r.).

Mo 3Toro BpemeHy OOJBUIMHCTBO MHXEHEPOB MOJATANICH HA T'E€OJIOTH-
4eCcKME JaHHbIEC OIKCATENBHOIO XapaKkTepa M CYILEeCTBOBAIO oIubOYHOE
MHEHNe 06 OOGLIEH HAAEKHOCTH, TAK KaK CYMTANIOCh, YTO MPH OTCYTCTBHH
TPEIIHHOBATBIX (pa3pblBHBIX) 30H IMPOYHOCTH CKANBHBIX TIOPOA HAMHOTO
IpeBbllIaeT MIKeHEpHble TpeboBanus, Celluac XOpoIllo U3BECTHO, YTO -0OIIEe
COCTOSHHE M IOBEICHHE MAacCHBa OMNPEACTSIOT TPEIUHBI, Ae(eKThl MM
ocnabeHHble Y4aCTKM B CKaJIbHBIX MAacCHBaX M HAJIMYME B HMX BOJIBL

Bo3HukHOBEHHE MEXaHWKH CKajJbHBIX TOPO. SBJISETCH NPEKpAcHBIM MPH-
MepOM, MOATBEPKIAIOIIMM KEeoOX0AMMOCTh YUCTO HAYYHBIX MCCJIETOBAaHHHA,
TAK KaK paGoO4ye TMIOTE3bl 1 HPAKTHHECKME METO/b NOSBIINCh OJarofaps
CiIyqaiHbIM HpHYMHAM, HE CBA3AHHBIM HETOCPEICTBEHHO C JaHHOH mpobie-
Moi. Mctopus HaunHaeTcs ¢ «Benukux (GpaHIUy3ckux oTKPBITHH» BO BTOPOI
nostoBnude XIX B., KOorda B TEOPETHMHECKOH (DM3NKE CTAIM KCNOIb3OBATHCS
«HOBBIE» MpeAcTaBleHus 06 omHopoaHoll ynpyroit cpeme. B aToT mepuon
BpeMeHH JBYMS YYeHbIMH ObLIM BBeleHbl HoBhle mousTHs: Koum (Cauchy)
o uampsokeuusix ¥ Haswe (Navier) o gedopmanusx,— KOTOpbIE JIETTIH
B OCHOBY LIHPOKO NPUMEHIEMOH Teopuu ynpyrocTu. CorllacHo 3Tol Teopuy,
Martepuaj pacCMaTpuBaeTcs Kak CIUIOIIHAas cpelad, IpeAcTasBisiomas coboii
COBOKYIHOCTb OJHOPOAHBIX 3neMeHTOB, B nadane XX B. GBI 3aJI0XKEH
$yHIaAMEHT aTOMMCTHYECKOH TEOPHH IMPOMCXOX/ICHNUS MATEPHH, a ¢ HOsABJIe-
HMeM peHTI€HOCKoNuy, pazpaboraHHoil PentrenoM u Jlays Ha ocHoBe Teope-
Tryecknx pabor Hnanka n DHHIITeHHA, BO3HMKIA COBPEMEHHAsS KPUCTAIIIO-
rpadms, kKoTopas B CBOIO ouepeldb HApsay ¢ KcciefoBaHMAME Pesep-
dopna u BopHa mpuBeisla K KOHIEMIMM O CTPOEHMM MaTepun (mo kpaliHeii
Mepe HEOpraHM4eCcKOoM) B BHMIE I'eOMETPHYECKM TNPaBMILHBIX CHCTEM KBa3M-
chepnieckux atomoB. K 1930 1. Touka 3peHMS Ha CTpPOSHME MUHEPAIOB
nojy4mia wmpokoe npusHanue. OoHako B mpolecce TIPOBEPOYHBIX HCIIBI-
TaHMil BO3HMKJIO MHOTO HOBBIX BONpPOCOB. BBLIO 3KCMEPHMEHTAJIBHO YCTa-
HOBJICHO, YTO IIPOYHOCTh Ha PACTSDKEHHE KPUCTA/UIMYECKOTO MaTepuaa
Ha [Ba-Tpy NOpsAKa MEHbIIIE WAeaJbHOM NPOYHOCTH, IpeAcKa3aHHON HCXOAs
U3 Teopuu aToMHoro crpoexus. B xouume 1930-x romo Teitnopy (Taylor)
YAAIOCh M0Ka3aTh, 4TO MPOYHOCTH PEAIBLHBIX KPHUCTAIUIMYECKHX MATEpHAJIOB
BO MHOTOM 3aBMCHT OT Ae(EKTOB B CBHA3AX MEXKIY OTJAENbHBIMU 3€pHAMH,
OT HANMYMSA IUCJIOKANMHA H Ap.
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Bonpeky 3 TUM OCHOBHBIM TIOJIOXKEHHAM CTASI0 OUEBUAHBIM, YTO TOBEACHHE
MACCHBA TIOPOS B IIETOM ONPEIENSETCs Ipekae Bcero aedeKTaMH B €ro
CTPYKTYpE, TAKUMH, KAK PA3/IOMbI. TPEIMHbL, TOBEPXHOCTH HAILIACTOBAHMS
M T. 0. M B MeHbUIEH CTemeHU nedeKTaMM CTPYKTYPhI CaMoil KpHCTaSUIM-
ueckoil nopoabl. [To3roMy Heobxonumo paziu4aTh MBa TOHATHS:

CKalbHAS MOHONMTHAs MOPONA — OTAETbHbI KYCOK KpPHCTAJLIMYECKO
TIOPOAbI;

CKalbHBIH MAacCuB IOpOJ — OI0KM (COBOKYHHOCTR) CKATBHOM MOPONBI,
NPOHH3aHHBIE TPELIHHAMH U JIPYTHMH HAPYIICHHAMH,

B 1925 r. Tepuaru BHec oauH u3 HamboJiee CYLIECTBEHHBIX BKJIANOB
B pa3BUTHE TNpHKJIATAHOH MeXaHuMKM 33 BCE BpeMs e€ CYIIECTBOBAHMSL
OH chopMmyupoBan «IPHHIUI S(PPEKTHBHLIX HATPSHKEHUN», B KOTOPOM
TIOTUEPKUBAETCS POJIb BHYTPEHHETO MTOPOBOTO [ABJEHMS B COCTOSNHUH U TIO-
BEICHUM 3€PHUCTOTO MATEPMATA, 4TO YKA3A0 HA HEOGXOXMMOCTb HCCIE0-
BaTh BHYTpeHHee HANPSHKEHHOE COCTOSIHHE, 4 HE TONBLKO «BHEIIHEE», KaK
Obis1o pacnpocTpaHeHo co BpeMeH Apucrorens. HerpyaHo moHsTsh, 4TO
npunnun Tepraru pacrpocTpaHSeTCs M HA BONY, 3aKAIOYEHHYIO B TpPel[u-
HAX W B APYTMX HApYUICHHUSX CIDIOIIHOCTH CKaSIbHBIX MACCHBOB, M HYTO
HMEHHO BOJa MIpajla pelllalomylo poIb B aBapuAX Ha MioTuHax Majs-
macce M BajionT (a mo3nnee u Abepdan). Ha done Bcero ckazaHHoro
BONPOChI T€OMETPHH, B3aUMOCBSA3M M Jpyrue, BO3HUKAIOUIME B OOBIMHOM
WHKEHEePHO MPaKTHKe, OKA3aMHCh 1aXe B OUeHb MPOCTBIX CIIy4aAX CIUIIKOM
CIOXHBIMH LISl MX PEIICHHS TPaTHIHOHHBIMH METONAMH NpPUKIANHOM
MeXaHNKH.

Eme onHO oueHb BakHOE OTKpbITHe ObLiO caenane B 1954 r. Apru-
prcom [1], paspaboTaBUINM MeTONd CTPYKTYPHOIO dHAmM33, KOTODBI
JoJbkeH GbL1 HAHTH LIMPOKOE NPHMEHEHHE B ITPOCKTMPOBAHMH CJIONHBIX
ABHALIMOHHBLIX KOHCTPYKIMIL. MeToa Aprunuca Onl1 pa3But TepHepoM u Ap.
[26] BBepeHueM B Hero TOHsTHA O «OHewHBIX IeMeHTax u Kioyrom [5],
CBS3aBUIMM €ro € OBICTPO Pda3BHBABUIEHCS BBIYMCIMTENBRHON TeXHUKOR
U HCHOJIL30BAHMEM LIUQPOBEIX BHIUUCIUTE IbHbIX MaluH. B 1967 r. 3eHkeBHY
{Zienkiewicz) moka3an, YTO METOJI KOHEYHBIX JIEMEHTOB IPUMEHUM He3aBH-
CHUMO OT KOHCTPYKTHMBHBIX B3aHMOCBS3eH MarepHasbHbIX 3JIEMEHTOB, H 3THM
OTKPBISI BO3MOXKHOCTb IUISl PEUICHUS HHXKEHEPHbIX NpobjieM B UIMPOKOM
JIMAMa30He U3MEHEHMs TIeoMeTpudYeckux (OpM H CBOHCTB MaTepHAJIOB
TIPUMEHHUTENBHO K CKA1bHBIM [TOPOIAM.

Hackoneko aBTOpY M3BECTHO, TIEpBas MombITKa aHAjgu3a I[OBEICHUA
MOJENH, COCTABIEHHOH #3 CepHH OTAEIbHBIX PABHOMEPHO DPACTIONOKEHHDIX
0,10Kk0B (DUCKOHTHHYYMA), BOCTIDOM3BOASIIIEH MAeaNbHbINA CKalbHbIH MACCHB,
6elma cnemana B AMEPMKAHCKOM MHCTHTYTE TOpPHBIX HHXeHepos [23].
Brocneactsun I'yaman [10] u Becr [2], paGoras BMecTe ¢ 3eHKEBHYEM,
NPHMEHMIM METOA KOHEYHBIX 3€MEHTOB K OJ0YHOH MOJENH C Y4eTOM
HMEIOMXCA B Hell KOHTakToB (TpemyH), TOJIOKHB 3THM OCHOBY IJIS
MoneJtelt, nocTpoentbix Fyamanom u np. [11] u Bepmatom [4]. [To MHeHuIO
aBTOpa, 3TH MOZRESH, X0TS M B MeHBIUCH CTeneHu, yeM Monenb Kanaeraa
(Cundall, 1971), fBAAIOTCE XOPOUIMM CpEACTBOM NI DEIleHHA Oyaylux
npobieM MeXaHHKH CKaJIBHBIX MAacCHBOB.
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B wmacrosimee Bpemsi MeEXaHMKa CKaJXbHBIX MOpPOX TNpUMeHSETCs IS
peuicHUS MIAPOKOro Kpyra 3afad [IpU CTPOMTENbCTBE TYHHEIEH, KpYNHBIX
M0.4i3¢MHBIX BbipaOOTOK (PYTHUKOB, MEKIPOCTAHUNMN, IOA3EMHBIX XPAHUIHILY),
OTKPBITBIX Pa3paboTok (KApbepOB, ABTOCTPaA, *KEME3HBIX JOpOI U T. )
€CTECTBEHHBIX CKJIOHOB (YyC10HYMBOCTL), OCHOBAHUH COOPYKEHUH (ILIOTHH,
3MCKTPOCTAHIUIT M [Ap.) u mnpu Apobienuu (pyA, CTPOMIEJIBHBIX MaTe-
pHuasoB).

Teoperuueckue M NpakTHYECKHE MONOKCHUSI, PACCMATPUBAEMbIE B NIOCIIE-
JAVIOIMX [JIABAX, KacaloTcsd BCEX ITHX AacmnekTOB, HO [JIABHOE BHUMAHME
obpanieno Ha Teepable rOpHbie MOPOAbI, MMEIOINEe MePBOCTENICHHOE 3HAYE-
HME B aBCTPANUICKOH rOpHOPYAHOH NPOMBILUIEHHOCTH.

Ceoticmea craabHblx nopod. [loxanyl, caMblM pPa304apOBLIBAOLINM
00CTOATENABLCTEOM B Hayke O MOBEACHUH MATEPHasioB OLLIO YCTAHOBJICHHE
Toro (haKkTa, YTO BCIEACTBHE ONpPEnCHAIONICH POJIH HapylleHUi B MaTepHale
Hemb3sl NpoCTOH 9KcTpamonmsumueld OT AaTOMHOTO CTPOEGHMS MarepHalioB
HNPHATH K NPaKTHYECKOMY ONpEAesIeHMIO UX CBOHCTB M mpousocTd. Tem He
MeHee, KaK M BO BCceHl MHXEHEPHON neATENbHOCTM, 3HAHUE OCHOBHBIX
0ocoOeHHOCTER CTPOCHUS NCXOAHBIX MAaTEPHANOB HEOUCHNMO Ui HOHUMAHUS
MHOTHX acrek1oB ux (M3HYECKOI'O COCTOSHMS.

B cepenune 1960-x rogoB aBTOpY CTANO SICHO OIPOMHOE KOHCTpPYK-
THBHOE 3HaY€HHE, KOTOPOe KUCIOPOAHble MOHBI MUMEIOT B CTPOCHMH 3eMHOI
KOphl M OK€aHa; C JTOH TOMKH 3peHHS 3eMII0 MOXHO pacCMATPHUBATHL
Kak «KHCJIOPOIHYIO CTPYKTYpY». B UIMPOKOM CMBICHE CHOBa Haila IUIAHETA
BBIMJIAJIMT KakK CHCTEMA KHCIOPOAHLIX HMOHOB B COCTOSHHH XUMHYECKOTO
paBHOBECHS C pAAOM KaTHOHOB. B Takoit Momeau KuCI0pOaHBIE HOHBI
MOXHO NpPEACTaBUTb cebe B BHAE MSAYeH /IS DHHT-NMOHra, NYCTOTH MEXIY
KOTOPHIMH 3alOJIHEHbl MeNbuyallIMMM KATHOHAMH; IPYNIEI MSYeH B CBOO
ouepenk CBA3aHbI MexkAy coboil Hostee KpymubIMH KaTuoHamMu. B o6pniupoii
reOMEXaHM4ECKON Cpele Pe3yNIb1UPYIOIME CHUIIBI CBSI3M M3MEHSIOTCS B Ipe-
JEnax OT BbICOKOYCTOMYMBRIX TBEPALIX CUNMKATHBIX 0Opa3oBaHuil U3 KBapua
AO MOABMXHBIX XUAKKHX OOpa3OBanmii ¢ BOAOPOAHDIMM CBA3IAMHA.

INocnenyromee onucanne CKaNbHLIX MOPOJ OCHOBAHO HA MpPHBEICHHBIX
Bhillle COOOpaMenuax H 3aHMCTBOBAHO M3 JEKIHH, MPOYHTAHHBIX aBTOPOM
B 1969 r. [25].

1.2. Beesenue B MHHEpaJIOTHIO TOpPHBIX nopoa. TpalMUMOHHBIM METOAOM
B MUHEpAaJOTUW Bcerna ObLIO ONMUCaHWE CTPOCHHS M O0HKa KPHCTAJLIOB.
CHayayla ONMCHIBAIINCH BHEUIHAS QopMa NpPUPOAHBLIX KPHCTALIOB H ONTH-
4eCKHE CBONCTBA MHHEpAJIOB B OTPAXEHHOM MM NPOXOAAIEM CBETE NpH
H3YYEHMU MO MMKPOCKOMOM CHENMAanbHO MpUroToBIeHHbIX UitH(oB. B pe-
3yAbTaTe MCCIEAOBaHHH ObUIO YCTAHOBJIEHO CIOXKHOE CTPOCHHE MHHEPAJIOB
u 6bUto BLImeneHo okono 2000 pazmuunbix BUmos [20].

KpynHoiii miar srepes B nele H3yueHHs C/OXKHOIO CTPOCHHS KpPHCTAl-
J0B Gbut caenad B 1895 r. ¢ OTKpBITHEM peHTICHOBCKMX Nyuyei H obHapy-
KEHHEM CIMOCOGHOCTH HX MNPOHHKATh 4Yepes TBepabie Tema. B 1912 r.
Jlays, yueunk PeHTreHa, MpeafroJokul, YTO MOXHO u3y4aTh OCOOCHHOCTH
CTPOEHHS KPHCTAJLIOB, €CJIH IpPOIYcKaTh Yepe3 HUX PEHTTCHOBCKME JIyyH,
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TaKk Kak npoucxoasmas mnpd 3ToM audpakuus NoskHA OLITh CBA3aHA
C 3aKOHOMEPHBIM OTpaX€HHWeM .1yyeH oT NMOBepxHOcTel atomos. Ojnako
nepBble pe3yIbTATHl JAETANBHOIO KPUCTAUIOl paguueckoro aHanusa Obiau
ony6IMkoBaHb! TOsibko B 1913 1. V. I u V. @&. Bparramu.

B 1926 r. VoapammMut copMynuposal oCHOBHbIE MPHHLMIIBI, OOpPENes-
OIHE CTPOEHHE KPUCTAIIOB HPOCTOrO HEOPraHWYECKOI'O COedHHEHMS: OH
[OKa3aJl, YTO TakHe CTPYKTYPbl MOXHO PACCMATPHBATH KaK Pe3yIbTaT MIOT-
HeHnIei ynakoBKH cepHUeCKUx HOHOB, 4 MEXATOMHbIE DACCTOSHHUs B CTpYK-
TYpe SABJISIOTCS HOCTOSHHON BEJIMYHHOW W ONMpeE/Ie IstOTCs reoMeTPHUECKUMU
cooOpaxkeHUAMY. DT HAOXIOAEHHUS MOABEIH UTOT MHOTOBEKOBBIM Pa3MBILII-
JeHUsIM O BHYTPEHHEM CTPOEHHM KpucTasioB. Haubonee paHHue ymomu-
HaHus 0 Mopdionornyeckx ocoOEHHOCTAX KPHCTASLIOB MPEANONOKHUTEILHO
OpUHANTEKAT IPEBHUM eruntsHaM, pa3pabarbiBaBHIMM B LIECTOM ThiCH-
YeTeTHH MO Hallei 3pbl MecTopoxaeHus Oupro3bl Ha CunHalckoM moy-
octpoBe [8]. Omucanue yrjioBaTol M UPAaBHIbLHOK (GOpPM KpHCTAIIOB
rpaHaTa MoxHo HaiTH v Teodpacta B ero Tpakrate «0O KaMHSxX»,
HAIIMCAaHHOM B YCTBEPTOM BEKE 10 HaLlel 3pbl.

ITpumeuaTtensHo, 4T0 eme A0 Toro, kak Teodpact onydauxosand cBoi
Tpyn, Panec u JIeMOKpUT BHepBbiE BLIABHHYJIHM KOHUEMIMIO 00 aTOMHOIl
npupone MaTepun. OnHako JanbHeiIliee pa3BUTHE 3Ta KOHUENIHS [OIyYuIa
6narogaps TOUHBIM nOKalzaTeabcTBaM Bpartos, mo Toro kKak Oblmm paspa-
60TaHBl KOMHYECTBEHHBIE METONBI OLEHKH CTPYKTYP KPHCTAIIOB.

3ano0siro 1o MOSBNEHMS 3THX HAYYHBIX JIOKA3aTETLCTB Pa3sMBINUICHUS
O BHYTPEHHEM CTPOCHHHM KPHUCTAJUTOB 3aHUMAalll YMbl MHOFHX HCCIEIO-
Batenei. B 1611 r. Kennep 3amMeTun, 4ro XapakTepHCTHKY I'eKCar OHasIbHOM
CUMMETpHH CHEXHBIX XJIONbEB MOXHO CBECTH K HOPMAJILHOM YIAKOBKE
COCTaBHLIX 4acTull. ATy unew passui exapr B 1637 r., a Pobepr T'yk
B 1665 r. yTBepxal, uTo GopMa KPHCTAIIOB MOXET ObITh BOCHPOH3BENCHA
KaK KOHCTpYKUHS M3 «saep d HIAPHKOB» M HUTO HEKOTOpHle OOLIYHbIE
(hopMBl KpHCTAJLTOB KBACHOB MOXHO MOCTPOUTH. M3 MYUIKETHBIX IpOGHMHOK,
cknanbiBas uMX B BHIe cBoeoOpa3zHoil mpaBHAbHOW pewerky {cM. [6]).
CornacHo yrBepxaenuro Korrpennma, Bce 7T paHHHMe TEOPHH HE TOTYYHIH
pasBHTHS NOTOMY, YTO UMETH YMO3PUTETLHBIH XapakTep U B HHMX OTCYT-
CTBOBa/M OOBLEKTHBHLIE 10KA3aTENbCTBA, XOTS HO CYIICCTBY OHM ObLIM
HPaBUIbLHBIMH.

Cronernem no3xe beprman B 1770 . u laron B 1784 1. paccmaTpusanu
KpUCTANILl KajbUuTa KaKk HOCTPONKY H3 3aKOHOMEPHO B3aUMOPACHOJNO-
KEHHBIX poMO0 0731 pHYeCKHX 4acTHLL, IpeacTaBIeHHbIX MOIeKy1aMy kapOoHaTa
kajgbuus, Takas TOYra 3peHHS He cpa3y NOJIyunwna MpU3HAHHUE TTOTOMY, 4YTO
MHOI'HE KpHCTAMIbl MMEIOT HampaBJieHus cNaliHoCTH, HE COOTBETCTBYIOIIUE
TpeboBanuaM pomborapuueckoil cnmMmerpun. Hanbostee MHTEpECHYIO HICHO
BelABuHy B 1850 r. Pankun, paccMaTpuBasIInii MPAMOYroNbHbIH mapasine-
Jlenunen Kak «MoJIcKyay». Ha 3Ty KOHUenuo, HECOMHEHHO, OKa3a BJIMSHUE
AeKapTOBCKUH THI 3N1€MeHTa, HOJYUMBIIHI B TO BpEMs LIMPOKOE IpU3HAHHE
B Teoperudeckod Mexamuke (puc. 1.1). Dro, onmHako, eme OIHMH IpHMEp
MONBITKY, HANPABICHHON Ha peuleHHe OrpaHHYEeHHON TEOPETHYECKOH 3akavu
0e3 monTBepXKIEHHS IKCHEPUMEHTATbLHBIME HaGIIONeHUAMMU.
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Puc. 1.1. «Monexysian Paukuna, X

Tonsko & XX B. bapnoy u Ilon {1906 r.) monTeepauiy, 4To KPHCTANA
MO CYIIECTBY mpencTaBiser cofoll reoMeTpHYecKoe Teno, CROXEHHOE 3aKo-
HOMEPHO pACIIONOXKEHHBIMH ChEPUIECKHMH aTOMAaMH ONpEIEIeHHBIX H Xa-
pakTepHbIX pazmepoB. Kak yxke roBopuiochk, Takas MONEIE KpHCTaUIMye-
CKOTo CTpoeHMS BhITeKasla w3 pabor Bparror m ToapAmMHTa H TENEph
nosyuuna Bceoblnee MOATBEPiKACHHE.

HecmoTrps Ha To 4To Oofiee mnosmoe HpeACTaBICHHE 00 aTOMHOM
CTPOSHHH NMPHBENIO K MPU3HAHHIO HEOOXOAMMOCTH CYLIECTBOBAHHUS HE TOJBKO
cpepHyecKuX, HO M HHRIX (Qopm aToMoB, Agd o0ecned4eHMs 3NEKTPOHHOH
ITOTHOCTH cepHyeckas MOJENb OCTAETCS NOCTATOYHO TOYHOH AJIA xapakTe-
PUCTHKM TDYHTOB M CKAJIBHBIX Hopon, XoTd Obl B MmepBOM NPHONIKEHHH.
B HacTosee BpemMs mokazaHo, 4To MOpdosiorus xpucramia (1. € MIOCKHX
rpaHell) 3aBUCHT OT CBOWCTBEHHOM €My aTOMHON CTpPYKTyphl GoJjbHIE, YEM
oT Jro0bIX APYIEX GakToOpoB, H 3TO OAHO M3 HanboJiee BaXHBIX MOJIOKEHUH
B Hayke O (HM3MYECKOH MpOYHOCTM CKanbHbIX Hopod. TakuM oOpazom,
0JIS1 IOJTHOM OUEHKM NPOHCXOXKIEHUS U CBOWCTB MPOYHOCTH MOPOABI HEoD-
XOAMMO NPENCTABUTE cebe, Kakoe 3HAYCHHE B ITOM HMCIOT MEXaTOMHBIE
U MEXMOJIeKYSpHble B3aMMONeHCTRHSL

1.3. Mexaromusle cBsi3H H cTpoetine aroma. [.3.[. Pazsumue meopuu
caazeit. TlpocTeliilyro MOnEIIb, YIOBJIETBOPUTEILHO OMHUCHIBAIOUIYIO CTPOCHHE
aToma, npenfiokua Bop. AToM cocTout U3 suep auamerpom 10713 cm,
OKPYXEHHBIX 000JI04KAMM H3 BpalAIOWINXCH [0 OpOHTaM 3MEKTPOHOB.
O6mmit gHaMeTp cHcTembl nopsaka 1078 cm (1 A). B 0QHO3IEKTPOHHOM
aToMe BOAOpOda INEKTPOH BpallaeTcss BO BHEWIHeH 000J104Ke, H pagHyc
€ro opOuTH ompeneisercs 6ajJaHCcOM 3MEKTPOCTATHUECKON 3HEPTHH MPHUTS-
KEHHS MEKAY ANPOM M INMEKTPOHOM M KHHETHUECKOH JHEPTHH INEKTPOHA.
Yem MeHpHIE 00beM MPOCTPAHCTBA, B KOTOPOM MOXET BPAllaThCs 3JIEKTPOH,
TeM OOJNIbIIE Er0 KUHETHYecKas 3Heprus. Takum obpa3oMm, Tr06oMy «CKaTHIO»
aToMa IPOTHBOCTOMUT COOTBETCTBYIOIIEE YBEJIMYCHHE KHHETHYECKOH SHEPTHH
3sekTpoHa, OTKpLITHE KBAHTOBOro ((eKTa MPUBEJIO K BHIBOLY O BO3MOXK-
HOCTH [JBIKEHHS JJCKTPOHOB TOJIBKO [0 COBEPHIEHHO OMNpeneIeHHBIM
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opbutam. B ciyuae BomopoaHoro aToMa ONYyCTHMEL paguyc opOuT pasen
nh?

F=—s
4n’me?

; (1.1
Iae m — Macca IeKTPOHa, ¢ — 3apsd MIEKTpoHa, h — nocTosiHHasg [11aHka,
f — rjaBHOE KBAHTOBOE YMCJIO, BRIPAXKAEMOE TOJBKO HEJBIMH YHCIAMH
{1, 2, 3, ...). [Ana Tax Ha3piBacMOIO0 OCHOBHOTO COCTOSHHS C n = | paauyc
aToma TeopeTmiecku pasen 0,532 A, u 3T0 npaBmiIbHO [IpencKa3biBaeT
NOpSI0K pa3Mepa aToMa BOAOpPOJIa.

ITockoneky sroGass HONBITKA pPACCMATPHBATh SHEPIHI) HPHUTSDKCHHS
HE3aBHCHMO OT JHEPrHH OTTAJNKMBAHHSA C (U3UYECKOH TOYKM 3pEHHS He-
COCTOATENBHA, NPUHATO CYMTAThL NPUTSKEHHME NEHCTBWEM, a OTTANKUBAHMUE
HOPOTHBOAECHCTBNEM, T. €. peakuusd OTTANKHBAHMS [OJDKHA BCerga COOTBET-
CTBOBAaTh CIJIE DNPUTSKCHHA MEXAY ABYMS TElaMu.

ATOMBI HAXOOATCS MOCTOSHHO MO BIHSHWEM COCEIHHX YACTHI, B CBA3HU
C 4eM CHelyeT YYMTbIBATL XapakTep ATOMHBIX B3AUMOJEHCTBMH, B YacT-
HOCTH B TBEPOOM Teje — 3TO COCTONHHE DPaBHOBECUS MEXIY COCEIHMMH
aromMaMH. PaccMOTpuM yOpoOLIEHHYHO MOfeNb, NpHBEISHHYIO Ha puc. 1.2,
IMpu BpameHun 31eKTPOHOB BOKPYT SApPA BO3HHKAIOT KO1eGaHHA 3IEKTpO-
CTATHYECKHX CHJI OTTAJIKMBAHHA W MPUTAKEHHS. NPHUBOAAIINE K M3MEHEHHIO
paccrosuug d. CKOpOCTb TakHX K0.i€OaHHN HaCTONBKO BEJIHKA, 4 HEPUOJEL
koiefaHuH HACTONLKO Mallkl IO CPABHEHHIO C MPOMEXYTKOM BDPEMEHH,
HEOOXOOUMBIM i HpOBEAeHHMs HaOMIONeHWA B TBEpIOM COCTOSHHH,
YTO BETMYMHY d MOXHO paccMaIpHBaTh KAK HOPMAThHOE CpeaHee pac-
CTOgHME MEXIY 3JIEKTPOHAMH. T4 MOJAETh [OKa3blBAET TAKKe, KAKMM
00pa3oM NOCTHIaeTCs PaBHOBECHE MEXIY NPUTHKEHHEM U OTTaJIKHBAHMEM
9/1eKTpoHOB TIpH TakoMm cOsuKeHnr ATOMOB, KOI1a HAY®HAETCH NEPEKPHITHE
YIEKTPOHHBIX OPOMT, COOCTBEHHas HECKMMAEMOCTh OTAEIbHBIX aTOMOB
(cBoiicTBO, M3BECTHOE 110 HA3BAaHMEM OTTANKMBaHUS BopHa) JIHMHTHpYeT
BennyuHy d. B kpucraniax sTa MHHMMAaTbHas BelHYMHa MpPHHMMAETCH 3a
XapakTepHBI AuaMeTp oOpa3yromHX HX ATOMOB.

JlOnoJIHWUTEIBHO K  WIEKTPOCTATMYECKOMY BO3ACHCTBMIO BO3HHKAET
3MEKTPOMArHUTHOE NPUTSKEHHE, NPONOPUHOHATRHOE CKOPOCTH BpalleHus
JIEKTPOHOB, KPOME TOr0, HA JHEPrEeTHYECKOE COCTOSHHME aTOMa BIHSET
CKOpOCTh COBCTBEHHO BPAINEHUS INEKTPOHOB («ernuH»). Pasymeercs. peasib-
HOE MOJIOXKEHHE TOpa3/io CIoKHee H300paeHHOro Ha puc. 1.2, u B CIOKHBIX
aTOMax BHEIIHHE 3JeKTPOHH CHJILHO BJIMSIOT HA MEKaTOMHbIE CB3u Tem
HE MEHEee NpOCTast MOJEIb JOCTATOYHO XOPOIUIO H/LUTFOCTPUPYET MOJIOKEHHE
O TOM, YTO PaBHOBECHOE COCTOSHHME ATOMOB ONpeleaseTCs PaBHOBECHEM
CHII IPUTSKEHUS U OTTAJKMBaHHSL.

IMo HalieMy MHEHHIO, TBEPIOC COCTOSHHE XapaKTEePU3yeTCs OTCYTCTBHEM
H3MeHeHUH KHHETHYeCKOM JHEPruM BO BPEMEHM W, CIEI0BATEIBHO, COCTOS-
HUe 1r000W TBEpHON CHCTEMBI MOXKHO pacCMaTpHBATL € TOYKH 3peHUS
HU3MEHEHHs NOTEHUMAIbHON JHEPruu

(ITo ananornu ¢ ra3006pa3HBIM COCTOSHHMEM, NPH PacCMOTPEHMH KOTO-
poro npennojaraercs, YTO HPOMCXOAMT W3MEHEHHE TOJBKO KHHETHYCCKOH
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Puc. 1.2, Ynpouessas Mojelb B3aUMOICHCTBHS aTOMOB.

SHEpriH, BO3HUKAET HE0OXOAMMOCTE B IOCTPOEHUH CTATHCTHYECKOH MOMEIH,
noaxoAsmuM obpa3zoM ONHCHIBAIOIIEH M3MEHEHHS MOTEHUHAILHOR 3HEPruH
B PaBHOBECHBIX TBepAblX Tejax. I1peasioxeHHYIo BBINIC LIAPHKOBYIO MOIE/b
MOXHO paccCMaTpHBaTb KaK MO[edb, BIONHE MPHEMIEMYKO [JIf AHAIWTH-
YECKHX MCCIeA0BaHMH, X0Tsa Obl B MepBOM NpUOJIKEHHM.)

YcTaHOBNIGHO TpH THIA OCHOBHBIX MEXATOMHBIX CBs3€i: HOHHAS, KOBa-
JIEHTHas M MeTaLIHYeckas. DTH CBA3H, OOVCJIOBJCHHbIE HPHTHKEHHEM
MeXIy OmMDKaiIIMMH aTOMaMH, HMEIOT IPEHMYILECTBEHHO JJIEKTPOCTATH-
yeckHil xapakTep. I1pouHOCTb CBg3€it 3aBHCHT INpPEXIE BCETO OT pPacloio-
KEHMS 3JICKTPOHOR BO BHeWIHHX obosoukax. ITepBoHawasibHO CcYMTaJIOCh,
4TO MOHHAS CBS3b — 3TO B3AHMOIPHTKEHHE Pa3HOPOAHBIX ATOMOB, B TO
BpeMsl KaK KOBAJICHTHOH CBS3bIO HA3LIRAJACh CBA3b MEXIAY OMXHOPOIHBIMH
atTomamu. Teneps M3BECTHO, YTO pazHMIA MEXAY 3THMH BHAAMU CBA3H
ONpeeseTCs BAJICHTHBIMHA JIEKTPOHAML.

1.3.2. Honnas c6a3s. ATOMEI OJHHX IEMEHTOB BJ004BOK K IOJIHBIM
obonoukaM 06aNalOT JIEFKO OTACHAIONMMHCA BAJICHTHBIMH “NEKTPOHAMH.
ATOMBl JApYIHX OJJIEMEHTOB CTpeMATcsg oOoraTHThcAd NIEKTPOHAMM I
o0pa3oBaHus CBOHX MONHBIX ofonouek. Taxum o6pa3oM, B MOHHRBIX KpUCTAT-
max npu cOIWKEHHH aTOMOR IIEpBOro THIA ¢ aToMaMM BTOpPOro THIa
TIPOHCXOAUT MEPEMEICHHE BAJICHTHBIX IeKTpoHOB. [lpH 3TOM BO3HHKaer
WOHH3AIMS aTOMORB, H HX 3JIEKTPOCTATHYECKOE NPHUTSDKEHME YBEIHYHBAETCS.
DHEPrHs 3IeKTPOCTATHYECKOI O TIPUTSDKEHUA OMpeenseTcs CyMMHPOBAHHEM
MEXTPOCTATHYECKOTO IMIOLAPHOTO B3aHMOACHCTBHA BCeX IOJOKHTENBHBIX
H OTpHUATEILHBIX WOHOB. OHO mH3MeHseTCs ob6paTHO MNPOMOPHHOHAILHO
MEPBOIl CTENEHH MEXHOHHOIO PAcCTOSHHS,

13.3. Kosarenmnas c8s3s. ATOMBI HEKOTOPBIX 3JIEMEHTOB CTPEMSATCSH
K 4YaCTH4HOMY OO0OOIIEHHIO CBOMX BaJICHTHRIX 3iaekTpoHOB. Ilpum stom
KOMMYECTBO OSHEPrHH YMEHbINAeTcs. Takoro poda CBA3b HA3HIBAETCH
KOBAJIEHTHOM.
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134 Memaaiueckaa (84936 ATOMBI C JIETKO OTICIAIOLIUMHCH Ba-
AEHTHBIMHM OJJIEKTpOHAMH Upu  OIU3KOM PacloIOKeHHH APYl K ApYry
061a1ar0T HU3KHM YPOBHEM 3JHEPIMH, YTO IO3BONAET WIEKTPOHAM NEpeMe-
WAaTbkCcs B KpHCTAIE OT OJHOrO Y3/ia peleTKH K APyIroMmy, obpasys
HEKOTOpOe NOJOOME raza, COCTOANIEro H3 CBOGONHBIX JIEKTPOHOB, KOTOPbIH
Kak OBl CKPEISIAET TNONOKKTEIbHO 3apsEHHbIE HOHBl B INTOTHEHINYIO
ynakoBky Takas CRA3b XdPaKTepHd /I8 IEJOYHBIX METATUIOB M M3BeCTHA
o/ Ha3BaHMeM MeETaTTHYecKoil

Kpome onucaHHbIX Bbille TJIaBHBIX CBS3€H CYINECTBYIOr OCTa104HBIE
MEXKMOJIEKYISAPHbIE CBA3H. MM BaHIEPBAa ThCOBLI, U BOJIOPO/HbIE CBA3U

135 Mexcamovnoe (Mmencao 1ex) 1apnoe) azaumoodelicmsue CBA3yromue
CHUIIbl, 3aCTABJAIONIME ATOMBI OOBENMHATHCS B MOJIEKYJIbL, 4 MONEKYJIbl —
B KPHUCTAIIbI WM NPYIrHe HEKPHCTAUIMYECKHE BEIECTBA, OOLIYHO NpencTas-
0T coboll HEKYHO KOMOMHAIMIO M3 YHOMSHYTBIX BHIIIE THIOB CBA3M
He3asucuMo oT npupoabt ¢BA3M B3aUMONCHCTBHE MEXAy aromMamu (Mole-
KyJIaMK) MOXKET OBITh B 3HAYUTCILHONW YACTH C1y4aeB ONMCAHO 110 [EHIHAIOM
napHoro Bzammopneiictsus [22]

3mecy U (r) — moTeHnuanLHas 3HEprus, paBHas paboTe, KoTOopas coBeplia-
eTcsl TpU  pa3sBeIeHMM aromMoB (MOTEKYJ]) M3 MCXOIHOTO COCTOSHUSA (C
pacCTOSIHHEM * MEXQY YacTHIHAMM) Hd OECKOHEYHOE paccTofHue (r — oc)

IMepBoe crraraeMoe npaBoi 4acTy BoipaxkeHud (1 2) oO6biYHO COOTBETCTBYET
SHepruu NpuTsxkexus (KoHctaHTa a < 0), BTopoe ciaraeMoe — 3Heprus
oTTtankuBanusa (koHcTanTa b > 0) TeopeTudeckyue 3HAYEHMS KOHCTAHT 4, b,
m W n ygaercs NONy4YHTb NHIUbL A1 OTHOCHTENBHO MpPOCTHIX CIYYaeB
¥ OOLIMHO MOJNBL3VIOTCH MX IMIMPHYECKHMH 3HadeHnsMu [Ipu 3TOoM Benm-
YUHLI M ¥ 1, KaK [PABUNO, CYUTAIOTCS MOJIOXKH1EIbHBIMY LENABIMM YACTAMH

Jlis Toro, yTo6nl moTenuman U (r) (1 2) onuckBan cBA3aHHOE COCTOSHHE
94CTHI, HEOOXOOMMO HAJIMYUE TAK HA3BIBAEMOH «IMOTEHIHUANBLHOH SIMBI» Ha
rpaduke 3aBucumocTd U (r), npuueM INpH MAJIbIX PACCTOAHHAX JOSDKHA
npeoGagaTs SHEPrus oTTANKMBaHUA D710 TpeDOBaHME NPUBOIMT K YCJIOBHIO
n>m Tunu4nas saBucuMocTh U (r) upmBenena na puc 13,a Kpusas (1)
COOTBETCTBYET NOTEHUMANLHON 3Hepruu oTTankmBauust b/r", xkpusas (u) —
HOTEHHMANY TUPUTSLKEHUS a/r™

INoTennuanbsHas 3HEPIUA IEKTPOCTATHYECKOTO B3aMMONCHCTBUA MEKIY
JABYMS MOHaMH C 3apsinaMu z;e ¥ Z;e (e — 3apsn 3NEKTPOHa), HaXons-
NIMMHCS Ha PacCTOSHMM F npYyr OT Apyra, oupeaenseTca 3akoHoM Kynona

U= 720 (13)

r

B cnyuae, korga 3apaHHas napa WOHOB OKPYXEHa APYrHMH 3apsiami,
3akoH (1 3) moxeT 6pITh MOTHQUUNPOBAH

2
J(r) = fz‘rZze (14)
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Puc. 1.3, Kpusble NMoTeHUMaA 1bHOH IHEPIrUM M CHI ATOMHOTO M HOHHOTO B3aUMO-
TeficTBUA

3neck A — Ge3pa3MepHas BEIMYMHA CO 3HAYEHMEM, MHpeBbIAronmM I,
W3BeCTHas Kkak mocTosHHas Mapeaynra Takum obpasoM, 3akoHbI (1.3),
(14) cootsetctBytoT BhIpaxewnio (12), B koTopoM cClenyeT NONOKUTE

(B 3@aBMCHMOCTM OT 3HaKa NPOM3BEAEHHS Z,z;) Mubo a, MM6o b paBHLIM 0,
a BEJIMMHHBL n=m =1, T ¢

U=— (1.5
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HOTCHI_II/IaJ'IbHaﬂ SHEPrusf OTTAJIKMBAHHA HCMOJIAPHBIX MOJCKYJT OMHCHI-

BaeTcs 3akoHOM BopHa
b
U= SIT {1.6)

OTMeTHM, YTO MOTEHUMAJIbHAas SHEPrHsA MHpPUTKEHHS C YBeIMYEHHEM
pacCTOAHHA MEXKAY YacTHIAMH YMEHBIAETCH MEMJIEHHEE, 4eM 3SHeprus
OTTaJIKHBAHMSL.

Cuny F, OeHCTBYIOmIYIO MEXAY ABYMSA HOHaMH, MOXHO HalTH C mo-
MO ypaBHEHHA

dU (r)
F=— L.
dr (@7
CooTBeTcTBeHHO 11 F ¢ momompbio Belpaxenus (1.2) moaydaem
F=t 40 (18)
P r

3neck ' =(m+1)a, b=@n+1)b, M=m+1, =n+1. U3 Buga rpa-
tuka 3aBUCHMOCTM CHJIbI B3aHMOAEHCTBUA OT pacCTOSHHSA, IPHBEACHHOTO
Ha puc. 1.3,6, CIemyeT, 4To 3HAYEHME r = Iy, NIpH KOTopoM cuia F (r) obpa-
niaeTcs B HYIb, COOTBETCTBYET MHHHMYMY IOTEHIHAIbHON 3HEPIUM.
IMockonbky cHIa OMNPEAEafeTCs B COOTBETCTBMM C BblpaxkeHunem (1.7)
IpOH3BOAHON MIOTHOCTH, HAMOOJIbIIIEE 3HAYEHHE CBS3LIBAIOICH CHIIBI JOCTH-
raetcs B 0OJAaCTH MakCHUMaJILHOH KpYyTH3Hbl rpaduka MNOTCHUHAILHOH
SHEPrHH MpH 3HAYEHMAX F > Fo.

IMpuseneHuble Ha puc. 1.3 3aBuCHMoCTH MOTEHIMAda H CHJIbl OT
paccTOsHHA OIpPEACTAOT INOBEJCHHE HEHADYIIEHHOH CKaXbHOH IOpOAbl
0ObIYHO MOJHKPHCTAIHYECKOTO CTPOCHHA, a Takke €€ BHYTPCHHME
CBOHCTBA.

OcTaTouHbIE CBA3H HMEIOT 3HAYEHHE B MEKMOJICKYIApHLIX M KOJJIOHA-
HBIX peakuusX, T.€ B TeX Cly4asX, KOrmga pacCTOSHME MeEXAY B3aHMO-
JEACTBYIONIMMM YacTHIAMH 3HAYHTEIBHO OOJIbHIE, YEM IIpH MeXaTOMHBIX
B3auMozneiicTBuAx. OCHOBHOE ypaBHEHHE MOTEHUMAJIBLHOH 3JHEpPrHH aHAJo-
ruaHo ypapHeHnto (1.2), HO NpHUOTIKEHHLIE 3HaYeHHd BEJHYMH a U b
HAMHOTO MeEHbBIle, a BENIHYMHA F, MMeET 3HAYeHHA mnopsaxka 100—
1000 A.

Takum o0pa3oM, OCTaTOYHbIE CBA3M HrpatoT OOJIBMIYIO pONb B pas-
OaBJICHHDBIX CYCNEH3MSX, 11 KOTOpBIX XapaKTepHBl ABJIEHHA THKCOTPOIHH, HO
OHM MpakTHYECKN HE OKa3bIBAIOT BJIHAHMS HA CBOMCTBA CKAJILHLIX IMOPOA.
Ecnu nosepxHOCTH B3aMMO/ISHCTBYIOLIMX YaCTHI CKAJbHOIO MacCCHBa Haxo-
JAATCS B HEMOCPEACTBEHHOH OaM30CTH, CodYeTaHME IVIABHLIX M OCTATOYHBIX
CHJI CBA3M BJMAET HA KOHEYHOE (DH3MYECKOE COCTOSHHE MaTepHaja B TOH
Ke CTeneHu, YTO H B I'pYHTE IUIOTHOTO CIOXEHHS.

1.4. Kpuctanmdeckas crpykrypa. OTinqurenbnoii 0cOOEHHOCTHIO YHCTO-
TO MeTajula SBJIAETCA TO, YTO COCTABAAIOmUE €ro aToMbl MMEHT ONMHa-
KoBple pasMephl. CymecTBEHHOH XapakTepHCTHKON METaLIHYECKOrO KpHC-
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Taj1a ABASEICS CIPEMJICHHE €ro aTOMOB HAaXOAHTBCS B COCTOSHMM IUIOT-
Heliiel ynakoBKHM. DJTO, pazymeercs, caMoe yctoiuupoe cocTosuue. Ilpu
FEOMETPHIECKOM PACCMOTPEHHH MOIEJHM T4AKOTO0 PpOAR MOXKHO CUHTATh,
4TO OHA COCTABJIEHA H3 OTHOCHTEIBHO TBEPABIX cdep.

[Ipex e Bcero cueayer OTMETHTD, UTO BOKPYT LEHTPaJlbHOH chephl MOry1
Pa3sMECTHTBCS M HENMOCPEACTBEHHO KOHTAKTHMPOBAaThL ¢ Heil He Oosee ABe-
HaJUaTH OJHHAKOBBIX MO pa3mepaM cdep. Paznuwnble crmocobel pacmosio-
Kends cpep npuBedenn Ha puc. 14, llecTs nI0THO PpPacmoNoKEHHBIX
KOHTAKTUPYIOIUX OQHA ¢ Apyroii cdep pasmeniarorcs B OOHOH NIOCKOCTH
¢ LeHTpaabHOI cepol, TpH — BHILIE W TPH — HIDke €e. B ciaydae mwioTHo#
TeKCcaroHaNbHOH (IIecTUYrONbHOH) YIAKOBKY BEPXHHI M HIKHWH paaw cdep
HUMEIOT OJMHAKOBHIH BHA, €CJIM BEPXHUI psia NepeBepHyT (puc. 1.4), obpasy-
€TCs rpaHelEeHTpHPOBaHHAS KyOuueckasi IIOTHeHwas ynakoska. HekoTopsie
BMAbl TaKOH ynakoBxu u3obpaxeHb! Ha puc. L.5.

Onso u3 Hanbolee BaXHBIX CBOMCTB M00OH W3 IUIOTHEHLIMX YIMAKOBOK
3aKJII0YAETCs B CIIOCODHOCTH €€ HMETh /1B BHAA MYCTOT — TEeIPAIAPHUCCKHE
(veThIpexrpanHo#t (popMbl) M OKTadApHYecKHue (BOCHMHIpaHHOHR ¢GopMBI).
[TycToTe! EpBOTO BHAA 00PA30BaHK HETHIPbMS chepavu, IyCTOThI BTOpOFO

ook
ool

i} Bud

rexcaeananshas Kyduseckas
ynaxobxa ynakobka

T1o8epH, my
7 (
Purc. 1.4. Inothediuas ynakoBka cdep. éb



Tempatpuseckas Oxmasdpuveckas
ynaxobixg P ynaxobra

Puc. 1.5. 0
sponiin 5[ I3§?aHCHCHTpHpOBaHHaﬂ KyOuueckas ynakoBKa cdep noa pasHbIM YoM
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TUna — wecThio, Kak OyaerT moxa3aHo HWXeE, 3TH MYCTOTHI UrparT BaXHYIO
poNb B CTPYKTypax CHIWKkaTOB. Jpyras XapakTepHas 4epTa NioTHeHIeH
YNakoBKH — 3TO TO, YTO OHA MOXET OBITH IOCTpOEHa M3 ClNOes Kak
C KBaIpaTHBIMH, TaK M C poMbHieckMMH sueiikamu (puc. 1.6). Pazuwnna
MEKY TEKCArOHANLHON U rpaHeleHTPUpoBaHHON KyOHUYeCcKOH MnoTHEHIINMHE
ynakoBkamMH mnokasaHa M3 puc. 1.7. Cnemyer eme pa3s cka3ate, 4TO
MYCTOTEI OBIBAIOT KaK TETPadIpHUECKHE, TAK U OKTadIpHuECKHe U 4TO obe
opMBl c1oeB MOryT BHITL OTHECEHBI K IeKCaroHalbHBIM IIJIOTHOYIIaKOBaH-
HEIM CTPYKTYPam,

Ha puc. 1.8 noxa3ade! NOJNOXKeHHS CIOSB B IEKCaroHaJbHOH NMHpaMuae
HOA Pa3HBIM YIIoM 3peHus. XoTd, 0 TpaaHUUH, I'PaHCUSHTpHPOBAHHAS
KyOuueckas M TeKCaroHajIbHAs MIOTHEHIINE YIIAKOBKM OTHOCATCS K pa3nud-
HRIM KpHCTajuiorpaduyeckuM cucreMam (Ha OCHOBE MOPGONOrHu KpHCTAI-
JIOB), HA CAMOM [IeJIe OHM MpEeACTaBAT coDOH ONHY M Ty Xe MIoTHEHIIYIO
YIaKOBKY, HMEIOIYI POMOOIIPHIECKYIO CHMMETPHIO W pa3jIMiHO OpPHEHTH-
pPOBaHHYIO B MpPOCTPaHCTBE.

Eciau B cnoe ¢ xBajpaTHBIMH sueKaMH KOOPAWMHATHI LEHTpa Kaxno
ceprl oTcuuTHIBaTH OT OgHOM HayadwHoM ToukM (puc. 1.9), To monoxenue
neHTpa mr0b60i chephl ompexesseTcs 1o TPeM TOYKaM B JI€KAPTOBBIX
(MpAMOYronbHbIX) KoopauHaTax: P, A, d, rne fi — KONOHKA M3 TPeX UeJIBIX
yncen, d — auamerp cdepsl u P — marpuua:

1 121
P o‘ﬁ/Lz 1/2

0 —1/2 12

PaccTosHie oT HaYaIbHOH TOYKH 10 ueHTpa moboil cheprr (Han TOSIHHE
MexXny MobbIMA nByMst cdepaMu) onpenenutcs BeipaxenneM d |/ ' plpr unu
d Vn% +n3 + n% + nyny + nyny + nyny. D10 BRIpaKEHHEe TPUHHMAET MHHH-
MaNbHOE 3HaueHHe, pasHoe d B JBEHANUATH TOYKAX, KOr[a paa A' 3anaH
semuunHami (1, 0, 0), (0, 1, 0), (0,0, ), (0, 1, —1), (1,0, =) u (1, —1, 0),
TaKKe W B UX OTPHNATENBHBIX 3HAYEHUNX;, TakuM oOpasoM, kaxmaas chepa
KacaeTcsl IBEHANUATH JPYIHX cdep, NOMAPHO NMPOTHBOMONOXKHBIX MO JHa-
MeTpy. OTa ¢opMyanpoBka, NpuHagiexamias Puune [17], maetT nonwoe
TeOMETpHYeCKOoe oNUcaHHe NM6od mnnorHelmei ymakopkd, XoTs Takoe

Sefee;

Kéadpamnas aveira PomOuseckas avetxa

Puc. 1.6. Pacrionioxenne cloeB B CTPYKTYPaX H3 YNaxoBaHHLIX cdep.
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Tempasdpuieckue
nyemomet

Oxmasdpuyecxue
nycmome:

Kybuvecxan [ excazonanbnas
napmnedieas ynaxobsa naomuedwas Ynaxobra

Puc. 1.7. Pa3HOBHIHOCTH IreKCaroHajbHOH IMIOTHeille#d yNnakoBxm.

pacnoioxeHue chep obecneinpaet Hanbollee MIOTHOE 3ANO/HEHHE IPOCTpaH-
CTBa, TEOPETHYECKH BO3MOXHBI H APYrHe MPaBHIILHEIE YIAKOBKH paBHbBIX
cdep. HaumeHee YCTOIfuMBOE COCTOSIHHE ONMCHIBAETCH OOBIYHO KAk npumi-
mueHas kybuueckas ynakoeka, okasaneas ua puc. 1.10. Opmopombuueckan ™

* OptopoM6 npeacTapiseT coboii NpU3My ¢ KBaAPATHRIMM GOKOBBIMH rPaHAMH
H pomOHMueckMMH ocHoBaHMsIMH. — [Tpum ped



Puc. 1.8. IekcaroHanpHas nupammna.
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- 1upsd

Puc. 1.9. Crou mnoteefineidl 1ia-
KOBKM C KBaJPaTHBIMH sMERKaMM

2-u padl

lycmoma
mewdy bocemsi
copepamy

Pue. 1.10. Ipocras kybuueckas ynakoska cep &
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cucmema 0Opa3yeTcsl, KOTAa LEHTphl chep B OJNHOM DSAY DAacloONOKeHb
Ha paccTOAHMU A/2 MO OTHOIIEHWIO K COCENHHM psIaM, Kak 3TO BHAHO
Ha puc. 1.11,a. Tempazomaavno-cepoudasvhas cucmema YMakoBkH obpa-
3yeTcs Toria, KOrla poMOOBHAHKE Pslbl CIOXKEHH B Mopsiake, M3oOpa-
KeHHOM Ha puc. 1.11,6, mpudem kaxnpas cihepa BKIIMHEHZ MEXIY ABYMs
cepaMil HIDKHETO psaa.

FeoMeTpHYCCKHE XapaKTEPUCTHKH YETBIPEX OCHOBHBIX CHCTEM NMPHUBEICHBI
Hibke B Tabn 1.1

Tabauya 1.1
XapakTepHCTHKH NpPaBHILHBIX YNAKOBOK PABHBIX cdep
Cucrema ynakoBkM
TMapam opTopoMbude- TeTParoHaib-
apaMeTphl XyGute- kAR (MPUIMBTH-  HO-chepon- pomMGo3a-
ckas yeckas) nanbuas pueckan
OtHoluenue CcBOBGOAHOIO
obbema x 3zanosHeHHoMy 0,91 0,65 0,435 0,35
Mopuctocts, °, 47,64 19,54 30,19 29,95
Paccrosume B pagax d d vnm 34 244 Wi 24
2 2 l/f 3
KoopaunauwoHuoe 4ucno 6 8 10 12

Cnenyer ynoMsHyTk, 4T0 KOOPIHHALIMOHHBIM YHCIOM HA3BIBASTCH KOJIH-
4ecTBO O/kaflUMX (COCEIHHX) KOHTAKTOB: B HEKOTODBIX CIIy4asix ero
WMEHYYOT CTeneHbO CBA3HOCTH CHcTeMbl. [lpuBenennrie BhILle pacCyXKICHHs
OTHOCATCH TOMNBKO K CIIY4aKy, Korja Mofiedb COCTOMT M3 paBHbIX ciep.
Oanaxo 1718 MOHHBIX KPUCTAIUIOB NPHXOIHUTCS PaccMATPHBATL CTPYKTYPhL
u3 chep pasnuyHod BemuuuHbl. YacTo Takoro pofa KpHCTANUIBL COCTOST
H3 OTHOCHTENBLHO KPYNHLIX aHHOHOB, OKPYXKAMIIMX 3HAYHTENLHO MEHBINHI

/
( ”
SRS
/A

/

AN

N -

Tempazonansto- cPEpoudansras
OpmopOmMOUYECRTS EULMEMS cucmema
a g

Pd;:c. 1.11. OpTtopombudeckasi M TeTparoHaTbHO-CHEPORAATLHAS CHCTEMBI YNAKOBKH
cep.
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xatHoH. Ha puc. 1.12 moka3saHO HECKOJBKO THNHYHBIX /IPHMEPOB IpPaBHIIb-
HOTO paclloNOXKEHUS ATOMOB B KPHCTANNAX.

1.5. TloponooGpazyomue Munepanbi. McTouHukoM MarepHana ANs BCEX
nopol SBJAAIOTCH MarMaTHYeCKHE MOPOJELI, TaK Kak OC3aLOYHBIC OTIIOXKCHHSA
ApENCTaBAMIOT Cobol NpOLyKT nepepaboTKH H3BEpXEHHBIX H MeTamopdu-
yeckiXx 0Opa3oBaHHi, a MeraMOp{UuecKie B CBOIO oveEpeldb 0Opa3yroTcs
UpM M3MEHCHHH M3BEPXEHHLIX M OCafouHblx nopoxn. I103ToMy 3neMeHTHI,

Aunedroe

TpEYeOnsHOE

v vz
\/

Tempazdpuveckoe

W (G

OKxmasdpuvecKoe Q
‘ Y
Puc. 1.12. Pacnonoxenue atomMos B
KpUcTanaax. Jluneiinoe — OAMH aTOM OK- .

PYXeH JIBYMS aTOMaMil POTHBOMONIOK-
HOTO 3apfia; MpeyzodbHoe — TP aTOMA
OKDYXAIOT OYEHb Malblil HEHTpaTbHBIA
aToM ¢ MPOTHBOMOJIOXKHBIM 3apiioM,
mempasdpuueckoe — YeTHIDE  GOJIBLIMX
aTOMa OKPYXAIOT ORMH Manblii aToM
C NPOTMBOMONOKHEIM 3apiaioM; oKma- Kyousechoe ’

30puueckoe — IECTb GONBIIMX ATOMOB
OKpyxaloT HeGOMbLIOK IEHTPaIbHBIN %
4TOM ¢ TPOTHUBONOJOXKHBIM 3apA/ioM;

Kybuueckoe — BOCEMb aTOMOB OKPYXAIOT
LeUTPaTbUblil ATOM OYTH OJUHAKOBOTO
C MuUMH pa3Mepa.
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COCTABJISIOUE U3BEPKEHHBIE [IOPOJbI, MPUCYTCTBYIOT U B APyrux obpaso-

BaHHAX. M3BECTHO OrpOMHOE KONMMCCTBO XMMHYECKHX aHalIH30B H3BEpKEH-

HBIX Topoxa, o0oOIIeHHbiE pPe3yabTaThl KOTOPHIX mpuBeleHb B Tadm. 1.2,
Tabauya 12

Conepmanne OTALILHBIX 3/IEMEHTOB B 3eMHOH Kope

~ )
Conepxanne Bec

BaeMeHT
no Mekcouny, 1952 r [15] fio lig:gkz_: 1[3;‘;;'])"""
(0] 46,60 46.41
St 27,72 27,58
Al 8,13 8.08
Fe 5.0 5.08
Ca 3,63 3,61
Na 2.83 2,83
K 2,59 2,58
Mg 2,09 2.09
Beero 98,59 98,26
T 0.44 0.72
H 0,14 0,13
P 0,12 .
Mn 0,10 0,12
Bcero 0,80 1,13
S 0,05
C 0,03
Bceero 0,08
CymMma 9947 99,39

Pone kuCnopofia B CTPOSHHH 3eMHOW KOPHl UCKIIOUUTENILHO BEIHKA; Kak
HM3BECTHO, KHCIIOpO/ SIBIASICH TAaKkKe COCTaBHOK 4acthio Boawl. Enge 6onee
NpUMEYATENbHBIM ABJISIETCS cOAEpXKaHuUE, B obbeMHOM BBIpaX€HHU, HOHOB
KHCnopoaa B KpHcTannax munepanoB. Hekotopeie xapakrepHeie nubpol
TIpUBEICHR! HIKE (B 9)):

Kp: O —98,7, S1— 1,3,

Op1ovias O -871, S1— 0.9, Al—-09, K -111,
Mycxkosur O -89,9, S1 — 0,6, Al—19, K-176.

He Noane)xur cOMHEHHIO, YTO [eOMETPUst pa3MelleHHs cdep oAMHaxo-
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BLIX Pa3sMeEpOB, NpPeACTaBiieHHBIX B NPUPOAE KUCJIOPOAHBLIMH aHMOHAMM,
HMEET pelllarollice 3HaueHWe B CTPOCHWH KPUCTAIIOB IOPOA00GPa3yIOLINX
MUHEPAIoB, B TOM 4MCIe CUNUKaToB. OTHOCHTeNbHBIE Da3Mephl HOHOB,
cnaraloluX CHUIHKATHI, TOKa3aHel Ha puc. 1.13.

W3 puc. 1.12 suaHo, 4TO, IPUHAMAA ATOM KHCIOPOAa 3a HAHWOGOJIBLIUUIA,
MOXHO BBIYHCIHTEL pa3Mepbl MalblX KATHOHOB, Paclo/IOREHHBIX B MYCTOTE
ntoboll naHHOW yK1IanKM aTomos KHciopona., Tak, ecnu r, oBO3HadaeT
panmyc KaTHOHa, & ¥, — paJAHyChl HOHOB KUCTOPOMA, PACIONOKEHHBIX BOKPYT
KaTHOHA, TO 1O TaONHYHBIM [aHHBIM MOXHO ONPEAEJHTh OTHOLICHUA
*/fo, B KOTOPOM Frg — PajdyC KHCIOPOJHOTO 4HWOHA, MOXKa3aHHOTO Ha
puc. 1.13 (1,32 A).

Huxe s T1abn. 1.3 npuseneHs! 3HaueHus r./r,, HonydenHole [onba-
mmutoM {14], BMeCTe ¢ BBIMUCICHHBIMM 3HAaueHHAMHU F,.

Tabauya 13
Koopausaimouusie uncia u g ek TUBHbIC pa/IHY Chi HOTIOB, BXOIALIMX B COCTAB CH.IHKATOB
YetBepHas KOOPIHHALMUSA lilecrepHas KoopamMHAUHA BocbvepHds xoopauHaums
(TCTPA%IPUUECKOE OKPYRENHE) (OKTa31pPHYECKOE OKDPY AEIIHE) (KYDOH4ECKOE OKpyw#ellue)
roro=022-041 toro =041~071 rirg > 071

(A r o feTo re o G re o

Be 0,26 0,34 1,13 Al 043 057 1,32 Na 074 098 1,32

P 0,27 036 1,30 TI 048 063 147 Ca 080 1,06 143
S 0,30 039 1,32 Fe’™ 051 067 1,5 Pb 1,00 132 1,79
6) Mn®** 0,53 0,70 1.63 K 101 134 1,81

Mn** 0,39 051 1,70 Cu 0,53 0,70 1.63
Li 0,59 0,78 1,82
Mg 0.59 0,78 182
Fe’* 063 0,83 193
Mn?* 069 091 2,12

3uaveHHs 3 QeKTUBHBIX KHCIOPOAHBIX pajHycoB (Fo) CAyXaT XOpOUIHMH
noka3aTenssMH OTHOCUTENBHOTO AcOPMHPOBAHUS YNAKOBKH KHCIOPO/HBIX
HOHOB TPH 3aMEHE OJHOTO W3 KATHOHOB JPYTHM; AN KATHOHOB OfH-
HaKOBOH BaNEHTHOCTH 3TH PajMyChl YKa3mlBAIOT TakkKe Ha OTHOCHTENBHYIO
APOYHOCTL CBA3ed KaTHOHOB ¢ aHMOHaMH. Hazo TMoMHWTB, UTo «pa3Mep»
KaTHOHOB W aHHOHOB SABNACTCH HE MOCTOSNHHON BelHYHHON, a H3MeHsAeTcH
B COOTBETCTBHH C H3MeHeHuem BHEIIHHMX cmszell. CTPYKTYpH CHIHKATOB
MOXHO pacCMaTpHBaTh KaK TeOMETPHYSCKH NpPaBWIBHO YNaKoBaHHBIE KUC-
JIOpoAHBIE CHCTEMBI CO CBA3YIOLUMMH KaTHOHAMH B MYCTOTaX.

1.5.1. Cuauxamel. Paccmatpusas 1a6a. 1.2, He clienyeT yaMBIATLCA TOMY,
YTo B CKalbHHIX TNopoaaXx W B TpyHTax 4dallle BCErO BCTPEHArOTCS
COeIMHEHHA KpeMHHs ¢ Kuciopojgom. CrnoxHbii Hou SiQ, — 3To riaBHaf
CocTapHasl 4YaCTh Cu4ukamos. B Tex ciy4asx, korfila LSHTpanbHLIA HOH
KPEMHHS HAXOMMTCH B TeTpa3qpHyYecKoH KOOpAWHALMH, T. €. OKpyXeH He-
TBIPbMS HOHAMM KHMCIOPOIa, o0pa3yioTCs KPEMHEKHCIOPOIHbIe TeTPpadaApbl



() O O o o
L1=0,78 Mg=0,78 A=0,57 S51=0,39

0=1432
O O ©

F= 1,53 Nu=0,98 Ca=1,06 Fe*'=0,67 Tgﬂ

O O O

H,0=1,45 K=133 Ba=143 CE?D'M Zr=087
ONeNele

@ NHa=143 Co=0,82 Mn=0,91 Zn=0,83

Fe?*=0,83

Puc. 1.13. CooTHOUmICHNE pa3MepoB aTOMOB (B A) snemerTOB, BXOASIUMX B COCTaB
CUTHKATOB

Prc. 1.14. TIpocTpaHCTBEHHAas KPUCTAJUIMYECKAS PelieTRa KBapUa (CxeMarHuecKoe
u3obpaxenue)
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(puc 1.12). Tax xax BaJIeHTHOCTb KPEeMHHS paBHa YETHLIPEM, TO TOMLKO OAMH
3apsd KQKIOTO H3 OKPYXAIOUHX ero KMCJIOPOIHBIX HOHOB HedTpaiu3yercs
KpPEMHHEM U KaXIblif MOH KHCJIOpOIA COXPaHSET IO OXHOMY OTPHUATETb-
HOMY 3apaly Ul CBA3H ¢ APYTHMM KAaTHOHAMM. DTO obOecnevyuBacT BO3-
MOXHOCTb O0OOLLUECTBIEHHS KHCIOPOIA IBYMs CIOXHBIMH HOHAMH W IIpea-
cTaBseT Coboit onuH M3 Haubosiee BAXHBLIX MEXaHH3MOB (POPMUpPOBAHHA
CWIMKATHBIX CTPYKTYp. M3 Tabn. 1.3 crmenyer, uto abdextHBHBIN paauyc
KHCIOpOaa (Fy) B TETPadAPHYECKOHl KOOpOMHAUMM KpeMHMs paseH 132 A
H COOTBETCTBYET «HOPMAJIBHOMY» 3HAY€HWIO, NpHBEeAcHHOMY Ha puc 1.13.
CkazanHoe MONTBEPKIAET BBICOKYIO CTaOWJIBHOCTH TIpyrmuposxu (Si0,).
Ces13b B Helt HOCHT CMelllaHHBI HOHHO-KOBAJICHTHBIH XapakTep M OTHOCH-
TEJNBHO O4YeHb MPOYHA.

Krnaccudukauus cuamxaTos 0OCHOBaHA HA THIIE COCAHHEHHS Mexay coboit
TeTpazapos SiO,. OcHOBHBIE [PyNOBL CAenyOLUIME

Kapkachble cuaukatel  TeTpasnapbl COeIUHSAIOTCS KHCIOPOIHBIMU CBS3AIMH U 00-
pasyloT TpeXxMepHble Kapkacbl (puc 1 14)
TunUYHLIE MPUMEPBL® KBApL, MOTEBble LINATHI U [PyNNa
LEO.TUTOB

Oprocunukatel  (ocT-  TeTpdaaApel CYLIECTBYIOT Pa3[EIbHO U OOBIMHO CBA3AHBI
pOBHBIE) MeTannuieckumu katnonamu (puc 1 15) Ilpumepbr rpa-
HaTbl U CHJINKATBHI AJIFOMUHUS

[uoprocuMkaThb! ITapel T€TPasapoB cBA3aHbl OJHUM OOIIHMM KHCIOPOLHBEIM
uonom (puc 1 15) u obpasopannble Takum oGpa3zom
AHHOHEI, UMetolde GOPMY MECOYHBIX YAcOB, COEJIMHEHDI
METAIMYECKUMU, KHCIOPOAHBIMU HIIH TUIPOKCUJIbHBIME
uonamu [lpuvepamu ABIAOTCA FPYNNLl SOHAOTA U TEMU~
mopdHTa

Llenoueunvie cunuxatel  Terpasnapbl 00beanHEHBl OOIMMU KHCAOPOJAMH B OQUHOY-
Hble UIH ABOHHbIE 11enoyky (puc 1 15). Ilpumeps rpynnsl
ampub0/108 U MUPOKCEHOB

Konabuessle cumukaTte TeTpasapuyeckue TIpPYNOUPOBKY 0Opa3ylOT 3aMKHYTble
KO:lbLieBBIE CTPYKTypbl (puc 1.15), cocTosive M3 Tpex,
veThIpeX HJIH LECTH eauHAL TIpUMEpBI: Sepun.l. TypMmaauH

CnoucTele CUNUKATH Terpasapbl pacloiOKeHkl CJI0AMH, B Ipelenax KOTOpbIX
(puc 1 15) cBsA3p MeXAYy HUME OTHOCHTEIBHO CHJIbHASA;
mexiy ciioamu cssa3b cnabas Ilpumepbt rpynnbl cmton,
XJIOPUTOB, TJIMHUCTHIE MHHEPAILI

1.5.2. Kapboname.. KapBoHaTtbl 00pa3yloT apyroil knacc MHHepaloB,
TaKX€ WIparolIWX 3HAYUTEIHHYIO DOJb KaK MaTepHal CKalbHBIX [TOPOX.
B xapGoHaTax ocHOBHOM coCTaBHOM eluHMuelf ABIseTCs CIOXHBIH Kap6o-
HaTHbHI paguKal, COCTOAUIMH M3 Tpex aTOMOB KHCIIOPOJa, paclOJ0XKeHHBIX
B BHIE TPEYrONbHHKA BOKPYT LEHTPAILHOTO HOHa yriepona (puc. 1.16).
VriepoAHO-KHCIOpOIHAs CBA3L B OCHOBHOM KOBAJICHTHas M Oosiee npovHad,
4eM KpeMHEKHCIOpOAHasi CBi3b. I10CKONLKY 3apsll YIIEPORHOrO KaTHOHa
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Kpempexucnopodusid mempasds
(Gcmpobusie Cunuxamer) A A

Amowm
KpemHus Yemeoipe

Bonbutux
amoma

Si04

(C3Boennme mempasdpe:
(Juapmocunuxame:)

% V7 sio,

Siy0,

\

v./8i40y,

J8unoynas yenoixa Cidoennas uenouka
mempa3dpol mempasipob

(uenoyeyrsie cunuxamor)

i

SigOy
Croid mempaadpol
&%ﬁgwmfmz%% (cnodcmee cunuKamsl)

Puc. 1.15. Kraccudukauus CTpyKTyp CHIMKaTOB.

(C**) HemocTaTO4eH AN HeATPANM3AIMM IIECTH OTPUIATENLHLIX 3apAMOB
Tpex Kucaopoxuux uoHoB (O27), xapGoHaTHHEH HOH BemeT cebf Tak, xak
ecam Obl OH GbLT AHHOHOM C ABYMS OTPHLATENLHBIMH 3apsAnaMHu.
Haubonee pacrpocrpanennbiM mMusepanom spnserca kansmur (CaCOs),
B KOTOpOM KaTWOH KajuuuA (Ca2”) HaxoAuTca B OKTAadApUYECKOH Koopau-
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HalMH [0 OTHOLUCHHIO K KHCIOPOAHLIM aTOMaM, ¢ KOTOPHIMH €r0 cOedH-
HAIOT MOHHBbIE CBA3H. PaccMatpmsas kapGoHATHBIA MOH OTAENBHO, MOKHO
3aMETHTh, 4YTO KaJbUHEBBLIE W YIJIEPOJHLIE WOHLI PACHOJIOKEHBI B TOM e
TMOpAOKe, 9TO H B CTPYKTYpe kameHHo# conu (NaCl) (puc. 1.16).

M3 tabn. 1.3 crenyer, uto xanbuuil AO/KEH HAXOAMTHCS B KyGuueckoit
KOOpDAHHAUKMH 110 OTHOLUEHMIO K KHCIIOPOAY, HO B KDHCTAJ/Ule KaJlLUHTA
3TOMY MELIAIOT KECTKHE YIJepOJHO-KUCIOpOAHLIe CBA3H. Taxum 06pasom,
MPOYHOCTL KPHCTAIa OmpeaeNiseTcs KHCIOPOAHO-KAJILIHEBOH HOHHOM
CBA3LIO.

Yenepod Kucrgpod

Kapdonammohi
paduxan COx

O Amomel Kansyus
o Amomsi yenrgpodn

Pre. 1.16. Crnoxubiii kapOouaTublii MoM M KPUCTAJIMYECKas CTPYKTYpa KanbUMTA.

Hpyro#i 0COGEHHOCTHIO KPHCTAINIOB KalbUWTa SBAACTCS aHH3OTPOIHA
UX TENnoBbIX CBOWCTB. COBepIlIEHHO O4YEBMAHO, YTO pe3KOE Pa3nuuHE JH-
HeHHOTO paciIHpeHHs B TIOCKOCTH KapOOHATHBIX HOHOB OT pACIHIMPEHHA
B HAHOPaBJICHHH, HepHeHﬂHK}’JIEpHOM 3TOM IIOCKOCTH, MTPOHCXOOHT H3-3a
JNOMHMHHPYIOIIETO BJIHSHHA YrIepOAHO-KMCIOPOAHHIX cBA3ed. B r1abn. 14
NpHBeNcHB! 3HA4YCHHS KO3(DGHIUECHTOB TEMJIOBOTO pACIUHPEHHA HEKOTOPBIX
kpucramtos [13].

CunbHas aHM3OTPOIHMA KANLUHTA SBIAETCA [pHUYHHON pacTpecKHBAHHA
TIOUKPHCTAIIMYECKHX arperaToB KanplHTa BIOL TPAHMIl pasfena 3epeH
NPy HarpepaHuM 10 TeMrepatypsl npuMepro 500 °C [18]; raxum cocobom
NONy4aloT WHUPOKO HCMOAb3yeMbll ynIOTHEHHBIH 3EPHHCTHIA MaTepHal.

ApyruMu pa3HOBHUIHOCTAMH KapOGOHATOB, BCTPEYAIOLUMXCHA B CKaJIbHBIX
nopopax, seasiorca cunepur (FeCO;), B kKoTOpoOM KaJbUMT 3aMeilieH
xenesom (Fe?*), u nonmomur (CaMg(CO;);), B KOTOpDOM OXHOBPEMEHHO
NpPUCYTCTBYIOT KATBIMH U MarHuit (Mg?*). [Tockonsky Fe** u Mg?* moryr
CYIIeCTBOBAaTL B OKTa3ApH4eckoll KOOpAHHALMH ¢ KHCAOpoaoM (taba. 1.3),
COenHEHUs 3THX KaTHOHOR ofyanaror Gonpliell TPOHYHOCTHIO, 4eM COEIH-
HEHHS C KaJIbLUTOM.



34 Trasa 1

Tabauya 1.4

Koapdyusents! Ten10Boro JMHeliHOro PACIMPEHHA HEKOTOPbIX
ANWIOTPONHBIX KPHETANI0B

KoadipuUueHT THHEHHOTO pacILMpeHuA, 10"6

Kpuctana
TNCPNCHARKYIAPHO OCH ¢ NAPaLTI/IBRO OCH ¢
Al,O; 8 9
8i0, (xsapu) 14 9
3A1,0;.28i0, 5 6
NaAl,S8i;0; 4 13
(ansbut)
CaCO; (kanbuuT) -6 25
C (rpadur) 1 27

1.5.3. H3omopdHoe 3amewenue. OQaEM U3 BAXKHENIIMX CBONCTB KpHUCTAT-
JIHYECKHX CTPYKTYp HBJIAEICH CIOCOOHOCTH K 3aMEHE OJHMX MOHOB Ha
Apyrue, paBHO3IHAYHLIE IO Pa3zMeEpaM M EKTPUMECKMM XapaKTEPUCTUKAM,
6e3 usMeHenus GOpMbI KPUCTAITA, 3TO ABJCHUE HA3BIBAETCH H30OMOPDHBIM
3amenienneM. Tax, nanpumep, maruesut (MgCO;) ornumaetcs or cuneputa
(FeCO;) Tonbxo TeM, 9yTO ¢ moHamu kapOOHATA CBA3AHBI KATUOHLI MAaTHUSA,
a He Xejeza. B cBa3u ¢ Tem uto paamyc xenesa (0,83 A) meckonbxo
6onbwe panuyca maruus (0,78 A), 9aCTb MarHUS B MArHe3uTeé MOXeT OblTh
3aMellieHa Kene3oM 06e3 W3MEHEHMA OCHOBHOM CTPYKTYpH KpucTaniia.
B npyrux cnyuasx 3aMelliEHHe MOHOB COTIPOBOXAAETCH H3IMEHEHHEM 3apsAda
¢ HapyILIEHUEM 3EKTPOHEHTPANbHOCTH KPUCTAalia, fnaxe ecnu ero dopma
ocraetca 6e3 u3MeHenud. B 3TOM cMmruicne Haubojee BaXHYHO POJb MTpaeT
HOH amomunus (Al**); ero pa3mMepsr TakoBLI, 9TO OH MOXET BXOAUTh TMGO
B TETPA3APHYECKYIO (B KOTOpoit OH 3aMemaeT kpeMuuit Si**), 1u60 B okTa-
3APHYECKYIO KOODAMHALMIO. T2 0COGEHHOCTh PACTIpPOCTPAHACTCA Ha ILMPO-
Kaff KpYr MMHEPAIOB pa3/IMYHOrO THNA, B YaCTHOCTM HA CHJTHKATHI
H TJHMHUCTEIE MHHEpPAJIBL.

1,6. CrpykTypa CHIMKATOB H CBOHCTBA CH/MKATHBIX MATEPHA/IOB,
1.6.1, Keaapy. MoxHno nokasaTh, TO 4eM MEHbIUE OTHOIUEHME HOHHBIX
paauycoB (rabn. 1.3), TeM ycroifiyubee kpucrann. B uneane xpapu JOKEH
ObITh CambIM YCTOWYMBbIM CHMIMKATHEIM MUHEPANIOM HE TOJLKO HOTOMY,
9TO CnoxHBIA HOH (Si0,) mpencTaBnsger cobGolt maubonee ycToHYUBYIO
KHCTIOPOAHYIO TPYNIUPOBKY, HO M IIOTOMY, 4YTO OGOOIIECTRIEHUE BRCEX
BepIIMH TETPA3IAPOB [PHBOAMT X OOPA3OBAHUID EAMHOTO TPEXMEPHOIO
kapxaca (puc. 1.14). [eomerpuyecky BHOJHE BOIMOXHBI KOHTAKTHI TETpa-
9ApoB o BeépluKHaM (YTIoBj, mo pebpam U 10 rpamsM. OgHako B ITHX
CITyuasx MOJOXUTENBHO 3aPsHKEHHLIE KATUOHBI OyayT paclonaraThes Ombke
COrTACHO OTHOLUEHUIO

I (epwuna):0,58 (pe6po):0,33 (rpans)

H ITICKTPOCTATUYECKOE OTTAJIKUBAHUE CHUIILHO YBEIIHYUTCH.
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1.6.2. T'pynna noaesvix winamos. TloneBble WNATH NPEACTABAAOT coBoit
rpyny Haubosee pacnpoCTPaHEHHBIX NEPBUYHBIX MHHEPAIOB, 4TO IMOA-
TBEPKAAETCH BLICOKHM MX CONEpXKAHMEM B H3BEPXKEHHBIX [Opoaax
(tabn. L.5).

leoMeTpuieckd MNONEBOLUNATOBas CTPYKTypa, HOAOGHO KBapleBoi,
COCTOHT H3 TPEXMEPHOTO Kapkaca, oOpasoBaHHOIO KHCIOPOAHBIMH TeTpa-
3APaMHM C YrI0BhIMH KOHTAKTaMH. B TeTpasapax NONeBLIX LINATOB 3HAYH-
TenbHyto 10mo (1/4—1/2) cocTapnser non amomunns (Al**), samermatomui
HoH kpemuus (Si**). TeM caMBIM B KaXIOM ATIOMHHHEBOM TeTpadape
olyIaeTcs JehulMT B OOMH NONOXKHUTENbHEIH 3apan. Uro6ml ckoMmencu-
POBATh 3TOT HEAOCTATOK u 06ecneynTr 3eKTPOHENTPANTEHOCT D, HEOOX OAMMBI
XaTHOHE! Meranios, nanpuMep K*, Na* umm Cal*,

Tabauya 1.5

Conepxanre Hanbosee 4YACTO BCTPEYRANOLIHXCH
VIHHEPANOB B H3BEPKEHMBIX Nopoaax

Muuepanst Cojepxanue, Bec %
TMoJsiesble WNATH 59,8
Porosas oGMaHKa ¥ THPOKCEHbBI 16,8
Ksapu 12,0
BuoTur 38
Ipoune 7.9

ToneBble wWnathr Mo xapakTepy BHEAPEHHRIX B KapKac KaTHOHOB Ie-
JATCA Ha IBe MOATPY!MEBI: KallHeBbie [ONEBble LINATHI M HATPHEBO-Kalb-
LIMeBbIe roJIeBble MINATHI MM Marnoknalel, K nepeo#t moArpyimie oTHocATcs
OpPTOKNa3, MUKPOKIKMH M CBHHIWH. Bee 3TH MHHEpansl UMEOT OJMH M TOT
*e xummdeckuit coctap K(AlSi;Og), Ho crTpoenue xpucraiiop pasxoe
U ompenenserca nonoxexHueM uoHa kanus (puc. 1.17). CepHs nnaruokxiasos
npeacrasnser coboif HenpepulBHBIH psa oT Goraroro HaTpueMm anbOHTa
Ao 6oraToro xalelmém aHOPTHTA, Kak 3TO BHAHoO M3 Tabn. 1.6

Cnenyer 3aMeTHTb, 4YTO TEOpETHYECKH, NOCKONbLKY Kambluil IBYXBa-
JIEHTHBI, amoMuHKA B aHOPTHTE 3aHWMaeT B Ba pada OonbLIE MECT, ueM
B anpbure. Tak KaK K TOMY € HOH alOMHHUS GONbIIE HOHA KPEMHHS,
9KBHBANEHTHBI} KHCIOPOAHBI PajHyC 7y YBEIHYEH, a CBA3b COOTBETCTBEHHO
ocnabnena, IIpucyTcTBHe MeETaJUIMMECKHMX KATHOHOB TOXe cCIocobcTByer
HCKa)X€HHIO KHMCIOPOMHBIX YIIAKOBOK. I1oMNeBLIe IIIaThl MEHEE CTOHKHE, YeM
KBapIl, BLIBETPUBAACh, NPEBPAINAIOTCS B TIHHHUCTHlE MHHEpANbl, & KBapn
coxpassiercs B BHAE Necka. [IpHMeuaTenbHO TakkKe, YTO KaJbIHMEBBIA IUTa-
THOKNIa3, B KOTOPOM KaxIblff aHHOH Kajblus HAChIaeT CBA3M JBYX TeTpa-
3IPOB M, CIEAOBATEILHO, CHOCOOCTBYET GOLILEMY HCKAXKERHIO KHCIIOPOIHOM
yOakoBkH, o6nafaeT MeHbIUeH YCTOHYHBOCTBIO K BhIBETPHBAHHIO, 4YEM
HaTpHeBniil nnarnoxnas (rabms. 1.7).
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/) Bepruue KpemHexucOpodHbie YENDIKL
0 HWKHULE KPEMHERUCAOPOTHBIE LENOYNY

. Kanuit

Prc. 1.17. PacrionojkeHHe aTOMOB KMCIOPOAZ M KANUS B KPHCTAIUIHYECKOH CTpyK-
Type optokaasza K[AlS1305] AToMEI KpeMHHS M ATIOMHHHA He JIOKA3aHBI

Tabauya 16
Cepus nnarsoxnaizos

Coaepianne Conepxkanne
Haasaﬂne HaTPHEBOIO Ka TbLUHEBOI O
MHHEpaTa KOMITOHCHTA KOMITOHEHTAa
Na(AIS1,04) °, Ca(ALSLO,) °,

AnbLOHT 100—90 0-10
Onuroknas 90—-70 1030
AHe3nH 70— 50 30--50
Jla6pamop 50—-30 50-70
ButoBruT  (pe- 30-10 70-90
IOK)
AnopTHT (penok) 10-—-0 90—100

1.6.3. I'pynna caw0d. B MuHepamax 3roif IpyNNbl KHCAOPOAHLIE TeTpa-
30pel OOBEINHAIOTCSA TOJBLKO IO BEpUIMHAM, NPHYEM TakHM o0paijoM, 4TO
OCHOBAHHS TETPAIAPOB BCE HAXONATCA B OJHOM IIOCKOCTH, a CBOGOIHLIE
BepuuHel — B Apyroff. B pesynprare Takoro pacnonoXeHWs MNONYYaroTCH
CTIOMCTEIE (INCTOBATHIE) CTPYKTYPH, Moka3aHHble Ha puc. 1.18 m 1.19.
BepLIKHE! TETPa3APOB NPEACTABNAIOT cO5Oil HEHACLILEHHBIE BHYTPH TETpa-
SMPUYECKONl CeTKH KMCIIOPOXHBIE HOHBI; OHM 00pa3yloT OOHH M3 «AHHOHHBIX
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Tabauya 1 7

VeTOoHYHBOCTL K BLIBETPMBAHHIO MHHEPAJIOB
HiBepxeHHBIX nopoa [9(

=

=

2 OnuBuH

E Kanbupesslii miarHoknaz
= IupokceH

I Ambudon

> Harpuepbli m1aruok:1a3s
< BuOTHT

§ Kanuesslii moJieBoit wingr
E Myckosu1

2 Ksapn

Y

Pue. 1.18. KonbueBas CTpYKTypa B OCHOBAHHH KPEMHEKUCIIOPOOHOTO COS

Taxei» B OKTasapuueckoM crnoe (puc. 1.19). Terpasmpuueckas ceTka
C Apyro#l CTOPOHBI OKTA3APHYECKOro C/IOK NEPEBEPHYTA N0 OTHOLUCHHIO
X neppoi. Bce Tpu cios BMecTe oOpasyloT OIHH NaKeT CIIOMCTOR CHIH-
KaTHOH CTPYKTYphL (OcOGEHHOCTBEO CITFOM SBIACTCA TO, YTo 1/4 KpEMHHEBLIX
MO3INNMK BCETAA 3aHATA MOHAMM AJIFOMMHHS H, KPOME TOro, No3HIMH aso-
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O fupoxcun-usH Q Kucnopod
@ Anomunud, magwut 4 dp, e Kpemuui

Puc. 1.19. CtpykTypa OKTa31pHUYECKHX C/IOEB,

MUHHS B OKTa3Apax MOTYT ObiTh 3amellenbr uwonamMu Mg unu Fe. Tun
CIFOOBI 3aBUCHT OT XapakTepa JITHX 3aMeLleHUH.

CTpykTypHas eQuHMLA CIOIOA COCTOMT M3 IBYX CJIO€B KPEMHUEBbIX
TETP23APOB U OJHOTO CNOA AMIOMUHKEBLIX OKTa3ApOB, CBs3aHbl 9T €AUHHIEI
HOHAMH Kamuf, paCrOJIOKEHHBIMH B MPOMEXYTKaX MEXAY KpPEMHHEBO-
amoMuHueBsIMU makeraMu (puc. 1.18 u 1.20).

O1 02 @7 O+ oes

Pue. 1,20. Wneansuss crgyx;ypa MYCKOBMT&. [ — KRCIOPOA; 2 — MOH THAPOKCHIE;

.‘3‘ H_e ;.)momnnnﬁ; 4 — xanu — KpeMHuft (Ha OJHy YeTBEPTL 3aMEILCHHEIN a/lFOMH-
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Myckogum, XOTOpHI Takke Ha3bIBalOT KajaueBOH cmomoll, obmagaer
cTpykTypHoit (opmynoit (OH),KAl(AlSi;0;0) ¥ He umeeT 3aMeluenuit
B OKTAJIPUYECKOM Ci10e. MyckoBuT Gonee YCTOHYHB K BLIBETPUBAHUIO, YEM
6uotut (taba. 1.7), B KOTOpPOM BCe NO3ULUMM AMFOMUHMEBBIX OKTR3IPOB
3aMellleHEl MoHami Mg u Fe. CtpykrypHas hopmyna WHPOKO pacnpoct-
panensoro 6uomuma (OH),K(Mg, Fe);Al1S8i;0, ). TIpo4HOCTE CIrofL! 32aBUCHT
OT CHJIb KaJIMEBOM CBs3W, KOTOPasi B CBOIO OYEPEeab 3aBUCHMT OT Xapaktepa
MCKaXEHUS PEIETKY, BHI3BAHHOIO NIPOLECCOM 3aMeILeHHs. JTU CBS3H, XOTH
M CyLIeCTBEHHBIE IO CBoel cuie, 3HAYUTeNLHO Cnabee BHyTpeHHHX CBs3ei
B KPEMHHEBLIX ATIOMMHHEBBIX CIOfSX, M CMOJA BCACACTBUE 3TOr0 ObMagaer
¢r0COBHOCTLIO PACHIEITATLCA BAOIL KAJTHEBLIX CIIOEB, YTO OBYCNOBIMBAET
COBEPUICHHYIO CNAalHOCThb, HPOABIMIOIIYIOCA B KpUCTA/LTaX.

1.64. I'aunucmole Munepa.sl. B CTPYKTYPHOM OTHOLUEGHMH CIIOABI TECHO
CBA3aHLI C TJIHHHCTHIMH MWHepadamu. Maaum, HallpUMep, OTJIMYAETCs OT
fuoTuTa CTeNEHbIO 3aMeILEHHs KaK B TETpadIpHYECKMX, TaK U B
OKTAdIPUYECKHX CIIOAX M, CJIEIOBATENILHO, KOJHYECTBOM HOHOB KaJius,
CBA3BIBAIOIIMX CTPYKTYpHLIE eIUHHILL CTPYKTypHas QopMyna HIIHTA
(OH)4K (Al4, Fe,Mgy - 6(Sis - yAlL)O50, B KOTOPOI 3HAYEHNE y MOXKET H3IME-
HATECA OT 1 no0 1,5. Moummopuaaonum MO CTPOEHHIO €ro CTPYKTYPHBIX
€AWHHL TIONOGEH WIIHTY, HO B HEM OTCYTCTBYIOT CBA3YIOUHE WOHBI KallWA.
BMmecTo 3Toro rMapaTHpoBaHHbie KaTHOHBI Na u Ca WCHLITBIBAIOT NpUTS-
KeHue 3a cuerT JeduuuTa 3apsaa B Hpenenax CTPYKTYPHBIX EOMHHL, 9TO
NaeT Menee 3QQPEKTHBHYIO CBA3b, YeM Ta, KOTOPYI OOECHeuMBAlOT HOHBI
Kamus.

Teoperuuecku (GoOpMyrTa CTPYKTYDHHIX €IMHHL{ MOHTMOPHJITIOHUTA
(OH),SigAl, 0,0 -nH,0, HO mpaxTHYeckH cocTaB MUHepana Bcelda OTIHYA-
ercs OT 3TOH (OPMYJIH H3-3a 3aMeENIeHHsl KPeMHUA B TETPAdRAPHUeCKOi
KOOpIMHALMY ATIOMHHHEM M aIOMMHUS B OKTadIPUYECKOM KOOPAMHAUMH
Takumy Inementamu, kak Mg, Fe, Zn u Li. 3Tum 3aMenreHueM W BhI3BaH
neQuIUT 3apsaa, IPUTATHBAIOIIET O 3aMEHAFONTHE KATHOHB! K [PAaHAM COCTAB-
JIAIOMIMX €OVHHI, JHEPrusi TMApPATAUMM KATUOHOB HACTONLKO BeNlHKa, YTO
BOKDYr Hocineauux obpasyercs BoAsHas IleHka. Boma, mpoHHKas Mexay
9MIEMEHTAPHbIMM €IMHUUAMMY, PACKIUHUBAET HX, BHI3LIBas ITHM OOBEMHOE
pacluupeHse CTPYKTYPH. MOHTMOPH/UTOHHTH U3BeCTHBl CBOeH CIIocob-
HOCTBLIO K HabyXaHHIO,

Kaoaynum oTnu4aercs OT APYIMX TJIMHMCTBIX MHHEpaslOB TeM, YTO
COCTOMT M3 YEPEAYIOUIMXCA CIOEB CHIIMKATHBIX TETPASAPOB H [IMHO3EMHBIX
OKTa3poB. BrewHui psin BepIUKH OKTAIIPUYECKOro CIOA B ITOM Ciyyae
o0pa3oBaH MOHaMM TMAPOKCHIE, BCIEACTBHE 4Ero IPH COSAHHEHMH 3ITOIO
pfda ¢ KHCIOPOIHBIMH HOHAME CMEXHOIO CUJIHKATHOIO cos obpalyrorcs
Bomtopoausie cBs3u (puc. 1.21). Ilo xapaxtepy HOC/IEA0BATESLHOCTH CHAH-
KaTHBIX W TIMHO3EMHBIX CIIOEB KAOJMHMT 4acTo 0D03HaYaroT Kak MHHEpal
¢ pewerkolt 1:1 co crpyxrypraoit popmynont (OH)gSisO;0.

Kpome onmcaHsbiX Beillle CYINECTBYeT MHOTO JADYIHX MHHEPAIOB.
B Haganme 3roift rnaBel OTMevanoch, YTO B HBCTOSAUIEE BpEMs BBIABICHO
okono 2000 BymoB pa’aHUHBIX MuHepanoB. OOHAKO 3Jieck PaccCMOTPEHbL
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Pue. 1.21. CIpykTypa I'IMHHCTHIX MHHEPAJIOB. g — Kaoaun: | — xucnopon, 2 — HOH
FHAPOKCHIR, 3 — amtoMusuii, 4 — KpeMHuMi; 6 — monmmopuasonum: | — xkucnopoxn,
2 — HOH THAPOKCHIIA, 3 — amoMuHHUi, XKene3o, MarHui, 4 — KpeMHHUI, COpafUIecKH
amoMHuHHIL.
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paubolce XapakTEpHBIE CBOMCTBA JIMIUL TEX MHHEPAJIOB, KOTOPBIE CY-
[HECTBEHHO BIHSIOT HA MEXAHHYECKYH) MPOYHOCTH CKANbHBIX OPOU.

1.7. Hecopepumienuctsa ¥ AedexThl CTPOCHHN. YCTAHOBICHO, 4TO AeieKTHI
B CTPYKTYpE MeTalllTHYeCKHX KPUCTATUIOB CHABHO BIHANT HA pedopmanunoH-
Hble cBolicTBa nocaeaHux. CyIlecTBEHHOE 3HAYEHHE HMEIOT HECOBEPIICHCTRA
# B KpHcTAnnax T1aKUX MHHEPANOB, KaK CHJMKATBEL, HO H3-3a HHOIO
xapaktepa cBA3M (HOHHOM M KOBAamcHTHOM) 316Ch HMEHTCA CEpbE3HBIE
ommuusa. Ha puc. 1.22 moka3adel ABa BuJa HCKAKeEHHS PeilleTOK, BBHI3BAH-
HOTO MPHCYTCTBHEM B HHX «HYKHX» aTOMOB — 3aMEUIAIONIHX H BHCAPCHHEIX.
CnelyeT HANOMHHTB, YTO B MHHEpanax TOpHBIx MOpoAd wacto Haldmro-
JaeTcd H3oMOpdHOE 2aMEIICHHE, BERAYIEe K CEepbeIHOMY HAPYLUEHHIO
pelieTKH M KaKk CIeICTBHE K OCMa0neHHIO KPHCTATIAMYECKOH CTPYKTYPHI.
Cneundudeckuit BUA paccTpolicTBa, OpH KOTOPOM BORHHKACT paBHOE
KOJIM4ECTBO CBOOOIHBIX MECT B KAPKACE H BHEAPCHHBIX ATOMOB, H3BECTHBIH
xak fgedextot no @penkento, uiobpaked Ha puc. 1.23. Ho B okHcHbIx
CHCTEMax H B KOBAJNCHTHBIX KpHCTannax Ttakue Re¢eKTsl BCTPEHANOTCS

Pue. 1.22, 3amemaroume (¢) H BHEAPEHHBIE (0) aTOMbl B TBEPABIX pacTBOpaXx.

® 0 ® 6 ©®0 60
©O Qo0 ® 006 06
® ol o ® 06 & OW®
© ® 0 ® © @ ©® @

o Dpenxenty flo Wommxu

Puc. 1.23. Cxemathueckoe Hiobpaxense nedextoB no ®pemxemo o HlorTke
B HOHHBIX KpHCTaNnaX.
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peaxo. Ha srom xe PUCYHKE noka3ansl Takxe Aedekthl o WorTky, Gonee
XapaKTEPHBIE AN MOHHBLIX KPUCTAIIOB.

MpocTele ancnoxauun, kpaesas u BUHTOBASA, HE MMEIOT CYLIECTBEHHOr O
3HaYeHHA Npu Aedopmauuu MuHepanos TOpHBIX MOpod No Kpakueit Mepe
NP HOPMAILHBIX TEMNEPaType W OaBieHWM, Korma Hopona Haxomuics
IJ1aBHBeIM 00pPa3oM B XPyMKOM COCTOSHMM. ITpu HekoTopoM BCECTOPOHHEM
CKatvu W 1PN NOBLILUEHHOH TeEMIEpaType GOBLINHCTBO CHIMKATOB obHa-
PyXuBalOT IUJACTUHECKHE CBOWCTBA, U, KAK MOXHO Npeanoarars, pa3BHTHIO
3TOTO COCTOSIHUA MOTYT CNOCOBCTBOBATL YMOMSHYTHIC Bhille reoMeTpuye-
Ck¥e THNB quciokanmil. OXMH M3 BOIMOXHBIX MEXAHMIMOB aucaoKanui
MoKa3aH Ha puc. .24,

B coseplueHHoM caromsHoM kpucranie (puc. 1.20) von kanus momnkeH
pacnonararbcs CUMMECTPUYHO MeXxay HOBCpXHOCTﬂMH, 06pa3OBaHHbIMH
TCKCAroHanbHBIMU KUCTOPOAHBIME Konbuamu, OnHaxo XOpollo H3BECTHO
[3], uto xpuctaninl ofblMHO THILEHES CBOCH umeanbHOMN KOHUrypammm.
Kucnopoansle psam otxoast ot NPOCTOM NNOCKOM apaHXUPOBKY, 4T BileyeT
3a coGoit cMellenue WMOHOB Kanws H3 eOuHOH MIoCKOCTH. Ipoucxomur
OTHOCHTETBHO MPOCTOE MPOCKATL3BIBAHME KAK CIIEXCTBHE NoCNenoBATENBHOT O
TepeMellleHH HOHOB KalWs 03 pacxodoBamms GOMBLIOrO KoM4eCTBa
SHEpruM 118 oriaeneuus cnoes. C apyroit croponsl, ceoitcTea KBapua 3aBH-
CAT OT CPaBHUTENBHO MPOYHOMN KPEMHUEBO-KHCIIOPOAHOH CBA3N, koTtopas
RomkHa OBITB pa3spyllleHa NpH McKaXeHun (napymwenun) crpykryper. He
YAMBMTEIBHO, H9TO KBAPH OCTAETCA XPYMKHM W B YCIOBHAX BBICOKOrQ
BCECTOPOHHETO 1aBJICHMAL

3HauuTeNbHO GoMlee  CYIUECTBEHHBIM nePexToM B  KpHCTALTHYECKUX
Toponiax ABIAIOTCA TPaHUUBI pa3fleNa 3€peH (puc. 1.25). B mosmkpucran-
JHUHECKHX TOPOJaxX MNPHCYTCTRHE TaKux IPAHMI Hem3BexHo u focrexane
13-32 aHW3OTPOINHOTO XAapaKTepa KPUCTAILIOB MOTYT CAyXWUTh 30HaMu
pasynopilotents atomos. CllefyeT HANOMHWTH, YTO NATBHOCTE neficTug
CHNIMKATHBIX CBf3eH OGLIMHO He BeIMKa H pU pPACCTOSIHUM BCETO JWIE
ONHOTO HJIM [BYX AMameTpos atoma (>3 A [12]) B3aumoneitcreie cia-
Goe. Hexotopele Teopun Pa3pYICHUA XPYNKUX NOPOA OCHOBAHHE! Ha npen-
NOJIGKEHVH, 4TO MUKPOTpelHHsl ['pudidurca Bosmmkaror OT KOHIEHTpa-
UM HANPRKEHUE B OKpyXarowei onHopoaHo# cpege. I'panuns! pa3gena
3epen ofbIMHO CYHTAIOT BEPOSTHBIM HCTOYHMKOM Pa3BUTHA TAKHK TpELIMH,
Cornacno rumoTese, panee BhICka’auHOl asTopom [25], BoamoxHa wnHas
VHTCPIDETALNA 3HAUCHHS IPAHUIb Pa3fena 3epen, KOTOpYIO nesnecoobpasto
pPaccMOTPETh HIXKe.

- S e
-~ ; Nnockocmuy
seﬂmpad amomod
BEXCRRONANLHOM
@ / Kucnopobkom cnoe

Puec. 1.24, TunoreTuveckuit MEX4HHU3M [UCTIOKANM B cawae.
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Puc. 1,28, TlonnkpHCTa LB @ — TPAHALE! Pa3leia OTHIAPHYECKHX 3epeH; 6 — aToM-
HOE CTPOEHWE HA IpanMle paimesa.

Ecn x uneansnomy kpuctanny (puc. 1.26,a) OpHIOKUTD HATPSKEHHE O,
TO Ha KaXxao# rpanuue pasmena 3epeH OymeT OeACTBOBATL YCHJIHE CBA3M
B HATIPAaBTEHHH @, paBHoe ! (Ha pucyHke t = l/40). C ynaneHuem OBYX
FIEMEHTAPHHIX CAMHUU, KAk 3To mokalaHo Ha puc. 1.26,6, ycuiHe CBA3H
ysesmuuTes 10 2t. Ho eciu ¢ npeacTasiseT cofolt MaKCHMaNbHYO IPOHHOCTD
CBA3H, TO B Ciyvae & MOXET ObITh nPHNIOKEHO TONbKO HanpsXeHHe O/2.
HpHMCp 3TOT NPUBEOCH C UEIBIO nmokKa3dath, Kakoe pelaroiiee JHa4YeHHe
HIMeeT MaKCUMAJIbHAA MPOYHOCTE cBA3W. B Kycke CkaabHOH mopodw! npoTs-
XKEHHOCTb IpaHUll pa3feyia MeXIy 3epHAMH MOXET DPaBHATLCA COTHAM
U TeICAYamM AHIcTpemoB, CregoBatelbHO, TIPOYHOCTh B  HANTPABIIEHHH,
HOpMAanbHOM TPaHHIE pa3fena, MOXET H3MepAThCS BelduduHod ot t/100

( t 4 2t \

Pye. 1.26. Vneanusnposartas mMofienb anHAHHS BAK@HCHA BOMM3M rpanHU pasaeny
3epex.



44 Faasa 1

no t/1000 3To rnaBHas OpuUYHHA, MOYEMY MONUKPHCTAINYCCKHE CKATIBHBIC
TOpOAbl TOpa3fo ciabee nocanbHOro Kpucraliia.

Ha puc 127 nokalan KoHTakT MeXIy IBYMs 3€pHAMH C NpeyBe/d-
YEHHOM HIMPHHON rpaHunsl pasgena. IloJ BausHuEM KOMIJICKCA BHEIIHUX
HATPSDKCHUH 3epHa CTpeMATCA OTAC/IMTbCH ApYyr OT Ipyra u pas’pyLUCHHC
OpOUCXOONUT, KOTAa CBA3M HAa KoHTaKre peyTcs Ilo YKa3aHHBIM BBILIC
ApHYHHAM pa3pblB MOXET Npou3oilTy u Torda, KOTAa BHELUHHE HANPSKE-
HAS B CPEAHEM 3HAYMTENBHO HMXE MPOYHOCTH WAEAJBHOrO KpHCTajula.
Ilpn M3MEHEeHWM HANpaBIICHHWN NPWIOXKEHHA BHELIHUX YCHJHAH BO3HHMKAOT
HAMPSKEHUA CKaThAR (G ), U TOrJa Cufibl, BLI3BAHHBIC 3THMU HANPSHKEHUAMH,
nepeJaroTcs 4epe3 KoHTakrbl TakuMm o6pa3oM, BAHSHHE O, Ha YyCUJIHS
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Pre. 1.27. Ponb rpasun pasznena 3epeH B Nepenaye BHEUIHETO HANPAXKEHHA
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CBA3M B KOHTaxTaXx Oymer yBelnuumBaThest B TOH e crenedu, B Kakol
NPOUCXOAUIO YMEHBIIEHNE MPOYHOCTH B nepeoM ciyuae ITo 3rolt npuvune
BCECTOPOHHEE CXKATHE OYECHbL CHJIBHO BJIMSCT HA MOBEICHUE XPYNKHX MaTe-
puaioB. BHemuue nanpskeHus, cnocoOCTBYIONIME YBEIMUYECHHIO IPOMHOCTH
KPHCTaJIJIMYECKuX NMOpod, oObiMHO BO BHUMaHue He mpHHumarorcs Ilpuse-
JCHHbIC BbIE apryMEHTBl MOKa3bIBAlOT, HACKONLKO He(EKTHl Ha rpaHHnax
pasnena 3epeH, NPENATCTBYIOLIME DAa3BHTHUIO TEOPETHYECKH BO3MOXHOH
NpOYHOCTH B NOJMKPHCTANNIMYECKHX arperarax, MOTYT B TO e BpeMs
cnocoOCTBOBATh BHEHIHHM CKHMAlOIMM HANPSOKEHHAM YBE/IHYMBATH YXe
CYIIECTBYIOLLYIO NPOMHOCTL [Ipu pasmepax TpeIUMH HWiIH OPYrux ae(exToB,
NPEBBILIAIOIIMX PA3MEP 3€PEH, 3TH TPEHIMBBI YXKE CYIIECTBEHHO BJIHSAIOT
HA KOHIEHTPANWIO MakpoHampskeHuHd, B obwieM BUAE MOpeIcKa3aHHYIO
I'pudpdurcoM, u Ha pa3BUTHE XpPYNKOro pa3pylleHus 3HA4YeHHA 3THX
OedektToB Bosee NoAPoOHO PaccMOTpPeHB! B I'l 5
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['e010rus 1 MexXaHUKa CKaJIbHbIX
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X. Bbox

2.1. Teonorus n NpoeKTHPOBAHHE COOPYKeHHA, BONpoCk MeXaHMKH CKalb-
HEBIX NOPOJ B HHKEHEPHOM NPOSKTHPOBAHHH OOBIMHO PACCMATPHBAIOTCA NPH
peutenyy npoliiem B3auMOaeHCTBUS COOPYKeHUult cO CkanbHHMU MACCHBAMU.
OcHOBHBIE 3Tambl NMPOEKTHPOBAHHS COCTOAT M3 DPAxa NOCAEHOBATENLHBIX
3TaNOB, KOTOPLIE MOXKHO NEPEYHCIHTEH B cleqylollleM MOpAAKe:

1. TlpenBapurenbHsle HCCTeJOBaHUA — OLigHKA HeOOXOXMMOCTH H 3KOHO-
MUYECKOH Lies1ecO00Pa3HOCTH MPOeKTa U BLIABJICHUE BO3MOKHLIX BapHAHTOB
pelieHHs.

2. ToneBrle M3BICKaHUS ~ JETATBLHOE ONpele/icHHe CTPOeHHA CKANBHOIO
MACCHBA.

3. Or60p u HcnpiTanus 0Opa3oB — OLIEHKA COOTBETCTBYIOLIHX MeXaHH-
4eCKMX CBOWCTB YYaCTKOB CKajJBLHOTO MaccHBa, BbLIJE/IEHHBIX, 10 JaHHBIM
NOJEBLIX WcCleloBaHul, Kak NMpPEACTaBHTENbHEIE.

4. Auanu3 (pacyeTHl) — BOCOIPOH3BENEHHE €CTECTBEHHBIX YCJIOBHH H
NOCTaB/IeHHON HIDKeHepHOH 33Ja4H Ha MICaJH3UPOBAHHOW MOAEIH C UEJIBIO
[POTHO3HPOBaHHA NOBENEHHS CKAJBHOIO MACCHBA (OCHOBaHHS).

5. ITpoexTupoBanue — ONTHMH3ALMA [OBeIeHHS CKaJBHOTO MacCHBa
C TOMKH 3peHHs 3()(PEKTHBROCTH M De30NMacHOCTH.

6. Mamepenns — HaTypHBIE HAOMIOJEHNS 32 CKAILHEM MacCHBOM H CpaB-
HEHMe NPOrHO3HBIX MAHHBIX C GaKTHYECKHMH,

3Ta NocAenoBaTeNIbHOCTE MOKET MEHATLCA B 3aBUCHMOCTH OT Xapakrepa
BOMPOCOB, pelllaeMelx B NpoekTe. Ha mnpaktuke Onleaer HMHOIAa Lene-
c000pa3HpiM OTKa3aTECS OT HEKOTOPHIX 3TaloB MO KpaifHed Mepe BpEMeHHO
WJIH [ONOJHHTL HEKOTOpBIE H3 HHX CHEUHANBHEIMH HCCTEL0BaHHAMH
¥ yTOMHEHHMAMH. Tak, HanpuMmep, NpHIHAHO NOJE3HBEIM B 0OJee CHONKHBIX
CKAJBHBIX YCIOBUSX NPOBOJUTE NpefBapuTenbHEIE NPOEKTHblE NpopaboTKu
OO0 OKOHYaHHs MOJIEBBLIX H3BICKAHHWI M UcmBITaHUA. B Takux mpopaGortkax
(napamempuyeckux uccaedo8aHuAX WM aHAAU3E YYECMEUMEAbHOCMU) OLEHH-
BarOTCS MCKOIHBIE [AaHHBIE 7S BbiBJcHUA HAaHOOJEe BakHBIX MapaMETPOB,
ODOANEXAIUX 3aTeM OOJlee NONHOMY H3y4eHul0 B HOJEBBHIX W Jabopa-
TOPHBIX YCIIOBUSIX.

IMpoekTUpoBaHKe B OONACTH MEXAHHKY CKAJIBHBIX MOPOA TpedyeT yuacTHA
CIeUMaTUCTOB Pa3HOro npodmns M ksanupuKauKH, B TOM HHCIE 3KOHO-
MHCTOB, HHKEREPOB-CTPOHMTENEH W TOPHBLIX HMHXEHEPOB, IeOJIOTOB H reo-

* Tloceawaercs npog. JI. Miosurepy no cnydar €rc ceMUASCATHIETHA,
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¢u3ukoB. I'eosiorM HYXHBl IaBHhIM o0paloM Ha CTaldH H3BICKaHWH
H TpedBapHUTENIbHBIX HCCIenOBaHUMR, NPH oTOOpE M UCTHITaHHH o6pa3noB
u B HaTypHelx HabmogeHusx (puc. 2.1). 3agaya reoJioroB CBOJHTCH
K ToMYy, 4ToOBl HalTH NyTe PAalMOHAJIBHOTO aHAJIM3a CKAJbHOTO OCHO-
BAHHA WIH MacCHBa, OKPYXaFLIEro Nol3eMHOE CoopyXKeHHe. B CBs3M ¢ 3TuM
BO3HHKAIOT CJIEAYROUINC BOMPOCHL:

Kakue reosornyeckue mapamMeTper HauGoJsiee BaxHBI JJisl F€oMeXaHHYe-
ckoif Mogenu? (cm. pasad. 2.2).

B 4eMm 3akmovaeTcs CneludHYeckas 3aJava yyacTHs Fe0JoroB B olieHKe
peaJbHLIX NMapaMeTpoB CKATBHOTO MaccHBa?

Kakde ocHoBHEIE npofiieMsi CBs3aHbl C 3THMm mapameTpamn? (cm.
paan. 2.3).

2.2. Teonornyeckne napameTpbl B reoMexaundyeckoi monenn. HauGonee
BaXKHbIE T€OJIOTHYECKHE MAapameTphbl, HeoOXoaAuMble 1JI8 MOCTPOEHUS TeoMe-
XaHu4eckol molesid, MMOKa3aHubl HA pHc. 2.2:

1. T'panu4Hele YCIOBUS MONENW (€CTECTBEHHBbIE HANPSKEHUS HJIX BO3-
MOXHOCTH TepeMeLLeHUH).

2. JIntonorvueckne pa3sHOBMIHOCTU MOPOIBI ¥ WX pacnpelesicHue.

3. Tun, pacnosnoxenyre ¥ opHeHTAUUS HAPYUIEHUR CIUIOINHOCTY, HANpPH-
MEp pa3ljiOMOB, TpEUIMH U OBePXHOCTER HamIacTOBaHUs.

4. Pacnpenenenne NOM3eMHBIX Boid, WX (uU3MuecKue U XUMHYECKHE
CBOMHCTBA.

2.2.1. T'panuunvie ycaogusa. Cuutaercs, 4To cKajia Bcerga B Kakoii-
TO CTENEHU ABJIACTCA YaCThIO NOCTpoeHHOTo Ha Hell coopyxenus. [Tockopky
APOTMKECHHOCTh CKAJBHOTO MACcCHBa B HAType NpPakTHYECKH OeckOHEYHa,
Heobxodumo BeIOpAaTL TpaHullel, B Npelenax KoTOPBIX Moaenupyercs
cKaJbHBI MaccuB W aHAIU3UpYETCS €ro MexaHuueckoe nosenenme. [Ipeano-
Jaraercs, 4To 3a MOpeldejamMu ITHX TIpaHull CKaJbHBIE MaccHB oCTaeTcs
He3aTPOHYTBHIM BIUAHHEM coopykerus. OnpeaesieHne 3TUX TpaHul M ycTa-
HOBJISHHE NPUEMIIEMBIX YCJIOBMI BIOMb HHMX («TPAHUMHEIX yCaoBuii»), oTpa-

Smans Aona 8 ofued pedome 8 npedenax 0dnozo smane,%
I 25 50 75 100
1./ipedBapumensere ucchedodanus \
2.7lanefvie ussickanus
~d

3.0megp « ucnsimanus odpasuol ,——“"__/
4. Anasrus
5. Npoexmupobanue (
. Hamypnele natnodemus —

Ppc. 2.1, [Ipu6nusurenbHas fons ydacTHs CEONOTOB B paboTe Ha pasHbIX ITalax
TIpOEKTHPOBAHUA COOPYXKEHHEl Ha HIM B CKaTe.
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Pre. 2.2, T'eonormueckne gaktope!

i
B reoMexasu4eckol Moaenmm | — rpa-

HUYHBIE YCIIOBHS (ECTECTBEHHBIE Ha- 7 ///;//;;’/
NIPSDKEHMS 1M BO3MOXHOCTH Tepe- Tent
MEIEHHs), 2 — nerporpaduteckue 7
Pa3sHOBHIHOCTH; 3 — mapywenns %
cunownocTy;, 4 — Boga. | 705202

KIONIUX HANPHKEHHO-NehOPMHPOBAHHOE COCTOSHUE CKAJBHOTO MaccHBa
B eCTECTBCHHOM 3aJIETraHHH, ABJISCTCA 3adavell WHXKeHePa reOMEXaHHKA

Paubllie 1pu olEHKe COCTORHUA CKANBHOTO MaCCHBA BOKPYTr MOA3eMHOM
BLIPAOGOTKH IPAHHYHBIC YCJIOBHS NPHHHMAIHCL OBBLIYHO TAKUMH, KaK 3To
nokasauo ua puc. 2.3,a. llpennonaranocy, 4To BepXHAS U HHKXHAS TpaHHIbl
OBJIACTY HCHLITLIBAIOT HOPMAILHOE HANPSKEHUE G, ONPENETSEMOE BBICOTOM
h u obbemuoit maccolf y pbimesexamei ToH nopox, T. e

6, =7h. @.1)

Ha GOKOBEIX rpaHHUSX O6NACTM MPEANONATrAeTCR HEBOIMOXHOCTD ropu-
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Puc, 2.3. [Ipa B3auMOHCKIIOUAIOUWINX B FPAaHMYHEIX YCJIOBHi reoMexarmueck ol
MoZeny nomdemuoll BHipaorxu. a — xnaccwMeckoe pewennt © BepTUKANLAOR Ha-
TPY3KoM H OTICYTCTBHEM BOIMOKHOCTH FOPH3OHTANIBHEIX CMemueHHE; 6 — Bonee
OpOrpecCHBROC PEEHAE ¢ eCTECTBEHHLIME HANPLKEHHAMY, ZCHCTBYIOWIEMH IO BCeM
TPAHNUYHBIM TOBEPXHOCTAM MOICHH.
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3OHTATBHBIX CMCIUCHUA. B Takux 3anaHHbiX IPaHMMHLIX YCIOBMSAX 1pp
ynpyroii pafoTe CKanbHOTO MacCHBA [OPU3OHTANIBHBIE HANPsKEHHS GyayT
paBHLI
v

oy =7y On 0<v<O5, (2.2)
OTKyla CIEOYeT, YTO 3TH HANPSXKCHUS HEe (PEBbIIAIOT BEPTHKANBHBIX
panpsxeHuit ¢, Ho B HacToswiee Bpemsi HAKOMWIOCH MHOTO NPUMEPOB,
KOIAd TOPU3OHTAJbHBIC HANPKCHUA OKa3bIBAIOTCS OOJBLUE BEPTUKABHBIX
(puc. 2.4); cnemoBaTeNnbHO, MPUBCACHHBIC BHILIE [PAHUYHBIE YCIOBUA SABJIS-
JOTCA CIMINKOM ynpoineHHbIMU. TTo3ToMy HeoOXooHMMo HemocpeacTBEHHO
KO BCEM TIpaHAM reoMexaHWyeckolf MomenM OpUKnNaneiBaTh HMEIONIUECS
€CTECTBCHHEIE HAMPSXKEHUs, Kak 3TO IlokasaHo Ha puc. 2.3,0.

IMporno3 HanpsYKEHHOTO COCTOSHWSA MacCUBa B €ro €CTECTBEHHOM 3a-
JICraHUM MOXeT ObITh CHENaH C MOMOUIbIO FEOJIOTMMECKUX, TeoPU3UYSCKUX
H OCODEHHO TeOMEXaHWYECKMX METOMOB. B 3TOM OTHOLUEHMH MOXHO
HCTIONB30BATh /BA BHOA TEOJIOTMYECKUX JAHHBIX,

Bo-nepBrix, ofmde AUTONMOrH4ECKHE W CTPYKTYPHO-TE€OJIOrvyeckde Xa-
pakrepucTukd. Penenmun u ap. (24}, o6obumB umeBlmiics B WX pacrnops-
KEHFH MaTepHal [0 U3MEPEHNIO €CTECTBEHHOrO HAOpPSKEHHOTO COCTOSHUSA
TOPON. COeNaNy, HECMOTps Ha Oonblioi paszdbpoc NaHHBLIX, OBA BECHMA
BAXHBIX BBIBOJA: NOPOAH KPUCTAJINYECKOTO (yHIAMEHTA APEBHHX IJaT-
dopM H neopMUPOBaHHBIC IOPOABI CKIAMYATHIXK MOACOB OOBIMHO OGHApPY-
XHBAIOT TOPU3OHTAIbHblE HANPDKCHUS, MNPEBBLIIAIONINE TEOPETUYECKOE
JaBJieHMEe Macchl BBIMIENEKAINMX OTIOXEHUH, a4 MOPOABl OCANOYHOTO YeXJia,
HaobopoT, NOKa3LIBAIOT FOPU3OHTANBHBIE HAMPSHKCHUS MEHBIIE BEPTHKAIIL-
HEIX JaBICHUH. DTO yKa3bIBaeT Ha BO3MOXHOCTH MOJNYYeHUs HEKOTOpoH
Ka4yecTBEHHOH WHGbOpPMAIMU O ECTECTBEHHOM HAMPSKEHHOM COCTOSHUY,
ucxoas M3 obMX reosorvueckdx ycnopuil. Takde cpemeHMs MOTyT Oka-
3aThCs OYCHBb MOJIC3HBIMY HA PAHHMX 3Tanax NPOEKTHPOBAHUA MOA3EMHOTO
COOPYXeHUs, T. €. HAa CTaA¥M MPEIBAPUTENBHBIX HCCICTOBAHHMMA.

Bo-BTOpbIX, AaHHBle O HANMYMU CTPYKTYP, BOZHMKIUMX MoA AcHCTBHEM
HANPSOKCHUIH, HAOPHMED PA3JIOMOB, TPEUIMH, HEOONBIINX CKIaJ0K, CTHIIO-
JMTOB M T. 4. (p¥c. 2.5; pyauukn Mayur-Alsa, Ascrpamus) [9]. Taxoii
TMOAXON MO3BOMNSET BOCHPOH3BECTH PA3BUTHE HANPSHKCHHH B [EOJIOTHYECKOM
TENC U yCTAHOBHTH €r0 COBPEMEHHOE HANPIKCHHOE COCTOSHUE, pacCMaTpH-
Bas €ro kak pe3ylbTaT oOUMX HanpsDKEHHH, AEHCTBYHOINMX B HACTOAICE
BpeMs B 3emuolt kope [13]. Cnemyer 3aMeTHTb, 4TO TakWM METOAOM
MOXHO oOOpeneluTh JWIIb HAOpaBieHus oceld HanpskeHud. Bennumna
HOC/TeiHUX B GOMBINUHCTBE ClIyvyaeB OCTAETCS HEWU3BECTHOM.

I'eonor MoxeT Takxe NATHL LEHHBIE CBEJICHUS O XapakTepe TPaHHYHBIX
yCI0Bul, 0COGEHHO HYXHBIX B CIy4ae, KOr/1a CKaJbHbll MacCUB OABEPracTcs
neficTeHio 3eMeTPACEHHI WIM KpylHOMACIITAGHBIX aedopmanuil nomsy-
YeCTH, a TAKKE IPU HaJMYHH KapcTa M IpoceaaHui.

2.2.2. JIumonozuueckue paznosudHocmu CKaabHolX nopod. ONpEaencHUe
THHA MOPOJ M PACTpPENesiCHHs WX B CKAJTbHOM MACCHBe, paccMaTpHBacMOM
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Puc. 2.4. Cpennne 3uav¥eHdsi FOPU3OHTANBHWX HANDAKEHNH B 3ABHCHMOCTH OT IIYyOHHBI B pA3MMYHBIX TIEONOTMYECKHX YCIIOBHSX
sanus OC COOTBETCTBYET IMAPOCTATHYECKOMY Xapakrepy Hanpsxewnit. OOpamaer na ceGs BuHMMan¥e upeshlilexpe BOIMIN NoBEPX-
HOCTH rOpH3ONTANBHMbIX HANPSKEHUid Wan BepTukansubimu [24]. 7 — Kawancxud npt; 2 — CkauauHanckuil muT; 3 — mWHTH B npefc-
nax CCCP; ¢ — Adpuxanckuii wwr; 5 — 8 — naneozofickas CKIalyaTocTh: 5 — KajeloHCKad, § — annanayckas ¥ #a,bocroxe CIHA,
7 — mancosolickas Ckxamuarocts B upefdenax CCCP, 8 — apcTpanwmiickas ¥ np.; 9 — Mesosofickas cknanuatoctk; 10 — kaiinosofickas
cxnamarocTs; 11 — ocanounsil wexon: 12 — pudrossle 308Hul (Memanaua); 13 — npoune ycnoRus.
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Puc. 2.5. Tpu pasauuHbIX MNpH3HaKa Pa3sBUTHS HAaNPsOKEHUH Ha OJHOM OpHMEpE
{cxematwiaums cornacko Pamcero [23], om. puc. 3.26). 1 — Tpemmusl pacTxenus;
2~ ocH cknafox; 3 — pasnomel cKajiplBaHMA. Bce TpH 3meMewTa yKashiBaroT Ha
CB-1O3 nanpaeneHus ;.

B TEOMEXAHUYECKOH MOAEIH, BOIMOKHO, ABjseTCa Hanbonee BAXHBIM BKJIA-
J0OM TreoJIora B NPOSKTHPOBAHUE COOPYXKEHHA Ha H B CKaJAbHOM MAacCHBE,
KpoMe Toro, pesyasrarsl Takoro poda HCCJENOBaHHM, ¥ B YaCTHOCTH
onMcanue NeTporpaduuecKux pa3HOBMAHOCTEH CKaJbHBIX NOPOA H CTENEHH
UX BBIBETPHBAHHUS, CYLIECTBEHHO INIOMOTAOT OLEHKE MeXaHHYECKHX napa-
METPOB CKaJbHOro MaccHBa (cM. pasa. 9.2, 1abun 9.1, puc. 9.1 u 9.2)
Ouu cayxaT Takke OCHOBOM AN COCTABJIEHHA XOpOIIO MPOAYMAaHHOH
ApOTpPaMMBl IeOMEXaHMYECKMX HCTBITAHME ¥ I pacmpocTPaHEHUs MoJy-
veHHBIX JaHHBIX HA YHACTKM MACCHBA, HEZOCTYNHbIE IS HEMOCPEACTBEHHOrO
H3yvEHHs,

2.2.3. Hosepxrocmu ocaabaenus. TlosepxHocT ocnabnenus («HAPYLIEHHS
CIUTOLIHOCTY» WM TPELIMHL?) MOBCEMECTHO PACTIPOCTPaHEeHbl B CKAIBHBIX
MacCHBAX H HMEIOT pelllalollee BIWSHUE Ha MX MeXaHuvecKoe MOBEJeHHME.
Cnenvanbhoil 3azauell reojora SBJISETCA ONpeaeiicnne PakTHHECKHX
XapaKTePUCTHK 3aJI€TaHHSA NOBEPXHOCTEH ocnabaeHus, TakuX, Kak:

1. MpocTpancTeeryoe noJOKeuHe (OpHeHTallns) HAPYIEUHi, KOTOpsle
KOHTPOJHPYIOT aHU3OTPOMNHOCTH CKAJNBHOIO MAcCHBa (pa3siMyuHble MEXaHH-
vecKue CBOHCTBa B Pa3HbIX HanpasieHusx). Hampumep, Bo MHOr¥X Clyvasx
HeXeNaTeNbHO UATH Nog3eMHOH BEIpAaGOTKOH NapaueibHO npeobaanaromum
B MaccHBe HAaKJIOHHBIM IOBEPXHOCTAM OCIAbMeHUs, KaK 310 OBUIO CAENAHO
B CBHHLOBOM pyauoMm Tejie B Mayut-Afiza (nepebopsi, HEYCTOHYHBOCTH
KpPOBIH u T. A.). TaM, riae 310 MOXHO, HaKJIOHHBIE NOBEpXHOCTH HaliacTo-
BAHHA HJH CIIAHIEBATOCTH CJeNyeT TepecekaTs TNOA yinoM He mewee 20°
(puc. 2.6).
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Puc. 2.6. [TpuMep BIHSAHHA ODHEHTALMH [IOBEPXHOCTEN OCNabNeHns B ropHOM fele:
rajiepee MPHAAHO W3JIOMAMHOE HAMpaBleHwe, YTOOB He WATH napatiensio CB-FHO3
npoctupanuio ¥ FOB nameHwio NoBepxHOCTEH HaNIACTOBAMMA MHOPOABL (PYAHYK
«eopr»; OPT).

2. PaccTosiHue MeXay TPELIMHAMH WM MX YaCTOTa, CYLIECTBEHHO BJIUA-
IOlME HA CTENEHb aHU3OTPONHOCTH cKajnbHoro MaccuBa. Yactora xapakre-
pHU3YETCA pACCTOSHHEM MEXAY ABYMS CMEXHBIMH NMOBEPXHOCTAMHU Ocyiabne-
HHMS, OTHOCAIIMMHCS X OAHOM cuUcTeMe Takux nopepxHocTed. Enunuuei
M3MEPEHUSA YACTOTHI, HIIH «HHTECHCHBHOCTH», CNIYXHT KOJHYECTBO NOBEPX-
HOCTe#l ocna0neHMss Ha eOWHMIY AJMHBI B HAMpaBNeHUU, HOPMaJIbHOM
K 3TUM MOBEPXHOCTAM *.

3. IlpoTsxeHHOCTs NOBEPXHOCTEH oOcCnabieHus (pa3sMepHOCTH: AJIMHAE
B KBajgpare), KoTopas OOBIYHO paccMaTpuBaeTcsi Kak Haubonee TpyaHo
onpenesisieMsill reoMeTpuueckuil mapamerp. Ho oueHka storo napaMerpa
HeobxonuMa [21], Tax Kak OCHOBHbBIE MeXaHHUECKHe CBOHCTBA CKaJIBHBIX
MaccMBOB, B TOM YHCJIe yMCHBIICHHE MPOYHOCTH, BBI3BAHHOE TPEHIMHO-
BaTOCTHIO, 3aBUCAT OT pa3Mepa MOBEPXHOCTEH OCIa0neHUs.

OveHb yacTo IIOCKOCTHAs NMPOTAKEHHOCTh TPELUMH NpUBOAUTCA K Gob-

* 3T0T nokasaTenb COOTBETCTBYET MOAYIO TPEUIHHOBATOCTH, COTJIACHO TEPMH-
HoJjioruy, nNpunstol B CCCP (CHuIT I1-16-76). — IHpum. nepes.



Teorocun u mexanuxa 53

el 10 pasmepaM ILoWanau A, rpaHUMLbl XOTOPOH BLIOHpArOTCA C y4eTOM
IPOEKTHPYEMOIO COOPYXKEHHS M B MpPENefnaX XOTOpOH pPACIONOXKEHbl I10-
BEpXHOCTH oclabieHus. be3pa3MepHblii koxpduuuedt k paseH

Za__E_ o<k<l), @3)

k= = Tat5h

rie A — obuwas miowank; X4 — cyMMapHas IUIOWAAs TPEUIHH B IIpeaeniax
A; Ib — cyMMapHas niomanb HEHAPYIUIEHHLIX YYACTKOB MACCHBAa B Ipe-
Jenax A; k HasbIBaeTCH kOMPOHIHEHTOM «CIIOIIHOCTHY (KHENPEPbIBHOCTH)
[14} unu «cremennto paspsiBHOCTW» [20] M yuuTBIBaCTCH MOAMGUIMPO-
BaHHBIM 3aKOHOM TpPEHHA (CM. 1. 7)*.

4. lllepoxoBaTocTh, KOTOpas CYMIECTBEHHO BJIMsieT Ha CONPOTHBIEHHe
CIBUTY MOBEPXHOCTEH ocCJabiAeHHS M SBISETCS HCXOLHBIM HAPAMETPOM
HEKOTOPBIX MOIH(PUIUPOBAHHBIX 3ABMCHMOCTEN COHPOTMBAECHHA CHBWLY
(rn. 7). TexrONOrUs KOMHYSCTBEHHON OMEHKHM LLIEPOXOBATOCTH CTEHOK TPEUIKH
HAXOAMTCH €MI€ HAa HavyanbHOH cTanuu paspabotku. Hawbosee monesHwie
IpennoXenHs caeanbl PedmxepcoM [25] (npuMeHeHHe CTEPEOCKOIHYECKOTO
MHKpOCKona, npodmnorpados, HazemHoH (QororpammeTpu) ® Dekepom
u 1p. [7] (McrnoNb30BaHKE TEONOTHYECKOTO KOMHACA M AMAarpamMm pasfpoca
JAHHBIX B MoJyCepHyecKoi HPOEKIIHH).

I'eojlor [OMKEH He TOJNBKO ONPEIC]HTH TEOMETPHYECKHE MApaMeTphl
MOBEPXHOCTEH oOCHablieHds, HO oOpaboTaTe M MNpPeNCcTAaBUTL MOJYYEHHBIE
JAHHbIE B [OHATHOH M MOCTYHHOH [Jif MCIONb30BAHUS HHXEHEPOM-TEO-
MexaHukoM ¢opme. C >TOH LEnAbl0 B Te0JIONHYEcKOH Hayke pa3paboTaHbl
ocobble MeTonbE M CHenuaIbHas TEXHOJOTUA:

U8 MONEBLIX M3BICKAHHH, Hanpumep, «TeXHONOrHs CIIIOIIHOH KpyH-
HOMacIITabHOl CheMku Mo 3amannodl Jwmuum» [14, 21. 6], noxyMeHTanus
OYypOBBIX CKBaXMH (B TOM 4MCJle C TEJEBH3HOHHOH KaMepoH MJIM IIpec-
cuomeTpom) [1], ucnonssosanue POTOrpaMMeTpHH;

101 00paboTKU 1 H30DpaXeHHs Pe3yIbTaTOB — MONyChepHYecKas Mpoek-
g {11}, cTaTucTHYeckue MoneNu U HapaMeTPs!, OUCHIBAIOILKE TUCIEPCHIO
Touexk Ha Nonychepe [18].

O6biuHO CYMTAIOT, YTO COCTABJIEHHE HONyChepUuSCKHX HAM CTepeorpa-
buYecKHX MpoeKuHil ABNAETCH HauboJiee AEHCTBEHHBIM ciiocoboM obpaboTku
[EOJIOTHYECKHX [AHHEIX, HEOOGXOMUMBIX [AA HHXKeHepa-TeOMEXaHuka. I1oT
cHocof® MO3BOASET pelllaTh TPEXMEPHBE 3a]a4yM, TpebyroliMe OpHEHTH-
POB2HWA JIMHMH ¥ mnockocTed. THNHYHBLIMM TPHMePaMH JIMHEHHBIX W
MAOCKOCTHBIX 3]1€MeHTOB, C KOTOPbIMH HHXeHep HMeeT HEJO, CAyXat:

JMHHM — ocM OypOBBIX CKBAXKHH, MepeceueHHe ABYX HeNapalljlesibHbiX
wiockocTel, HATpaBNeHUE TIABHBIX HANPSDKEHHH, BEKTOPHl (CHIBI H T. A.);

HAOCKOCTH — BCE BUABI MOBEPXHOCTell ocabieHHus, HOBEPXHOCTH OTKO-
COB, MJIOCKOCTH HO{IEPEYHLIX CEYEHHH H T. 1.

B paborax Viowa [15], I'yamana [8], Xyka u Bpes [11] ykasvisaeTcs

* k — nnouanHo# Ko3(pHUEEHT TPEILIBHHON MYCTOTHOCTH 110 npHHaATol 8 CCCP
TEPMUHONOrHH. — IIpum. nepes.
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Ha HCKIIOVBTENBHOE pa3HooOpasne mpobieM, Kotopsle Moryr OslTh
pellIeHs! WNH YIPOUIEHB! ¢ WCIONb30BAHNEM CTEpEOTpaduIecKiX MpOEKIHU,
B TOM YHCTIE:

aHANM3 YCTOHYMBOCTH OTKOCOB W MOJ3EMHBIX BIpabOTOK mpu ABYX
BO3MOXHLIX BHIaX Pa3pyllI€HUs — CKONbXeHHH M o0pylueHun (CM. pasa. 9.5);

PEXOHCTPYKUMsS ocell [N4BHLIX HANPSHKEHHH B TEOJOTHMECKHX CTPYK-
Typax;

ONMpPeACHEHE OHTHMANBHOIO HANPABIEHNS OypOBBIX CKBAXVH;

OEPEBO] OPMEHTHUPHBIX [AAHHBIX B [PYTHE KOODJHHATHBIE CHCTEMBI
(HarpuMep, TpaHchHOpMauus pe3yJbTATOB 3aMEPOB B HAKIJOHHBIX OYpOBBIX
CKB@XWHAX B MPOEKUMM Ha OOBMHO WCHOJMB3YEMYIO TOPH3OHTANBHYIO
IOCKOCTS).

OcHOBHEIE MPUHIMISG! MOCTPOEHUA CTepeorpaduYeckux mpoeKnui moxa-
3aHB! Ha puc. 2.7. PaccMOTpeHB IATH MOCAEAOBATEIBHBIX CTYNEHEN B OIEHKE
H B 00paBoTKe OpHEHTHPHBIX MOAHHBLIX (B HAIIEM CHy4yae OpPHEHTUPSI
OypoBOi CKBAXUHBI).

1. Ompenenchyie opueHTHpoB OypoBON CKBaXHMHBI HA MecTe (HampuMep,
C HOMOILBIO TEONOTHYECKOTO KOMHACA).

2. MapannensHoe mepeMelleHne och 6ypoBoll CKBaXWHBl B LIEUTP OpPHEH-
THpoBaHHOR monycdepst. Touka P nepecedeHHs OCHM C HOBEPXHOCTHIO
nonycthepsl yeTko omnpedensier opueHtauuro ocH. ([TapannensHoe nepeme-
LieH¥e ocu 0DO3HAYACT, YTO METOAOM MONYCHEDPHs OMPEdENACTCA TONBKO
OPHEHTANNMA, a2 HE MECTOHOJOXeHUE Oyposoit ckaxuusl. Ilpumencuue
nonHo#H cdepsl BedeT x oOpa3oBaHMIO OBYX TOYEK HEpeceveHuit M, cieno-
BAaTENBHO, K HEOAHO3HAYHBIM yCi0BUAM. OOBIMHO MPEANOYHTAIOT HCHOMNB30-
BaTh HIKHIOW nonycdepy.)

3. C nemsio OmpelecHYUs MOJIOKEHHS TOuKH P Ha MOBEpXHOCTH HO-
nychepsl BBOAHTCA KOODAHHATHAS CETKA C OTCYETAMM ILUMPOT M ION-

L@ L

vV

Gypolas
CcBamuna

wIKEAMOpUansHR
npoexyus
2 36 4 J

Pue. 2.7. NnmocTpauns NPHHUMIOB CTepeorpaduueckoit NpoekuMy HmKHEH mony-
chepbl. 1 — 3aMepbl Ha MeCTe; 2 — napaie/bHOe NepeMeIleH’e B HEHTP noaycepss;
3 — koopaMHATHAS CeTKA Ha MOBepXHOCTH MOJyChepsl; 4 — MPOEKTHPOBAHHE; 5 —
pe3yIpTHPYIOWAs TOPH3OHTANbHAS NPOEKUHA NOIychephl.



Teonoeun u mexanyxa 55

ror. CeTxa MoXeT ObTb nONAPHOA (3a) HNH  OBKBATOPHAMLHOMN
(36).

4. TIpoekTupoBanue nonychepsl Ha INOCKOCTb. OOLIMHO INPHUMEHAIOT
paBHOIUIOWAAHYIO Npoekuuio Jlambepra *.

5. B pe3synbrare MCnonb3OBaHHA NOJychepHuecKod MPOeXuUy (B monsp-
HBIX HJIKH 3KBATOPHANIGHBIX KOOPAMHATAX) TOYKOH P 4YeTKO ONUCHIBAETCH
opHeHTauuds GypoBOH CKBaXHHBL

2.24. ITodzemnole 00wl TIpoBGreMbl, CBA3aHHBIE C NOA3EMHBIMHE BOJAMH,
3aHUMAIOT CEPBE3HOE MECTO B paboTe HMKEHepa-TeOMEXaHHKA He TONBKO
HOTOMY, YTO HMEHHO BOABI ABIAIOTCA NPUYUHON MHOTHX ONIACHOCTEH, BO3HH-
KAIOUIMX NpPH HPOXOJKE IOPHBIX BHIPAGOTOK, HO W TIOTOMy, YTO OT HHX
3aBUCAT yCTOHYHBOCTH OONbilieH YACTH CKANBHBIX OTKOCOB M MPOU3BOJCTBO
IpeHaXHblX paboT. BiuusHue mon3eMHBIX BOA HA TIOA3EMHBIE COOPYXECHHS
pasnoobpasHo.

T'uopocmamuueckoe OagaeHue CHHKAET TPOYHOCTbH CKANBHBIX MACCHBOB,
YMEHBLIAA CONPOTHBIEHHE COBUIY NOTEHUMANLHO HEyCTOWYHBLIX TOBEPX-
HocTe#l (HOpMaNbHBIE 3hGEKTHBHBIE HANPMKEHHA, TPOTHBOAABIEHHE, pac-
nop).

ITogviennan siancuocmpy (MOpoBas BOA2) B HEHAPYHICHHBIX NOpOAax
MOXET CHocoOCTBOBATH MX BHIBETPUBAHMIO u ocnabnenuro (Hampumep,
B ClaHUax, Meprensx) ¥ ysenuuuBaeT HX oObeMuyro Maccy (ToOBbiHICHHE
TPAHCTIOPTHBIX PACXOLOB).

ITponukHogenue nod3emublX 600 B oa3eMuble BoipaboTku unu B dyHAa-
MEHTHl MOXET HMMETh KATaCcTpO(UYeCcKHe MOCHENCTBHUS M BIMAET Ha yBEIU-
4YeHUe CTOUMOCTH CTPOMTENBHBIX paboT (HacocHoe o0OpYyZOBaHHE; Tpya-
HOCTH C IIPOXONXOH, Taxenoe obopyaoBanue [ MOKpOro rpysra). Pas-
rpy3ka BOJOHOCHOTO TOPU3OHTA BEINET OYEHb 4YACTO K CHIDKECHHIO ypPOBHS
TTOJ3€MHBIX BOJ M K HENPUATHLIM MPOCAIOMULIM SBIEHHSM, BPEAHO BIHUAET
HA TPYHTOBOE BOJOCHaGkeHue COceqHHX paloHOB (BogomoTpebieHue).

B 3aBUCUMOCTH OT OKpPYXKAIOLIUX T'CONIOTMYECKUX YCIOBUH B TPYHTOBBHIE
BOOBl MOTyT NONAJATh BeUIeCTsa, INopaxawuue OeToH (arpeccuBHbIe
MOJ3eMHBIE BOBI).

HNmerotcs apa NpUHUMIHANBHLIX MOOXO4A K M3yYeHUIO THAporeosory-
YeCKHX YCNIOBHI:

1. 3akmrouerne, ocHOBaHHOE Ha OOLIMX JAHHBIX O TeONOTHYeCKMX U KIIH-
MaTHYECKMX YCHAOBUSX (UpEeICcTABIEHHE O MPHCYTCTBUH BOMOHOCHBIX ¥ BO-
QOYTIOPHBIX TOpoA 4 T. I.).

2. HenocpeacTBennoe u3MepeHue ypoOBHEH BOABI B MECTaX BHIXOAd €€
Ha TIOBEPXHOCTDb (KJIIOYHK) HIM B GypOBBIX CKBakuHAX (Tbe3OMETPHI).

OueHKa CYIIECTBYIOUIMX THAPOTCONOTHYECKMX YCNOBHil MOMKHA OCYy-

* [Ipy pelueHHH 3a7ay ONpeleleHHs MNPOCTPAHCTBEHHOH OpHeHTaUBH JMHRHK
NepecedeHHa IUIOCKOCTel, OCell raBHBIX HanpsiKeHHH, OypoBbIX CKBAXMH B T. I
o6b14HO yA0OHee MOIB30BATECS PaBHOYrOALHOH Npoexuued Bynbga. PasHonnowman-
Has NPOEKUHA HCHOJL3YETCR NPH MOCTPOEHHH OHArpaMM TPEUMHOBATOCTH W TIPH
HeoOXOAHMMOCTH CTaTHCTHYecKo# o6paboTku nammbiX. (CM. I'asues 3. I'. Ycro#t-
YMBOCTb CKAlbHBLIX MAcCHBOB M MeTOOBl MX 3akpenienns.— M.: Crpoiusaar,
1977.) — IIpum. peo.
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IIECTBJIATECS CIEUHAIUCTAMEA TEOJIOTAMHM W THIPOTEOJIOraMi, TakK Kak
B32HMOJEHCTBHE NOA3EMHbBIX BOA C OKPYXAIOLIEH JIHTOJIOrHYECKOH U TEKTO-
HUYECKOM cpello¥ AOCTATOYHO CJIOXHO.

2.3. ITpofemMbl, CBH3aHHbIC C re0JIOrH4YecKHMH napamerpamu. Onpenene-
HHUE TEOJIOIHYECKHX MAPAMETPOB M TIepexod OT HHX K TEOMEXAHHYECKUM
ABJISCTCA OYeHb BaXHBIM 3T4NOM MpHu JIO0OM TPOSKTUPOBRHMH B CKallb-
HBIX mopopaax. Bee Oosnbllee 4UCIO CHEHMUANIUCTOB TOAYEPKUBAIOT, HTO
¢ 3TUM JTanoM cBs3aHbl «HaubGoJsiee TpyaHble NPoOJleMbl TeOMexaHMKW»
[19]. Vou [16] oTMeuaer, uTo B moOCnenHee BpPeMs TJIABHOE BHUMaHHE
yUEHBIX M HHXeHepOB B OONACTH MEXAHHKM CKAIBHBIX TIOPOH BCE YALIE
BO3BPAIAETCA OT PACYETOB CHOBZ X HCXOAHBIM I'€OJIOTMYECKMM JaHHBIM
K2K «KIFOYY K pea/ibHBIM MHOTO3HAYHBIM Pe3yJIbTaTaM aHanusa». Mcknrouu-
TEJNbHAS BAXHOCTb MCXOLHBIX TEOJIOTHYECKHX HAHHBIX B E€OMEX2HHYECKHX
pacyeTtax oOycnoBlieHa CleAyFOUIHMM 4YeThIpbMs TPHIHHAMHU!

1. BoabluM Koau4ecmeom WCXOOHBIX TE€ONOTMYECKUX JAHHBIX, K4K 3TO
yke OTMeYaloch Bbllle H OoJlee JETAIBHO U3JIOXKEHO B TpyAe Xyka
u Jlonna [12]. U3 Qusuku wussecTHo, 4TO 4eM OGoJbiiie MApaMeTpoB
UCIIOJIB3YETCA [UIA ONpPenClicHMs MOBEACHHA Tesa (B HalleM cIydae cKalb-
HOTO MACCHBA), TEM MEHEE TOYHBI PE3yJbTATHl 3TOrO AHAIH3A.

2. YygcmeumeavHocmplo PE3VJBTATOB aHAM3d K BO3AEHCTBUIO HEKO-
TOpbIX reoJiorudeckux Qaxtopos. Ixenuunurc [14] ykazan, uTo B 2TOM
OTHOLUEHNU TPH I'EOJIOruyYeckux GaKTOpa HMEIOT «UCKJIFOYUTEJIBHOE 3HAYEHHE,
a4 MMEHHO: OPUEHTALUMS TPEIMH, UX TPOTHAKEHHOCTb U TMAPOCTATHYECKOE
napienue». Ha puc. 2.8 npusenen TpuMep, TOK43BIBAIOMIMA BIHAHUE
xo3pdunuenTa CIIOWHOCTH k Ha NpoyHocTs Ha cusur [29]. Wsmenenue
BbICOKHMX 3Ha4enuil k (wanpumep, ot 0,9 no 1,0) BbI3BIBaET pe3Koe CHUKEHUE
HON¥ YYaCTUA COXPAHHOH TOPOJbl B COHMPOTHUBJICHHH CABUTY B KOMOUHH-
POBAHHOW TIIOCKOCTM CHBUIa TpELMHa — COXPaHH4s NOpOoaa.

3. Hpaxmuueckumu mpyduocmamu ONpENESICHUA TEOJIOTHYECKUX Mapa-
METPOB B MOJE C [OCTATOYHOM TouyHocThI. CrenyeT oraasarh cebe oTyer
B TOM, YTO TIpU ODBLIYHOM MPOEKTHPOBAHMH CKAIBHOI'O OCHOBAHUS WJIM
TIOA3EMHOTO COOPYXECHHS BCKPBITAA Y4CTh CKAJILHOTO MaccHBa (OOHaKEHUS,
OypoBble CKBaXMHbI, INTONBHH H T. I.) COCTABIAET JIMIUL MAIYH HOJIHO
TOr0 MACCHB@, C KOTOPBIM MPUXOZUTCi uMeTh peno. M3 atoro cnemyer,
4TO B IIPOLECCE M3LICKATENBCKHX paloT Hesnb3s M30Geratb MHTEPIOJNAHMH
JAHHBIX MEXy ABYMS H3YueHHBIMH TOYKAMM, HIH IKCTPANOISIHH TOJIYyHEH-
HbIX CBEAGHWH Hd HEU3YYCHHBIH y4acTOK. XOTA TCONIOTH, MMesi METOA
TEHETHYECKOM MHTeplipeTaluy, 06aaar0T MOIUHBIMYA CPeICTBAMH LS TOTO,
uroObl YBA3aTb M IKCTPANOTHPOBATH (PArMEHTAPHbIE HaHHBIE, HEKOTODAS
HEYBEPEHHOCTb B MPABHJIBHOM IIPOTHOIUPOBAHUM CBOHCTB CKaJIBHOTO
MAacCHBA BCE XC OCTAETCA. Jmda Heys8epeHHOCMb 8 u3gecmuoii mepe boAbuie
moil, ¢ Komopoil umeiom Oeio umudceHepdl, pabomas ¢ MAKUMU KAQCCu-
YeCKUMU CMpPOUmMesbHbIMY Mamepuaiamu, kax memain uay Oemon. HeoOxo-
AUMO NOAYEPKHYTH, YTO B IIONEBBIX YCHOBHSAX TpPYIAHEE BCETO ONPENCIHTb
Te TeoJIOTHYECKHe HapaMeTphl, KOTOpble Kak pa3 uMeroT HauOonabliee
3HaueMHe B reoMeXaHUYeCKMX pacdeTax. OTo, B YACTHOCTHM, OTHOCHTCH
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Puc. 2.8. 3aBHCHMOCTB MPOYHOCTH OT KopduumenTa crutcsoctd Jlons APOYHOCTH
COXpaHHbIX MOPOI WY CONPOTHBIEHHS CABUIY 1O TpemwHe B 0bnieit mpounocTy
C/IOXKHOTO KOHTAKTa COXPAHHAA MOPOJd — HOBEPXHOCTbH TPEIMHL B 3aBHCHMOCTH
OT IJIOLIAAH CONPHKACAIOIIMXCA MOBePXHOCTeR (xoadduument cniomuoctu) [29]

H K HApAMETPY «CIUIOIHOCTH» (HETIPEPBIBHOCTH), KOTOPLIH, KAk KAXETCH,
B moje BooOwe He MoXeT ObiTh TowHo ompenenew [27, 11, 2]

4 Buwicoxoil cmenenvlo HeoOHOPOOHOCMY TIDAKTUYECKH JHOOOTO CKAJIBHOTO
MAcCHBA (TIOPOAd NPEACTABaseT COOOH MATEPHAN CO CJIOKHOH T€0JIorM-
ueckoil uctopHeit). B ocHOBHBIX COOOpaMEHHAX O HPOEKTHPOBAHHM, H3J0-
KEHHBIX BBlLE, B pa3fa. 21, mogpa3yMeBaeTcs, YTO B CKAJIbHOM MAaCCHBE
MOTYT OblTh BHIZENEHbl OOJACTH CO CTATHCTHYECKM OZHOPOAHBIMH Mexa-
HHYECKMMU CBOHCTBAMH («CTPYKTYPHBIE 007ACTH» WIH «OJHOPOHBIE 30HBIY)
Mcxons 43 3T0rO0, BHOJHE AONYCTMMO M3y4aTh HeOOJIblIME YyYaCTKM B Hpe-
HENAX TAKMX 30H, CYHTAf, YTO PE3YNBTAThI 3THX UCCIENOBAHUH NpPeNCTaBH-
TenbHbl JUISI BCEH 30HBI W MOryT OBITH 3a&710KeHBl B T€OMEXAHMYECKYIO
Mofellb.,

B cBere ckazaHHOro uenecoobpazHo OOpaTHTBECH X  HCCIENOBRHHSAM,
HEJIABHO 33KOHYEHHbIM aBTopoM [4] Llens 3axmoyanach B cOOpe CBENECHMUH,
XapaKTePU3YIOILUX CTENEHb OJHOPOJHOCTH CTPOEHUA ECTECTBEHHBIX TPEUIHH
B OonbitioM OOHAXEHMM M H3YuUeHHM BJMAHMA Oucrepcuu (pasbpoca)
TEOMETPHYECKUX MAPAMETPOB TPEUIHH HA CONPOTUBNEHUE CKAILHOTO Mac-
cuBa casBury. B mHavase 3TMX HccnenoBaHuM Oblila mocTaBieHA 3anaqa
HAHTH MaCCHB, C TEOJOTHYECKO# TO4YKM 3peHHMs Haubosee OIHOPOAHBIR
B CTPYKTYpHOM OTHOlIeHHH. OCHOBHOE MHEHHE T'€OJNIOrOB B 3TOM BOHpOCE
copmynupoBado CexkopoM [26]. TpemMHOBaTOCTb [JOCTHrAaeT «CBOEH
Haubonpltel BBLACPKAHHOCTH M COBEPLIEHCTBA B CyOrOpH3OHTAJIBHBIX OCa-
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JIOYHBIX OTJIOMEHHAX, B MpeleNaX KOTOphIX JApYTHe BUABI CTPYKTYPHBIX
HApyLIEHUH BCTPEYArOTCH PEAKO WK COBCEM OTCYTCTRYIOT». COriacHo 3ToMy
MOJIONEHKIO, M3YYallack TPELIMHOBATOCTH NOYTH TOPUIOHTANBLHO 3ajeraro-
WIMX OCAJOYHBIX MOPOI B IpaHUUAX CONOCTABUMBIX C pa3Mepamyu GonbLsix
coopyxenuii (mopsaka ot 10 no 100 M). TunuvHas xapTa TPEIUHOBATOCTH
B IUIOCKOCTH HANJIACTOBAHHS noOKa3aHa Ha puc. 2.9. Bce cucremnt ObLIM
paccMOTpeHsl ¢ TeOMETPUYECKOH M MeXaHHIeCko# Touek 3peHds. HauGonee
HHOOPMATHBHBIM OKa3aIcs pa3bpoc napaMeTpoB MNPOYHOCTH HA CIHBHT,
NOJIYYEHHBIH MPH U3YYeHHH OTACIBHEIX TPeIIUH (PacCMaTpUBAIUCH TONBKO
OTHOCHTEJIBHO MPOTSKEHHBE, XOPOLIO OPUEHTUPOBAHHBIC, ONUHAKOBHIC B
TEHETHYECKOM OTHOIIEHMH TAK HA3LIBAEMBIE «IJIABHble TpEMMHb») [10].
BhlficHUIOCh, 4TO, MpUMEHss B TeX WM MHBIX 3aKoHax Tpenus (cM. ria. 7)
JeHcTBUTE/ILHbIE TEOMETPHYECKHE M MEXAHHYECKHE ITApaMETpPsl OTIENBHBIX
TpPELHH, MOXHO HOJY4HTHL GOJNBILOM pa3bpoC KPHBBIX NPOYHOCTH 1S
aTuX TpemuH (puc. 2.10).

Bhipaxas NIpOYHOCTL 4epe3 riaBHBIE HAMPHKEHUA, 4TO HEOOXOZUMO
MpH AHANH3E BO3MOMXKHOTO BO3HHKHOBEHHS CKOJIBXKCHHUA TIO TOBEPXHOCTH
OTAENLHOM TPEUIHHE!, MOXHO TTOJIyYHTh Pa3HHIY B HANPSHKEHHAX CTO U GoJtee
APONEHTOB., YCTAHOBJIEHO Takxke, YTO aMILTHTYAa pa3bpoca 3Hadennil npou-
HOCTH HA COBHT DPa3iHYHBLIX TpPEUWIHH 3HAYMTENBHO OONpIE AMIHTYASL,
B Mpenenax XOTOpPOH H3MEHMIOTCS pPE3yabTaThl, NOJYHEHHBIE HO pA3HBIM
3akoHaM TpeHus. [To MHeHMro aBTOpa, 3TO MCCIAENOBAHUE NPUBOAMT

—— =

11 T .

Puc. 2.9. THnmuHLIA DHCYHOK TPEIIMHOBATOCTH HAa MAOCKOCTH HAMAACTOBAHHA
CY6ropM3oHTa/IbHO 3aj€TalOIUX OCAJOYHBIX IIOPOI.
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Puc. 2.10. [podvHocTs Ha CABAr HO TPEIHHAM: Mpexeinl pasbpoca RaHHBIX MO
raaeseiM TpemnnaM. [JRC — cokpauiennoe o6o3HaueHHe MapaMeTpa «Kodp@HUHEeHT
ulepoxosaTocTH Tpeuunb (Joint Roughness Coefficient), ucnonssyemoro baproHom
AJIs XapaKTePHCTUKH LIepoXoBaTocTH. — Ped.).

K €AMHCTBEHHO BO3MOXHOMY 3aKTIOYEHHIO: €CM [JaXe B HAECaJILHO ONHO-
POIHOM B Ie0JTOTHYECKOM OTHOIIEHHM Tesle MeXaHMYecKHe CBOHCTBA MOLYT,
KaK OTMe4ajloch BbIIE, MEHATECA B ILIMPOKMX Npenenax, To B obweM
criyvae pacdeThl MeTodamMM MeXaHMKM CKAJIBHBIX [TOpPOJ, OCHOBAHHBIMH HAa
KOHLENUHMY 06 OTHOPOIHBIX 30HAX, B KOPHE COMHUTENIBHBL,

2.4. BuBoan. Bonsmioe xonuuecTso mapaMeTpoB, C KOTOPHMM IIPHXO-
QUTCY MMETh NAeNlo IIPY OLIEHKE CBOMHCTB CKAJbHOrO MaccHpa, H Gonbuoi
pa3bpoc pe3yIbTaToB ONpeleNieHHa 3TUX NapaMeTpoB, B ToM uucne Haubo-
Jlee BaXHbIX U3 HMX, A TaKXKE HEJOCTATOYHAS HM3YYEHHOCTH MX B3aUMO-
CBA3eH — BCE 9TO NPUBOAMT K 32KIIOUEHHIO, YTO TOYHO OXapaKTepH3OBATH
CBOWCTBA CKAJBHOTO MAcCHBa HEBO3MOXHO. B cBs3H ¢ 3THM c reonoru-
HECKO# TOYKH 3PEHUA MOXHO IOPEKOMEHIOBATh IpUMEHEHHE B [IPAKTHKE
CTPOHUTENbCTBA COOpyXeHuit Ha (B) ckane MOZMPUIMPOBAHHYIO METOIUKY
NpOeKTHpOBaHHs, KOTOpy!o, corfacHo Tepmaru u Ilaxy [28], moxHo
Ha3BaTh «MeTofoM nHabmoaenuit». Takoe NpoeKTUpPoBaHHE MOKET OBLITH
BBINOJIHEHO B JBA OCHOBHBIX 3Tama:

{. CocTaBisOT NPOEKT MNOA3EMHOrO COOPYKEHHS TONEKO B OOLIMX
YepTax, Ucnonub3ys Jsmbo (usnueckue Moxenu (cm. rin. 10) U cooTBeTcTBY-
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FOLIME MATEMATHYECKHE WIH YHCJIEHHble Monend (cM. ra. 11 u 12), mubo
(4), uTO, MOXayyH, caMoe INaBHOE, — OIBIT.

2. MNpucnocabnuBaioT MPOSKT COOPYXKEHHS B NMPOLECCE ero CTPOHTENb-
cTBa K crneludHuecKuM T€O 101 HIECKHM YCIIOBHAM, HCTIONbL3YH pe3yanaTbl
HOJIEBbIX UCCIENOBAHHH U U3MeEpEeHUH.

PaccMoTpriM 3TH 3Tanbl Ha KOHKPETHOM HPUMEDE:. «BbIEMKa M 3ACHIIKA
NOpOAbl NMpU pa3paboTke TOHKOW XHib». MOXHO HOjaraTh, YTO B ITOM
OTHOLICHHH NPOEKTHPOBaHHWE CKalbHBIX PabOT BO3MONKHO M LenecOo0bpa3Ho
TONLKC B 00IEM BHAE ¢ BbIOOPOM, HANpUMep, ONTUMAJLHOW IOCIEHO-
BaTEJIbHOCTH pa3pabOTKH, KaK 3TO noxa3aHo Ha pHc. 2.11, Ho B meransx,
HaflpuMep MpU OHpeAeeHHH ONTUMANbHON IHPHHB! IOACBOAOBOrO LiEIHUKa.
MOTYT BO3HMKHYTb Oonee i MEHEe 3HAYHTENBHBIE DACXOXKACHMA MEXOY
pacueTHbIMH H (akTuveckuMu naHBbIMH. HaTypebie HaOnronenuns 3a coctos-
HUEM CKaJIbHOrO MAacCuBa B Mpefeiax U BOKPYr MOICBOAOBOTC MEJIHKA
MOryT AaThb HeoOXoOMMBble HCXOIHBIE RaHHbie [ UPOEKTHPOBAHUA MNOJ-
3eMHOTG COOPYXEHHS B COOTBETCTBHH C TOHKOCTAMH TIeOJIOrHYECKOTo
CTPOCHHUS.

XapakTepHass 0COGEHHOCTh NPOEKTHPOBAHAA «METOLOM HAOMIOAEHUID
3aKAX0YAETCH B CTPEMIICHUH:

npubIU3HTE CTENEeHb JOCTOBEPHOCTH MEXaHHYECKHX HiTd MaTeMaTHYECKUX
Moeneil X ypoBHIO [IO3HaHUsS CKalbHOTC MaccuBa. ONbLiT Noka3biBAET, YTO
pe3yibTaThl OYeHb AETAIBHOTO MOIEHHPOBAHMSA MOTYT JIETKO NpeJbCTUTHL
yuTaTENeH CBOEi KaXyIIeHcs TOUHOCTBiO, KOTOPasA HE HAXOAHT IIOATBEPXKIeE-
HUA HA OpPAaKTUKe (MeXaHuKa CKajJbHBIX IOponx 0e3 CKajbLHBIX HOpO.);

NPOEKTHPOBATH CKAJIbHbIE OCHOBAHUS U I03EMHBIE COOpPYKEHHs € CAMOTO
Havajga TaK, 4YTOOBl MMETb BO3MOXHOCTb M3MEHATb M yNy4qlaTh OpPOEKT

C J05m |
Bstdpano 6im

N

Bsidnang

a /W,""",,, A I
Mpm 15m
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Puc. 2.11. Heckomnbko BADHMAHTOB TOCTEAOBATENbHOM BLIOpKH B mpomecce pas-
paGoTkM M 3achinkM NoA3eMHoH BsipaGotkm [3]. a) cyliecTByromias cHcTema;
6) nepsbiii BapuaHT (USHTP BLIOMpaeTCs B NEPBYIO OvYEpelb); B) BTOPOH BapuaHT
(cTynenyaras BuIGOpKa).
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6e3 0coOBIX 3alEpXKEK B CTPOHTENbHBIX paboTax B 3ToM oTHowmeHHH BaxcHo
ONpeJIEIMTh BO3MOXHBIE BapHAHTbI pelllecHHH M IIIAWHPOBATL PEAllLHOCTD
HX OCYILECTBIEHHA B NMPOLECCE CTPOHTENBHHX padoT,

CYMTATh HATYPHbIE HAOMI0 IEHHA COCTABHOM 4dCTbIO MPOLECCA NMPOSKTHPO-
BaHMs Takue HAOMIOMeHHss MOXXKHO paccMaTpHBaTh Kak HCCIELOoBaHHA
B HaTypuoM Mmaciitabe (1 1), sBagrompecs e{MHCTBEHHBIM HENOCPEXCTBEH-
HBIM (NIpaBHJIBHBIM) CIIOCOOOM M3yueHHs O4eHb HeOZHOPOAHBIX Tell, TAKHX,
KaK CKaJIbHBIE MACCHUBBI

MeTon Habnronenud ¢ Bo3pacTarollMM YCTIEXOM HCMOJIB3YETCA BO BCeX
00JacTsaX reoMeXaHUKH B MPHMEHeHHH K IUIOTHHAaM (Hampumep, YukoaceH
B Mekcuke [17]), orkocam [5], TynmenecTpoesmio (HanpHMep, B HOBOM
aBCTPHIICKOM METOKe MPOXOAKH TyHHeneid [23]) B HacTosiee Bpems 3TOT
METOJ NMPHUMEHNETCA TaKXKe Ha pyaHukax Mayut-Aiiza
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HNneannzauusa cKaabLHLIX nopoj

B. C. Becm

3.1. Beenenne. OcHOBHo# 3anmaveil cAeUWAJUCTOB, OTBETCTBEHHBIX 32
HUCHOIbL30BaHKe CKAJIBLHBLIX HOPOJ B CTPOUTENLCTBE, ABIAETCS HpEABAPHTEb-
HOE, 10 HauaJla CTPOMTENbHBX paboT, omNpee/icHHe YCIIOBHI (G€30MacHOCTH
HaMeyaeMoro coopyxeHus. B o6litem Buae npaBHIbHash OLEHKA AOMYCTHMBIX
XapaKTEPUCTHK COOPYXEHHS 3aBHCUT OT yYMEHHS Pa3yMHO Co4eTaTh:

a) HayKy — HCIOJB30BAHHE PA3JUYHBIX TEXHUYECKHX {IDHEMOB VISl BbIpa-
MeHHus $u3nuecKHX npobieM B MaTemaruueckoH dopMe u

6) HCKyccTBo — yMeHHe oToDpaTh cpeid H3BECTHBIX MAaTEMATHYECKHX
NpUEMOB TaKoM, KOTOPBIH My4llle Becero oAucan Obl npeanonaraemMoe QusH-
4eCKOE MOBEJEHHE MaTepHaia.

Mexanuka ckalbHEIX AOPOA — HayKa CPABHHUTEIBHO MOJOAAs, CTPEMS-
LIasiCs, YTO BIIOJIHE MOHATHO, IDUMEHUTH CYLIECTBYIOLIMEe MeTOAbl IIPHKIAL-
HOM MeXaHUKH AJIA pelleHHs BO3HUKAIOWHUX BoAPocos. CreluanucThbl
B 00JacTH MEXaHHUKH CKalbHBIX OpOA HOSBHJIHCE BO BPEMEHAa HHTECHCHB-
HOTO BHEADEHHS B NMPaKTHKY TOYHBIX METOJOB MaTEMAaTHYECKOTO aHAIM3a,
H, TakuM oOpa3oM, OHH Cpasy Xe€ HMEJIH BO3MOXHOCTb HCHOJIB30BATH
H3BECTHBIE JOCTHKEHHMS H OJKCNEPUMEHTHPOBATH B WIMPOKHX Mpexesiax
MaTeMAaTHYECKOTO NpUOIIDKCHHS.

3.2. Kontunyym (cniiowmas cpena). TpaduuoHHEE MeTOABl MpUKNATHOH
MeXaHHKH OCHOBAaHBI Ha NPEANOJOKEHHH O CIVIOLIHOCTH MaTepuaia, coxpa-
Hslowieiics B Npollecce nedopManuu MociAegHero mon geHcTBHeM mApuilo-
KeHHoHM K HeMy Harpy3ku. Mnaue roops, mMaTepual criocoben aedhopMHpPO-
BaThCA 6e3 oOpa3oBaHusi B HEM TPEIMH uix ckaagok. HepaspblBHOCTE
H3MEHEHHA KaK HanpsbkeHui, Tak u gedopManui no3BosseT paccMaTpHBAaTh
MaTepual Kak KoHTuHYYM. CorilacHo KOHUEMIHY 0 KOHTHHYYME, HHXCHEPHOE
AOHHMAHHE HaApsKeHUs KaK CHJIb, JeJeHHOH Ha IUIOWAdb e MPUIOKEHHA,
Moxet OBITH pacmpoCTpaHeHo M Ha cly4aif, koraa pasMepbl IoWanu
CBOAATCA K pa3MepaM OTAEIbHOH TOYKH.

HPCIIHOJIO)KCHI/Ie O KOHTHHYyME ROIIyCTHMO HpU HUCCICIOBAHUAX MEXa-
HHUYECKOT'0 NOBERACHHsA CKAJIBHOIO MaTeépualia, HO B OTHOIUICHUM CKAJILHbIX
MaCCHBOB HUCIOJIB30BaTh €ro HAA0 C fobLI0MH OCTOPOXHOCTBIO. K CYacCThIO,
TaK KaK [0JIOXEHHUE O CIVIOLIHOCTH MaTEpHaIa XOpoUIo 00OCHOBAHO, Pe3y/ib~
TaThl OOJBIIHHCTBA JabopaTOPHBIX HCHBLITAHUH, XOTs OHM BeayYTcs Ha
MaJibix o6pa3laX, 10CTaToYHO HaAEKHO XapaKTEpU3YOT CBOHCTBA peaNbHOro
CKaJbHOTO MAaTEpHaa.

3.3. JduckouTHuyyM (amckperHas cpeaa). B ecTecTBeHHOM COCTOSHUH
CKaJILHBH MacCHB CONEPKHT ONpeneneHHOe KOMHYECTBO HAapyWIeHKH Cruioui-
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HOCTH B BHIE TPELIWH, NOBEPXHOCTEH HAMIACTOBAHHUA, 30H CIBHIA W APYTHX
reoMeXaHu4eCKuX NedeKToB. ITH HapyllleHHS WHOIJA PacKpLIBAIOTCH B BHAE
TPELIHH WIH MOTYT CHOCOBCTBOBATD CKOJIBXEHHIO MOPOJBL € ONHOM CTOPOHBI
TPEeLIWHE [0 MOpofie Ha Apyroif ee CTopoHe. ITH OCOOEHHOCTH -XapaKTe-
PU3YIOT MaTepuai KaK AHCKPETHbI# W BBORAT NMOIOJHUTENbHbe IPAHHYHbIE
YCIOBHA K Y)Ke CYWIECTBYIOUIMM B YCIOBHAX KOHTHHYYMa H 3HaYuTelIbHO
YCOOXKHAOT pellieHHe BozHHMKarouhx npobieM. Hapymenns cnmomzoctd
MEHAFOTC OT cJydas, KOrja B CKaJbHOM MAacCHBe CYHIECTBYeT OAHA
TPelHHa HJIH DPa3jioM, O TOJIOKEHHs, KOrja B MAacCHBE HHTEHCHBHO
pPasBUTHI CHCTeMBI (CeTh) TPEINMH, OCIAOJAOIME €ro A0 COCTOAHMS,
HAMOMHHAIOWIETO HaBpoCKy U3 pa3fpoOJieHHOH CKaibHOHM MOpobl.

3.4. Teopus ynpyroctn. OCHOBHBIM HHCTPYMEHTOM ANl CTPOHTEJBLHBIX
pacyeTOB SBIAETCA MaTeMaTH4eckas Teopus ynpyroctu. Mcxoms wus aToi
TeOpuH, GasupyrollleficA HA MOHATUH O CIUIOMIHOCTH MaTepHasa, CO3laHa
cucteMa nuddepeHNUabHBIX  ypaBHEHHHA, ONMCHIBAIOIMX HANPSDKSHHO-
e OpMUPOBAHHOE COCTOSIHHE THIIHYHOTO JIEMEHTAPHOIO yyacTKa ynpyroro
Tena. OTa npobneMa pemiaeTcs Ha ocHoBe Au(bepeHIHANBHBIX YpaBHEHHH,
YAOBIETBOPSIOHIMX [PAHUYHBIM YCIOBHAM IOCTaBJIEHHOM 3amadu. OO6bYHO
3aKOHYEHHOe DellieHHe MOXET OBITh MOJY4Y€HO TOJBKO IS OTHOCHTEIBHO
MIpOCTHIX TpaHHI pasiena W JJIA OrpaHHYEHHOTO KOJIHMECTBA KOHTYpDOB
Harpyxenus. TeM He Menee BO MHOIHX NpAaKTHYECKHX CIy4Yasx pellleHue
HAXOLUTCA NpUMcHEHHEM MpHUHIUNA CyNeprno3uiuy (Haloxenus). OnHako
TeopHA YNpPYrOCTH MCMONbL3YEeTCs [JIABHBIM 00pa3oM IS OTHICKAHHA OCHOB-
HBIX B3aUMO3aBUCHMOCTEN, NMPHHHAMAEMBbIX 3a OCHOBY IJI YHCIEHHBLIX Me-
TO/OB pelleHHA, NMOApOOHO PAcCMOTPEeHHBIX HWXe B i 11. VcTaHoBHTDH
HeO0X0AUMEIE B3AUMOCBA3H MOXKHO TYTeM PaccCMOTPeHHs IUI0CKOTo GecKo-
HEYHO Majoro 3jeMeHTa, Kak mokazaHo Ha puc. 3.1. [lpeanonaraercs,
YTO 3TMEMEHT HACTONBKO Maj, 4TO JII06oe H3MeHeHHe KOMIOHEHTOB Hamps-
JKeHHil Ha paccMaTpuBaeMoil MOBEpXHOCTH 3MEMEHTa He MMeEeT CYIecTBEU-
HOT'O 3HAYEHMA 110 CPABHEHUIO CO CpefHell BeMuIUHON HanpsKeHui, NeACTBY-
IOLIMX Ha 3Ty NMOBepXHOCTb. TakumM oOpa3oM, HaNpsIKeHHs, NPUITOKEHHBIE
K TOBEPXHOCTAM JJIEMEHTA, MPHHHUMAIOTCH 3a CpedHue BemuuuHH. W3
puc. 3.1 BUAHO, 9TO 3aJaHHbIE KOMIIOHEHTHl HANMPMKEHHH H3MEHSIOTCS NpH
nepexone ¢ moOoi rpaHu 3eMeHTa HA NPOTUBOMOJIOXKHYIO TPaHb, W, TAKAM
00pa3oM, yYHTBIBAETCS TEOPETHYECKH U3MEHYHBOCTL MOJA HANIPSKEHHA.

Bce npoGieMsl CTpOUTENBHOH MeXaHUKH CBOAATCH K HEOOXOLHMOCTH
ONHOBPEMEHHOIO yXOBJIETBOPeHus Tpex ycioBuii: 1) paBHOBecHs, 2) Hepas-
pBIBHOCTH fedopManuit u 3) HanpsKeHHO-LehOPMHPOBAHHOTO COCTOSHHSL

3.4.1. ¥Yeaosusn pasnosecus. Ilpu paccMOTpeHHN TPeX YCIOBHI paBHOBECHS
TeJgd B paMKax ILIOCKOH 3ana4u pelllaloTcs CIeNYIOUIHE YpaBHEHHs:

do o,

L2 = 1
> T 3y + X =0, (3.1
Jo, + 0Ty +Y=0, (3.2)
ady ox

‘I:xy — T = U. (33)
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Puc. 3.1. OcHOBHO# IIIOCKHI 2JIEMEHT.

B 3THX ypaBHeHHsiX H3BeCTHB Ccuibl (X u Y), npumoxeHHble K Teiy,
HO OCTAIOTCSH YeThipe HeH3BeCTHbIE, IUIsi pellieHHsi KOTOPBIX WMEKTCA TONBKO
TPH ypaBHeHHsi. 3aladYa SBJISIETCS CTATHYECKH HeONpeAelleHHOW, W HeoOXo-
OUMO paccMOTpeTh JedhOpMHPOBaHHOE COCTOSHHE IJISi COCTABNICHHS XOTH
Obl emle OZHOrO MOMOMHUTEILHOIO YPaBHEHHS.

3.4.2. Ycaosue Hepaspwisnocmu Oepopmayuii. Ha puc. 3.2 usobpaxed
JIeMeHT ¢ (POPMOI, HCKaXEHHOW MOA AeHCTBHEM NPHIOKEHHBIX K HEMYy
Harpy3oK. ¥ribl ieMeHTa, NepBOHaTaJIbHO paclnoyOkKeHHble B Toukax A, B,
C 1 D nocine npwioxeHus HarpyskH, cMecTWiauch B Toukn A', B, ('
u D'. Tpu xoMmnoHeHTa RedpopMallin ONMHCHLIBAIOTCS YpaBHEHHAMH

g, = %‘i (34)
ov
i ;ub7 ’a "
v
'ny= Fy""’ X (36)

DNpuBenernble Bbillle BbIpakeHHsi He SBNSIOTCA HE3aBHCHMBIMH, H MEKIy
OCHOBHBIMU KOMIIOHeHTaMu AepopMallidi JOJDKHO CYIIeCTBOBATH CIEy-
JOLIEE COOTHOMIEHHE:

oy, o, 0%
Yo _ i~ 3.7)

3aBUCHMOCTH, BhlpaxeHHble ypasHeHHeM (3.7), yAOBIETBODPSIOT YCIOBHKO
TaX Ha3blBaeMOM Hepa3pblBHOCTH, obecrevuBarolied OTCYTCTBHE Pa3phiBOB
H CKJANOK B [e()OPMUPOBAHHOM Teile, T. €. COXpaHEHUE €ro CIUIOMHOCTH
(konTuHyyma). K coxaneHuro, NpH COCTaBJieHHH NPHBEIEHHOTO BbIIUE
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Puc. 3.2. depopMupoBaumne snemerta.

ypaBHeHHst ObUIH BBEAeHBI €L TPH NONOJHHTEIbHBIX HEH3BECTHBIX, YTO
cBeso ofriiee KOJIHYECTBO HX K CeMu. YeThIpe HMEIOIMXCSA TENepb ypaBHE-
HHS HE NAlOT BO3MONKHOCTH HAHTH CEMb HEH3IBECTHBIX.

34.3. Ceasp memcdy wnanpamcenuamu u Oedopmayusamu. B xoneinom
cyete HeOOXOqUMBlI YpaBHEHUS, ONUCHLIBAIOIINE CBA3b Mexay nedopMauusmu
H HanpsbkeHusiMH. B MatemaTudeckoi TeopHu YNPYrOCTH CUHTAETCs, YTO
Mexnay nebopMalHsMH M HaIPSKEHUSAMH CYHIECTBYET JIKHEHHO-ympyras
3aBHCUMOCTD, BHIpaxaeMasi B YCJIOBUAX IUIOCKOH 3amavu cienyromell 0606-
menHoit popMoii 3akona I'yka:

Oy 1v 0 €y
E
o,t=1—r|vl 0 [1& (3.8)
1~
Txy 00 ‘—“i‘v— ny

OnHOBpPEMEHHOE TOYHOE pellleHHe CUCTEMBI W3 CEMM ypaBHehHil, Heobxo-
OUMOE JJIA YOOBJIETBOPEHHS TpPaHMMHBIX YCJAOBHH IHOCTAaBJIEHHOH 3aJavu,
CBSI3aHO ¢ DOJIBIUMMH TPYRHOCTAMH Jaxe NPH IIPOCTOM OYEPTAHHU I'PaHHI
H NpPHJIOKEHHBIX HATPy3OK H B DOJIBIIMHCTBE MpPaKTHYECKUX CJIy4YaeB (axTH-
4ECKM HEBO3MOXKHO.

3.5. Teopun naactuymocTH. Kak yxe oTMeqasioch, IPHMEHEHUE TEOPHH
YHpPYroCcTH BO3MOXHO TOJIbKO K MaTepHasiaM, B KOTOPbIX nedopMHpOBaHHE
Nox HarpyskOil HMeeT Jinneiino-ynpyruit xapakrep. Ha xpuBoii, npusesennoii
Ha pucC. 3.3, 3TO NMONIOKEHHE BBIPAKEHO OTPE3KOM AB, COOTBETCTBYIOLIHM
[HANa30Hy HATPY3KH OT HyJs 0O DIpefena ynpyrocru Martepuana. Ecmu
ofpa3zen Harpy3uTh CBepx npeneia ynpyroctu (touka C Ha kpuBoil) U 3aTeM
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Puc. 3.3, HenuueliHas xpuBas 3aBu- Aeqpopmaus
cuMocTH nedopmauuil OT Hampsxe- Jemamovnas
HHil. degopmayus

pa3rpy3uTh, MOBefeHHE €0 B Npolecce pasrpy3kH Oymer B GOMBIIHHCTBE
cllyyaeB MMETh JHHEHHO-yNPyIHit XapakTep W BbipaxaTwcs npsmoit CD,
MapajuleNbHOM HavalbHOMY ynpyroMy otpe3ky AB. Ilocme monHo#t pas-
rpy3kH B MaTepHasie COXpaHHTCS OcTaTouHas nedopmalms, NpelcTaBleHHas
otpezkom AD.

Boruucaute nuacTHdeckyro cocTaBisolllyro obie# TedopManuu TpyaHee,
YeM OMpede/HTh pacieToM HoMo yIpyroi BoccranasinbaeMoit tedopManHH.
TipuMep, mpHBeneHHbIH Ha pHe. 3.3, kacaeTcs TOJIbKO eAMHHYHBIX KoMIo-
HeHTOB HampsXeHuss W Jedopmaluu; B obimem Buae obbemHast (Tpex-
MepHas) 3afaiya TpebyeT pacCMOTpEeHHS LIECTH KOMIOHEHTOB HalpsDKeHHA
H LIecTH KOMNOHeHTOB AedopMaluH, H H300pa3uTh Takoe HalpPAKEHHO-
neopMHpOBaHHOE COCTOSIHHE 3HAYHTEIBHO TPydHEE, YeM B cllyiae Ilockodt
sagayd. Teopus, Ha KOTOPOH OCHOBaHO BLIMHCIEHHE TIaBHBIX MJACTHYECKHX
JedopManuil, HA3RIBAETCA TEOPHEH IUIACTHIHOCTH.

K coxanenuro, MOBEICHHE MATEPHAJIOB B IIACTHYECKOM COCTOSIHHE
H MX MeXaHWYeCKHe cBOMCTBA B 3TOM COCTOSMHHM OTAHYAKOTcA OOMBLINM
pasHooOpa3HeM, B CBA3H C YeM HHXE MPHBOIHTCS ONMMCAHME TEOPHH JIMIUb
B caMoM obueM pue. 3asauy Teopuu MUIACTHIHOCTH MOryT ObiTh cpopMy-
InpoBaHbl B clenyroei Mocae10BaTeJbHOCTH

1) ycraHoBieyne MOMEHTA epexond MaTepHalia B maCTHYHOE COCTOS-
Hlie — Kpumepuit mexkyuecmu;

2) BBiOOP COOTBETCTBYIOUIETO 3aKoHA MedeHus IAA OmpelelieHdsi cMe-
HIEHU NpH BO3IpAcTaHHH Harpy3ku B IUIACTHYHOM oGNAcTH MOBEACHHA
MaTepHana;

3) obecrieyeHie BO3MOXHOCTH YYeTAa YNPOUHEHUA WIH PAIynpouHeHus
marepuaa.

3.5.1. Kpumepuii mexyuecmu. B Tedenne MHOTHX JeT MHOTHE YiCHbIE
CTPeMuIHCh 1aTh ONpEdeicHUE MOHATHIO KPHTepHil TeKydecTH». DTOT
KpuTephil B 3HAUMTENBHOM Mepe 3aBHCUT OT MaTepuana, Ho B OOLueM ciyvae
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OH TIPEACTABJAET COOOH CKANApHYR (YHKIMIO HANPSHKEHUs, MIACTHYECKOH
.1 hopMalig M MapaMeTpa yHpouyHeHHUs

F({o}, {e}, k) =0. 39

B HaeanbHOM MIACTHYHOM Matepuale nedopMallud YNpoYHEHHS He
BO3HUKAIOT U TEKYUECTh 3ABUCUT TOJBKO OT HANPSXKEHWN:

F({o}) = 0. (3.10)

B 3ToM ciydae mApeanioiaraeTcs, 4TO HCKoMas OYHKIHA TeKyuyecTH
sBJIseTC QyHKUMEH TOJBKO MaTepuala M, ClefoBaTelbHO, NapaMeTphl €€
MoryT OBITH onpeneleHbl MyTeM JabOpPATOPHLIX UCHLITAHHI CTAHAAPTHBIX
ob6pa3uoB. B umeane 3TH uccieIOBaHUA JTOMKHLI BKJIIOYATH JIMLIL MPOCTHIE
OMHOOCHBIE HCHOBITAaHHA 00pa3noB, HO AJs 3agay MeXaHUKH TPYHTOB H
MeXaHUKH CKAJIbHBIX TOPOJ HEOOXOAMMEI TPeXOCHble UCTBITAHUS.

Kpurepuit TekyuecTu MoxeT ObITh H306paxeH MPOCTPAHCTBEHHO B KOOp-
IMHATAX Oy, O, U O3, 4TO NpuBeAeT X GOpMUpOBaHHIO TaK Ha3biBaeMOi
AOBEPXHOCTH paspyuieHus. CieqyeT NOT4ePKHYTh, UTO Bbillleé pacCMaTpuBa-
uck MaTepHasbl, MOJIBEPXeHHbIE IUIACTHYeCKHM AedopManusm. Xpymxhe
MATEpHAJIBI HCHBITHIBAIOT JIUHEHHO-yIpyrue gedopMalud A0 U3BeCTHOTO
npeaeira, noci¢e 4Yero B HHX HavuHaeTCs Hpouecc TpemI/IH006paSOBaHI/Iﬁ.
IlosBneHue TpeluHLI MOXeT OLITH OXapakTepu30BaHO HOSBIEHUEM pPa3pbiB-
HOH HOBEPXHOCTH, COOTBETCTBYIOIIEN Kpumepuio mpewyuHoobpazosatu.

3.5.2. 3axon naacmudnozo medenun. Jis onpendelcHus HamnpapieHUs
ApUpalleHHs MIACTHYECKOH fehopMali, COOTBETCTBYOIIEH KaXaoMy npu-
pallcHHEO Harpy3ku, NPEBbllarolIel Harpy3Ky, BeJluduHa KOoTOopo#t Gomnblue,
YyeM HCO6XOHI/IMO A1 BOSHHKHOBEHHU A TCKYYECTH, gpeanoJjaraercs CymecTso-
BaHHE B APOCTPaHCTBE HAMpsDKEHUH NOTEHNUANBHOH MOBEPXHOCTH, Pachio-
JIOXKEHHOH Tak, YTO HpHpalIeHUe MIacTHYecKod AedopMainMu pa3BUBaeTCs
B HafpaB/JeHHU, HOPMAJBHOM K 3TOH IMOBEPXHOCTH — NMPHUHLUUN HOpMaib-
HocTH. TloTeHIMaNbHas MOBEPXHOCTE MOXeT ObITL BbIpaXeHa B (QYHKUHH
HalpsbKeHHs1, TIacTHIeckol gedpopMaluu W MapaMeTpa YHPOYHEHHS:

Q({0}5 {E}p» k) =0. (311)

JUIs HEKOTOPBIX MaTEPHAIOB MOXHO MPENHOIOKHUTE, YTO QyHKIUs Teve-
HMf W MNOTeHUHAT IUIACTHYHOCTH MIEGHTHYHBI, U3 Yero BbITeKaeT Tak
Ha3LIBAEMBIH 3GKOH GCCOYUUPOBAHHOZ0 MEYEHUR MAMePuaios:

F({o}, {e}p B=Q({c}, {e}, k) (312)

B Gosee pacnpocTpaHeHHOM ciiydae, KoI'la (DyHKUMH Teky4eCTH H HO-
TeHNMaNa He paBHbLI MeXny coboil, neficteyer Gollee pacnpocTpaHEHHBIH
3aKOH HeaccoyuupoeanHozo mevenua MaTepualoB. ITH MaTepualibl, ecTe-
CTBEHHO, TPeOYIOT NOMONHUTENBHOrO HCCIeqoBaHus LIS OHpeReseHHs CO-
OTBETCTBYIOMIEH MOTEHIMANLHON (QyHKnUu.

JAns maeanbHO NIACTHYHEIX MAaTEpHAIOB W IS 3aKOHa acCOLHMpPO-

BAHHOIo TeuyeHust
F({o} =Q({s}) (3.12)
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Mpupalienne nnacTuyeckod nepOopPMAUMH MOXET ObiTh HAHZEHO u3

BBIPaKEHMs OF ((o})
o
—‘ﬁ(’*}_’ (3.13)

rae A — noanexailas ONpeNe/IeHHIO NOCTOAHHAA NMPONOPUMOHATLHOCTH,

3.5.3. Hapamemp ynpounenua. IPGexT yupoUHEHHS npH HUCIONB3OBAHMH
TEOpHH NMJIACTHYHOCTH MOXET ObITh B TNiepBOM NPHONwKeHHU yuTeH HOMy-
IIEHHEM HACATBHO TMIACTHYHOTO MNOBENEHMsi MAaTePUaTa Ha KaXKIOM u3
HeOonbllMX MpUPALICHWH HAIPY3KW 3a npeneNamu Yupyroctd. Kpurepwuit
TEKY4eCTH MOXKET B 3TOM Cllyyae M3MEHATHCH CTYNEHYATO, TakK YTO NMOBEPX-
HOCTb TeKy4ECTH CMEMIAETCs BOBHE (YIPOYHEHME) MIIH 5OBHYTDH (pas3ympod-
HeHue), 4yTOOH obecnevUuTh HEOOXOOUMOE NPeNCTaBICHue HOBOrO 3HAYEHUA
npupaienys niacThyeckoi negopmanun. HenpepbiBhay xpusas Harpyska —
CMEIleHHE NPHHUMAET B DTOM <Ciay4Yae BuUI CEPHH [ocneAOBATENbHBIX
CTYNEeHYAThIX W3MEHCHHIH, OTPAXAIOIIHX YNPYronmacTHyHOe COCTOSHHE st
KaX[0TO NMPUPALIEHUS HATPY3KH, KaK 3TC [0KAa3aHO Ra puc. 3.4 B ciayuae
OCEBOTO 3arpyXEHMs,

[TpusenenHoe BbIle KpaTKOE OMMCAHME MJIACTHYHOCTH HMEIO LEJBIO
AaTb NPEACTABIICHUE O CIOXKHOCTH MOBEACHHUR MATEPHATIA B 3THUX YCIOBHSAX.
Ha npaxraxe BOpCIks OCRAPYNUBACTOR, ¥TO MIACTHYECKHE HSPOPMALIHHA,
MOJIYMEHHBIE UCXOAs M3 3aKoHAa ACCOUMHUPOBAHHOIO TCYCHHUs, NMPU CPABHEHHH
¢ daKTHYeCKH 3aMEPECHHBIMH AePOPMALMAMHE Nai0T 3BAYHTENLHO IIpeyBeNH-
YCHHBIE 3HAYCHUsI NpUPALIICHUA obbema. 1o NIPpHBOAHUT K BBIBOAY O HeoO-
XOOUMOCTH NpUMEHEHUs1 B TaKuX CIy4yasx 3aKOHA Heaccounnposaﬂﬂoro
TeueHUs! ¢ JIa0OpAaTOpHBIMH HCCIENOBAHHAMM HOBBIX (umsMyeckux mnapa-
METpPOB U CO 3HAYHTENBHBIM OCIOXHEHHEM BBIMHCIHTENLHOTO NPOLECCA.

d{e}, =1

3.6. Peonornueckne Moaeam. B cTpeMneHHu Jydine no3saTh Hanps-

Ynpyzonsacmuveckasn
annpoKCUManus
Hazpyska /
P l
" oupawenas
Haz,
/ Dy3Ky
/,
/
7
/
Cmewenye

Puc. 3.4, CryneHyaras annpoxkCcHMalHs.
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XeHHO-NeOPMUPOBAaHHOE COCTOSIHHE pEaNbHBIX MaTepHasioB 4YacTO MNOJb-
3YIOTCH UMEIOLLMMHUCS MOJENsIMH, ONHCHLIBAIOIAMH OCHOBHbIE 3aBUCHMOCTH
MEXIY HaNpsKeHUsMH M debopManmusMu. 3ITo obserdaer NocTpoeHHe
MOJEJH peaklUM 3aJaHHOrO MaTepWana Ha Harpysky. HawGonee mpoctoif
ABJAETCH MOJE/b OTAENBHOrO THHEHHO-yIIPYroro 3J1eMeHTa, H306paXKeHHOT O
Ha puc. 3.5. Ha puc. 3.6 npusemeHa Moaenb HIEaNbHO IJIACTHYHOTO
COCTOAHHS, IOKa3bIBAlOMAN, YTO CMELIEHHe OTCYTCTBYET, NOKa TpeHHe IO
KOHTAKTHO! IIOBEpXHOCTH He IpPeO0JIeHO, IOCIE ITOr0 CMEILEHHEe MOXET
npoRomxaTecs Oe3 yBenudeHUs Harpyskd. EcioM Harpyska yMeHBbUIHTCS,
cMellleHne NpeKpaTUTcd M He BoccTaHoBHTCs. Ha puc. 3.7 mokasaHel nBe
BO3MOXHble KOMOMHANMU HCXOIHBIX peoNOrHvecKMX Mopenell, mpeactaBns-
IOUMX [ABa pa3MYHBIX COCTOSHUS MaTepuana. Cnenyromium, HauGonee
pacnpocTpaHeHHBIM 1eMEHTOM B peoJIOr HMeCKOH MOJeNH ABJISETCS XUAKOCT-
HBIi aMOpPTH3aTOp, BOCHPOM3BOASIUMH BS3Koe IIOBEXeHHE MaTepHana BO
BpeMeHd. C noMOIUbIO Pa3IHYHBIX KOMOWHAUMA O3THX TpeX OCHOBHBIX
9JIeMEHTOB MOXHO BOCITPOU3BECTH GobllIoe MHOrooGpa3ue TUIIOB TOBEIECHHS
pa3nHuHbIX MaTepHaqioB (cM. Tabn. 4.2).

3.7. BuiBojbl, JTa rnaBa npelcTaBiseT coGoft KPaTKOe BBEIAcHHE B TeO-
puH ynpyrocTu u muacTuaHocTH. OGe TeopHH HCIOJNB3YIOTCS B MexaHUKe
CKaJbHBIX MOpOX JJs pellleHuss npolieM, CBA3aHHBIX C COMKHYTHIMH
TpeulMHaMH, KaK 3T0 ObiaeT B IayOuHe MacCUBa jJis Cllyuaes, Korma

Haepysa

N

Hazpyaxe

Cmewenie
Puc. 3.5, MneanvHo muHelHO-yNpyrHi anemMent.
Hazpyara
‘ Hazpysxa
! P ——
W//ﬁ
Cmewenue

Puc. 3.6. MaeansHOo TIacTUYHBIA WIEMEHT.
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Hazpyska
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WA Cmeuqenue

Puc, 3.7. KomOurauus (coYeTanue) yNpyrux # MUIACTHYHBIX IEMEHTOB.

TpemmHb BooOme orcyrcTeyror. CoBceM ApPYyroif noaxod noikeH OwiTh
NpY PacCMOTPEHHM CUNBHO WIM YacTHYHO TPEIIMHOBATOro MaTepHana,
B 4aCTHOCTH MaTepHaja, BCTPEYacMOro HEMOCPEACTBEHHO BOIH3M NHEBHOM
TIOBEPXHOCTH.
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I'n1asa 4

Nnxenepubie cBoiicTBa
HEHAPYILIEHHbIX
CKaJIbHBIX HOPO]

X. Box

4.1, Beenenne. OCHOBHOE BHHMAaHHE B 3TOH rIiiaBe YACHAETCH uHMCe-
HepHLIM CBOICMBAM, K KOTOPBIM OTHOCHTCS TOJIbKO MEX@HHYECKHE CBOHCTBA,
HMEIOIIHE CYIIECTBEHHOE 3HAYEHHe B MPAKTHKE CTPOMTEIBCTBA COOpYXEHHH
Ha WM B CKajle, H HEHAPYWEHHLIM NOpodaM, T. €. MaTEepHAlly CKaJIbHOIo
MacCHBa, He 3aTPOHYTOMY KPYHIHBIMH HApYIIEHHSMH CIUIOUIHOCTH, TAKMMH,
KaK [OBEPXHOCTH HAIUIaCTOBaHHs W OobliMe Tpewuubl. Hauim nosmanus
O MEeXaHHYEeCKHX CBOMWCTBax COOCTBEHHO CKallbHOW MOPOAbI NPOIBHHYIHCH
3HAYMTENbHO AAJIbIIE, YEM H3YYEeHHe CKATBbHBIX MacCHBOB. JDTO 00DBACHAETCH
TeM, YTO 00pasIpl HeHapyIIeHHOH Hopoabl (HampuMep, KepH H3 OYpPOBLIX
CKBaXHH) MOTYT ObiThb HajyeXamum obpasom Hiydenbl B 1abopaTopHbIX
YCROBHAX, YTO HENB3A CAENATH CO CKANLHLIM MACCUBOM, NOAAAIOLIMMCS
HCCIICAOBAHUIO MPAKTHYECKH TOIBKO B HATYPHBIX (HOJEBbIX) YCIOBMSIX.
B MexaHMKe CKaTbHBIX MOPOJA PaCCMOTPEHHE CBOWCTB HeHAPYLIEHHbIX MOpoJ
umeer Ooubiioe 3HaueHHe NOTOMY, YTO 3TH CBOMCTBa

BIMAIOT B H3BECTHOH CTENEeHW HAa MEXaHHYECKOE IOBEJCHHE CKAaJIbHBIX
MaccuBoB (apyroft BiMstomMH (akTOp — pa3phIBHble HapylleHHS — pac-
CMOTpeH HHXe B ri. 7);

HMEIOT pelralollee 3Ha4eHHe B IPOHM3BOACTBE CKalbHBIX paboT Majioro
Macnitaba, Hampumep B OypeHHH CKBAXHH uiM (B MeHbLICH CTemeHH)
BO B3pHIBHBIX paboTax;

0DHApYXHBAOT HEKOTOPOE CXOJACTBO CO CBOWCTBAMH CKaJbHBIX MAcCCH-
BOB B OCOOEHHOCTH B «3alpefenbHOM» cocTosHMM (cM. pasd. 4.3.1.4)

CpolicTBa HeHapyIIEHHOH 10pOABI PAacCMATPHUBAIOTCH C TOYKHM 3pEHHSA
IBYX THITHYHBIX HHXEHEPHBIX KaTeropuii: medopmannii 1 npoynoctu. Bogo-
NIPOHHIIAEMOCTb HEHApYIIEHHBIX MOPOJ HE 3aTparuBaerCs, MOCKOJAbKY OHA
HMEET O4YEHb MAJIOC 3HAYEHHE B CTPOMTEIIBCTBE COOpYXKEHHMH HeTnmyGokoro
3aJT0XeHHU 5.

4.2. [ledopmaunonnbie cBoiicrBa. 3HaHue AeHOPMAIMOHHBLIX CBOHCTB
CKaJIbHBIX MOPOA HeoOXOAWMO NpM NPOEKTHPOBaHHHM OOJIBIIMHCTBA COOpPY-
XEHWIl Ha WM B ckaje (B TOM YHCIe TYHHeNbHbIX obnenok). Jns ompene-
JIEHU s 9KBUBAJIEHTHBIX A€(POPMAIMOHHBIX XapaKTEPUCTHK B HACTOSIIEE BpeM s
NIpOU3BOAAT TJIaBHBIM 0OpasoM oHOOCHble HenbiTaHus. B mporecce onwira
{puc. 4.1) usMmepsrorcs Aedopmanuu obpasna B HanpaBleHHH HPHIOXKEHHS
Harpysku P (oceBas aedopmaums Al) u neprneHAHKyJISpHO 3TOMY Hampablie-
HHIO (nmonepeuHas nedopmanus Ar). Harpyskn u gedopmamuu oTHOCST
K pa3MepaM HCILITYeMbIX 00pa3siioB (pacrpenenieHue Harpy3kH Ha ILTOLIAIb
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Puc. 4.1. CxeMa onbiTa H4 OIHOOCHOE Hedegapaupobarnsu
cxarue obpa3ua. odpaszey

A ee npHIOXeHHs Ha3LIBAIOT HANPSIKEHHEM, a OTHOUIEHHe jaedopmaiuu
k nmmHe | wam guamerpy 2r ofpasia HMeHyercs OTHOCHTENbHOH [e-
¢dbopmanueit). Pesyabrarsl ucnbiTannii m3o00paxkarorcs B BHIE KpPHBBIX,
IokasaHHpIX Ha pHc. 4.2,

4.2.1. Ynpyeue dedopmayuonnvie cgoiicmea. HaxnoH KpHBOH Hanpske-
Hie — nepopmanus (puc. 4.2) onpenenser moxyan ympyrocta FOxra (E).
Kax 3T0 BMAHO M3 KDHMBOJHHEHHOW 3aBUCHMOCTH, HOKa3aHHOH Ha puc. 4.2,
YHCTEHHOE 3HAYCHHE MOIYIs 3aBHCHT OT HanpsHKeHHs, a4 IPH INOCIENOBa-
TeJLHOM HarpyXeHHH H pa3rpyXeHHuH obpasna nopoasl OT UUKIa HCHbITAHHS
(BaMsiHHEe ApYrux (GakToOpoB H3JI0XKEHO B I 6).

IMono6unie 3aMeyaHust oTHOCATCS Takke K kKoadouumenry Ilyaccoma v,
KOTOphlii NOAyYaroT JeJCHHEM HonepeYyHoH pepopMalMH Ha OCEBYIO
(puc. 4.1) u xoroppli MOXHO IHMIlE BECbMa YCIOBHO TPHHHMATL 3a
AOCTOSIHHYI0 BenuyuHy. JInHk [18] ykaswiBaer, 4To onyGnMxkoBaHHpIE X0
HACTOMIETO BpeMeHH 3Ha4yeHus kKodddummenra IlyaccoHa ans cxasbHBEIX
MOpOX onpele/sIiCh HCKIIOYUTENLHO NPH HaNpsHKEHHSX, He IpeBhlITaloHX
50% npemena mpounocti. Ilpu HanpsxeHusx, OIM3KUX K Hpexeny mpoy-
HOCTH, monepeyHble JedopManu, cyas IO KpHUBBIM HampsokeHHe —
Aedopmanus, pacTyT OwiCTpee OCEBBIX, YTO NPHBOAHT K 3HAYUTEILHOMY
yBenudeHnto koddpdunpenta Ilyaccona. 3HaueHms 3roro kosddunueHTa
00biyHo uM3Menstorcs B npeaenax 0,2—0,35 (taba. 4.1).

B umKeHepHBIX pacyerax ¢ LeJBI0 HEKOTOPOro ynpoUIeHUs (aKTHYecKoe
JepopMHpOBaHHOE COCTOSMHME Martepuana Haeanmsupyercs. HauGonee
OPOCTOll sBNSETCS MOAEnb JHHeHHO-yupyroil medopmamuu (puc. 4.3,a),
NPEHAMYILECTBOM KOTOPOH SBJISAETCS BOZMOXHOCTL HENOCPEACTBEHHOIO MpH-
NOXeHUs €€ K TEeOpMM JHHeHHOH YNpyrocTd, xopollo pa3spaboTaHHOM
H IIHPOKO NMpHMEHsEMOM B MHXeHepHOM aHamuse (ri1. 3 u 11). Ho, ¢ apy-
roit CTOpOHEI, IOJOXKEHHE O JIHHEeHHO-yNpyroM COCTOSHHM BedeT K Cy-
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Pue. 4.2, PeayneraTel McumTavult ua oxatde (0 =0, T.e. OUMT NPOBORUTCH
B YC/IOBHUAX OAHOOCHOro cxatudA). Takoro poaa HenbITaHHS HeoGXOAUMBI I
onpenesieHus XapaKTepUCTHK yupyroctu — moAyada FOrra E u koadduunenra [yac-
CO}(l)a 0(\; 19], MicnbiTakus B CyXOM COCTOSHMM; TIOPHCTOCTL 15,3 % | bynT/kB. MI0¥M =
=0 Ta.

IIECTBEHHBIM NPOTUBOPEYHAM, B 0COOEHHOCTM B YC/OBHAX HanmpspkeHwu,
6nn3kux k npeneny MNpoYHOCTH Martepuana, T.e€. Kak pad B o61acTH
Hanpsokesul, NpeACcTaBNAsIOMMX ocobbiii UHTEpEC ¢ TOUKH 3peHus MEXaHHKH
CKaJILHLIX MOPOA.

Heckonpko nyuinell MOLENbIO MoXeT CIYXHUTh COBEPHIEHHOE HenmHelHO-
ynpyroe Teno, KOTOpOE B UHXEHEpHBIX pacyeTax oGBIMHO aNApOKCHMHU-
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Tabauya 4.1

HekoTopble XapakTepubie CBOHCTBR CKAJLHLIX NOPOd, OHPEdeJEHHbIE OJHOOCHBIMH
HCNbLITAHHHMH HR CHKATHE M KOCBCHHBIMM HCTILITAMMHMH HA pAcTkenne [1, 29)

TIpounocTs ha cxatne TIPOWHOCTB Ha pacTs-

M Koagd
Topom Mmoo oo xamens s
I'panut 0,55-0,9 0,21-0,28 210 913
I'a66po 1,05 .0,34 200 22
BasanbT 1 0,28 290 16
Mpamop 1,1 0,28 250 15
HMasecTHaAx 0,2-0,9 0,23-0.20 30—180 2,1-10
[Mecuanuk 0,02-0,7 0,3-0,4 10—-42 0,3-1,1
Men 0,05-0,7 04 15—-19 0,5--0,9
beron 0,17 0.3 30 2,5
G G
)
E £
£
&
Eax ) Eax
v, >
3
K
| g
Clat Elat

Puc. 4.3. pHmeps! HAeaTH3IAUHE Ae¢POPMALMOHHBIX CBOHCTB HEHApYUIEHHbIX CKailb-
HBEIX TIOpOd. d ~ JMHEHHO-ynpyroe Teno ¢ napamerpamu £ u v, 6 — COBEpilienHoe
YAPYroe TeXO cO CTYNEHYATRIMM YHOPYIMMH XapakTePHCTHKAMH El. vy Ez‘ L

E,v.
n n

pyeTcs auHeliHo-CTyneHuaToll AedopManueii (puc. 4.3,6). bonbiast TOYHOCTS
Pe3yabTaTOB B 9TOM Clydyae ROCTHTAeTCH IEHOH YBE/WYEHHS KOIUYECTBA
YIpyrux NAPaMETPOB M 3HAYHTENBHOrQ YCNOXKHEHHS CaMHX PacqeToB
(TouHOE pellleHHE BO3MOXKHO TOJbKO C NPHMEHEHHWEM BLIYHCIHTENLHOM
TEXHUKH).

4.2.2. Hegopmayus, usmensiowasca 6o epemenu (noasywecms). Bonue
onuckBatach aedopManus nopoasl Ge3 yuera pakropa Bpemenn. Ha camom
nene BCe CKalbHBE Iopoabl B TOH HJIM HHOH Mepe INposBASAIOT CBOIO
CIOCO6GHOCTh AeOPMHPOBATECS BO BpeMeHH (M013y4ecThb). Ecnu, Hanpumep,
B IpollecCe OAHOOCHBIX MCNIBITAHMH Ha CkaTHe NMPEKpaTHTb AajibHedillee
yBeuveHue Harpy3KH M COXpaHHTb ee Ge3 M3MeHeHHd, leQopMalUs MoxXeT
ellle MPOO/XKATHCHA, B OCOGEHHOCTH B 0G1acTH Harpy3ok, OJM3KHX K mpe-
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uteny npovyHoctd (puc. 4.4). OBBIYHO CTPOSAT KpHUBble MepeMelueHUt (WIu
JethopMmanuil) nom3yvyecTH B ¢ynkmuu BpeMeHu (puc. 4.5). M3 cxemaTu-
yeckoro rpaduxa, npuseaensoro sa puc. 4.6, BUOHO, 4TO mnocie tipuio-
XKeHUs K nopoje MOCTOSHHOrO HAaNpsDKeHUs cpa3y BO3HHUKaeT MIHOBEHHO-
ynpyras gedopmanus (g.). Hanee cneayer obnacts I, B KoTopoil xpupas
3aBUCUMOCTH JedOopMalMy OT BpeMeHH UMeeT BBIIYKJIYIO KBepXy (opMy —
HON3yYecTb B 3TOM OTPE3Ke BpeMeHM HasbiBaeTCs NepBUYHON HMIM HeyCTa-
HoBuBLIeHcs. Bropod ywactox kpueoi (I]) umeer Oosee WM MeHee
BLIACPXAaHHBIH HAKAOH (BTOpHYHAS WIM YCTaHOBHBIIANCS HON3YYECTh).
Mocneannit yuacrok (I1I) xpusoil MMeeT BOTHYTYHO (OpMy, YTO COOTBET-
CTByeT TpeTHYHOM MIM Yyckopsrowielics noisydectd, Bclex 3a KoTopo#
HacTymaeT ObicTpoe paspylienue. Mpeanwsanus aehpopMUPOBAHHOrO BO
BpeMeHH [TOBEIEHU BblpaXaeTcs o0bIMHO B BHJIE (PEOJIOTHYECKHX MOJENe».
IMocnenHue cTposAT, OCHOBBIBASACH HA COYETAHWH TAKHMX NPOCTHIX NPEACTaBJIE-
HUK, KaK JUHelHHan ynpyrocTs (FyKOBCKOe Tel0) WM COBepliieHHas (roJHas)
BS3KOCTb (HBIOTOHOBCKOE Tejio) (Tabit. 4.2), ¥ OHM HMMEIOT BHA NPOCTHIX
MEXaHH4YeCKHX Mogeneil (MpyxuHLI N1 TYKOBCKOTO Tefla WIM aMopTH3a-
TOpa Ajs HBIOTOHOBCKOH Momesnn).
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Puc. 4.4, Tlonsysects o6pasioB MpaMopa, BLIDAKCHHAA KPHBRIMH HalpsxeHHe —
aedopmanms [17]. P — neperusas nonsydects; S — BTOpHYHAs MON3ywecTs; T —
TPETHYHRAA nOA3ydecTh; F — Touka wawama paspylIeHHs.
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Puc. 4.6. KpuBble momsydvecTd. a — nonsydecTs ajebactpa B Bome [7]; uudpbi Ha
KPHBBIX OOO3HAYAIOT HAMDPsHKEHHE OAHOOCHOTO CxaTHA B Oapax; 6 — cxemaTudeckas
KpHBas TTOJ3YYECTH, NOXA3BIBAIONIA MTHOBEHHOYNPYIYIO NehOPMALHIO €; MEPBHYHYIO
(1), Bropuunyio (II} u Tpetnunyio (III) dasb nomsywectn P;S .

Kacasich nonsyvecTu COBEPLICHHOrO HEIMHEHHO-YNPYroro Teja, cleayeT
B COOTBETCTBHH C paHee CKa3aHHBIM OTMETHTH, YTO 4eM TOYHee Tpebyercs
Mozenb WM pacueT, TeM Oombllie MapaMETPOB [OJDKHO ObIThb YYTEHO
npu pacyeTax. McnonbioBaHHe 3TuX MoJeneil s OnpedelieHus Heobxo-
JUMBIX AeDOPMAlMOHHBIX NapaMEeTPOB WM IS HHXEHEPHBIX pacueToB
COOTBETCTBEHHO CBA3aHO ¢ SonbpMMu TpyaHocTaMu. HaliTh xomnpomMuccHoe
pelileHHe MeXAy JBYMsi IPOTHBOIOJIOXHBIMU IMOMOCAMH — TOYHOCTBIO H

3¢ dexTHBHOCTbIO — OHA W3 3a[ay WHXEHepa, MPOEKTHPYIOIIETO coopyXe-
HHe Ha CKAJIbHOM OCHOBAHHM.
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4.3, TTpounocTusie crojictsa, 4.3 1. ITpounocmy ua cwcamue. 4.3.1.1. Kpu-

Bas HamnpaAxeHue — aedopmManus u dopMa XPynkoro
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Puc. 4.7. Tlonnas xpuBas Harpyska — fedopMmatids ¢ UUKAAMHA HATDYKEHUA Ha
3anpeneibHOM ydacTKe Kpusod |6].

Harpyska — Jedopmanus (3anuch TOMHOM KPMBOJ cTaia BO3MOXHONK 3a
nochenHee BpeMs Garogaps NpUMEHEHHIO UCHBITATEBHOTO obopynosanus
CO CREAsAUMM YCTpoHCTBOM, I 6). CxemMaTHYeCKMe KpHBbIE OCEBOe HAmps-
XeHue — ocepas aedopmanus u oceBas AehopMans — nonepeynas aedop-
Matiud NpUBeNcHH Ha puc. 48,

Mo pe3synbTataM ucc/ieIOBaHUHN, BHIMOMHCHHMX PSIOM aBTOpoB [2, 5,
10, 28], u3BeCTHO, UTO KpHBYIO Hampskenve — fedopMauus HeHapyILeHHbIX
CKAJILHBIX TIOPOX MOXKHO Pa3feNuTb HA HeCKOJNLKO THNWYHBLIX Y4YacTKOB.
Kaxnamii yyacTox cOOTBETCTBYET ODPENENEHHON CTajdd TpetmHooGpaso-
BaHUA B MCHBITYeMOM oOpasue (puc. 4.8, tabn 4.3).

Vyactok | — cMBIKaHME paHee CyUIecTBOBABIUMX TpeLUMH, yTO OGHapy-
XuBAaeTcs MO CJerka BbIMyKIoA kHu3y QopMe KpHMBOH HampsxeHue —
medopmanys.

VYuacrox I — nouTs JuHERHO-yIpYroe cOCTOSHME HOPOABL.

VYaacrox I — pocT cylieCTBYIOMUX TPEIMH OPOCKATLILIBAHUA U HOSB-
JCHHe NEpBLIX MUKPOTPEIMH, IJIABHBIM 00pa3oM B HEHTPaNLHOR YacTu
obpasna. OTACHbHBIE MUKPOTPELUMHBl OpHEHTHPOBAHBI NPEUMYIIECTBEHHO
B HAMPABACHWUM [eiCTBHU HAaWOOMBIIErO [JABHOTO HANPSXEHHR (COCEBOMH
TPCLMHHLIE KIUBaX»).
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Puc. 4.8. CxemaTu3upoBaHHBIE KPHBBIE OCEBOe HAMPsDKEHHe — oceBas Achopmanus
U ocead nedopmauus — monepeynas negopmanua ¢ pasleSieHHEM Ha LiecTh y4acT-
KOB THOMYHBIX IO XapakTepy TpelduHoo6pa3osaHus [10]

Vuactox IV — GLICTpoe yBenyuyeHne MIOTHOCTY MUKPOTPEMINH C Hpubmy-
KEHNeM X HpeleNly HPOYHOCTH (MM HPOCTO «UOPOYHOCTHY, WM «paspy-
meHuo», wnn )* oopoast B ofbpasne Kak u B TpeTbeM yuacTxe,
npeobaazaroT Maabie TPelMHbl, OPHEHTHPOBAHNLIC B OCEBOM HallpABJIEHHH
XanbBayep n ap [10] yxasbBaKwT, 4TO KOMMYECTBO MUKPOTpEIUMH YBENH-
YMBAETCS CEMUKpDATHO Tpu ypoBHe HampsxeHus 0,8—09 npenenbHol
npouynoctd OHM YCTAHOBHIM TaKkKe, UTO OpH JOCTHKEHUM Hpelena Hpoi-
HOCTH B IIEHTPAIbHOH 4acTH oOPasyeTcs MIOCKOCTb MaxpoTpeluH (puc 49),
0py AajibHEHIleM YBEIHMYEHUM CKATHA 3Ta HJIOCKOCTb Pa3pacTaeTcs B CTO-
POHY omHoro uinm oOOMX TopHOB 00pa3na 33 (YeT [OCIEAOBATENLHOTO
COE/IMHEHMS CYIIECTBYIOIMX MUKpOTpewnn Basep3ux [28] obuapyxwi, uyto

* YeTtkad TepMHHOJOTHSA B 3TOH 4ACTH OTCYTCTBYET
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Tabauya 4 3

QcHOBHbIe 33BHCHMOCTH MEK/Y HANPSKCHUAVH ¥ [eQopMAUMSME [T PA3THYHLIX
YYACTKOB [I0JIHOH KPHBO#H HanpskenHe — epOPMALA H CBAIAHUBbIC C HHMHA CTPYKTYpHbie

KimeHedns B ofpasnax ckadnHbix mopox (10}

34BHCHMOLTH
YydctoK <

Toe — Eog

3aBUCMMOLTD
£non — foc

KauecTBeHHOS OnMCaHHE u3MEHSHMH B
00pasuax HOPoap B fpouecce
TPCAOCHOTO CAKATHA

{ HeHelinas ¢ ysenu-
YHBANOIMMC AG Agy,
oo To4ku A

Il Jlunelinag ¢ nocTosH-
HBIM 3HAYeHHEM

AcyAg,,

I JIunelHas ¢ HOCTOAH-
HBIM 3HAYEHHEM

Ao Ag,,

IV Heannueitnas ¢ yvenb-
IAFOLUMMCS 3HAYEHH-

eM AC/Ag,,

V  Henuneitnas c AG' Ag..

6uICTPO nipHOOpeTaro-
MM OTPHIATENLHOE
3HAYCHHE

V1  HenuHelinas ¢ yMens-
WAKWHMCE  OTPHIA-
TEILHBIM  3HAYEHHEM

Ao Agg,

Jlyneiinag ¢ nocrosu-
HbIM HH3KHM 3Hate-
HHEM A€oy Ao

JInHeHH4s ¢ NOCTOSH-
HBIM JI0 Touku B 3na-
YeHHEM Agpqn'Eoc

Henuneiinas ¢ yseym-
YMBAIOWMMCA  3Haue-
HHUEM Agpay/ Aty

Henuuelinas co 3Ha-
qeHHeM Agygn/AEge,
OIM3KHM K eIHHHIE U
6bICTpO yBEIU4YUBAO-
HMCS

Henuneitnas ¢ OwlcT-
PO yBENHYHBAIOLUM-
csl 3HAYCHHEM

A&pan/ A8gc

Jluneitnas ¢ NOCTOSH-
HLIM 3HaYeHHEM Ag,

JlokajibHOE pa3pylileHHE He-
yOpYToro CKAaTHs, BEI3BAHHOE
1EepOXOBAaTOH [MOBEPXHOCTRIO
TopuoB obpa3ya, CMBIKAmMe
OTKpBLITBIX  1I0;I0CTER  (Tpe-
LIHH)

JInueitno-ynpyras 3oHa 0Ges
3aMETHOr0 M3MEHEHHs CTPYK-
Typsl 06pasua

Hauano pa3pymenus, obpaso-
BAHHE OTHENbHBIX MHKPOTpE-
IHH NPEUMYIHIECTBEHHO B Ha-
fipaBAeHHH HanGonbluero
[A2BHOTO HaNpSKCHHS

YBenuuenne MUKpOTPEIUMHO~
BATOCTH, CBA3AHHOE C YyCKo-
PEHHBIM  TpewHHooGpa3oBa-
HHEM

O06pa3oBaHie 110CKOCTER
MAKPOTPEIUHH 32 CHET COoelu-
HeHUs GnarofipUATHO paclio-
A0KEHHBIX MHKPOTpEIUH, 3a-
METHOI O YBEAWYEHHs HIIOTHO-
CTH TPELUMH HET

CkonbxeHi#e BAOND IIOCKO-
CTell MAaKpOTpPELINH

JIONONHMATENBHO K JIOKAJbHbIM MHAKPOTPEIMMHAM «B KOHUe Ywactka IV
BO3HMKAIOT OTHOCMTEIBLHO KpPYHHble TPEIUMHELL, PAcloIoXeHHble BOIM3M
CBOGOIHLIX TOBepXHOCTeH oGpasna ¥ npubIu3HTeNbuo NapalIejbHO HM.
Tpemmnbr o6pa3yroTcs npuMepHO Ha NOJOBMHE BLICOTH 00pa3ma H JaloT
HAYa/l0 Hpoueccy OTKaNbBAHWS (OTCIAMBAHHMSA) B HAYAILHOH 4aCTH
yuactka F». XoTs pasnuusblii MeXaHU3M Pa3pyileHns MOXeT ObITh HaCTHYHO
o0bACHeH Pa3sNMYHLIMA YCIOBMAMHM ONMPAHMA Ha Tophax (ri. 6), npouecc
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Puc. 4.9. CxemaTuueckas MOAeAhL ViEXaHW3Ma paspylueHUs obpasua MOpOAB! B {Ipo-
necce HCHRITaHWa Ha cxkatue [10].

pa3BUTHA TPEIUMH, HPUBOAAILME K HOMHOMY paspyllieHdIo, A0 CHX HOp
TIONHOCTBIO HE U3y4eH ¥,

VYyactok V— o0pasoBaHye HIOCKOCTH Makportpeunssl (puc. 4.9). brict-
poe CHIDkeHHe Hecyllled cmocobHocTy 0fpasna MoXHO OOBACHUTL paspy-
[IEHNEM CKAJbHBIX NEepeMbiveK (LeNUKOB), HAXOAALIMXCA HA HYyTH pa3BATUS
3TOH MJIOCKOCTH.

VYyactok VI — ckonbXeHue HO INIOCKOCTSM MAaKpOTpElMH C BO3pacTa-
IOHIMM paspylieHueMm # ApobnenueM. B pesynstate ofpasyerca poixias
Macca pasApobieHHON MOpoAbL

W3 cka3aHHOro BbilIE cilefyeT, YTO pPa3pyILEHHE SBNSETCH He MIHO-
BeHHLIM sBJIcHMEM, a Oonee MMM MeHee HPOINOPKHTENbLHLIM HPOLECCOM
TpeIHOoOpa3oBaHus B 00pasne cKanbHOU HOPOALL

4312 Ilpeaen nupouyHocTH («pa3pymenney) Aas umkenepa,
YMEIOIEro AENo CO CKAIbHBIMH HOPOJaMU, HpeAes HPOYHOCTH HOpOABI
SBJIAETCA BONPOCOM JMCKIIOYMTENbHOH BAKHOCTH (Hecymas CHOCODHOCTDL
TIOA3EMHOIO IIEJIMKA, OCHOBAHMS MJOTHHBI, CKaJbHOIO OTKOCA M T. 1)
Hpenen apoYHOCTH 3aBHCAT OT MHOrMX napameTpos. Haubonbiuee Biansuue
Ha HETo OKa3bIBAIOT CieAyove daxTopn Hanuuue OGOkoBoro obxkarns,
TeMIIEpaTypa, TIOpOBoe AaBIEHHE.

Bausnue ececmopounezo cowcamus (vactuudo mo Txkerepy n Kyky [15]).
Eme B npommom cronetud Oblio M3BeCTHO (TONBKO C KaueCTBeHHOH
CTOpOHLI), YTO B UCHHITAHUAX HA CXATHe HPOYHOCTb 0Opa3na MoXeT ObITh
HOBLIMIEHA HNPWIOXKEHHEM K HEMY BCECTOPOHHEH Harpy3ky, NpEUsTCTBYIO-

* TlpakTudeckoe 3HaYeHHEe TOrO BONPOCA /SIS TOPHOTO MHXEHEpA HE BbI3BLIBACT
comucHua. Hampumep, yTo6b oTBETHTH HA BOUPOC, MCYEPHAHA WM HET Hecynias
CIOCOGHOCTD UEJHFA B noA3eMHON BpipalOOTKe, BAXKHO 3HATH, YTO BEAET K €0
Pa3pYUIEHNIO. NOABJAEHHE TPEmMH HA €r0 MOBEPXHOCTH (OTC/IaMBaHME), WIH PacUiu-
peHue TpPEMH B €ro CpeJHeH 4YacTH, WJIM KAaKOW-HMOGYAL JApyroH mpouecc
TpeunHoo6pa3oBaHu.
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e passuTuio B oOpasue G0koBbIX nepeMelienuit Knaccuueckne TpexocHble
HCTILITAHUS CKaJIbHBIX nopon Obiim npomeneHbl gon Kapmanmom B 1911 1
[16] n Bexepom B 1915 r [3], Hcronb3oBABUIMMH MACJIO 1S CO3IAHHS
OGXKMMAIOIIETO NABNEHUS O; = O3 HA CTEHKH IHMJIHHAPHYECKOro oOpd3id

Sddexr obxkaTrs XopowIo 3aMeTeH HA KPHUBBIX HATlpskenHe — pedopma-
uus, mpusBedeHHBX HA puc 410 # 411, naromUX BO3MOXKHOCTbL CACTATH
oOfliee 3aK/IrOUeHHe, YTO € VBEJIHYeHHEM GOKOBOTO JA4RTCHHS YREIUMHBACTCA
HPOYHOCTL OOpaziia

OOGbIMHO HANPSKCHUS Oy H O3, JCHCTBYIOUIHE Ha HpEIENe TPOYHOCTH,
n3obpaxaroT B Buae nuarpamMmel Mopa Ilo naHHBIM TpeXOCHBIX UCTILITaHHUI
(puc 411,a) nocTpoeHb: kpyrd Mopa M COOTBETCTRYIOIIAS HM Orubaronas
Mopa (puc 411,6) Kak BuaHO ©3 3Toro pucyHka, orubatouras ams
HEHAPYIUCHHbIX OPOA MMEET CJISrKA KPHBOJMHEiHyo (opmy

Ans obnervenvs nosb3osaHus orubaromumu Mopa MX B H3BECTHOM
Mepe yhpowatoT (uaeam3dpyioT) ITpoyHOCTHbiE CBOHCTBA OOBIYHO BhIpA-
KAIOT ABYMS HApAMETPAME «YTJIOM BHYTPCHHET O TPeHHUS f» U «CLEILTEHUEM
C, XOTOpble ABIAIOTCA TepMHHAMH, PACTIPOCTPAHEHHBIMH Cpelyl NMPAaKTUKOB,
HO HETIPHEMIIEMbIMHU ISl Y4EHbIX (IPEATOYTHTEIbHEE HOMb3OBATLCA TEPMH-
HAMH THOA «IPOMHOCTb HA CABUT, HPUCYIAS PACCMATPHBAEMOH mopone»
n T n) Ha puc 412 npusenedo Tpu Oollee CNOKHBIX IpUMEPA

[TpencraBneHue O APYTOM BAXHOM CBOHCTBE HEHApDYIIEHHOH CKanbHOH
noponas naet puc 410 B 3aBucumocT oT BeaHuMHBI DOKOBOro obGXaTug
CKaJIbHAS MOpoAa OOHAPYXHBAET ABA THOA HATPSDKEHHO-1e(POPMAPOBAHHOIO

3260
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Puc. 4.10. Kpusble wuanpskenue — 1000

nedopmauus Ang Kappapckoro Mpa-
MOpa IIPH Pa3INYHLIX 3HAYCHUAX JaB-
nenus OokoBoro obkatust (nudph Ha
KPHBbIX 0003HAYAIOT BEAUYMHY OGKU- T
MAIOLIETO Hampskenus B Oapax, g 2 4 6 8_2

1 6ap = 0,01 MIIa) [15, 16] Omnocumensnas deqopmayun, 10
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Puc. 4.11. TipeaenbHas npoYHOCTL HEHApyLUEHHOW HOPOABI d — NOJHbLIE KPHBBLIE
Hanpskerne — neopmaius UPH pa3NHYHBIX 3HAYEHHsX OOKoBOro obkarus o3 [2];

6 ~ xpyru u orubarolas Mopa a8 HaUPsKEHHOTO COCTOSHHS, COOTBETCTBYIOLICTO
npeaeny OpOYHOCTH.

(e} } £

a C‘DC m 6 d

Puc. 4.12. Wgeanusapus BOIMOXHBIX THIOB JedopMHpOBAHMS IO HArpysxoif
00pa3snoP NpaCTHYHLIX H XPyDKMX HOpPOA. 4 — DEPBbIA B AINPOKCHMAlHH AlS
NAaCTHYHBIX NOpo; 6 — BTOPOH BUA anIpoKCHMAIMH AAS XPYUKHX NOpOAd; € — Tpe-
THHE BHI annpokCHMapHd. Bonee coBeplueHHas anupoKCHMamus (aKTHYECKOTo
COCTOAHUA NIOPO/IbI CBA3aHA C TPYAHOCTSMH BbIYHCAMTENbHOTC XapaKkTepa, NOCKOAbKY
alilnpokcuManus AaXe TPETLETo BHAA NOAJAETCH PacyeTy TONLKO METOJAOM KOHCH-
HBIX 37MeMeHTOB {cM. . 11).
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HoBedeHus: upH ofXHMArlIEeM HANPOKeHAH Hmwxe npumepno 500 Gap
(o3 <500 Gap) MbI MMeeM BIOJHE ONpeleNieHHbIH Ipelden TPOYHOCTH
M NajeHue 3TOH MPOYHOCTH HOCHE HA4ala paspylueHds. MOXHO ckasath,
4TO HOpOJA SBISCTCA Xpynkoii (pasynpounaAwueiics) NP TAKUX YCIOBHSAX
HPOBEICHNS MCILITAHUS.

ConeplileHHO WHOM BuI MMEIOT KpHMBbIE IpH G, Gonee 685 Oap, Tak
KAk TOpola B ITHX YCJAOBMSX MOXeT HCNbIThiRaTb Ha 7% OGombllne
aeopmaryu, He Tepss NpH ITOM HPOYHOCTH. Takoe NOBeleHNE HA3LIBA-
eTcst OOBIUHO naacmuunbim, PaccmaTpuBas puc. 4,10, MOXHO 3aMETHTDb, 4TO
MepPeXOsl HOpOgbl M3 XPYNKOIO B IJIACTHYHOE COCTOSHHE TPOMUCXOAMT TIPH
JOBOJILHO HEYETKO BHIPAXEHHON rpaHulle 3HaueHui oGXKHMAoOWEro Jasie-
Hust. SIBNeHMe 3TO HA3ILBACTCA MEPEXOJOM OT XPYHKOCTH K TMIACTUYHOCTH.
Muorue apropbi [4, 8, 14] yka3blBamu Takke, 4TO XpyOnKoe M ILIACTHY-
HOE COCTOSHUS XAPAKTEPH3YIOTCS pa3imuubiMu  (GOpMaM¥  paspyileHus
(puc. 4.13). Tak, nopoia B ILJACTHYHOM COCTOSHHM He OOHADYXHBAET
OCEBBIX MUKPOTPEUIMH, BOSHUKAIOWMX Npeumyiiectrenno ua III n IV cra-
OuSX B ONBITAX € XpynkumMu nmopodamu (pasi. 4.3.1.1).

B ceazm ¢ mmxeHepubimu npobneMamy GonplUyio 4YACTh CKAJIBHBIX
TOpPOA MOXHO pAaccMATPHBATL Kak HAXOASLIMECS B XPYHKOM COCTOSHHUY,

Xaparmeproe anaqe-
Hue omnocamenshgt _ - -
depopmayuu neped <1 -5 z-8 5-10 >10
HEAAOM PAIPYUEHIR
unu pacxona 1072

G
Cwamue Gy / /
6,>6,=0; > | || 4
/7
yd
{%
Pacmanmenue Gy -
6;<6,=6, - -« D e

Tunuansie xpufoe
nanpancenue-depop-
mayus

(64-63) Paspyuienue

Aepopmayus

Puc. 4.13. PaznuuHbie Byuanl paspyiieHus (IEPEX0On OT XpYIKOCTH K IJIACTHYHOCTH)
[pH TPEXOCHBIX MCMBITaHWAX (cXemarmauposaHo [8]).
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XOTS. HEKOTOPbIC M3 HUX (HATPHMEP, BOJCHACHIIUCHHDBIE CIAHIBI WIH KAMEH-
Haf COJb) MMCHOT TEHICHIHIO K ILTACTHYHOMY ITOBCACHMHIO.

Temnepamypnoe éausnue (wactmuno no Jxerepy m Kyky [15]). Veemn-
YeHHME TEMHCPATYPbl BbI3BIRAET YMEHBIICHHEC NEPEXOJHOIO MAABJICHHA OT
XpyOKocTH K miactuvHocTn. Ha puc. 4.14 mokasaHb! KPHBbIE aJ1 TpaHHTA
IpY TocTOSHHOM oOXumaromeM aasieHmd 5000 6ap ¥ pa3HbiX Temilepa-
typax. [Ipu komHATHON TemmepaType rpaHuT BegeT cebs KaK XpymKoe
Teno, Ho mpu 800° mopoga CTAHOBMTCA MOYTH HOJHOCTBIO ITTACTHYHOM,
Cesazanupll C TeMIepaTypoill Nepexoa oOT XPYHKOCTH K ILTACTHMHOCTH
OpeACTarisgeT ocoOblf MHTepeC a1 TEOJNIOTOR W TEOPH3UKOB, HO MAJO
JHAYUT B MEXAHHKE CKAJbHLIX TOPOA, TAK Kak HONOOHBIE [ABJICHUS
A TeMITePAaTypbl penko BcTpeuaroTcs. HekoTopoe 3HAYeHHWE 3TO SBICHME
MOXeT HMeTb [11s KapOOHATOB (HAITPHMED, [JI THMHCOHOCHBIX HOPOL)
U 178 KAMEHHOH CONMM (B MOJIOCTSAX, MCHOMb3YEMbIX A CKIAJMPOBAHMUS
PAAMOAKTHEHBIX OTXO/ORB).

Bausnue noposoeo Odsaenus HA TPEACTbHYIO HPOYHOCTb OHHCHIBAETCH
OGBIUHO «3aKOHOM 3((eKTHRHOIO HAPSDKEHIS», BEIReNCHHOTO Tepuaru [24]
s Markux rpyHToB. B 1945 r. Tepuarm npennoXuiI pacIpocTPaHHTb
3Ty KOHLEHNUMIO HA BOJOHACHILICHHBIE CKalbHbie mopoabl. Ilociaeayiomue
ucclenopanus o1ux nopoa {11, 13, 21 B obueM noaTBEpIuIH HOMOXKEHNS,
BBICKA3aHHbIE Tepuaru s yclOBHH, Korla B CKajdbHOM mopoae MMeeTcHd
CHCTeMa CBA3AHHBIX MeX1y coboit mop ® TpemmwmH (puc. 4.15): o} =
=0; —p; 03 =0, —p; 03 =03~ P.

Biunsgve noposoro Jamienns HokazaHo Ha guarpaMme Mopa (puc. 4.16):
C yBeAWYCHHEM HOPOBOIO pjaBJEHHA KpYr OGhQeKTHRHBIX HANPSDKEHHH
HEPEeMeACTCS B CTOPOHY HAYATA KOODAMHAT, 4TO HPHBOAMT K MEHee
YCTOMYNBROMY HAHPSKEHHOMY COCTOAHMIO. JTOT (PAKTOP MMeEET 3HAYCHME

1

Puc. 4.14. BiusiHus TemnepaTypsl HA BHI KpH- L I
BO#l HampsXeHue — TeQopMauus IS FPAHUTA g b 0 I.fz
npy ofxuMaromem napieHuu 5 kbap [8]. Omrocumensras deqpopmayua, 10
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Puc. 4.15. Onpenenenne ddexTHBHOrO
HAnpsokeHUst ¢' NpH HATHYHH BHYTPEH-
HETO MOpOBOTrO JaBjeHus P, U noka’gb-
HOTO NOJISl HANPKEHHA © f22]

&
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Kecamensruie Nenpamenus, Kbap
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DR

Hopmanphsie Hanpamends, koap

Pue. 4.16. Dddext nopoBoro masieHus, NpHBOAAIIMI K HEpEMEIIEHHIO KPyra noj-
HBIX HAPAKEHUH B CTOPOHY HAYana KOOpPAMHAT (Kpyr ek TMBHLIX HANpPSXEHH)
HapacTaromas onacHOCTb paspylleHHs

ISt KCKYCCTBEHHOT O BO3DYXICHMS 3eMIETpsicenus MyTeM HATHeTAHMS XUIl-
koctu B raybokue OypoBbie ckBakuubl [12] (puc. 4.17). OGparubiii
ShdexT (oTKauka XuAKOCTM M3 HEApP 3eMid) OBbLT MCHOJB3OBAH ANA
HOPeIOTBPAIICHHS CKOJbLXEHHs (CBA3AHHOIO ¢ 3eMIIETPSCEHHEM) BAOMb
onHoro pasioma Ilpn couerannu oGoux cHoco0OB (HpHIOXKEHHE BLICOKOTO
JABJICHAS B OJHOM MecCTe NPHBOJHT K OOpa3OBaHMIO MECTHOTO HEpa3py-
UWHATEILHOTO CeACMHYECKOTO TOJUKA, A CO3/IaHHE HA PACHOJIOXEHHOM pAOM
YHACTKE HH3KOro JaBjICHHs cHocoOCTByeT crabwiu3anyH HOJOXeHHA
H OPEAOTBPAIICHHIO 3EMIIETPACEHUA), BO3HHKAET BO3MOXHOCTL CHU3HTH
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Puc. 4.17. Koppensuus ko imuecisa semuerpsceHuil B pafione [leusepa (wrat
Konopago CHIA) ¢ o6beMOM H HAIOPOM KHAKOCTH KOTOpas 3aKAaqyuBaeTCH
B CKBAXHHBLI IS XM IKHX OTXO/A0B

TEKTOHHYECKHE HANPSDKEHUS B 3CMHOH KOpe, T € MpelyNpendTh KOHLEHTpa-
UMIO HAINPSDKEHMH M HE JONYCTHTh RO3HHKHOBEHHS DPA3PYLIMTETHHOTO
3eMJIETPACEHU A

4313 OnpepejieHue mpenesia NPOYHOCTH KOCBEHHD-
Mu MeToaamu Kak yxe rosopusocs Bhillle (pa3n 431 1), paspyuienne
XpYIOKo# MOPOAbl MOXHO paccMATpHBalb Kdk DoOTee MM MeHee HeflpepbiB-
HBIH OpoLece TPenHOooOpa3oraHys B cBa3d ¢ ITUM OpaKTHYecKHi HHTepec
HpPEACTARIAET BO3MOXHOCTD HPE/CKA3aHNs NPOYHOCTH MATEPHAA [0 HEKO-
TOPBIM XaPAaKTEpHbIM (QU3IUYECKHM ABJICHUSM, KOTOPbIE MOIYT BbITh H3MeEpe-
Hbl ¥ HCIOJIB30BAHB! KAK IIOKA3ATeNM HPUOIIKEHUS MATEpHANIA K CRBOEMY
npefeabHOoMYy cocrosHuio K Takum fBjieHHSM OTHOCATCH OO0beMHbIe H3Me-
HEHHS, CKOPOCTH pACHPOCTPAHEHHS HOMUEPEYHBIX BOJH M HEKOTOphie cefic-
MOAKYCTHYECKHE MPOSBICHHA

Ha puc 418 npuregeHo nBa npuMepa HCHBITAHHA HA CXKaTHe B pe-
3yJbTAaTe KOTOPLIX OBIIO OHpenesicHO OTHOCUTEIbHOE H3MeHeHue obbeMa
AV/V TlepBblii 3Tan MCHBITAHMEA XapakTepu3yercsd YMEHBIICHHEM obbema
npu ckatud C nepexomom c¢ III wa JV yvacTOK KpuBOH (KaK 3TO
onucano B pasn 4311, puc 48, tabn 43) nHabarogaeTcst cTpeMIICHHE
K yBenuyeHHio obbema

Jlanuple 3aMepoOB CKOPOCTEH ynpyrux BOJAH (OCODEHHO HMONEPeYHBIX)
MOTYT ObITh MCHOJB3OBAHBI 71 MHTEPUPCTALMH HAPYUIEHHOTO COCTOSHHS
nopogs OOBIMHO C yBeJHYCHHEM HAHPSDKEHHOTO COCTOSHHSL CKajibHbie
HOPOABI OGHAPYXHUBAIOT YBEIMYCHUE CKOPOCTell HA HECKONLKO HNPOLEHTOBR
Ho moznvkHOBeHWe Heynpyrux gedopManuii, riasHbiM oOpa3soM B Havalie
IV crajnm, xapakTepusyercs ymeHbitieHueM ckopoctd (puc 419) Paseutne
MHKPOTPELMHMH HEMOCPEACTBEHHO HEPEA HACTYIUICHHMEM IHpenena HpOYHOCTH
CONPOROXIAETCH AKYCTHYECKHMMM HMMITY/IbCAMH, MHOAJAIOIIMMHCH pPErHCTPA-
uuu (puc 4 20)
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Puec. 4.18. 3aBucnmocTs MEXIy OCEBBIMH HAMPSHKEHUEM H OOLEMHON OTHOCHUTENDb-
Holi nedopmanyedl B npolecce HCMBITAHMI Ha CXATHE. @ — UCILITRHHA HA OMHOOCHOE
cxaTHe KBapuura [2]; 6 — HCNBITAHHS Ba TPeXOCHOE CKATHE MECYAHHKA € PA3JIHi-
HbIMH OGXHMaroIHMH gaBrensmu [23].
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Puc. 4.19. KpuBas nanpsikeHue — 20 00 00
aeopMalust (B BepxHeil vactu) -20|- 00
M OTHOCHTEIBbHOE H3MEHEHHE CKO-
POCTH TOTIEPEUHBIX BOJH B OIbITE - 50
Ha TPEXOCHOE CxaTue, obpasel X
necyasuka u3 Pypa Creayer o6- - G3=4
paTuTh BHHMMaHHe Ha Havalo

YMEHBIIICHUS CKOPOCTH MoNeped-
HBIX BOMH JI0 AOCTWXeHWs mipe- Albg npu G,=G
Aerna UpovHOCTH nopomst [23] A L

4314 3anpenenbHoe COCTOAHUE (TOCNE HaYala pa3py-
mweHHd ) B nocnegnue roas Bee Oosplliee BHUMAHHE YIEJSETCS MOBEAEHUIO
CKaJbHBIX TIOPOA TIOCKe NOCTHKEHVss MMM Tpefela IpoYHOCTH («3anmpe-
JAenbHOe cocTossHue») OnHa W3 NPUYUH NMOBHILEHHOTO BHHMaHHS 3aKJIO-
YaeTcs B TOM, YTO TPEIUMHBL U APYTHE [IOCKOCTH ocnabieHns, QUKCUPYeMbIe
B 3anpencibHOH 0OaacTH HaDSKEHHH, BO3HHKaIOT OOJIbIICH HaCThIO e
B jgolpenenbHoM coctosHuu (pa3n 4311, puc 49) [Ipyras npuunHa
COCTOHT B TOM, 4TO CYILECTBYET MHOI'0 OOLLIEro B MeXaHHYeCKOM MOBENCHHU
o0pa3lla HeHapyIUEHHON NMOpO/bl, HArPYKEHHOTO CBEPX Npenelia NMPOYHOCTH,
H CKalbHEIM MacCHBOM B HaTypHBIX yCiIoBHsx Mirowtep [20] neirancs
WLTIOCTPUPOBATh 3TOT (aKT JHarpaMMON HanpsHKEHHO-AeGOpMHUPOBaAHHOTO
coctosiuus (puc 421) OH NpeAnONOXHA, YTO BIUSHHE «TEKTOHHYECKOTO
MPOILUJIOTO CKATBHOTO MACCHBA» HA XAPAaKTEP €ro TPEIUIHHOBATOCTH MOXKET
ObITh BBHIPaXKEHO CMEUICHHEM OCH HANPSUKEHHH Ha NOJHOH KpHBOH Hamps-
KeHue — AeopMalus [ HeHapylieHHo#H mopoawsl HanpsxenHo-nedhopmu-
POBaHHOE COCTOSIHME CKAJLHOIO MaCCHBa B TaKOM Clydae OymeT mnpen-
CTaBJICHO KPHBOH NMOBTOPHOTO HAarpyXcHHs B 3allpeleldbHOM COCTOSHHH

Ha nmpakrnke mmeer Gonplioe 3HaUYeHHE, B KaKOM HalpSXXEHHOM COCTOS-
HIHM HaXOIMTCH CKaJlbHAS mopoja B AONMPEASTBHOM MIH 3allpeleiibHOM
HampuMep, B TaK Ha3bIBAeMOM «IUIACTHYHOH 30HE» BOKPYr NOA3EMHOH
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Puc. 4.20. HcmeiTaHus Ha OKaTHe W A el B B
CBA3AHHEIE C HHUM CeHCMOaKycTHYeCKHe a 50 00 750
aMoydscnt [23] Bpema, c

NS A

Pue. 4.21, MimocTpanus cxoiacTsa no-
BeJIeHHs HEeHAPYILEHHOH MOPOABI U CKAJIb-
HOT'O MACCHBA HA NPHMEPe MOJHOH KpH-

~

BOH Harpyska — aepopMalii «HeHapy- v
weHnoi» nopoast [20] 1 — HeHapymer- 2 T T T T 7 T
Has nopoja, 2 — cKalabHBIH MaccHB 0,04 8,012 0,020 MM

BEIPAGOTKH NOpONa HANPSDKEHA BHILE CBOETO Npefena NPOYHOCTH U Haxo-
AWUTCS B 3aNpefiesisHOM HampskeHHOM cocrosHuu. [Ipennonoxum, 4ro
BO3HHKAET BO3MYILAIONIAN CUJla (BLI3BAHHAS B3PLIBHOW BONHON WiIn Temnepa-
TYPHBIMH KOJICOAHUAMU), OPUSHTHPOBAHHAS HA KOHTYD BHIPaGOTKH. OTa
CUNA BLI3HIBAECT MOMOJHHUTENLHYIO OehOpMalMIo, CONPOBOXKIAEMYIO pPa3BU-
THEM OTPHHATENLHBIX PEAKTUBHBIX CWJI, YTO NPAMO NPOTHBONOJIOXHO
CHTYaHHM, HPH HAJIMYHH KOTOpPOH COOTBETCTBYET BOCXONAIIAS KpHBAaS
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Hanpspkerue — AedopMalus. ITO yKasblBaer Ha HeoOpaTuMbIl XapakTep
pedopMamuu M Ha [gandbHeillllee CHWXKEHWe IIPOYHOCTH mnopoasl. IToBTo-
pAtoUIdecss BO3ACHCTBUA TaKuX BO3MYUIAOMIMX CUJI BEMYT K OCIAGICHUIO
Hopojbl ¥ B KOHEUHOM cHeTe K paspyICHHIO TYHHENd, T, e, K Ipoleccy,
KOTOPBI MOXHO CPaBHUTh C PerpecCUBHON 3posueil (cM. Takke paszg. 14.5).

4.3.2. Hpoyrocme Ha pacmaxcenue. B OTHOWeHH TIpouHoCTH HA pacTi-
eHue aBa 0DCTOATENbCTBA NMPEACTABIAKOTCA HAMDOJEE CYHIECTBCHHBLIMM:

1. ABcomoTHOE 3HadcHME TNIPOUYHOCTM HA PACTSHKCHWE HEHAPYIUEHHBIX
CKalbHBEIX TOPOA 3HAYUTENBLHO HIXKe IPOYHOCTY HA OkaTWe. B uHxenep-
HOi TpaKTHKE MOXKHO B Ipefelax [dONYyCTHMON TOYHOCTH TNPHHMMATD
NpoYHOCTL Ha pacTskeHue pasHoW 5—109) omHoocHoll mpodnocTu Ha
CXKATHE.

2. O6pa3zoBanHe IOCKOCTH 0CIA0JICHUS TPH OJJHOOCHOMN pacTATUBAKOILEH
Harpy3Ke HOCUT caMOTIpOH3BOJBHBIA XapaKTep M CONPOBOXAACTCH pasBu-
THEM HECKOJIbKMX MHKDOTpEUIWH Tak e, Kak 310 Habmopaerca IpH
OpUJIOXKEeHUH K oOpasuy OAHOOCHOW cCXHMaromieil  Harpy3ku  (cwm.
pasg. 4.3.1.1).

HenocpeacTeennslie pacTarusaroniie Harpy3ku U COCTOSHUE OJIHOOCHOIO
pacTsSKEHH B MeXaHUKE CKaJbHbIX NOPOA MNPAKTHYECKH HE CYHIECTBYIOT.
3nauuTenbHo Oonpllee 3HAUCHHE WMEIOT pACTATUBAIOIME HATIPSHKCHUS,
BOZHMKAIOIIWE TIpu ©XKaTUU [JBYX Tell ¢ HEpOBHOH TOBEPXHOCTLIO
(«KOCBEHHBIC pACTATUBAIOUINE HANPSOKEHHS»). DTo ABleHHe MosCHAETCS
puc. 4.22: Ha HeM NIpuBEeHbl PE3YIbTATh]I TEOPETUUECKOTO aHAIU3A HeCYILIEH
cnoco6HocTH KBapUuToB BuTBaTepcpania, HATPY>KCHHBIX XECTKHM WITAMIIOM
(cayuall uCKIIOYHTENLHO HEPOBHOrO KOHTaKTa JBYX mosepxuocrel). Kak 3to
BHIHO, HaHMeHBIUHe ITaBHBIE HAPSXKEHUS O3 Nopsaka 150 bap obpasyror
obnacTh pacTspkeHus BOJIH3H Kpas mramna. Hecymias cnocoGHOCTh HeHapy-
IIEHHBIX TIOPOA SABJseTCS BaXHbIM IOKA3aTeJ€M BOo MHOrmx NpoGnemax,
BO3HHMKAIONMX B TOPDHOM [efie, B YACTHOCTH KAaCalOMIMXCA pa3phLIXJICHUS
¥ NOAPEe3KH CKaJBHBIX NOpOI.

IMpvHOUD pa3sBUTHA JIOKAIBHBIX pACTArHBAIONIMX HANpPSKEHUR I[pu
CKATMH [BYX TE€JI ¢ HEPOBHBIMU IIOBEPXHOCTSMH TOJIOXEH B OCHOBY
6pa3uNbCKOro Meroaa MCNIBITAHHH (MM MeToAa «KOCBCHHOTO PacTSKCHUS)
Il OlpeNesI€HHS TNPOYHOCTH HA DACTsDKeHHE HEHADPYIICHHOH TOPOJbI
(cM. L. 6).
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Puc. 4.22. PacnpeneneHue HauGONBUIMX M HaHMEHBIUMX TJABHBIX HaOpKeHHR
H 06nacTH pacTSKeHHS B OCHOBAHHH KECTKOro wtamma [27]
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Kputepun paspyuienus
XPYNIKHX CKaJbHBIX MOPO1

. X. Tpoason

5.1. Beeaense. B 106011 061acTH HHXKEHEPHOI O UCHIOJIL30BAHMS IPHK/IAA-
HOM MeXaHUKM HEOoOXOAUMO 3HAHUE TNPEACIbHOM MPOYHOCTH paccMaTpu-
BAEMOr0 MAaTepuasd. JTa NMPOYHOCTh COOTBETCTBYET MAKCUMAIBHOMY 3Ha-
YEHHIO HANPSXKEHHS, KOTOPOS BHUACPKUBACT AAHHLIK MaTepual.

Oco0ylo BaXHOCTh NOHSATUE MPOYHOCTU NpHOOpeTacT MpH pa3paboTke
TBEpAOH MOHOJIHTHOM CKaJIbl, pa3pynIeHHE KOTOpoH, HMeEoNIlee, KAK TIPABHIIO,
XPYIOKHN XapakTep, MOXKET NMOBJieYb 32 COGOH cepbe3Hble oOpyILEHUs, YIpo-
KAKOIIUE HE TONbKO BE30MACHOCTH EPCOHANIA, HO H IKOHOMHKE NPEITPUATHS
B CBS3H C 3aJepxkamMu B palore npousscrcrea B ycioBuax paspabGorku
TBEPIbIX CKAJBLHBIX NOPOJ BIHAHHUE PEAKHX TPEUIUH HMEET, MO-BHIHMOMY,
Meublliee 3HaYeHHe [0 CPABHCHHIO C MPOYHOCTBLIO CaMOi NOPOIbL

HauBosnee oveBunHblil 1 DPOCTOH NONXOA COCTOUT B yTBEPXKIAECHUH, UTO
NPOYHOCTh MaTepHajla SBISETCS KOHCTAHTOH, a pa3spyliedue HACTYIAET,
KOrJa MaKeuMallbHOE NPUNOKEHHOE HAPSKEHHE JIOCTUraeT MPeaeiibHOro
3HaUeHHS. DTa THMoTe3a (runorTe3a MakCUMAaJbHBIX HANpsKeHui) Oblla
OTBEPTHYTA HAa paHHeM JTale DPa3BUTUS TEOPHU DPA3PyIUEHUs, TAK Kak
IKCIEPHMEHTBIL, IPOBEICHHLIE B YCIOBHAX CJIOKHOTO HAMpPSKEHHOrO COCTOS-
HUS, JOKA3AIH €€ HeCOCTOATENILHOCTD

Kax yxaseisaer Tumortuesko [21], mepsas obHnHadbHas (HOpMyJiHpOBKa
THNOTE3Bl PA3pPYyIUCHUS MPHHAMISKHUT (paHIy3ckoMy yuecHomy MapHoTTy
{1616 —1684), xoTopeli, HabOmMromas pACTAXKEHHE MPOBOJOKH, IKCIIEPH-
MeHTaJIbHO yCTAHOBUJI, 4TO «pa3pyIleHHe HACTYAET TOr/1a, Koraa yaJIuHeHue
NPEBOCXOAUT HEKOTOPOE NpeNelIbHOE 3HAUCHUEY.

Mpumepuo cto det cnyctd Hawbe (1785~ 1836) BBesl mousiTue OTHOCH-
TeabHOI neopManuy, T. €. fepopManin, NPUXOASLICHCS HA eIMHANY JJIHHBL
a ero coBpemeHuuk Oenbruiickuil pHxeuep-pusnk IlToucene (1788 — 1867)
YCTAHOBUIL, YTO «Pa3pyllicHHe XPYIKUX MATEPUAIIOB, TAKUX, KAK KAMEHL HIH
4yryH, o0yciioBiieHO MX OOKOBBLIM pacIIHpeHUEM»

HMmendo B 310 Bpemst ObLIM 3aJOKEHbl OCHOBBl TEOpHUM YHIPYTOCTH,
a (yHIaMeHTAJIBLHBIM IIOJIOKEHHEM JHHEHHOM Teopuw ynpyrocTH CTai
o6o0bimennbrit 3axkon I'yka

HaNpSKEHHd 2 AehopMalinm. (&R0

Jns omHOPOmHEIX MAaTEPHANOB B YCIOBHAX OJHOOCHOTO PACTSKEHHS
runoTesa MapHoTTa HAEHTHYHA T'MHOTE3€ MAKCHMA/BHBEIX HAanpsDKeHwl,
B TO BpeMs, KaK corjacHo runoreze IToHcede, MOMEHT pa3pylledHs onpe-
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aenserca AedopMaliieii B HanpaBlieHWH, NePHEHAUKYJIAPHOM HaNpaBIEHHIO
MaKCHMaJIbHOTO HanpsxeHHs.

IlepBriM BBen noHatHe Hanpsxenus Kommwm (1789 —1857), u BeIrnsmeno
OHO TakK:

=— (5.2)

T. ¢. HanpsKCHHC ONMpe[cHAock Kak cpedHss HHTCHCHBHOCTH CHIOBOTO
BO3CHCTBHA. HPHXOAAUIAACH HA SAMHHIY NJIOUIAMIN.

Ity hopMYIHPOBKY aBTOp HacToslleld TNaBLl Ha3Bal uHMeZpAAbHBIM
onpeelieHHeM HanpsokeHus [23].

B cBa3n ¢ HeoOXONMMOCTLIO BHIPA3HTh HOJIOKEHHS TEOPHH YNpPYrocTH
B 0003HaYeHUAX HENpPEpLIBHBIX MaTeMaTuuecKux (yHxumid ObUlo BBemeHO
nnbdepeHnanbioe onpeeicHue HANPSKeHHsl, a UMEeHHO:

5= Jim 9 _4f (53)

50 8a da’

Jna wiaeanvHoro KoHTHHyyma obfa onpemeneHusa cosnagator. OmHAxKo,
Kak OyzeT mnokazano B jgafbHelllleM, /1A JUCKPETHBIX WIH 3¢PHHCTHIX
MaTepHajioB (2 B AcHCTBHTEIBHOCTH BCE MATEpHANLl TaKOBEI) HH(pepeH-
LHaNbHoe oNpenclicHie HanpskeHu# Henpuemnemo. Teneps Xopolo H3BECT-
Ho, 4To 00Iias KapTHHA HANPAKEHHOTO COCTOAHMS NMONHOCTLIO ONpenens-
eTCsa TpeMs B3aHMHO NEePNeHIHKYIAPHBIMY HANpPsSHKeHHAMH, KOTOphIe Ha3bl-
BAKOTCH rJIaBHBIMH M 0003HauaroTca oOBIMHO O, G, G3, NPHYEM

G1 > 0y > O, 4

(HamGouibliiee I'MaBHoE HAMpsOKEHME, cpefHee [JIABHOE HanpskeHHe H
HaMMeHblICe TIABHOE HAIIPsHKCHHE),

Cen-BeHan (1797 — 1886) nokasaii, 4T0 KpuTepHi MakCHMaNbHBIX yIIMHe-
Huit Mapuorra — IloHcenne MoxeT OBITh npefcTaBlicH B BHJE SKBHBAJICHT-
HbIX HalpskeHHH, KOTOphIE 3aMUUIyTC TaK (CKaTHE MOJOKHTENIBHOR):

o) =g E=0;,—v(s;+ 03),
,

oy =g, E=0,—v(o, + 63),

6/3 53E =0C3 — V(O'l + 02). (55)

Il

?

Haubonbiiee mo abconroTHolt BeqM4uHe oTpHnareibHoe 3HayeHHe O,
o0bIyHO o5 (MakCUMalbHOE pacTArHBalolilee HApskeHHe, COOTBETCTRYIOIIEE
NpenesibHOMY YJIHHEHHIO), BRIGHpaeTca B KayecTBe npelelia NPOYHOCTH.
Bo Bropo#t nmonoeune XIX B. ypaBHeHusamu (5.5) IIHpOKO MNOJIB30BANKCH
B Eppone. OnHako, kak 3amMedaetr Tumotenxo [21], «aHTnuiickie aBTOpPBI
TIPOAOJIXAH CTPOUTh CBOHM pacyeThl NpH NPOSKTHPOBAHMH Ha THIOTE3E
MaKCHUMANBHEIX HanpsKeHHD,

VpaBHeHUAMH (5.5) YUHTBIBaCTCH, 4TO CpelHEE [MIaBHOC HAIPSDKCHHE OKa-
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3pIBAET BIMAHHE Ha paspyuwenue Tpomron [22] npeamonoxun, HTO
MAKCHMAJTBHOE YIJIHHEHHE SBJISETCA MepOid MAKCHMATBHBIX MOBEPXHOCTHBIX
(W CBSI3M B 3¢PHUCTOM MaTepualle, H HCUONb30OBAN ypasueuus (55) mis
onpeneteHus 3PPek1MBHONH NPOUHOCTH XPYUKHX MATEPHAIOB NpH PAcTsKe-
aun OOHako cepusi THIATE TbHBIX UCULITAHUH, IPOBeAcHHas XaMMETOM [11]
Ha UCKYCCTBEHHOM CKaJIbLHOM MaTepHalle — CTPOUTEIBHOM rumce B yCIOBUIX
JBYXOCHOTO HAIIPSKEHHOTO COCTOSIHHS, CO BCEH OYEBHIHOCTBLIO HPONEMOH-
CTPUPOBATA HECOOTBETCTBHE 3TOil THITOTE3bl ONBITHBIM JAHHBIM

Ipn ncublTaHusx Ha ONHOOCHOE cXatue (0, = Oy = 0) 3bderTHRRAK

- 5,
NPOYHOCTB Ha PAcTSKEHHe 5, = ~ VO, WK Oy = — —vi B ycnoBusx aByx-

OCHOro cXatusl (0, = 0,, 03 = 0)

o,

2v

Takum o0pa3oM, Apenell MPOYHOCTH NPH Pa3pyuleHMH IS ABYXOCHOTO
CKaTHS Jo/keH OBITh B JBA pa3a HUXKe, YeM [UIS OOHOOCHOTO OnbIThI
XaMMeTa mOKa3alij, 4TO NPOYHOCTH B YCAOBHSX IBYXOCHOTO CKATHS MO
KpaiiHell Mepe paBHa NPOYHOCTH NMPH OJHOOCHOM CXATWM M MOXeT IpeBbl-
maThk ee, clleMOBaTeJIbHO, IE€PBOHAvYallbHasg THAOTE3a fOJDKHA ObITh
orBeprayra Huxe Oymer nokasaHo, uTo Teopust 3PPHEKTHBHLIX pacTArHBa-
IOUIMX HaOpsOKeHHH Jlerko MoeT ObiTh MomuHIMpoBana Takum 06pazoM,
Y4TO y4TeT ¥ ITH, H apyrue GaxThl Ilpexae YeM NEpedTH K ONHUCAHMIO
COBPEMEHHBIX Teopudl NPOUYHOCTH, HEOOXOMUMO 3aMeTHTh, 4TO BOOOIIE
COMHHTENBHO, 4TOORI 1aXe C MOMOLUIbIO HHTEIPATBHOTO onNpenelcHHs HATPA-
KeHH B ero mnpocrodt dopme MOXHO OBUIO OB 4AEKBATHO OIHCATH
NOBeJCHHE PeaNbHBIX IHCKPETHHIX MaTepualoB J[albHeiiiiee 0OCYyxkmeHKe
3TOro BONMPOCA BBLIXOAMT, ONHAKO, 3a PaMKH HacTosmied riasel IToaromy
BNIpe]b OymeM CUMTATh 4YTO OOBIYHbIC 3ABHCHMOCTH MEXIY HAMPAKEHUSIMH
JOCTOBEPHBI

31eCh YMECTHO BBECTH MOHATHE LpOCTpaHcTBa Hanpsokenuil Kak yxe
ObUIO yKasaHO, J1000¢ HaNpsUKEHHOE COCTOSHHE NOJIHOCTBIO ONpEnenseTcs
TpeMsl FJIABHBIMH HAUPSHKEHUAMHU (O,, O,, O3), KOTOPEIE B CBOIO OUYEpenb
ONPENENSIOTCA WECThIO HE3ABUCHMEIME KOMIIOHCHTAMH OCEBBIX HApsDke-
HUH (O, Oy, O, Ty, Tey T;) ODTH IIECTh KOMIOHEHT 08pa3yioT TeH30p
HANPKEHUH, ¥ MOXHO JOKA3aTh [19], uTO nocllenHull uMeeT TONBKO TPH
HE3ABHUCHMBIX MHBAPWAHTA, & UMCHHO

I, =0, +0,+ 0,

I, = — (0,03 + 030, + 6,0,),

o, = — 2v0, UK O, = — (56)

I, =0,0,0; 6.7

Ecau Ba prc 51 A0 = OB = OC u munust OP mposemeHa HOPMAJIBHO
o OTHOWEHHIO K miockocTd ABC, To OF sBngercs OCbi0 T'HAPOCTATHYE-
CKOTO HANpPSKEHHOTO COCTOSHHS, BO BCEX TOYKAX KOTopoll G, = 0, = Gy,
a wiockocte ABC Ha3biBaeTca oxmasdpuueckoil Ilonoxenwe NpOH3BOIBHON
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/ R.
Hopmans
K nnockacmy ABC

S;

Puc. 5.1. Okrasapuveckas II0CKOCTS,

TOUKH () B MIPOCTPAHCTBE IVIABHLIX HANPSKCHHI O, O, O3 MOXET OBITH
ollpeneneHo koopaunaroil QR Bioab MO ruApocTaTHYECKol ocu (Oudzonaau
npocmpancmea) 1 xoopauHatoil OR, HOpManbHOR X 3TOH OcH *.

3HaueHHe OKMAIOPUHEcK020 HOPMAAbHOZO HANPANCEHUA ONpENeNseTcs
dopmynoit

1
Ooxr = 3‘(01 + 0o, + 0'3),

a eKma’dpuyeckoz0 KacameasHozo Hanpaxcexus — GopMynoH

Toer = 7,1;— V(m — 032 + (01 — 03)* + (03 ~ 5,)2. (5.8)

Ecan Tenepr 3anucathk ypaBHEHHS:
51 = 61 — On
83 = 03 = Oy
S3 = 03 ™ Oukns (59)

T0 Sy, S;, S5 Oyayr o3HayaTh IjaBHblc KOMIIOHEHTHL A€BHATOpPA Hamps-
KCHHH, WM OTKIOHEHHS HAIIPSUKeHWIt.

Kak ©u y TeHsopa HampshkeHUd, Yy JeBHaTOpa CYymecTBYIOT TpH
WHBapHaHTa, 1Ba NEPBBIX U3 HUX HUMEIOT BUI

1
Ji=84+8,+8,=0, J,= 7(5% + 52+ 5)). (5.10)

* Koopnusiatet QR ¥ OR se onpenenfior abCONIOTHOIO NONOXEHUA TOMKH (
B IIDOCTPAHCTBE, a JHIUL YKA3bIBalOT, HA KakOH OKpPYXHOCTH OHa HAXOAUTCH —
Hpum. nepes.
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5.2. Teopuu paspywenus. 5.2.1. Kpumepuit Museca Gwin npemnoxen Ajs
ONHCaHHs HadYaja IUIACTHYECKOTO TEYEeHHs B MATKMX CTamax. XapaxTepHo#
€ro 0COOEHHOCTBLIO SIBNSETCA OJHHAKOBOE 3HAUYEHHE TpPENeNoB TEKY4eCTH,
nojxyvaemoe s CKaTua MU pacTAXKCHHUA. }ICHO, YTO 73T0 HEeNPpUMEHUMO
K XpYIKHM MaTepHualiaM, TPOYHOCTh KOTOPBIX HA Pa3pbiB 3HAYHTENLHO HUKE,
yeM Ha cxaTtue. TeM He Medee, xak OyldeT NOKa3aHO B HalibHeRILEM,
3TOT KpuTepuil UMeeT Oonblioe 3HAYEHHE B KAUECTBE OTNpPaBHON TOUKH
JUIS mOCTPOeHUs TEOpHUil paspyllieHUs.

Mo Muzsecy, NuacTUYeCKoe TEYEHHE HAYUHAETCH TOTRA, KOrla KacaTelib-
HbIe HANpsDKEHMs Ha OXTadIpHUYecKoll NIolajfke JOCTHraroT NPENesibHOTO
3HaYEHUsA

Toer = K P

C yderom ckazaHHOTO u3 ypasHeHuit (5.8) u (5.9) nosyyum

(01— 62)* + (0, — 03) + (05— 0,)* = 9K2, (5.11)
nnu
3(ST + 83+ 53 =9K2,
a u3 ypaseeHuit (5.10) 3
J, = 51(,3, (5.12)

CIIENOBATENbHO, KPUTEPHHA TEKYYeCTN B IJIABHBIX HANPAXKEHHAX OJIS 3TOTO
YACTHOFO cnyvas HMeeT BHA

(64 — 0'2)2 + (03 — 53)2 + (03— 01)2 =6J,. (5.13)

Ilpu onHoOCHOM CXaTuH (MIH pacTskeHHH) 6; =G, =0, a o, = o,
[Mogcrasnsas 3TH 3Ha¥YeHUn B ypaBHeHue (5.11), nonyynm

él/ZTS?: K,

HOITOMY

5.2.2. Kpumepuin Tpécku. B 1868 r. Tpécka mepsblm copMyIuposan
KPUTEPHii, COrNIaCHO KOTOPOMY pa3spyleHHe HAcTyNael NpH JOCTHIKEHUH
KacareJibHBIMHU HANPKEHUSAMH HEKOTOPOro MakcumalibHoro sHauenus. [lo
3Toll mpuduHe KpUTepuit TPEckn MHOrma Ha3HBAIOT Teopyell MaKCHMAJILHON
CABUTOBOM mpovHocTH. MoxHo 3anucath

C; — 0O
— 5 = (5.14)
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B cliyuae ONHOOCHOTO CX4THA (COOTBETCTBEHHO H paCTﬂ)KCHHSl) c; =0
G,
H Typur = 7, JiRIEY

51703 _ O (515)

2 2

Oxa3aflock, ¥T0 3TOT KPUTEPHii, Tak Ke Kak M kputepuii Museca, naer

Xopollue pe3yNbTaThl B Ciydae IJIACTHYECKOTO TCUEHUS MEeTalNoB H

HHOrOa ABAAECTCS Jaxe OoJice MPennoYTHTE/IbHBIM Glaroiaps cBoeit MaremMa-

TUYeCKoH mpocTtoTe

323 Kpumepuii @pydenmana Oba paccMoTpeHHblx kXpuTepus — Mieca

u Tpecku — NpennoiararT NOCTOAHHOE 3HAYSHNE HpPefe/IbHBIX CHBHIAOLINX

HanNpsDKeHHH  OKTa3NpHyecKoro B TNeEpBOM Ciydae H  MaKCHMalbHOIO
KacarebHOTO — BO BTOPOM

®pynedrans B 1951 r [8] ucmonb3oBaa KYJIOHOBCKYIO 3aBHCHMOCTD

N5 OmpeAeNeHUs TpeNeia OKTa3IpHYeCKOTO CONMpPOTHMBICHUA COBULY NpH

pa3pyuieHdd OeroHa, Ond xoroporo Obulo XOpoillo M3BECTHO, 4YTO €ro

ApOYHOCTh BO3pACTAET UPU BCeCTOpoHHEM cxatuu Kpurepuil mveeT Bu7

Toxt = A+ BGosz (5 16}

rne A u B — xoHCTanTh Martepuaila

BeroH, nomo6Ho cxanbHOH mMopole, — MATEpHaT B OCHOBHOM XPYIKHIA,
H B IPOTHBONONOXKHOCTL KpuTepuio Mmseca xputepuit ®pynenTtans npen-
HasHaueH QNS ONUCAHUs XPYNKOro PpaspylICHUs TAaKUX MAaTepHAJIOB
C yyerom ypasHexus (5 11) ypasuenne (5 16) npuHuMaeT IpocTyro MarteMa-
TiHUeCKyO Popmy

2z _ Iy 517)
—3—_/1+B3 (

Bpecniep u Tluctep [4] ycTamoBuim, 4To 3TO COOTHOLIGHHE BIOJHE
YIOOBIETBOPSAET PE3YJIbTaTaM HEKOTOPBIX UCHBLITAHUA OeTOHA, HO B ApYIuX
HCOBITAHUSAX NPH MHBLIX COYCTAHHAX HANPSDKEHHUH XOpOUIero CoBNaNcHUs HE
NonyvyaeTcs Temepb U3BECTHO, UTO YCTOBMS UCIBITAHUH CHAILHO BTHAIOT Ha
HX pe3ylibTarhl, ¥ 3TO 0OCTOATENbLCTBO, BO3MOXHO, CTAJl0 MpHYUHOA nepe-
CMOTpa BBLILIETIPUBEACHHBLIX BLIBOJOB

524 Kpumepuu Kyaona — Mopa B 1900 r Mop cnenan npennonoxe-
HHe, 4TO paspyllicHHE MMEST MEcTO TOrAa, KOraa 3HadueHde CIBUTatOMIHX
HanpspkeHHH JOCTUrAET KPHTHUMECKOTO 3HAYCHMs B COOTBETCTBUH C 3aBU-
CHMOCTBIO

T =f(0) (518)
H HpOWCXOQUT O IUIOCKOCTH, HA KOTOPOH G — HOPMAJIbHBIE HampsXeHus

Xors tbyuxmus f(c) Moxer ObITh onpenesieHa IKCHEPUMEHTANbHO, 0OBIMHO
€€ IpPHHUMAIOT B COOTBETCTBUM C ypaBHeHueM Kynona

T=c+0otgy (519)
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3ameruMm, uto Mexay ypasHenueM (5.19) u xputepuem Tpécku cyuue-
CTBYET Ta X€ CBA3b, YTO M MeXIAy KpuTepuamu OpyredHtana m Museca.
PasHuna CocTOUT B ONpeAcieHUM IIOCKOCTH paspyIlCHHs (M HAnpsDKCHHH
Ha Hell) B OJIHOM Cllyuae M UCTOJIb30BAHUM OKTAAPUUCCKON [1OBEPXHOCTH —
B Jpyrom.

Kpurepuit Ky:1ona — Mopa mupoxo npUMeHaeTcs B MeXaHuke TPYHTOB,
W MHOTHE CHENHAMCTB MCHONBL30BATH €r0 I ONpPEACICHUs IPOYHOCTH
cxanpHpix mopopn. HenasHue wccneqoBaHus, pe3yibTaThl KOTOpbiX Oynyt
PacCMOTpEHB! HUXeE, TIOKa3bIBAIOT, OJHAKO, YTO OPHCHTAIMS MOBEPXHOCTH
pa3pylieHds, COOTBETCTBYIOmIad runoteie Mopa, He TNoaTBEpXIacTCa
PKCTEpUMEHTANLHbIMU NaHHBMU, [To MHEHMIO asTOpa, BBENEHUE 3TOH KOH-
UEMITMM, BO3MOXHO, IPHHECHO Bpeld, W, XOT4 HUKOMY, KOHEYHO, HE NaHO
U3MEHUTh HMCTOPHYECKOE TMPOLINOE, OrisubiBasACh Ha3ajd, MOXHO Npenno-
JIOXUTb, 94TO ecim Obl ¢ caMoro Hadana BHUMAapue Oblno CKOHIEHTPHUPO-
BAHO Ha pa3HMNE [JIABHbIX HAOPSKEHHH WM HAa HX COOTHOLICHUH B MO-
MEHT pa3pyllieHus, TO KOHEUHBH Pe3yJibTaT MCCIICHOBAHUN B 3TOM HAllpaB-
neHuu Obut Obr Brike K MCTHHE.

5.2.5. Kpumeputi I'pugpumca. B 1921 r. T'puddurc [10] seickazan
TIPEANIONOXKEHHE O TOM, YTO XPYNKOe pa3pylieHHE MPOMCXONMT BCIEeICTBHE
KOHIEHTPAUMY HATIPSKEHUH y BEPIUNH CYHIECTBYIOUINX B MaTEepHaNe MUKPO-
nedexTos, HazpiBacMbIX Temepb mpewutamu I'pufdumca. OH Tpeanonoxu,
¥TO TpeluHbl WMEIOT JUIMNTHYeCKYIo Qopmy, a paspyllleHue HavduHAETCS
TOrJa, Korjla B KakoH-HuOynp TOYKE JOCTUraeTcd mpenel mpovHOCTH Ma-
Tepuala. B cnyuae OTHOOCHOrO pacTsDKeHUs 3TO HPOM3OHIET Ha KOHIE
TPEIMHbI, OPUEHTHPOBAHHOU TNepUeHIMKYISPHO HANPaBICHHUIO PACTArHBa-
FOIMX HATpsoKeHni. Bonblllag yacTh paHHUX paboT, HOCBAEHABIX XPyTKOMY
Pa3spyLUeHUI0 METajuioB, Obllla HOCBANIEHA CIYYAaK OJHOOCHOTO pacTsDKe-
HUsl, ¥ 3TO SBHIIOCH OCHOBOH /i UINPOKOTO NPUMEHEHHS KPHUTEPHS
I'pudpurca. Ero Teopusn obbACHAET 3SKCHEPHMEHTAILHBIC HAONIONEHHS,
COTJIaCHO KOTOPBIM NOBEPXHOCTH Pa3pyLICHUA JEHCTBUTENBHO pa3BUBAFOTCA
B HanpanjieHuH, NEPHCHIUKYNAPHOM DACTATUBAFOIIUM HATIPSXKEHUAM, 3Haye-
HYIE JIOKATLHOTO PacTACMBAIOIIETO HAMIPSXCHUS G NP BEPIIMHE TPEIIHHBI
onpenensercs GopMynon

5.20
o=o~,(1+z %) (-20)

rae o, — CoOGCTRCHHAA MPOYHOCTh MATEPHANia Ha PAacTKEHHE, ¢ — MOJIOBUHA
JJTHHBY TPEIMHDL, @ — paJnyc KPUBH3HbI TPELINHE Y BEPLIAHLL Ta Teopus
Noasepriace kputuke [23], Tax xax s CornacosaHus ee ¢ pe3ynbraTamu
Habnronenuii TpeGyercs, uToObl pa3sMep TpeluHbl NpUGIMKAICA K paiMepaM
aroMa, YTo, OYEBHIHO, HempuemiieMo. s cny4as oiHOOCHOTO CxkaTus XyK
[12] mnoxasan, 4To xpuTHuecKas TpelUMHA [OMKHA ObiTh HAKIOHEHA
TOA YIJIOM K HAIpaBJeHUI0 BEKTOPA NMPHIOKEHHBIX HaNpskeHuit (puc. 5.2).
YTo6bl NPUBECTH TEOPHIO B COOTBETCTBYE C IKCTIEPUMEHTATTbHBIMU NAHHBIMH,
KOTOPbIE CBUIETENbCTBOBANH O TOM, YTO MOBEPXHOCTH pa3pyLUcHHs ma-
palielibHa HATPABIICHHIO CXUMAIOIUUX HANMPAXEHUH, OH mNpPeanosNioXu,
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Puc. 5.2. OTHOWEHHE I TMHBL YCTOH-
YMBON TpPEWMHbl K AJMHE I LIUNTH- 1,0 A i ! ] |
4eCKOM TPeulHHLL B 3aBHCIIMOCTH OT o 005 o010 o015 020 025
COOTHOIICHHS CHKUMAOUMX HAMpPKRE- Haumenouee 210406 Kanpamenue ’(_5}_
HUiA. Haubopsutee enaluoe nanpnenue O,

YTO TpEUiMHbl, TNapaijeibHble ocu 3arPYXKCHHs, Pa3BHBalOTCA M3 TOYEK
¢ MaKCHMadbHbIMH PacTATUBAIOMMMY HANPSKEHUAMH, ¥ TONTBEPIUN 3TO
peaNo0oKeHHE IKCIEPUMEHTAMI HA CTEKIAHHBIX Iuarkax. OnHako «Ha-
YajbHBIE» TPELUMHBI, BBEICHHbIE XYyKOM, MMeTH Pa3zMepb! GOAbIUErO NoPAIKa,
HEXeMH «reopeTudeckme» Tpemwmubsl I'puddurca, ¥ 3TorT 3IKCHCPUMEHT
daxTHueckn Gbli OpenHa3HaueH nns NoATsepxiaeHus kpurepua I puddmrca.
OpHako 3To Nokasasio, YTo Teopus NeHCTBHTEIBHO IMPUMEHHMA K Makpo-
TPEHIMHAM B IIONMKPHCTAJUTHYCCKMX MAaTepuaiax, HO TpemMHa B 3TOM
crydae JOKHA GbITh JOCTATOYHO KPYNHOH II0 CPaBHEHMIO C AMAMETPOM
CTPYKTYPHHIX 3€peH.

Hxerep n Kyk [13] nmoxasamu, 4YTo cilydall JBYyXOCHOro CXaTHsl, OIOU-
cannnii Upuddurcom, MOXKHO TipeICTaBUTh B BWIE

(01 — 0,)* =80, (0 + 7)),
ecnu o4 + 305> 0;
63 = — O, eciin Oy + 305 < Q. (5.21)
Jerko yGeanThcs, YTo B Cayyae OIHOOCHOTO HaNpPsDKEHHOIO COCTOSHHSA
(mpu o3 =10)
o, =80, (5.22)
T. €. IPOYHOCTh HA CKATHE B 8 pa3 NMPeBBINIAET NPOYHOCTbL HA pacTsHKCHUE.
X0Ta nopagok 3Toro cooTHOIUEHUs 6:In30K K AeHCTBUTENbHOMY, IS UENOro
pﬂlIa FOprlX HOPOI_I QHO C}’IIICCTBCHHO oTJIn4acTca oOT nonyqaeMoro

B OKCIepUMEHTaX. YpasHeHus (5.21) MoryT ObiTb Takke BbIPaXcHbl B
0603HaueHNAX, HCIONB3YEMBIX 1ia ornbatoieit Mopa [13]. Kpusas npuMer
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By mapabousi:
12 = 40, (6 + o). (5.23)

Mepenn [16] npeanonoxun, #To mapabola, COOTBETCTEYIOMIAS yPABHEHUIO
(5.23), moxer OBIThL HCNONB3IOBaHA B KauecTBe obpasyiomeil xpurepuab-
HOJ HOBEPXHOCTH B MPOCTPAHCTBE Tpex TNIaBHLIX Hampsbkenuil (puc. 5.3).
Kputeprii Meppemia oTan4aeTess oT KpuTepus @pyneHTals TUIL TEM,
4TO B MOCHENHEM B KauecTee obpazyromeil GepeTcs mpsmas JTHHHSL
IKCnepUMEHTD], OJHAKO, CBMIETENBCTBYIOT O TOM, YTO Ha JHArpaMme
Mopa (3aBUCHMOCTbL T OT ) MHOTHE TOpHbIC MOpOJb OAKOT [PAMONH-
HelRyo orubaromyio. [TeiTasch NOGUTECH NTYYIETO COOTBETCTBUA C PE3YIib-
tatamu onbitoB, Bpeiic [3] u Maxk-Kimnrox u Yomu [14] mpensoxumnu
monudvkamio Teopur I'pudpurca, yTRepkIaroLIyIo, YTO [IPU BO3pACTAHUH
CRMMAIOIIMX HAMPAKECHUI TPEIUHEL SOKHBI 3aKpbiBATLCS, BCIEACTBUE Yero
pa3BuBaeTCA TpeHWe MO MOBEPXHOCTH obpasyromuerocs KOHTAkKTa.
OxoH4aTe/bHas 3aBUCHMOCTb UMEET BHA

o [0 + 1)'? = p] = oy [(8* + 1) + p} = 4o, (5.24)

Maxk-JIamop [15], onmako, moxasan, 4ro ypasuehne (5.24) cBoauTcs
K ypasrenuro Kynona mpu p=tge [19] Hdxerep u Kyx [13] neramsho
paccMmotpeny 3To npeodbpaszosanue.

5.2.6. T'unomesa >dPexmusnvix pacmazusaiowyux nanpaxcenuii. B nocnen-
Hye Toabl PAM asTopoB [22, 1, 20] Bbipasun pe3ynbTaThl IKCHCPHMEHTANb-
HBIX HaOuIoAeHui Yepes pacTATHBAIOINE HANPSAKCHHA, BHI3BAHHBIC CXUMa-
el Harpyskoll. DTH pacTArdparolne HalpsSKeHWs pa3BHUBAIOTCA B 3a-
BUCUMOCTH OT JHCKPETHON MM 3€PHACTON [IpHpoAbl MaTepuala.

Kak yxe 6buto ckazano, aBTop oTBepr coOCTBEHHYIO runotesy 1968 r.,
fa3upysacs Ha JKCIIEpHMEHTAIbHLIX JaHHbBIX. OnHaxo HyXHa Oblla TONBKO

G

Puc. 5.3, Kpurepuii Meppenna — I'pud-
¢durca.
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OTHOCHTEJIPHO TpocTas MOAMMUKAINA, YTOOBI NPHBECTH NEPBOHAYAILHYIO
TEOPUIO B COOTBETCTBUE C PE3YAbTATAMHU JKCIEPUMEHTOB Ta NCPECMOTPEH-
Hasl TeopHs OydeT MIJIOKEHA HUXe, TaKk KaK OHA, MO-BUAUMOMY, ABSETCH
CaMBIM TIPOCTBIM M UPAKTHYECKH IEHHBIM KPUTEPUEM H3 BCEX CYIIECTBYIO-
IUX HbIHE

XapaxkTepHplit 37eMeHT 3epHUCTOH CTPYKTYPBI COCTOUT U3 NPOU3BOJIb-
HOTO Habopa 3epeH, K4X 1oka3aHo HA pHc 54 OcCOOCHHOCTBHIO 3MeMeHTa
3ePHUCTON CTPYKTypHl SBISETCS BO3HUKHOBEHHE B HEM MAKCHMAJbHBIX
PACTATUBAOIIMX YCUIHH, HOPMAJbHBIX K CKUMAIOIIUM HATIPSDKEHUSIM, KOrIa
yroa 1 =0° Korna 1 = 30°, pactarusaromye ycuaus He sozHukaror eranp-
HbIH aHAJIM3 WIMEHEHUS CHJT PACTSKCHUA B 3aBUCUMOCTH OT yIrila ! W3JI0OXKEH
Tponnonom B ero pabore [23] Ecnu npennosioxuTh, ¥TO OTHeIbHbIE
3epHa MaTepHalla CoelnHeHbl THHEHHBIMH YIPYTUMHE NPYXUHAMY (THHEHHBIH
3epHUCTBI 3TeMeHT, puc 5 5), To MOXHO BblvucauTh ¥03bduuuent [yaccona

e
—
R —
—
N

A Mrowads a B
126,
t=0° t=30%
¢ p D

Puc. 5.4. Tunuyneiif 3epHACTHIA MaTepuall a — JjleMEHTAPDHas €AHHHUA MaTepHaia
3ePHUCTOTO CTPOCHUsA, 6 — XapPaKTEPHBIH 371€MEHT, 6 — WIEAIUIUPOBAHHBIH HIOTPOI-
HBIi MaTepHal
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Puc. 5.5. UgeanbHas judeiidas MOIE/Ab 3€PHMCTOrO MAaTepuana.

JUISL 3ePHUCTOTO MaTepuajla B YCIOBHsX miockoi 3azaqn [23]. Ero 3nadenue
cocraBuser 0,29, yTo OiAU3KO K JIKCICPUMEHTANbHBIM AaHHbBIM, B cooTser-
CTBUM C NepBOHAYANBLHOH rumnore3oi kosdpdguiuent [lyaccona onpenenser
BeJINYUHY BOZHUKarOmMux acopmanuii pactsxkenus. Ilo stum nedopmanusam
JIETKO MOTYT OBITh ONpe/]esicHbl JKBUBATIEHTHBIC PacTATHBAIOLINE HAIpSDKE-
unst [22). Ceitdac, oAHaxo, SCHO, 4TO Ppa3pylUeHue BbI3bIBAETCA B TeX
aneMenTax, rae { =0, U 3TO MOATBEPXIAIOT CaMble AOCTYHHbIe JIKCHEPH-
MEHTaNBHbIE UCCHeqOBaHUS [5], B KOTODBIX MPH KPUTHHECKUX HAMPKEHUIX
HabaroJaNach cepHus CNy4aiHO PACIONOXEHHBIX Cy0OCeBBIX TpeluH. Teopus
HJeaJIbHOTO 3EPHUCTOI0 MaTepHasga TOBOPHT O TOM, 4TO I TiIaakux
IIapoOOpa3HblX IAEMEHTOB BEIMYMHA CPEIHETO TIABHOTO HANPSKEHUS HE
UMeeT 3HavcHus (CpaBuuTe ¢ kputepusmu Tpécku, Kynoma, I'puddurca).
Takxum 06pazoM, MOXHO YTBEPXJaTh, 4TO KpuTepsi 3heKTUBHBIX Hanpi-
WEHUH uMeeT BUI

o, = (o3 — V'oy) (5.25)
(cxaTHe MONOXHUTENbHOE),

Cpa3y scHO, 4To ypaBuenue (5.25) AaeT JHHEHHYIO 3aBUCHMOCTb Ha
Jnarpamme Mopa, ¥ MOXHO NOKa3aTb, YTO

, _l—sing
= Trem . (xo3dpduuuent Pankuna) paben (5.26)
_ 2ccosg
‘T 1l4sing’ (5.27)

3TH COOTHOIIECHNUS NAIOT BO3MOXHOCTH BBHIMHCIAThL 3HA4YEHUs V' U O,
MO JKCICPUMEHTABHEIM JaHHBLIM,
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CrhenlyeT 3aMeTuTh, 4TO ypaBHeHMe (525) aBTOMATHYECKH YYNTHIBACT
ciyyadl pa3pyllUeHus NpU pacTAKEHMH, Tak Kak, xoraa oy =0,

O3= — O, (528)

3TO H €CTb HPOYHOCTb HA OXHOOCHOE PACTHKECHHE

5.3. PesyabraThl JkchepuMentoB. Jo caMoro HelaBHEro BpeMeHH
HE CYIIECTBOBAIO YAOBJICTBOPUTEILHOIO OOOPYNOBAHMA nlid MOTyYeHus
aNeKBAaTHbIX XapaKTEPUCTHK CKANBLHBIX MOPOA B YCHOBHSX XPYNKOTO paspy-
IeHna Npu cxaTn Tem nprcnocobneHneM, nossieHHs KOTOporo MPHIIOCh
Tak JOJro XLOaTb, CTANH CTEPXKHEBbIE (ULIETOYHBIE) MIACTHHBLL, obecnedn-
BAIOUIME OTCYTCTBHE TPEHHs Ha TOpLAX, U CEpBOYHpAaBIiseMble (MMEIOLIHE
CHeAdlylo CHCTEMY) HCIBITATENbHBbIE NPUGOPLI, NO3BONAIOIME NPOBOTUTD
UCTBITAHHs OOpa3loB B 3anpelenbHoi cranui geopMuposanus [laxe Hbi-
HEUIHHe NpuOOopb! HENb3sl CUUTATH BIOJIHE HAACKHBIMHU, H MHOTOYHCIIEHHblE
HCCJIEOBAHUA JKAYT CBOCTO 4aca, B YACTHOCTH OCTAIOTCH HEpelleHHLIMH
HEKOTOPBIE BONPOCH! ONPENC/ICHHA YCTOMYHBOCTH B YCTOBHSX TaK Ha3blBa-
€MbIX BYXOCHBIX HCOBITAHWH (0 = G,, 03 = ()

Camas 10CTOBepHas H3 JOCTYNHOH Ha cerofns HHPOPMAINH NPUBOIUTCH
Bpaynom [6], ero HaHHble NMoka3aHbl Ha puc 56 O.JHOBPEMEHHO C KpHUTe-
pusmu Ppynenrans 1 Tponnona, COOTBETCTBYIOLUMMHE 3KCTIEPUMEH TAIbHBIM
pesyabratam SICHoO, 4TO CpefHee I71aBHOE HANpPMHKEHHE OKa3blBAET KaKOe-TO
BIHSHHE Ha oOUlyro XapTHHY, O/IHAKO C HPAakTHYECKOH ToYKM 3peHHs 3TO
BIHAHUE BXOMMT B 3anac ipoynocty Kak yTeepxnaet Bpayn, ono (Brusmue
CpefiHero TIIABHOIO HANPSKCHMA) BLITEKAET CKOPEE H3 TECOPHH, YeM U3
NPaKTHKHA

Ucnonp3osanue kputepus OpyneHTans B 3TuX obOCTOATEIHCTBAX NOA-
pa3syMeBaeT MEXaHHW3M pa3pyUICHHs, COOTBETCTBYIOMIL runorese 3¢idex THB-
HbIX pacTarusaromiux Hanpskenni# Cam no cebe sToT KpUTepHil He
CONEPXHUT HUKAKHX YTBEPXKICHHH, KACAIOIIUXCS MEXAHHU3MA pa3pyIieHHs,
H MOXET pAacCMaTpHUBATLCH KAK IMIOHPHYECKOE YTBEPXKIEHHE O CBA3H
TIaBHLIX HANPSKEHUH NpH paspyllleHHH

O6HANEKUBAIOIHAM ABIIAETCA TO OOCTOATEABCTBO, YTO B COOTBETCTBHH
C NpHBENCHHBLIMHE JAaHHLIMH TIPOCIACKHBACTCA AHANOTHSA MEXIAY TEOpHIMH
paspylleHHst XPYNKOro MaTepHana M KPHTEPUAMM TNIACTHYCCKOTO TEeYeHHS
Museca u Tpeckn

Hduarpamma, npusejcHHas bpayHoM, He [deT, OAHaKo, NpeICTaBIeHUsA
0 [ETaabHBLIX OTAHYNAX PAaCCMOTPCHHBIX KPUTEpHEB Bo BCEH MNOAHOTE
Ecay wm300pasuTs HX B NpPOCTPaHCTBE THABHBLIX HANPSKCHUH, KaK Ha
puc 57, pasuuna craHoBHTCs GoJiee OUeBHAHOM

MoskHO mokasaTh, 4TO B COOTBETCTBMH C KpHTepHeMm Tpomnona

v + 1
OA=-—-———7+0B (529

v+ 2
®opwma 310l HarpaMmMbl HANOMAUHAET GopMY 0OHIEU3IBECTHOTO KPHTEPHs
Kynona — Mopa — MateMaTHdeckast CBsi3b MeXay 0OOOUMH KPHUTEpHSIMHU
onpenensercs ypasHenusMu (526) u (527) Opnaxo npennosiokedue, 4ro
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Puc. 5.6. PesynpTaThl HCOBITAHWA HAa IBYXOCHO® Ckathe mpamopa [6].

— Kpumepud Boydermans
Kpumegud Tpansona
=1, p=0)
Kpumepud Tpaandna
(v<t, ¢>0)

Pac. 5.7. Kpurepnn ®pynentasns u Tposona B npocTPancTBe TIaBHBIX HanpsOKEHHH.
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paspyUICHHE NPOUCXOAMT B (hOopMe CIBHMTa, TOJIOKEHHOE B OCHOBY [MIO-
Te3bl Mopa, skcnepuMenTansHo He moATBepXaactcs. bpayn u ap. [5] yxa-
3bIBAIOT, YTO MJOCKOCTb CABUTA, HAOIIO1aeMasn TIPH TPEXOCHBIX MCTILITAHWAX,
pa3sBHBAcTCA B 3anipenclibHON craaud NehopMupoBaHMA YXe Nocie N0CTH-
KEeHHS MaKCHMaNkHBIX Hanpsokenuii. Tpomnonm {23] npeamonoxwun, 4ro
3TOT MEXaHU3M MOXET ObITh 0GBACHEH paspyUICHUEM OTIACHbHBIX JJIEMEHTOB
{(3epeH) cpenbl, moJoBHO TOMY Kak 3TO HMMeEET MECTO B TeCKE W TpABHM.
O0peM HACTOAIIETO KYPCa HE NMO3BOJACT BJABATLCH 3/1ECh B AajibHelillee
oficykIeHHe 3TOro BOHMPOCA; YKaXeM TOJIBKO, YTO PacCMOTPEHHAS MOJETb
3CPHICTOTO MaTepuaia oOecHeuuBacT NONHOE W EAMHOE TEOpPETHYECKOE
ONNCaHHE MEXAHU3MA Pa3PyLICHHs CKANbHBIX Topod, GYAb TO 3ePHUCTHINA
MaTepuas WJIH XpYINKas HEHAapyllicHHas CKaja.

Ha puc. 5.8 u 5.9 uzobpaxedbl pe3ylibTaThbl HCOBITAHUR TIECKOB, TO3BO-
JSIOIIME TPOCAeauTb, KaK BiuseT Ha oOLIVIO KapTHHY cpenHee TIaBHoe
HAOPSKEHUE B 3aBHCHMOCTH OT BEIIMYMHBI CUJ TPEHHA MEXAY 3EpHAMM.
IMo-BunuMoMy, BBEENCHME aHANOTHIHBLIX CHII B xpuTepuil Tposnona no3so-
auNo Obl Y4ecTb BIHAHHE CPEIHErO TNABHOTO HANPSKEHHA Ha XpynKoe
paspylicHHe, OJHAKO ¢ TPAKTHYECKON TOUKH 3PEHUs TAKOE YCIIOXKHECHHE HA
[JAHHOM 3Tame He ONpaBIaHo.

5.4. Bausinye gasieHds moposoi Bogel. Mbi pacnoniaraemM orpaHuMeHHbIME
IKCAEPUMEHTANIbHBIMHA JAHHBIMU O TIPOTSHKEHHOCTH H CcOOOIAaeMOCTH mop
B cKallbHbIX mopopaX. OfHako Tam, rae eCTh NMOpOBOE aapjiesue, HeobXo-
JHUMO YYUTBIBATH KOMIOHEHTY 3()GEKTUBHOTO HANPSHKECHHUS U, BBEICHHYIO
Tepuaru; B 3TOM ciiyuae ypasnedue (5.25) npumeT Bua

o, = (03— Vo, —u). (5.30)

CrenyeT OTMETHTD, YTO HaJIMMHe JIOKAJIM30BAHHOIO IIOPOBOIO NABIIEHUA
MOXET NPHBECTH K BO3SHHKHOBEHHIO Tpelud anbo K cHuxeHuio 3ddek-
THBHOH HNPOYHOCTH HA pa3pbiB, eclii MOpOJa HE HAXOIMTCH B BOJOHACHI-
IIEHHOM COCTOsHMK. [lomoOHble MONMyHIeHNs MOTYT ObITb BBEAEHBI B
kputepwit PpyneHTans, OMHAKO cpa3zy sCHO, 4TO Takas MOTUPHKALHA
HOpHBeIeT K 3HAYUTEALHO Oosiee CAOKHOH 3aBHCHMOCTH, HEKEIH ypaBHCHUE
(5.30).

U cHoBa 006beM M3AAHMS HE TO3BOJIACT MPOAOIXHTL OOCYXKICHUE POSIH
HOpOBOH BOABI, HO 3TOT OYEHbL BAXKHBLIA ACHEKT MEXAHUKH CKaJIbHbIX
Hopon cToUT moapobHO HeciAegoBaTh B OyAyieM.

5.5. IMpaktuueckne npwioxenust. Bompoc o© XpylnKoMm pa3pyHIeHuH
CKaJpHbIX HOPOJ OCODEHHO BaXeH OpH ONEHKE YCTOHYMBOCTH MOA3EMHBIX
BhipafoTok. B dacTHOCTH, OObIUHBIA ciiydali ABYXOCHOTO HalpAKEHHOTO
coctoanusn (o, > 6, # 0; 63 = 0) npencrapnser ocobblil HHTEPEC, TOCKOALKY
co3gaHue oOHaxeH#ua BENET K TOMY, 4TO IJIaBHOE HANDPSDKEHUE, HOPMAJIbHOE
K €ro MOBEpXHOCTH, PaBHseTCs Hyr0. MCTuHHBIA MEXaHH3M paspyUICHUs
OCTacTcsl MOKA HEBBISCHEHHBIM, TAK KaK HE PeEllieH €mie BOUpOC O BIIMSHUK
TPARMEHTOB HANPSOKEMMid, Tak K€ Kak W pajdl JpyrHx mpobiem [91.
Omnako kputepmii, n306paxeHHbil Ha prc. 5.7, MOXET ObITh HCHOIb30BaH
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Puc. 5.8. PeayabTaTel HCMBITAHKI MIOTHBIX Teckos [24).
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Il onpeneleHHsl YCIIOBMH, KOTOpble NpHBEAYT K Hawyady Ipolecca pas-
pyutenus. Braaronapsa ceoeit mpocToTe U TOMY 0OCTOATENBCTBY, 4TO Chepa
€r0 IPUMEHHMOCTH JTOCTATOYHO UIMPOKA, 3TOT KPUTEPHIT B BUIE ypABHEHHS
(5.30) ynobeH, No-BUAUMOMY, IpH NPOSKTUPOBAHMH. 3HadeHHe V' MOXKET
OLITh TI0JY4EHO B PE3YNBLTATE IPOBEACHHS HEMHOI O4HCIIEHHBIX U HECIIOKHBIN
JI6OPATOPHBIX HCTIBITAHHY, 2 3HAYEHHE MAKCHMAJILHOTO TJIABHOTO HaIlps-
KEHHMA M3MEPAETCA B HATYpPe ¢ NMOMOIIBEO COOTBETCTBYIONIEH annapaTypbl
Haubosiee ciaoxHol samateil B NPAaKTUYECKHMX YCAOBUSX OY/IeT, BepOATHO,
OllpeleneHue u.

Boneiloe mpakTHyeckoe 3HauYeHHe MMeeT MUCHBITAHME HA TPOCTOE OJHO-
ocHoe cxaTHe, onucaHoe BpaysoM n Tonano [7]), ¢ ucmonp3osanmem
cTepiKHEBbIX (IeTouHbix) maactud. Ha puc. 5.10 npusedensl pe3yibTathl
UCTIBITAHU 06pa3oB Mpamopa. Takue MCIBLITAHUA MOTYT ObITL IpPOBEIEHEI
Ha olOpa3uax ¢ HU3KHM OTHOUIEHHEM INHHBI K JHaMETpy <i , Torda

2

KaKk TpH HCHOJAB30BAHMM OOBIMHBLIX TOpUEBBIX IUIAT 3TO COOTHOIICHHE
paBHO 2, 3Ha4HT, KEPHBI MOryT OBLITH MCHIOAB30BAHB! TOPA30 NPOAYKTHBHEE
1 B JanbHeillleM NOJyu4eHHOE 3HAYEHME NMPOYHOCTH Ha CXKaTue (G, MOXeT
ObITL UCHOMBL30OBAHO B pacyeTaX HeNoOCpeACTBEHHO Oe3 ompedencHus V/,
TaKk Kak Ha IIpakTuke oObivHO G5 =0. [Ins Oonee CHOXKHBLIX VCIOBHI,
oIHaKo, Koraa oy # 0, 3HayeHHe v, HEODXOAUMO ONPEIENATb.

Kax Oyzer moxasaro B pa3a. 6.22, Teopus 30¢QeKTHBHBIX pacTAruBaro-
IIMX HANPSDKEHHH MoxkeT ObITh yCHEUIHO NpYMEHEHa A WHTEpPNpeTalluy
PE3YNBTATOR UIMPOKO IPUMEHAEMOT O OpasHIbCKOr0 METOAA MM KOCBEHHBIX
HCIILITAHUA HA pa3peis.
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Pue. 5.10. PesynnraTsl ncnpitammit MpaMopa Ha OZHOOCHOE CKaTe [7). a — we-
TOYHBIE ONIOPHBIE TUIMTHL 1l UCTIBITAHWA OOpasnoB auaMerpom 2 aroiiMa (51 mm)
upu Harpyske no 10000 pyur/kp. miofim (70 MH/M?); 6 — U3MeHCHHME MPOYHOCTH
Ha ONHOOCHOE CKaTHe O, MPH H3IMEHEHHWM OTHoweHMsA L/D; ¢ — BpusHKE OTHOLIE-
HHa L/D na xpusnic HanpsokeHuit — nedopManuit.
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Henbitanng o6pa3noB
HEHAPYLIEHHBIX CKaJIbHBIX NOPOJ

X. box u K. Yoaaec

6.1. Beenenme. 3a nocnennue 20 jeT Oonbliioe Pa3sBUTHE MOIYYUIIH
METO/Ibl MCHBITAHHN CKANLHBLIX MOpoi ¢ pa3pyulednem obpasnos. He cBs-
3aHHbIE TPAJAHIHMAMH B HIKEHEPHOH MPAKTHKE CrelmajMCThl N0 MEXaHMKe
CKalbHBIX MOPOJ CAENAaNd Cepbe3HLI Iar Bmepes ol OGHMHON pPYYHOR
TEXHHKH MCUBITAHHHA K CIOXKHBIM CEPBOYNpaBIIAEMBbIM MAIIMHAM. B 3anauy
HACTOSILEH TIaBbl BXOAWT 0630p pacnpoCTPaHEHHBIX B HACTOSHICE BPEMs
CMOCOO0B HMCMBITAHMH CKAabHBIX MOPOA, A7 CTPOUTENBHBIX HYXA WIH
CBS3aHHBIX C HHUMH HccaenosaHuii. Ho npexiae scero CHEAYET YTOYHMTB,
A dero noobime HyxHo u3yvewwe obpasnos Topof. [Ans wHXKeHepos,
MPOCKTUPYIOUIUX COOPYXEHHSA HAa M B CKaJbHBIX MaccHBaX, OHO HYXHO.

1. C kaaccudiukayuonnoii TOYXM 3pEHMsl C HENBK0 BHECTH eanHOOGpasne
B oDo3HayeHHe CBOWCTB CKaNlbHLIX mopox. (Takoe mpoCTOE ONMCAHHE, Kak
«rBepaas» HIIH «Mgrkas» iopoja, UMeer CMBICT TOJIBKO B Y3KHX paMKax
HCCNMEAOBaHMSA, HO B OOJBIIMHCTBE CIYYaEB HIDKEHEpaM Tpebyercs Oonee
obbeKTHBHOE 0BO3HAYeHHe CBOMCTB.)

2. Jlns namypumx onpedesenuii nanpascennozo cocmoanus. (B HaTypHpIX
yc.ioBusx oBblYHO W3MePAIOT nedopmanuu, ® Ojs nepexoda oT nedopma-
UMH K HAmpsXKEeHUAM HAJO0 3HATh MEXaHHYECKHE CBOMCTBA HOpollbl.)

3. [lna onpejleneHus XapakTepUCTUK NOPO[, 3aKJIagpIBACMBIX B HPO2HO3-
Hble MameMamu4ecKue mooeau.

6.2. Crannapmanie ucnbitapns. 6.2.1. Menwimanua na 00Hoochoe coucamue.
OnnuM n3 sanbosiee crapeix ¥ Haubonee pacnpocTPAHEHHBIX cmOCOGOB
HCCERoBaHNsl 0Opa3NoB HEHAPYUIEHHBIX CKAJIBHBIX NMOPOJ ABJIAIOTCH HCMbI-
TAHUS H& CXKA1ME R OJHOOCHO HALPAKEHHOM cOCTOSHMM. B 3ToM cryvae
UMTHHADHYECKHHA HJIH IPAMOYTOJbHBIH cTonbuk nopoAbl CXKHMaercs H
HanpasJeHUKM €ro JJIMHHOH ocu. B npouecce onbiTa PETHCTPUPYHOTCA fe-
(hopMaLHy H cocT08HHE NTPOYHOCTH 0Opasma 1 cooTeeTCTBYIOMIMM o6pa3oM
ONpene/IATCA  MEXaHHYeCKHe CBOMCTBA  NOPOAH — MOAYIL  YOPYIOCTH
(Monyns FOmia) E, xoadduunent Tlyaccosa v M npovHOCTE HA OJHOOCHOE
CKaTue o, HecMOIpﬂ Ha TO 4YT0 OJHOOCHBLIE Hcop/TaHus B IJIPUHIUIIC
YPE3BBIYAHHO TPOCTBI, MMeEETCA P (PaKTOpOB, CYHeCTBEHHO BIHAIOMINX
HA HX pe3yablarbl. [aBHble u3 uux: ¢dopMa o6pasuos (pasg. 6.3.1),
CKOPOCTL NPUIOXKCHHA HArpy3KH, MaTepuan, U3 KOoToPoro cAacjlaHbl KOH-
TakTHpYIOmMe ¢ o6pasuom wmTh W ux ¢opma (pasa. 6.3.2.1), xecTkocThb
HCIBITATENbHOR MauluHpl (pasa. 6.3.2.2) u okpyxaromie YCIOBHA.

Komuterom no cTanpapinsanun nabopatophbix HcCleZORaHMA Mexay-
HAaPOaHO10 O6IIECTBA N0 Mexanuke ckaibiblx nopos [18] pexomenmoBano
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MPOBOJUTL OJHOOCHBIE MCHBLITAHMA C COOMIOAEHNEM ONpPeeieHHbIX PABWI:

a) Jlonyckn B pasMepax IMIHHAPUYECKHX OOpa3ioB:

o6paboTka TNoBepxHOCTH TOPLOB o06pa3ua AOKHA NPOM3BOJHTECH C
TOYHOCTHIO He Mexee 0,02 Mm;

Topupl 06pa3na AOMKHLI ObTh MEpHEHIHKYJSAPHLI €r0 OCH ¢ OTKIOHE-
nHeM B npegenax 0,001 pan;

GOKOBBIE MOBepXHOCTH 06pa3na AOMKHL ObiTh ITaAKUMH, Ge3 peskux
BBICTYIOB H NpsAMOJuHellbIMu B mpeaenax 0,3 MM xa BCHO €ro BHICOTY.

6) OrHolllene BbICOTbI K AuaMeTpy obGpasma: 2,5—3,0.

B) ®opMa obpa3ua: UUIHHAPHYECKAs, AMAMETPOM HE MEHee jJHaMerpa
KepHa KOJIOHKOBoro Oypenus (0kono 54 Mm).

r} Cxopocts Harpyxkeunus: s mpeaenax ot 0,5 mo 1,0 MIIa/.

n) Oxpyxaroliue ycloBusi: MOATOTOBINEHYbIe 0Opasibl BLIIEPKUBAKOTCA
A0 Havaja MCMBITaHus B BO3AYIMHOW cpene npu Temmepatype +20+ 2°C
4 BiaxHocTH 50

HMeeTcsl pAS KOCBEHHBIX METOMIOB OLEHKH HpOYHOCTH Ha ckartme [30],
B TOM 4uciie ToueyHbHl (cM. pasa. 9.2.2 u puc. 9.7).

6.2.2, Hpamoi u xoceennwtit (Bpasuibckuii) memodsl UCCAeO08AHUIL HA
pacmancenue. MeTox UCHBLITAHUE NPAMBIM pacmaNcenliem B NPHHIMIE MAJO
OTJIMMAETCA OT CNocoba, NPHMEHAEMOTO MpH HCILITAHHH cTaleRt, Ognako
Ha MpPakTuke MpOBeNeHHEe HCCIEAOBAHMI CKANBHBIX MOPOA ITHM CHOCOGOM
CBA3aHO ¢ pangoM TpyaHocTed. CaMbIM CIOXKHBIM SIBIAETCA 3aKpeILIeHHE
obpasuoB nopoabt 6e3 uX MOBpeXACHHA u TOYHOE LEHTPHPOBAHME NMpiIa-
raemolx oceBbiX yeuinid. HekoTopsie pekoMennanuu no o6padotke obpasuos
M CKPEIUICHHIO uX ¢ HATOKHON cucTeMoif paspaGorannt ByTykypu u ap.
[30], Ho nm oaMO W3 ITMX mpemTOKEHHA He HAMPABIEHO HA YIpPOLIEHHE
OMbITOB M MOBLIILIEHNE HAJEKHOCTH MX pe3yabTATOB.

bosiee noaxomsmuMK ABAMIOTCH KocEenHbie MemoObl UCNHIMAHUA Ha
pacmancenue, HANpUMEP MeTolbl M3rHGa WIIH pa3spbiBd THAPABIHYECKHM
JaBIIEHMEM H3HYTPH, HO, Ge3 coMmennus, naunbosee U3BECTHBIM sBIAETCH
TAK HA3bIBAEMBIH «Opa3uinbckui» crnocod pasgaBnmBauus olpa3ma Io
JMaMeTpy, 3acyKuBLIMiA Bceobliee Npu3Hanue CBOeit AOCTYMHOCTLIO. DTOr
METO/l XOpOLIO ONMCAH B TEXHMYECKOH JHTepaType MHOTMMH cIlelnaIncTa-
MH, B ToM uncie Xongpocom [15], Aaaunanom u ap. [1], ®apxepcrom [7]
u Bpaynom n ap. [4].

B «6pasmibckoMy» MeTofe KpYIUiblit amck CKHMaeTcl A0 paspylilieHHs
no auametpy (puc. 6.1,a). Ilo Teopuu ynpyrocTu, Ans cayvas OKaTHs JUCKa
JByMsi MHeHHO-pacHpeleenubiMu HATPY3KaMu HanpsDKeHue o, AeiCTBY-
Iolliee B HAMPABJIEHMH, HOPMALHOM K NPUIOKEHHIO HAIDY3KM, paBHO

__F 6.1)

(o)
Y 1t-r0~t’

rae F — marpyska, r,— PamMyc nucka, ! — TONUMHA aucka®.

* 3aBUCKHMOCTL (6.1) 14€T yLpe/HEHHOE 3HaYeHHe HANPAKEHAS T, B UEHTPAILHOH
MacTH nucka, KOTOpoe Ha puc. 6.1 ofosHaveHo Oykeod k.— Ilpum. ped
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Puc. 6.1. dopMa npuiokeHus Harpy3ks (@) M pacupelelicHue HalpskeHMH 110
AuaMeTpy (6) WHNHHADA, CKATOCO IBYMs JHMHEHHG-PACTIPENENeHHBIMH YCHINAMH
(«6pasunbcknity onbiT [27])

CrnepoBaTeNIbHO, CYLUECTBYeT NOCTOAHHOE (PACTATHBAIOILEE) HANIPSDKEHHE,
HeliCTByIOIIEE B HOPMAJIbHOM K HAUCpY3KE HAmpaBieHuu. Bulpaxenue (6 1)
06BIuHO MPUMEHSIOT AJIA ONPEC/ICHHs MNPOYHOCTH HA PACTMxEHUE HEHapy-
[IEHHBIX CKAJBHBIX NOPOI.

IMonbiTka NPHAOKHTH JTHHEHHO-PACTIPEETCHHYIO HAaIPy3Ky MpaKTHYecKH
HHKOTJA M€ yAaeTcs W3-3a cIUIomMBanus obpaina Ha KoHTakrax. Jlywuue
pe3yAbTATH MOXKHO NOMYYHTh HA MaIMHE CO CTaJbHBIMU JUCKAMH TOT0 Xe
pammyca, yTo H ¥ HCOBITYeMBbIX obpasuoB. B 3ToM cnyyae obpasent marpy-
KAETCs oA ONPEAEIEHHBIM YITIOM colpuKocHoBenu 2o (puc 6.2) B cpenueii
vacTu obpa3na Bo3HHKAeT IOCTOSHHOE PACTATHBAIOILEE HANPSIKEHHE, BENU-
yMHa KOTOporo omnpenenseTcs Boipaxenuem 6.1. Tem ne Menee mo kpasm
TWIATH! oBpa3yeTcsi O¥eHb BHICOKHH TpagMeHT CKMMAIOIHUX HANPSKEHHUH.

HcnbiTanus «6pa3sunbckuM» MeToaoM AalOT NPABHIbHBIE DPE3yJIbTAThHI
TOJILKO TOIZA, KOTAA pa3pylleHde HayuHaeTcsa ¢ o6pa3oBais BepTHKATIBLHOMH
TpeumHbl BOo BHyTpeHmeR vactu obpasua [1, 4, 22]. Ecnu paspymenue
BO3HHKACT TOA HarPy3OYHBIMH IUTMTaMH, PE3yNbTaThl MCHBLITAHHA 3TUM
METOAOM CYMTAIOTCH He NPHUIOHBIMU I OLEHKH NMPOYHOCTH HA pacTIKe-
une. Tpambepr [11] u Bpayu u ap. [4] obpaTunm BEuMasue Ha TO, 4TO,
KoT[la pa3pylueHHe 3apox/iaeTcd BO BHyTpeHHEH YacTh olpasla, TPELIMHBI
MOTYT BO3HHKATb HE B HEHTpe u e BOnM3u UenTpa mucka. Tpoanon [28],
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Puc. 6.2. dopma NpPUIOKEHMA HATPY3kM (a} W pacnpeneneHHe HanpspkeHudl mo
JAUAMETPY (6) UUANMHApA, CKATOro yCWIHeM, AeifcTByrommMm no ayre 2ua [4].

Bpayu u ap. [4], ocroBbiBasch Ha Teopuu 3(PQPEKTHBHPIX PACTATrHBAIOLLMX
HANPKEHUH, MOATBEPAHIH NPAaBUNIBHOCTh 5TuX moaoxeHdid. HauGonbiiee
60KOBOE pacTArMBarolllee HalpskeHHe HMMeeT MecTo MNPH X/rg, PaBHOM
npubansutensuo 0,7 (puc. 6.3), ¥ 3To CBHUAETEALCTBYET O TOM, YTO TPEHIHHO-
obpa3zoBaHHe [0JDKHO HAYaThCAd HE B IeHTpe obpasna.

6.2.3. Hsyxocubvie ucnoimanus. B HaTypHbix yciosHSX (HAampuMep, Ha
CKaJbHOH MOBepXHOCTH MOI3eMHON BhIPabOTKH) Hepeako BO3HHKACT IJIOCKOE
HANPKEHHOE COCTOSHHE, Korja G, # O, # 63 = 0, cnenosaTenbvo, ABYX-
OCHBbIe HCIBITAMHA HAa CKATHE (03 = 0) Takke UMEWT HEKOTOPOE 3HaueHHe
B MExaHMKe ckanbHbix Hopoa. Onpepenenue npoyHocTd Ha CKaTHe B yCJo-
BHAX [OBYXOCHOI'C HAaNPSKEHHOI'O COCTOAHHA MOXHO [POBOAHUTL ABYMS
cnocobamu:

1} moaBepras monble MHUAMHADE: BHEINHEMY (HJIM KaK BAPHAHT BHYTPEH-
HeMy) JaBJICHUIO COBMECTHO ¢ oceBoil Harpyskoi (puc. 6.4);

10 =, e

(/7 11 1.+
=Y 0’6 Q/
N | A,
x /
0 7
V=g /
0,2 l”=0,1 r I
p=02

QOA -G2 0 02 04 0F 08 10 1,2 14 16 18
Hanpswenue, fenennae #a 2p/m

Puc. 6.3. Pacnpenenenne 3(dekTuBHbIX GOKOBbIX HanpspkeHMIl NPH  Pa3IHYHBIX
3HAYCHUAX V B HCHIBITAHHSX «Opa3uibckuM» MeToaoM [4].
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Puc. 6.4. Paszamuebie cucreMbl TpeltHHOOOpa3oBauud B MOJBIX UWJIHHAPAX MO
neficTBHEM BHelllHero nasjeHus (P,) u oceoil Harpysku (P) (ciydwam a—s), a Takke
BHYTpEHHero namienus (P;) m ocesoii Harpy3ku (cmyyaht 2) [19).

2) NpHKIaAbiBas FIABHLIC HANPSKEHUA K NMOBEPXHOCTSM MPAMOYTONbHOH
Tipu3Msl {puc. 6.5).

ITo muennto Bpayna [3], mepsbiit cmoco6 Gosee TpydeH B OCYLIECTB-
JEHAM M TEOPETHYECKH MeHee pa3paGoTaH Mo CPaBHEHMIO CO BTOPbIM
crnocoboM, KOTOpPOMY M clieyeT OTAATL MpPeAmnovMTeHHe Kak Haunboliee npa-
BHJIBHOMY METOAY JBYXOCHBIX HCOLITAHMH,

OObMHO pe3yIbTATHl ONbITOB HA IBYXOCHOE CXATHe H300paXaroT B BuIe
KPHMBBLIX 3aBHCHMOCTH O; — O, HAIH B (OpMe AMArpaMmbl, Ha KOTOPBIX
npenenbHble (paspyLIalolline) HANPSDKEHHA Oy M O, OTHECEHLI K NMPOYHOCTH
Ha ONHOOCHOe CXaTHe o, (puc. 6.6 n 6.7). Hekotopble pe3ynbTaThl OBYX-

Bepxnsis nauma

7 7
\
N
2 S
Oopasey __ A? é§\\\;y %ZZ%ZKM
g1 % ?§\\\ oo
Apansdumabos 27 oot n

nnacmuna Nk -

Z

HiKuas nnama

Puc. 6.5. IMpubop nns nByxocHBIX HCOBITAHMA HAa CKATHE C HEMOCPEACTBEHHBIM
NpHITOKEHHEM YCHIHH K MOBEPXHOCTAM MpAMOYroiabuoi npusmbl [13]. Hcnwitanus
NPOBOAATCH B MCIBITATENBHOH MalllyMHE, HATPY3Ka CO3J4eTCH PYYHBIM HACOCOM.
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Puc. 6.7. YMeHpIneHNE KaxXymeHcs npoy-
HOCTH Ha IBYXOCHOE cxaTue npu npame- 0 10 2,0

HEHMHMH [ETOYHbIX nauT [3]. G, /G,

OCHBIX MCOBITaHMH Ha cXaTue, coOpaunbie Bpaynom [3], npusenenm Ha
puc. 6.6. Cyas mo 3TuM [AHHBIM, TPH TPUICKEHHU TNPOMEXYTOYHOI O
TJIABHOTO HATIPHKEHUS G, IPOUCXOAMT HEKOTOPOE ysesuuciie HANGOIhETO
TlIaBHOTO HAMPSDKEHHS G4, IPH KOTOPOM IIPOHCXOAMT pazpyuienye. OaHAKO
Geuto ycrasomieso [3, 21]. uTo 3To yBenuueHWe (YaCTHYHOE yBETWMEHHE
Kaxcylieics npoyHocTu uyoraa #Ha 100 u Sonee mpoLieHTOB) BbI3BaHO Henpa-
BIILHBIM H3TOTOBNEHHEM TOPLOBLIX IJIHT HATPY30YHOrO ycTpoicra * (cM.
paza. 6.3.2.1). Ho npu npuMeHeHud CTATbLHbIX IIETOYHBLIX IJIACTHH, KOTOPbIC

* ABTOp UMEET 31echb B BHAY BO3HHKHOBEHME HAa 10plax o0pasuos 1upH
HCTIONL30BANHE OBLIYHLIX CTANLHBIX HATPY30MHBIX TUTHT KACA1€JLHEIX HanpsDKCHEH,
NPenaTCTBYIOMIMX PAa3BUTHIO NONEpedHbIX AedOpMALUH, ¥TO NMPUBO/UT K KaxXyie-
MyCs YBEAUYEHHIO npounocTs — [Tpum. peo.
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MOXHO pACCMATPUBATH KaK HauOoyice NPOTPECCUBHBIA THI HArPY304HBIX
IUTMT, MPOYHOCTH, COIVIACHO HCCIEeTOoBaHMsM bpayHa, yBelINumBaercs HE
HAMHOTO (He Gojee uem Ha 209, puc. 6.7). Bpayn cuutaer, uro «umes
HA [PAKTUKe €0 ¢ JBYXOCHBIM CXKATHEM, HELENecoO0Pa3HO NPHHIMATH
B pacdeT MPOYHOCTL BILIE OAHOOCHOH mpouHocTH» [3].

6.2.4. Tpexocuvle uchvimanus. TpexocHble UCOLITAHNS HA CKATHE BEMYTCS
B HACTOMILIEE BpeMs MO cXeMe, MpelioxeHHOH ¢on Kapmanom ewe
B 1911 r. (puc. 6.8), cormacHo KoTopoil HanboJblllee [JIABHOEC HANMpPSDKEHHE
G, TNpHUKIAIBIBAETCS BAOIH OCH [MIMHAPHUYECKOTO oOpasia cKaJbHOH
NOpoALI ¢ MOMOILBIO TIPEcca, 4 HANMEHBIIKE TIABHBIE HANDSDKEHHSA O, = O
nepenarTcs Ha KPUBONHHEHHYIO OBEPXHOCTh 00pa3La Yepe3 BONOHENPOHH-
A€My METAJUINEECKYI0 MIH PE3MHOBYIO OGOJOHYKY MOCPEACTBOM BCECTO-
POHHET0 THAPOCTATHYECKOTO MABJICHHS, BecbMa pasHOOOpa3HBIE IIPHOOPEI,
CO3/TaHHBIE TO 3TOMY NPHHUMNY, omucakel Byrykypm m gp. [30]. TIpocras
M OTHOCHTENBHO HENOporasl TpEeXOocHas Kamepa, InpuciiocoblIeHHas U1
OBICTPOI0 MWCHBITAHHS KEPHOB HEHADYIIEHHBIX CKaJbHBIX TOPOA, Obiia
CKOHCTpyHpoBana XykoMm u Opankiunom [14] (puc. 6.9).

6.3. ®akrtopsl, BausiomHe Ha pesyabTarsl ucnbiTanuii. Kak yxe ynomn-
HAJNOCh Bbillle (pa3m. 6.2.1), u3BeCTHO MHOTo (DaKTOPOB, BIUAIOUIMX Ha
pe3ynbTaThl onbITOB. [1aBHBIE W3 HHUX: TeoMeTpust obpasua (pasm. 6.3.1),
YCJIOBHSl HA TOPIAX W THI HATPY3O4YHBIX IUIMT (pa3a. 6.3.2.1) u kecTKOCTb
HATPY309HOro ycTpoifcTBa (pasa. 6.3.2.2).

6.3.1. TI'eomempua ob6pasya. Bnunsimue pasmepa, GopMel U ocobeHHO
OTHOIIIEHNS BBICOTHl K [JHMaMeTpy o0pasua M3y4asloch MHOTHMM ABTOPAMH.
Tunuunsle pe3yapTaThl ITHX HCCJHEJOBAHUM u300paxeHs! Ha puc. 6.10

lP

\

Phe. 6.8. HexoTopsle Tunel npuGopoB na IpexocHoe ckatne [19]. a — ojerstii
8 00osoMKy uMIHHApudeckuil ofOpa3len ckasibHOW TOPOABI M TOPUEBbIE NpPOOKH,
NpUCNocobIICHHbIE 17151 H3MEPEHUs IOPOBOIO JABJEHHAS, 6 U 6 — OOLIYHBIE KAMephl
JUISL TPEXOCHOIO CXKATHA.
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Puc. 6.9. Paipes uepes LpexocHyro xamepy Xyka [14]

{B/IMSHHME Ha KpHBBIE HAarpyska — nebopMammu) u Ha puc 611 (BrusiHue
Ha npefen npoynoctd) Crenyer oTMeTHTh, YTO, COIJIACHO puc 6 11, oTHO-
LIIEHHE BBICOTBI K IHaMeTpy oOpaslla BAWSET Ha IPOYHOCTE TOILKO B TOM
cily4ae, eCI¥ OHO MeHbllle 2,5 (CM TipaBuna, NIpUBELEHHBIE B pa3g 62 1)

6 32 Hcnormame iohvie mawuns (npeccst) 6321 Topuesnie yciao-
Bus B mporecce okatHs Mexay CTaJbHBIMH IUTHTAMM HCTIBITATESIBHOM
MallluHBl 00pa3ell CTPEMHUTCS PACIIMPUTBECS B OOKOBOM HAIPABICHMH, T €
B HANpPAaBICHHM CBoell KopoTkon ocH (3tdext IIyaccona) Onmako topmo-
XEHNEe TPEHHEM B IUIOCKOCTH KOHTAKTA 00paslia ¢ HAIPY30YHOH MIUTOM
IpPENSITCTBYET 3TOMY paciiupeHu:o B pesyiapraTe ofpasen HaxoOWTCs
B HEO{HOPOAHOM HANPSHKEHHOM COCTOSHHN HEKOTOpPBIE aBTOPLI, H3y4aBIIIHE
pacope/esIcHHe HANPSHKECHUH B YIPYroM IWINHIpE, IpOoaHATH3HPOBAIIN OIlU-
CaHHOC BbIllIC TOPMOXCHHE TpeHnmem [2, 9, 24, 25] Ha puc 612 mpu-
BeJICHBI B Ka4eCTBE TUIHYHOIO MpUMEpa Pe3yJbTaThl aHATH3a HANPDLKEHHO-
ro COCTOsHMs, BbINONHEHHOro IleHrom [25], ykaswiBaromne HA BLICOKYIO
KOHIEHTPAIMIO HANMPSDKEHUH MO KpasM TOPLEBOH NOBepxHOCTH oOpa3sna
OTn u Apyrue NoJoOHBIE aHANH3Bl HAaNpsHKECHHA COBMECTHO C JIKCHEPH-
MEHTATBHBIME [JAHHBIMU [OKa3bIBAIOT, 4T0 Jeop vuposanhoe u npeoe twHoe
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Puc. 6.10. Biugune pasmepa v ¢GopMol 06pasiia MpamOpa HA XapakTep KPHBOI
HATIpsDKeHHe — JedopMalus NPH OJHOOCHOM cKaTui [17]

COCMOAHRUA CKAABHBIX 06pa31406 CUABHO 3qéucam om mOp,MODK'eHu‘l mpenuem
no nosepxHocmu wnazpy3ounmx naum. OTCIOOA CIACAYET, 4YTO OJHOOCHBLIC
VICTIBITAHHS HA CKATHE C TOPMOXEHHEM M0 KOHTAKTUPYIOIIHM MOBEPXHOCTAM
JAIOT 3HAYEHHE KAXYIIeTocs MONyNsA ympyrocTu {Monmy.is HOHra) Oostee
BBICOKOE, 4YeM HCTUHHOE (puc 6 13)

KonuenTpanus HanpspkeHud BbI3blBaeT OOLIMHO Pa3pylicHHE B TOUKAX
00 KpasM [OpueBOoH IOBEPXHOCTH WMJIMH/PA HA KOHTAKTE € ILTATAMM
3TO NPUBOAMT K 06PA30OBAHMIO KOHYCOB WITH KITWHBLEB PAa3pylueHus, WIYIHK
OT ofOoUX MIHT W HabIrOMaeMbIX NPH UCOLITAHMAX HA OINHOOCHOE CKATHE
(prc. 6.14,4). B cayyae ocnabneHus Hiaw ycTpaHenMs Topuesoro dipdexra
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Pnc. 6.11. 3aBUCHMOCTBL xaXyllelics MPOYHOCTH Ha CKATHE OT OTHOINEHUS BLICOTHI
(h) ¥ mmameTpy (d) obpasua [23].

BO3HHKAET COBEPIUEHHO APYT O MEXaHH3M pa3pYIICHHS | BMECTO pa3pyIUcHHs
Ipu caBUre ¢ 00pa3oBaHMeM KOHWYECKHX 3JIEMEHTOB MPOMCXOIUT oDpa3o-
BaHue TPelMHbl PACTAXEeHWS BAONL ocH obpasnd. CyuecTBYeT HECKONbKo
cnocobOB yempareHua sgdexma mpenus Ha Topluax oOpa3lios.

1. CMazka KOHTAKTUPYFOIIHX TOBEpPXHOCTEH (Hamphmep, Tpadurom, TH-
cynbuaoM MonubaeHd) WIN NPHAMEHEHWE TOHKHX IMPOKIANOK (Pe3HHOBBLHX,
Te(TOHOBBIX, BEOIPEHOBLIX M T. I1.). [ IaBHBIM HEJOCTATKOM 3TOro cnocoba
SBJASiETCS BHEAPEHME CMA3KH B TIOPOJAY WIH CXKaTHe NPOKJIAJIKH, BLI3hIBA-
I0IleE paJnalibHBIe PACTATHBAIOIIME HAMPSDKEHUS H 00pasyloliee HeollHO-
pOMHOE HOJIE HAMPSDKEHUH.

2. Hcnoanbsyrorcs o6pasust ocoboit dopMsl (puc. 6.14,6 1 8), Ho 3To
BECbMA 3aTPYIHSET NOArOTOBHTEIBHBIE OINEpAIIMH.

3. TMpyMeHEHHE HATPY30UHBIX IUINT TOTO XK€ AWaMeTpa, YTO U MCIHITY-
eMblif obpa3ell (XOpolio MOJOTHAHHBIC TOPLUEBbIe TIHTH, puc. 6.14,2) [8].
Ortum ycrpansercs p@exT u3ruba Ha NOBepXHOCTAX pa3fiesia ¥ HECKOJILKO
YMeHbllaeTcs BIMABYE TPEHHS Ha TOoplHax.

4. Tlpumerenue wemounwnx naum [12]. W3 puc. 6.15 ugHO, uTO Takoro
pola MIMTH COCTOST W3 OONBIIOTO KOJWYECTBA INTOTHO PacloOXeHHbBIX
TOHKHMX CTAJBHBIX CTEepXKHEH, ¢ OJHOrO KOHIA 3aK/IIOYeHHLIX B MeTasliH-
4eckyro 0boiiMy, a ¢ apyroro omnmparomuxcs Ha obpasen. Jedopmanus
obpasuna B Jr06oM 6GOKOBOM HaMpaBIeHHH CONPOBOXIAETCS M3rubaHHeM
CTepkHel, TPAKTHIECKN CHUMAIOIIHX TOPMOXEHNAE KA KOHTAKTHOH ILTOCKOCTH.
B nocnennue roan IETOUHBIE MUIUTHL ¢ HEA3MEHHBIM YCIeXOM MPHMEHSINChH
NPH HCHBITAHAM GETOHOB U cKaNbHHX mopod [21]. Ipu stoM Gslio yera-
HOBJIEHO, YTO JAehOPMUPOBAHHOE COCTORHHE ¥ MPOYHOCTL CKANLHOH MOPO/IL!
He 3aBUCAT OT TEOMETPHH HCIHITYeMoro obpadpa (puc. 6.16), dero Hemwb3s
CKa3aTh B CIyMae MCTOJb30BAHMS CIUIOWIHBIX NAMT (cM. pasa. 6.3.1)
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Puc. 6.12. AHaius HanpsDKEHHOTo CO-
CTOSHHUA OAHOOCHOHAIPYXeHHoro 00-
pasa B YCIOBHAX COBEPUICHHOIO 3a-
IieMJIEHAA TOPUEBBIX moBepxHocTedl [25].
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Puc. 6.13, OTHoeHHe KaXxyllerocs Mojayis yupyroctu (Moayis HOura) k¥ ucTuH-

HOMY MOAYJTH0 B 3ABHCHMOCTH OT koadduunenta IlyaccoHa B OmIbiTe Ha CKATHE
C YYETOM CONMpPOTHBICHWA TPEHHS IO 3arpyxeHHOH nosepxHocTh [24]

l
A

Puc. 6.14. VicnpitaHus muluHAPHYECKHX O0OpasloB ckaJbHOM MOpojnbl HA CXKATHE
a — BO3HHUKHOBEHHE Da3pyIlleHHs HA KpaesblX KOHTAKTaX C INHTOH, 6 — TOpUEBBIC
TIATHI KOHHYeCKOH thopMBl, NPEMATCTBYIOIIME TOPMOXEHHIO TPeHHeM, 6 — dacoH-
HBIi obpasell; 2 — XOpOINO NPUTHAHHBIE TOPUEBBIE MIHTHI

B HacTosimiee BpeMs NpuMEHEHHe NIETOYHBIX [UINT PACCMATPHBAETCS Kak
Haubojiee HameXHBIH cnocob pellieHus «IpoOieMBl TOPUEBHIX UINTY.

6322 XeCTKnue  CEpBOYNpPAaBNACMbie HCTIBITATEIbLHbI €
MamydHbel [Ipu cxkarnu obpaslia ckaJbHOH Nopodbl B MAlllUHE COOTBET-
CTBYIOLUMM THIAPABIMYECKHM W BHHTOBBIM HArpy3OYHBEIM YCTPOHCTBOM
NPOUCXONUT pe3KOe W HeyNpaBigeMoe paspylueHue obpaizuma mpu HOCTH-
KeHup MM OpeleipHoil npoyHocrd, HayuHas npumepHo ¢ 1965 r. sce
TBEPXE CTaiu YOexIaThCsd, YTO TaKo€ pa3pyuieHue @3phléHo20 mund HE
XapakTepu3yeT, Kak 3TO WHOTAA CYHTAIOT, DpPUCYIHe 00pasmy Nopoasl
CBOHCTBA, 4 ABJACTCH pe3yAbMamonm KOHCMpYKMughblX ocobennacmeil nazpy-
30uH0Z0 ycmpoiicmea.

YroOpl aydllle pa3o6paTeCsd B 3TOM BONpoce, CISAYeT paccMOTpeTh
sHepruto meopManuy, aKKyMYIMPYyeMYEK> B IpoliecCe HCHBITAHWH, Kak
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Cmanshsie kBadpamusie
CMEPAHLL CEYeHitem TxT Mm

Puc. 6.15. CxemaTuueckuil BUA WeTO4HOH MnuTH BpayHa (pasMepsl B MM) [3].

B obpaslle, Tak ¥ B HarpysousHoi pame. Ha puc. 6.17 sunso, 4ro mnpm
TIpWIOKEBHH HArpy3k¥ P o0pasen CKUMAeTCs Ha BEIMYMHY O, 4 MCHbI-
TaTeNbHAas MallyBa yJUIMHSeTCS Ha BelwdMBy o). Kpusble narpyska —
CMell[eHHe 1A o0pasia ¥ UCHBITATebBOMH MaldHb IpUBedeHb] Ha pHe. 6.18.
AKKYMYJIpOBAaHHAsl B MaluuHe SHeprusa nedopManny Moxer ObITH BBIpa-
KeHa depes

EM = 1/2P' GM' (62)
IMpunumas HaK/IOB KPUBOI 33 noxaaaTeIJ;b ®ecTKOCTH k (puc. 6.18), papubiii
ky=—o1, 6.3
W= 63)
noJxyyaeM
P2
Ev="7— 64
M

W3 ypassenns (6.4) cienyer, 4To YeM KecTye MCNBITATeNbHAsd MAIlUHA,
TeM MeHblIe aKKyMyJIupyeTcs B Hell oHepruM nedopmanuu. B ympyrom
3NeMeHTe, KaKMM SBJICTCS MalnuHa, Heprus JedopManun BeicaoboxaaeTcs
npy cOpoCe HATPY3KM, 4TO OPOUCXOAMT MO AOCTIKEHpM o6pasmoM mpe-
aena CBOCH NPOYHOCTH. Bo3aMoXHOCTH pe3koro paapymemm 3ABUCHUT, TAKKM
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Puc. 6.16. Bnuanne niwT CIOWIHOTO WM UWIETOYHOIO BUUA HAa PE3yNbTAThl HCIIbI-
TaHuit Ha omnoocHoe cxkatwe [10] I — crulomiHble IUIMTBL, 2 -— LIETOMHBIE ILITUTI

Hazpysxa u degopmayus

Puc. 6.17. JlepopManus ABYX KOMHOHEHTOB CHCTeMBl «o0pdilia» H «HarpyxXeHHOM
paMu» NpH NPWIOXKEHHH Harpykk P a — cucreMa obpa3serl — 10MKpaT — HCHbITa-
TeJibHag paMa; 6 — obpa3sell, ¢ — HWeHbITareILHAg paMa

obpazoM, of Toro, BOJNbIIe WIM MeHblLUE IHeprus, HeoOXxoanMas a1d
AepopmupoBanns obpasua B sanpeneabyodi cranuu (B, 3au11pnx0BaHHbm
yuacrok Ha puc. 6.18), yem sHeprus, akKyMyJHpOBaHHAA B MCTBITATENILHOR
Mamyre. OOumM KpuTepUeM IS ynpaBaseMoro ucnbiranys (Ge3 pe3koro



128 l1asa 6

Haepyska P
Pesnoe paspywesue
& . Ms2Ka “ mauwune
Frpedensnoe ,

““““““““““ 3anpedenswsul

¢ yaacmox xpubod

b

4

L

b

1

t

1

)

HCBIMAMEALHAR 0dpasey 6
MadUna

(npece)

Puc. 6.18. KpuBrre Harpyska — CMEIIeHHE AN HCNBITATENIbHOHM MallluHbl {(cAesa) M
ans obpasua (cnpasa). Touxu — 3Heprus deopmaiii, akkKyMyJIHDOBAHHAA B WCIIbI-
TaTeNbHOH MallUMHE K MOMEHTY [IOCTHXeHHS TpeileNa NpovHOCTH obpasua; wmipu-
XpgKka — 3Heprus, Heobxoxumas ana nedopmaimin obpasna B 3anpejeibHoi 06aacTH.

pa3pylueHHs) CITYXHT BBIpaXCHHE

E}d[lp > EM’ (65)
WIH
dp dp
FrmEdreat (6.6)
a Takxe [dkyl > |dk, 6.7)

€CIIH YKa3bIBaeTCH, Y70 00eCreyeHo YCTOHYHMBOE NMOJIOKEeHHE BCEX TOYeK Ha
3anpellenbHOM YYaCTKe KpUBOH (Tolbko IUIs mopon «l kiacca»). U3 atoro
clenyeT, 4To 3HEprus AedopMaliviy, aKKyMyJIHUpoBaHHAf MAIIHHOM, JOMKHA
OBITH MeHBIIE OJHEpPIHH, HeobXomumon Mns aehopmypoBanus obpa3sna
B 3anpeAensbHOH cTanun. Bave roBops, )XECTKOCTh HCILITATENLHON MallIHHbI
IOJDKHA TIPEBBIIIATHL KECTKOCTh CKadbHoro obpasdua. Kyk n Xoaxem [6]
YCTAHOBHJIM, YTO eCTKOCTh OOBLIYHOTO HATPY30YHOTO YCTpOMCTBA MOII-
HocThio 500 kH pasHa npumepno 95-10° H/m, B TO BpeMs Kak ecTKOCThb
XapaKTepHOT o WIHHIPHUYECKOro obpa3na IHaMeTpoM 5 CM C OTHOLICHHeM
JUIVHEL K JUaMeTpy 2,5 BhIpaxaeTcs nipHOausnTensho unbpoi 525-10° H/w.
TaxuM ofipazoM, HOpMajbHas NCHBITATEIBHAS MallllHa aKKyMyJlHpyeT
ropasfgo Ooiplle SHepruy, 4eM 3To TpeOyercs aas AebopMHpOBaHus
CKaJILHOrO o0pa3na B 3ampenelbHOH CTaaun. 2ToT M3GLITOK 3HEPTHH
H OpHBOZUT K Pe3KOMY pa3pylUeHHio o0pa3ma.

B Hacrosiniee Bpems mMeeTcsl pAl CHOCOOOB, TIOMOTAIONMIMX M3GEXKATh
PE3KOro pa3pylleHHs, YTo JaeT BO3MOXHOCTh MOCTPOHTH KPHBYIO HArpy3-
Ka — JedpopMalus B 3anpenenbHON CTanHm

1. VBennyeHye KeCTKOCTH UCOBITATEILHON MAIlVHBL; IPUMeHEHHE HATPY-
30YHOTO YCTPOHCTBA ¢ OYeHb TSKEIBIMM CTOHKAMHM H MHHHMANBHBIM
KOJIMMECTBOM XKMAKOCTH B THApaBinyeckoil cucreme [5, 29, 31].
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2. YMCHDBIIEHHE XECTKOCTH CKAJIbHEIX 00pa3noB COracHo ypaBHEHMIO
(63),

P 3
kx-—-EHT = — (68)

OTKya

ky=—— 69)
l

CnenoBatensHo, HaZlo oT6UpaTh 06pa3ubl CKalbHRIX IOPOd C BO3MOXHO
MeRpUICH Mowadbo A, kK KOTOPoH NPHKIAABIBAETCA HATPY3Ka, M GOIBiON
amuroit | Ho 310 He Beerga ynaercs, Tak kak Ha OPAKTHKE oOpasiipl
C OTHOILCHKEM IUTHHEI K AHaMerpy OoMbilie 3 CcTAHOBATCS HEYCTOHYUBLIMH
3. [TpuMeneHyre cepéoynpadiaeMplx UcnomameibhnlX mawun T PHBIMITS-
albHasg CX€Ma Takoro ponaa ycTpoHcTBa lipuBedeHa wa puc 619 Curman
o0paTHOM CBSA3K f, 0TOGPAKAIOHIKNE HEKOTOPHIE THIHYHBIE YCIOBHS IKCHEPH-
MEHTA (HAIpHMEp, OceBYlO dedopManuio obpasna ), obpasyercs ¢ Ho-
MOMIBLI0 NPeobpa3oBaTeNs DTOT IIEKTPHYECKHH UMIYJILC CONOCTABIAETCS
¢ 3anporpaMMuUpOBaHBEIM cursanoM (P), npencrapisiomiuM 3aiaHBoe ycio-
e onbita [Ipu NOSABICHHK HECOOTBETCTBMSA MekAy OOpaTHBBIM W 3a-
IporpaMMMPOBAHHBIM CHI'HAJIOM BO3HHKAET CHrHaj «oumbku» (e), neficTey-
tonui Ha cepBoxaanad Ecmu o6parspiii curdan ykasmiBaeT, uTo pedopma-
uHa 3, Gosipllie oXunAeMoil (kak pa3 Haval0 HEYNPABAAEMOro Pa3pyLIeHus),
CEPBOKNIANAH OTKPBIBACTCSA, NaBasg BO3MOXHOCTE OBICTPO CHU3UTH dddek-
THBHOE THAPOCTATHUECKOE JABICHUE B JIOMKPATE HArpy304HOTO YCTPOHCTBA
HenpepsiBHoe nedcTBrE Takoil 3aMKHYTOH CUCTEMBI 06eCHIEUHBACT KOHTPOIE

HaJl BeACHHEM 3KCIEPHMeHTa 10 3aJaHHOH MporpaMme

3anpozpammupo- b

Gannsui cueran (P),

nanpumep xpubas

emewenun 60 fpe- Ceploynpabrenve:

menl SNEKMPONNDE COROCMAbAEHuE

+ cuznanod ofigamnou clazu (f)

u dangozpammupolan-
Ho20 ( Pf

Cuzwan ofpamuod |
clnau (f), ompamarnuui

I

Cuznan
noutifKu (2)

_J

Npeodpasofamens
omewenud

Hazgysowmas

%:a. zudpagnamxué ot
Kpam, odpasey; T UIECKON
cxubnad’napaﬂu Ceploxnanan cuc//r’mm (x nacocy)

Puc. 6.19. MpunuunuansHas cxeMa CeppOYNPABISEMOTO HCOHITATENLHOTO YCTpoOiicTBa
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Peaxids CymIECTBYIOLUHX CEPBOYIPABIAEMBIX CHCTEM, pa3yMeeTcs, He
MIHOBEHHAs, Mexny MOMeHTOM BO3HUKHOBEHHUS OTKIOHEHHS OT 3aJaHHOrO
YCOOBHA OMbITA W KOPPEKTHPOBKOH MPHIACaEMOro YCJIHA HPOXOAAT Thl-
cAYHBE 104 CeKynabl. Kax mokasslBaeT OmeIT, 3TO «BpeMs PEeardpoBaHMUL»
JOCTATOYHO MAJIo, 4TOObI MPEeROTBPATHTH HEYNpPAaBAseMOe pa3pyllcHHE
HccaeayeMoro oOpasia.

Mocne toro kak B 1970 r. Pymmens u ®apxeper [26] BrepBrie yeneniHo
OpoBeAd CBOH HCUBITAHHS CKAMBLHBIX 0OPa3HoOB C MOMOLUBIY CEPBOYIIPABs-
eMOfl MallHHEL, 3TOT METOX TOAYYII WIHPOKOe PACHPOCTPAHEHHE H MOXET
CYUTATHCA HaHBOJee coBpemeHHbIM, Takoe yTBepKieHHe MOXHO apryMeHTH-
poBaTh WHPOXUMH BO3MOXHOCTAMU CEPBOYIPABIAEMbIX MALIHH:

OHH JIETKO TpUcniocabanBaloTes K BLIGopy curnaia obparuoif cassu [17].
JhoGoii coorsercTByrommit dusuMeckuil napamerp, MOTyiudil ObITH mpespa-
WeH B ACKTPHYECKHN HMIYALC, MOIXOMUT B Ka4eCTBe CHrHaia oOpaTHOH
CRA3H;

A03BOJAIOT NPOBOIMTH UCCACAOBANMA 3aNpPENesIbBHOrO COCTOAHUS CKanb-
Heix nopoa «II kmacca» [31] (puc. 6.20). Hexoropbie y4acTku 3ampenens-

| A

{7/ ¢ \ Inmacc

Hanpawenue

U xmace

Aewopmagus

Pue. 6.20. Tunbi 3anpeseabHoro noseAeHus ckaibHbiX nopoa [31].

HOM BeTBH KPUBOH wHampsikeHue — feQopMalus s MOPOA 3TOro Kiacca
MMEIOT TOAOKMTENbHBIH HAKIOH (YTO YKa3niBaeT HA pACXO] 3HEPTHH
obpasia). Jake B GeCKOHEUHO KECTKOM HCRBITATEIbHON MalluHe Oblio Obi
HEBOIMOXKHO NPOBECTH KOHTPONUpYeMoe ucmbitanue nopoa I knacca;

CEpBOYNPABAseMbIc UCTIBITAHUA MOXKHO TIPOBOJUTE B OOBLIYHOM («MATKOID)
HCTIBITATEILHON MalllMHE NPH HAMIEKAIEM AONOJHEHMU €€ YyBCTBUTENb-
HBIMY THIPaBAHYECKMMU U JJIEKTPOHHBIMU MPUCIOCOBIEHUAMHU — CEPBOKJIa-
MaHAMH H CEPBOKOHTPOACPAMM.
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Hnxenepubie cBOMCTBA
HAPYUIEHHH CIJIOIHOCTH

K. Yoanec u X. Box

7.1. Beeneune. I[ToBeneHue CKaJbHOTQO MAacCHBa YacTO ONpENCIAETCS
HaTH4YHeM B HeM HapyluleHU# CNIOWIHOCTH WM TOBEPXHOCTEl ocnabienus,
pa3nesrolnx GIOKH M3 COXpaHHBIX nopod. Xyk u Bpeit [8] onpenenstor
HApPYIIEHUE CIJIOWIHOCTH KaK CTPYKTYPHYIO NOBEPXHOCTH OCHAGNEHHs, no
KOTOPOi{ MOTyT NPOUCXOAUTH MOABHXKM. K TAKHM MOBEPXHOCTAM OTHOCATCS
passioMbl, AaHKH, TIOCKOCTH HAMAACTOBAHMSA, KJIUBAX M TPEUIMHLI PACTAKe-
Hus W ckoma. Ha ocuoBe neseHus, mpuHATOrO B . 4, UHKEHEPHBIE
cBOHCTBA HapyIeHHH CITOMHOCTH OMUCAHBI HIWXKE ¢ MO3HIMH AedOopMAHOH-
HBIX W IPOMHOCTHBIX CBOHCTB (pasa. 7.2 # 7.3). [LonONHUTENBHO pACCMOTPEHA
TaKXkKe BOINONPOHUIAEMOCTH (pasd. 7.4).

7.2. Jedopmaunonnsie cpoiictea (X. Box). KpcmanoBwu u ap. [11]
u ocobenno I'ygman u ap. [7] Buepsble o0paTuid BHHMAHHe HA 3HAYEHHE
eOpPMALUOHHBIX CROMCTB HAPYIMEHHH CMJIOLIHOCTH [JIst peIHeHUs MHOTHX
BOMIPOCOB CTPOMTENBbHOM MpAKTHKM. B HacToslee BpeMs NpPHHATO pac-
CMaTpMBaTh NeGOPMALHOHHBIE CBOHCTBA € [ABYX TOYEK 3PEHHUA:

fepeMelLicHrH B HAMPABJICHUY, HOPMATBHOM K HAPYIHEHUIO CILTOIHOCTH
(HopMasbHas aedopManus);

nepemMellieHuii B HATPABACHHH, MapaJLIebHOM HAPYIIECHUIO CITOLIHOCTH
(caBuroras pedopmanmus).

7.2.1. Hopmamsnan Odegopmayun. Uymman [6] xouctartuposad, d4ro
«B ciyvae, koraa G0k cBoOONHO OMHPAETCA HA HIEPOXOBATYIO HOBEPXHOCTS,
ngouanh AeACTBUTEALHBIX KOHTAKTOB OaH3ka K HyMIO, a KOHTAKTHbIE
HATIPSDKEHMS COCPENOTOYEHBI MONHOCTBIO B Tpex MM DoNee To4kax cOMpH-
kacauus. C yBeqUMYeHHEM HOPMANBHOH HArpy3kd MI0OWAAb TOYEHHBIX
KOHTAKTOB yBeaMYMBAEeTCs 3a cyer ympyroit Aedopmanny, npobaeHus u
TPEIUWH pacTshxeHus; oOpa3yloTcs HOBble KOHTAKTHBIe yuacTku. Ilponecc
3TOT MOMAAETCH MATEMATHYCCKOMY ONHCAHMIO, H MoXeT ObITh CO31aHA
TEOpusi HOpMaNbHOH pedopManuM mpu BO3pacTarouleii HOpMalabHOH
Harpyske. UMeroTca aBa QH3HYECKHX OTrpaHWdcHHs HOpPManbHbIX Aedopma-
muii. Bo-mepeblx, OTKpbiTas TpelUWHA He 00JafaeT MPOYHOCTBIO HA pacTs-
KEHHe, a BO-BTOPRIX, CYHIECTBYeT npesaes CKaTus, T. €. MAKCUMAaJbHO BO3-
MOKHOE 3aKPLITHE TPEIHHEI V., KOTOPOE A0KHO OBITH MEHBIIIE «TOMLHHEI»
Tpewuusl (puc. 7.1,a).

Hanuune 3THX ABYX yCNOBHil MPUBOLHT K TOMY, 4TO 3aBUCHMOCTb HOp-
MaUIbHOE fAaBjeHne — aedOpMaNUs PACHOIAraeTCs B OAHOM KBAagpaHTe, KAk
3T0 mokazaHo HA pHC. 7.1,6. DTHM ycnOBHSM yIOBJAETBOPSIET MPOCTAst
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Cwomue Oy %
Pue. 7.1, K onpeaenenuio HopMaib- 2
noii mebopmawuu Tpewuu [6]. a —~ é
TpellMHa H €€ «TOMUUHA» e; 6 —
cXeMaTH3HPOBAHHOE MNOBEACHHE Tpe- jZ /}),0 V // / y 5,
WHHBl NpH  CKaTHH (§ — HCXoaHOe 5=V =Ffle
NABJIEBHE). ¢ n “me

runep0oIndecKas 3aBUCHMOCTD

Sn~& S Y
: —AL%_&), (1.1)

(mpu ycnoBum, uvo 8§, < V,.), rae & — BCXOAHOE AaBjeHHE, onpedessioUlee
HAYaIpHBIE YCIOBHA M3MepeHus HopMaibHoOM nebopmannu 8,; V. — MakcH-
MAJbLHO BO3MOXHOE 3aKphITHe TPEIUHHbI; A H t — Ge3pa3sMepHble 3MIHPHU-
yeckne xorbOHLHEHTHL

PesynsTaThl ucciefoBaHui, nposeacHHBX Boxom [3], mpeacrasmens!
B BHIE KPHBBIX HOpMAJbHOE HaIpsXEHHEe — HopMaidbHas JedopMarms
(puc. 7.2), nogoGueix xpusoii ['yamana, noxasaHHo# Ha puc. 7.1,6. Tlpu bosee
TIHATEAbHOM PAacCMOTPEHHH ObLTO YCTAHOBJICHO, YTO AAHHBIE MCHBITAHHMA
AOCTATOMHO XOPOIIO ONMHCHIBAIOTCS MPAMOM JduHMeH Mpy NOCTPOCHHH B MO-
ayaorapuMrteckoM Maclitabe rpaduka lgo, — o, (puc. 7.3). OueBunHo,
pe3yabTaThl 3TH MOTYT OBITH BhIpaxeHsl dopmysnoi
g?=—q%, (12)

sBasomeiics ananoroM dopmynsl Tepuarn [16], omuceiBaroumedl 3asucn-
MOCTh Hafpskende — gepopManis B YCAOBHAX BCECTOPOHHETO CXKaTHd
(B8 onomerpe). CooTBeTcTBeHHO mnoka3zatenb Cp MOXET ObITH Ha3BaH
«KO3DPULHEHTOM CKATHA» TPEIKHEL.

ABTOpBI yOexnAeHsl B COBEPLIEHHOH HENOCTATOYHOCTH COBPEMEHHLIX
OpPeACTABACHUHA O HOPMAaIbHO-AeQOPMHPOBAHHOM [OBEACHHH HApYLIEHWI
CIJIOMHOCTH B ecTecTBeHHBIX ycnoBusax. [To WX MHeHHio, BONpPOCH], BO3HH-
KAaIOME B CBA3W ¢ HopMausHo# Aedopmarnuedl HapylleHWH CIUIOINHOCTH,
SCHO OTPAXA0T ol1iIee NOTOXKEHHE B MEXAHAKE CKAAbHbIX IOPOM, B KOTOpPOil
MeTonbl TEOPETHYECKUX MCCAENOBaHMH (HAnpUMep, METON KOHEYHBIX 3Jje-
MEHTOB, YOOMAHYTBIA B IA. 11 u 12) pa3BUTHl jydine, YeM METOABI HATYP-
HBIX HCOBITAHHA M ONEHOK ACHCTBUTEILHBEIX MapaMETPOB CKaJbHHX
MAacCHBOB.
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Pac, 7.3. PeaynnTaTsl McnpITaHUA Ha cXKaTue Monenell Tpemtus B nomymorapudpmu-
yeckom Macurtabe [3].
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722 Cosucosan oOepopuayus Korna Onok, gexaimili Ha TOBEpX-
HOCTH IO/ HEKOTOPOH HOPMAIBHOH Harpy3koii, nepeMeiaeTcs (CABUraeTCs)
IO IIOCKOCTH 3TOH MOBEPXHOCTH, TO Pe3yJbTaThi TAKOIro poda HCIBITAHUS
XapaKTepu3yrTCs KacaTeJbHBIM HanpsKeHHEM Ts H JAedopmanueil cIBMra
85, corjiacHo KpuBoi Ha puc 74,a [lpunaro [6] BeiZensTb Ha 3IToil KPHBOIf
TPH OTpe3ka YyHOpYryw (AonpenesnbHyIO), MHKOBYIO W MacTUYHYIO (3ampe-
nenbHyro) obnactu B 3TOM pasnene Mbl PaACCMOTPUM  JONDPEACHBHYIO
obnacrs Ilpu anmpokcHMauMu KpPUBOH Ts/O NpAMOH JduHHEH HaKJIOH
nocoeHei onpefeiseTcs napaMeTpoMm Kg, Ha3blBaeMBIM «yJejbHOW XecT-
KOCTRIO Ha caABur» Tpemunn [7] Iyama# [6] oTMmeTwn, uTo npescTaBy-
TenbHble 3HaueHus kg A4 Pa3iuvHBIX THIOB HAPYUIEHWH CIUIOIIHOCTH, KaK
TIPaBUAO, HEM3BSCTHBI M BEIMYMHA WX B pacyeTax MNPUHMUMAETCH YCIOBHO

7.3. TIpounoctunie cBodcrtBa (K. Yoaic). Hwke paccMorpeHa Tonbko
mukosas oGnacte kpusoit Mccneayrorcs rnaBubie GaKTOphl, BAUsIOUIHE Ha
ApPOYHOCTh HA CHBMI MO HAPYIIEHHsSM CIUIOUIHOCTH W OMMCHIBAIOLIME 3TOT
OTHOCHTEABHO CAOKHBIR MeXaHK3M, KOHTPOJHMPYICIIHIA NPOYHOCTE, K TaKUM
(akTOopaM OTHOCATCA

Yyrojl TpeHus Mo CKaJbHOH NOBEPXHOCTH,

JIaBligHWE BOAbI B TpEUIHHE,

NPOYHOCTh HEHaPYUICHHOUW Mopoidbi B CTEHKaX TPElMHBI,
LIEPOXOBATOCTh [TOBEPXHOCTEH TPEILMH,

3aMoIHHTEND,

CTeneHb MPOTAXEHHOCTH TPEIHH

731 Ye01 mpenusa no ckaavnoi nogepxnocmu Ha puc 75,a noxaszan
NPOCTeHINMIT THTT U3BECTHRIX HAPYIICHUH CIUIOIIHOCTH — ONOK, NOKOSILMHACS
Ha OCHOBAHHH, OT KOTOPOI0 OH OT/ejeH IIafkol ¥ YHCTOW MOBEPXHOCTHIO
HapylleHus chnnolmdoctH PasHoaeicTByromas cuna F mpuioxeHa mon
yrioM 0 k JIMHUM, HOpMaJbHOW K TpeiuuHe Ilpu ysenmdenuu yraa 0 go
yrna Tpeuus @, 670k cABHraeTcs no rpasune pazacina CocTrosHEe CABHra
B TpeIMHe Jyyllle BCero ONMCHIBAETCA HOPMAJILHOH W TaHTeHIHAIBHOU
COCTABASIIOUIMMH HANpPDKeHUs, AeHCTBYIOIEro Ha [paAHULIE pa3jena, KaK 37O
BUgHO Ha puc 7,50 Ha caeayromem puc 75,8 usobpaxeHo uU3MeHEHUE
TAHTCHIHAIBLHBIX HAmpsDKeHUA NpH MOCTOSHHOM CKOPOCTH NepeMeileHus
Onoka no mosepxHocTH caBHra (CrenyeT OTMETHTh, 4TO MOpeAeikHas
NPOYHOCTh HA CABUI [OCTUIEeTCH MOCAE HEKOTOPOr'o NEepeMEIeHHS, BCien
3a4 KOTOPBIM MPOYHOCTE MOXKET CHW3UTBCH [0 OCTATOYHOIO 3HAUCHUA,
KOTOpOe COOTBETCTBYeT Oonbmuv nepememenusM IlpegensHas npoudocts
MOXeT ObITh BhLIpaXeHa ypaBHEHWEM

Tp = Oy tg (pus (7 3)

rae tg @, — xoddpdunueHT TpeHus, a @, — yroa TpeHus

O630p H3MEPEHHBIX 3HAYCHHUH TPEHHS MEXIY CKafbHBIMH NOBEPXHOCTS-
Mu cocraBied [xerepoMm [9] Cuia Tpeuus s Gonplueit cremenu ompeae-
JeTCA IEPOXOBATOCTHIO W YBIaXHEHWEM MATepuasia, uUeM ero MHHEpaso-
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Pre. 7.4. KpuBnle 3aBHCHMOCTH KacarteqbHOTO HaNpSKeHUA T, oT Aebopmaiud
casura 8, [6]. @ — ABa TUnma KpHBLIX NpH HOCTOAHHOM HOPMAJBHOM HANDAKEHHH
G,; 0 — cxematTH3auus KpHBOH nedOPMHPOBAHHS NPH CABHrE.

THeH; 3TO HE OTHOCHTCH K MHHEpanaM Trpyiiibl CIOUCTBIX CHIMKATOB
{cromaM, XIOPHTY, IJIMHAM, TajbKy H CEPTICHTHHY), KOTOPLIE UMEIOT BOOGIIE
HH3KHe 3HaueHHd @, OO6blMHO @, AEKHT B npemenax ot 25 go 40°, Ho
MOXeT CHIKATBCA 10 12° B IuMCTOBATBIX MuHepaiax. Bnaxkuas ckanpHas
TIOBEPXHOCTh GoJiee CKONB3KASK, YeM B CYXOM COCTOSTHHH.

IMpouHOCTh HAa CABHT MO HAPYIICHHAM CIJIOIIHOCTH B MSrKMX NOpoaax
MOXKET 04eHb YyBCTBHTEIBHO PEArHPOBATh HA U3MEHEHHE BJIAXKHOCTH, IO3TO-
My B HEKOTODBIX CAyYasX 4pe3BLIMAMHO BaXHO MNPOBOAUTH HCMBITAHUS Ha
CABHT B COCTOSIHMH BJAXHOCTH, COOTBETCTBYIOWEH Haubonee KPHTHYECKHM
nonespIM yciaoBusM. Haubosbinee cumkenne TPOYHOCTH HA CABHI B 3ampe-
nenbHo# obsactu Habmionaetcs B BBIBETPENBIX TNOpOAaX, MO TPEUIMHAM
KOTOpBIX 00PazyloTCd TIHHMCTBIE TUICHKH. B 3TOM ciydyae npoyHocTh Ha
CABHI MOXeT ObITb BABOE MeHblIle MpeneabHOM.

OnelT HCCASAOBAHHH €CTECTBEHHBIX TPYHTOBBIX MATEPHANOB IioKasaln,
4TO ¢, MOXer OBITH ONpesiefeH TONBKO MyTEM MPOBENCHWS HCTIBITAHHMA
HENOCPeACTREHHO O Hapymenuto criownoctTH. (Uuratenb nosmKeH HMeETh
B BMAy, YTO Pe3yibTATH HCCACAOBAHMH YHCTHIX MUHEDPATOB MM OYEHDb
IJIAJKHX, XOpOWO OTUWIIH(OBAHHBIX MNOBEPXHOCTEH MOryT TPHBECTH €r0
K owubounbiM BbhiBogaM.) CHHTaeTCd, 4TO @, OTPAXAET Pe3yJLTATH
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Pre. 7.5. Cxema HarpyxeHda (@), aHAMHTHYECKOE ONUCaHHe (6) M 3aBHCHMOCTL
HanpsKeHHe CABHra — AeOpMalHg CABHra (6) AJMA INAAKOH IJOCKOH TPELHHEL

HCTBITAHHI OTHOCHTEJBHO MJIOCKMX U TAANKMX TPEUIHH ¥ 4TO LIEPOXOBa-
TOCTh HJIN BOJHUCTOCTH MOCAEIHHX 3HAYMTENBHO MOBHIINAIOT €r0 3HAYCHHE.
Kak Oyner oTMeuesO HHXe TIDH pacCMOTPEHUM BJMAHNMS IIEPOXOBATOCTH,
AOPOYHOCTH Ha CABWI [NIAAKUX [UIOCKUX TPEIIHH NpH OOJbIIMX HOPMAJILHBIX
HArpy3Kax B HEKOTOPO# CTeNeHW 3aBUCHT OT KOMMOHEHTa CHEIUICHHA.

7.3.2. Hasaenue 600b1 6 mpewjunax. TIpOYHOCTE HA CABUI MO TPELIMHE,
KaK [oKa3aHO HAa puc. 7.5, 3aBUCMT OT CHJI, TiepelaBacMbiX B3aHMHO
CMELIAIOUIMMHUCS YaCTSIMU TPELIMHLL, H [03TOMY, €CiH YacTh 3TOro jAaBlic-
HUA BOCTIDUHMMAETCS BOJOM, 3aKJIOYEHHOW B TpelIMHE, ofuias mpoYHOCTH
Ha CABWI CHHXAaeTCa. ITH cooOpaxeHus NpHBOAANT K KoHuenuud Tepuaru
00 3QdexTHBHBIX HaNpsOKeHUsx, COTNACHO KOTOPOi

T, = (0 —u)tg o, (74)
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rfle u = BHYTpeHHEE [aBJICHHE B TpeliMHe. ITa 3aBUCHMOCTb, XOPOLIO
MOATBEPXKACHHAA IKCTEPUMEHTANLHO M HA NMPAaKTHKE B 3EPHHCTBIX PYHTAX,
PACTIpOCTpAHAETCA M Ha CKalIbHbIE NOPO/bI, 33 UCKAFOYEHHEM CJIyvaeB, KOrAa
NOA NMeHCTBHEM BBICOKOrO HOPMAJBHOIO HANPSDKEHHS HA [NAAKYIO TOBEPX-
HOCTB IL10INANb KOHTAKTd COCTAaBJseT 3HAYNTEIBHYIO 0710 ODwIeH moBepx-
HOCTH TpewsHbl. Benuwuna nopoBoro nasineHus B TPEUIMHAX COXPAHHOTO
CKaJIbHOIO MAcCHBA MOXeT ObITh paBHA MaBJEHMIO CTOjiADAa BOABI BBICOTOM
IO MNOBEPXHOCTH MacCHBa HaM Oonbme. B 3THX ycaoBusx u=1y, -z
M O =7yz, €CAH HANpsKEHHE Ha TINYyOHHE Z COOTBETCTBYET OABACHHIO
Bellenexaiyedd TosiuM nopod. IlopoBoe [gaBneHue HQOMKHO YMEHBIIUTD
AOPOYHOCTH HA CABUT OT

T, =YZ 18, (7.5)

o
=~ 1) 2 18y (76)

Cneposarensho, npd y=2,7 0 v, =1 OPOYHOCTL MOKET CHH3HTHCH INPH~
mepHo Ha 359, Eciim ke CHH3MTDL 3HaYeHHE © 3a cyeT ChEMA CKajbl
{He CHKas MOPOBOro AaBJCHHUSA), TO Pe3yIbTAT MOKET OKA3aThCH elle XykKe.
Kak %e Bce 3TO yBS3bIBAETCH ¢ MONEBBIM ONBITOM?

Biusuue NOpoBOro NaBieHHs HA YCTOHYUBOCTH OTKOCOB OTKPBITHIX pa3-
paboTox MoXHO HabnrogaTh B TpoNHKax B NEPHOA MODOTO AOKIAUBOLO
Ce30Ha, M 3TO OOCTOATENBCTBO YUNTHIBACTCH NPH NpoekTHpoBaHMH. OqHAKO
B NON3eMHBIX BbIPAOOTKaX BAMsAHHE MOPOBOTO [JaBJCHHS HA CKaJIbHBIN
MACCHB HE CTONb OYEBHIAHO, M BO3HHKAIOT COMHEHHS B 1ielecoo0pa3HOCTH
OpHUHYAMTENBHOTO CHHXEHHS ero BOKpYr Tynuens. [IpuanHbl 3THX DpoTuBO-
peuMii KporoTcs B HEOAMHAKOBOM BO3CHCTBMM NpPOXoAYecKMX pabor
Ha MopoBoe AabneHue. B oTkoce pUABTPANHMOHHLIR MOTOK BOABI HApyMAeTCA
W NaBjicHHE KOHUEHTpHpyeTcs B Hanbosiee KPHTUYECKOM U HAMNPSDKEHHOM
y4acTke B MOMNOIIBE OTKOCA. A npu moA3emHo# pazpaboTke Noposoe HaBie-
HHE OYE€HBb ¥acTO CHHXKAETCH 3d CYeT pasrpy3KH CKalbHOIO MAacCcHBa BOKPYr
BuipaboTku. Tem He Menee HABGMONEHMS MOKA3bIBAIOT, YTO B HEKOTOPBIX
€| "afX MOPOBOE AaBlieHHE MOXeT ObITh OJHMM H3 peindioumx ¢akTopos,
B.1I4IOUIHX HA HEYCTOWYHBOCTL TPEIUMH B CTEHKAX MOA3EMHOH BHpabOTKH.

7.3.3. [Ipounocmys nenapywennsix nopod. IoCKoabKy NpOYHOCTE HEHApY-
WEeHHOW NMOPONBI UMEET CYIIECTBEHHOE 3HAYeHHE NPH PaCCMOTPEHHH CABHIa
BIOJb IIEPOXOBATOM, BOJHHCTON nosepxHocTH (pasa. 7.3.4), mosesuo mpo-
JOAXWTh M3y4eHHe 3Toi mpocToii moaenu. Ha puc. 7.6 npuseaeHbl KpHBLIE
KACATENbHOE HANPSXEHHe — TIEPEMEILCHHE CABHIA B ABYX BApHAHTAX: KpUBAS
CABMra BAONL TPEUIMHBI TAKAs e, KAK paccMOoTpeHHas B pasa. 7.3.1
KpuBag /18 HeHapyLIeHHBIX MOpOXA, MMerolllag Gosiee BBICOKMH MHK 3HAweE-
HUi TpeaenbHON MPOYHOCTH. ITa KpHBAS OMHCHIBAETCH ypaBHEHHEM

T, =¢ + ONtg ¢ (7.7)

(unu eme Gonee ToyHO — mapabGonuueckas orubarowas npelenbHoO# mpod-
HocTn Ha casur no ®apxepcry, puc. 7.8)
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Puc. 7.6. Mexaunuam pa3spylieHus (a) M KpuBble HalpsbkeHHe CABMIra — IepemMerue-
HUe (H) mpM pa3MuHON OpPUEHTHUPOBKE TPEIUMHEL.

His TBepAbIX HEHAPYLICHHBIX TIOPOJ BEJIHYHHA ¢; B NMEPBOM NpHOIMmXKe-
HUH MOXeT wuMeTh 3"ayenusd ot 10 mo 30 MIla. Ilocne Toro kax
nepeMellIe s py CABKHIe NEPBOHAYANILHO HEHAPYIIEHHOH NOPOALI IPUBENYT
€e B 3amlpelesIbHOE COCTOSHHE, MPOHCXOMUT 3HAYMTENLHOE YMEHbIUEHHE
MPOYHOCTH /0 OCTATOYHOrO 3HAa4€HHs T,, PABHOTO

T =¢+0y tg ®r- (78)

Xyk u Bpeii [8] cunratoT, uTo ¢, B MAacCHBE HEHApYIIEHHBIX TBEPABIX
nopoa paBao npubnusutensio 1 —3 Mlla. YVuurniBas 60Jbllyi0 pa3suiy
MEXKAY ¢y # C,, ypaBHende (7.8) MOXHO NPHBECTH K BUAY

T, = ON 18 @, (7.9)

Pa3HHIA B 3HAYEHMAX T, U T, AV HEHAPYLIEHHBIX CKATLHBIX MOPOJ 3aBH-
CHUT OT OTHOCHTEJIbHBIX 3HAYEHUH ¢; W Oy tg @ B TPeACIbBHOM COCTOSHHH.
ITpu HA3KOM HOpMasibHOM HANPSDXEHHM ¢; MMEET Mpeobiiafatoiee 3HaueHHe
# XPYNKOCTh CABHTaeMoil mopoam Beille. HecooTBeTcTBHE MeEXAy NMpeaenb-
HOH ¥ OCTaTO4YHON NPOYHOCTAMH YCHIIHBAET HEOOXOUMOCTD B HCCIIETOBAHUY
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C/IBHTOBBIX AeopMauuil IpyW W3YYCHWH CABATOBRIX XapaKTEPUCTHK TPELIVH,
KOTOPBIE JIH6O B pE3yNIbTATE BOJHUCTOCTH, DO #3-3a HEJOCTATKA CILIOII-
HOCTH BOBJICKAIOT B CABHI OKPYKAIOUIYKO COXPaHHYIO TOPOAY. ITO HECOOT-
BETCTBHE MMeEET WCKIIOYMTENBHOE 3HAYEHWe U B IIPOTpecCcHpyro-
MIEM Pa3pYMIEHHHM CKAaJBHBIX MAacCCHBOB.

7.3.4. lllepoxosamocmsy noeepxnocmu mpewun (uau éoanucmocms ). Kak
BHAHO Ha puc. 7.7,a, HapylleHWe CILIOIIHOCTH MOXKET WMeTh HEPOBHOCTH
Gonee xpymuoro Macitaba, 4eM Te, I KOTOPBIX ONPEAENACS YTroa ¢, B
pasa. 7.3.1. Matrton [13] ycraHOBMI, YTO HAJlWUME BOJHUCTOCTH HA TIOBEDX-
HOCTY TpELIMHBI MOXET NIPHBECTH K YBEIWUYCHMIO €€ CONPOTHBIICHUS CIABHIY
MO CPaBHEHHIO CO 3HAYEHWEM, COOTBETCTBYIOIMM Yy @,. [IpoBeneHHble um
MoJeBble HAOMIONEHH 32 pellbe()OM MOBEPXHOCTEH HAIUIACTOBAHUS B W3BECT-
HSKaX, cjarasli¥X OTKOCHI, MOKa3ajay, 4TO 4eM rpybee BOJIHWCTOCTEH 3ITHX
MOBEPXHOCTEH, TeM YcToHuHBee OTKOCchl ¢ Oojiee KpYThHIMM Yrilamu 3ajo-

fpu wusxom G, :

T

0

=0, tan (¢, +1)

&(\\\\(\\\\\\\\\‘

N
T ] //WWWM My Boicokam G :

Wm 1,20, +6, tan gy
#

Ty Oeudwouias npedensioze

COCMOIHUR
Y
gr~" ;
(It -
2 L\
6"

Puc. 7.7. Teomerpus (a), MexaHU3M paspyuienus (6 ¥ 6) u IpelenbHas orubarowas
(2) ana wepoxosaThix TpewyH [13].
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xenud. Juda Toro 4robsl pa3obparTncs B pe3ysbraTax CBouX HaOmoJeHui
U MOATBEPAATH BHIBOJBL, [1aTTOH TOCTPORII IPOCTYIO MOMEND, IPHBEICHHYIO
Ha puc. 7.7,6, u TpoBeN pal HCHBITaHHi Takoro poaa moneneil. s
BO3HHKHOBEHHS CABHra TIO CXeMe, TIOKa3aHHOH Ha puc. 7.7,6, caBHrakollee
HANIPSKEHHE T,, HA TTOBEPXHOCTH 3y0ila, HAKJIIOHEHHOM MOX yrjioM i k obmeH
TOBEPXHOCTH HAapylleHUA CIUIOIIHOCTH, 6yaer

Ty = Op 2 Q. (7.10)

[Tpoeunpys AeficTBYIOIIHE CHJIBI HA TUTOCKOCTb, HAKJIOHEHHYIO MOJ YIJIOM i,
TOJIY4HM

T, = T,C08i — Oy sini. (7.11)
Hpoeuupys 3TH CHJist HA HOPMAaNh K 3TOH IUIOCKOCTH, TONY4aeM
O, = Oycosi+ 1,sini. (7.12)
IMoacraHoeka ypaBHeHuit (7.11) u (7.12) B ypaBHeHue (7.10) maer
1, = oy tg(p, + i) (7.13)

VpapHeHue (7.13) MOXHO CYHTATh NPHTOAHBLIM BIUIOTH 0 TOTO YPOBHS
HalpsKEHHH, NpH KOTOPBIX Cpe3aeTcd COXpaHHas [OpPOAA B OCHOBaHHH
3y6mos. CornacHO JaHHBIM pasi. 7.3.3, 3TO NMPOHCXOAMT, KOTAa

tp = (1 + Oy tg Or. (7.7)

Ha puc. 7.7,z u3obpaxena orubaromas NpeaensHoll MPOMHOCTH Ha CABHT
HaTTOHOBCKOH MOAENH.

B to Bpema kxak 3Ta Mojeie YGENHTENLHO HJUIIOCTPHPYET BIHSHHE
KPYIHBIX HEpOBHOCTell Ha ycToH4HBOCTH oTkoca, Mats [lpupona Hukoraa
He OwniBaeT cTonb A06poH, 4TOOBI 3allaCTHCh TAKOTO pojAa HapyHIEHHAMH
CIUIOMIHOCTH. Yallle BCero MOXET BCTPETHTHCA LENbIH CIIEKTp HEPOBHOCTEH
H MOXET CHJIBHO BapbHpOBAaTh 3hekTHBHAA IUIOMIAAL OCHOBAHHHA BHICTYIIOB.
Bonee no3auue paboThl GBIAK MOCBAIEHBL MOJEBOH OlieHKe LIEPOXOBATOCTH
TPEIMH M BBIIBJICHHIO COOTBETCTBYIOIIMX 3akOHOMEpPHOCTeH, oNpedessio-
KX [peenbl NPOYHOCTH Ha CABHT 1O 3THM TpeiaHaM. Pekep u Penmkepc
[5] npennoxunu xopoumii MeTon u3MepeHus 3pGekTHBHOTO yIJIa HAKIOHa
HepoBHocTeli (i) pasnuuHoro Maciutaba. BapTon [1] ycraHoB#N HekoTOpYIO
B3aHMOCBS3b M&XY 3(QdEKTHBHBIM YIJIOM HEpPOBHOCTEH, ONpeNeisieMblM #H3
3KCNEpHMEHTa, H YPOBHEM MPWIOKEHHOrO K HUM HOPMAJILHOTO Hamps-
KeHus. M3yyas TpelnuHbl pacTsDKeHHs! B TPAHKTAX, He 33aTPOHYTHIX BBIBETPH-
BaHHeM, bapToH Hamien, ¥To 3¢ dexTHBHBA Yron nepoBHOCTEH | ymeHbIla-
€TCA C YBENHYEHHEM HOPMAJBHOro HampsokeHus. OH OOBACHAN ITO TeM,
4YTO HeBOJbIINE, HO KPYThIE BBICTYIBI, KOHTPO.IMPYIOLIME CMEIUCHHS IIpH
HH3KHX HAPSKEHHSX, CKAJILIBAIOTCH C yBenudeiinem Harpy3ku. Xyk u Bpei
8] mponomxunu wnccnenosanus Bapromna, dexepa u Penmxkepca u moBesH
HX pe3yJbTaTel A0 yAOOHOTO ANs npoektuposBaHus suga. HecmoTps Ha
KaXYIHics oObIMHBIA XapakTep HCXOMHBIX JAAHHBIX, CAeJAHHAS WMHA pabora
npeacTaBisercss B oOIUX cjioBaX o4MeHb NMepCleKTHBHBIM Ha4WHAHHEM.
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Hxerep [9] npennoxun 3MIEPUYECKYIO 3aBUCHMOCTb, KOTODAast B MpPH-
JIOXKEHHH K JKCIIEPUMEHTANIbHBIM JAHHBIM [O3BOJIAET MOCTPOUTHL KPUBYIO,
B ofmem Bule HANOMMHAIOMIYIO KpHBylo [laTToHa, HO KacaTenbHYIO
K orubaromieif ocraToyHo# NMPOYHOCTH HEHAPYLIEHHBIX MOPOA [YpaBHEHHE
(7.8)] npu BeicOKOM ypoBHE HAmpsbkenuit. Jlns aHZe3UTa M3 pajioHa
mecTopoxaeHus IlanryHa ByreHBWIbCKOIl MEIHODYAHOI KOMIAHMH, 3aBH-
CUMOCTb 3TA4 HMeEET Bu

1, =270 (1 — e~ %0013 4 0410, (7.14)

VpaeHeHue [Ixerepa ynoGuo nis obobluenus pe3ynbTaToOB MCTIBITAHMIA

Haubonee muorooGeltaromuM MOAX0A0M K ONHUCAHHIO MPOYHOCTH HA
CHBHI TIO IIEPOXOBAaThIM TpEHIHHAM gBiserTcd MpennoxeHue Jlaganu
# Apmamb6o [12], npUMeHEHHOE MMM K PE3yNbTATaM MOJIENBHBIX HCCIIEA0-
BaHuil. BhlBeleHHOe HMM YpaBHEHHE UMEET BHI

Oy (1 - as) (U + tg (Pu) + a5
- ) 7.15
K I—(I—a)ttge, (7.13)

rie a,— AOJNS TOBEPXHOCTH TPEIIMHB, NPUXORAMASCE Ha Cpe3aeMbie
HEPOBHOCTH; § — UHTEHCHBHOCTD JTHJIATAHCUM TIPU MPENEIBHOM HANPSLDKEHUH
cIBUra (MHTEHCUBHOCTH CeKymueH AMIATAHCUM, T. €. BePTUKAJIbLHOE mepeMe-
LieHHe, [eJeHHOE HAa TOPU3OHTAJIBHOE mepeMellieHUe); Sg — IPOYHOCTD
NOpOALl HA CABMT, BKIIOYAs HepoBHocTH. [IpH HM3KOM 3HAYEHMH O, NpPH
a,=0 u ¢ =tgi ypasHense (7.15) npuaumaer BHA

T, = ON 18 (¢, + ). (7.13)
Ecnu

SR =C + Ontg @, (7.8)
TO TPH BBICOKOM 3HA4YeHMH O, KOTAA BCE BBICTYNIBI Cpe3aHbl M g, = 1,
a ¢ =0, ypaBnenue (7.15) TpaHchopMHUpyeTcs B

,= G+ Onitgo,.

Jlaganu TpepsiaraeT ONHMCHLIBATH IPOYHOCTb HA CIABUT HEHAPYUIEHHOH
nopoast mapabonoit Papxepcra:

. Yt4n-1 (1 Lo )”2 (7.16)

SR = qu n 4

rae ¢, — OOHOOCHAS MPOYHOCTH HA CKATHE M 1 — OTHOLICHHE MPOYHOCTH
Ha CXaTHE K MPOYHOCTH Ha PACTSKCHHE MOPOAbL, BKJIOYAs HEPOBHOCTH.

Jlamasy u Apiwram60 BBIBETIH 3HEPTeTHYECKHE 3aKOHOMEPHOCTH Ans 0
U g, IPU O < Op (O — HANpAKeHHe, IPH KOTOPOM HapyCeHHE CIUIOLUIHOCTH
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nepecTaeT ocJabiATh CKaJlbHBIA MACCHB):

X
a=1- (1 - i) (7.17a)
Cr
u
K
b= (1 -~ E,) tg ip (7.176)
or

K, u K, npeanaraetcs MNpUHAMATh paBHBIMH 1.5 # 4 COOTBETCTBEHHO.
3a HeMMeHHeM TOYHOH MH(POPMALHHM MOXHO CYHTaTh, YTO Of = 4.

Ha puc. 7.8 npuBeena kpuBas 3THX JBYX aBTOPOB, ONUCAHHAA Npe/bl-
JAYIUMH YpaBHEHWAMH.

7.3.5. 3anoanumear mpewun usu mucusvhaa 2aunka. JXANsHOH TIIMHKOIMA,
WIIH 3aNOJIHUTENEM, HAa3bIBAeTCA MaTepHaj, pacroJIOXEHHbIH MEXny ABYyMs
MOBEPXHOCTAMM COXPAHHLIX MOPOJ B NOJIOCTH HAPYIICHHS CILIOLIHOCTH.
Ecnu TommuHA 3alOJIHUTEN GOJbllle BHICOTH! HEPOBHOCTEH HA IOBEpX-
HOCTH TOPOIBl, CONPOTHBIEHHE CIABHTY MO TPELIHHE Takoe XKe, KaK y e
3aMONIHUTENS. 3aNOJIHUTENb MOXET OBITL pPa3sHBIM — OT TJIMHKH TpEHHs
H MaTepuasa, OTJIOKEHHOTo (UIbTpyroleHcs BoAOH, OO HNPOAYKTOB
BRIBETPUBAHHA MaTepuHCKOH mopofsl. [ToxanyH, Haubosee HeGIaronmpusr-
HBIM SBIIAETCH 3aMOJHUTENL H3 MOHTMOPWUIOHHTOBOH TIJIMHBL, 0Gpa3y-
fomelica B pe3yNbTaTe THAPOTEPMAJILHOIO BHIBETPHBAHHS ITOJIEBBIX LIMTATOB.
10T MaTepuas o6NaNAaEeT O4eHb HUIKHM COITPOTHBIIEHHEM CIBUTY U MOXET
Pa3BHBATh BBICOKOE JABJICHUHE NYyYEHHd, Belyllee K HAPYIICHHIO YCTOHYH-
BOCTH MOJ3EMHBIX BHIPabOTOK.

B Ttpynax nmo MexaHuKe IpYHTOB, B TOM 4Hcie B kxuure IIska u ap.
[14], paccMaTpHBarOTCA BOMPOCH! ONEHKM HTPOYHOCTH HA CABHI PA3JIHYHEIX
TPYHTOBBIX MATEPHAJIOB, ¥ MATKMX TJIHH POYHOCTE oveHb Hu3kas (25 xIla).
Teepanle rIMHBL MOTYT HMETh NpouHocTs Ha caBur Gosee 100 xITa, uo
CO BpEMeHeM, IMpH CBOGONHOM [JOCTyNE BOJBI, CJAGEt0oT # HAYUHAIOT
pa36yxats.

flapadana Pipxepema

o Gp=g,
Ozufanyas
Madany u Aputamoo

Puc. 7.8. Ilpounoctr Ha caBHr mo ImiepoxosaTodf TpemuHe cornacHo Jlajauuw H
Apmambo [12].
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Xyk u Bpeii [8] cuuTator, 4TO ANA 3aMOTHHTENEH MOXKHO NPUHHMATD
B Ka4eCTBC TEPBOro MpubIMXEHNS CIENYIONIME TIAPAMETPBI COTPOTHBICHHA
C/BHTY

Yro1 tpe

C1en ichue
Mazepuan His @
pat klla
Teepmas ruHa 10—-20 100
Msrkas rauna 5-7 25
IlnotHas 1auHa - 50
I'MHKa TpeHHs 10—-20 -

Kanbuutosbiit  3anosnute s 2027 —
TEKTOHHYECKHX 30H

CnanueBatoiif pasnomMHueiii Ma- 14—22 -
TepHan

Bosee BbicOKHMEe MOKA3aTeNd HMEIOT Pa3npoblieHHbie HOpPodbl M mepe-
YIDIOTHEHHBIH (TBEPABIA) CyX0if MEJNKO3EPHHUCTBI! 3aNOHUTENb, XdpaKTe-
PHCTHKH KOTOPBIX MOTYT ObITh ONpeldelicHbl HCHBITAHNAMHA HA CABUT WA
PACYETHHIM TIyTEM NpHONMXEHHO NO H3BECTHBIM B MEXAHWKE TPYHTOB
KOPPENALUMOHHBIM 3aBUCUMOCTAM

B Tex cnysasx, koraa MOIIHOCTH 3aNOSHUTCHAA MEHbIUE BBICOTHI HE-
POBHOCTEH, MEXAaHH3M CONPOTHBJICHHA CABHTY ciioxHee [Ipu Hebonpuiux
mepeMellieHAAX MPOYHOCTD HA CABHT ONPeNe/IAeTCA 3aNONHUTENIEeM, HO C YBe-
AAYCHHEM TIepEMEIlICHUS OCHOBHoE 3Ha4eHue TNpHoDperaer 3aneruieHue
BBICTYIIAIONIAX HePOBHOCTEH CKaJIbHOH mopoasl [Ipu H3BeCTHBIX CBONCTBAax
H MOWHOCTH 3ANONHATENIA W XxapaKkrepe UIEPOXOBATOCTH TPEIIMHBI B TIPEA-
BapUTENIbHOH OICHKE CONMPOTHBJICHHS CABHIY HapyHicHHA C MESIKHM 3aroln-
HHTeEeM MOTYT OBITb HCIOAB30BAHBI MOAENH, ONUCAHHBIC B pa3x 734

736 Cmenenv npomancennocmu mpewur 1o cux op paccMATPUBATIHCH
HapylileHuA CIUIOLIHOCTH, ANIMHA KOTOPBIX CO CKANBLHBIM MACCHBOM COM3MeE-
paMa Pa3znombl B IJIOCKOCTH HAIUIACTOBAHMA MOTYT NIPOCJICKHBATHCA Ha
Gonblline PacCTOAHHSA, HO MHOTHe MOTYT ObiThb IpPEPBIBUCTHIMH H pa3ne-
JIATBCSL yYyacTkaMH HeHapyileHHo# moponabst B pa3za 734 yxe moavepku-
BaJIOCh HECOOTBETICTBHE MPOYHOCTH COXPAHHOH W HapylueHHo# nopon Ilpu
HH3KOM HOPMaJIbHOM HanpsXeHHH TpEeneibHOC CONPOTHBJICHHE CIBHTY
noponbl o kpaiHed Mepe HA MOpPANOK Oofblie CONPOTHBICHUS TPELIMHBI
Bosiee Toro, xeCTKOCTL Ha COBUT HEHAPYUICHHOH MOPOAB HAMHOrO BhILIE
KECTKOCTH TPEIIMHBI, B CBA3M C 4YeM HeRb3d OObEeIUHATH IIpefesibHble
HMPOYHOCTH H HAJO YYHTHIBATh, YTO HeHApyllleHHAS NMOPoAa pa3pyliaeTcs UpH
MEHBIIEM CIBUTOBOM NEPEMEIIEHHH, YeM 3TO Heobxomumo and mobuiu-
3amuU CONMPOTUBJICHHN NO BCeH TpeLlnHe

PaBHonecTByIOIIas TPOYHOCTH NIPEPLIBUCTOM TPELIMHLL B 3HAYMTE/ILHOM
Mepe 3aBHCHT OT TISIOLIAjdi COXPaHHbIX mopox J[xewHunrc [10] metansHo
paccMOTpeJl NMOBeAeHHE TPePBIBHCTLIX TpeluH IloBeneHHe TakwX TPEUIHH
CIIOXHO, H HaJs u3yveHus ux bepHs [2] pekomernosan NPOBOAHTHL
KpYMHOMACIUTAGHEIE HATYpHble WIM JaGopaTopHsle ucclenoBaHus XyK
i bpeit [8], a Takke Bok [4] momyepkHynu, ¥TO CTelleHb MPOTsXKCHHOCTH,
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WJIH BBLAEPXKAHHOCTH, TPEWMH OTHOCHTCA K HauGojee TPYAHO H3YHAEMbIM
Te0JIOTHMECKUM KaTeropusm. Xyk WAET JalNbUIe ¥ YTBEPKAAeT, YTO TPEeLHHA
MpPEPLIBUCTa HA BCEM CBOEM MPOTSKEHUH. ABTOp HosaraeT, 4YTO JOJKHBI
ObITH MPEANPHHSATH! MOMBITKU [UIS OLEHKM IUIOIAAM, 3aHUMAEMOH HeHapy-
WIEHHOM MOpoxoi, B 0COOEHHOCTH NPH HU3KUX HOPMAJIbHBIX HaNPAKEHHAX,
KOrJla B COMPOTHBJICHHUM CABMTY Mpeoblajaroliee 3HAYEHHE HMMEET CLEN-
JIEHUeE.

7.3.7. 3Hauenue cmewpenua 0aa pe3yasmupyiouweii NPOYHOCMU HA CO8U2
no mpewyune. PeaynpTUpyromas IpoYHOCTh HA CABHI IO TPELHHE B CHIBHOMH
MeEpe 3aBHCUT OT €€ B3aUMOJCHCTBUA C OKPYXKAIOLIHM CKaJIsHEIM MAcCHBOM,
[Ba ¢akTopa HMEOT pellalouiee 3HAYEHHE: OrPAHUYEHHE AWIATAHCHUH
¥ MPOrpecCHBHOE pa3pylIeHHEe MOJ JeUCTBHEM IPaJUEHTOB HampsKeHHs
BIOJE BCell TpemuHsl. Bmusnue 31Hx dakTopoB Ha MOBeJEHUE CKaJbLHOro
MAaccHBa TOPOJLl H3YUYEHO TOJNBKO YaCTHYHO, HO WX 3HaY€HHE HECOMHEHHO.

Hdunatancus lpocras Molenb, NpuBeAeHHas Ha puc. 7.7, MOKasel-
BAET, YTO MpPU CABMIe MOXET MPOMCXOAUTH MUNATAHCHA WIH CMELIEHHE
B HalpaBJieHHH, MEPHCHAUKYIAPHOM TpelldHe, B Mpefenax, 3aBUCALIHX OT
reOMETPUM M TPaHWYHBIX YCJIOBHH CKajsHOro wMaccusa B HenoMm. Ha
puc. 7.9 usobpaxeHs! NBa CKajpHBIX MAacCHBa; ONIMH W3 HMUX TIPH CHABUIE
[0 TPEIMHE MOXET CBOOOAHO PaCIIMPSTLCH, B JPYrOM H3-3a HEBO3MOX-
HOCTH paclIMpeHus Mopoja CTPEMUTCH 3aKIMHUTLCS Ha Mecte. M3 pa3n, 7.3.4
CIEAyeT, YTO B YCJIOBHAX PE3KOTO OTPAaHKYEHMs [MIATAHCHU MPOYHOCTH
Ha CABMI 1O TpewyHe npuONMXKaeTcd K MPOYHOCTH CKaJILHOTO MacCHBa.
Bepus [2] ykasmiBaer, 4To MpM BHIKJTAJKE CBOJMOB CyXas KaMEHHas KJIadka
NPOABJIAET 3aMEYATENIbHYIO YCTOHYHBOCTH M B TEYEHHE MHOTMX CTOJETHH
CMeTibie CTPOUTENU BO3BOAMIM COOPYXEHHs M3 TECAHOTO kaMHs Ge3 ckpeni-
nsrouiero pacrsopa. OHU GuUTH JOCTATOMHO MyApPLIMHU, 4TOOBI yHpaBIATh
AujaTaHCHeH, TwaTensHo noabupas Gopmy mpos. MHkKeHepH, CHeRHaNIHCTHI
B 00JACTM MEXaHMKM CKaJbHBIX MOPOJ, JMUIECHHBIE BO3MOXHOCTH BIHATDH
Ha ¢GopMy TpelnH, BHHYXIeHnl HaywHTHCH MpUcnocablIuBaTh CBOM COODY-
KEHUA K DPHPOAHOH TPEIMHOBATOCTH, YKPEINIATH CKAJbHYIO MNOPOLY
H «YNpaBIATH» JUNATAHCHEN»,

[IporpeccuBHoe pa3pylieHue. B GonpluMHCTBE CiyyaeB, pac-
CMaTpuBasg MPOYHOCTE Ha CABUI O TPEILMHE, HCMOJB3YIOT MOHATHE Ipe-
AenpHol npouHocTH. OJHAKO, KaK yXKe YIOMHHANIOCh B OTHOLIEHHH ILIEPOXO-
BATBIX WK OPEPLIBUCTHIX TPELIMH, IPM HU3KOM yPOBHE HOPMAJIBHBIX HaIPs-
XEHHI BEeIMIMHA OCTATOYHOH MPOYHOCTH MOXET GbIThL CYyHIECTBEHHO MeHsllle
NPefeNLHOH NPOYHOCTU. B 3TuX ycnosMsx noBeleHUE TpPEmUHBL OTIUYAETCH
ypesBeaiiHoil xpynkocTeio. Ha puc. 7.10 nmokazaHa tpewuHa, B KOTOpOHR
GdHKCUPYeTCH 3HAYUTENBHOE PACXOXKICHHE MEXAY TIpeesHOR U OCTaTOYHOH
npoyHOCTAMU Ha capur. KoHleHTpamus kacaTeNsHelX HampskeHHH BOIM3H
HOCKa MOXET NPHBECTH K CKOJNY HOPOJbl, YMEHBILEHHIO e¢ MPOYHOCTH MO
OCTaTOYHO!H BEJIMYMHBL M BBI3BATH CYIIECTBEHHOE NepepacnpefeliEHHE Kaca-
TEIBbHBIX HATIPSKEHUH BAOAL TpeluHbL. [lonoxenue ewe Gosee yCroxKHAETCA
NpH U3MeHEHUH IPOYHOCTH HA CHBUI 110 MEpPE pOCTa CMellleHHH MO TpeHiMHe
n nedopManuii B ckaibHoM MaccuBe., Cka3aHHOTO yxe JOCTaTOMHO, YTOOBI
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Puc. 7.9. Pasnuua B cTemeHHW OrpaHM4eHMs AMIATAHCHHM B JIBYX CIydasx CTpou-
TENILHOH TIPAKTHKM B CKANBLHBIX MOpOJaxX o — CBOOONHAA AMIIATAHCHA B CKAJILHOM
0TKOCE; 6 — OrpaHMYEeHHAs NUNIATAHCHS B TYHHeTe.
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Puc. 7.10. Xpynkuii cKanpHbili OTKOC.

OLICHATH TO YPe3MEePHOEe YNpOomieHHe, KOTOPOe BBOAHTCH B MPOCKTHPOBaHHE
HCIOAB30BaHHEM INpeXelsHBIX 3HAYEHUH CONMPOTHB/EHHS cOBMry. B camom
Jelle, NpH MPOESKTUPOBAHHM HEBO3MOXHO YYHTHIBATh BECh KOMIUIEKC JaHHBIX
HanpsbkeHHe CABMra — IlepeMEIEHHE, HO PEKOMEHAYETCS OLEHWBATEL «XPyIl-
KOCTb» TPEIIHH (T. €. BOSMOXKHOE pacxoXJcHHe MeXy NpeaenesHoOR u ocTa-
TOYHOM NPOYHOCTAMH [PH COOTBETCTBYIOIIEM YPOBHE HOPMaJIbHBIX Hamps-
xeHud). Ecnu 310 chemaHo, To pacyeTHBiE k03(hQHUHEHT 3amaca MOKET
ObiTh YTOUHEH TPHMEHHTEJBHO K IIPOEKTHBIM IpopaborkaM, OCHOBaHHBIM
Ha 3Ha4yeHHAX NpelesibHOH NMPOuYHOCTH.

7.4. Boaonpounuaemocts (K. Yossec). IlonpoGroe paccMmotpenne BOOo-
DPOHKIAEMOCTH TPELUIHHOBATHIX CKadbHBIX NMOPOA HE BXOJAHT B 3amauy
Hacrosiled riaBu. IIpyu aHanu3e mOBeJeHUS TPELIMHBI OQUEHbL BAXHO 3HATH
OasneHue GUILTPANOHHOH BOAbI HA CTEHKH TpelMHHL. B pasa. 7.3.2 yxe
OTMEYANIOCh, YTO H3MEHEHHe HAIPDKEHHOTO COCTOSHHS CKATLHOTO MaccHBa
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OTpaxaeTcsd Ha ero BONONPOHMIIAEMOCTH M MOXel crnocobeTBoBaTh Gonee
MM MeHee OJIAarONPUATHOMY Da3BHTHIO NIaBIeH¥s BOAbI B MOTEHUMAILHO
HEYCTOHYMBBIX 30HAX. Jns CHCTeMBl MIIOCKMX, TNAAKAX M NOAPaJUICIbHBIX
TPEIUMH BOAONPOHMLAEMOCTH B NMApaiiellbHOM MM HalpaBleHUW paBHa

3

g-e
1ovp M/

rae g — ycxopenue cuibl TkecTH (981 cm/c?); e — packphiTHE TPEIMHEBL, CM;
b — paccTosHUe MeXIy TpelMHAMH, ¢M; vV — KO3DOHUIMEHT KMHEMATHUeCKOH
sasxocTu (0,01 cm*/c npu TeMuepatype Boast 20 °C).

DTO BLIPAXEHUE XOPOLIO WLTIOCTPUPYeT 3GQeXT BIMAHHUS PACKPHITHS
TPEUIHHBL H3meneHue HanpsaXEeHHOTO COCTOSHUA BEACT X PacKpBITHO HIIH
3aKPHITUIO TPELIWH, UBMEHEHUIO e, YTO CYIICCTBEHHO BJIUSAET HA BOAOMPO-
HUMIaeMocTh. 3MeHeHHe XapaxTepa 3allOJIHUTENA TPELHHLI MOKET H3MEHUTH
€€ BONONPOHMUAEMOCTh HAa HECKONBKO MopsaakoB (Hampumep, B 10% pa3),
KPOME TOT'0, BOAONPOHUIIAEMOCTH 3aBUCHT TAKKE OT CTENEHW NPOTAXKEHHOCTU
TpewuH. (Bhllle yke OTMEYaNoCh, YTO 3Ty BEJMYHHY ONpEAENHTh TPAKTH-
uecKu OveHb TPYAHo.) MoXHO cka3aTh, YTO NO-HACTOSIEMY OLEHUTH BOJO-
NMPOHUIAEMOCTH HAPYIIEHHH COJIOIMIHOCTH MOXHO TONBKO NYTEM IOJIEBBIX
ONBLITHLIX PaboT.

7.5. Ucnbirannn wa casur (K. Yoaaec). OneHka noBeneHUs TpewMH OpU
CABHTE MOXET OBITH OCYLIECTBIIEHA B JIADOPATOPHBIX YCIIOBUSX TPeX OCHBIMH
UCIIBITAHUAMU KEPHOB, HCNbITAaHUSMHM 06pa3snoB B COBUTOBBIX mpubopax
U HATYDHBLIMH MCCIeoBaHUAMM in situ. TexHoslorns TmartessHoro ot6opa
0obpa3uoB ¥ MOCKEAYIOWIErO HCMBITAHNA HAaPYIIEHHH CIUIOMHOCTH NoapobHO
omucasa I'yamaHoM [6], a Taxxke Xykom u Bpeiiem [8].

7.6. BuBoast ® 3akarovenus. [IpUHpUNel, oONpedeNslolIde MOBelIeHHE
IUIOCKMX (TJIAAKMX) TPEIUH [pPH CIOBUTE, BIOJHE OINpENENeHsl U XOPOLIOo
060CHOBaHLl OMBITOM, HAKOIUIEHHHIM B JAPYrUx ofJacTsx HHXEHepHOH
nearenbHocTH, ConpoTHBAEHHE TPEHWIO MOXeT ObITH OMUCAHO COOTHOILE-
HHeM pdexTUBHBIX HanpsixeHuil [ypaBHeHUe (7.4)], kpoMe Toro, IpovHOCTD
Ha CABUI 3aBMCHT TaxXe OT BeJMYHHBI CMelieHHs Npu capure. B mpene-
JlaX cKaJIbHOTO MACCHBA BJIMAHHE TPELIMHL 3aBHCUT OT €¢ OPUEeHTHPOBKH MO
OTHOLLICHHIO K NPWIOKEHHOH cHCTEME HampsxeHuil. B COOTBETCTBYIOLIHMX
YCIAOBMAX MOXET NPOU3OHTH CKoJI HeHapyuleddaslX Hopon (ri 8). Ilpu
HU3KOM YpOBHE HANPSXeHUH C/IBUT B HEHAPYIIEHHBIX MOPOAAX UMEET XPYNKUi
xapakrep. IIpouHocTh 3Ta 3HAYMTENBHO MEHBLIE MAaKCUMAJILHOH WU
NpeAenbHOH NPOYHOCTH HA CIBMT.

ConpoTuBlieHHe CABHIY LIEPOXOBATHIX HAPYLIEHUH CrulomHOCTH (pasi.
7.3.4) 3aBUCHT TaKKe OT Yrjla HakJioHa GoJiee XpYNHBLIX HepoBHOCTEH WIH
BOJIHHCTOCTH M OT YPOBHA HOPMAJILHBIX HanpsokeHuil, ITpy MajibiX Hopmaib-
HbIX HANPAXCHHAX OQHA MOBEPXHOCTH HAPYIIEHUA CTPEMHTCH CIABHHYTLCH
Mo apyro#l BOJMHUCTOH MNOBEPXHOCTH, B TO BpEMSH Kak INPH BLICOKHX
HOPMANBHRIX HANPAKCHHAX BO3HUKAET TEHAEHIMA K CKOJNY COXpaHHOM
NopoAsl B OCHOBaHUM BbicTyNoB. [Ipenmaramucs pa3Hwle O6BLACHEHHA BO3-
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HUKHOBCHHs NONOOHBIX #ABJIEHHI, cpead HHX xax Haubolee obBOCHOBaHHbIE
MOXHO pexoMeHoBaTh 06bsicHeHus Jlagauu u Apuambo [12]

[ToBeneHne TpeurHH IIPH CABUIE 3HAYMTENBLHO YCIIOKHACTCS NPH HAJTHYHAH
B HHX TJIMHKM TPeHUA HJIH APYTOTO 3ANONHUTENA. 4 TAKKE B CiAydYae HX
apepsiBHOCTH (cM pasa 735 u 736 coorsercrBerHo) IlpoTsmkeHHOCTS
TPEILUHBI UMeeT B 3TOM OTHOMIEHHH pelIaloIlee 3HAUYeHUe, HO MPeACTABISET
coboii reosormyeckufl axTop, TpyaHee BCETO OmpenesseMbldl B Ipolecce
HATYPHBIX HCCIIenOBaAHHM

IToseneHue HapylieHH CIUIOLIHOCTH B OOJIBIION CTENEHH 3ABHCHT Taxke
OT €ro B3auMOAEHCTBUA CO CKalbHBIM MaccuBOM B nejiom OrpaHndeHse
AMJIATAHCHHA MOXET YBEJIHUMTH ITPOYHOCTb HA CABHI JO YPOBHS COXpPaHHBIX
nopox PaccmoTpeHsne mpolnecca NPOTrPECCHMBHOTO pa3pyLICHHA NPHBOXUT
K 3aKNIOYCHHIO O BAXHOCTH YYE€TA U3MEHCHHA NPOYHOCTH HA CIABHI TIpH
BO3HMKHOBEHHH CMELICHHAN # yKa3blBaeT HAa HEOOXOMWMOCTE 3aBbIIIATE KO-
¢GuIMeHT 3amaca TPH pacdeTax B TeX Clly4asX, KOrga oOcTaTo4YHas Mmpod-
HOCTb 3HAYHTEJILHO HHXE MaxKCHMAaNbHOH, YYTEHHOW B NPOEKTE

W3 Bcero ckaszaHHOTO B 3TOH riaBe MOXHO 3aKJIIOYHTB, HTO, 3a
HCKJTFOUYEHHEM CaMBbIX MPOCTHIX CIyYdeB, TOUHO ONPENENHTE XapaKTEPHCTHKH
TPEUHH NpakTHUeCKd HeBO3MOXHO (OHAaxo He cienyeT TEPATb HaaeXkIbl
Jlyvree moHEMAaHUE TIPHYUH, BIMSAIOUINX HAa COCTOSAHWE TpelliWH, QAcT BO3-
MOXHOCTb HHXECHEPY NMPUHHMATE DoJlee 060CHOBAHHBIE MPOEKTHLIE pellicHus
Bo MHOrHX ciy4asx OH CMOXET CJIEAOBaTh xajislle, MPOBEAS AeTalbHbIi
AHANH3 BJIMAHMA KaXIOH NepeMeHHOH Ha TPOTHO3 MOBeAcHHS NPOCKTHPYe-
MOTO HM COODYXKEHWS DTO IacT COJHAHYIO KOJHYeCTBCHHYIO OCHOBY IJIs
TIPOEKTHBIX pelLeHrH

CITMCOK JHUTEPATYPHI

1 Barton N R Estimating the shear strength of rock jomnts — Proc 3rd Congr
Int Soc Rock Mech Denver, 2A, 219—220, 1974

2 Bernaix J Properties of rock and rock masses — Proc 3rd Congr Int Soc
Rock Mech Denver, 1A, 9—38, 1974

3 Bock H Geometric properties of joint planes and therr influence on the
strength of geological bodies {in German) — Habilschr Geol Univ Bochum,
1-201, 1976

4 Bock H Geology 1n rock mechanics — Chapter 2 of this book, 1977

S Fecker E and Rengers N Measurement of large scale roughness of rock planes
by means of profilograph and geological compass — Proc Int Symp on Rock
lgracture, Nancy, paper 1-18, 1971

6 Goodman R E Methods of geological engmeermg m discontinuous rocks —
472 p St Paul West Publish Co, 1976

7 Goodman R E Taylor R L and Brekke T L A model for the mechanics
of jointed rock — J Soil Mech Found Div ASCE, 94, 637659, 1968

8 Hoek E and Bray J Rock slope engmeering — 309 p, London (Inst Min
Met), 1974*

* PexoMeHIyeTcs IPOMMTATL BCeM, 3aHUMAIOUIBMCH 3TOH TeMOH



150

Taasa 7

9,

10.

11
12,
13.
14,
185.
16.

Jaeger C.. Friction of rocks and the stability of rock slopes — Rankine
Lecture —~ Géotechnique, 21, 97134, 1971.

Jennings J. E.© A mathematical theory for the calculation of the stability of
slopes in open pit mines ~ Proc. Open Pit Mine Symp., Johannesburg, 87 —102,
Balkema (5. Afr. 1. M. M.}, 1970.

Krsmanovi¢ D, and Langof Z.: Large scale laboratory tests of the shear strength
of rock matertal — Felsmech. Ing., Geol. Suppl, 1, 2030, 1964.

Ladanyi B. and Archambault G.: Simulation of shear behaviour of a jointed
rock mass ~ Proc. 11th Symp. on Rock Mech (AIME}, 105— 125, 1970.

Patton F. D.: Multiple modes of shear failure in rock — Proc. 1st Congr. Int.
Soc. Rock Mech., Lisbon, 1, 509513, 1966.

Reck R., Hanson W. E. and Thorburn T. H.: Foundation engineering — 2nd
Ed, New York (Wiley), 1974.

Széchy K.: The art of tunnelling — 1097 p. 2nd Eng. Ed., Budapest (Akadémiai
Kiado), 1973.

Terzaghi K. v.: Erdbaumechanic auf boden physikalischer Grundlage — 399 p.,
Leipzig (Deuticke), 1925.



I'naBa 8

MexaHnu3m paspyiueHust
TPEUIHHOBATBIX CKAaJIbHBIX NOPO.I

B. C. becm

8.1. Beenmenue, Cnnomnas cpega Obina paccmorpea B ri. 3. OnHako
Ha NPOTSKEHUH BCEro M3JIOKEHHSA IMOAYepKHUBAIOCh, YTO OOBIYHO CKAJIbHBIE
nopons BenyT ceGs unade. CkanbHbIH MaccuB npeacTasiser coboil mopoay,
uMeromyro ocaaliieHHs B BHAE TPELIMH, MOBEPXHOCTEN HaNIACTOBaHMS,
HOBPEXICHURA U T. 1., H 3TH OCNA0JIeHUs ONPENeIsiOT TEOMETPHIO BO3MOXK-
HOrO pa3psiBa WIH B3aHMHOIO CKOJIBXEHHS HacTed MaCCHBA H HAPYLIAKOT
yciaoBusl ero paboThl Kak €IMHOTO LENOro, Ha KOTOpbIE OMUpaeTcs MeXa-
HHKa KOHTHHYyyMa.

KoHTHHYYyM MOXHO paccMaTpHBaTh kak MaTepualn, IedopMHpOBaHHE
KOTOPOTO MOI HArpy3Kol XOpOIO NONNAETCs MaTeMaTHYeCKOMY aHau3y.
KouneuHo, npH pelueHUH HEyNpYyruX 3a4a4, YYHTHIBAFOUIHX ILIACTHYECKHE
CBOHCTBA M BA3KOCTh MaTepuaa, MPUXONHUTCA CTAJKHBATLCSA C Onpese-
JEHHBIMH TPyaHocTAMH., ONHAKO 3TH 3a7aY¥ BCe Xe MOTYT ObITh HCCle-
JoBaHb! B OOIIEM BHAE, €CAM INPaBUILHO BHIOpaHA OCHOBHAS MOMIENb,
OMHKCHhIBalOINas MOBEICHHE MaTepHaa: JIHHeHHO-YIIpyras, HAealbHO ITACTH-
yeckas, YIpOUHSIOIMAACS, BA3Kag U T. 1.

Parnne paboThl 110 MeXaHHKE CKANLHBIX IOpPOJ OBITH HalpaBlIeHB HA
IIpUMEHEHHE pemeHu MeXaHUKH KOHTMHYYMAa [11s CKaJIbHBIX MAacCHBOB.
B ny4meMm ciy4ae pe3yabTAThl TAKHX PAcYeTOB MOTIH OGECHEYHTD NOJy4eHHE
Gonee win MeHee NpUGNM3UTENLHOTO pElIEHHs, ¥ B ONHUCAHHK IOBERECHHSA
MaccuBa OBBIYHO OKA3BIBANKMCH CYIIECTBEHHble OmMMOKH. B mocieanue 1Ba
JAECATUNIETHS TOSBWIOCH TPABUILHOE TpeACTaBleHHe O INPHPOIe CKAJb
H B TO X€ BpEMs 3HAYHTEJHHOE BHHMaHuWe ObLIO yIeneHo mHpobreme
NoJy4YeHnss OBUIMX pellleHuil O HANPsOKEHHO-1eOPMHPOBAHHOM COCTOSIHUH
CKAJNBbHBIX MAcCHBOB IO HATPY3KOM.

8.2. TMoctanoska 3agaun. TpewIMHOBATOCTL B MOpOJax MOXeT ObITh
Pas3au4HONi — OT BHIPAXKeHHOH eIWHHWYHOMN NPEepLIBUCTON TPEWMHBl 10 He3a-
KOHOMEPHO paclpele/leHHbX B MaccuBe cucteM TpewnH. C ofHOR €TOpO-
HBI,— 3TO MaTepuasl, KOTOPHIH 10 CBOEMY ITOBEAECHHIO MAJO OTJHYAETCA OT
CNIOIHOM cpenbl, U B TO JX¢ BPeMA OH He NOXOXK Ha KOHTHHYYM,
H 0 BHAY W IO XapaKTepuCTHKaM OoJbille HallOMBHAET ChINyYHe MaTe-
pHanbl, u3y4aeMble B MEXaHHMKE TPYHTOB.

MaJIoBepoATHO MOITOMY CO3JAHHE B KOPOTKHE CPOKHM €IUHOM Teopuu
JULs ONIACAHUSA NOBENEHHUS CPA3y BCEX BUIOB TPELMHOBATHIX nopol. B cBs3u
C 3THM Hay4HBIC TIOMCKM OOBIYHO BELYTCA TO OOHOMY M3 TpeX OCHOBHBIX
HanpasJieHRH :
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1) y4eT OOHOTO OCNA0JEHUS HIM CHCTEMBl NapasulebHpIXx TPELIHH,

2) y4eT [BYX TMEPECEKAIOIIMXCH TPEIMMH HIH JIBYX [epeceKarolluxcs
CHCTEM TPELUHH,

3) n3yvenue paboTh MaTepHana ¢ MPOU3BOILHOR TpeLiHOBATOCTHIO

XoTsa KoHeTHOH uenbro ABIAfETCH paspaboTka obuieil TeopuH, KOTopds
NaCT HaM HAJOSXKHBIH MHCTPYMEHT IS IPOTHO34 TNOBENEHHS J1000To
MAaccHBa, HECOMHEHHO M TO, YTO OTBETH! HA MHOI'ME BOMNPOCHI MOTPEOYHOTCH
B Omwkaiiliee BpeMs, MOITOMY HaCTHbIE MCCIE0OBAHHH, Kacaron(uecs
CTPYKTYPHOI YCTOHYMBOCTH CKANbHBIX MOPOJ, 1O/DKHBI MPOOIKATHCA — OHH
HEODXOAMMBL JI/I CIPONTEILCTBA TYHHEJEH, MIOTHH, MOCTOB, MOR3EMHBLIX
INEKTPOCTAHUUH, ycTpOHCcTBA OTKpBITRIX BblIEMOK Llenecoobpasuo B CBsA3M
C ITHM JAETANbHO M3y4yuUTh OTIAENBHBLIC BONPOCH B MNpobieMe onpepesneHUs
6e30MacHbIX yCIOBHI MPOBEACHUA paboT, YToOk U3OEXKATh U picKa, U lepe-
CcTpaxoBku Ecin oOpylLIeHHE BCE-TAKHM CAYYAETCs, TO AOJDKHO ObITH NpoBe-
JIEHO AETAIBHOE MCCIENOBAHUE aBAPHH, KOTOPOE MOMOXET JIyYllie MOHATH
NOBEACHHE MOPONB B MAacCUBE

8.3. Oana Tpemmya WM CHCTEMa HapaliejbHbIx Tpeiun. Ilpocteiei
JUTSL NCCIIEROBAHUS CUCTEMOMN SABJISEICS MACCHB, CONEPXAU(Uil €1MHCTBEHHYIO
TPEIMHY MM PsJi T4palIensHBex TpeuivH B 3ToM ciyvae oTknoHeHue
OT MOBEleHMS ONMCHIBAEMOTO TEOPHEH CILIOWIHOH Cpenbl, HalmofdaeTCs
JIMHIL TOT[a, KOTAd paspyleHHE MPOMCXOAMT Io [JIOCKOCTH HMMerouleHcs
TpewuHsl  PaspylleHue MOXET HMeEib BHI PACKPHITHS TpeWUHbl (IpH
YCIAOBHBM MpPeBbILICHHS COMPOTHBIAEMOCTH PACTSIKEHHIO B HAMPABJICHUH, HOP-
MZJIBHOM K IIJIOCKOCTH TPelUwH) 1ubo casura no Heit CkonbxeHue B IIEPBOM
NpubNKKEHUE MOXeET ObITh MCCIENOBAHO NTPH MTOMOILIH OCHOBHOI O KPUTEPUS
Kynona nns paspyuwienns npu caBure

=c+0olgo, 81

rae ¢ — CuemJieHue, ¢ — yron TPeHWs IS TPEeLyMHBI

bynem cuurath, yTo B 0Opa3ile C eAHHCTBEHHON TPEWIHHOM, TOKA3aHHOM
Ha pucC 8 1, HAIpAaB/IeHUs INIABHBIX HANPSKEHUH COOTBETCTBYIOT Hampasie-
HUSM O; R O3

CooTHolleHuE, onpenensieMoe YparHeHNEM (8 1), MOXET GbITh BHIPAKEHO
C NMOMOIIbIO TJIABHBLIX HAMpPsKEHWA

2¢ + 203 tg @
1 ~tgopctgBysin2f °

C71—0'3=( (82

rae f — yron MeXay mIOCKOCTBIO OCHaGIeHus H HANPABIEHHEM MHHEMA/lb-
HOrO HANPSKEHWS, KaK IMokKa3aHo Ha pnc 81 PasHula mexay riIaBHbIME
HaNpspKeHUsMH obpaluaetcs B GeckoHewHocTs NpHu B, crpemsinemcs k 90°
W K @

Vpasuenue (82) cooTBETCTBYeT YCIOBHAM pa3spyUIEHMs [pu CHBUIE
OpHako CkajlbHas NMOPOAA MOXET paspyUIMTHCH KAK TAKOBAd, MPEKIE YEM
NPOU3OHAST CABUI MO TPEIWIMHE, HOITOMY [/ NONYYEHHS MOJHOTO KpH-
TepHsl paspyllleHus ypapHeHue (82) momkHo ObiTh BKItOUEHO B OOLIMI
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Puc. 8.1. Ojunousas TpelmHa, G,

KpuTepuil paspymeHus. Puc. 8.2 npeacraBiager coOoil pesyisTaT CHHTE3A
000HUX KDHTEpHEB pa3pyUICHHs$ B €IHHOE LEJOe.

Bce BhlICH3NOXKEHHOE CNpAaBEANMBO HE TOJBKO s ClIy4as ORHOM
Tpellutbl, HO TakKe ¥ Ad% ClIydas, KOraa [opOAa COAEPKHT CHCTEMY
AApaLIeTbHBIX TPEHIUH.

8.4. Ilepecexatowmecst rpewmusl H cucteMbl. ITonxon, KCHONIb30OBaHHLIH
JUIS aHaJIM3a TPEnIMH ONHOTO HallpaBIEHH#, MOXET ObITh PacHpOCTPaHEeH
Ha ciy4ail nByx # Gonee Hanpasmenuil. Puc. 8.3 cooTseTcTByeT ycnosuio
pas3pyllicHHsA MaTepHala, CONePkKAIIero aBe NepeceKaroiiecs CHMMETPHIHO
OPUEHTHPOBAHHBIC TpenHbl, OueBHIHO, YTO KIIPOUYHOCTL» MATEpHATIA MTOMTH
LEIUKOM OIpeNeNseTCs CBOWCTBAMH TPEIIUH, IPOYHOCThL Camoli Moponwl
o0ycIoBnuBaeT MIIb HE3HAMHTEIbHYIO YaCTh TpeneIbHOR KPHBOML.

Ha puc. 84 B nepsoM NpuOMKEHHH TIOKA3aHO OIpENENCHHE BEPXHETO
U HIKHEro IpefenoB NMPOYHOCTH CHIBHO TpeHHOBaToR NHoponsl. OnHa
KpHBas B KOopauHaTax Mopa npencraBiaseT coOoil NMpenelbHyr Orubato-

G, l
| Cdbuz
Paspyuenue N mpewune
Mamepuana I
|

g° 30° 60° a0°

Puc, 8.2. Vciosus paspylueHusi NP HAJAWYMK OJHON TPEIUMHBL.



i54 laasa 8

Puc. 8.3, JIpe nepecekaromiuecs TPEUIHHBL.

Hewapywennas 4

Cranenas
mpewusa

cKansroe0
maccubo

)

Puc. 8.4. [penenbi IpoYHOCTH TPEUIMHOBATON CKaJbHOH MOPObL

LIYIO CKanbHOW NOpOabl, a JpYras — yCNOBHE CKOJIbKECHHS 1O THAAKOi
Tpewnue, [TokazaHo, 4TO NpH HU3KKUX HANMPSDKEHHAX BO3MOXHO paspylileHHe
B pe3yNbTaTe CKOJILKEHHs BAONL TPEUIMHBI, B TO BPeMs KaK IPH BBLICOKHX
HaIpPSHKEHUAX MPOUCKOIUT Pa3pPYyIIEHHE CaMOH CKajJbHOH NMOPOBL

W3 paccmoTpenHoro 3mech NPOCTOrO KpUTEpHS MOXeT ObITb chenaH
OJMH BaKHbIH BBHIBOJ, @ HMMEHHO. pPa3pYLUICHHE B BUAC CKONbXEHUs IO
TpCIIMHE MEHee BepoATHO Ha InyOuHe, 4eM y mnoBepxHoctH, Orpanu-
YEHHE BBHIUMICU3TOXEHHOTO NOAX04d COCTOUT B TOM, YTO COBHT IO IJIOCKOCTH
TPEILMHLl HE MOXeT HOCTHIaTh CKOJbKO-HUOYIbh OombIION BelnuduuHbI, He
BbI3bIBAsl 3AKMHHUBaHKs OJIOKOB, B CBS3H C ueM IPUMEHEHHE NPOCTOH MaTe-
MaTHYECKOH MOJenu /s AHANW3a NOBENCHHS MAacCHBa OrpaHUYUBAETCA
0o0NacTbi0 MalbiX HepeMelileHui,

Tem we Menee 3TOT noaxon mose3eH B KauecTBe uepBOrO NpubiM-
KEHHUS, TAK KaK JAeT pe3y/bTaThl, B OCHOBHOM COTJNACYIOLIHECS ¢ NAHHLIMH
HaGnogeHui, KOTOpble MOKa3bBAIOT, YTO O Mepe yBenuueHHus yucna Ghakro-
POB, BIMSIONIMX Ha MPOYHOCTb CKATLHOIO MAacCHBa, pasHulla MEXAy Ipoy-
HbIMH M CNabblMy TpPEIMHOBATHIMH IOPOJAMU YMEHBLIAETCS, MMOCKOJIbKY
paspylIeHue OnpeleseTcs CBOACTBAME Tpewiinb!, Takoe NoBeeHHEe MAcCKHBA
Mionnep [11) unmocTpupyeT AHarpamMmoi, npuBeneHHOR Ha puc. 8.5.
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Puc. 8.5. IlpousocTh MOHOJNMTA M MPOYHOCTb CKagbHOTO MaccuBa. I — dakrtop
CHIDKEHHS TIPOYHOCTH MacCHBa (CTENEHb TPEIHHOBATOCTH, CTCNEHb NPOTHXEHHOCTH
TPELIHH M T. 1L.); 2 — NpoYHOCTb; J — Npovnas nopona; 4 — cnabas ckana; 5 — npou-
HOCTb MOHOQIMT2; 6 — MPOYHOCTh CKAJIbHOTO MACCHBA.

8.5. ®uszuveckne Mogean. V3noxeHHBIE MONXOM ABIAETCS IMONMBITKON
co3aaTh oSuylo TEOpHio NOBENCHHS TPEUIKHOBATHIX cHcTeM. O BaXHOCTH
BceH 3Toll paloThl CBHMAETENHCTBYET OOIBINOE YHCIO HCCIAEAOBAHHH, NpO-
BOMHMBIX Ha (W3MYECKHX MOMENAX TPEURHOBATHIX MaTepuanos. Oxasbl-
BAETCH, YTO TPEHME W CUETUICHHE — HE €[UHCTBEHHbIE (PAKTOpPHI, BIHAOIIME
Ha IIOBEleHHe MOMETH: TpPH HU3KHX OOKOBBIX naBIeHuHsAX HaOMI0AaI0Ch
NosIBJIEHHE OCEBOIO K/IMBAXad, CMelIeHUE ONOKOB, BBI3BIBAIOLIEE PACKPHITHE
TpemuH U 3pdekT nunarancun. Pabora nponomkaeTcs B HacToflllee BpeMs
M B TEOPETHYECKOM, H B IKCIEPHMEHTATLHOM HAIpaBIlIEHHSX.

Co3narensimu MOAeNeii TPEUIHWHOBATHIX NOPONA 6bUTA MposiBIeHA Goibias
m3obpeTaTenbHOCTh. T1pu HOBeAeHNE KOHCTPYKIMA 10 pa3pyLUueHus MCIONb-
3YIOTCS THIICOBBIE MOJETH, 4 NPO3PavyHple MOJETH CNYXaT A H3y4YeHHs
pacnpenenenss HanpsbkeHuH MeTonamu GOTOYNPYTOCTH; I HONy4eHUS
TpenlMHLl HeoBXOMUMOI 1IEPOXOBATOCTH PacKalbiBAIOT LEnble OIOKH.

8.6. Buani paspywesmii. [lo cux mop Mbl obcyXzany paspylIeHHe,
BBI3BAHHOE HApYLIEHHEM INPOYHOCTH MAaTEPUala MIM MNpOCKab3bIBAHUEM
no tpeniuHe. OnHAKO BO3MOXHbBI B ApYTHe BHABl paspylieHuil, B 4aCTHOCTH

1) onpokunniBanue,

2) BbInyydBaHue,

3) obpyulenue ¢ o6pa3OBAHHMEM APOYHOTO CBOAA.

8.6.1. Onpoxudvisantie. Paspyweuse TaKoro THNA HIMIOCTPUPYeT puc. 8.6,
VenoBus, npu KOTOPHIX OHO CTAHOBUTCA HEU3OEXKHbIM, ONpeNeIsioTCH
YPaBHEHUSAME CTATHYeCKOro paBHOBecHs. OTnenbHslii O1OK, u306parkeHHBIH
Ha puc. 8.7, oNpoKdHETCS B TOM CIY%a€, €CJIM BEXTOP €ro COOCTBEHHOIO
Beca, NPUICKEHHBIH B HEHTPE TSKECTH Tena, NEXUT HA BEpTHKAIHW, BHIXONS-
mei 3a npenensl ocHoBaHHA Oioka.

8.6.2. Buoinyuusanue. PazpyllleHue B pe3y1bTaTe BHITY4HBAHUSA (BHITHOAHUS)
BO3MOXHO IIpH YVCIOBHM, YTO MAacCHB MMEET MPOTSHKECHHBIE TPElWHbI
B OQHOM HANpABJICHHH, NPEPLIBUCTHIE — B JPYIrOM M HATrpyXeH COBHra-
fopiell Harpyskoif, kak nmokasaHo Ha puc. 8.7. B takux ycmosusx obpasy-
€TCH 30HA «BPAllaTENbHOTO CABHIa», KOTOPBI BBI3LIBAET PaccJIOCHUE
MJacTOB M 3aTeM pa3pyiieHHe ¢ BhIMYYHBAHHEM ATMHHLIX NMAKETOB ILTACTOB,
Kax 3To H3o6paxeHo Ha puc. 8.8.

8.6.3. Obpywenue ¢ obpazosanuem apounozo ceoda. Ilpumep Takoro pona
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Lienmp mamecmuy

Bec mesa

Puec. 8.6. Paspyluenue B pe3ybTaTe ONPOKHIBIBAHHUS.

Cobuzarnwas
Haggyska

il

COfueaowan
Hazpysxa

Puc. 8.7. Harpyxenue, npusonsinee X BPalMaTENIbHOMY CABHTY.

CObuzmmiyas Hazpy3sa

3ona nepeauba
Cobuearwas
Hazgyana

Puc. 8.8. Pa3spyiienue B pe3ynbTaTe BbllyYMHBAHHS — BBITHYTHIU JIACT.
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paspyiieHus NoKasaH Ha puc. 8 9. BeipaboTka npoxonuT B CKanbHOR nopoge,
HMCIOWIEH BEPTHKANBLHYIO W TOPU3OHTANBLHYIO TPCIBHOBATOCTH BROKH,
obpasyroline CBOX BBHIPAOOTKH, MOTYT BECTH ceOf Kak IIPEABAPHTENBHO
HanpsDKEHHble 0anku U CrloCOGHBI CO3/1aTh NEPEKPHITHE NPOJIETA, HECMOTPA
HA TO, YTO BEPTHKANbHbIE TPEUIMHBI HE CONPOTHBIAIOTCH PACTAXEHHIO
3uauut, 6J04YHBIE CTPYKTYDHI CIIOCOOHBI CO3ABATh «CBOI» ¢ 0BPA30BaHMEM
pacnopa, BOSHUKAIOIIErO B PE3y.IbTaTe CMEHieHHH OTAeNbHbIX 6J0K0B, Kax
3TO IOKa3zaHo Ha puc. 8.9

T'L;i;l ]

Apoutbil 3hciexm
) ) clode Buipadamnu

T T T T T T

Puc. 8.9. 3amemienne 6/10KkOB B kpoBje BulpalboTKH

B 3tux ycnoBusx ofpylieHue BO3MOXHO TOT[a, KOTAa Paclop CJOBIIKOM
MaJl ¥ OJIOKH IOJIY4alOT IHAMMTENbHBIE CMELICHUSA MPEXIe, YeM INpOsBIIS-
eTcA J0cTaToYHbIH 3(deKT cBOZMOOOpa3zoBaHHA

8.7. 3akmouenne, Boitie ObiNH PAacCMOTPEHbI HEKOTOpLie W3 HakTopos,
OOYCIOBNHUBAIONIMX [IPOYHOCTH TPELIHHOBATHIX TOPHBIX nopox. M3noxeHHsle
CcooOpaxeHus SABNAIOTCA TONBKO CXKATHIM BBEJACHHEM B O4YEHb CIOXHYIO
HayKy. MOXHO cKa3aTh, YTO NMOBEACHHE TPEUIMHOBATOTO CKaJbHOIO MACCHBA
B OCHOBHOM 34aBUCHT OT creayromux (akropos: 1) cBOHCTB HeHapyIIeHHOH
nopoar; 2) cBoHCTB TpeluH; 3) NPHPOAHOro (HAYANBHOIO) HANPSHKEHHOrO
COCTOSHHUS; 4) HAJMYUA BOALI B NOPaX H TPEIUHAX, 5) BpEMEHH

MocnenoBatensHoit 0OOMIeH Teopuw, BKIIOHAIOuUICH BCe cly4ad paspy-
HIeHWs TPEIMHOBATHIX CKaIbHBIX MOpPOA, MOKAa HET; B HACTOSINEE BpeMs
OPONOMKAIOTCH WCCAEAOBAHHA MEXaHW3Ma CKONBXEHHS, ONpPOKMIbIBAHHUS,
BBINYYMBAHHS W BO3HUKHOBEHHS apouHoro 3ddexra.
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Kaaccndnkanus
CKaJbHBIX MACCHBOB

X. bok

9.1. Baeaenne. Knaccuduxanuu pazpabarbiBanuch Kak cpeactso obobiue-
HHUS Pe3ynbTAaTOB, HAKOIUIEHHBIX B NpOLIECCE HATYPHBIX MCCIEIOBAaHUM, B Ta-
Ko# dopme, uToObl 00ECTIEYHTD:

NPOeKTHPOBILUKY — HEKOTOPYIC HHpOPMalHIO o Haubolee BepOATHOM
COCTOSIHUM CKaJIbBHOTO MACCHBA;

NOApSAYUKY — HHGOPMALIHIO, HeOOXORUMYIO A1l COCTABJIEHHS CMETHBIX
pacleHOK (HeonpeReleHHOCTh B KaaccupukauuM Hopoa HEPEOKO CIYXHUT
HNpUYHHOMN BO3HUKHOBEHHUS PA3HOTO POJA B3aUMHBIX MpeTeH3uH Opyr K Opyry
y 3aKa3quKa ¥ [MoapsIuuKa).

ITo 3TuM aBym npuyuHaM Knaccuukanus UmeeT HONbLIOE 3HAYSHHE IS
1000T0 CTPOUTENBCTBA, HCIONB3YIOWIEIO CKAalbHBIE MACCHBBI, H SBISETCA
OZHOM U3 OCHOBHBIX 3a]a4 MEXaHHKH CKalbHBIX mopop. B nmocnrensee Bpems
6bLIO COCTABIEHO HECKONBKO HOBBIX WM MO KpaiHel Mepe yIyuleHHBIX
KnacCHPUKALUOHHBIX CXeM, MOJIE3HOCTh KOTOphIXx ofcyxaanace u Gbuia
NoATBEPKACHA HA HEAABHHMX CUMIIO3MYyMax IO MexaHHKe CKalbHBIX IOpPO..
Bce xnaccudukanmu HocAT IMIHpHYECKHH XapaxTep, HE MONHOCTBIO BHI-
JEpXaHbl B IOHSATHSX MEXaHHKH CKaJIbHBIX IOpOX M, TaKuM oOpa3om,
He OcBOOOXJAt0T HHXeHepa OT HeoOXONHMOCTH aHANH3UPOBATHL KOHKpET-
HblE YCI0BUS W HAXOOMUTb COOCTBEHHBIE HHXKCHEPHBIC PeElleHHS.

9.2. Knaccudmrauun nenapyvwienunix nopon. 9.2.1. I'eosozuyeckan Kaaccu-
guxkayus. VukKeuepbl JODKHBEL ITOHHMATL W HCIONB30BATH OOBIYHBIE [€0JIO~
THYecKHe (AT MUTONOTHYEeCKUe) KNacCUPUKAUK CKANbHBIX NOPOA, TaK Kak:

a) OHM #BJIAIOTCS 4acTbIO S3bIKA FEONIOTOB, B TECHOM KOHTAKTE C KO-
TOPbIMH UHXeHepbl pabotaror (Tabm. 9.1);

0) cnyxaT cBoero poja ykasaTeneM BO3MOXHBIX CBOHCTB Iopoa; Tak,
OIHH THIBI Nopox 06/azaroT HHU3KOH NPOYHOCTBIO (TYdbl, KAMEHHAS COllb,
cM. puc, 9.2), a Opyrue, HaNpUMEp CBEXUE MEIKO3EPHHUCTBIE H3BEPKEHHDBIE
TIOPOXBI (B 4aCTHOCTH, 6a3anbTH), OueHb MPOYHH B odenb xpynku. Hexoro-
pble nmopopbl Mmopx medcTBHEM BONBl IOXBEPXKEHB NYYEHHIO (IIHHHUCTBIE
CnaHlbl, 3aTMIICOBAHHBIE OpOoawi, puc. 9.1). JIuToorn4eckuil cocras MoOXeT
TAKKe CIYXHTL yKasaTelleM CTENeHH aHU3OTPONHOCTH, ¢ KOTOPO# mpHXo-
AUTCA CYUTATHECA HHXEHEPY (KPOBENbHEIE M KPHUCTATLTHYECKHE CJIaHIbI).
Puc. 9.1 u 9.2 gator npeactaBnende O BAMSHHM HEKOTOPHIX JIHTOJOTHYE-
CKMX 0COBEHHOCTEN MOopoA HA TEXHMYECKHE CIOXKHOCTH H CTOMMOCTb pabor
HO MpoXOIOKe TYHHENeM.

9.2.2. T'eomexanuyeckan kiaccugukayus. HecMOTpS Ha CBOIO MOJIE3HOCTD,
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Tad wya 9.1

Jlutonorudeckan kJacchduratms nopoa (HanBosee pacopocTpaneHubie  0CanoYNble,
HIREPKEHHbIE ¥ MeTaMopduYecKne ROPOAM H WX CROiCTBA, ReBaaronpusTHLIE
C BHKEHEPHOH TOYKY 3peris)

BoamMakiibie HeBNATONPHATHLIL «HIDKEHCPHLIED

Fencraseokail ann Hopo 1 Hanvicnonanne nopo L cm!ﬁCTBd nopo 1
OcaAo4HbIC OPOUb Iecyanukn Iroxo Oyparcs
(0010MOMHOTO TpoUC-  AIEBPOUTHI -
XO0XACHUA) Iaunucteie caanusl  TloaBepxkenpt MYYEHMIO M ycajke
Ocano4nbie HOPOIbI W sBec rusku KapceT (npoceianus), UCKIIOMMTENb-
{(XMMHYECKOTO IPOUC- HO BbICOKaZ BOJONPOHNUIAEMOCTb
XOXACHUA) lManc MMyuuTca 1pu OCTYNE BOJbI; arpec-
CUBHOCTH ITOpPOBBIX BOI
Kawvennas cone CxI0HHA X ROJIIYHECTH BhLILEIAYH-
BAETCA
H3Bepxeutbie noponst [ panu rot CKIOHHBI K BbiBETPUBARHUIO, B OCO-
{MHTpY3UBHbIE) OCHHOCTH  KPYNHO3EPHUCTBIE pa3-
nocTH
Fa6opo —
bazaiib roi BhiBeTpuBato [C 10 BbICOKOYYBCTBH-
TEABHLIX 1 AHIMCTBIX MUHEPATOB—
MOHTMOPHTOHHTOB

MeTtaviopduueckue Mo-  AcnuaHbie (KpoBelb- Becbma  aHU3OTPOMHBL,  CosiepKar
poabt HbIE) CNAHLBI pa3iuYHble MAACTUHYATHIE MUHEPa-
Jbt ciayony, rpaduT, Tanbk), ABaAO-
muecs npuudHON  HU3KOH MpouHo-

Kpucranuaeckue CTH HA CIBWT

CAHUB

Tueifcobr AHM30TPONHOCTh
Ksapuutsi Ouenb ncxo OypaTca

AUTONOTHYECKAN KAACCHPUKALMSA IONHOCTHIO HE YAOBETBOPACT HEKEHEPHBIM
TpebOBaHUAM, MOCKONLKY OJHOH B FPEOJOrHYECKOM [IOHMMAHWK TOpofe
MOTYT ObITh TPUCYLIN CaMble Pa3HO00pasHbie MexaHudeckue cBoiictea. C uH-
HEHePHOH TOUKM 3PEHHs, reoNiorHYecKas XAPAKTEPUCTHKA J0JKHA COTpO-
BOXAATBCA XOTA Obl ONHHM NapaMeTPOM M3 HIKe NPHBOAHMBIX TeoMexa-
HHYECKUX CBOWCTB. B OCHOBY reoMexanuveckux KnaccH(HKALMEA HeHapy-
HICHHBIX IOPOJA MOJOXEHbHI:

NPOYHOCTL Ha OZHOOCHOC ckatwe (Tpu wiacca no Koarcy [8]; mars
kaaccop no Jupy w Mumnepy [10], a Ttaxke no Creifinagony [28],
Tabn. 9.2; cemp kiaccoB mo Beussckomy [6], Tabn. 9.9);

«OTHOCMTNLHLIA Monynw» E/o. mo Jlupy u Munaepy [10];

nokasaTelb OPOYHOCTH HPU TOYEHHOM npwsoxkednd Harpysku J, [12].
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Puc. 9.1. Bespxenckuit tyunens (IBeftiapcxas MOpa) a — npoxonsHei# reonoru-
qeckMii Mpodusb, 6 — BOAONPHTOKH (B OCHOBHOM B H3BECTHSAKAX), 8 — ITydeHHe
obpatHoro cBona (IPEeMMYILECTBEHHO B 3aTHIICOBAHHBIX MOpONax) | — w3BECTHSKH,
2 ~ THIICOHOCHBIE CJIOM, 3 — Opyrie TUTOJIOTHYECKHEe Pa3HOCTH

Aemonpeus F—————F1"

Cmoumogme
paspadomxu
U KDEnNERUs
Ha memp
GAun! myH-
Hena

CKopocms
npoxodxu,
M/cym

Sy

0

3banopums
Heaamponymeie
Boiuenayubanuem
Yacmuuno a
fonyenovensie
HsBecmnaru flonnocmen

&b
Bonyenoqenmsie Meps

(ESEEESAY 32 S 2

B7,5m | B6,5m
|

. I

L A L
0,5 1,0 15 20 2,6 1M

Pre. 9.2, TMompomsumit TYHHeds IHApo3eKTpocTaHLmu Jlaanm, Asctpus [27]
4 — TMTONOTHA HA yYaCTke TyHHEnd Anuuo# 2,6 kM, 6 — CTOHMOCTb pPa3paGoTku
M KpeIJICHMA TyHueSs Ha eIMMuny [UIMHEI ero (B OTHOCHTENBHOM Macmirabe);
€ — CKOpOCTh NPOXONKH (CHJIBMO 3BBHCHT OT JIMTOJIOTMYeCKux YycioBui)
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Tao.mya 9.2

Tipuvep reomexanmveckol KaaccHGUKAIME HeHapyweH-
HLIX TOPO, OCHOBAHHOH HA NPOYHOCTH Ha OAHOOCHOE
cxarue [28].

CTInIoN cuMTacs, uTo MOponsl cpenHel ¥ caaboit
¥aTeropuil MOTYT NpH BOJOHACHILUCHHHM TEPATb [0
80 Y, ceoe#t mpouynoctu. M3 sroro cnepyer, 4TO
ACMILITAHUA B KNACCHQHKANMOHHBIX [EIAX  [NOJDKHBI
NPOBOAKTECS B CTAHIAPTHBIX YCIOBHSX (T. €. B TOYHO
VUT4HOBJIEHHOM  CYXOM MM BOJOHACHIIEHHOM
COCTOIHUN)

n PAYHOCTE HR OJIHOOCHGE

Y &H-
o S

AeHma Mlla GYHT/KB  [I0WM
Ouenb cnadvie VW <7 < 1000
Ciabure w 7—-20 10003000
Cpenseli  kpe-
ToCTH MS 20—~70  3000—-10000
Kpeukue S 70—-170 10000-25000
Quenb Kpeakde VS >170 >25000

Knaccupukannonsas cuctema, npeiioxentas JAupom 1 Mustepom [10],
[0 CEro BPEMEHM MIMPOKO NpuMeHsemas B AMEpHKE, OCHOBAHA HA TPOH-
HOCTH Ha OJHOOCHOE CKaTue O, ¥ JONONHUTENbHO HA KACATESBHOM Molyie
yopyroct E,, ¥3MePeHHOM [IpU HANPDKEHMH, COOTBETCTBYIOWEM MOJIOBUHE
APOYHOCTY Ha ckaTue (puc. 9.3). OTHOWEHKe ITOr0 MoAyis K OZHOOCHOH
TIPOYHOCTH HA3BIBAETCH OMHocumesbHuM Mo0yiem (modulus ratio). Jup u op.
BLUAEAIOT TPH KacCa TOPOA: ¢ BLICOKWM, CpPEeJHUM # HH3IKAM OTHOCH-
TelbHBIM MoIyseM (cM. Taba, 9.3).

Knaccudmranmonnsie I4arpaMMel IPOYHOCTE Ha CKATHE — MOAYADL YIpy-
TOCTY cTpodArcs B jlorapudvuyeckoM MaciiTabe, [IBa npumepa, IpHBeReHHLIX
Ha puc. 9.4. NCK43BIBAIOT, YTO:

a) FKCHepUMEHIANbHLIE 3HAYEHHS KAK OJHOOCHOH MNPOYHOCTH, TaK H
Moy ViPYTOCTH MMeRT Gosbino#t pazbpoc;

6) B TO Xe BpemMs MX COOTHOWEHWE uMeeT Oonee WM MeHee HOCTOSH-
HYIO BelWduHy (3HaucHHE OTHOCHTENIBHOrO MOLYNIs B mpeaenax oT 200 xo
700) HesaBuCMMO 01 NPOYHOCTH WM OT Moayss ympyroctd. M3 3roro
CHElYeT, 4TO OIHOCHTETbHBIH MOIyJib HE OHYeHb MONXOZUT AJIs, XapakTe-
PHCTHKYM WM A8 KIACCHQUKAIMY HeHAPYIIEHHBIX NOPOAX.

Hokazame 1 npounocmu npu moueunom npusoncenuu nazpysku J, [12]
onpeleseTcs Ha kepHaX OPOAB MeTOA0M COOCHBIX myaHcoHOB. IIpHGop
Afis TAKOIO pOMd HCIBI1AMMI COCTOMT 3 HeBOJBLIIOro THAPABIHYECKOrO
JOMKPAara H Harpy30UHOTO YCTpOHCTBA C JETKHMM KapKacoM. KepH ciasiu-
BAETCS MeXAY TOPUAMH COOCHO DACHOJIONEeHHLIX [NYAHCOHOB CTaHAAPTHOrO
pasmepa (puc. 9.5, B nponecce WCHBITAHMA M3MEPSIOTCA JBE BENMYMHL
paccrosiue D mex1y Toplamy u cuna P, HeoGxonuMas, 4To6BI PACKOJIOTH
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Puc. 9.3. Ompeldenenue OTHOCUTENIbHOTO , c
MOZYJIst 0 "

Tad wya 93
Knaccnukauns no orHocHresnsuomy moayme |[10]

OTHOCHTE bHBIH
MOTY Ih

Knace Onucanse

H  Bbicokuit 01HOCHTebHBIN MOOYJTL > 500
M Cpeanuit oTHocuTe bHbtH Moayds 200 — 500
L Huskuit oTHOCHTENbHBI MOxyb <200

xepr Ilokasatens mnpodyHocTd J, onpemenserca n3 oTHoweHus P/D?
(puc 96) Teoperwyeckd TakMM cNOCOGOM ONpelHeNAcTCA HPOYHOCIH Hd
pactaxenne [17] OnHako pe3ynabTaTsl WCHLITAHWH BHOJHe yIOBICTBOPH-
TCALHO yBﬂ3bIBaIOTCH Cc I[pyl"HMH napamerpaMH, B3 TOM Yucjie¢ ¢ npoy-
HOCTBLIO Ha OIHOOCHOE CXKATHE, 4TO NO3BOAAET MCHIONB30BaTh MX HMf
BbIBON@ MOKA3aTend NMpousocTH (puc 97) B obuiem cMmpicie

HcnniTanus ¢ ToUeHHbIM HATPYHEHHEM HMEIOT HEKOTOPbIE CYIIECTBEHHAIS
IpeuMyHiecTBa

a) oOpazen paspyliaeTcs NP 3HAYATEILHO MeHBLUMX HATP)3K4X, deM
npu ckaTud (MOLIHOCTh TpeOyeMoro nomkpara He mpessiwaet 0.4 ot
TpebyeMOii B ONMITAX CO CXKATHEM, M 3TO OONErYacT 34rpy304HYIO Damy.
KOTOpas B 7TOM Ciydyae MOXeT ObiTh MOPTATHBHOIM),

6) MCTBITHIBATH MOXHO KEPHb1, B3AThIE HEHMOCPEACTBEHHO U3 KOJOHKOBOM
TpYObl Oe3 IpeldBapHTenbHOH 00paboTKu

MeTonuka ompeleneHus mokasatens J, pa3paboTaHa BHOJHE HAAERHO
0 cilaBmaprTHoro yposHs [16], a Heobxomumas IUTA 3TOrO dmIapaTypa
HOCTaBAfeTC MPOMBIILIEHHOCTHE0 MeTon 3TOT, IPOCTOH U OOMIENPUHATHIH,
MOXeT ObITh pPEKOMEHAOBAH JUIS Hened KnacCMPHKANMH HeHApYIIECHHBIX
nopon Knaccubukanus mo mpouyHOCTH npuBeneHa Hwxe B Tabn 94

9.3. Knaccupuxaumn uapywenwii cnaommnoct. 931 Teosozudeckan
kaaccupuxayus HapylleHns CrIOMHOCTH (MSIM MOBEPXHOCTH OCAabneHwsA)
OTHOCATCA K CTPYKTYPHBIM OCOOEHHOCTAM H Da3efftOT CKANbHBIA MAaccuBs
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Puc. 94, KnaccuduxkanuoHHpie NOHATPAMMEl, XapaKTEPHU3YIOLIHE OTHOCHTEJIbHbIE
moay in [9] o« [daseste no Hexkoropblm 3dy3usieiM nopomam [ ~ GasansTel,
2 — anne3nTH 1aLMTLI M PHOJHUTH, 3 — 75 %, peayabTaToB 6 [laHuLIE 10 OCAAOUHLIM
noponam 4 — W3BECTHAKH, 5 — JOJIOMHTH, 6 ~ 759, pe3yisTaton. A — O4¢Hb Bbl-
COKam NpPOYHOCTb, B — BhIcOKas npouHocTh, C — cpenuss npoYnocts, D — uuskas
APOYHOCTh, E — OveHb HH3KAas npouHoeTh, H — BHICOKME OTHOCHMTERBUBIN MOAYMb,
M — cpenHuil OTHOCHTENbLHBIN MORYAb, L — HU3KHH OTHOCHTENLHbIN MOAYAL
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Puc. 95. Ilpoctoe ofopynosanue
AR HCOBITAHWHA HA MPOYHOCTL TP
TOYEYHOM NPUIIOKEHHH HArpy3ku [5]

Puc. 9.6. OcnopHbic nmapaMeTphl B
ONLITE € TOWCHYHMBIM NPHICKEHHEM
HATPY3KH.

florazamens ’
npoarocrmy Ig= P/

Ha OJNOKM HEHApyLIEHHBIX TopoA. MHorme HHXeHephl OOBCIAMHSIOT ITH
Hapymesvs Nox oOuMM Ba3BaHHEM «TPellMHLD (TPEUIMHBI B LIMPOKOM
CMEICJIE CJIOBA), HO ITO O4YE€HDb OONLILIOE YNPOIIEHHE, TAK KAK MEXaHWUYCCKHe
CBOMCcTRA 3THX Hapyuenwit 3aBUCAT OT MX TeHesmca. Clie/lOBaTeNbHO, pas-
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Nposwecms ha odnaockoe cxamue Oy, MIa

Puc. 9.7. 3aBucHMOCTb MEX1y NOKa3aTelqeM ITPOYHOCTH HA TOUYEUHOE NPHIOKEHHE
Barpydku I, W npounocTei0 Ha onuoocuoe cxkatde (5] Mcrownmkn anmmix:
1 - Broch and Franklin, 1972; 2 — D’Andrea et al, 1965; 3 —~ bensnckuit {S].

Tat.auya 9.4
Knaccuduxauss seHapywesnnx nopos no npodnoctd |5)

NMpovHocTh Ka ToHEY-

OnucaTe ThHAR XdpaKTe- IMpoynocTb HA O IHO- HOS mPHIOAERHE Ha-
PHCTHRA MPOYHOCTH ocnoe exatue. MIla rpyak. MIa
Oueun BrICOKAS >200 >8
Bricokas 100—200 4-8
Cpenuss 50— 100 2-4
Husxkan 2540 1-2
Ouent HM3Kas <25 <}

JOMET, TAOCKOCTH HAJIACTOBAHUA, TPEIUHEI (B Y3KO TEHETMYECKOM CMBICIE).
KJIMBAX B T, JI. HMEIOT PA3JIHYNLIE TeOMETPHYSCKME M MeXaHUYECKHE XapaKTe-
pucTuky (1a6n. 9.5, puc. 9.8 u 9.9), nosroMy reonoruyeckas Kiaccupuramms
HAPYIZEHUH CTLTOMHOCTU OCOOEHHO BaXHA JLIA MHKEHEPHBIX UeNeil.

9.3.2. TI'eomexanuveckan xaaccugbuxayus. UeoMexaHudeckas Kiaccubu-
Kail¥s HapylleHWH CONOUIHOCTH OCHOBaHA Ha!

ware MAM PacCTOSHHM MeXAy TpemmHamu (nats knaccos nmo dupy [9],
1abn. 9.6; mects kmaccos no ®pauxnuny [12], Tabn. 9.11);

KOJIBYECTBE CMCTEM TpEWIMH (JeBsth KnaccoB mo baprony wu ap. [3]);

ILEPOXOBATOCTH NOBEPXHOCTM TpeluH (msTb KnaccoB no IMuto [26],
12621, 9.7; nessatn Kaacco mo Baprony u ap. [3]);

MOIWHOCTHY 3AMONHEHNA TPEIMH (aTh Knaccos no Tuto [26], Tabn 9.8;
14 xnaccos no Baprony [3]).
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Tub.uya 95

T'eonoruyeckue WIOCKOCTH ¥ HX OCHOBHbLIE I COMETPHYECKHE XAPAK TePHCTHEKH

Teo 10r1vechoe

XapaxTepuciukd MoBepxHOC reit

onucduyce OpHeHTAUHR lzlu;ep;::, np:::‘:f” m‘fzgﬁ"d 3ano wiewue
PasnoMbi B 3aBucumMocTi - Boxabimas  Hu3skas Bo tLmoe
OT Hampasje-
UM TEKTOHH-
HECKHX CHJI
TlnockocTr Beinepkannas IMepemennbiit Bonbwias  ITepemen- Pasmoe
HaMmIACTOBAHH Has
TpetuuHsbi :
CHCTEMHBIC Boiiepkannas  Menbie, qem  Bospuras  Masnas CpenHee
y Geceuciem-
HbIX
BeccucTeMubie Pasnas Bonsine, uem Manas bonwias  Maoee
y CHCTEMHBIX
Kausax Ouenr mplaep- Owens Ma- ECpepuss  Manas Manoe
KaHHAs nblit
Cenyupue
IPEUIAN
N
s

Puc. 9.8. Cxematuynas Siok-auarpamma,
HOKa3biBaioNias B3AUMOCBA3b MEXILY Npe-
obsaarommyu  IOCKOCTAMH  HAMLIACTO-
BAHHA, CHCTEMBBIM} M GeCCHCTEMHBIMM

(nonepevnsivm) TpelluHamy [14].

TModepxnocmu b

Hanaacmodanys

el

i/w

Cw, mEMI
mpeus

Knaccupukanmn, npusenehssie B Tabn. 9.7 n 9.8. coctasiennt HA
mpumepe pyasuka C.S. A. KoGap, Apctpanus. OHH OCHOBANBL HA IPELIO-
xenuax Iuto [26] u Baprona {2].

9.4. KiaaccHPHKAUMA CKAIbHBIX MACCHBOB. MeXaHWYecKOn MOBENEHNS
CKANIbHBIX MACCHBOB 3aBUCKHT OT CBOMCTB CNATAIOMMX HOPOA U HapywieHuH
CIUTOUIHOCTH, [03TOMY KacCu(UKalMi MacCHBOB, HECOMHEHHO, MOJKHA

6a3supoBaTeCd N0 MeHblieHl Mepe Ha JIBYX HapameTpax:

QIHH

[OJDKEH

XapaKTepU3oBaTh COXPAHHYIO NOPONY ¥ APYrod — HAPYINeHHs CrAOWHOCTH.
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Puc. 9.9. Bun Ha cyOropu3oHTANbHYIO MNIIOCKOCTb HAIIACTOBAHMA CO ClIEIaMiu
cHeTeMHBIX M Geccuctemnnix ceTell Tpewun B ussectnake [7].

Haunbonee npocteiM B 3T0M OTHOWIEHHH ABJfETCA npexiokenne Mronnepa
[23] ucnons3oBats B KadecTBe NapaMETPOB NPOYHOCTD HA OHOOCHOE CHATHE
U PACCTOSHHE MEXIY TpeljHHaMu (oba nokasaTens BulpaxeHb! Ha Knaccudn-
Kal[MOHHBIX IHATpaMMax B norapudmmueckoM Maciitabe). Mronnep menur
MaCCHMBLI TIO KadeCcTBY Ha 4eTwipe xaTteropum (oM. pre. 9.10). [oxoxyro
KNACCH(HKAIIHIO, HO C JICNICHHEM Ha ieCThb Kateropnit npemnoxun GpaHkiny
{12], em. pre. 9.11

Odnonapamemposds Kaaccu@urayus BO3MOXHA Oaarofaps HCHOAL3O-
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Tai wya 96

Knaccuduxama wapyineuuii CIommocTs
NO paccronHnio Mexay Humn [9)

PaccrosnHe mMesly

OQnHCd ¢ 1bI1AS OLENKd
TPEIHHAMH B ¢ IHHH-

paccToanusa L LTHHS!
Quenr Manoe <5 cm
Manoe 5—~30 cm
YmMepento Gosbiuoe 0 cm—1 m
Bounbiloe -3 ™
QueHb Hosbuioe >3 M

Tao wya 9.7
Knaconpykalms EePOXOBATOCTH NOBEPXHOCTeH Tpeumy

Huaeke

- Ilc:ﬁcxglsl N WepoxoBa- Onucanae

DV TocTh WePaXOBATOCTH

Knnusax B TanbK-Xj10- 1 3epkasio  CKOJIbKE-

pHUTOBOH#  TEKTOHMYeE- HHA

CKOft 30HE

Nocnoitustit kimsax n 2 CrnaxeHHas

MNOBEPXHOCTU TpEHIMH {3 AcHo BbipaxenHan
4 pebpHCTOCTD

Crerka cTyneHua-
Tan
s Becsma rpybea

Tat.uya 9.8
Knacewdukala Tpetmy N0 MOUHOCTH 3BNOTHATENN

Nedek ru: Karer0- MOUHOCTS 3aOHNTE 1R,
{pymux C S A) pus o™
Tpewnnet 1 1 0
MEJIKHE pa3/IOMbI 2 >0, no <0,6
3 >0,6, HO <125
4 >1,25, Ho <25
Kpynubie Taabk-X.0- 3 >25

pPUTOBEIC TEKTOHHYE-
CKMEC 30HbBI
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ooy KnacCupuxadusd cxansroix macculdold
Hacme ; Baovno p ,
Cnnownod | MacculBrew capuemeil Toewunofamerd | Pasdpodnestsid
200Mia
L ¢
Bmewsanouy ] fpourets _E7 T T ya
napeda (Cmegen WMﬁ - 1 apo s prd Ve
cow, 79682 ) U (l' aned / /
Paaopoc -—*L P
CpedHuX 3Haventy 50Ma e
Cnabo
25MMa
Dyenb caabait
10MMa it
1om M ) 300mm 50mwm 10mm

Paccrosnue MEWdy mpewunamu

Puc. 9.10. Juarpamma kiraccnduKanMy CKaNbHBIX MACCHBOB, npeanoxeusas Mion-
nepoM npuMernte 1O K pyanuky C 8 A, Kobap [2] Oyenka npounocmu cKkatbheix
HA((H80E TIPOHHBIK Maccus — cuenenne 702 MIa una yroa tpenus >40°, Maccus
cpenueii npountoct — cuentenne 0,1 —0,2 MIla u1d yron tpeHus 30-40°, cnabpiif
MaccuB — citensiedue 10—100 kIta unu yron tpewus 20—30°, ouenb cnabuiit Mac-
cus — cuemnenre <10 klla um yroa tpesus <20° Iloa mpounocrsio B Tabnuue
no/ipa3yMeBaeTcsl MPOYHOLTH HEHApYIIEHHOH moponbl Ha cxatue Kiaccudukaws
CKaJibHbIX MacCCHUBOB CAAGWHOH — NpaKTHYCCKH Ge3 TPECUINH, MacCcHBHBIIH — clIerka
TPEIUHHOBATLI  OI0YHO-C JOUCTBIH — YMEPEHHO [PEIIMHOBATHIR, TPELIMHOBATHIH —

CUIILHO HAPYUICHHBLIH, Pa3upod 1cHnslH

BAHMIO Hokasameds Kauecmea nopoder RQD* [10], ompeaessemoro mno
BBIXONY KepHa IPH KOJOHKOBOM OYypeHHH H KOCBEHHO 3aBHCAIUETO OT
KOTHIeCTBa TPELIHH W CTEIEHH BLIBETPENOCTH NOPOIBI

CyMMapHast JiMHa KyckoB KepHa 2 10 cm
I'nybGuna CcxBaXuHbI

RQD = 100(%%)
(B pacuer NpHHHMAETCS TONBKO KEPH AHAMETPOM 250 MM, oTOOpaHHbBIN
npu KosoHkoBoM Oypennu ) Ipumep nogcuera RQD npusenen na puc 912,
Onpenenerue ROD tpebyeT OTHUYHOro Ka4vecTsa OypeHus u3-3a TOro,
YTO pa3pylleHde NOpoAbl NPH IIPOXOAKE CKBAXKHHBL MOXET OTpPa3UThCH
Ha noxasatete Ilpu BoicokMx 3navenusx RQD npossiseTcs HekorTopas
«HEYYBCTBHTENLHOCTLY METOMA HAlpHUMep, AJs CKaJIbHOTO MAacCHBa, COCTO-
Aero U3 ONOKOB ¢ AnuHOM pedpa 20 cM, ROD MoxeT 0Ka3aTbCH PABHBIM
100°;, 1 B TO e BpeMs 3TOT MACCHMB MOXeT ObITh oueHb HEYCTOH4YMBBIM
B KAKUX-TO CTPOMTEABHBIX CHTyalUsiX, T € OTHIOAb HE UMETb OTIHYHOIrO
Ka4yecTsa

* Tlapavierp RQD (rock quality designation) 6si1 mpennoxen QupoM B 1963 r
B pabote Deere D U Techmcal description of rock cores for engmeering purposes,
Rock Mechanics and Engineering Geology, 1963, vol 1, p 18 — Hpum ped
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Puc. 9.11. Kaaccudukauus ckanerwx MaccuBos [12] Pacomosnue vemdy mpeuqu-
HAMu W HIOCKOCMAOMU Han jacmosanud 4 6 — dpessbltaiino Honwmoe, o 6 — ovueHL
onboe, & — BOJBIIOC, ¢ — CPEAHEE. M — MAOE 0 M - OYEHb MAJIOe, 4 ¥ — upe3-
BbIYAITHO Mafloe, 11 — TUIaCTHHYArag OTAe.dbHocTb OQnucanue nopod (TEMHHE 3Ha4-
Ki — AHITUA, CBET/bic — ¥Youuc) | — noAcTHIalomMi C1od (I-THHA), 2 — necuaHuk;
3 — apruamuT. 4 — ANEeBPOIUT U NOJOCHATHIE CIIOH

Knaccuduxannonnsie cucrevsl kak Mroanepa — ®paHkauHa, tak 1 RQD
HMeroT oOmuMi HEAOCTATOK — OHH HE YUUTBIBAIOT HEKOTODBIE ApaMeTphl,
HMEIOILIME, KaK MOKa3al ONBIT, GOABIIOE 3HAYEHHE B MEXaHHYECKOM IOBE-
AeHMH CKajibHBIX MacCUBOB. D10 13710 baprony u ap. [3] u Bensmckomy
[4, 6] noBom K COCTABREHHIO MHOZONAPAMEMPOSHIX KAACCUPUKAYUOHHBIX
cucmem. B obeux cucreMax nokasaTedb KauecTBAa CKAIBHOTO MacchHBa O
BLIBOJUTCA M3 INECTH NApaMETpOB:

no Baprony u ap.
0= RQOD e

J, J, SRF’
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Bsixod Moduguyupoban- R@D-noxasa- Dnucanue
Kepaa, Awd feixod Kegaa, mens kevecmia xavecmba
ol dioimn nopods: napods
)

10 D 0 4 =25 Qvens nnoxoe
2 “ 25 =30 Nroxoe

? ] 50-75 Ydobnemtbapuemensnoe

d 7e 75 -390 Xopouree

9 0O 4 30-100 Dveny xopowee
5 Oy s

J O

1 ] -

6 s

1

2 &=

5 0l s

50 7

Boixod repm ran

50/60-63% 34/60=57%

Puc. 9.12. Brixon xepua — nokasaTenb KauecTBa CKajibHOro Maccsa (9]

agecs RQD — noxasatens kadecTsa mo Jupy; J, — nokasareis KoJiM4ecTpa
CHCTeM TpewuH; Jg — nmokalaTesib IEPOXOBATOCTH MOBEPXHOCTEH TPELInH;
J, — nokazatesip BLIBETPEIOCTH MO TpeiuuHam; J - NokasaTeib CTeneHd
obsonnenns TpeuwH; SRF — kodbduuueHT yvera ecTeCTBEHHOIO HANPS-
KEHHOro cocTtoAuus *.

a0 bensBckoMy
Q = Rg, + RRQD + Rdj + R(, + R“ + R(,J,

3aech R, — napamMeTp NpOYHOCTH HA ONHOOCHOE CKATHE HEHAPYIEHHOM
nopoant; Rggp — Rapamerp nokasarens RQD, Ry — mapameTp paccrosHus
MeXK1y TpeuiMHamu; R, — mapameTp cocTosmuus TpeillmH, R, — napamerp
ycnosuit obmoamenns; R, — napamerp opHeHTauuH Tpemun, B obenx
chcTeMax ocoboe 3HAYEHME MPHAAETCA CBOHCTBAM TpeuMH (MeThipe mapa-
meTpa B cucreMe baprona u Tpu — y Benssckoro). B o6oux ciysasx RQD
paccMaTpHMBaeTCd COBMECTHO C ycioBMAMM oOBoaHeHus Maccuea. Her
HHYETO YOMBHUTEIBHOrO B TOM, YTO O0E CHCTEMBI MOXHO CBA3aTh MEXAY
coboit (puc. 9.13). Noapobubie aanuble, HeobXxoauMbIE [ oNpeaesienus
pabigyHbIx napamerpos no benseckomy, npusenenst B Tabn. 9.9.

* Bce BbllIenepeyHCeHHble TTOKA3ATENH ONPERENAIOTCE NO COOTBETCTBYHOLIHM
wikanam, fipuseacHabM B Tabn. | B paGore Baprona n ap. [3) — ITpum. ped



TeoMexammveckas KIACCHPHKALMA CKATbHLIX MaccaBoB {4}
A. Knaccagaxansossibie napamerps

Tabauya 9.9

IMoxasaresns
HPOYHOCTH
npH TO4CH-
HOM  [pHJIO-
KEHHH Ha-
IMpounocts rpysxn, MITa

>8

4-8 2-4

1-2

Jlyuume nonk3onarbcs

Nnoxa3areyiaMsa MPOHHO-

CT8 Ha OJAHOOCHOL

cxKaTae

| HeHapylleH-

Ho# "°p°m’ll'1poquoc-rb

HA OZHOOCHOE
cxatue, MI1a

>200 100-200 50-100 25— 50

10-25 3-10 1-3

Ouenxa 8 6a11ax 15 12 7 4 2 1 0
Kauectso OGyposoro 90—100 75-90 50-75 25-50 <28
kepua RQD, %,
2
Ouenxka B Gamnax 20 17 13 8 k!
PaccTosnne  Mexay >3 M 1-3m 03-1 M 50-300 MM <50 MM
TPeLIHHAMHU
3
Oueuxa 8 6a1max 30 25 20 10 5
4 Xapaxrepuctuxa Ouenb we- Crnerka Cnerka 3epkano  Masarkas raMHka
TPEIHHOBATOCTH poxoBa-  UiepoXoBa- IUEPOXO-  CKOJIbXKE- TPEHHS MOULHO-
Thle MO- ThIe MHO- BaThle HAS A9 CTBIO >5 MM
BEPXHO-  BEPXHO-  MOBEPXHO- FIMHKA Wi  OTKPBITHIC
cTH. CTH. CTH. TpeHus TpellHHbl  1UM-
Tpewsun [lupuna Hlspssa  Mowwo-  pHHOR >5 MM,
KODOTKHE, TpellH  TPEWHH  CThiO Jnnunpie  Tpe-
COMKHY- <1 MM, <l MM, <SMMSH WHHK
ThiE, CTeHKA CTeHKH OTKPBITHIE
CTEHKH TBEpALIE  MATKHe TPELUHHbE
TBEpAbIE wuprEoA
1—5Mm,
Juuvsie
TPeLH Hbl
Oneska 8 Gatax 25 20 12 6 0
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TIpodo.wenue maot 99

fpuiox na OrcyTer- <25 25-125 125
10 v a.m-  Bye!
HbBl TyH-
Hens,
A/MHH
Otuoune-
HHE HANO-
pa Tpe-
5 Tloa3em- MIMHHBIX
Hble Boabl BOA K HaH-
GonbluemMy
TJIABHOMY
HANPAKEHHIO 0 0,0-0.2 02-0,5 >0,5
O61me Cosepiienno cyxo  Tojbko Bona nmon  Crnosxuble npod-
yCIoBHst BI1AX- yMepeH-  JeMbl, CBA3an-
HOCTBb HbIM 04B- HblE C BOJOH
-IEHHEM
Ouenka B Dasnax 10 7 4 0
B. Ouenxa 3JeMeHTOB 32.1€Tauna TPeluK
Mpoctupanne w mazende OuecHs baaro- Vaosner- Hebnaro- OueHb He-
TPEIIHH Onarompu- [IpUATHOE BOPHTENb- [pHATHOE  (sarompu-
SATHOE HOE ATHOE
B TYHHENAX 0 -2 -5 —-10 —12
Ounenxa
B Gamax B QCHOBAMHSAX 0 -2 -7 —15 -25
B OTKOCAX 0 -5 -25 — 50 —60
ITpoctupanne, nepnenukyIaproe OCH TyHHENs
P 4 P yIap y TIpocrupanue, v
{Ipoxonka ipoTus napasiiebHoe S
Mpoxoaxa 110 HaeHUIO p p K TYHHE uust 0—20
Tanenns - HE34BHCHMO
OT NPOCTH-
Tlanenne Manenne Naneune Maneune Hapenne IManeuue pauns
45-90° 2045 45-90 2045 45-90 20—45
Oueur Gna- Braronpu- Yaosunerso- Hebnaro-  Owuenn me- Yjaosner- Hebraro-
TONPHATHOE  ATHOE pUTENLHOE  mpustHOe  OnalonpH- BOPHTENb- MPUATHOE

ATHOC

HOoeE
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B. Kinaccuduicaums ckaaphsix maccupos no 100-6a/1innoil mkaste

Knacc I i1 11 v v
QuucaresbHas Oucup Xopo- Xopoumit Vaosrersopu- IMiroxoit Otecny nnoxoit
OLEHKA UM MACCHB ~ MACCHB TeJbHBIA MACCHB MACCHB  MACCHB

Queska B Ddanax 100 « 90 90 « 70 70 « 50 50 « 25 <25

T. XapaxrepucTdka K/1accoB CKaJIBHbIX MACCHBOB

Knace I n 1 v v
Bpema crosiuns B we- 10 et npp 6 mec npid | Hemens  Syopumpo- 10 MuHa mpH
3aKPe.IeHHOM BHAS TpoaeTe S M MNponeTe4 M mpH mpose- Jrete 1,5 M mponere
Te 3 M 0,5M

CuenieHde B CKdnb- >300 200—300 150200 100 —150 <100
HoMm MaccuBe, k Ila
¥Yros Tpenns B CKanb- 45 40—45 35—40 30—-35 ° <30 °
HOM MacCHBe
HApoSumocte nopoast Quens C tpymoM, VYmosnerso- be3d tpyna, Owuenb Xepo-
(pynbl) mioxas Ha  Kpyn- pHTETBbHAs Ha MeNnxkHe wras

nble 0b11oM- obaomxu

KH

Ha coBpeMennoM 3tane pasBUTHS MeXaHMKH CKANbHbIX NOPOA NapaMeTp
Q u x1accuduKaus CKANbHLIX MaccHBOB (CM. Tabs. 9.9, B) IMPOKO NpUMEHS-
10TCH B NPOCKTHPOBAHHH, HANPUMEP, AN ONpPEAENeHUs BPEMEHH CTONHMUS
He3akpeIvieHHol Bhipaborky, apoduMoctd pyam (eM. tabn. 9.9,I7) umm gas
OIIPEIEICHUA BPEMEHHOI 0 KPEeTuieHns TyHHeseH (CM. Tabur. 9.10). «Heobxonumo
TEM HE MEHEE TOMHHTh, 4YTO KJaCCHMKALMH... KaKk MPABHIO, OCHOBAHbBI
Ha SMIHPHYECKHX BLIBOZaX, TpeDYFOIUMX TNEPEKPECTHOH NpoBepKH B HPO-
Hecce CTPOUTENbCTBA C NOMOMUIBIO COOTBETCTBYIOUHX HATYPHBIX HCCIETO-
Banuil u wwxenepHoro cyxuenns» (Beussekuit [6]).

9.5. Knaccupukaunn cnequaibHOro HaszHavesny n U1 cneunuuecknx
paiionoB. Kaaccugukayus 012 mynneaeii. [leppas knaccuduxauuss npaxra-
YECKOTO Xapakrepa 1id TyHuenel Oblta coctamiexa Tepuaru [29]. B meit
COAEpXKANKMCh YKA3aHWS HA THIOB H pa3Mepbl TYHHENbHbIX Kpened, U oHa
MHPOKO UCHoNb30Banacsy B CIIA no camoro nocnentero spemenu. Jlayddep
[19] npennoxun knaccuduxamuio CKalibHbIX MACCHBOB BOKpYI TyHHeseH
B 3aBHCHMOCTH OT 3(peKTHBHOM MJINHLI HE3AKPEMAAECMOT0o MpoJera Moj-
3eMHOH BHIpAGOTKH M BPEMEHH CTOSHWA HE3AKPENNEHHOA BBHIPAOOTKM.
OcHoBHbIE [OJOXEHUS 3TOM KiaccupuKalHAd TPUMEHsIOTCA W celijac
{puc. 9.14).

Kaaccudukayus deuncenuil maccusos 6 omkpuimoix ésiemkax. B reomexa-
HUKE MPUHATO BHIZEINTh [ABA THUNA OMNOJ3HEBLIX NBIXKEHUA B OTKDBITHIX
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Fusa 9

Tad wya 9 10

Veazamis 199 sbifopa BpeMentoit kpenn 118 TyHHe el nerny6Gokoro 3a/10kenHa
agametpoM ot 5 10 12 v [6]

Kuee
CKit 1bHOI O
vaccHsa

Criocob puipaloTtiu

Bpevienyas xpens

AnxepHsie 00 1Tal* (119
TyHtie 1l npoietom 10 M)

Topkpet

MeTa 1 mueckas
Kpens

CnaowneiM  3a00-
eM C [pOHBHXe-
HHeM €ro Ha 3} M

OGHIMHO  KpeTieHHE

He TpeGyercd, 3a

AHKEPOBKH HA OTACNBHBIX y4acTKax

HCKNIIOMEH HeM

I

CnnounsiM 3a60-
€M ¢ NpoaBHXKe-
HHeM ero Ha 1,0-—
L5 m

AHKephl Ha OTHeb-
HREIX y4aCcTKaX KPOBJIH
OJIHHON 2—3 M ¢ wa-
roM 2—2,5 M, MecTa-
MH C MeTaJLIHYecKoil
cerkoil, Jakan4npaer-
ca B 20 M or 3abos

S50 MM B Kposrne,
B OCHOBHOM A
THAPOHIONALNK

He Tpebyerca

1

BepxuumM nepeno-
BhM 3aloem ¢
npoABHXKeHHEM

eroua 1,5~30 M

CHCTeMaTHYeCcKa s aH-
KepoBKa B KPOBIE H
B creHkax OGonTaMu
anndoft 3—~4 M ¢ wa-
roM 1,5~2 M B kpoB-
Jl€ C METaJUIHYecKOoi
ceTkoi. 3aKkaH4YUBAET-
ca B 10 M or 3a60s

50—-100 mMm B
xpoie u 30 MM
10 GokaM

He tpebyerca

v

Bepxuum nepeno-
BBIM 3a0oeM ¢
NPOABHKEHHEM

eroHa 1,0—-1,5 M

Cucremarnyeckas a-
KepOBKB B KPOBJIC H B
cTenkax 601TaMH A4~
Holt 4~5 M ¢ waroM
1—-15 M ¢ Mmerann-
4Yeckol ceTkoi. JakaH-
yuBaerca B 10 M or
3aboq

100150 MM B
xposie H 1o Go-
xaM. Kperunenne B
npouecce npoxo-
Ku

Mecramu, roe
sro Tpebyercs,
JerKHe CTONKH
c waroM 1,5 M

IMapannenwuniMu
3axonKkaMH ¢ 1npo-
ABHXKEHHEM BEpX-
Hero 3aboq Ha
05-1 M

CucreMartuyeckas aH-
KepoBKa B KpOBJie H B
cTenkax Gonramu
anuHolt 5—6 M ¢ wa-
roM 1-1,5 M ¢ Me-
TaJLMM4EeCKOH CeTKOH
AHKepoBKa 10TKa. 3a-
XaHYHBAETCA B 5 M OT
3abox

150—200 MM 8
xposne, 150 MM B
CTEHKAX H 50 MM B
3aGoe. Haxnanw-
BAETCA KaK MOXHO
cKOpee NocIe npo-
H3BOACTBA B3PhIB-
HEIX paborT.

Taxensvie crofi-
KH C LaroMm
0,75 M ¢ MeTan-
nu4eckoi  3a-
TAKKOMH

* Auametpom 20 MM # LHHON, pABHOR NONORHHE NPOJIETA TYHHENS, NONHOCTSI0 3BACNAHNBIE HA NOJHMEPHBIX CMDAIAX
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Puc. 9.14, Ieomexanuueckas KiracCHUKaLUs CKaJbHbIX MaccHBOB /I8 TyHHETEH mo

Jayddepy (cm. [6])-
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BbIEMKAX — (RO b enue u onpm\udblsauue (CpaBHHMbIe C ABUXECHUAMH
CHHTETHYECKUX ¥ M AHTUCHHTETHYESCKHX ¥¥* Da3ioMOB B CTPYKTYPHOH Teo-
goritn) Kax 210 BHAHO u3 puc 9 15, onon3Hesbiil TN Pa3pYLIEHHS MOXET
6LITh mozApasdelieH HA niockuiél (AByXMepHsiil) ¥ xianHooOpa3Hbidi (Tpex-
vepHbiit) Buabl ®ykc u Cyunn [11] onwmcann meponpusarust no Gopnbe
C ITHMU JBYMST M ellle ¢ OAHUM (xamHenaa uiu riamboBblil 06Ban)
BAIOM pa3pyuwleHus, ¢cM T1ab1 911

Ouelib MONE3HON ¢ TeOMEXaAHMYECKON TOYKH 3peHUs ABJISIETCH KJACCH-
$hUKanus CKajJbHBIX MACCHBOB B OCHOBY KOTOPOH TOJIOKEHO HHCIO HME-
IOIUXCS TIOBEPXHOCTEN CKOJIBKEHHS, KaK 7To MoKasano Ha puc 1217 [30]
Toynoe BLISBIIEHHE MEXAHH3IMA PA3PYLICHHS, MOTYLIETO0 BO3HHKHYTh B CKJIOHE
(oTKOCE) uMeeT CyleCTBeHHOe 3HAYEHHE B PEANHCTHYHOM AaHajH3e €ro
ycrodyusocTd bomee obuine knaccupukauuu ABHXKeHHIE MacCHBOB ObUIN
npeaoxenst Tyamanom u np [13] u Hemuokom u ap [24] B coorser-
CTBHH € IeOMEXAHHYECKMM XaPAKTEPOM M CKOpocThio aBWxenus Hemvok
W AP BBUIENUIH CNEAYIOMIME TUMbI CKITOHOBBIX ABHXEHHH KPUM, OMNOJ3eHb,
noTok obman

Kpuin — anure1bHOE B T€0OTHYECKOM NMOHHMAHMH JIBHKEHHE C HEyBE/IU-
YHBAIOLIEHCS CKOPOCTHIO 0€3 SICHO BbIPAXKEHULIX OBEPXHOCTER CKOTHKEHHS
{puc 9 16, npumepst 1 —9)

Onos3eHb — CK'TOHOBOE JBMXECHWE CBI3HOH MACChl PYHTA BAOJb OJHOI
WJIM HECKO1bKUX XOPOIIIO BhIPAXKEHHBIX NOBEPXHOCTEH CKONbXeHHs (puc 9 16,
npuvepst 10—14, cM taxxe xnaccudpukanuio Tponnona, puc 1217)

Puc 9.15. OcHOBHBIE THUIIBI pa3pylUeHHAS CKAaTbHBIX

otkocoB no Xyky u ap [15] o — nmocksii casur I
B XODOLIO VIOPATOYEHHBIX CTPYRTYDAX KaK KanpH-

Mep KpOBeTbHEIH CHIAHEU 0 — KJIMHOBHAHOE pa3

pylieHHE HO JBYM HADYLUEHHSM COTOLIHOCTH,

¢ — ONPOKWUTLIBAHUE B TBEPIBIX NOPOAdX € KpYTO-

Ma7AOLIMME HAPYIUEHRAMH CIIOHOCTH

* BropocteneHubiit HopManbHbIA cOPOC UMelOLUBH TY e OPHEHTHPOBKY 4TO
B [NaBHbIE cOpoc — [Tpuw nepes

** BropocTenennsii HOpManbHeH cOpoc NajaloluMii B CTOPOHY NPOTHBOIO-
TORHYIO TIATEHHIO [ABHOTO cOpoca € KOTOPbIM OH CcBsidak — [Ipuv nepes



Tambt paipymienns ckajbHBIX OTKOCOB M MEpPh MO WX yKpenaenwwo [11)
2 — IPUMEHEHUE BO3MOKHO B 3ABUCHMOCTH

YenoBuble 0603HAYCHUS

| — npumcucune

npuHeceT MOJIb3Y,
3 - npuveHenne Moxel ObITh 1CIKOHOMHBIM KW HeHPPCKTHBHbIV

Tao.uya 9.11
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[ToTok — CKIIOHOBOE IBMKEHUE TPYHTA U CKAILHBIX MOPOT1 aHAJIOTMMHOE
IBUXEHHUIO XUAkocTH (puc 916, npumMepst 15—17)

OGBan — BHe3aNHOE CKJIOHOBOE [BMXCHUE, [BHXYUIMECA MACCH Ha
KOpPOTKOE BpeMA TepAloT CBOE CIEMUIeHHE M KOHTAKT ¢ MNOACTHIAOIIed
nopodo#t (puc 9 16, npumepsl 18— 21)

Kaaccugpurayuu 012 61possix pabom cM B paboTax Meliana [20]
u Beitim n ap [1]

Kiaccugpuxayuu 015t e3pvignvix pabom cM B paborax Jlaurepopca
u Kunectpema [18] u Mocunerca u ap [21]

Kaccupuxayust 0t cneyuguueckux pailonos  Ilpumepom  Moxer
CYyXHTb KaccupuKaldA BulBeTpesiblX rpanuros padona CHEXHBIX rop,
ABcTpanus, npenntoxensas Moite [22] u no3BonuBlUas NPOEXTHPOBIUMKAM
COCTaBHTH HEOOXOOMMBIC TEXHUYECKHE YCIOBUA HA KpEIJICHHE C Y4EeTOM
onbiTa, paHee NpuobpeTeHHOrO Ha 00BEKTe
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duznyeckoe Mo,/ e/ MpoBaHNe

X. box

10.1. Beneune. I1peBapUTEIbLHBIM YCIIOBHEM PaLllMOHAJBLHOIO aHaJIM3a
H IpOoeKTHPOBAHUS COOPYXKEHUS B YCIOBUAX CKANBHBIX 10POI (Kak, BIIPOYEM,
H BCAKOTO WHXEHEPHOTO COOPYKEHWS) SIBJISAETCS CO3NAHME TaKkoid MOLEIH,
KOTopas BOMJIOWIACT 3aIAHBLIC BAXHBLIC CBOHCTBA peallbHOTO OOBEKTA,
a BTOPOCTETICHHBbIE XapaKTEPHCTHKE, He HYXKIAWUIHecs B M3y4eHUH. HTHODH-
pyeT Ynpollenue JeHCTBHTEALHBIX YCIOBHH U KOHUCHTpanMs BHHMAaHHS Ha
OCHOBHBIX MOMEHTaX NO3BOJIAIOT C/I€.1aTh 3a0avy AOCTYIIHOH JUTH MaTeMa-
THYECKOI'O H IKCHEPHMEHTANLHOTO UCCIEIOBAHUA.

Mogead — 370 HHXCHEPHLIC NPENCTABREHHS, KOTOPBIE MOrYT OBITh
a) chopMy/IMpoBaAHbl MaTeMaTHUYECKH (Mamemamudeckue modeau). Hampu-
Mep, YTBEPX/AeTCH, 4T0 CKalbHas nopona B MaccWBe BeldeT cebs Kak
JHHelHO-yApylas cpedd. I HampsXCHHO-1¢HOPMUPOBAHHOE COCTOAHHE
MAacCuBa AHAMU3UPYETCE HPU MOMOWIM JIMHEHHOH TeOopHUM YAPYTOCTH;
0) maTepHasM30BaHbl B BHIE (pusuueckux mode.leil.

W T1e v apyrae Moaeld IMPOKO HPHMEHSIOTCS B MEXaHWKE CKAJbHEIX
nopo/. XOTst B HocClIe/iHee BpeMsi HaMeTWI4Ch TeHaeHuus K Oosee wupo-
KOMY HCNOJIb30BAHUIO MATEMATHUECKHX MOJIENEH, MOXKHO cKa3aTh, YTo QH3H-
YeCKHe MOACTU CIIC COXPAHAIOT BAXIOE 3HAYCHHE Kak B HAY4HOH, Tak
¥ B NpaKTHYECKON paboie.

10.2. 3anaun dusnueckoro moenupoanus. PHU3HYECKHE MOJEIH MOXKHO
HCNOMb30BaTh B CAMREIX Pa3HBIX LEHIX,

a) Hewvoncmpayuonnste wode 1 Npe/IHa3HAYEHBl /LI JIEMOHCTPAaUHH
00BbEMHOTO pELIEHUST HPOEKTUPYEMOIO COOPYKEHUS WIH yMHCe U3BECHIHBIX
MEXaHHYECKHX W T[eoMeTpHYECKHX HPPEKTOB (HanmpuMmep, NeMOHCTPauus
MeXaHU3Ma OUPOKUTLIBAHMS Ha MOAETH C (PHKUWOHHONW Da3oi; oM.
paszn 104.1).

6) Onpedc.ume 1biibie Mode 1y pa3pabaTbiBAIOTCA JIIS NOJYYEHHS KOHKDET-
HLIX pelieHnit MoJelb COOPYXeHUS UCHBITLIBACTCA IIPH YCIIOBHUSAX, 10100~
HpIX yciosusm paborsl nporotuna. CoopykeHUE B CKaIbHBIX NOpodax
BOCIPOH3BONHTCS C COXPAHEHHEM OCHOBHBIX 4€pPT, HO B MCHbIUEM MaciuTade.
Mopnens noMelaeTcs B COOTBETCTBYIOLIME YCIIOBHA HATPYXeHUs (C y1eTOM
ECTECTBEHHBIX HAMNPSUKCHUI, rPaBUTANMOHHOIO Bo3aeiicTeus uw ap.). Bcmu
MaKeT M3TOTOBJIEH C BHICOKOH TOUHOCTBIO, TO B Pe3y/ibTate MOXHO MOJY-
Y{Tb HE TOJBLKO KaYeCTBEHHYX KHHEMATHYecKylo cxemy paborbr 00bekta,
HO U OIIPE/IEIEHHYI0 HHPOPMAUUIO O BOSMOXKHBIX KOMNUCCTBEHHBIX XapaKTe-
pucTukax. BeposTHo, HanbGosee WMPOKO M3BECTHBIE HPUMEPBl TAKOTO poja
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Mozneneli B MeXaHMKE CKaJbHBIX TIOPOA — 3TO MOIENM APOYHBLIX TUIOTHH
(c™M. pazg. 10.3.1).

B) Dépucmuyeckiue moletud HAMpaBiIEHbl Ha BbIPAGOTKY HOBHIX nipes-
cTaBjicHuil ¥ BOe#t O CHOXHLIX ABINEHHSX HA OCHOBe RpAMBIX Habatodewul.
HcnbiteiBan Monenbs u Habmiogas npoueccs! AedopManuu u paspyllesius,
XOpoHIMH HHKEeHep HaXOAMT HOBLIE pellleHUS U BBLIBOALI € MOMOLIBIO
acCounanvii, oH MOXeT BHIOETb B ABJEHHH HeYTO NogoOHoe TOMY, 4TO,
BOIMOXHO, HabJIFO1aj1 IPH COBCEM WHBIX YCIOBMAX. DBPHCTHUECKHE MOZIEIH,
TakuM 0o0pa3oM, ocoBeHHO Moye3Hbl B HAYYHOM CMBICHE M B KaKoit-To
MEpe — B NPaKTHIECKOM.

Heneune Bcex Momeneil Ha TpHM noArpyIMIbI BEChMa YCIOBHO, M 4acTo
IPYAHO ONpeneinTb, K KaKOH M3 HHUX OTHOCHTCH Ta WiIM MHAN (PU3MYecKad
Mozenb. B Mogensx 115 pelieHHs KOHKPETHBIX 33134 OOLIMHO NPUCYTCTBYIOT
4epPThl IBPHCTHYECKMX MoOAeNeH, U MOXHO YTBEPKIAThb, YTO HMEHHO OHH,
BhI3biBasg HOBbIE accolMauuu, nMpolyxaas AyX HOBATOPCTBA M MHTYHIHIO,
OTIPefleAOT 3HAYMMOCTDL (PUBHUECKOTO MOAETHPOBAHHUS B MEXaHUKE CKallb-
HBIX MOpPOA # B MPOEKTUPOBAHHM,

10.3. Buma dusmdecknx moneneir. Jdenxxayc [3] soimenser nsa npus-
UMOHAJILHO pa3igdaloliuxcs Tuma ¢u3smveckux Moleneif: 3KBHBANEHTHbIE
¥ aHAIOTOBblE MOJENH.

10.3.1. Breusasernmupie sodequ. Tlpy cozmanny IKBUBAJICHTHOW MOeM
YCHOBHs, XaPaKTepH3YIOLIHE PeanbHylo 3aiavy, BOCIPOM3BONAT B ONpene-
JIeHHOM (KaK mpaBwio, MeHbpeM) Macuitabe. McecnenoBatens nomxked
M3YYNTH $HCH'IECKME TlapaMeTphl 3a8a¥id ¥ M3rOTOBHTL MOJENL, cobionas
3aKOHbl ho006u4. DKBUBAJIEHTHBIE MOIEIU 0COGEHHO NOJE3HBI B TEX CIydasx,
KOr/a HOocTaHOBKA M pellleHHe MAaTeMaTHYeCKOH 3anayu 3aTpYAHUTENIbHb!
HJIM COOTHOIIEHH A MEX 1y TEMH MM MHBIMH XapaKTEPHCTHKAMH HEW3BECTHDL
TIpamepamu 3KBHBJIEHTHBIX Mojeled CAyXaT MOAERHA apoOvYHOH [JIOTHHBI
Ha CKaibHoM ocHoBanuM (pHc. 10.1) u nomzemHoi BblpaGOTKYl B CJOHUCTBIX
nopodax (pxe. 10.2).

MeToauky BOCTIpOU3BefileHUS (USHUYECKNX YCHOBHH MpH CO3JaHWM 3KBH-
BAJIEHTHLIX Moaelell Mmoacka3niBaeT TEOpHA MEXaHudeckoro mogobus (cM.,
Hanpnvep, [6]). B craThyeckux 3anayax OHA CBOAMTCH K BLITIOJHEHHIO
ycnoBns

A= 5, (10.1)
p
rae
1 TOT a
A= # _ COMHHIA JTMHBI TIPOTOTHM (10.2)
L EIHHALA [UTHHBI MOMCIIH

£ G eAHHUIA HANpPsKeHHA npoTOTHNA (103)

T 6’ enuHAUA HATIPSKEHnH Momenu AT

o-L  epuHHua ymennHOro BECa IPOTOTHIA 104
p= ——r= . (104)

o-L eJIMHHIA YACIBHOTO Beca MOJESH
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Puc. 10.1. DKkBHBAIEHTHAR [E€OMEXAHHHECKAS MOIE€TL DETOHHOH apo4HOi IIOTHHBI
ISMES, Wrtanus [7]

S

Y

Puc. 10.2. DXBHBajJcHTHAA TeOMeXaHMMecKdsh MOIENb, JAEMOHCTpupylomas n3rubuoe
paspyllieHne CIONCTOH KpOBJIHN BuipaboTku [4]
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Ecnu yienbHBId Bec MaTtepHala TMPOTOTHIIA M MOIeTd OAMHAKOB (4TO
GoJjiee HJIM MeHee OTBevaeT NPAKTHYECKHM YCJOBHAM, 338 UCKJIIOMEHHEM
cly4aeB MolenpoBanus Ha ueHTpudyre), ypaBHenue (10.4) mpuHUMAaET BUX

L_ o
L o
UIHU
/= (10 5)

ITO 03HAYAET, YTO (PUBHYCCKIC AAPIKTCPIC THKI. HMEIOLIHE PA3MEPHOCTD
HaNpOKeHHH (MPOYHOCTL, MOMYNL YNPVIOCTH, CIEH ieHHe ¥ T, JI.) JO/DKHEI
OBITH BOCIIPOU3BEICHBI HA MOAEIH € YHETOM 101 0 e MdaciuTabroro $aktopa,
4TO M JIMHEHHbie pa3mepbi be3pa3mepHbic Xapakhiepiic UKy, Takue, Kak
k03dduuuerT INyaccona, yros BHyTpeHHEro IpeHNs. OTHOLTEIbHLIE Aedop-
MAalHH, OCTAIOTCH 1IpH ITOM Oe3 H3MEHEHHH

DKBHUBAJICHTHBIC MOJENH, B OCOOEHHOCTH Te¢ M3 Hu\, KOTOpble Oblnu
IpeqHa3Ha4YeHbl LTS KOJHYECTBCHHOIO ONpelelcHUS NapaMeTpoB MexaHu-
YeCKOro MNOBeleHUS MAaCCHBOB FOPHLIX MOPOX U YCJopuii Ge30MIaCHOCTH,
MOZIBEPraloTes BCe Bo3pacTaroulcii KpUTHKE 1O TpeM hpuduHaM (cMm. [12]).

1) Co3zganve NOCTATOMHO TOYHOM IKBHMBANEHTHOM MOAenm CBA3aHO C
GONBIIMMU 3aTPATAMKU BPEMEHH U CPelCTB. JTH 3aTpathl MOTYT OKa3arhes

S

A A
[ 1]

1 02 13 4 ¢S5

Pue. 10.3. DxeupaientHas MoIenb apouloi nnorvns Paren, Uwiy, ¢ pa3snuyHbM
XapakTepoM TPEIMHOBATOCTH CKalbHbIX IpuMbikanuii [5] I —~ mMoayis megopmanun
obpasa E = 300000 xrjcM?, Monyas gedopmamuu Maccua E = 160000 kr/cm?,
2 — moaynp aedopManuy o6pazna E = 100000 kr/em?, Monyns medopMaunu Mac-
cusa E = 70000 xr/cm?, 3 — n1aBieHMe BOObI Ha THIOTHHY, 4 — JaBlieHHe BOABI HA
UEMEHTALMOHHYIO 3aBECY, 5 — yron BHYTPEHHErQ TPEHHS TPEIWHUH,
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HEONMpaBIaHHLIMM, KOT/Ia Ha MOJAEIM HeoOXOMHMMO BOCIPOMU3BECTH TaKue
AETanM, KaKk v3MeHende Meayas achopManMe MM XapakTepa TPEUIMHO-
Batocty (puc. 10.3).

2) HeBo3mMoXkHO €O3AaTh MOJETb, CTPOrO IKBUBANCHTHYIO MPOTOTHIY
10 BCEM MEXaHMYECKMM HapaMeTpaM, Kak Toro tpebyer Teopus (cm. [9]).

3) Ha o>KkBMBa/JICHTHHIX MOJAEISX HEBO3MOXKHO HCC/ICAOBATE BIIUAHHE
H3MEHEHHS [€OTEXHHUECKHX napamMeTpos. CeroansiuHgs MeXaHuKa CKaJbHBIX
nopona, OAHAKO, OYeHb HYXKAAETCS B TAKOH BO3BMOXKHOCTH /IS pelIeHHS
TEOPETHUSCKMX ¥ TPAKTHYECKHX 3374a¥ (CM. aHAIM3 «IYBCTBHUIEJILHOCTH
B I 2.1).

I'maBHBIM 00pa3oM 110 370it TpeTheil NPHYMHE IKBUBAJICHTHOE MOJENIH-
poBaHHe BCe OoJice UHTCHCHBHO BBITECHAETCS YHCIEHHBIM, XOTs puUlHdeckue
MOZJENN HHOTAA BCE €lle PACCMATPHUBAIOTCH KaK ONPABIAHHBIE 18 pelleHus
oOBeMHBIX 3a/1a4, TaK KaK APYrue Meroabl HHKCHEPHOIO aHalH3a MoKa He
MOTYT YY€CTH BCETO KOMILIEKCA KHHEMATHYECKHX H IeoJlorudecknx dakTtopos
B TpeXMepHOH MNOCTaHOBKE.

10.3.2. Ananozosvie modeau. s HWCTONB30BAHMS aHAJIOroBOH MoOgeH
Heo0XxoauMo, 47008 e¢ MOBe/icHUE HOMMUHMIOCH TEM KE MaTeMaTHUSCKUM
3aBHCHMOCTSM, 4TO ¥ MexaHHYeCKHe CBOMCTBA CKaJbHOIO MacCuBa (TIpH
CO34aHUY 3KBUBAJCHTHON MoJ€NM 3TO YCJIOBME, KaK NMPABUIIO, He coOuito-
naerca). Ecnmn ynaercs oOHAPY®HTh, YTO JBa pa3ubiX (HIHYECKHUX NIpPO-
gecca MoOTyT ObiTh ONUCAHB! OJHHMM H TeMH K€ MaTeMaTHUYECKHMH
dopMyi1aMy, TO OAMH M3 HHX MOXKHO LPEACTABATbL KaK MOEIb APYIroro,
XOTs OHM MOTYT H He HMETh HHKaKoro (PU3UYecKoro CXoACTBa.

Hpumep 1. GuabTpauys rpyHTOBON BO/JAbI B BOJOHACHIIUEHHBIX CKATLHBIX
nopoJax MONYUHAETCS TeM ke AupdepeHUHaTsHEM 3aBUCHMOCTAM, 4TO
# OPOXOKIEHUE IMEKTPHUYECKOTO ToKa deped mposoaHuk. [Todromy 3apaun
o GUILTpaluy B JAPSHHPOBAHUIO MOXKHO U3Y4aThL MPH TOMONIM AHAJIOTO-
BoH H3uueCKolH MOmenu, npeacTaBisiomeid coboH Habop MeKTPHYECKUX
conporueieHuit (puc. 104).

ITpumep 2. TeopHs yHpyroctd yrBepxkiaer, YTO B Clydae MOCTOSHHBIX
o0BbeMHBIX cHIT auddepeHuraIbHBIE YPABHEHHS, XapakTepH3YyIONHE pacrpe-
JleJIcHHE HANpPKEHHA B TeJle, He coAepXkaT YNPYruX KOHCTAHT MaTepuana.
Taxum ofpaszoM, pacnpepeiieHie HanpsokeHuil s BCeX W3OTPOMHBIX
MaTepHasioB OyaeT OANHAKOBBIM.

10 3aknioveHue HMeeT OONLUIYIO NMPaKTHYECKYHO [EHHOCTH — MOXHO
onpeeNfATh KapTUHY PACIpENcIcHUs HAUPHKEHHH ONTHYECKHM METOIOM
Ha (OTOYNPYrHX MOZAENAX, W3TOTOBJEHHBLIX W3 TIPO3PAyHbIX MaTepyalos,
TakyX, KaK OpPrcTeksio MJIH MOKCHIHAS CMOJIa, HCTIONL3YS MOIAPH3OBAHHbIH
CBeT. A H3 BBILEUINIOKEHHOro ClleayeT, YTO pe3yibTaThl, NOJYYeHHbBIE
B TaKMX ONBITAaX, MOTYT OBITb TEPEHECEHBI HA APYIMe MaTepHaibi, B TOM
YyHcie cxalbHble nopofs! {puc. 10.5).

10.4. Harpyxenwe Mozenedi. B Gonbuivuctse (u3udeckix moneneil Ha-
TpYXEHHE OCYINECTBIAETCS OOBIMHBIMU METONAMH:
co3jiaBMeM YCHUIIMA Ha KOHTYPe MOAENM MpPH TOMOINM MeXaHHYSCKHX



Puc. 10.4. DneKTpudeckdsi 4HaiOroBasi MOAENb [T pelleHusi (UILTPANKOHHBIX
samaq [11].

Puc. 10.5. ®oTtoynpyras MOienbh NOH3EMHOrO MAIIHHHOTO 3aja 3JIEKTPOCTAHIIKK
cf M30KIMHAMU (IMHUSMM TIOCTORHHBIX MAaKCUMAMLHBIX KACATENLHBIX HAUPMKEHHUIA)
14].
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H 1 ¥APpaBAMYECKHX 1OMKPATOB WK 3aJaHHEM idepopmannii KOHTYpa Nocpen-
CTBOM JXKECTKHX OrpaHH4YMTesIeH;

cOOCTBEHHBIM BECOM MOAENIM MACCHBA (HArNpuMep, IIpH MCCAENOBAHMAX
ycroluuBocTi oTkocos [13, 2]).

Bo3MoXHO U WHOE HArpykenue Moieneill ApyIMMu criocobamu:

¢ IIOMOILBKO CHJI CONPOTHUBAEHUA CABWIY, KaK 3TO OeNaeTcs B MOIENAX
¢ ¢pukimoHHOH 6a30M;

NOCPEACTBOM LEHTPOOEKHBIX CH, Bo3HMKaromux B ueHTpudyre. Ha
3THX JBYX METOIax Nepelayd HArpy3Ku clieQyeT OCTAHOBUTBLCH 0C06o0.

104.1. Modeau ¢ Ppuryuonnoii 6asoii 6p1aum npeanoxkenst I'yaMadom
B 1971 r. ¥ HalIKU C Tex MOpP IIHPOKOoEe NDpHUMEHEHHE B MeXaHHMKE CKaJIbHBIX
nopoa. B 3TMX NNIOCKHX yCTaHOBKaX IpaBMTAUMOHHBIE CHJIB MMMTHDYIOTCH
CHIIAMU TPEHMS, BO3HHKAIOIMMH MpPH NPOTATMBAHUM JIEHTHl NMOJ MONEJNBIO
obsexkToB (puc. 10.6).

Aw6n [1] u Cronr [15] nokasanm, uyto Takoii MeTon obecneumBaer
3aMeYaTENbHYIO TOYHOCTH BOCHPOW3BEACHHA TIpaBUTAMOHHBIX cui. O
obbenunsier B cebe npocToTy, TOYHOCTH M HarisagHocrs, Ha puc. 155
OyneT moxa3aHo, KaKk Noye3Hbl TaKMe MOIENH B MEXaHHKE CKaJbHBIX MOPOQ,
HApUMEp NpM NMPOEKTUPOBAHMH KOHTYPOB NOA3EMHBIX BhIPabOTOK.

10.4.2. Heumpobencnoe modeauposanue, B npouiiom MHOro pas npeanpu-
HUMAJIKCh MOMNLITKH BBECTH LECHTPOOCKHOE MOAEIMPOBAHHE B NPAKTHKY
npoektupoBannd [ 10] 1 nay¥HbIx U3LICKAHMI B 0612CTH MEXAHUKH CKAJIBHBIX
nopoa [16]. OcHoBHOE NOCTOMHCTBO Monesieil Takoro poaa BbITEKaeT M3
ypaBHenus (10.4):

o-L CAWHHUIA YACTBHOIO BECA NPOTOTHIA

o'-L envHHIa yOelbHOrO BECa MOJCIH
Tpewuna
unit noBeprrocme
0Eﬂa6ﬂ8ﬂﬂﬂ Modeﬂuﬂyeub”]

Hanpabpenwe ~— MOMEPUGA

dumenun nesmes

Purcupolbanment
ynap

Pue. 10.6. Ycranoera ¢ ¢pukumonnoii 6asoif [9]. Cuna cobcrBeHHOro BEca MoOfe-
JIMpYeTCA CHJIaMH TPEHHA, BO3HHKAIOWMMH ODH MPOTSKKE JEHTH NOJL MOAENBIO,
ynupatonieics B .QHKCHPOBaHHY1O INNAHKy.
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HJIH

cL g

c L a’
r1€ ¢ — yCKOpeHHe CHJbl TsKecTu (A7 NPOTOTHAA), ¢ — LEHTPOCTPEMH-
TeJbHOE YCKOPEHHE (AN MOJAENH)

Credencon n ap {[16], ¢ 507) nosiyuanu Ha CBOMX MOJEISAX HEHTPO-
cTpeMuTenbHoe yckopeHue nopsaka 3000 g Ilpu Taxux ycnoeusax tpebyercs
APOYHOCTE MdTepudaia Moiedu, B 3000 pa3 npesbluasoias oObIMHYIO
APOYHOCTb MOJAEJIbHEIX MaTepHAJIOB

«B03MOXHOCTE HCROL30BAHMS [N MOdeJlel MATEPUANIOB Takol Golib-
uIo¥ ApPOYHOCTH 'IPE3RbIMANHO pacliupseT BHIGOP M YyBEHYMBAET, B YacT-
HOCTH, BEPOATHOCTb OTHICKAHMS TAKOIO MaTepHasa, Bce CBOMCTBA KOTOPOro
OynayT cooTBeTCTBOBATh CBOHCTBAM NPOTOTHNA»

I'napbIi HE10CTATOK HEHTPOGEKHOI O MO/1ETIMPOBAHUS COCTOMT B KeCT-
KHX OFpaHMucHHAX pasMepoB Moaelied — ux o6beM He I0JbKeH MpPEBbILIaTh
HECKOJIBKHX KyOM4ecKHX CAHTHMETPOB TO, BO3MOXKHO, OCHOBHAf MPUYHHA
TOrO, YTO TaKHE MOJIEJIM He MMEIOT ychexa B MEXaHMKe CKaJbHBIX MOPOA

10.5. 3ak mouenue. Pusuueckye MojieIN ABNAOTCA XOPOLINM HHCTPYMEH-
TOM HCCJIeJOBAHUS 3dKOHOMEPHOCTEH MeXAHMYECKOro MOBEJCHHA COOpPYKe-
HMH B cKajdbHbIX Tnopojax CpaBHHTETbHO APOCTHIE MOJENM, TaKHe, Kak
Mopenu ¢ dpuxkaMonHod 6a3o#, obecneyMBarOT NPy HECHOXKHBIX MCHBITA-
HMAX OTHOCUTEIBbHYX0 TOYHOCTh H TMOCTYNHOCTh HabmoneHui

Cosnanye IKBMBAJIEHTHBIX Mozelsiell TpebyeT GonbliMx 3aTpaT BpeMeHM
¥ CPEeICTB, ITM MOMEIM He HOMYyCKalOT W3MEHEHWs MapaMeTpoB B Tpo-
lecce MCC/eJOBAaHWH, B CBA3M ¢ 4eM oOHM Bce 607bllle 3aMeHsIOTCHA
YUCTICHHBIMUM MoedAMM [0 Ke OTHOCMTCA M K aHAJIOTOBBIM MOENAM,
KOTOpble OIHAKO, AO-MPeXHCMY XOPOUIY AT AEMOHCTPAIHOHHBIX Uesier

Bee duznueckne Mo1e/n N03BOJIAIOT OCYLIECTBTATL NpsAMble HAOMOAeHU
32 CBOMM MEXJdHMUYECKUM TIOBe/leHHEM MpPM MCHBITAHWAX, YTO MOMOTaeT
NOCTUraTh HOBBIC 32KOHOMEPHOCTH M MOXKET PaccMaTpuBaThCs Kak uX ocobo
IIEHHOE CBOMCTBO
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Yucsiennoe MoaeMpoBaHue
B MEXaHHKe CIIOIIHOH Cpe/bl

b. C. Becm

11.1. Brenenue. IToHATHE KOHTMHYYMA W KPaTKOE H3JI0KECHHE OCHOBHbBIX
NPUHLMIIOB TEOPHH YHPYTOCTH W TEOPMH IUIACTMYHOCTH MpHBEAeHsl B 1 3
TaM BHMMaHMe ObUIO CKOHHEHTPHPOBAHO Ha TPYAHOCTSAX, KOTOpbIE CTOAT
Ha MyTH NOJYYCHHs pelICHUH MPAKTHYECKHX 33134 MEXAHMKH KOHTHHYyMa

IMoseieHHe BBIYMCAMTEIbHEIX MAILIMH BOOPYXKHTO CETOAHALUHHX CIeuM-
aJIHICTOB MHCTPYMEHTOM [1Jls MPOBEdeHUs TaKHX OBICTPBIX W TOYHLIX BEI-
YHCJIEHUH, 4TO NI€ped YYEHLIMH OTKPBLIMCH HOBBlIE TOPH3OHTHL, O KOTODBIX
Henb3s ObIIO M MeuTars ABaauaTh JieT Haszan Bo BCikoMm ciywae, 3anaum,
He NoLAAMOUIKeCs pellleHH:0 B 3aMKHyToH d¢iopme, cTano BO3IMOXHBIM
pellarh C 330aHHOM TOYHOCTBLIO, MCIHOJIb3Ys YMCJEHHBlE MeTolAnl B 370l
[JaBE€ [aHO Kparkoe OMNHCAHWE MMEIOUIMXCH B HAIlEeM pPaclopsiKeHHH
UMCAEHHBIX METOAOB pellieHMs, B 4acTHocTH Oosiee MM meHee noapobHoe
M370XKEHUE OJTHOrO U3 HUX — METOAA KOHEUHBIX IJIEMEHTOB, H PACCMOTpEHBI
npobieMbl pellleHHs 33034 € Y4eTOM YOpPYroCTH, ILAACTHYHOCTH W BA3KOCTM
MaTepuasia

Te npuemMsl, KOTOpble H3INOKEHLI HHKE, YKE HALLIH LUMPOKOE NpHMeEHe-
HUe fIpy HCCeA0BAHUM MPOYHOCTH ¥ YCTOHWYMBOCTM CKAJILHBIX MACCHBOB
B03M0XKHOCTH MIIH HEBO3MOKHOCTH UCHOJb30BATH 3aKOHBl MEXAHUKH KOHTH-
HyyMa 01 ONuCaHus uCClledyeMOTO Marepuana 3aBUCHT OT €ro CBONCTB
HeHapylLieHHas CKajbHag Mopoaa BedeT cebs Kak CILTOLIHAS CpeAa, CHIbHO
TpewuHoBaras Her. Eciu uuratens He ysepoBan no oliubke B TO, ¥TO
MEXAHHMKA CIUIOIIHON CpeAbl AACT OKOHYATEeNIbHBIE OTBETH HA BCE BOMpPOCHI
MeXAHUKH CKATbHBIX NOPOA, TO MUCAEHHblE METOABI MO3BOJAT €My H3yYHTh
NOBECHHe CKATbHBIX MAcCCHBOB [pU CaMbIX pa3IuyHbLIX CBOMCTBAX Mare-
puana. Takoe ucciieAOBaHMe MOMOXeT OllpeAeniTh Haubonee ONACHYIO MX
KOoMOuHanuo0 B JNAaHHOH CUTyauMu W o0ecrieuMT MOJYYEHHWE WHQOpMANUH
O TIOBeJGHHH MACCHBA B CjIyvae W3IMEHEHMS KAKHX-TO XapaKTepUCTHK

11.2. Yucaennsle Meroawl. B+ Hacrosee BpeMs HMe€TCS MHOXECTBO
YHCAEHHBIX METO/JOB pPELLEHHA 337a4, HO MBI pAacCMOTPUM B OOLIMX YepTax
Cleayomue Tpu:

1) MeToa KOHeyHBIX pa3HocTei; 2) MeToJl TPAHWYHBIX HMHTErpajbHbIX
YpasHeuu#t, 3) MeTOA KOHEUHBIX 3JIEMEHTOB

Tloaxonwl, paccMoTpeHHble B rA 3, oBecneuuBaroT fo.lyveHHe AuGipe-
PEeHNMATLHBIX ypaBHEHHMIl, ONUCHLIBAIOIIHX COCTOSIHHE CIUIOWIHOH Cpelbl BO
Bcex ee toukax. [losipasymenaercs, 4To pellleHHe 3THX ypaBHeHMH B JiroGoH
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To4Ke YAOBIETBOPAET TpebyembiM ycnoBusaM. [Ipu 4MCIEHHOM PeELIEHHH
3a/a4yi CTPEMSATCH NOJYYMTh €ro B BHIE annNpoKCHMapyM cHayana Jis
Hafopa OTAENbHBIX KOHTPOJIbHBIX TOYEK (Y370B), a 3aTeM, HCHOJIb3Ys
MOAXOASMIYH0 MHTEPIONMPYIOILYIO (YHKHMIO, pacHpoCTPaHUTL TOTYYEHHOE
pellicHue Ha BCIO OcTaBLIylocd obnacts.

HcTopuueckd METOI KOHeWHBIX pasHocteil, nosBusuimiics ewe B 30-x
roax Haulero CTolieTws, NMEepBbIM cPeld YHCICHHBIX METON0B npuobpen
AOTYNAPHOCTL W ofecneynsi yorex MpH pellleHHH HEKOTOphIX 3ajay Mexa-
HUKH CUIOIHOM cpeanl. Pax 3anay Obul pelueH 3TUM METOIOM BPYHHYIO.
Koneunsle pe3ynbTathi 0ObIMHO He 3aBHMCAT OT apuPMETHYECKHX OLIHGOK,
JONYIIEHHBIX B TIpolLiecce cyeTa, NOCKONIbKY MeTOA ABSETCH MTepallHOHHBIM
¥ omnbKM KOPPEKTHPYIOTCS B TOC/EAYIOIMX LMKNaX pEUIeHNs CHCTEMBI.

MeToa KOHEYHBIX 37IEMEHTOB CTa.IH MPUMEHATh NS PELICHUS JIHHEHHBIX
yopyrux 3agad B 60-¢ rolpl; OH MCTONB3OBAICA 1718 AHANN3A CIOXKHBIX
paMHbiX KOHCTPYKIMH, TaKuX, KaK KpbUIO cCamolieTa Wiy Kapkac MHoOro-
3TXHOTo 3JaHUA. DTOT METOJ TOJIy4HI JanbHeillliee pa3BuTHe B OTPOMHOM
KonuvectBe paboT, M cepa ero NpUMeHEHHS pacnpoCTPAHHIACh AANEKO
3a Opeaeibl TEOPUH COOPYXEHHH.

B nocnenHue necarh seT Bce GObINM BHHMaHHEM MOJIB3YETCH METOJ]
pellieHys KpaeBbIX 3a/a4 ¢ MOMOLLbI0 HHTErpanibHbix ypabHenuil. OH xopouw
TEM, YTO TpeOyeT MEHbIIE YCHIMH TpH NOArOTOBKE HEKOTODHIX MAHHBIX
IS aHaiu3a CMCTeMbl M JaeT pElliCHHE B HANPSKEHMAX HA IpaHuie pac-
CMAaTPHMBAEMOIO TeJia, DTO BAXHBIA MOMEHT, TaK KaK HalpsKeHHs d Jle-
tdopManyi o6bIKHOBEHHO AOCTMIarOT MAKCHMAalIbHBIX 3HAYEHWH HMMEHHO Ha
TPaHHLAX H TaM B [EPBYIO OuYepeAb BO3HHMKAIOT 30HBI TIPE/IEJBLHOTO
coctosauus. Eciu TpebGyeTcs onpenenuth 3HaveHus HanpsKeHuii u aepopMa-
i BO BHYTPEHHHX TOYKaX Tesa, TO OHM MOTyT GbITh NOJIyueHBl B J0-
AOJTHHTEIBHOM ITMKJIE BBIYHCIIEHMH HEMOCPEACTBEHHO M3 TPAHHYHEIX YCJIOBHH,
H 718 3Toro e TpeGyeTcs NONOMHUTENBHOTO HMHTErPHPOBAHHS.

K HacTosueMy MOMEHTY MeTOA TPaHMYHBIX HMHTErpajibHbIX ypaBHeHUH
ellle He MOJYYHJI pa3sBHTHA, JOCTATOYHOTO IJis peEllEHHs 3ajad B Helu-
HEAHOH nocTaHoBke. OnHako paGoTHI BEAYTCH MMEHHO B 3TOM HanpaBJieHHH,

Hanbonee npusnekaresbHas 4€PTa pacCMOTPEHHOTO MeETOAa € TOYKH
3peHNs MEXaHMKHM CKaJIbHBIX TIOpoJ cocTouMT B ero 3dh@ekTHBHOCTH NpH
pelieHHn 3ajay ¢ OecKOHEYHO YyAaleHHBIMH IpaHHpaMu. HacTo cKajibHbie
MAacCHBLI TaK BEJIMKH, YTO MPH HCIOJL30BAHUH APYIHX YHCIEHHBIX METO/IOB
OpHUXOAMTCA BBOJHTH HCKYCCTBEHHble TDaHHMuYHble YCJIOBHS Ha OlPOMHBIX,
XOTH ¥ KOHEYHBIX y4acTKax.

11.3. Mevoa kouevnnix 31emMenToB. [ToNb3yACh METONOM KOHEYHBIX 3Jle-
MEHTOB, HCC/ICAOBaTENL NpeAcTaBNgeT CHJIOUIHYIO Cpely B Buae Habopa
OTHOCHTENIBHO OONBUIMX IEMEHTOB, CBA3aHHBIX MeXay cO0OH B OTAEJIbHBIX
TOYKax, Ha3biBaeMelX y3namu. [Ipeanonaraercs, 4to Bce cuibl, JeiCTBYIO-
IITHE Ha TeNno, MPWIOKEHB! B Yy3Jjax. Baxno YCBOHTb, YMTO [OCACHHUC Ha
3NIEMEHTHI IIPOH3BOAUTCSA TONBKO B MaTeMaTHYeCKOM CMbICIIe — (H3HYECKas
Mofelb, H3TOTOBJIEHHAS M3 COOTBETCTBYIOILIErO MaTepHaila U CKpensieHHas
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B Y3/ax LIapH¥paMu, Besda Obi cebs coBceM MHAYE, YEM MOIENb MaTeMaTi-
yecKas.

3ToT METOA MOXKHO PAcCMATPHBATL KAk PA3BUTHE METONA MEPEMEILEHUH,
MPUMEHAEMOro B TeopuH coopykenuit, Havanbuas cTagus ero cBoamres
K YCT2HOBIICHHIO COOTHOLUEHHMH MeXJy Y3JIOBBIMH CMJIAMM M COOTBETCTBY-
JOUMMM  Y3JIOBBIMH [EPEMEILEHUAMHY I OJHOTO THIOBOIO 3JIEMEHTA
cuctembl. Ha puc. 11.1 u3o6paxken w3onapaMeTpHYEcKUd 3INEMEHT — ale-
MEHT M3 CEMENCTBA MPAMOYroOJIbHEIX, HMEIOIMH KPUBOJIHHEHHBIE CTOPOHBI,

INoka3aHsl TOPU3OHTANIbHAA U BEPTHKANIbHAA COCTABNIAIOLHNE CMIIBL, Jigii-
CTBYIOIUEH Ha y3end 1. AHalormyHbie Cuibl (M nepeMeleHus) ACHCTBYIOT
¥ B OCTAIbHBIX Y3/1aX, HO OHH OIyllUeHb! JJifl YNPOILUEHHs PUCYHKA. YcCTa-
HOBUM TENIEPb COOTHOLUEHHE MEXAY 3THMH CHIAMHU M COOTBETCTBYIOLHMH
Y3JIOBBIMH MEPEMENICHUAMMU

{F}* = [k] {8}, (1L.1)

rae [k] — marpuua xectkocTM ofHOro onementa, {F} u {8} — nojHbe
BEKTOPHI CHJI ¥ NEpeMelIeHH 3TOro 3MeMeHTa,

Yenex npuMeHeHus MeToJa 3aBUCHT OT cmocoOHOCTH HcClieloBaTes
NpaBUIbHO HAHTH HAGOP WIEHOB MaTpPHUEBI KeCTKOCTH, Mbl MOXEM CYMTATD,
YTO CYIUECTBYIOT Xopouwo pa3paboTaHHble NOpoueAypbl JAJS  OTbICKaHMs
ykazaHHbIX kodddmiyentos. Pas koadduimentsl HalIeHb], TO Pall dJIEMEH-
TOB MOXeT ObITh oOBENMHEH, B pe3yibTare 4ero obpasyeTcs Molelb
UcCNeAyeMoro Tella, KOoTopas HMMeeT eIMHYIO MaTpHuy KEecTKOCTM, yCTa-
HaBJIMBAIOLIYIO COOTHOUIEHHE MEX/y Y3/IOBHIMM CHJIaMH M MEPEMCILICHUAMMU
BCEH CHUCTEMBl M CTPOAIYIOCA MO OOBIYHOH METOAMKE TEOPUH COOPYKEHHH :

{p} = [k} {A}. (11.2)

Puc. 11.1. OcHoBHolt mpsMoyroitHu# H30[Ma-
pameTpudeckuif IeMeHT.



196 Taasa 11

Ha puc. 11.2 nokasambl TpM BOCBMMY3JIOBBIX 3NeMeHTa, oOpa3yiouIde
YeTBEPTh KPYrjoro nucka. Jns OKOHYATENbHOH NOCTAHOBKM 3a7a4d Heob-
XOAMMO BBECTH COOTBETCTBYIOLIME TPAHUYHBIE YCIOBUS B BUJAE KECTKUX
cBs3eit ¥ yasioBbix cuil. [Ipum pacyeTe MOKHO yu4ecTb Hajguyue HayasibHBIX
HanpspkeHUH u Jedopmannil

Koraa 3ua4eHns 3aaHHbIX Y3JIOBBIX CUJ N TlepeMelieHnid OyayT BKItO-
yeHbl B ypaBHeHue (11.2), 3agaya OyaeT BNOJIHE ONpefesieHa, a NOAYYEHHOE
ypasHeHue OyneT NpeAcTaBAsTh coOOH JIMHEHHO-YIPYTYIO MaTeMaTHYECKYIO
MoJZlenb PU3NYECKOH CHCTEMBIL

CucreMa ypaBHeHHH, TpejcTaBnseMas MaTPHYHEIM ypaeHeHuem (11.2),
MoXeT OBITh pelleHa OTHOCHTENBLHO HEHU3BECTHBIX Y3JIOBBIX mNepeMelleHui
i OTHOCHTEABHO PEAKTHBHBIX YCWIIMA B TeX TOYKAX HAa TIPaHHNAX, Tie
3afaHbl nepemeineHus. Korna ece nepemMelieHMs W3BECTHBL, MOXHO Olpe-
JIEAMTH HANpOXEHMs ¥ TeopMaliiu B 3JEMEHTax.

OnucanHble Mpoueaypbl MoryT ObITh BBITOJIHEHBI AOCTATOYHO 3ddek-
THBHO /UL ¢ noMourbto DBM. Iporpamma ans 3BM nomkna conepxkathb
CIIERyIOmMe JIOTMIECKME ONepalliu:

1. Utenne BXOAHBIX AaHHBIX.

2. BolyucieHHEe MATPHL XECTKOCTH 37€MEHTOB.

3. TlocTpoeHne MaTpullbl KECTKOCTH CHCTEMBIL,

4. Peuienyie CHCTEMbl YPaBHEHHH OTHOCHTENBHO HEHM3BECTHLIX Iepe-
MeEIEHNH U peaKiuii.

S. PacueT HanpmkeHnH B 3JIeMEHTax.

s pelllenus NoyveHHOR CHCTEMBI JJMHEHHbIX alreGpauueckux ypasHe-
HUH CYIIECTBYIOT pa3jiMuHbie MaTeMaTuyeckue npueMsbl. Korpa MokHO
HCTIONB30BaTh WTEPALMOHHBIH IMOAXOA, TNPEANOYTHTENLHBIMH  ABAAIOTCH
IpAMBIE METOAB! pellieHHs (HampuMep, metoa [aycca ¢ obpatuoft noacra-
HOBKo#). 3HauuTenbHBlil 00BEM BBIMMCHEHMH TpebyeTcs A MOCTPOEHUA
oburedl MaTpHibl XEeCTKOCTH CHCTEMbI M PELICHUs CHCTEMbI ypaBHEHni Ha
MEPBOM Illare npuiokenns Harpysxu. Koraa mis oasoro u toro ke coopy-
KeHMs Tpebyercs MOBTOPDHTb AHANM3 B JPYTHX YCJIOBUAX HArPyKeHMs,

2 g 5
Pmc. 11.2. Monear AucKa M3 KOHMEMHBIX JJle- ég 6% ééL é%
MEHTOB.
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MOXHO H30eXaThb MHOTOYMC/JEHHBIX BLIYHCJECHHH, MOTPEGOBABIIMXCA TNpPH
TepBOM PELICHHH, €CJIH TIPOTPaMMa COCTaBJIEHa T4K, YTO TPOMEXYTOYHbIE
pe3ynbTaThl COXPaHMOTCA B nmaMmatH DBM ¢ uenpto yCckopeHus pellleHus
cuctemsl 1o Naycey. Dta undopmaliys MCNONB3YeTCs Ha TOBTOPHBIX LIArax
HATPYXeHHUs, 4TO COKpallaeT 3aTpPaThl MALIWHHOTO BPEMEHH 1O CPaBHEHHIO
¢ HeOOXOAMMBIMH Ha NEpPBOM Liare. TakuM NpPHEMOM MOJbL3YIOTCHA NpH
pPELICHHH HEKOTOPLIX HEJIMHEHHBLIX 3ajau.

11.4. Hetunetibie cpe ol 3HaYyNTebHBIE YCTIEXH yxe JAOCTHTHYTH! B IPH-
MEHECHHH METOAa KOHEYHBIX JIEMEHTOB /UIA DellleHHs 3aJa4 B HeJWHEHHOMH
nocraHoBke. M3BECTHO HECKOJBKO TNPUMEPOB peasiy30BaHHBIX MOjenei
cpen:

1) cpena, He CONMPOTHBIAOIIAACA PACTAKEHHIO,

2) ympyromractuveckas cpena,

3) Bs3KONJAcTHYECKas Cpeia,

4) cpena © OTAE/IBHBLIMH TPELMHAMH.

Hpumepbt 1—3 pealu3yroT Mofeid CIUIOLIHOM CPEfbl, B TO BPEMA KaK
npuMmep 4 [daeT BO3MOXHOCThL PACCMOTPElh Cpefibl C  OTAEJbHBIMH
TPeIIMHAMMU,

11.5. Meroa HavadbBeiX nanpwxkenul. PaccMorpum matepuan, obnanato-
UIui HeIMHEHHBIMM cBoiicTBamu (puc. 11.3).

[Tonap3ysich METOAOM HaYaJbHBEIX HAPOKCHUI, NPeANONaratT, YTO MaTe-
pYas MOAYHHAETCH JUHEHHOH YIPYrol 3aBUCHMOCTH M 3TO TPEANOIOKEHHE
ABJIAETCA OCHOBOH MeTOJa KOHEUYHBIX 1eMeHTOB. B pe3ynbrarte pelllenus
NoJAyyaeM Hampsokenus u JedopmannM, COOTBETCTBYIOLIHE Touke A Ha
puc. 11.3. Touxa A JeXxuT 3a npeferaMu 3a]aHHON 3aBUCHMOCTH, Brryucien-
Hble 3HaueHys JehopMalMil MOMKHB COOTBETCTBOBATH HAMPSKEHUSM B
Touke B, nexame# na wucxoaHoH «xpuBoH. BepTukasinbublii oTpe3sok AB
COOTBETCTBYET OINMOKE B BLIYMCJIEHMM HATPSDKEHWH, KOTOPYHO HeoOXoJHMo
YCTPaHUTb. DTO AOCTHTAaeTCH TyTeM YMEHBUIEHUS HAIlpsDKEHMA B JaHHOM
3jleMEHTE HA BeNWYUHY AB 3a CYeT TPUIOXKEHHS K DJJIEMEHTY COOTBET-
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Pue. 11.3. HenuneitHoe nopencHue Ma- /
Tepuaa. 4
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CTBYIOUIMX Y3JIOBBIX CHJ, KOTOphIE KOMIIEHCUPYIOT CHHXKEHME XECTKOCTH,
BhI3bIBAIOLIEE OLIMOKY TPH BBIYMCIECHMM HaNPHKEHUI.

C npyro#t cropoHsl, Takas omnbka MoxeT OplTh NOpeAcTaBleHa Kak
HAYAJLHOE HANPSIKEHME {C,} B 2JeMeHTe, a Habop y3noBbIX CHI JJie-
MEHTa, DXBHBAJIEHTHBIH 3TOMY HANpPSXKECHHIO, MOXKET ObITh MPUIOKEH K 3Jle-
MEHTY Hapsay ¢ BHeUIHeH wHarpy3koil. narpamma JedopmMupoBannda Mod
JeHCTBMEM BHEWIHEH HArpy3kd C y4yeTOM HavyalbHOTO HampsokeHus Oyaer
npeacTaBlisTh cobol numumiwo CD, npudem Touka D pacnonaraercs yxe
HeAAJieKo OT 3aAaHHOTO KpHBOJMHeHHoro rpaduka. Hopas, fononuntensnas
OUIMOKA B BBIYMCIIEHMH HATPsOKeHMH MoOXeT ObITh nobasieHa K TOH, 4TO
6bl71a TOJydeHa HAa NEPBOM 3Talle peuleHHs, a HX CyMMa MCIOJb30BaHa
B KAuecTBE HAYANBHBIX HAMNPDKEHMH. JTOT WTEPaUMOHHBIA Ipollecc Mpo-
LOJDKAETCH 00 TeX 1op, MOKa ouepeAHOe pelleHWe He COBIAAET, HaKOHel,
¢ 3alaHHOl 3aBMCUMOCTHIO.

OmnyicanHplif IPUEM IIMPOKO ¥ BIOJIHE YCHEIUHO HenonbiyeTcs. MoxHo
NPUMEHUTH OTIPE/e/IEHHBIE CPEACTBA, MO3BOJAIOIIME YCKOPHTH CXOAHMOCTh
pellients, ONHAKO B LENOM TMpoleaypa AOCTATOYHO 3IKOHOMMYHA. Meton
UCIONIB3YET OFHY H Ty X€ MaTpuiy XXECTKOCTM CMCTeMBI BO BceX HTepa-
IMSX, [O3TOMY TNO3BONAET MNEPeXOAHTh OT OAHOTO cNyyas HarpyxeHus
CUCTEMBI K JIpYyroMy ¢ GOJBLION JIETKOCTBIO, TIOCIE TOTO KaK ObU1o Homny-
YEHO TEPBOE peLICHIE.

EcTb ¥ MHBIC METOABI NONYYEHNs HENMHEHHBIX PelIeHNH, HO MeToA Ha-
YaJIbHBIX HANIPSOKEHUH 3aBOeBajl HauOonbllyio nonyaspHocTb, CYmecTBYOT
TaKKe METOAbl MEePEMEHHOH XKECTKOCTH M HAvalibHBIX AedopMaunil.

11.6. Cpeasl, ne conpoTupiAmOmMecs pacTwkemwto, Ecnu cpena umeer
Orpani¥eHHYI0 IPOYHOCTh Ha pacTsKEHUE WM He COMPOTHBIRETCA PacTSKe-
HHIO BOOOLIE, TO OHA MOXeT ObITh NIPOAHATIM3MPOBAHA ¢ NOMOIIBIO METOMA
HayaJIbHBIX Hanpsokenuil. Korga HampsokeHuMs B JJIEMEHTE TIPEBOCXOAST
NPOYHOCTh MaTepHalia Ha pPacTHKCHME, BCE PACTAIMBAIOIIKWE HANIPIKEHHS
MOryT OBITH JIMKBHIMPOBaHbL, DT1oro 3pdekTa pasrpy3kn gobusarotcs
NPUIOKEHHEM HAbOPa COOTBETCTBYIOLIMX Y3JIOBBIX CMIL

11.7. Cpena ¢ oraeqabubiMn Tpeuiamn. OTOeNTbHEIE TPELIMHE] B CKATBHOH
nopoJe MOAEINPYIOTCA TOHKMMHE BBITAHYTBIMH 3neMeHTamu. Ecniu Tpeupina
CTPEMUTCA X PaCKPBITHIO, TO CYMTAETCS, YTO 3IEMEHTHl He COMpPOTHBIIA-
I0TcA pacTaxednio. B To xe BpeMs oHM NO3BOMAIOT B MOJNHOW Mepe pean-
30BaTh CONPOTHBIICHHE MOPObI CKATHIO B HOPMAJIBHOM K TPEUIMHE HANPAB-
JIEHHH, a4 YTO Kacaercd COMPOTUBIIEHHS CABMTY 1O TPEUiuHe, TO OHO
MOJIENIMPYETCH TPEHHEM M CIETJIEHHEM,

Takue 3MeMEHTHl HCHOONB3YIOTCH KakK JJIsS TpeUMH O€3 3amOoHMTENs,
OpeacTapigiomuX cobol KOHTAKT CKajlbl ¢o cKalolf, Tak ¥ JUis TPelfHH,
3alOAHEHHBIX TPYHTOBRIM MATEPUATOM.

11.8. Ympyromnactudeckas cpema. Matepuaisl, NOTYHHAMOMNECH Helu-
HEAHKIM 3aBUCHMOCTAM, MOTYT ObITh MCCNEOOBAHLI ¢ NPMMEHEHHEM KpHTE-
pus IUIACTHYECKOTO TEYCHUS, KOTOPBIH Mo3BOJNeT YCTAHOBHUTH, KaKyIO Y4aCTh
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o0wiell Harpy3xu MOXeT BOCTIPMHSATE MATEPHAS 10 AOCTIKEHUS OBEPXHOCTH
TekyuecTi. OcTanbHas YacTh HarPY3KY TIPUKJIABIBACTCH 3aTEM MajeHbKHMMU
NOPWHSMH i ONPEAEISAIOTCS yNpyrue W MIacTHYECKue Npupawmedus nedop-
MauMi 8 KaxJoro 1ara Harpyxesus. Ilpupainesus Harpy3ku ebiOupa-
FOTCA HACTOIAbKO MAJLIMM, 4TOObl HaNpsDKEHMs HE MOIJIM CYIIECTBEHHO
BBITH 3a NpeAelnbl NOBEPXHOCTH TEKYYECTH.

11.9. BaskongacTuveckas cpena. ITo CPaBHUTENLHO HOBOE HAMpaBJieHHe
B MeTOJe KOHEYHBIX ieMeHTOR. OHO YYHTHIBACT BA3KOMIIACTHYECKOE Tede-
Hue MaTepuana po BpemeHH. [ToHATHO, YTo Takoe HanpaBiieHWe oNpaBlaH-
HO, TOCKOJIbKY MITHOBEHBHO NPWIOKEHHAS HATPY3Ka MOXET BbI3BATH HATpA-
XeHHus, NpeBbIlliarollie npeaes Tekydectd. C TedeHNeM BpeMEHH HalpshKeHHs
B pe3yjbTaTe MOJ3YYECTM MaTepuasa BO3BpALIAIOTCS K JTOMY [Mpeseny.
INMpuMeHenue Teopuy BA3KOMIACTUYECKOr O TedeHUA AaeT Pe3yibTaTsl, aHalo-
TMYHBIE TeM, KaKue NoJyyaroTcs IpM HCNOJAB3OBAHMH MeToJa HaYalibHbIX
HanpspkeHuH. OTo OOCTOATENbCTBO JIMLIHME pa3 CBUAETEILCTBYET O BO3-
MOXHOCTH NpuMeHeHust OoJsiee NpocToil Mpouedypbl MeToda HAYAJIbHBIX
HATIp KEHUH.

Annapar BA3KOMJACTUYECKOTO aHa/Iu3a ABJIAETCS MATEMATHYECKH 3HAYH-
TeJbHO GoJiee COBEPLIEHHBIM, YeM METOA HAYaNbHBIX HaNpsxeHuil, H mo3so-
JIfeT TEOPETHYECKU pelllaTh Bompoc O BLIOOPE COOTBETCTBYIOLIMX pejakca-
LHOHHBIX NapaMerpoB. K HacTofieMy BpeMEHM HAKOIUIEH orpelesieHHbli
ONBIT MCHOJb30BaHMA TAKMX NapaMeTpOB, KOTOPbIH MoKAa3blBaeT, 4To MO
KpaiiHelt Mepe B HEKOTODBIX CJy4asXx MaKCHMAIbHOC 3HaueHHe MapaMeTpa,
obecneqynBaloOILEe CXOAUMOCTE MPOIlECCA, 3HAYMTENBHO MEHbLIE Npeanosa-
raemMoro,

11.10. Cunbyo TpetuuoBarble cpenbl. Ecnyi peryisipHsle TpeiuuHbl Mepe-
CEKaOT BECh MACCUB CKaJIbHOM TOPOALL, TO CUHTAETCH, YTO €0 MOXHO HccJe-
A0BaTh KaK KOHTHHYYM, Han€jIeHHbIH COOTBETCTBYIOLMMH CBOHCTBamy,
KOTOpble ONpelensioTcs TaK, uToOsl MoBEACHHE CIUTOMIHON cpeabl coOTBET-
CTBOBAJIO TOBEACHHIO TPEILUMHOBATOH, DTOT NMoaXo[d NpUMEHHM M B cly-
4agx, Korjaa HeCKoJbKO CUCTEM MAPAJUIC/bHBIX TPELMH NePeCekaroT MAacCHB
B pa3HbIX HANpaBJCHUsAX.

3agaun Takoro pofa obnanarwT OoNbIIOH CTENeHbIO HEJUMHCHHOCTH,
a BbIBOp AOCTOBEPHBIX XAapaKTEPUCTHMK Cpelbl TIpeACTaBNgeT coboi CAOXKHbIH
npouecc nNpod M omuboK.

11.11. 3axmouenne. Bce MareMaruyeckyie NPHEMBI, PacCMOTPEHHEBIE B
HacTosefl ryaBe, ABJISIOTCA NPAKTHYECKMMH CpeACTBAMM aHanu3a IoBe-
JleHus CKaJbHbIX MaccuBoB. K coxaneswiro, 310 Takas o0sacTh, B KOTOpoit
HayKa, BEPOATHO, ONEPekaeT NpakTHYecKoe HCNONb3oBaHue. pa3paboTaHHBIX
MeTonos. U3noxeHHble MeToabl 6e3ycHoBHO HaJEXHbl NIPH PeLleHUH 3a1ay
B JuHEHHO-ynpyroil nocraHoBke. OHu MoryT OBITh HCIOJB30BaHBl M MpH
aHanu3e HeMMHEHHBIX cpell, oJHaKO B 3TOM CJYy4Yae pe3ylbTaThl pacueTos
HeoOX0/IMMO TILATEIBHO WHTEPHPETUPOBATH U MUCMOJIL30BATh C OCTOPOX-
HOCTBIO,

UmncienHple METOABlI MOLYT ObITh MCNOJIB30BAHbI ¥ N4  ONMCAHMA
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JIMCKPETHLIX Cpell, OAHAKO B 3TOM cJlydae YyNpPyroBa3KOflacTHYECKOE NoBeje-
HHME Cpe/lbi HEe MOXET OBITh ONHMCaHO C TpedyeMOH IOCTOBEPHOCTBIO MAJIA
TOJIy4€HHs HaAeXHBIX pe3yyprTatoB HeobxoammMo mnponospkaTh HCNOJB30-
BaHME 3THX METOAOB /Ul MCCIIEIOBAHMA [HCKPETHBIX Cpel, TaK Kak
OHM TIO3BOJISIIOT, XOTA M NPHOIMKEHHO, AHAIMINPOBATL MNOBEACHHE TPH
H3MEHEHHAX CBOMCTB MaTepudna
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Yucsiennoe MoaempoBaHue
B MEXAHMKE AMCKPETHOW Cpebl

Yacmp 1. MeToanpl perierus
3aaad

M. Hoe. @ysmon

12.1. Beeneune. CoBepIIEHHO OYEBHAHO, YTO HEKOTOPHIE MaTEpHasibl
BeAyT cebf MpeHMYILIeCTBEHHO KaK AHCKpeTHbIe Cpelbl! (T. e. Cpembl, COCTOs-
mye U3 Habopa OTAS/ALHLIX HaCTHL, B3aUMHbLIE NEpeMEIUCHNS KOTOpLIX Mo
KpaiiHell mepe TaKXe 3HAuWTENIbHBL, KaK M HMX COGCTBEHHBle dehopmauuu),
H 0ObIuHbIe METOB! MEXAHUKH CIUIOUIHOW CPEbl, MCNIOMb3YIOUIHE YOPYrocTh
¥ IUTIACTHYHOCTD, JJIA HUX abCcoNI0THO HETIpUEMIIEMBL. 3}ICCL HYXHBbI HOBBIC
MeTonbl, B pa3paboTKe KOTOPHIX HAMETHIIOCH /B2 MOIXO0Ja.

TeopeTHueckn BO3MOXHO NOCTPOUTH 3aBUCHMOCTH /IS ONHMCAHHA CBA3H
MEX1y HaOpSKeHHAMH M JehopMallsMu CIutomHOR cpeasl, «npucnocadbiu-
Bas» MX N ONWCAHUA TOBeNeHUA AUCKpeTHOH Cpelbl MOJA HArpY3KOH.
Bo3moxuo, HO B pe3yibTaTe Mbl, BEPOATHO, NOJYYUM O4YEHb CIOKHYIO WM
BOOOWIE Hepa3pelHMYK 3aja4dy. JTOT NyTh He CYJHT ycmexa.

C npyrodl CTOpPOHBI, B3aHMOIEHCTBHe [BYX OTHENBHBIX 3JIEMEHTOB
JMCKPEeTHOH cpelbl camMo no cebe sBasieTcs 10CTaToYHO NpocThiM. Bropoi
OAX0J} 3aKII0UaeTCs B MOMBITKe CYMMHPOBaTh 3TH B3auMo/edcTBHS U AaTh
OTBET Ha BONPOC O TOBEJEHHH BCETO MACCHMBA. 3alava, KOTOpas CBOJUTCA K
KOMOUWHAUHK OrpOMHOIO YMCNa MPOCTBIX OTHOUWIEHHH, HAEalbHO NPHUCHO-
coGnena ans pemenus wa IBM u paccmorpena nHuxe.

12.2. Buanl pedpopmanmii. BaxnoWl 0CODeHHOCTBIO NHCKPETHOH Cpebl
ABNAETCA TO OOCTOATENLCTBO, YTO HOJ HArpy3koit oTIeNbHbIE ce IIeMEHThI
B Honburell CTeNeHH CMELAIOTCA ONMH OTHOCHTENBHO APYroro, uem dedop-
mupyroresd. Mx OoTHOCHTeIbHBIE CMEUIEHHS OTHOCATCH K TpeM CIEeXYIOIIHM
TANAM: CKOJIbXEHHE 1eMeHTOB 110 NMOBEPXHOCTH KOHTAkKkTa, PaCXoXacHHe
37€MEHTOB, B3aMMHBIH OBOpPOT.

ITpu comoctasnensin paboThl 2EMEHTOB JUCKPETHOW W CILIOUIHOM cpen
(puc. 12.1) pa3sHuna MOXeT NOKa3aThCA HE3HAUNTELHOH, OJHAKO OHA BaXHa
00 IByM TpHuuHAM. Bo-NepBrIX, 3aMeTHO OTJIHYaeTCs BO3ACHCTBHe Ha
OKpYXaolHe 37EMEHTHl, BO-BTODHIX, BO3MOXKHOCTb CMELICHHS HOPHBOAMT
K CHIDKCHHMIO HaNpsHKCHWM BHYTPU CaMuX 37leMeHTOB. B pesyibraTe OKOH-
yaTeJpHOE pacnpelesieHHe HaNMpskKeHWHd B IUCKpeTHOH Cpelge MOKET OKa-
3aThCA COBEPIIEHHO HHBIM, Y€M B CIUIOIIHOfM,

Hrak, ocHoBOMH Noaxona, NpeaHa3HaveHHOTO 118 peaiu3auud Ha IBM,
fBIgeTC OObeqHHeHHe DoJbloro umcia OJOKOB B OJHO NENOE TaKUM
obpa3om, 4TOObl KOMYCTHTH ONpeneleHHyo cBODONY HX B3aHMHBIX Nepeme-
meHud ¥ MOXeJHPOBaThH [OBeACHHE MacCHBa IO Harpyskoif.
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12.3, MeToa wKoHeuHbIX 3JeMeHTOB. Ha nepewnii B3rnag cxema
MacCCHuBa, NPpeaCcTaB ICHHOIO B BH/I€ OTAEIbLHBIX COCTABIAOLIMX 6J'IOKOB, aHa-
JIOTMYHA CETH KOHEYHLIX 3JIEMEHTOB, [IPHMEHAIOLIEHCS B TEOPUH COOPYXeHui
Opu pacu€Tax MeTOAOM KOHCYHBIX JJEMEHTOB. Ho at10 CKOpEEC Kaxylieecs,
YeM [AeHCTBHUTENILHOE CXOACTBO, TaK KakK, XOTA KOHCYHLIE 3JIeMeHTh! B U3BeCT -
HOM CMBIC/Ie HE3aBHCHMBI, OHH BCe € XKECTKO CBA3aHLI B y3/7aXx U He
HMeEIOT HeoOXOAMMON CBOGOAB! CMEIUEHH.

12.3.1. Daemenmpt I'yomana — beema. T'ynman ¢ coastopamn [10] u Bect
[2] npennoxunu BBOAMTL MeXny OTAEIbHLIMH 6J0KaMu MaTepuana Clle-
IUajibHble KOHTAKTHbIE 3JIEMEHTBI. JTH 3JIEMEHTHl MMEIOT OPSIMOYTONLHYIO
bopMy M OUYeHL TOHKM TNO CPABHCHHMIO C 3JEMEHTAMH HelOBpeX/eHHOM
Ckanb! (puc. 12.2). Taknm oOpa3om, BO BPEMS IOCTEAYIOLMX B3aWMHBIX
CMEILEHHH OHHM He BHOCAT 3HAYMTENLHBLIX M3MEHEHHH B reomeTpuio OIOKOB.

30Ha TpeUIMHLI MOXeT ObITh 3allOJIHEHA INIPOCJIOHKOH MHOPORHOIO Ma-
T€pualla, HANPUMEpP TNHHOMA, MO0 MOXET KMeTDh HIepOXOBATHIN KOHTAKT 6e3
JanonuuTens (puc. 12.3). B mocnexHeM ciyuae cBolicTBa KOHTAaKTa HeobXxo-
NUMO 330aTh TaKMM 06pa3oM, 4TOGH OHM COOTBETCTBOBAJIH Hab/romaeMoMy
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Pue. 12.3. KontaxrHas 3oHa

HOBEJCHHIO MOPOALI B MaccHBe, TOrAa KAk B MePBOM Cliy4iae OHH
MOL'YT OBITh HEHOCPEACTBEHHO MOJY4YeHbI IPH HCOLITAHUH PeANLHOTO MaTe-
puajia OpoCOHKH.

Jns MoJenuposaHds TPEWMH MOXHO OpITo GBI MCHOABL30BATL OOLIYHLIE
KOHEYHble DJEMEHTH! C YeTHIPbMs y3JIaMH, HO 3TO HeXeNaTelbHO [0 OByM
npuuMHaM. Bo-nepBaiX, YCIIOXKHACTCH HeTalH3aliMg KOOPANHAT H3-3a Bim3ko-
IO pPAacroONOXeHHSN Y3JIOB, BO-BTOPBIX, €C/AM 3JIeMEHTHI CIMIUKOM TOHKHE,
OWKOKH, BLI3BaHHBIE OKPYIIIEHHEM YdCes, MOTYT cTaTh Oonbmiumu. Ipume-
HeHHe CNIeNHANLHBIX KOHTAKTHBIX JIEMEHTOB TI03BOJISeT PellUTh 3T U Apyrue
Hofe3Hble 3a7auM, HalpHMEDP YOPOCTHThL BBLIUMCIEHHE KOODIHHAT Y3JIOB,
YUYECTh HeTHHEeHHOE TIOBefeHMe Cpeabl NPH CABHre. B ModeNH, OpelaoXeHHOH
BectoM, yunThIBatOTCA TakXke IPOYHOCTHLIE CBOMCTBA KOHTAKTHOTO I€EMEHTa
IpH COBHIE M PacTAXEHHM.

Ecnu kakoii-To M3 npefeloB NpOYHOCTH MpeB3OHIEH, KOHTAKT Hapy-
1uaeTcs, ¥ obpa3yeTcs packphiTas TPeIMHa, KOTOpas yXe He HeCeT HUKakoi
HaTpy3KH, 3TO IIPHBOAHT K NEPePacHIPEe/IeHHIO HaapskeHH B OKPYyXarolHX
afleMeHTax. Takoe nepepactupeaejICHHe AO0CTHraeTcs NyTemM BLIYUCIICHHA
Y3/I0BBIX CHJI, THKBHAMPYIOIMX HaNPsKEHHA B TpPEU(UHE, KOTOpbie NPHKIIA-
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OLIBAIOTCH Ha CJACIYIOUIEM LMKJe WTEepaluii W ABAAIOTCA, [0 CYUIECTBY,
HOBBIM CJly4aeM 3arpyXeHus

CxonneIM 00pa3oM YUHTHIBAIOT HelMHEHHBIE CBOMCTBA Cpeabl IPH CABUIE,
JNrob6as KpUBOJIMHEHHAS 3aBHCHMOCTb MEXAY HANpskeHusMu u aedopma-
UMAMH (BKJIIOYas KPHBBIC YIIPOYHEHHA M DPa3yNpPOHYHCHHA) MOXeET ObiTh
anNpoOKCHMHPOBAHA IOCJIEOBATEILHOCTBIO NPIMOIHHENHBIX YIACTKOB.

UuceHHas TNpoleAypa COCTOMT B TOM, 4TO Ha TEepPBOM MLUAre Hanps-
KeHH H AeopMalu¥  BLMMUCIASIOTCS [0 XaPaKTEPHCTHKAM YIPYTOCTH,
COOTBETCTBYIOLIMM Ha4anbHONl dYacTH KpuBoil. 3aTeM NoJyuYeHHbIC [UTS
KaXJIOr0 KOHTAKTa HaNPsXKeHUs CPABHHUBAIOTCH C HAMPAKEHHSIMHU, B3ATHIMU
Nno KPWBOJHHEHHOH 3aBMCMMOCTH TpH TeX JXe 3HadeHusax xedopmarmii
(puc. 12.4). Urobsl ycTpaHuTh «OIMOKY», XONMYWIEHHYIO NPH BbIYUC/IEHHH
HanpAXeHUHA, PaCCYHTBIBAIOTCA W TPHKIA/BIBAIOTCA B Y3JaX COOTBETCTBYIO-
Ke Y3J0BbIE CHJIbI, KOTOPbIE AOJDKHBI TIOHM3WTH HANIPAXKEHHUS 40 «TIpHeMIIe-
MOTO» ypoBHA (IIpH yXe MMEIOLUUXCA 3HaueHusax agedopMariuii).

OuepenHoe pacnpe/enenue Hanpsxenuid gacT Hoeble oMIMOKH (KOTOpLIE,
HAJO HameAThcAa, OyayT MeHblle), NMOITOMY MNOTpedyeTcs leNas cepus
ntepanuit (puc. 12.5). [dna Gonee ObiCTPOro mNoJNydeHMs pellieHHs 4acTo
HCMOJBL3YIOTCA YyCKOPSIOUye Npollelypsl, HO felaTh 3TO NPUXORHUTCA C OCYO-
POXHOCTBIO, 4YTOOBI M3DexaTh HEYCTOHYMBOCTH pEIlIEHHS W B KOHEYHOM
cyeTe OHMIMOOYHBIX Pe3y/ILTATOB.

JApyruM Bo3MOXHBIM NOAXOIOM ABISIETCA BLIMUCAEHHE HOBOIO 3HAYEHHSA
Moayjia cABMIAa MaTepHasna Ha Kax[oi uTepaunmu. HecMoTps Ha npocrtoTty
M HarjIagHOCTe CaMOH HjieHW, YUCeHHAs Npollefypa B 3TOM cllyyae TOTpe-
OyeT, no Bcell BEPOATHOCTH. 3HAUMTENLHO OO0Jbllle MAMHHOTO BpPEMEHH,
TAK KaK HA KaX/JOM I[Iare pelleHus NPHIETCA 3aHOBO BBIYMCIATH MATPUIY
KECTKOCTH CHCTEMBI

BpeseHne KOHTAKTHBIX J7eMEHTOB B OOBIYHYIO NpoTrpaMMy MeToaa
KOHEYHbIX 3M1eMeHTOB PelllaeT 3aXavyy CO3AaHus HOBOTO Cnocoba BEIMMCAECHNUS

Borvucnennpe anavenue
nanpawenut- Gegopmayui

/ WOutuOna*
f Berucaeniu
/' HanpAMEHLL

nHCmuHHDE ™ Hanpamenie, ,
coomBemcmigwouee Borucaensou

deqrapmauuy

RacamensHote HANPANKEHUA

Aeqpopmayus cdfuza

Puc. 12.4. Hauannbuoe 3HadeHHe HauUpsKeHud — gedopManmii
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Kacamensribie HaNpAIXeHus

Aepopmayus cdbuza

Puc. 12.5. UrepauyoHsas npouelypa peLUIeHHs.

MAaTpHLbi KeCTKOCTH 371eMEHTa B JIOKAJIbHLIX kKoopauHaTtax. [Mocnemyromue
sTansl GOPMHUPOBAHUS MATPHIL! KECTKOCTH CHCTEMbl M PELUICHUA YpaBHEHUH
8 OCHOBHOM MOIYT OCTaTbC Ge3 M3MeHeHwil

B macasfibHOM Ciiy4ae NpPOlieAypa AHANMU3A NOBEACHUA HENMHHEHHLIX MaTe-
pUAJIOB NOMDKHA YYMTHLIBATH MNON3y4eCTh H APYTHEe BHUAL HEJUHEHHOCTH;
ec/ii 3TO He TaK, HeOOXONHUMO NPEAyCMOTPETh Takol YYeT.

Xots I'yamau u Bect paboTa/iu HE3aBUCUMO APYT OT APYra, WX METOb!
OasupyroTcs Ha OAHMX W TeX K€ NPHHNUNAX W NPH pElieHHH [AIOT
6nu3kue pe3yasTaThl, OCHOBHOE pa3fMuMe MEXAy HBYMS NOAXOAaAMHU
COCTOHMT B TOM, uTO ['yaman npeHebperaeT TOMIMHON TPEIMHBL H ONepHPyET
COOTHOLICHUAMHA CHJI M NepeMellicHui, a He Hanpsxexud u Aedopmanuii.

12.3.2. Memoo Bepmana. OcHoBHOM HenocTaTOk MeToma ['yamana —
BecTa COCTOUT B TOM, uTO B PACYETHYIO CXeMY NPUXOAMTCH BBOJUTH HOMOMN-
HUTEIILHLIE Y3IIbl ¥ JEMEHTHL IT0 MOXET CYIIECTBEHHO YBENHYHTDL 3aTPaThl
MAHHHOrO BpeMenn ¥ ofbeM Heolxomumoit namsta IBM. Eenu yxazau-
Hoe OGCTOATENLCTBO He mpeAcTaBiafeT coboii cepne3HOH npobmaembl npu
HaJUYuK HECKONLKMX TpPEeWMH (HAnpuMep, Npu MOAEJUPOBAHWH OIHOU WM
JBYX ILIOCKOCTel ocnabnenus, puc. 12.6), TO TPYAHOCTH BO3PACTAIOT NPK HO-
NLITKE MOAENUPOBATH COBOKYMHOCTL OONLHIOrO uucia OTAEALHLIX ONOKOS.

Bepman [4] nonsitancs peluuTh 3Ty 3anady, IpHAas MaTepuaiy GJIOKOB
abcomoTHyIO XKecTRocTh, ONpeaenss 3aTemM NONOKeHIE KaKOH-HUGYAb TOYKH
BHYTpH OIlOKa, HampuMmep LEHTPA TSXKECTH, MOXHO JIETKO BLIMHCIHTH
HOJIOKEHHE OCTAIbHEIX Todek. OIHAKO, uTOGLI cae/laTh 3TO, HEOGXOAUMO
UMETh XAPaKTEPUCTHKY yrila HOBopoTa ONOKa; APYrMMH CJIOBAMH, Mbl
JOJIKHBI BBECTH TPETHIO CTENEHL CBOGOABL

DieMeHT, TakuM 06pazoM, nmpeacTasnser cobod GQuRTHBHYEO KOHCTPYK-
I}I0, COCTOALIYIO U3 AByX CBA3aHHBIX Y3IIOB, 3aMEHAIOMIMX OJOKH M HMero-
WUX Kaxaut 00 TpH cTenedu csobonsl. [osy4aercs, 4To ameMeHT bepmana
HMEET BCEro INECTH CTeneHed ¢BoOoawn! (IBa y3na, Mo TPH CTENEHH CBO-
Gonbl y KaX4Oro), 8 TO speMaA Kak leMeHT I'ymmana — becra mo kpaiineit
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Puc. 12.6. 3ana4a o6 ycToH4WBOCTH OTKOCA C 4€TKO BLIPAXEHHBLIMH MOBEPXHOCTAMM
ociabneHus.

Mepe BOCEMS (4ETBIpE y3J1a, 0 ABE CTeNneHu cBoboAN y Kaxaoro). McTurHylo
S9KOHOMHMIO TIpH pEUIeHMH peasbHLIX 3aJad HOJCYMTaThL HE TakK TpPOCTO,
OHAKO OHA MOXET O6bITL 3HAUYHUTEILHOM.

O6uwee uuciao creneHeit ceoboAnl B 3amaue (T. €. uucjio y3JI0B, YMHO-
XEHHOE Ha 4MCJIO CTENeHeH cBOGOALI ONHOIO y3ja) — cambli BaXHbIE M3
(axTOpOB, BAUSIONIAX HA 3aTpaThl MAIUKMHHOIO BPEMEHH W OOBEM NAMSTH
Tipu pelleHMH 3apjain Ha IBM u 3acnyxuBaer, crnenoBaTenbHO, OOABLIOLO
BHAMAHUA.

UncneHHas npouenypa s sJeMeHTa bepmada (puc. 12.7) cocTouT u3
BBIYHCIICHAA KOOPAMHAT 3MemeHTa Tuna [ yaMaHa — Becta ucxonss u3 ero
HOMMHANBHLIX Pa3MepoB, ONpejelieHUs €ro XeCTKOCTH W MNepeBoxa ITOH
KECTKOCTH B JKBUBaJIeHTHLle BeJWdMHLI, OTHECEHHbIE K y3faM (HEHTpaM
TsKECTH) BI0KOB.

Tak xak 610KM ABAAIOTCS abCONIOTHO XECTKMMM, JaHHas Mojaenb He
MOXeT ObITh HEMOCPE/JICTBEHHO HCHOMA30BaHA NMPH pEllleHHH 3a7a4, B KOTO-
PHIX BHYTpeHHME NedopMaiuu OTAEALHLIX 5J0KOB MOTYT MMETh CYLIECTBEH-
HOe 3HaueHHe. BepMaH TeM He MeHee yTBEPXKOaeT, 4TO CBOMCTBA TpeuiHH
MOXHO 3aaBaTh Takum oBpa3oM, YTOGH oHM yuuTHBamu 3Qdext ynpyroro
JedopmupoBaHud caMux G6JI0KOB, OJHAaKO BO3MOXHOCTL OCYLIECTBJICHHS
TaKoi mpoueaypbl TpebGyeT A0Ka3aTeNbCTB.

BrixoIHbIe naHHble CerogHsANIHEro BapuaHTa nporpaMmbl bepmana co-
CTOAT M3 peakuni B PuKCHpOBaHHBLIX y37iax, CMEIEHHH OCTaJbLHLIX y3JI0B,
Hanpsxenudd u nedopmanmii, BBIUHCIEHHLIX KaK CpefHuE MECTHLIE 3HAYCHHA
B I[eHTpe TPELIMHHOIO IeMeHTa.

BorunuciaroTca TpH CIEAYIOKEe KOMIOHEHTH HalpsikeHu# (nedopManui):

1) HopManbHLIE HalpskeHus (nedopMaliy) B HanpaBlIeHuH, NePHCHIH-
KylaspHoM ocu X * TpelUMHHOIO 3JJieMeHTa,

2) capuroBne HanpskeHus (deopmalmu) BROML ocH X ¥,
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Puc. 12.7. DnemenT bepmana (x* u y* — noxajibHas CHCTeMa KOOpPIHHAT)

3) «BpamaTtenbuble» KOMIOHEHTHl Hampsxenuil (nedopmaumit), onpene-
JIMIOUIMe H3MeHeHue HanpmkeHnd (Jedopmanuii) Ho NJINHE TPEUIHHKI.

12.4. Meroa Kannenna. Kannenn [6] npeanoxun HeckoibKo MHo# Ton-
XOJ1, HanpareHubIH ITaBHLIM 0Opa3zom Ha mopaenuposaHue OoabuIMX CMe-
wennit © Ha Oonee BepHOE oNMcaHMe MeXaHM3Ma pa3pylleHus, a He Ha
aHAIA3 HANPIKEHHO-NeQOpMHPOBAHHOIO COCTOAHHA CPEMbL

®akTHYECKH OH CYMTAET, YTO HANPIKEHHO-AehOPMHPOBAHHOE COCTOSHME
WrpaeT HE3HAYUTENBHYIO pOJib, KOIJla CMEUIeHWs BEIuKM, W npepsaracr
BMECTO 3TOrO aHANH3KPOBATh CHJIH, BO3HMKAIOUIME HAa KOHTAKTaX MeXAy
6nokamu. Kax u bepman, Kaunenn ans ynmpoineHus 3aJadum HUCNOJIB3yeT
XECTKHe OJOKH M yTBEp)XIaer, 4To €ciu Obl morpebomanoch, To Aedopma-
M caMuXx O0KOR mMoria Owl ObITh yYTeHa ¢ MOMOWIBIO 3afauds onpene-
JIEHHBIX VCJIOBHH Ha uX NMOBEPXHOCTH.

KoHtaktel Mexngy O05oKamu OTpaHHYMBAIOTCS OJHMM THIOM: Yroi
OJHOTO BHEApSAETCH B pebpo Apyroro (KOHTAkKT ABYX pebep, Hanpumep, pac-
CMaTpPHBAETCH KaK 1Ba KOHTaKTa THMA yroj — pebpo), a passusaronecs Ha
KOHTAKTaX CHJIbI BEIMHUCIAOTCA HCXOIS U3 BETHYHHLI B3RUMHOTO «BHEAPEHUD)
paccmaTpuBaeMbXx 610KoB (puc. 12.8).

CaBMr no KOHTaKTy MOXET NPOMIOHTH, €C/lH COBUTAIOIAH KOMIIOHEHTA
PaBHOACHCTBYIOWEH CHALI GOMbiIE, YeM MPOM3BENEHHE BEJMYHHLI HOPMAlb-
HOTO YCWJIUf Ha TaHTEHC yrila BHYTPEHHETO TPEHWA CHCTEMBI

Kannenn yreepkaaet, 4To TPYAHOCTH, CTOSHIME Ha NYTH MOJyYCHUS
MOCTOBEPHBLIX JaHHBIX NPH aHANK3E MOBEACHHS CKANBL APYTHMH METOAAMH,
BO MHOTHMX CJyYasx NPHBOAST K TOMY, YTO PelleHHe NPHHUMAETCH JIHIb
Ha OCHORE 3ipaBoro cmbicia. OH paccMaTpuBaeT CBOIO MOAEIb, B 0cobeH-
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Puc. 12.8. KoutakTthl 610x0B (no Kaugeay).

HOCTH ee NOCHedHIO Moaudukaudio [7], AMEIOMYIO BBHIXOA Ha AHCHNEH,
KaK CpPEACTBO AESMOHCTPalMd BO3MOXKHBIX BHIOB DPa3pyIIEHHS, KOTOpOE
TOMOraeT CHeNUAaTHCTaM NMPHHHMATh BEPHLIE DEIICHHS.

12.5. 3akmovuenye. BrineynoMsHyThle IpHEMB] He COCTABISIOT HCYEpNbI-
BAIOLIEro TepeyHs CPeICTB aHajiW3a AUCKPeTHOH cpedbl. JApyrue MeToxnl
(nampuMep, MeTOX aHalH3a CHILHOTPEINHHOBATOH Cpeldnl) NPHMEHAKOTCS
¢ pasuoll cteneHbto yemexa, IIpedctouT eme paboTa No HCHONL30BAHHIO
H OUEHKE CYnIeCTBYIOLUIMX MoJeNiell H MO CO3TAHUI0 HOBHIX.
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YncsienHoe MOae/IMpOBaHKHE
B MEXaHHKE JAHCKPETHOH cpelbl

Yacmy 2. IlpumeHeHune 4ucies-
HBIX METOHOB

H. X. Tpoaaon

12.6. 3navenne YHCJICHHONO MOZE/ANPOBAHNA. XOTA pa3sBUTHE UYHMCICHHOrO
MOJETHPOBaHNA MPHMERUTENLHO K AMCKpeTHOH cpeme 4BNsAETCA OTHOCH-
TENbHO HOBBIM HAMpaBieHdEM, B MOcieaHux paboTax, kaxerch, yKe
TOSABJINETCH ONpefe/icHHas MYTaHULA, W HACTAJIO BpEeMs NONLITAThCA ONpe-
OeMUTh 3HAMCHME YMCJICHHBIX MoJeNelf B MpaKTHYECKOM HCIOL3OBAHHM,

Vcnex, KOTOPHIH BHIIaN HAa JAOJIO METONA KOHEMHBIX JIEMEHTOB NPH
pellieHdy 3a4a4 ANA CIVIOWHOMN Cpenbi, B 3HAYMTENBHOM Crenenu obbiacHsaeTCs
TemM (AKTOM, YTO pPE3YJbTAThl, KOTOpHIE OH [aeT NpH aHanule noJjed
HanpskeHHid, 0AM3KK K pachpelelicHUI0 HAnpsDkeHWi, corilacHo knaccHye-
ckoil MexaHHKe CIUTOIHOM cpeabl (Hanpumep, TEOPUH YOPYTOCTH U [L1aCTHY-
HOCTH).

Hepsas 3epHUCTaA MOREb, npeanoxentas Tponnonom [19], npeanasua-
Yanach AN MONYYeHHS QHAJIOTMYHBIX Pe3y/IbTaTOB [0 AUCKpeTHOH cpele.
OHa He uMena (M He MMEET) TAKOI'O MATEMATHYECKOrO 06OCHOBAHHS
B YCIIOBMSAX CAMHCTBEHHOCTH DELIEHHs, KOTOpOe UMEET, HanpuMep, JunciHas
‘Teopust ympyroctd. lloatoMy O6bUIM MOJIYYEHBI TOJLKO pelICHUA 3a4ay
OpelelIbHOT0 PABHOBECHA, CTPOro YAOBIETBOPAIOLINE YCIIOBUAM PaBHOBECHS
H YCNIOBHIO «OTCYTCTBMS CHJI PACTAXCHUA MEKAY OTACTBHOCTAMM» U Ka-
YECTBEHHO YOBJIETBOPHIOIIME YCIOBHAM IeOpMUPOBAHAA HA KOUTYpe.
B 3roM cMbicie TakMe pellieHHS MOXHO PacCMAaTpHUBATh Kak KJIACCHYECKHE.
OcHoBHOE MaTeMaTH4eCKOe AOMYyWIGHHE OPU MONYYEHHH TaKuX perueHHii
COCTOMT B TOM, YTO KaX[asd OTACJIBHOCTD (IUCK, Chepa, TPAMOYTONBHUK HIH
KpYr) OMEHb Majla [0 CPAaBHEHHIO C pa3MepaMH Bcefo MaccHsa.

IMono6Hble pelueHus ABNAIOTCA TOALKO AHAA02aMU — OHH HE BOCOPOM3-
BOIAT peajbHYl0 CHUTYaIHlo B TOMHOCTH, H, CJIEXOBATENABLHO, MX HCIONB30-
BaHue MOXeT ObITh ONMPABRAAHO TONBKO MOCNE 3IKCIEPUMEHTANbLHONH Opo-
BEPKH.

C Apyroii CTOPOHH, BO3MOXHO co3fianue GU3MYecKux Moneneil CKanbHbIX
MacCHBOB, HanpaMep, U3 AEPEBAHHBIX WK MIACTMACCOBEIX KyOukoB. B 3TOM
cllyyae, OAHAKO, pasMep OTACNbHOro Gioka OOLIYHO 3HAYMTENICH MO OTHO-
HIEHHIO K pa3Mepy Bcero MaccuBa. BO3MOXHOCTH COBPEMEHHBIX BLIYUCIIN-
TENBHBIX MAillUH JIO3BONAIOT 3AMEHUTh (PU3HYECKHE MOJEIH YHCICHUBIMA,
OHAKO HHTEPNPETANUA pPe3yJLTATOB B 3TOM ciiydae Oyner UMETh Te ke
OrpaHHYeHMs, YTO ¥ B Ciiydae (QUIMYECKOr0 MOJCMMPOBAHUA. DTO 3IHAYMT,
YTO TAaKHe MOACJM HE TORATCHA AN MCCNENOBaAHUA OGBIMHBIX MOJEH Hanps-
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xenuit Monens Kanpemna [6] ornocuTes kak pa3l k Takomy tunmy [lpu
BOCTIPOU3BECHHU MEXAHU3MA ONPOKKABIBanYA (prc 129) ToYHOCTH MOTyYa-
€MBIX Pe3yIbTATOB MPEBLINAET MPedeNbl TOYHOCTH IKClepuMenTta Takum
of6pazoM, MOAENb MO3BONAET MOJNYYUTh OYEHb NOJE3HYI MEXAHHYECKYIO
KapTHHY, HO B TO € BPEM# YPE3BHIYAHHO CIIOXKHO CBA3aTh €€ ¢ OOBIYHEIM
HaOpsDKEHHbIM COCTOSHHEM, KOTODPOE SBIACTCA NPUYUHON DPa3pylICHUs

12.7. Ctpykrypuas amanorns Monean Bepmawa. Bepman [4] paspaGoran
YUCJIEHHYIO MOZeNb, OCHOBaHHY10 Ha ananmse otaenbHocty Ha puc 12 10,4
[IOKA33HO, YTO KOHTAKT MEXIy IBYMs OTAENBHOCTAMH XapakTepuiyercs
TpeMs CTeneHAMH CBOOOABL, KOTOPHIM COOTBETCTBYIOT NPONOJNBHAS XeCT-
xocth (E), capurosas xectkocts (G) U moMenTHas kectkocth (M) Ilepexoc
KOHTaKTHOro 3eMenta (puc 12 10,6) onpenenseT CMellileHHE Y3I0B (HEHTPOB
OTIETIBHOCTEH), U DellicHHe MONY4YaeTCAd B PE3yNbTATE NPUMEHEHHA K Y3idM
OpUHOMNA HePasphiBHOCTH C aHanMTH4YecKod TOYKM 3pEeHUs MOAeNb MOXeT
ObITh NOJIHOCTRIO 32MEHEHA PELeTYaThIM CTPYKTYDHHIM 2HATIOIoM, U306pa-
XKeHHbIM Ha puc 1210,6

Ecitn sxcnepuMeHTaIbHbie AAHHBIE NOATBEPKAAIOT TAKYIO AHAJIOIHIO, HET
HUKAKUX OCHOBaHMIl HE MCMONB30BATH €€ [IPU PellieHud 33734 MEXaHUKH
ckanbrbix mopoa. Ecmu Bmecto auckor ma puc 12 10,4 ucnonb3ylorcs
OpAMOYroAbHHKY, TO HEOOXOAMMO HM3MEHHTb YIOJl HAKJOHA KOHTAKTHBIX
noBepxHocTeit (ot 30° mo 0) ¥ BenuyuHy yria pacnpeniencuus (0)

DTOT MeTOll ABNACTCS YPE3BLIYANHO MOLIHBIM AHAJIWI HYECKUM CPEICTROM,
MOCKOJIbKY €C/IH NPUHATH, 4TO M ¥ G UMEIOT 3HAa4YeHHe TOro Xe MopPAAKa,
YTO W MPOAOIbHAS KecTKOCTh E, TO MBL [ONYy4YHM KB43HYNPYroe pellicHMue,
€CITH ke 3Hauenus M ¥ G Manbpl o cpaBHenMio ¢ E, ro pesyibrars
NPUOIMKAIOTCA X NPOCTHIM TEOPETMYeCKMM DellleHusM 1718 3epPHHCTOM
cpenst, Puc 1211 neMoHcTpHpYeT OnMM3OCTb YMCHEHHBIX M TEOPETHIECKHX
peleHuif, MONYYEeHHbIX B MOCNEAHEM Chyyae

T
|

/.
Puc. 12.9. Paspymenne TpemmHOBATOR / 7
CTPYKTYpHl B pE3yJLTATEé ONPOKHIBIBA- '/
HHA [6
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Puec. 12.10. CTpykTypHas aHajords AHCKPETHOR cpesl.

Ocobbiil WHTEpec npelCTaBiseT CBA3L TAKOM CTPYKTYPHO#N aHanorHd
¢ OGBLIMHBIM MeTOOM KOHEYHBLIX 37eMeHToB. PogoHa4albhHHK 3TOr0 MeTona
Aprupuc [1] npeamnonaran, 4ro oTpe3kd ab, bc 4 T. &, ABIAOTCA TUHEHHO-
YIPYTHMHU CTepXXKHSMH, Tak 4TO B HallleM ciyvdae, IpH M u G ~ E, pelueHus
CpaBHHMBI C HolyueHHHIMH Aprupucom. Puc. 12.12 wmoctpupyer ucropH-
YECKYIO 3BOJIOLHIO METOHOB.

IIpaxTuveckoe 3HauenMe PacCMOTPEHHOH aHAJIOTMU COCTOMT B TOM, YTO
€cIM MBI MMEEM AeN0 C MIOTHOM MM KECTKo# TPEIIMHOBATOR CTPYKTYDO#,
TO MCIONB3YeTCs pellleHHe YIPYroro THIa, €CIM K& C PHIXJIoH HIM MATKOM,
To Gollee yMeCTHO DellieHHe 1Is 3epHUCTON cpeant. Ha mpakTuke monesHo
HONYYUTh 3Ha4eHUs I OPEdelIbHBIX CyYaeB, COOTBETCTBEHHO M3MeEHds
M u G. TIpuMeprl Taxkoro HoaxoAa kK MOJETUPOBAHUIO TIOA3EMHBIX BHIPabo-
TOK IpHBeJeHH B . 15.

12.8. 3amauu npesienbrore pasnonecus. MeToa NpeEfeNLHOTO PaBHOBECHS
B TEUeHHE NOJITOr0 BpeMEHH IIHPOKO MCMOJB30OBAJICA NpH pelleHHMH 3a1ay
MEXaHMKH TPYHTOB.

B npurmune METOd CBOAMTCA K 2) ONPEHEICHHIO KMHEMATHMMECKH BO3-
MOXHOTO MEXaHW3Ma pa3pylleHus U 6) OTHLICKAHHIO CTATHYECKH YpPaBHO-
BEIICHHEIX IoNMedl HanpsKeHUA C Nenblo aHanusa ofbieli ycToluMBOCTH

IMockonbky O6GBIYHO Helb3s MaTeMaTHYeCKH HAOKA3aTh, YTO NMPUHATOE
pacnpeneneHye HaNpHKEHUA ABISETCH ¢AHHCTBEHHLIM, OKOHYATE/IBHOE pelile-
HHe He Oymer Teopervueckd crporum. Hacrosmmii wrxenepHblt momxon,
OJHAKO, COCTOMT B TOM, 4yToOBl CPaBHUBAS MPOIHO3 YCNORUN yCTOWNMMBOCTH
C pe3ylbTaTaMH HAaTYPHEIX M MORNEJbHEIX HaOmroleHnit 3a ee motepei,
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Puc. 12.11. Cpasuenue 6e3pa3MepHBIX KOMIOHEHT HANMPAKEHHA, MOTYYEHHBIX B pe-
3yNLTATE YMCAEHHOTO M AHANHTHYECKOro PEUWIEHMHA MpH yCNOBHH OTCYTCTBHS apov-
Horo addexra [4] I — uncnenHoe pemeHHe; 2 — aHAJIHTHYECKOE DELIGHHE A3
ycnosuil otcyTcTBUA apouHoro sddexta (Tposromn, 1968).

IMNUPUYECKH N0Ka3aTh LEHHOCTh aHanuThyeckoro npuema. Ecnu nosenenue
MaTepuana MOXKET GbITh ONHMCAHO KaK MICANBHO MIACTHYECKOE M oH Jedop-
MHpDYETCS NpH [OCTOSHHOM (WIH yMEHBIatomemcs) o0beme (Hanpumepv,
HOpPMAJIBHO KOHCOJIMAHPOBAHHAS HeApDCHHPOBAHHAA TJIMHA WIH PBIXJILIM
chimyyuil MaTtepHalT), TO MOXHO [0Ka3aTb, YTO OKOHYATEILHOC DELICHHE
NpUHAAICKAT K «HWKHEH TpaHdue» W 4TO Mojyyaemblii kodduUMeEHT
3anaca 3aHIDKEH.
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Ynpyeue Ynpyean
CMEPHAL nABLIMURE

d

Puc. 12.12. Pa3suTue MeTOa KOHEYHBIX JIeMEHTOB a — Aprupuc; 6 — TepHep u ap ;
g — I'yavan — Becr, 2 — BepmaH

BonBIuMHCTBO reo/IOrHyeckdx MATEpHANIOB M OCOOEHHO CKAJIbHBIE MAac-
CHMBBI RIISIOTCA Pa3syNpOYHAIOMIMMHCA CpelaMHu M 4acTo aedopMHUpYIOTCH
¢ yBenayennem obbeMa (ABIleHHe AMNATAHCHM). B aToM ciyyae momyienus
obbIYHOrO METOAa MpeneNbHOTO PaBHOBeCHA He BHINOJNHAIOTCHA, M HeobXo-
AMMO MCKaTh [PYTHe pelleHMs.

B cBs3il C BHIICU3NOXKEHHBIM Y1O0HO NPHHATD MPOCTYIO KNacCHPHKALHAIO
H4 JBa TMOA:

1. KBasunnactiyeckne UM YIPOYHSAIOIIMECS MaTepHalbl.
I1. Pasynpounsioiyecs MaTepHabl.

B manpHeiillleM OrpanuvuMcsa pacCMOTPEHHEM BOMPOCOB YCTOWYHMBOCTH
HeHArpyXeHHelX oTKocoB. MM yneneno manGonpiliee BHMMaHUe Kak OpoCTeii-
meMy ciyyaro. M3sydyenme ero, oanako, ofecneydT OCHOBY A TMOHMMAaHUs
noBeJeHHs Dollee CIOXHBIX CMCTEM M Al PEHISHHS TaKMX BONPOCOB, Kak
BOTpOoC 00 YCTOMYMBOCTH NOA3EMHBIX BRIPAOOTOK B TPEIIMHOBATOH CKAJIbHOM
IOPOAE.

HOns marepnanos tMna 1 opumenuM oObINHBIA MeTO KpyrilOUHIHHIPH-
deckux nosepxHoctedl. Ha puc. 12.13 noxa3aH xopollio M3BecTHBIH MeTon
Buwona [3], ¢ noMowsio xoToporo onpenensercs kosdumueHT 3anaca

Fe 1 Z cl+(W—ultg o a21)
Y Wsina osa(l +tgF(p tgaj

Xyx [11] nonmonmun >ToT METOR M PACHPOCTPAHWI €ro mNpUMEHEHHe
Ha OTKOCHl B CKAJIBHBIX MOPOAAX, HCTIONB30BAB AJIS 3TOIO MOAXOM, BIEpBHIE
npeanoxennstii Teitnopom [18). Ha puc. 12.14 upuBoasdrcs oKoH4aTesIbUbIe
pacueTnple rpaduxu. CenyeT Bee XKe 3aMETHTD, YTO OHH PMMEHHUMBI JIHUIb
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Pue, 12,13, Ananu3 yctoluuBOCTH OTKOoca metonoM Bumiona,

B TOM CJIy4ae, ec/ik MaTepHasl YI0BIICTBOPSAET YCIOBHAM KBA3ulNACTHYHOCTH
B NOCTOAHCTBA o0beMa B Nponecce TeueHus.

TIpocToif craruyeckuit ananus MoxeT GbITh Takke HCIONBL30BAH B APYroi
cuTyauuu, Korila HapyuieHue (TpelUdHa) NajaeT NPAMO B CTOPOHY OTKOCA.
1ot cnyyait uzobpaxen Ha puc. 12.185.

Hauxymueli cutyaumesl sBiserca Ta, Npu KOTOPOH TpelluHA ABIAeTcA
CHABHO NpOHunaeMolt, a Haxoaswasgca B Helt Boda HENOCPEACTBEHHO CBA-
3aHa ¢ arMoctepoil. B nefcTBHUTENLHOCTH TAKOEe TMONOKEHHE HE MOXET
pasBuTEcd B HONHOH Mepe, IOCKONBKY Kakas-To MoTeps uanmopa Oyner
nabmonarecs. OnHAaXo 3TH YCHOBMA MOTYT MMETb MeCTO NPH MNomheme
YPOBHA BOJbI [IOCJIE JIHBHA.

Koapduuuent 3anaca Oymer pasen

c¢H cosec § + Weos Btgo

F= Wsin B

(u =0), (122)

Hecaw ¢c=0,
TO

g9
F=-2%. (12.3)
tg B

HZ
ecnu u#0 u W= ”2 (ctg B — ctgi),

TO

v, He
2

u= cosec
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A dpenupabanisnt omxoc B, Hanuyue mpewunss,
HE CONPOMULASIOWEUCS PACTAMENILIO
H . H
i i
X=i~12¢ Y=vH/c
B. Hopmanshsid 1. Hanuvue cyxod mpewuns!
PUALMPALUORHBIL NOMOK PACMAMERUR
/ / %
H H
H, S )
J
— fy ]ﬁf
= (- - ——
x=t-y[12-03% r=[1+(%)

A. Tapusonmansnbnd nomox Bader  F. Hanuwue 3anossennod Bodoil

mpewunsi pacmamenus
/ / Zy
H H
H, i {
rodlinst] ()]

Puc. 12.14. I'padukn ans OpoeKTHPOBAHHA YCTOHYHBBIX OTKOCOB (METOJOM Kpyrio-
HMIHHIpUYecKHX NosepxuocTted) [117.
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Puc. 12,18, Yuer naBneHus BOiBl B TPelllWHe NPH pacueTe YCTOMUMBOCTH OmonsHe-
BOTG KJHHA.

¢’'Hcosec B+ (Weos P — u)tg @'
Wsin f '

Hakonel, B 3Ty xe Ipynny 3ajay BXOAMT ciydall moTepH yCTOHYHBOCTH
ofpeMHBEIM GnoxoM, uMerouM  GopMY TITPadipa, Kak [OKa3aHO Ha
puc. 12.16, Pemenune Takux 3ajiad OCHOBZHO HA BEKTOPHOM aHanmmde; rpa-
(huvecKoe peuieHne 3Toi 3anavu Gb1I0 TONydeHo LENBHIM pAaoM anTopos [14,
23, 12].

Boutn omucaHsl ¥ Goyee CHOXHBIE MeXaHH3MBl NMOTEPH YCTOWUMROCTH
[21]. Onu uzoGpaxkens: Ha puc. 12.17. lpuMepsl BOIRUKHOBEHUS MEXaHHIMA
ofpymenus «TpeThero NopsAaKa» HabGMONANIKCE Kak B naGOpaTopHBIX yCI0-
BUAX, TAK U B HaType; Ha puc., 12.18 npusener 3amevarenbunilt npumep
H3 NOJICBOH NPaKTHKK.

Ecnu npeanookuth, 4To noTeps ycToHIHMBOCTH MPOH3OWINA OAHOBpE-
MEHHO 0 BCEM TPEM MOBEPXHOCTAM CMEIEHUS, TO NPOCTOX aHANM3 ycTol-
YMBOCTH KIIHHA MoXeT OHITh NPOM3BENEH B COOTBETCTRUM ¢ puc, 12.19,
JlaBopaTopHile IKCIEPHMEHTE, ONHAKO, YOeAUTENEHO MOKA3ANH, HTO TaKue
obpymenus NpoucXonsT nocienosarensHo [21, 22], u 4To6H onpepenuTs

F= (124)
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Hanpabnenue cxonsMenus,
napasneAsNoe AuNLd nepece-
/" vewun nngerocmed acnadne-

HUA (ChaneIEHUE NY aleum
mpewunam )

Hanpabnenue cxommenus,
nAPaRIEALHOE MELULHE |

Hanpalnenue cxonvmenis,
— napannensiioe mpeuyse 2

W, u #- vopmanu
K coomBemcmByouum
NAOCKOCTAM
ocnadnetus

Yeon 2pelun
omxoce

Bvicoma
Opobru
omxoca

Bpawamenswee
CROALMEHUE
Borpye oced,
HOpMaABHEIX
K naocxecmam 1 u2

Puc. 12.16. Anamm3 ycroiuuBoct# ofbeMHoro knuuosuanoro Gmoxa [15] Onpo-
KA/ILIBAHAC BOKPYT JHHHMH NOJHOXKHA OTKOCE MOXET NPOM3OATH B TOM Ciyvae,
KOrla HCHTDP THKECTH KiHHA OOpYIEHHMS BLIXOAMT 3a Mpeselibl MONOIWBKI OTKOCAH,
a TaKke TpH cefiCMHYECKHX BO3JEHCTBHAX WM B pelynsTaTe JaBneHHs BOIbI
B TpeIMHAX

Cko worcenue no niockocmu 1 wau 2

[ W, s (WT + SV, 2)
AR A+ Bl £ - PW,
12{ L ARlz 12

V,, (WT+3SV, )
CK01bJK'EHue ho 06914-/“ N10CKOCM AN napaﬂ.ﬂe”lb“o AUHUU UX nepecenwenus
AR, 2{A+ B| N2 _pw, 2]D}
F-_- LARX 2
[M]

e M=X I—XKI_@Y + WT), AR, ; — nnomane obenx muockocted, WT — Bextop

F =

»

cobeTeentoro seca, Ny 3 — HOpMATbHAS KOMIOHCHTA PABHOAEHCTBYIOWIEH HA Kak-
AYI0 MIOCKOCTB, SV; , — BEKTOp ceiicMMYecKo# MAarpy3kn, napauleibHbii COOTBET-
CTBYIOINENH (JIOCKOCTH, §X - BEKTOp ceficMHUYECKOR HATPY3kn, Napainensubifl IHHUK
nepeceyeHus, PW,; 3 ~ BEKTOP /ABJICHHS NOpPOBOH BO/WI, X — BEKTOP, ONHCHIBAIO-
INi JIMHHIO mepeceyeHns
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Puc. 12.17. KombunupopauHbie GOpMbI OODYIICHHS OTKOCOB. 4 — MEXaHH3M 06Dy~
INEHHA NEPBOTO NOPAAKA; 6 — MeXxaHu3M OOpYyLIEHUS BTOPOFO NOpSAKA; § — MEXa-
HM3M OOpYIIeHHS TPEThETO NOpANKA; 2 — MeXaHH3M oOpyllenus veTBEPTOro MO~
padka; 0 — MexaHM3M OOpyLICHHS NATOro MOPAAKA.
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Pue. 12,18, [pesunii onoszens, OOHAXWBIUMICH HEOABHO B pe3yiLTaTe NOTEpH
ycroituuBocTi cknosa. Cnexyet obpaTuTe BHMMaHMe Ha TO, YTO HIDKHMAA YacTh
TOBEPXHOCTH CKOJILKEHMHS ONON3HA MpOXOOMT HO INIOCKOCTH HAIUIacToBakus. Paiton
®opt-Criokan [13].

KO3(hGhHINEHT 3anaca K MOMEHTY Hauajla ONON3aHHA, HeOOXOIHMO OLEHHTH
YCTORYHBOCTH MACCHBA TOJBKO [0 HIKHeH nosepxuocty [3] (eM. puc. 12.17).

HaunGapan [9] nokasay, 470 MexaHHU3M NOTEPH YCTOMYHBOCTH «TPETHETO
TIOPsUIKa» HMEET MeCTO B MOIEJNsX MECUaHRIX OTKOCOB. [Ipeskie ueM mepeiitu
K aHaJi3y 3TOrO SBIICHHS, HEOOXOMMMO BEPHYTHCH K PACCMOTPEHMIO IIOBE-
BeHus 3epuHcroro Matepuasa. Ha puc. 12.20 mpupeneHbl pe3yibTaThl
HEKOTOPRIX YHCJICHHRIX JKCIIEPUMEHTOB, BhinonHenHbix BepmanoM [4]. Onn
TIOKa3bIBAYOT, 4TO NpeAe/TbHEle 3HAYEHN, NOJIyHaeMbIe LIS YCJIOBHA MIOJHOIo
CBo000pa3OBanms, NOCTATOYHO OJIM3KM K HCKOMEIM 3HA4YEHHSM, ocobeHHO
NPH HANHYMM LLEpOXOBATOTO KOHTakTa, B Takux ycmoBHax ko3dduuueHT
3anaca K MOMEHTY Ha4aga (OpMHpOBaHHSA (HIDKHEH) NOBEPXHOCTH CIBHMIa
NPH YCTOBMH, 4TO OHA T'OPH3OHTA/IbHA, COCTABHUT

F=21/§C'+1/2(77’:1‘ Yge' (125)

370 CBUAETENLCTBYET O TOM, YTO Ha4aIbHas IIOBEPXHOCTE CABHIa HopMHu-
pyetca mo II tumy, T. e. B pasynpouHsrowemcs Matepuane. Ilonpasymera-
€TCSl, 4TO OCTABLIARACH HaCTh OTKOCA BhIIE MOBEPXHOCTH CKOJBXEHUA TAkKe
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Iens obpylieHHS OTKOCA IVIOTHHbI C FIHHAHBIM AAPOM; 6 — B1OKH M AeHCTBYIOLIME
Ha nux cnst [17].
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Puc, 12.20. MaMenenne MakCUMadbHBIX KAcaTeIbHbIX HANPMKEHHHd U o6uIEro casu-
Falollero YCHJIHA B 3aBHCHMOCTH OT CMeleHWs OGI0KOB, COCTOAMMX H3 HIOeans-
INPOBAHHOTO 3EPHICTOr0 MATepHand NpPH BLINYKIOM cMeillendn kouTypa [4].
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OpPeACTARJIEHA DPAa3yNpOYHAIOUIMMCA MATEPHANIOM, HO 34ech MoOryr OblTe
HCKTIOUEHHA,

Ecnu, oanaxo, GOpMHpPOBaHHe [EePBOH MOBEPXHOCTH CKONBXKEHHA MPOHC-
XOAUT B MaTepuane | THma, MIACTHUIECKOM, TO MPH YCIOBHH, YTO Hpeden
[NPOYHOCTH HA 3TON MOBEPXHOCTH AOCTHUTHYT, JanbHeHINee NBHKEHME MOXKET
NpUBECTH K TAKOMY BHYTPEHHEMY INepEpacnipelelleHHIO HanpAxeHui B Tene
0TKOCa, uTO 3dexT cBOAoOOpa3OBAHUA OT CBOETO TOMHOTO 3HAYEHHUA CHH-
3urca g0 Hynd. MIMeHHo 3TH Yenoeua Boctpou3ssen [an6asan. Eciu conpo-
THBNIEHHUe CABHTY Ge3 ydera addexra cromoobpazopaHus cocrapiseT 1/4 or
3HAYEHHSA, MOJIY4eHHOro TIPU HOJHOM CBOZOOOGPA30OBAHHH, TO XOXPPHULHEHT

3anaca COCTABHUT
3 ¢ 1/2vyH — u)tg ¢
F=1{ [¢ +(1/2vH - g ] 126)
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Puc. 12.21. Moautduuuposauuslil aHanus ycTo#yusocTH 6ioKa.
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Puc. 12.22. Prcysok pacnpenenerus Tpeilluy PacTsikenus  MoSuM3auus IPOMHOCTH
Ha CIBHI XPYIKMX TPEIMH B OTKOCE GI0KOBOM CTpYKTYpbL



225

Yuc sennoe vode mpoeariue

Puc. 12.23. Pazsutue nedopmanuii BpallleHHs B MoJelMM TPELUMHOBATOIO OTKOCA

Onounoif cTpykTypsl [16]
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B ceere nocnenHuX OOCTIKEHMH TEOPHH 3ePHHUCTOH cpeabl CTAHOBHTCA
COMHHTETILHBIM YTBEPKAECHHE, YTO KJIACCHYeCKHe 30HBI paspyulenus PaHkuHa
NPUMEHUMEI K NOBEJIEHHIO pealbHBIX CHIMYYUX MaTepHanos. B ToO ke Bpems
4pe3BLMaiiHo HHTEpECHO OTMETHTD, 4TO NOXOXKME PE3yNbTaThi MOTYT OBITh
NOJIyYeHBl, €CJIM NMpPH PELIEHMH XOPOIUO M3BECTHOW 3a7aYM O CKOJILKEHHH
Or0Ka 3HaYEHHS AaKTHBHOTO W MACCHMBHOIO AaBileHys N0 PaHKHHY 3a1afoTCH
TaK, KaK 370 NOKasaHO Ha puc. 1221

12.9. Anaans GnousbiX crpykryp Ha moaensix. Ha puc. 12.22 npen-
CTaBlIEHb! Pe3yibTaThl NpHUMeEHeHnss Metona bepmaHa x aHamH3y ycrToivu-
BOCTH TPELIMHOBATOrO OTKOCa GnowHoi CTPYKTyph [S], a.Ha puc. 1223 —
JeMOHCTpauonHas (M3uYeckas MoIenb, HA KOTOpOH BHAeM MNOy4eHHBIA
xapakTep neOPMHPOBaHHSA. JTH PE3YNbTaThi CPABHUMBI ¢ pe3yJbTaTaMH,
nosyueHHnMH Kannennom (puc. 12.9), ocoberno B CMbicie pa3BUTHS MeXa-
HU3Ma ONpOKMILIBaHus Oi0koB O/mM3 cBOGOAHONH NOBEpXHOCTH OTKOCA.

Ha puc. 12.24 noka3aHnl pe3yibTaThl NOCHENYFOILUX HccieqoBanuii Kan-
nemna U ero coastopos [8)]. MHrepecHo OTMETHTB, 9T0 B MaCcHBe BO3IHH-
kaet ekt cBonoobpa3oBanus, Brepsbie paccMmoTpentbiit Tposonom [20]

Puec. 12.24. Yetnipe crapnu ofpymieHus TpeIMHOBATOrO oTKoca Grnoumofi CTPyk-
TYpBl, BLIMECHEHHEIE Ha DBM,
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T Todvem
z g

Puc. 12.25. Mexanusm BosHuKkroBenus apounoro sddexta B Gnounsix Mozeasx [20]

(puc 1225,a), ¥ 4TO €€ Ao MOCTHXKEHHA KOHEYHOH CTAlMM paspylueHHs
BpalllcHue GIOKOB, KOTOPOE BBLI3LIBAET MX ONPOKHALIBAHME, CTAHOBHUTCH 3a-
METHBIM H NPHUBOAMT K OBpa3oBaHHI0 MOAHGULHPOBAHHON APOMHOU €IH-
Huub! (puc 12 25,6)

Heobxoaumo ewie pa3 moadepkHyThb, HTO 3TH MONEIbHbIE HCHLITAHUSA
HUMEIOT OTPaHHYEHHYIO cdepy npumenumMocTH OHH 0cOGEHHO MOJE3HLl OPH
U3YYEHHH MEXaHH3Ma Pa3pPyIUeHHS y NOBEPXHOCTH OTKoCA, [Ie OTAENLHbIE
670KkM CpaBHHMTENBHO BENHKH 1O OTHOLIEHHIO K BHICOTE OTKOC4, HO, KAk
yKe YKa3HBaloCh paHee, BHUMAHHE TOJDKHO OHIThL COCPEIOTOYEHO HA BO3-
MOXHOCTH MEPEBOJA MOJYHaeMBIX DE3yNbTATOB B oObiTHbE MONSA HANpS-
XKeHHH AHaM3Upys pHC 1224, MOXHO CIENATh BLIBOA O TOM, YTO MéXa-
HH3M CBOA00Opa30BAHMS PA3BUBACTCSA TAM, [[1€ CHHXKAETCS CONPOTHBIICHUE
TPEHHS MO TPEIMHAM 3TO COOTBETCTBYET BBHICKA3AHHOMY paHEE YTBEDXK-
AEHUIO, YTO TEOPHUS 3CPHHUCTON cpenbl NPUMEHHMA B ClIydae PLIXJION Tpeuu-
HOBATOH CTPYKTYPh!

CITUCOK JIMTEPATYPBI

1 Argynis J R Energy theorems and structural analysis — Aircraft Eng, 26,
347-1356, 1954

2 Best B S An mvestigation into the use of finite element methods for analysing
stress distributions 1n block jomted masses — Ph D Thesis, James Cook Univ
1970

3 Bishop A W The use of the slip circle in the stability analysis of earth slopes —
Geotechnique, §, 7—17, 1955

4 Burman B C A numerical approach to the mecanics of discontinua — 383 p,
Rh D Thesis, James Cook Umv, 1971

S Burman B §, Trollope D H and Phlp M G The behaviour of excavated slopes
m jomnted rock — Aust Geomech Journ G5 1 26, 1975

6 Cundall P A The measurement and analysis of accelerations in rock slopes —
Ph D Thesis, Univ of London (Imperial Coll of Sci and Tech), 1971

7 Cundall P A Rational design of tunnel supports — Techn Rep MRD —2-74,
Missourt River Div, Corps of Eng, 1974



228

laea 12

8

i1
12

13

14

15

16
17

18
19

20
21
22

23

Cundall P A Voegele M and Fathurst C  Computenzed Design of Rock
Slopes Using Interactive Graphics for the Input and Output of Geometrical
Data — 16th Sympos Rock Mech Umv of Minnesota, 1—10, 1975

Dunpavan M Personal commumcation, 1977

Goodman R D, Tmylor R L and Brekke T L A model for the mechamcs
of jointed rock —J Amer Soc Civ Engrs, Soil Mech Found Div, 94,
637659, 1968

Hoek E Rock Slope Stability in Open Cast Mining — Imp Coll London,
Rock Mech Res Rep, 4, 1971

John K W Graphical Stability Analysis of Slopes i1 Jomted Rock — Journ
So1l Mech Found Div ASCE, 94, 497—527, 1968

Jones F O, Embody D R and Peterson W L Landshdes along the Columbia
River Valley, Northheastern Washington, U S Geol Surv Prof Paper No 367
1961

Londe P, Vigier G and Vormeringer R Stability of rock slopes, a three-dimensional
study — 3 Soil Mech Found Diwv ASCE, 95, 235-262, 1969

Pentz D L. Methods of analysis of stubility of rock slopes — In Stabihity 1n open
pit mining Eds Brawner and Milligan Proc 1st Int Conf on Stability in Open
Pit Mining, Vancouver, 1971

Pmilp M G Jomnted slopes — a numerical investigation — 249 p, M Eng Sa
Thesis (James Cook Unmiv), 1972

Sultan H A and Seed H B Stability of sloping core earth dams —J Soil Mech,
Found Eng ASCE, 93, 45—68 1967

Taylor D W Fundamentals of soil mechanics — New York (Wiley), 1948
Trollope D H The Stability of Wedges of Granular Matenals — Rh D Thests,
Univ of Melbourne, 1956

Tiollope D H Mechanics of Rock Slopes — AIME (New York Mtd) TR 60
A037, 1960

Troliope D H Sequential Failure mn Stram-Softening Soils — Proc 8th Int
Conf Soil Mech Found Eng Moscow, 438, 227, 1973

Trollope D H An Approximate Design Method for Slopes in Strain Softening
Material — 16th Sympos Rock Mech Unmiv of Minnesota, 1975

Wittke W Method of Analyzing the Stability of Rock Slopes With and
Without Additional Loading (in German) — Felmsmech Ing Geol Suppl, 2.
5279, 1965



I'1aBa 13

Pacnpeesnenue nanpsoxesui
BOKPYI MOJ3€MHBIX BbIPaGOTOK.
Yupyrue peruenusi

K Moa1iec

13.1. Beenenne. LieTb HacTosiue# 171aBbi — 1aTh GoTee r.1yGoKue CBe.e-
HHS O TIepefave W KOHIEHTpaluu YCuauii BOKDYT HOM3CMHBIX BLIPaOCTOK
B CKaJbHbiX Maccusax Hamm mcrosp3oBanbl pelieHus KITacCu4eckol TeopHH
yOpyrocTu, 4ToObl B gocTynHo#f $opMe noKa3arb, KaK BIUSIOT Pa3Meph
n (dopMa BHPaOOTKM M HCXOOHOE HANPSKEHHOE COCTOSHUE CKAMBHOIU
MACCHBa, MMEBLUCE MECTO IO TPOXOHKHM, HA (HOPMUPOBAHUE HATPSHIKEHHOIU
COCTOSHUN MAacCuBa

1311 Hcxoonvie donywenua Haupskenuss u ueQOpMdAUMH  BHy TPH
CKAThHOTO MacCHBA ABJISIOTCS CTATHUYSCKM HEONPEAe THMbIMU [109TOMY OHM
HE MOT'YT OBITH IOMYYSHbI IPOCTO W3 HBIOTOHOBCKUX YPABHEHHH pPABHOBCCHA
YToOb1 HafiTU pacnpeiedenue HAOPSKEeHUWA N AedopmMauui, HeOGXOOHMO
yieLib IiBa 1peOOBAaHMSA YCIOBME COBMECTHOCTH AedopMduuii Bo BieM
MACCHBE M 3aKOH COCTOSHHSA, T € YPAaBHEHHE CBH3HM HalpskeHHd u Jedopma-
mid B Mmool Touke MaccuBa YTo KacaeTcst YCTOBUS COBMCCTHOCTH, TO
TEOPHS YIIPYTOCTU TPAKTYET CKANbHYIO NOPOAY KAK KUHTUHYYM, B ROTOPOM
aeopvaluy TIABHO W3MEHSOTCS B Npeaeniax Beed o01actu, T ¢ noapasy-
MEBaeTcs, YTO B MACCUBE HET PA3PLIBOB CIUIOMIHOC 1M BONbUIKHHCTBO cTpOruX
peLieHui TEOPHM YNPYTOCTH MONYYeHO /s 3aROHOB COCTOSHUS OIIHCBIBd-
IOLMX OJHOPOAHYIO U3OTPOITHYIO JTMHEUHO-ynpyryto cpedy MarevaTnueckne
peliieRus], PeNCTABICHHBIE B HACTOSAIUEH rf1aBe, OTHOCATCA K TAKHM MdTe-
pHajaM, y KOTOPBbIX CBS3b HANpKeHNHA ¥ aedopMdumii MOAYMHACTCS 3aKOHY
T'yka, a cBofictea mocTosHHB B MOOOH TOYKe U He 3ABMCLAT  OT
HATIpaBJICHUS

B nanpueiimem noiaraeM, 4ToO pacnpeneicHUE HANPHKESHHH BO BCEM Mac-
CHBE OJHOPOMHO OO TIPOXOAKU MOM3EMHOH BHIPAOOTKH DTO O3HAYEET, 4TO
HavaJoHbIE HAMPSKCHUS B MACCUBE BEJTUKH [10 CPABHEHHIO C TEMY [OMIPABia-
MH, KOTOpbI¢ BHOCHT COBCTBEHMHBI BEC IIOPOILI B 30HE BTUAHHA BHIPADOTKY
MoxHO 110Ka3aTh, YTO B TOM ClIy4ae, KOT XA riiyGuHa 3a/10KEHHS BbIPA0OTKA
NPEBLINAET ee MpoJieT Oollee 4eM B 4eThIPE pala, NpPEANoJIoxKeHHe 00
OXHOPOTHOCTY UCXONHOTO MOJIsi HAMPSIKCHMH HE MPHUBCEET K CYLIECTBEHHBIM
ommbram

1321 Hpumenumocme ynpyzux pewenuti TTockoabky pelieBHs Kraccuye-
CKOM TEOPMH YUPYIOCTH TONAyYeHb! [N HACANUIHPOBAHHOIO MATCPHANA,
K HEM C CaMoro Hadama ClieiyeT OTHOCHTbCS KpHTuWuecku Teplary
u Pumap [6] mucamn «  Dvwm poNyweHUs OpHEMIEMb! TOTHKO B TOM CJY-
4ae, eciiu BblpaloTKa pacromaraercs Ha OOJbIIOH [JyOWie B MEXaHHYECKU
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W XMMHMYECKM HEHAPYLIEHHOW YIpyroil m M30TPomHo#l nopode, TAKoH, kKak
IpaHuT, HECJIOMCTHIA [ecYdHHK WIM W3BeCc1HSAK KapTusa HanpsSHKEHHOIO
COCTOSAHMS, NOPOXKAAEMOTO NPOXOAKOH BBIPAGOTKH B CIIAHIEBATHIX, TOHKO-
CTOUCTLIX CHJIBHO TPEIUMHOBATHIX HJIM HaOyXalolMX Topodax, He MOXeT
OLITEL ONpeje/ieHa NpPU NOMOLIM 3THX PAacueToR »

B noc1ennee Bpevs Bce DOTbIIE BHUMAHUS YAeNfeTcs u3MepeHHto Halps-
KEHHOTO COCTOSHHUS CKd ILHBIX MACCHBOB B MONE KAaK OZHOMY W3 METO/0B
MHXeHepHBIX HAOIFOneHyi B MeXaHHKe CKaIbHBIX Hopoa B Tex cayyasx, xorna
NpOM3IBOMUTCA M3VIEPEHNe Pa3rpy3Kd B CPaBHHTENBHO Hebosbllofl u omHo-
podHOW 30HE MAacCHMBa Ha I'pAaHMIE C BHIPabOTKOH, MOXHO C YCHEXOM
UCMOJIb30BATEL TEOPHEO YIPYIOCTH ISl ONVCAHUA IOJIYyYeHHBIX Pe3yJIbTaToR

Jake B Tex clyuasx, KOI7a COCTOSHNE CKAJTLHOIO MACCHMBA TaKOBO, YTO
MCOOTB30BAHME TEOPHHM YIPYTOCTH HE COBCEM NIPABOMEPHO, TOYHBIE pellieHu ,
MOTyYeHHEIE HA OCHOBE ITOH TEOpHM, BCE PABHO NPEICTABISAOT CYLIECTEH-
HEIH HHTepec, XOTH U HE UMEIOT HeNOCPEACTBEHHOI O IPUMeHenHs Bo-nepBhix,
OHE 00pa3yoT NOCTCNOBATEALHYIO TOIMYECKYH) OCHOBY, Ha x0Topoil Ga3u-
pyercs Haul onwuiT paGoTel B PAamIMYHBIX IIOJIEBBIX YCAOBMAX (M A
MHKEHEpa, U T8 YYCHOTO Iopa3fo JelYe oLEHUTHL HabiromaeMoe IoBee-
HHE MacCHBA C TOMKH 3PEHHS OTK/IOHEHHS OT HMAEAIH3VPOBAHHOM HOPMEI,
4eM KaX/blil pa3 CTPOUTH HOBYIO HE3aBUCHMYIO MO/1€]b) Bo-BTOPBIX, KIacCH-
Yyeckue pelleHus ObIH OATBEPXK/AEHB MHOI OYMCIEHHBIME IKCIIEPHMEHTAMH
Ha COOTBETCTBYIOUIMX MdATepuagax H SABIAIOTCHA, CIENOBATENLHO, He3ame-
HuMoH 6a300 11 OLgHKY NPaBUIBHOCTY O0Iee CIOXKHBIX pelleHunil, KOTopble
NPUMEHSIOTCS 1151 ONUCAHUS MOBENEHHUS CKaJbLHBIX MACCHBOB

1313 Onpedetenua PaccvaTpupatoTcs ABa THIAa NOI3EMHBIX Bripabo-
TOK IITHMHHBIE NPU3MATHYECKHE BRIPAOOTKH KPYroBOTO, NMPAMOYTOJNBHOTO
WM 3 UIMNTUYECKOrO ceYeHus U chepOHIATbHEIE KaMepnl

Ho Havala CTpPOUTEIBLCTBA CKAJIBLHBIA MaccuB HAXOMuTCAd Nod Bo3neH-
CTBHEM HaYallbHBIX, HITH nepsudubix, Hanpancenuit B camoM mipoctom ciyuae
BEPTHKAJIEHBIE HAMPsDKeHHs OymyT paBHBI JaBIEHHUIO BhIIIENEXalluX 1opoI
Ho peasnbHas cuTyanus 4acTo OCJIOXKHACTCS NeHCTBHEM TEKTOHWMECKMX CHIUT,
W TNO3TOMY COOTHOIUEHME MeXNy AaBTeHHeM COOCTBEHHOTO Beca NOpPOAbI
U JEHCTBYIOUIMMH NEPBUYHBIMH BEPTUKAJIBHBIMH ¥ TOPU30HTAIbHLIMU
HANPSKEHWAMHM OT Clydasd K caydaro MeHsieTes: Kax mokasano wa puc 131,
COBpEMEHHBI aHaNn3 0a3upyercs Ha INPEANOJOXKEHHH O pPaBHOMEPHOCTH
pacrpeneeHus Kax NEPBUYHLIX BepTUKANILHBIX HANpsKeHui p, Tax U mep-
BHYHLIX TOPU3OHTABHBIX HANPSKEHUH p, = Ap, B Ipeaeax Maccuba Pacnpe-
AeTEeHHE HANpSKEHUH p, U p,, JEUCTBYIOINX HE3aBHCHMO, XapakTepu3yercs
Pa3IMYHBIME 3HAYCHUAMU OMHOUIeHUSN NePeUdHbIX Hanpaxcenutt . Bompoc
O COOTHOIUEHHMH MEXY BepTHUKJIBHBIMH U TOPH3OHTAIBHBIMHU II€PBHYHBIMU
HANPOKEHUAMH KpaTko ocBewieH B pasg 1331

Bmopuunvie nanpsacenus pasBUBAIOTCA B CKAJILHOM MACCHBE B pe3yiib-
Tate NpoXoaxu nog3eMHod Buipaborku [Ipw aHanuse HanpsokeHuit BOXpYT
BHITAHYTON BBIpaGOTKM NpeanosaratoT, YTO OHA HAXOMHUTCH B YCIOBHIX
niockolt Qegpopmayuyu, T € B HaNpaBIeHUW, MAPAJUTETLHOM THHE BhIpa-
HoTxn, dehopMaluy paBHB! HYJIO (3aMETHM, YTO OKOHYATENLHbIE PEIICHUS
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Puc. 13.1. OcHoBHble 0003Ha4EHHs 1IPU AHAJIM3E PACIPENENEHUS HAPKEHHH BOKPYT
BBIPAOOTKH KPYrOBOTO (¢) MU FTTUITHYECKOTO (0) ouepTaHus

TAKWMX 3aja4 paBHBIM 00Opa3oM NPHUMEHHMBl W B cTy4ae ILIOCKOroO Halps-
KEHHOro COCTOSIHWSA, HalpuMep B 3a1a4€ O DPaCNpeAeTeHUH HalpsKeHHH
BOKPYT oTeepcTus B ToHKo¥ Tactune) Ha puc 131 nokazana cucmema
KoopOunam, UcTiob3yeMas /I ONIHCAHUS Paclipeie/leHIA HalPHKeHUH BOKPYT
BBIpaboTKH Halpskenus B cKalbHOM MacCHBE BOKPYr KPYIJIOW BBIpaOOTKH
C panuycoM ¢ 3alMCHIBAIOTCH B LIWIMHIPHYECKOM ccTeMe KOOD/IHHAT G, Ty
U T,, B cBome BeIpaboTKM ©, BEPTHKAIBHO W MOXeT OBITH OOO3HAYEHO
CUMBOJIOM O, B GOKOBBIX CTeHKax BhIpabOTKY, Ha TOPU3OHTAILHON OCH
CEYEHUS, O, TOPU3OHTATLHO W MOXeT ObITb ODO03HaUYeHO CHMBOJIOM Og
Ha puc 131 npuseaeun Takke o0o3HaYeHWe Pa3zMEpPOB ILIMITHYCCKOTO
ceyeHUs! 2a 1 2b W CUMBO1 O, WCNONb3YeMBIN 118 ONHCAHUA OKPYXKHBIX
HallpSOKEHUH B CTEHKE BBIPAOOTKH

Hanp axcenno-dedpop vuposannoe cocmodrue paccMaTpUBAeMoll OJHOPOA-
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HOA #3C "pPONHON JIMHEHHO-yNpYro# ropHo#l Nmopo/Jbl 3aBUCHT OT MOAYJA
yupyicetn E u xodbduuuenta ITyaccoHa v. DTu xOMcTaHTH MaTepHata
OIIPEICAAIYTICS IO Pe3yNpTaTaM UCHBITAHMH 06Pa3LOB Ha 0/THOOCHOE CXKATHE
OPUIOMEBHOE HANPAKEHUE G BBI3BIBACT A(OPMALNM £ B HAOPIKEHUM =
1 nebopvalliy €, M £, B ABYX JAPYTHX B3AMMHO HePHEHIUKY/IAPHBIX Hanpas-
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Puc. 13.2. HanpaBnenwe W BenuuuHa HalpsokeHull BOKPYT BRIPAGOTKH KpYyroBOro
OUEpPTaHUA B ONHOOCHOM TI0J€ MEePBUYHLIX HaNpSKeHMI
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nenusx, Tornma

&, =Ey = — VE,.

(3ameTuM, 4TO HanpsxeHUs W gedopManuy CKaTHA CUHTAROTCA TOJOXKH-
TeAbHBIMIL) HanpskeHHOe COCTOSHHE BOKPYT [UTHHHBLIX [PH3MATHYECKHX
BHPabOTOK B YNpyro#f cpene He 3aBUCHT OT 3HaueHWd E u v. Hanpskednoe
COCTOSIHME BOKDYr CHEPOMIATLHOM KaMephl 34BUCHT OT BEAWMMHBL V. J71s
HECKHMaeMoro matepuana v = 0,5, HO [Oif CKaJbHBIX TOPON 3HAaYEeHUE
kopdunmenta Ilyaccona oBpruHo Konednercs B npenenax 0,1 —0,3.

13.2, Tlepegaua cHIOBBIX BO3JEiCTBHH BOKPYr BbipaGoTOK B ynpyroii
cpede. B yuelino-ynpyroft cpese cymmapHbii 3hheKT oT oaHOBpPEMEHHOTO
BO3AEHCTBHA [BYX INEPBMYHBLIX HANpSKEHWH p, W p, IKBUBAIECHTEH CyMMe
3hdexToB, BLI3BIBAEMBIX KDXIBIM HANPSKEHMEM B OTHENLHOCTH. B cBsa3u
¢ 3THM IOJIE3HO [ETANBHO PaccMOTPETh ciyuall NpoxomkH BslpaboTku
B YCJIOBHAX OJHOOCHOTO NEPBHYHOT O MO HANPSKeHWH p (T. e. p, = p. A = 0;
cMm. puc. 13.1).

Cravaya olGpatuMcs Kk Kpyrjoii BeIpaborke ¢ TeM, yToOB INOKa3aTh
OKOHYATeNIbHOE paclpeneieHue BOKPYT Hee HAaNpPSKEHWil: cTENEHb KOHIEHT-
palliy HANPSHKEHWIT, 30HBI PAc TATHBAIOIIUX HAIPSXEHNH ¥ 30HbLI, B KOTOPHIX
BiusHME BHPabOTKM HA pachnpelciicHHe HANPSKEHUH CYINECTBEHHO. 3aTeM
nepeiiieM K M3YYEHHIO IJJUIMITHYECKUX H cEepHYEeCKHX BhIPaGOTOK, UTOOBI
IPOMLTOCTPUPOBATh BIIMSAHKE (POPMBI NMONEPEYHOTO CEuEHHU.

13.2.1. Buipabomka kpyz206020 o4epmaHnus 8 yc.106UAX 0OHOOCHOZ0 HanpAa-
JcenHo20 cocmoanus cpedvl, Pemenne oblio nosyyeno eiie Kupmem s 1898 1.
[2] u onucato B ero paboTe o pacnpeneIeHd HANPHKeHUH BOIU3N KPYrioro
OTBEPCTHA B TOHKOM Ntactune. AnandTuyeckoe pemicHue Kupima moxer
6bITE HeNMOCPEeACTBEHHO TNPHMEHeHO AJI8 3aJayH O BbIPAOOTKE KPYTOBOIO
OYEPTAHMS B OJHOOCHOM IONe HampsxeHWi*. B 0DO3HaueHHsX, cooTseT-
CTBYIOINUX puc. 13.1, HANlpskeHUst MOTYT OBITH ONpEJENeHsl o CAEAYIOIIM
3aBUCHMOCTSAM

* Kax y Kupwa [2], tak u y Tumotuenxo [7] peienye JaHo Ans MIOCKOTO
HATPAKXEHHOTO COCTOSHUA, KOTOPOE TAaXkKe MPencTaBasieT OO/blION HHTEPEC B Mexa-
HUKe CXaJIbHBIX TOPO/ M 3aTUMCHIBAETCS NPUMEHUTENbHO K 0003HaYeHHAM Ha puc. 13.1
CIEAYIOIUM 00pa3oM:

1 a’ 1 3a4 4q°
o =7 (P:-f-l&)(l —r—z)— 5<p,—px)<l + = —|COS29
1 a’ 1 3a*
ce=?<p,+px) (1 + 72——)+3(P1—Px) (1 + r—4)°°5‘29’

t,e=%(pz—px)(1— 3a* ——+ 2¥L)sm29—npm\4 ped.
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a2 3a* 2
Gr=%(1—7§—>—%(1+ “;ar_ 4:12 >00526 (1318)
p a? P 3a*
o0 = 7(1 )+ 7(1 # 2 ) cos 20 (13.16)
p 3a* 247
Tro :—2—(1 - r4 + 7 sin 20 (131B)

BuiBon 3Tux ypaBHeHuil uuratens Hainer y Tumowenko u ['ynbepa
[7]. (Cnenyer oTMeTnTs, 4TO B GOJBLIMHCTBE CCBLUTOK HAa 3TH yPaBHEHMA
OomUGOYHO OCTABNAIOT 3HAK MHHYC Nlepen T,;, COOTBETCTBYIOUIMH Apyromy
OPaBMY 3HAaKOB, B KOTOPOM NOJIOKUTEIBHBIM CYUTAETCs PpAacTAXEHME.)
Vpaenenns (13.1a) — (13.1B) COBMECTHO ¢ OCHOBHBIMH YPaBHEHWAMH INIpeod-
Pa3OBAHUS HANPSHKEHHH MOryT OBiTh JIETKO pellleHBi C MOMOWIBIO MarHHT-
HOTO HJIH 3JeKTPOHHOIO HACTOJNBHOTO KallpKylisTopa M [aroT KapTHUHY
HanpsbkeHu# Bo Bcelt oGmactd. Ha puc. 13.2 npuseneno pacnpenesienye
HanpskeHuit B OTAEIBHBIX ToYKaX oGJacTH BOKpYr BelpaboTkH. CrpeikaMu
3€Ch NOKa3aHbl HallpaBJeHHs AEHCTBUS HANPSIKEHUHA B BHMAE cocpenoTo-
YEHHBIX CHJI, NEHCTBYIOMIMX HA 3JIeMEHTapHbie o0beMbl MaTepHana BOKpPYT
BEIGpaHHLIX ToveK. 3HaueHHs HANDPSKEeHMH NaHbl B OTHOCHUTENBHBIX BENH-
YHHAX O,/p, Co/p U T,¢/p- Ha 3Ty nmarpammy wmbl OyneM CCHLIATHCH
B JapHelilleM, o Mepe Toro kak OynyT Oosnee nogpoOHO oO0cyXnaTsCs
OCHOBHBIE 38KOHOMEPHOCTH pPaCHpencieHHs HalpsKeHWi.

a) Konuneuntrpanus nanpaxenuit [Npocrefedl HarasaHol wi-
TroCcTpanvedl Bo3geHCTBHs BuIpabOTKM HA HCXOAHOE TloJle HalmpsKeHUN
sBAseTCA prc. 13.3, 2, HA KOTOpOM NMOKa3aHOo, Kak NOTOK CKHMAOIINX YCHIHN
obTtexaer OTBepcTUE. Jo NPOXOAKH CUIOBblE JUHMU TEKJIM Hepe3 MaccUB
B BEpTHKaJbHOM HalpaBieHHHM. BrlpabGorka Kak Obl pa3nBuraetr ckKUMaro-
HIYe YCUIHA B CTOPOHBL, BBI3BIBAS TEM CaMbIM WX KOHUEHTPaudIo Mo HokaM.
AHaJMTHYECKUE pe3yJbTaThl, NpUBENcHHBIE HA DHUC. 13.2, NMoATEREpXKOAOT,
YTO BEpPTHKATbHbIC CKHMAIOIHE HaNpsHKeHHs CHIDKAIOTCS B CBOJE, HO KOH-
HEHTpUpyroTcs B cTeHkax. MoxHo ObUio OBl OXKHIATL nalee, YTO CTENEHb
KOHLUEHTpaUWH [OJKHA MEHATbCA B COOTBETCTBUM C XapaKTepoM Ipemnsr-
CTBUS, BCTPEYEHHOTO NOTOKOM (4TO J0Ka3bIBalOT pe3ylibTaThl, PHBEIEHHbIE
B ciegyromieM pasnene). Ha puc. 13.3,6 nokaszano pacnpeneienne BepTu-
KallbHBIX CXKMMAIONIMX HalpspkeHHH BIONL TOPU3OHTANBHON OCH 1O Mepe
yaadeHHs OT cTeHKH BrlpaGoTkH., OTHOIUCHNE MaKCHMABHOT O CKAMAIOIIETO
Hanpsokens (3,0 p) x nepeMuHOMY HanpsdkeHHio (p) HasbiBaeTcsi kKoagu-
yuenmom konyenmpayuu nanpamcenuit C. B ciyuae BuIpaGoTKM Kpyrosoro
oyeptanus C = 3.

6) PacTtarusatwmue HanpaxeHus B cBoae Paleutue pacrs-
TMBAKOIUX HAaNpsKeHUH B cBoAE 3a CuET M3rH0a KPOBIM WILIIOCTpPUDPY-
eTca puc. 13.4. Ha pucynke npusenensl Takxe aHaJNTHYECKHE pe3yJbTATSL,
ONUCHIBAIOMINE H3MEHEHHME OKPYXHBIX HANpsSKEHUH B cBosie KaMepbl. Buawo,
YTO PpACTATHBAIOLIHE HAMPSHKEHHs Ha TOBEPXHOCTH KPYIJAOTO OTBEpPCTHS
cmmkarotes of 1,0 p B cepenvme ceona Ao Hyls B ToYKe, COOTBETI-
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Puc. 13.3. BuipaboTka Kpyrosoro o4YepTaHusi B OJHOOCHOM TOAe TEPBHYHBIX
HANpPsOKeHUA a — CHAB CKATHA «oBTeKaloT» BLIPadOTKY, 6 — U3MEHEHHE G, 110 Mepe
yOaneHuss OT CeYeHHs B OPM30HTANBLHOM HAIMpPaBIEHHH

cTBytoweit yray 6 = +30°. Ha puc. 13.5 nokasaHo, kakx CHMXaroTcd pacTi-
ruBaroinie HANPSDKEHUs Mo Mepe yAajleHHs BBEpX oT oTBepcTHA. Iopu3on-
Ta/bHble PACTATMBAIOLINE HANpsKeHUs oOpaiuarorcs B HyIb HA PacCTOSHUH
oxono 0,7¢ BmIILIe cBoja.

B) KacaTenpHple HABNpAXKEHHA M JHATOHANBHOE pac-
TAXKeHHe AHaMM3 paclpele/eHHs INTaBHHIX HANpsKeHUA B cpeae moka-
3pIBaeT, uTo no 0okaM OT BepTHkaJIbHOH OCH BHILE M HIDKE CeveHHS
pasBHBaroTCH GoJblile 30HH pacTsbkenus. Ha puc. 13.2 Buano pacnpoctpa-
HenHe 30HBl 3HAYMTENLHBIX PACTAIMBAIOHMIMX HANDPSKEHHH B NPaBOM Bepx-
HeM kBajpanTe. IIpocToe MosicHenHe BOZHHKHOBEHHS TakMX 30H PACTSKEHHS
Iano Ha puc. 13.6.

YTo6H COXpaHUTL PAaBHOBECHE TaM, I'le CYHMIECTBYIOT rpaJHeHTHl HOp-
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Puc. 13.4. KonblieBsie HailpsiheHHSA B CBOIE KpyryoH BhIpa-
80TKM B OOHOOCHOM [OJI€ [EPBUYHLIX HaupskeHWH (aHano-
THYHBIE YCJIOBHMS CYIHECTBYIOI H B JIOTKE)

MaJbHBIX HampsXeHMil. Kak ITO MMEET MECTO B KOJbIEBOM HallPaBACHUU
BOKPYT BbIPabOTKH, HJOMKHBI CYHIECTBOBATL TakKXE W KacaTe/IbHBIC Hanps-
XKECHUS, DTO BbITEKAET U3 dHATM3A CHJI, ASHCTBYIOIMX HA JIEMEHT MaTepHaa,
HaxoosIuica BONU3M CTEHKH TYHHENA (IpaBas HIDKHAS 4acTh puc. 13.6)
Utobrl cOarascHpoBaTh OKPYXHBIE HOPMadbHBIC YCHIHS, KACaTElbHBIS
HAOJKHBI AEHCTBOBaTh BBEPX HAa BHEMIHEH CTOPOHe 3eMeHTa. Beile ropu-
30HTAJbHOH OCH OKPYXHBbje KacaTelbHble HANPSKEHHA MAODKHBEL OBITh
HANpaBJeHbl 1O 4acOBOHl CTpesike, YTO BbITeKaeT M3 YCJOBHH paBHOBECHS.
Kax nokasano B mpaBoll BepxHeH 4acTH pHCYHKA, HonHbii HabBop kaca-
TEJABHBIX YCHIMH T, JEHCTBYIONMX Ha MAIBIH 37EMEHT, BBI3RIBAET ero
pacTSDKEHNE B WlaroHaJIbHOM HarnpabieHuy., B 3oHax cnaboro cxkarus takoe
JAMar OHAJIBHOE DPACTKECHHE CTAHOBHTCA npeoﬁﬂaﬂammnm, MTO HOPHBOAMT
K BO3HHKHOBEHWIO [JIABHBIX PacTATHRAOUIMX Hanpsxenud, ITo sABJieHHE
MOXHO HalmIOAaTh, W3yuas HANPSKEHHs, AeHC1BYWOIIHE B Touke X Ha
puc. 13.2.
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Puc. 13,5, VI3MEHEHUE TOPUIOHTAIBHBIX HANPSKEHHI BAOJL
BEPTHKA.ILHOH OCH HAJl CBO,10M KPYI.I0if BHIPAOOTKH B 01HO-
' x OCIOM 110E TIEPBUUHBIX HAMpsKeHU

r) 3oua BIuAHUSA BeipaboTku B cooTeeTcTRUM ¢ IpUHIMIIOM
Cen-Benana BRMSHME KPYIJIoro oTBepeTusa Oyjer OLyHMAaTbCs B OrpaHUYeH-
HOW 30He BOKDPYT BBIPAGOTKM. DTO NMOATBEPKJAIOT M NPEObIAYIIHE Pe3yJib-
TaTel. Eciu 30HOM BIAHAHNS CYMTATH TAaKYIO 30HY, B KOTOPOH BEpPTUKAJL-
HblE CKIMAFOIIHE HallPSKEHHA BHIXOAAT 3a mpenens unteprana 0,9 p —1,1 p,
TO OHA PacupoCTPaHHTCSA Ha PacCTOSHHE F =35a BI0JbL BEPTHKAIBLHOH OCH
H Ha paccrosnue * = 2,84 B/107b TOpU3OHTaNbHOl. VIHTEpPECHO OTMETUTD, YTO
30Ha BJIMAHHS BEITAHYTA B HATNpARJICHHM. COBMANaloilleM C HalpasJieHHEM
TEPBUYHBIX HATIPKEHHIA,

13.2.2. Buipabomu HeKpy208020 OUEPMAHUA 8§ YCA08UAX 00100CHOZ0 (o d-
mus cpedw: basupysick Ha TeopeTMyeckoM pelenuy Kupma [2] nis
kpyraeix oteepeTdil, Wnrnue [1] noaydumn pemeHue as IMIMOTHYECKAX
nyctoT. B 1926 r. Caytysn [5] onybnuxoBan ucciienoBanve pacmpesene-
HIsA HANpsHkeHUH BOXPYT cepuueckod kaMepbl. DTH pelIeHUs MOXHO HalTH
y Tumomenxo # T'yavepa [7], a caMble DpUMEHHUMBIE OKOHYATEJIBLHbIE
pesyabTaTsl pemenuit —y Tepuarn u Pumapa [6] Caeumeim [4] Gbito
HofyieHo pelieHHe A BbLIPAGOTKH NPAMOYTOILHOTO OYEpPTAHMSL

a) Brusuue dopmMe monNepeyHoro CEYEeHHS HA KOH-
UeHTpALMI HalDsixkenHit KoHuenTpanus nanpskenuil Bo3je BhIpa-
GOTKH 3JUIHITHYECKOTO QYepTAHMS ONpPENEIfercs BhIPAXKEHUEM

C=1+, (13.2)

Korla 0JHOOCHOE MOJIE NEpBUYHLIX HANDSKeHHH AEHCTBYET DEPHEeHAHKY-
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h 2 Pesgasmupyguee
JuazonansHoe Pacmsmmerte
& odracmu wuakux Hamaane-
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OXpYMHOIE KQLAMEABHYIE HARPAMEHUA
KOMAEHCULYIOM YBRALHCHUE CHUMANUUX
Hanpamenud

Puc. 13.6. OkpyxHble KAacATEMbHBlE HAMPKEHUS M PE3yibTUPYIOLIee NHATOHANLHOE
pacTsikeHHEe B 00/1aCTAX HM3KMX CXHMAIOWMX HANDSOKEHMH BOKpyr BbIpaboTKM
KpyroBoro O4YepTaHus B OJHOOCHOM [(ION€ MepBHUHAIX HAMPSOKEHUH

Jipso ocw amipol 2a (puc, 13.1). DTo BhIpaxeHHe JaeT CAeNyIOmue
3HaYeHUs KOI(POUIMEHTA KOHIEHTPANUM HAIPHKEHHI:

a
b c
0,5 2,0
1,0 3.0
(xpyroeoe ouepta-
HAE)
20 5,0

KoahpuuuenT XOoHUEHTpanuu HanpskesuR ans cdepideckolf Kamepsl
HECKO/ILKO 3aBUCUT OT Koadumuenta [lyaccoma w u3aMeHsietcss B npene-
nax ot 1,93 mo 2,17 apu u3menenun v ot 0,0 go 0,5. MoXHO 3aMETHTh, YTO
KOI(QOHIHEHT KOHNEHTPAIlHE MEHAETCH, Kak M Hpeanofarajocs, B 3aBHUCH-
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Puc. 13.7. HanpskeHus BOKPYr KBajpaTHoH BbIpaGoTku B 0IHOOCHOM IoJie mep-
BHYHBIX HalpsKeHui.

MOCTH OT (OPMBI IPENSTCTBUSA, BOIHUKAIOLIETO HA MYTH Y «ITOTOKa» CXHMa-
fomnx HanpsbkeHuil. Puc. 13.7 wiTrocTpupyeT ofblHOE pachpeneieHue
HanpsbkeHnH BOXPYT BbIPAOOTKU KBaJApaTHOTO CEYEHUR. 3[€Ch KOHIEHTpAIHs
HanpsbkeHWH Habrogaercs B yriaax. Kosthouuuent KoHueHTpauuu pasen 39.

6) Baiusuue dopMbl momepeviHOro Ce4Y€HHUd Ha BENU-
YUHY PacTATUBAIMHUX HanpsXeuuil B csonae Kak npH Kpy-
TOBOM, TaK H NPU 3JUIUNTHUYECKOM O4epTaHHH BHIPAOOTKH pAaCTATHBAIOIHE
HanpspkeHuss B cpode HdocTuraroT Bedwuuusl 1,0 p. CoorBercTByMOIIEE
3HaYe€HHe IUIs BHIPaGOTKHM XBagpaTHOTO ouepTaHHs cocraenaser 08 p.
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PacTsirusarouye HANPSOKEHUS B HEHTPE Kynona cdepuueckoil KAMEPHI 3aBUCHT
oT korpduuuenra [lyaccona ciaeayoumm obpaiom:

PacTat HBAWOIHE HALPSACHHS B LI Py kyvito 1a odepnt

v "
UYELKOH Kamepbl

.00 0.21 p
0,20 0.50 p
0.30 0,68 p
0,50 117 p

Ipencrapnser MHTEPEC TAakKe BONPOC O TOM, KAK 3ATYXAKOT TOpHU-
3OHTANbLHEIE HATIPSDKEHUS 10 MEpe yAasleHus BBepX OT KOHTYpa BLIPAGOTKH.
Ha puc. 13.8 nokasana KapTuHA M3MEHEHHs TOPU3OHTAJILHBIX HAMPSDKCHUHA
1St BLIPAGOTOK PA3TUYHOTO OYEPTAHUS, HO MMEIOLIUX OAHHAKOBLIH TposeT,
paBHeI# 2a, no Mepe yaajieHus BAOJAL OcH z. Jluarpamma CBUIETENLCTBYET,
4TO (HOpMa IONEPEMHOIO CeYeHMst OKA3LIBAET HE3IHaYUTENBHOE BIIMAHUE
Ha BEJIMYMHY TOPH3OHTAILHBIX HANPSDKEHM#E HEnoCcpeaCTBEHHO B CBOJIE
JUIVHHOH NpH3IMAaTHYECKOH BHIpabOTKY, pACTIONOXKEHHOH B OAHOOCHOM Mmoje
ganpakesui. BoNes HAMKYE PACTATRBAIOWME HANPIKEBBS B Kynone cdhepu-
veckOoll BHIpabOTKY 3aTyXarwT ObICTpee M MAJa0T HO HYJS HA PAcCTOSHUU
04a (nas npusMaInyeckun BhpaboTOK OHO cooTBercTBeHHo pasHo 0,7a).

B) Bausnue GopMu nomnepevnoro cey€Hus Ha 30HH
AMATOHANBLHOI O pacTaxenus Cpasuerne puc. 13.2 u 13.7 noxa-
3bBAET, YIO A9 ABYX KpalHMX Ciydaes, KPyroporo ¥ KsaipaTHOro
O4epTaHHs, 3HAYMTE.ILHBIE 30HB JHATOHAJILHOIO PACTsUKEHHS MPOCTUPAOT-
Csi Ha pacCTOsIHME OKOJIO 2a OT KOHTYpa M HanpapiIeHbl MOog yrioM ot
30 no 45° x BepTHKANBHOW OCH.

r) Bausame GopMbl NONEPEYHOro CeyeHUsE Ha BeJu-
TMHY 30HB BJAMAHMA BHpabGoTku B Hwxecleayroue# rtabianue
TIpMBElEHb pa3sMEPH! 30H CYHIECTBEHHOTO BiMApua BRIpaboTOK Ha none
TEPBUYHEIX HANpPSHKCHHH.,

BriusHue cuuTaeTCsl CYIIECTBEHHBIM, €ciiM HampspkeHue o > L1 p uim
o <09 p

MpuMepdoe paceTosuue oT KOHTPd
COUEHHS 10 TPAIIMEBL 30HBI Cylew |-

Dopma BCHHOLO RiAHUA

nonepenioro
CCULIHA

MO BEPTHKAIBHON No FOPU3OHTAIbHOR

OcH [Eni]
Kpaapart 4,5a 2.2a
Kpyr 4,0a 1,84
Dnnunc(a/b=0,5) 4.7a 2.7a
Bumnc{a/b =2,0) 3.6a 1.6a

Cepa 2,0a 0.7a
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Puc. 13.8. M3MeHeHHEe TOPH3OHTANBHBIX HANPAKEHMH Gy BAONL BEPTHKANLHOH OCH
Ha/J CBOJOM BLIpaGOTOK PAa3HYHOrO OYCPTAHMS, WMCIOLUINX ONWHAKOBBIH mposeT 2a

Menbline 30HbI BIUAHASA CPEPHUECKON KaMepH OOBICHAIOTCS NPOCTPAaH-
CTBEHHLIM XapakTepoM paclpedencHus yCHJIMH BOKpPYr BrIpabOTKM.

A) HanmpsxeHuss Ha KOHTYypEe OBAJBHHX, KBAaAPATHRX
u pombGosuaHux orsBepcrtull. Ha puc. 139 Bsocnpouzroasitcs
auarpammsl O6epa u Hosans [3], AeMOHCTpUPYIOLIUE H3IMEHEHME OKPYXK-
HbIX HAOpPSOKCHHH BOKPYr BhIPaOOTOK paziamyHOoro oueprauus. OcoOsii
HHTEPEC MOpeACTaB.ISIOT KpUBRIE, 0003HaueHHwle uMdpoit II, xOTOpHIE
OTHOCHTCH K CJAy4Yak OJHOOCHOTO BEPTHKAIBHOLO TONS HANPSKEHHI.
OcHOBHOE NONOTHEHME K NPUBEASHHBIM BBIIIE Pe3yIbTATaM COCTOHT B TOM,
YTO B CBOJE TYHHENSE pOMOOBHIHOIO CEYCHHS BEAMMUHA DAacTSTUBAIOLIMX
HanpsokeHu#t gocturaer 1,75 p.

13.3. Biusiue cOOTHOLIEHMSI NEPBHYHLIX HANPSKCHHI HAa paclipeae/eHHe
HanpsiKeHuii BOKpYr BbhIpaGoTOox B ynpyroi cpene. [3.3.1 Ilepsuunwie nanps-
HCeHU A, CYIECTBYIONIUE B pEAJIbHOM CKAJTLHOM MACCHBE, ABIAIOTCH CIOXKHOM
byuxnmeli ero npupoasl M reoxoruyeckoii ucropuy. OpHEHTALUS 1JaBHBIX
€CTECTBEHHBIX HANPHKEHUH H COOTHONIEHMS HAMOOJIbIIETo W HAUMEHBIIErO
HANPsOKEHHH B padiMdHBIX Maccusax padguudel. [IpuMenenue pewsenuit
KJIACCHYECKOH TEOpUM YNPYrOCTH OrpaHMYEHO TEMH CJIy4asiM¥, KOIda TIIaB-
HBIC ECTECTBEHHBLIE HATIPSOKEHHS JeHCTBYIOT B HANPABNEHUM OCEH CUMMETPUU
BHIpabOTKA. {5 ymoGeTBa MpeAcTaBaeHus pe3yIpTATOR 00LIYHO IPUHUMAIOT,
uro HauboaplNee TAABHOE NEPBHYHOE HANpsDKeHHe JeHCTBYET B BEPTU-
KalhHOM HanpasjeHuu (puc. 13.1). B aeficTBUTEILHOCTH OHO MOXET AeHCTBO-
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Puc. 13.9. HanpsxeHus HR KOHTYpe OBaJdbHOMH, KBaapaTHOH M pomGoBMmHON BHIpA-
60TOK B OHHOOCHOM IIOJE TEPBHYNEIX HAMPsKeHMil [3]. a — HaNpsXenus Ha KOM-
Type oBanouna npu Wy/H,=2; 6 — HanpskeHWe Ha KOHTYpe OBaNOWIa MDH
Wo/Ho =4; 8 — HANPSIKEUHE HA KOHTYPE KBAIPATHOTO CEYEHMA ¢ 32KDYIICHHBIMH
YIaMi, CTOpOHBI KBaZipaTa napajienbHel ocaM, npuiem Wo/H, =1, 2 — Hanpaxe-
HHA M2 KOHTYpe POMOOBHIHOIO CEYEHHS C 3AKPYIJIEHHLIMH YILIaMH, AMArOHATH
poMba napannesibhel ocaM, Wo/H, = 1.
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BaTh B /MI0G0M HAaNpaBlICHHMH MEXAY BEPTHKANLHHIM M TOPU3OHTAILHBIM.
CoOoTHOIIIEHHE MEXAY TJABHBIMH HANPDKECHUAMH A MOXET H3IMEHATHCA
B mpefeNnax OT BEIHYMH HECKONbKO MCHBIIHX HYIA U A0 enuHuubl. Bepxuuii
npenel COOTBETCTBYET COCTOSHUIO IHAPOCTaTHYECKOro CxkaTus. Cnyuaii A =0
HabmoAaeTcs y MacCHBOB, pa3pyIUMBIUMXCS B pe3ynbrare ACHCTBUA ecTe-
CTBEHHHIX PpACTATHBAIOWIUX HANpPDKEHUA. DTU YCIOBHA COOTBETCTBYIOT
OJHOOCHOMY HOJIO nepBUYHbIX Hanpsxenudt (pasa. 13.2). Tepuarn u Pumap
[6] monararoT, yTO 3HaveHue A, GIHMIKOE K HYIIO, MOXKHO HCHONB30BATh [UIA
OCaJOYHBIX TOpOJ, HMEIOMMX TPEIIMHLI, NEPHEHIUKYNSPHbIE ILTOCKOCTH
HANNACTOBAHHUA, IS 3(Qy3HMBHBIX MarMaTHYeCKMX NHOpoJd Tuna OGaszanbTa
(c cucTeMaMH TpELIMH, KOTOPhie 00pa30BaluCh NPH CKATHM HOPOABI
B [IPOLIECCE 3ACTHIBAHMA) H NS HHTPY3UBHLIX H3BEPXKEHHHIX MOPOJ, KOTOpPLIE
3aTBepAeNnd IIpH YMepeHHbIX pAaBneHHMsx. CroXHee BCEro mNpencKas3aTh
3HayeHHe A JAA MeTaMOD(UUYECKHX HOPOA.

Hexoroprie aBTOpB! NOAYEPKHBAIOT, YTO OCOOBLIM Crly4aeM SBIAETCA
MaCCHB € FOPH3OHTAJIBHO-CIIOMCTOH CTPYKTYPOH, B KOTOPOM T'OPH3OHTAJIb-
HbIE pa3sMephbl CIOEB OCTalOTCd HeHW3MeHHbIMU. B 3roM ocobom cmyuae
Haubonbllee rIaBHOE NEPBHYHOE HATPHKECHHE ACHCTBYET BEPTHKANGHO H
paBHO AaBIEHHUIO BBIIENEXKaAlled Mopoabl, a A onpenenseTcs BhIpaKEHHEM

(13.3)

Ipun o6wyHOoM 3HaueHuM v =02 umeem A, =025. Ilpeanonoxenue
O TOM, 4YTO INaBHOE SCTECTBEHHOE HAMpsKeHWEe pPABHO HABICHMIO BHILE-
nexauted nopopl, NPUrogHo AJi4 NPOCTOro HAMIACTOBAHMSA, OJHAKO OMbIT,
HAKOMICHHBIA C TPYHTaMH (IPOCTEHIIIUMH M3 OTJIOKEHHH), CBUACTENbCTBYET,
YTO, IPHHMMas 3HaueHHe A; [0 YKa3aHHOH MeTOIMKe, MOXHO HONYCTUTh
6ombinyro onuOky. JIytie Bcero ycraHaBnMBaTh 3Hau€HHe A MO pe3yNbTaTaM
HEMOCPE/ICTBEHHBIX M3MEPEHM HAaNpsUKeHHMH B HaType.

13.3.2. Buwipabomka Kpyzoeo2o ouepmanusn. a) OCHOBHBIE 3aBH-
cuMocTH. PacnpenencHue HanpspKeHHE BOKpYr BbIPaGOTKHM KpPYrosoro
O4YepTaHus B YCIOBMAX ABYOCHOr0 HEPBHYHOrO NONA HANPSDKEHHE MOXeET
6bITh MONYYEeHO MeTOAOM CyNEPHO3MIMA HaNUpskeHUd p U Ap. YpasHeHus
(13.1) paror pacnpenencude HanpsOKCHWH B HONe p, BBIpaXXEHHOE uepe3
a, r u 0 B coorsercrBuu ¢ puc. 13.1. KapTuna, spi3Bansas nepneHaMKyIip-
HLIM TI0JIEM NEPBUYHBIX HANPKEHUA A, MOXET ObITh NMOJyYeHA B Pe3yiih-
TATE MOACTAHOBKH Benuvuuusl 90° — 0 BmectTo 0 B ypashenns (13.1):

_Ap a? AD 3a*  4a?
S R (ER- o S S
2 3a*
%= T(‘ ¥ ?) N “2‘(1 o ) s 20 (B4

4 2
ta= 2P (1 _3ay EfT) sin 20. (13.45)
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Cymmupys ypassenus (13.1) u (13.4), nng OBYXOCHOTO TOMS HAaNPsKEHM
MONYYHM

2 _ 4 2
o ____(_1_+_2»)_p (1 _ﬂi_)._ (_1___}3)1(1 +—3761—~ - 4:12 )cos 20, (13.5a)

" 2 r 2
2 1-A 3a*
o= 9123‘)—”(1 + —“r—z—)+ ( 5 )P (1 + r‘l >cos 20, (13.56)
A-A)p 3a* 2%\ .
Tra———z——' (1 i +—r—2— sin 20, (13.58)

6) TugppocTaTHdeckoe NOJNEC NEPBHYHBIX HANPAKCHHIL
VpaBuenus (13.5) noka3biBaloT, 4TO U B THAPOCTATHIECKOM I10J1€ TEPBHYHBIX
HanpsxKenud (A = 1) HCYe3al0T HANPAKEHHUS COBMIra, OCTAIOTCH JIMLIL OXHO-
ponHbie KOJBLEBLIE HATIPSKEHHMS CXATHA O, NOCTHIAOINME 3HAYCHUS 2p
Ha KOHTYPE BLIPaGOTKM M YMEHBIUAIOmHKECS 00 p MO Mepe YOAaneHus,
W O, BO3PAacTAIOIME OT HYJIA A0 p, HO Mepe Toro Kak (a/r)? cTpemurcs
K HYJIO.

B) Bausdue CooTHOmMEHHT HANPIAKEHHUHA HA KOHUEHT-
panuio wanpaxenuid M3 puc. 13.2 Buano, 4T0 BO3AEHCTBHE HANpS-
MEHUR p, = Ap BeNeT K CHIDKEHH}O KOHLUEHTPaldd HaNpsKeHHH B CTEHKAX
Ha Beuquuy A, 1.6 C=(3 — A)

r) Baiusuue COOTHOMEHHUS HAaNPAXKEHHH Ha pacTaAkKe
nue B ¢Bonae Hanpaxenus B cBone BoIPaGOTKM COCTABAT Gy = p (3A — 1),
TaK 4TO pPACTSKEHME B CBOAE Mcie3Her npu A = 1/3.

o) BausAawmue coormomenud manpaxenuid Ha OHUATrO-
HanbHOE pacTaxenue HccrnenoBanue HanmpsxenuH B yCIOBUAX OTHO-
OCHOTO NOJIS TEPBHYHLIX HATPSKECHHH NOKA3ano, 4To 3hQeKkT aHaronalib-
HOTO pacTsKenus ocoGenHo cuieH BOMH3N TOYKM ¢ KoopaiHatamu 6 = 30°,
r/fa = 14. Tloacrapnsas tu 3uavenus B ypasmenus (13.5), anga aByxocworo
MOJS HAMPSKECHHA NMONTy4uM

c,/p = 0,18 + 0,31, (13.62)
co/p =031 + 124, (13.66)
T,o/p = 0,537(1 — A). (13.6m)

Bor4ucnende rTaBHbIX HANPSOKCHUR /1A 3TOH TOMKH TMOKAa3bIBaeT, MTO pac-
TArMBAIOLIMe HanpKenus ucyesatrorT npu A > 025 u uwro xorma A = 1/3,
HAHUMEHDIIEE INaBHOE Hanpsxenue cocrapiser +0,064 p (cxarue). Orcrona
BHIHO, YTO 30Ha PACTATHBAIOIMX HANPDKEHHH, CONyTCTBYIOMAS AHAl OHAJIb-
HOMY PacTSDKEHUiO, KaK NoKa3ano Ha puc. 13.2, ucuesnmer, korma A Gyner
OOCTATOYHO BEJMKA, YTOOR! MCKIIOYUTH DACTSIKEHHE B CBOJE.

13.3.3. Buipabomka sasunmuueckozo ouepmanun. a) Brnusuue coor-
HOIIEHHS HaNPAXKEHHH Ha KOHUEHTPANUIO Hanpsaxenui,
B ycnoBusX 0QHOOCHOrO MOAS HANPSKEHUM HANPAOKEHUS CKATHA B CTEHKAX
nocturarot 3uadenus p (1 + 2a/b). Bosneiicteue manpsxeHuit p, = Ap npu-
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BOJAMT K CHHXEHNIO KOHUEGHTPAalMH HanpsxeHumi a0 meanyuHsl C =
= (1 — A + 2a/b).

6) Bnusdnue COOTHOIMEHHS HAaNpsiXeHUN Ha pacTaXe-
HUEe B cBoOJe B pesynrbraTe »3auUMHOTO HANOXKEHHA NEHCTBUSA OOHO-
OCHBIX TOJeH HanpshKeHW p M Ap pacTarupalolliee HAlpHKEHUE B CBOIE
B YC/IOBHSAX [IBYXOCHOr0 NEPBHYHOTO HAMPSIKEHHOro COCTOSHUA OyneT pasHO

2b
GH=7‘P(1 +T>—P,

T. . PaCTSOKCHHE B CBOJE HCYe3HeT npu A > 1/(1 + 2b/a).
Orcrona cneayer:

ecnd a/b = 0,5, pacrskenue ucuesner npd A > 0,2;

ecnd a/b =10 (kpyroBoe ouepTaHHe), pacTskeHue MCUYE3HET [IpU
A >0,33;

ecnu a/b = 2,0, pacTsxenue mcyesHer npu A > 0,5;

eciu a/b = 4,0, pacTsbkende vcue3Her npu A > 0,67,

DTH pe3ynbraThl MOKa3bIBAIOT, YTO, MCKIIOUAA Cy4ad OOJBUIMX 3Haue-
HHi A, B cBoxe BbIPAaGOTKH CINIKICHYTOrO 3JUIMOTHYECKOTO OuEPTAHMS
(1pu a > b) Bynyr pa3sUBAaTLCA 3HAYMTENLHBIE OKpYXHble PACTATMBAIOINE
HamnpsKeHHA.

Togobroe 3akmoveHMe CHpaBelMBO ¥ Ui ChHepOMNATLHBIX Kamep
C OrOBOPKOH, YTO PACTAKEHHE B CBOAE y HHX IOSBHUICA IIPY HECKOJIBKO
GonblUIHX 3HaueHHAX OTHomeHus a/b. Tak, Hampumep, npu A = 0,25 pacTs-
TUBAIOIINE HANpSDKEHHS MOABSTCA HAN OINAUNTHYESCKMM OTBEPCTHEM TIPH
a/b > 0,67, B T0 BpeMa Kak Hal chepounaibHOM BrpaGoTko (mpu v = 0,2)
OoHM MmosBATCA IpH a/b > 1,0.

Tepuaru u Pumap [6] numyT o BaHAHMM TOPH3OHTANLHBIX HANpPSDKE-
Huii: «... Eciu cBox B ckaneHOM mopone obpynlaercd, To OH oOpylaercs
BCIENCTBUE TOPHU3OHTAIBHOTO PACTSIKEHH A, KOTOpOe NPHBOIUT K oOpasoa-
HHK GONBIIEro WIH MEHBUIETO KONMYECTBA BSPTHKAJILHBIX TPENIUH PacTs-
wennd, [IpH packpbITHY BEPTHUKAJBHBIX TPELUMH BO3PACTAcT BEpTHKAILHOE
pacTsikeHHe B INopole, Jiexaniell Belule CBOAA. Eciu TPEUIMHEI pacTshxe-
HHA JOCTHTHYT BHICOTBI h HaAg CBOAOM BbIpaOOTKH B CKaJdhHOH
nopone, uMmeromeit oObeMHEIH BeC Y, TO PACTATHBAIOLIME HANPSIKEHHS HA
TOPHU30OHTANBHBIX IIOMAMIKAX, IPOXOAAMIMX Yepes BepXHHUE y4aCTKM TPELIMH,

COCTaBAT
S, = — hy, (13.7)

Ecny cBOA HENOCTATOYHO TPOUEH, yTOOI BRAEPXATh TAKUE HATPIKEHMUS,
HAa4yHETCH BHUIAZEHHE KYCKOB MOPO/bI, BCIENCTBHE 4Ero OyNeT CHUXEHA
BEMMYMHA OTHOUIEHHS a/b MEXmy NIpojieToM WIH AUAMETPOM BLIpaboTKH
H CTpesloit mogheMa apxku wid Kymojla. CHWKeHHE BETHYMHBI OTHOLUEHUS
a/b BeAET X CHIDKCHUIO BEIHUMHBI TOPU3OHTANbHBIX PACTATUBAIOUIMX HaIlps-
KeHuil B cole. BblmajeHue KYCKOB NOPONLI IIPEKPATHTCH, KAK TOMBKO
BelIMYMHA PACTATUBAIOMMX HANpSKeHMH CTaHET CpPaBHMMA C MPOYHOCTRIO
OAaHHOTO CBOIA»,
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13.4. Jakmouenne u BmBOgLL. Flcnonn3oBanue JHEEHHOH TeOpHUHM YIpPY-
roCTH B NPOCTOM caydae ¢ BLIPaBOTKON KPYyroBoro ouepTanus B YCIOBHSAX
OAHOOCHOTO MOJNA NEPBUYHBLIX HANPKEHHH TO3BOJNET BhLIABHTL HECKOILKO
BaXHBIX MOMEHTOB:

1) KOHIEHTPAIMIO HANPSIKEHHIT CKaTHA B CTeHKax BhipabGotku (mo 3,0 p);

2) pactsrusarolue HanpspkeHus (o 1,0 p) B ceone (u B JoTKE);

3) 6onblHe 30HB 1HATOHANILHOTO PACTAXKEHHUA, BLITAHYThIC B HAMpanie-
oM nox yraoM +(30-+45)° k BepTHKaJbHOH ocH;

4) OrpaHMuenHOCTb 30HB BAMSHHS BLIPaOOTKH.

dopma NONePeHHOro ceueHns BHPabOTKH B yCIAOBHSX OLHOOCHOIO MOs
HanpspkeHHH oka3bipaeT HauboJblliee BIMsSHHe HA KOHIEHTPAIMIO Halps-
XeHui B creHkax. Jns BuIpaGOTKH IUIMITHYECKOrO OYEPTAHHA MaKCH-
MaJibHble HANPSOKEHNA MIMEHSIOTCA B mpedenax ot 2p no 5 p npH u3Me-
HeHHMM cOOTHOWeHMs nonyocedt annunca ot a/b = 0,5 no a/b = 2,0. Hanpsxe-
HHS «Ha JKkBatope» chepuyeckodl Xamephl AOCTHrarOT 3HAYCHUS IPH-
MepHO 2 p.

Cynepnosupus peltieHHH 18 0, HOOCHBIX MOJEH NEPBUYHLIX HANMPIKEHU
TIOKa3bIBAET, YTO pelaromee Banaxue Ha GopMuposanue nona HanpsHKeHHH
BOKpYr BhIpaOOTKHM okasuiBaer koadduument A. Ocobwlii uuTepec mnpen-
CTaBIAET MUHHMAJILHOC 3HAYEHHE 3TOTO COOTHOLIEHUS, IPH KOTOPOM B CBOAE
HE€ BO3HHKAET PACTATMBAIOIMX YCWIHHA. [Ing BHIpabOTKHM IJLTMOTHYECKOTO
odeptanus oHo coctaBaseT ot 0,2 go 0,5 B 3aBHCHMOCTH OT WM3IMeHEHus
otnowtenns a/b or 0,5 no 2,0, Tokazano, uTo Bokpyr BuIpaboTKH Kpyro-
BOrC O4€pTaHHs 30HBI AHAroHAJILHOIO PACTSHKEHUA HCYe3aroT Apu Gosee
HHU3KHX 3HAYeHHAX A, YeM Te, KOTOPhI€ BhI3HIBAIOT WCYE3HOBEHHE pPaCTsDKe-
HHA B CBOJEC.

Keunt (Széchy) B cpoeit xuure «VICKYCCTBO TyHHENECTPOEHHS» IMUIUET:
«Omnpenenenne NaBleHns B CKaJbHBIX MOpoaax npeactasiaseT cobod oaHy
W3 caMbiXx 3aNyTdHHBIX TpobneM cTpouTensHOH HaykH. CHOXHOCTh €€
0o0BSICHAETCS HE TONBKO TPYAHOCTSAMH, CBN3AHHBIMH C [POrHO3IOM Hamps-
KeHHOro COCTOSIHHS, IEPBUYHBIX HanpsikeHHH, JeUCTRYIONINX BHYTPH HEOAHO-
POJHOrO CKaJIBHOIO MaCcCHBa, HO Takke M C TeM ¢akToM (B Jomnoue-
HUE K TPYIHOCTAM OIpenesieHnsi MPOMHOCTHLIX XapaKTEPUCTHK TMOPOIBI),
YTO 3HAYCHUS BTOPHUYHbIX Hanpmxeﬂnﬁ, paauuBalomuecz B OKDPCCTHOCTH
BBIPAGOTKH TOCHE NPOXOAKH, OGYCIOBIMBAIOTCA MHOXeCTBOM (akTopoB,
T4KHX, KaK pa3Mepsl ceueHus, criocob NMpOXOMKH, KECTKOCTh KPEMHA H BPEMS,
B TE€YEHHE KOTOPOro MOpOJa OCTAETCS HEIAKPENICHHOH ...»

Knacciieckas Teopusi ynpyrocTd Ja€T BO3MOXHOCTH CHEIATh IHHIb
NePBbIM AT B U3YYEHHH OCHOBHBIX 3aKOHOMEPHOCTEH ynpaBieHus GopMHpo-
BaHHEM HaNpPsHKEHMH BOXPYr DoA3eMHbIX BuIPaGoTok. C moMoilplo YHCIEH-
HOTO aHANH3Aa MOXHO TEPEHTH K BOMpPOCaM, CBA33aHHBIM C BO3ACHCTBHEM
HECHMMETPHYHOrO HAarpyXeHMs H TPOXOAKOH TyHHeneH HeNpaBUILHOIO
ouepranms. Henmasuue noctuxeHus B 06JacTH BA3KOYNPYrOMIaCTHYECKOrO
aHaNu3a SBJAIOTCA INaroM K I[O3HAHHIO 3aKOHOMepHOCTell IIOBenEHHs
MACCHBA BO BPEMCHHM, B OCOOEHHOCTH B T€X ClyyasdX, KOrJa afmapar MeXa-
HUKH JQMCKPETHOHM Cpedbl MCMOML3IYETCA AN CHIRHOTPEIMHOBATLIX MOPOX.
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OnpHaxo B 3TOM ClIy4ae OCTaeTcs elle MHOro HEsCHOCTEH, CBA3AHHBIX

[

Mpupomo# ocnabneHuit B MaccuBaX (CM. ra. 7) M BEIHYHHAMH

€CTECTBEHHbBIX HAMNpsDKEHUI,
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PacnpeesieHne HanpsiKeHUi
BOKPYI' MOJ3EMHBIX BbIPAOOTOK.
Ynpyromiactuyeckue perueHus

X. Box

14.1, Beegeune. B MamMHOCTPOEHMM M TIpPRXKAAHCKOM CTPOMTEILCTBE
yCTOHYMBOCTE 00BeKTOB OOBIMHO JOCTUracTCs 3a cueT CoOmogeHHsA IIpH
HOPOEKTHPOBAHUM CIIEAYIOMIEro TPeOOBAHUA: B KAKAOM OTAEILHOM JIIEMEHTE
HAOpMKEHUS He MNO/DKHBL TPEBBILIATL Tpedena ero mpounoctd. Oamako
TAKOH TOAXOA K TIPOSKTHPOBAHMIO NOA3EMHBIX COOPYXKSHHH HEOpMeMIIEM,
NOCKOJBLKY OH 3aKpblUl Obl NyTh K TPOXOJAKE IIAXT M TYHHEJIEH BO MHOIMX
CMy4asix, KOIJa Ha [pPaKTHKE CTPOMTENBCTBO OCYLIECTBISETCA BeCbMA
yenemno v 0e3 ocoboro pucka. Orcrola cleayer, uTo eciu uHeoOXoaAHMO
NoJy4uTh GIHM3KOE K PeanbHOMY pacnpeneicHHE HanpMKeHHWH BOKPYr Moi-
3eMuO# BHIPAOOTKM, TO TEOPETHYECKHE TIPEACTABICHHUA A0OMKHB OazMpo-
BATLCA HE TOJIBKO HA JTMHEHHO-yNpyrux AedbopManvoHHBIX XapaKTEPUCTHKAX
CKAaJILHOrO MACCHBA,

Tot ¢akT, 9T0 HeNuHeiinble AedpopMandu AeHCTBUTEIBHO OOBIYHBI B
HPAXTHKE TOAZEMHOr0 CTPOMTENBCTBA, WIIIOCTpHpYeT pic. 14.1. Ha nHem
w3oOpaxcenb! B BUAE OJOKOBBIX AMArpaMM OKPYXHbBIE HANPSKEHHS O,
yCpeAHEHHbIE IO HEOOIBUIMM YHACTKAM CEYEHUS MPAMOYIOIBHOTO YTOJBHOIO
venuka. Kaxnad aguarpaMma  TpeACTABISET ONPEAENEHHYIO TOYKY HA
00001eHHOH KPUBOH 3ABMCUMOCTHM CpeAHMX (MO TUIOLIAAM IEJIHKA) Hanps-
Xenu#t ot Aepopmauuii. BuaHO, 9TO MAKCHMAJBHBIE OKPYXHBIE HANPSA-
KeHus ACHCTBYIOT HE HA TIOBEPXHOCTY LETHKA WM Oau3ko OoT Hee (Kak
yTBEpXKAAET AHHEHHAS TEOPHS YIPYTOCTH; CM. Il 13), a rie-To BO BHYTpEH-
HUX ero obmacTsix. MuHyS 3HAaYE€HME BEPXHETO TpeaeNa TIPOYHOCTH 1EIMKA,
IOUK HATNPSOKEHUM YCTAHABIMBACTCA B CAMON €ro CEpefuHE, M OYEHb BAXKHO
HOHATL. YTO IEHTPAIbHAS YACTb CMOCOOHA BBUIEPXHMBATbH UPE3BBIYAHO BbI-
COKME HANpsUKeHUs, Jaxe TOrJa, Korda LUK HATPY)KEH CBEPX TOr0 MAKCH-
MUJIBHOrO TIPEesa, KOTOPLIH TPAAUIIMOHHO MPUHHMAETCS 33 €ro MPOYHOCTD,

B 370l riase paccMOTPEHBl TpPW ClIyyas HEJIMHEHHOIO HaNPSOKECHHO-
aebopmuposaunoro noseaenus (puc. 14.2),

Bo-nepebixX, Caydail auneliHO-yNpyz020 UQeaibHO NAGCMUYECKO20 TIOBE-
JEeHUsI CKAJILHOrO MACCHBA; 3TOT CAyuaidl mo3poNiger mepediTH OT XpYNKOro
K IUTACTHYECKOMY MEXaHHU3MY Pa3pyIUeHUsi («HyJesas XpYyHOKOCTb»*;
puc. 142,a) u u3noxex s pa3g. 14.2.

* XpynxkocTh MaTepHana ONpeemseTcs KAk «MakCUMalbHOE 3HAYEHHE KDY THISHbD)
HUCTAfaroIIeR YacTH KpuBOH 3ampenenbasix ucnbitanuit {[4], c. 80).
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Puc. 14.1. OxpyxeHust B YroJbHOM UE/UKS HA PA3HBIX CTAAMsX €ro Harpyxenus [7].

Bo-Broprix, cny4yait MaTepuata ¢ Heckoneunoit xpynkocmoio (puc. 14.2,6),
paccMOTpeHHBIH B pa3i. 14.3.

B-teprbux, cnyuaii matepuana ¢ Koweunoii xpynxocmelo (puc. 14.2,8),
NpeacTaBieHHsl B pasa. 14.4.

B nepBoix nByx ciyuasx nosefeHME peANBHOTO CKAJBHOMO MAccyBa
CUIBHO Hieagu3HpoBano. OHM MOTYT pACCMATPUBATRCH KK BEPXHUE M
HWKHHR [Ipeneiasbl AeHCTBUTEILHOTO 3anpelelibHOTO MHOBEAeHHsS XPYIKOH
CKILHOM mMopoasl, KOoTOpoMy B OOJblIEH Mepe COOTBETCTBYeT [IpeTHid
cly4ai.

AN nepBpIx ABYX THNOB 3anpeRelbHbIx KPHBBIX BO3MOXKHO HOJIyYEHHE
CTPOrMX MAaTeMaTHYeCKHX peLIEHHH B HAIMPsDKEHMsX M IIepeMelleHMsX, XoTd
9TH PEWIEHUS OTpaHHYeHH! TNPOCTEHLIMMH TEOMETPHYECKMMU  YCITOBHSAMHU
(BIpabOTKH TOJBKO KPYroBOTO OYepTaHWs), NEPBHYHHIM HANPSKEHHBIM
cocTosHHeM (A = 1,0) u cBolicTBaMH MaTepHAIa (OAHOPOAHOTO U3OTPOITHOTO
cM. pa3g. 13.1.1).

14.2. CkaanHble MaccHBbI ¢ HYJeBOH XpymKOCTbiO (.THHEHHO-YIpyroe
HIeaJIbHO macTHYeckoe nopejgenue). OCHOBHBIE pELIEHVs 33134 O paclipese-
NeHHH HATIDSXKEHMA B Takux cpedax ObUim ronyyennt Denuepom (3],
Tano6pom [9] u Kectuepom [S].

Ecau nanpskends MH B OAHOH TOuke BOKPYTr NOA3eMHOH BoIpaboTKH
He JOCTHUrJIH 3HAveHHH Tpee/bHbIX HallpsUKeHMH, COOTBETCTBYROLIUX OrH-
Garolllell pa3spylueHHs, TO MHOJE HaNpsKeHHH COOTBETCTBYET M3BECTHOMY
H3 JHeiiHol Teopuu ynpyroctd (oM. riL 13). Ecay, oaHako, BeYMCIEHHbIE
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Puc. 14.2. Kpusble nanpskenne — gedopmanns (cieéa) u ornbaromme Mopa
(cnpasa), COOTBETCTBYIOIMHE TPEM CiyqasM, PacCMOTpPEHHBIM B pasn. 14.2-144.
a4 ~ AHHEAHO-YIPYTO¢ HIEAJbHO IIACTHYECKOE MOBECHME; 6 — pasynpouHsommicsa
martepuan ¢ OSCKOHEdHOH XPYNKOCTBIO; & — MaTepHal C KOHEYMOH HeHyNeBOH
XPYIKOCTBO.

Ha Oasze JMHEHAHOH TEOPHH YNPYIOCTH HANPKEHHS BBIXOOAT 3a NpEAetbl
orubatolied Pa3pyIIEHHs, TO NPOM3IBOAUTCS CIEAYIOIIEE NpeoOpa3zoBaHHe
B HX pacnpelesicHH: BOMH3M TOA3EMHOM BLIDAGOTKH BO BHYTPCHHHX
YaCTAX MACCHBA HANPSXKCHHS UPHPABHHBAOTCA K NPENeNTy TEKy4yecTH
H nopoaa TNOABEpraeTcs IUIACTHYECKUM JAedopMaimsaM («iwracTHyeckas
30Ha»), B TO BPEMs Kak B Oojee ynaneHHBIX wacTax Maccupa aedopMu-
pyercs YHCTO YNPYro («ynpyras 30Ha»),
HanpsokeHHs B NIACTHYECKOH 30HE GYAYT paBHLI

o =Y o 4% |__o
roa T a ro &_1 g—l,

E-1
Camn = &; (_HL) [Gro + E—gc—l—] - g (—’cl (141)
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Tom = 0,

rae a — paaumyc nomsemuoll BupaGoTkh; & = (1 + sin ¢)/(1 — sin @) — k03-
(UMUMEHT NACcCHBHOTO [ABJEHHS TIOPOMB!, @ — YroJ BHYTPEHHErO TpEHMS,
G,, — PaBHOMEPHOE BHYTpEHHES NABJCHHME, CBSA3aHHOE, HANPHMED, C COMpo-
THBJICHHEM 00AeNKH; O, — NPOYHOCTb MOPOJAbl HA OJHOOCHOE CXATHE.
Hanpsokenust B ynpyroif 30He COCTaBsT

R’2 R'Z
Cryn = —r.’. O, + (1 - _’.'2_') (S FH

RIZ R/Z
Oy = 7‘0’,1{ + (l + 7/) o (142)

Tgyn = 0!

tae R’ — paxnyc KpyroBoil rpaHMilbl MexXay NJIACTHYECKOH M ympyroil 3o-
HAMH («KPHTHYECKHH pafuyC»), O,p — paJHANbHLIE HAPSKEHHUSA HA paccTos-
HMH KPHTHYeCKOro paianyca OT KoHTypa. B "actHocTw,

|
[ 2 o.—1+o, |55
R—a[é-l o,.,(&—l)m] (14

20. - o,
g+1

Puc. 14.3 mmocTpupyer pacnpenenchne paaydaibHbiX H OKPYXHBIX Hamps-
KeHHH, BBIYHCICHHLIX N0 5THM (opMyiaM. Ob6paillaeT Ha Cebss BHUMAHHE
pa3aHure MexX 1y BHY TpeHHeH (11aCTHYECKOH 30HOH», B KOTOPOH i OKpYXHOE H
panHalbHOS HANPSKSHHs YBENHYHMBAIOTCA N0 Mepe yAaNeHHs OT KOHTypa
NO/3eMHOR BHIPAGOTKA, H BHEMIHEH «YOpyrod 30HOH», B kOTOPOH OKpyX-
HbIE M padHajibHble HANPSKECHHA C YBEelNMMEeHUEM DAcCTOAHMSA OT KOHTYpa
BCe Ooupllle NPHONHXKAIOTCA K IEDBHYHOMY HANPSIKEHHOMY COCTOSHHIO
C, =0,

ITo dABJeHHe MOXHO NPEACTABHTL Cebe TakMM obpazoM: B clyyae
Ynpy2o naacmuuecko2o nogedeHus CKANIBHOTO MACCHBA BBICOKHE OKpYXHBIS
HanpsKeHHs Ha KOHTYpe BRIPAGOTKH, COOTBETCTBYIOUIHE TEOPHH YNPYIOCTH,
nonuxcalomcs u nepedaomcs B BGonee oToalleHHble 30HHI MaccuBa. B aTux
fonee oTmaneHHBIX 30HAX DPAagHANLHbIE HANPSDKEHHS O, YXKe NOCTHIaroT
3aMeTHOI BeIHYHHB!, BCJICACTBHE 4ero NOpoja 3HAYHTEIbHO IOBEILIACT CBOKO
APOYHOCTb, TaK KaK YK€ HaXOAHTCS B YCIOBHSX MPeXOCHOZ0 HATIDSKEHHOIO
COCTOSIHHSA (CM. T 4).

DopMHpOBaHMe H POCT 30H (INACTHYECKHX AeopMmaliuii» upe3Bblvaiino
YYBCTBHTENbHLI KO BCAKOrO POAA W3IMEHEHHSM, HANPHMEP TeOMETPHH TOINE-
PEYHOro CeveHHs, CBOMCTB CKAaJIbHOrO MAacCHBA, NEPBHYHOrO HANPSKEHHOTO
cocTosiuus. Ha puc. 14.4 npeacTaBigHbl 30HB! INACTHYECKHX OedopMaliii,
COOTBETCTBYIOUIHE TPEM PA3HBIM 3HAUCHHAM IIONS HMEPBHYHBIX HANPAXEHHA

G,r =
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Puc. 14.3. Pacnpesienienne pajiMansHbIX U OKPYXXHbIX HalpskKeHHAR G, u Oy BOKPYT
BLIPACOTKM KPYrOBOTO OMCPTAHHS B YIPYTOWIACTHYeckod cpedme npu A =1 [3]
I — ynpyroe petliesye, 2 — ynpyro niacTuueckoe pelieHue

14.3, Craabubie MaccHBel ¢ GeckoHeunoil KecTKocTIO, DTy mpobaemy
HenaBHO uccaenosan Orrep [1]. OH npennonoxwi, ¥To NpH paspylcHun
NEPErpyKEHHbIA Bhille NPEAcia MPOYHOCTH CKAJNBHBIA MACCHB BHE3ANMHO
TEPSIET BCE CLUEIUIEHHE W C 3TOr0 MOMEHTa €r0 MOXHO CYHTATH ChIIYYHM
MaTepHasioM, BCS MPOYHOCTH KOTOPOTO (OCTATO¥HAS IPOMHOCTh MACCHBA)
o0yCITOBIEHA TONbLKO YIJIOM BHYTpeHHero Tpedus. M3 puc. 14.2 BunHo,
YTO Takas CUOHTAHHAS MOTEPS CLEMIEHUS COOTBETCTBYET LANEHHIO OKPYXK-
HBIX HANpPSOKEHMI Gy HA BElHUMHY, PABHYIO NPE/ENy NPOYHOCTH HA OIHO-
OCHOE CXaTue O, (npeanosiaraercs, YTo pa3pylieHUe HE MOBIMSET HA
HATIDSDKEHUS ©,).

Orrep noJayYna pacnpeaeneHte Hanpsokeui, nsobpakennoe Ha puc. 14.5.

AU HAC camMoe BAXKHOE PACCMOTPETh AHAMUTHYECKOE BBIDAKEHHE KDH-
TUYECKOro panmyca R':

1

, 1 205,-0, |3t

R =a[‘{; iy R :} (14.5)
ro

W3 ypasnenust (14.5) BHAHO, YTO HANM4ME KPEIICHHS KOHTYpA BbIpa-
GoTki (0,,) ABIAETCS ONMpeeNAOWMM BAKTOPOM TPH BbIYUCACHMH KPHTH-
ucckoro paanyca R'. C npyrodl cTopoHsl (korma o,, =0), paauyc 30HBI
pazpyuienuii MoXer o0pamiaTocs B GECKOHEUHOCTb, YTO COOTBETCTBYET
Cllyvyar HEYCTOWYNBOH BripabOTKH.
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Puc. 14.4. M3aMeHeHHe 30HBI MutacTudeckux AedopMaunii rpud H3MEHEHHM MOJA
NepPBUYHHIX HanpsbkeHuit [8]

Cnepa ~ A =0, T e ciayyaii OZHOOCHOrO NOJIsI NEPBUYHBIX HANpAKeHUl, cnpasa
A=1, T ¢ rUIpoCTATUYECKOE NEPBHYHOE HANPSHKEHHOE COCTOSHMUE,

o]

Puc. 14.5. Pacnpe/ienieHne 0, # Oy B OKpPECTHOCTH BBIpabOTKH Kpyroporo o4epra-
HHA B cpele ¢ DecKOHewHo# xpynkocrbio [1].

Bo3Bpainasce B CBA3H ¢ 3THM HA33Jd, K YOPYro NIACTHYECKOMY pele-
Huo (T 14.2) u ypasuenwro (14.3), BHIHM, YTO paigHyC NJACTHYECKOH
30Hb! 71 HE3aKPEIIeHHOH BoipaBGOTKH HMEET KOHeuHoe 3HaucHue. ApyruMu
CNOBAMH, TEOpHS YTBEPKIAeTr, YTO B JIMHEHHO-yNpyroi HISAIBHO NIIACTH-
yeckoil Cpene BO3MOMXKHO OfecmedMTb yCTOMYMBOCTD HE3aKPEIUIEHHOH BbIpa-
OOTKH KPYroBOTO o4epTaHds (CM., oHAKo, pasn. 14.5).
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14.4. Cxaabibie MACCHHBE ¢ KOHEUHOH, HENY/IeBOH XPYNKOCTLIO. MBI CTONK-
HYJIHCH C CHTYaluel, B XOTOPOH oauH IKCTpeManbHbill cy4ait (Geckoneunas
XPYNKOCTb) BelleT X HeycTOWWMBOCTH BeIpabOTOK, B TO BpeMs Kak apyroft
(HyneBast XpyNKOCTb) — K SBHO YCTOHYMBBIM pEllieHHAM. 3anpedensHoe nose-
NeHMe PeaibHhIX CKANLHHIX MacCHBOB OOBIYHO ABNACTES YEM-TO CPEAHHMM!
oun 06nanaloT KOHeUHOM, HEHyNeBOM XpynNKocTbiOo, W HENb3s C YBepeH-
HOCTBLIO CKa3aTb, OYEeT JIH He3aKpenjeHHas BeipaboTKa B TaKHX nopoJax
ycrouusa mnm HeT. OGBLIMHO CnenyeT OXHIAaThL Oonbliel ycToHuMBOCTH
B CKQJIbHRIX MacCCHBaX CO CPABHHTELHO HM3KON XpyNKOCTHIO M MeHbllel —
B MacCMBaX C BLICOKOH XPYNKOCTHIO; MOXET CYLIECTBOBaTb ONpPENCICHHOC
3HaueHHe XPYNKOCTH, BIUIOTh IO KOTOPOro ycToRuMBOCTH obecrevena.

HetanpHO pacCMOTpPEThL ITH 3ala4M 3HAYHTENbHO TPYAHCE, MOCKONLKY
He CYWECTByeT MX TOYHOTO MaTemaTHueckoro pemeHus. Coummemcs wua
HEXOTOpbie pesynbTaThl, ony6mxosanunie drrepom B 1973 1 1974 1, {1, 2].
B xauecTBe Mephl XPYNKOCTH Jrrep BBEN BeNHuMHY ), KOTOpYIO omnpene-
nun Kax (cp. ¢ puc. 14.2,9)

@ = o (14.6)

yn
TI€ Egocr — OKPYXHas AedopManHs K MOMEHTY IOCTHXEHHS OCTaTOYHON
NPOYHOCTH, &,y — OKPyXHas aepopMallisi, COOTBETCTBYIOWas MNpeaeny
TIPOYHOCTH.
Mpu arom:

ecnM © = o0, MMeeM cnyuall Hynesoif xpynkocTu (pa3d. 14.2);

ecmn o = 1, nMeeM cnyuali GeckoHeunolt xpynkoctd (pa3d. 14.3);

ecn | < ® < o0, UMeeM cilyuall, paccMaTpuBaeMbIft B HacTosuuel rnase.

Ha puc. 14.6 npenctaBlieHbl XapaKTepHble pe3ynpTaThl PacueToB Mo
Orrepy. Cnenyer 3aMeTHTh, YTO 3Ha4Y€HHe ® = 1,6 B 3TOM nNpHMEpe CoOoT-
BETCTBYET, OYEBWIHO, TpaHHIe MeXAY [BYMs COBESPILCHHO palHUHLIMH
BHIaMH [OBEJEHUS CKAJILHONO MaCCHBa: B Cllydae OTHOCHTEABHO «OuicTpoii»
pa3rpy3ky nopoabl BO BpeMs 3anpenesbHoro nedopmuposanus (o < 1,6)
KpeILieHHe BbipaGOTKM NpHHIMNHANILHO HeobXomHMo, B TO BpeMsi KaK NpH
neBonvioi XpyTH3He HHCTAAalOLIeH u4acTH 3anpedensHol Kpusoil (w > 1,6)
YCTOHYHMBOCTL MaCCHBa, BO3MOXHO, OyAeT obecneueHa M NIPH He3aKpemneH-
Holl BelpaGoTke. B uacTHOCTH, M3 puc. 14.6 cneayer, 4TO HesaxpenneHHas
noBepxHOCTh BbipaboTky (T.e. ©,/py = 0, abcumcca na puc. 14.6) Gyner
WMeTh panuanuHylo Aedopmanmio (ug), cocTasistoulylo okomo 17, or
BeNMYMMBI pajHyca NojlaeMHol BripaGoTku (Rp).

14.5. 3axmowenne. B npeapinymux rnasax Gsu10 NMoka3aHo, 4To OCHOBHOM
XapaKTePHUCTHKON DPa3yNPOYHSIOIErocs CKAIBHOTO MacCHBa (B OTHOILGHHH
€ro YCTOWYMBOCTH BOKDYT NOJA3EMHBIX BhipaBoTOK) sBjseTcs ero GnH3ocTh
aubo x cpede ¢ OeckoHeuHol xpynkocTelo, NGO K HACANLHO MNNacTH-
yockoit cpene. YcToHuMBOCTL He3akpenNeHHOR BoipaGoTKH BO3MOXHA, KOrAa
KpYTHIHA HHCnaJalomelt YacTH 3anpeleinHol Kpupoll A0CTaTOuUHO Maua.
B cBa3u ¢ atum neobxoaMMO cAenaTh cleayloliHe ABE OTOBOPKH, HMe-
wiye, N0 MHEHHIO aBTOpa, NEPBOCTENCHHOE 3HAYMEHUE.
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Puc. 14.6. Biusnue pasynpovHeHus nopoibl (HapaMeTpa ) Ha BeaHuHHy HeobXo-
JIMMOTO OTOPHOTC [aBlIEHUs O, M pagvanbHylo Iehopmaunio u,.. 3Ha4eHHA 0,

H W, OTHECEHBI K BENHYMHE ECTECTBEHHOrO HAaNpIKEHHS py = O, = O, H paanycy
noasemuoit seipaboTkn Ry coorsercrsenno [1],

Bo-nepBhix, BCe NpHEMBI, YIIOMSIHYThIE B 1J1. 14, OCHOBaHL! HA AOMYLICHHH
06 ynpyronjacTHYeCKOM NOBEIeHHH CKAJNBLHOrC MAacCHBa. ITO 3HAYHT, YTO
BpeMeHHLIE 32BUCHMOCTH He YUHThiBalOTCS. OmbIT TYHHEe- M [AXTOCTPOCHHS
CBHOETENLCTBYET, OJHAKO, YTO MOBENCHUE NOA3EMHBIX BLIPAOOTOK 3aMETHO
MEHSETCA «CO BpeMeHeMm» (CM. KJacCHpHKAIMIO CKAIbHBIX MAacCHBOB JIIA
TyHHenectpoenus no Jlaydpdepy; pasa. 9.5, puc. 9.14),

Bo-BTOpBIX, CKaNbHbIA MaccuB, HAXOASIMIACS B YCIOBUSX 3ANPEAEIbHOTO
debopMUPOBAHNS (a B TAKAX YCIIOBHAX HaXOIHTCH IIOPOJa B «ILIACTHYECKOW»
30HE MeX/1y KOHTYPOM BLIPAGOTKU 1 OKPYXKHOCTHIO KPUTHUECKOTO pajgHyca),
TIOABEPraeTcs nepepacnpencienuio ycuwii. 31oT haxT Heo6XoauMO KpaTko
NOACHUTb C NOMOWLI pHc. 14.7.

Bce TOuKH HanpsiXeHHOro COCTOSHMS B 3anpeacitvHoll obnactu (wanpu-
Mep, HanpskeHHs B Toukax A, B wim C nHa puc. 14.7,a) xapaktepHiy-
I0TCA TEM, YTO KaXIas M3 HHX Onpefdedser cBolo (akThueckylo ornba-
JOLLYH0 NIPOYHOCTH (KOTOpPOH kacaercs Kpyr HanpspkeHuil). Beskas aononHu-
TelbHAS nebopMalis B 3anpelebHON CTAlMH BhI3bIBACT YAaCTHYHOE pa3spys
IIeHUE W OCABJIeRHEe MaTepHaia, KOTOpoe NpOSBNALTCA B GoNiee WIH MEHES
yCTOHUMBOM cHXenuu oruGaromedt (puc. 14.7,6),
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Puc. 14.7. CHuxesue IPOMHOCTH CKAJbHOH IOPOXABl B pe3ynbTaTe lepepaclpesnere-
HUS ycunuii B MaccuBe (monpoGHee cM. B TEKCTE). a — KpMBas HallpsDKeHHA —
nedopmanus; 6 — nuarpamma Mopa ¢ HecKoIbKMMHM orubarolliuMH, COOTBETCTBYIO-
MMM pa3in4HbiM (Ga3aM CHIKEHHS IPOYHOCTH B Npolecce 3anpefenrHoro aedop-
MHpPOBaHMA.

IMpeanonoxuM, 4T0 NeHCTBUTENLHOE HANPSIKEHHOE COCTOSIHHE 3JIEMEHTA
B «IINACTHYECKOH 30HE» COOTBETCTBYET ToUke A Ha KPHBOH HANPSKEHUE —
nepopmauns (puc. 14.7,a) wIn Kpyry HanpsKeHHH C I7TaBHBIMH HANpPsDKe-
HHSIMH ©,; H Ogy, KaK moka3aHo Ha puc. 14.7,6. IlpakTuka TysHene- o
IHAXTOCTPOCHUS CBHAETEABCTBYET O TOM, YTQ TaKoH 37MeMEHT oOOBIMHO
MOIBEPTAeTCA HEKOTOPOMY BO3MYLLAIOMEMY BO3JICHCTBHIO, KOTOPOE BBI3bI-
BASTCA B3PHIBHLIMU paboTamu, JeHCTBHEM THXEIbIX TPAHCIOPTHBHIX CPE/CTB
JWIH TeMNepaTyPHLIME M3MEHEHHSMH. DT Bo3JeHCTBHS BBI3BIBAIOT (KpoMe
BCEro Npoyero) KPaTKOBPEMEHHbIE CHIDKEHHS PaJHaJIbHBIX HanpskeHHHd o,
(puc. 14.7,6), uTO BemeT K BBIXOAY Kpyra HanpskeHUH 3a mnpelensl
orubaromert A. Ilopona BcnenctTBHe 3TOro pas’pyllaercs H TepseT NpoOU-
HOCTL. B cnyyae nesakperiennodd BripalOTKH 3TOT Npouecc NpoaoKa-
eTCA O NONHOro paspylleHHs MAacChBa. JTO HAYMHACTCK HA MOBEPXHOCTH
BBLIPAGOTKH. 316Ch MacCHB He HaNpskeH H KYCKH NOPOIBl BHIBATHBAIOTCA
BHYTPb BbIpaGoTKH. Beck 3TOT npouecc nomoGeH 3posuu, KoTopas Bener
K yBEIMYEHMIO IIpoNera BhIPAGOTKM M COOTBETCTBYIOLIEMY POCTY KpUTHue-
CKOTrO pajmnyca.

CymmHpys BCe ckasaHHOe B 3TOH [JlaBe, cieayeT OTMETHTb, YTO
obecneuenie yCTOMYMBOCTH YNPYroMJIACTHYECKOTO CKAJBHOIO MAccHBA
BOKPYI Bbipa0OTKH KPYrOBOTO OYEPTAHHS B NPHHUHMIE BO3MOXHO, OJHAKO
974 YCTOMYHBOCTH T€M HE MeEHee CHIXAETCHs CO BPEMEHEM H3-3a BO3MY-
warowux BosaeiicTeui. CllenoBaTeIbHO, OCHOBHEIM Ha3HAYEHHEM KpenneHus
BLIPaGOTOK NOMKHA GLITH KOMIEHCAUMS BO3MOXHBIX BOIMYLUAOIIAX BO3IECH-
cTBUii ¢ TeM, 4YTOObl CKaJIbHBIE MAacCHB COXPAaHHI CBOK CIHOCOGHOCTD
obecneunTb COGCTBEHHYIO YCTOHYHMBOCTS.

3nas 370, NErko ONpeneNuTb, Kakue KpenjeHus BolpaloTOK ABIMIOTCA
npakTHYeckH Hanbosee 3pdex THBHLIMU

NIErKMe CHCTEMBbl KPEIUICHHS, TakHe, KaK aHKepHble (NPeHMYLLUECTBEHHO
B IIaXTax) HJM TOHKHH, 10 15 cM TomuuHo#M, TopkpTeT-GeToH. B xOMOHHANMH
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C aHKEPAMU OH NPUMEHSETCS NPEUMYIISCTBEHHO B TYHHENAX W MOA3EMHLIX
KaMepax;

KpCIINICHHA CKaJBHBIX obHaxeHHil B BblpaﬁOTKaX, BO3BOAMMEBIC B Kpar-

yaliline CpoKW C LENbK NPenoTBPATUTL HAYANO pa3pyweHHs, Broictporta
KpEIUIeHns — OCHOBHOE TpEGOBAaHUE COBPEMEHHOIO TyHHenectpoeHus [6]
M LAXTOCTPOEHUS.
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Pacnpe/fe/ienne HanpsmkeHuit
BOKPYI' MOJ3€MHBbIX BBIpaGOTOK.
Pewlenuss MeXaHuKH

3€PHUCTOH Cpelbl

H. X. Tpoason

15.1. Bseaeswe. Pemenus 3anay o NoA3eMHbIX BblpaboTkax B JHCKPET-
HOH cpene M3-3a OONBLION CNOXHOCTH TPAHMYHLIX YCJIOBUH HE IOJIYMHIIH
NOKa TAKOFO Pa3BHTHA, KaK CPABHHTENBLHO MPOCTHIE 3aJauH yCTOHYMBOCTH
oTKOocOB {cM. I 12). B pemeHun Takux 3anady ¢ MOMONMILIO YHCJICHHOTO
MoienHpoBatis Ha IBM umerorcs cnenudunueckue TpyanocTu, o6ycaoBNEH-
HBIE COOTHOLIEHUEM pPa3MEPOB OTAENLHOCTER H CeYEeHHUN KaMepbl, YToObl no-
JIYHTb PEleHHE 3aqauH O NONIE HANPSKEHHH, CPABHHMOE € TEMHM, KaKUe NpH-
BeleHbt B 1. 14, TpebyroTCa ouenn Oonblias CeTka ¥ COOTBETCTBYIOMIHIA
oObeM namsate IBM; Hackonbko H3BECTHO ABRTOPY, TAKHMX pPELISHHH MOKa
HE HMEETCH,

Koe-u4To Tem HE MEHEE YXe C/AENAHO B ITOM HAMPABIEHHH, H MOJENbHLIE
HCTIbITaHKs JaI0T MYTEBOAHYIO HHTh B PYKH HHKEHEPY-IPOEKTHPOBLIUKY NPH
YCIIOBHH, 4TO OH Y€TKO OCO3HAET OTPAHMYEHHBLIE BO3MOXHOCTH TakKMX HCINbI-
TaHu#,

15.2. BupaGorkn Tpanenenna/inhoro cewennsi. Puc. 151 [11] wmoctpu-
PYET IKCNEPUMEHT, BHINOJHEHHBIH Ha MOJEH U3 IUIACTHKOBBIX KYOUKOB. 374
YHIpOILEHHAs MOAENL NOATBepkAaeT Habmonenus Tepuaru [9], kak cBume-
TenbeTByeT puc. 15.2. Ha puc. 15.3 MOXHO BbIAEIHTD ABE 30HbLI: YCTOHUMBYIO
30Hy 3a NpeNenaMH TPeYTONLHOIO KOHTYpA ¥ BHCSYYIO 30HY.

B BHCsiueit 30He npH TakoH KOHQUIypauMu OI0KOB KaXnawlil cioil 6nokos
paboTaer HesaBUCHMO kak Oanka. Dtor GamouHsit addexT npemckazan Ha
OCHOBE aHaTH3a, BumojHeHHoro Yanrom m Cuurom [13], n nabmopaercs
TaKxe B HaType (puc. 15.4) u na monenn maccusa (puc. 15.5), Ha koTopoii
OLLIE BOCNPOH3BENEHBI TONBLKO TOPH3IOHTAJIBHLIE TPELIMHBI HanjIacToBa-
Hua [6].

Heobxomumo paccMoTpers n8a ocHOBHLIX Bonpoca. [Tepswlit — e npen-
NOTOXKHTD, YTO BUCA4As 30HA OyIET NOAAEPKHUBATHCH KPENBIO, AONYCKANOUIEH
TONBKO Malsie deopMauHH, TO kakoBo OyAeT pacnpenciieHHEe NaBJIEHHS Ha
kpenb? U BTOpoif — KakoBbl ycnoBust oOpywienns HWKHEro psga GNOKOB,
npencrasnstomtero coboif Hanounyro koHCTpykumio?

Ha nepseiii Bonpoc Tponnon [12] npennaraer cheayiounii oTBeT: Kpenb
BBIPAOOTKN AODKHA BOCIIPUHMMATHL BEC BCEH MOpoAbL, 3aKMIOYEHHOI B Tpe-
YroasHoi Bucaeil 30He. AHaIH3HPYA paOoTy 6aIKH, HE CONpPOTHBIAIOWENCS
pacTskeuHo (puc. 15.3), OH MONYYHN COOTHOWIEHHS, NPEACTABICHHLIE Ha
puc. 15.6. Ypasueuue Ttakoi muacTHunol OafnkH, He COMPOTHBIsIOEHCH



Puc, 15.1. Monenp Tpemmiosatoro Maccusa GiouHO crpyktyph [11].
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Puc. 15.2. BuBan B ropusontanbHo-cioncToM Maccuse [9].
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Puc. 153, BuipaGoTka TpaneleunanbHOTO CeMEHWS B OJOYHOM MAcCHBe (66epxy)

W TEOMETpWYeCKas CxeMa Ganku (6Hu3y), He BOCHPUHHMAIOLIEH DPACTArHBAIOLIMX
Hanpskenuit [12].

PACTATUBAIOILMM HANPSKEHUAM, HMECT BUI

(_L>2 _> [i (1 _ i) _ (lﬂ (15.1)
L, N, d N,

rne L— nponer 6anku; L, — nonycrumelii nposer npu AeHCTBHH rOpH-
30HTaJIbHOT O, CXHMatoLero ycumus N; N, — oceBoe CKHMAIOLEE YCHIIKE,
cmoco6Hoe ONHEM CBOHM HeHCTBHEM BBI3BATH IUIACTHYECKOE COCTOSHHUE
BCETO NONEPEYHOTO CEYEHHUS; X — BEPTHKAIBHOE CMelleHHE (Iporub) cepenu-
Hul Oanku; d — BeicoTa Ganmku.

Paszymeercs, ypapHenue (15.1) coOTBETCTBYET CUNBHO MOEATHIUPOBAHHOM
CHTYAIlHH, HO OHO TIOJIE3HO NpH aHanu3e GAKTOPOB, BIHAIOUIMX HA MAKCH-



Puc. 15.4. TlpsvoyronbHast BeipaboTKa B TOPU3OHTATBLHO-C IOMCTOM  M3BEC IHSKC
B KpOBJIE BLIPAGOTKH HAXONSTCH «BasKu». HE BOCHPUHHMAIOLINC PACTAI MBAFOLUIN
HATPOXERUi

Puc. 15.5. 3agucHMOCT, YCTORYNBOCTH TIOA3eMHON BLIpaGoTKM 0T (OpMBI_NOMEpey-
HOTO cedenus (MoAeNb ¢ (PPUKUMOHHON 6a30if) [6] a—e — TPH CTaluu 0OpymieHus
KPOBIHM BLIPAaGOTKN TIPAMOYIOILHOrO MONEPEYHOro cedcrus ¢ oOpasoBannem «ba-
7OK», HE BOCTIDHHMMAIOLMX PACTATMBAIOLX HATPSKEHUA 2 — apOYHBll (8O L
TOTO € IpoJieTa (opoJa yCToWuuBa)



L/Lg

X{ a=0 danka
10 b 4 Ynpyean
’ , / oanka
x\/a': 0,2 Py He Bacnpunumarowas
PACTANERUS AAZEMU-
0,81 xfd=0 YecKas Janka
o6

04

82,2

riracmuyechan

Puc. 15.6. CooTrolllcHHe MEXNY BeJUYHHAMH MIHOBEHHOYCTOM-
YHBOrO NpOJIETa M OCeBOM HArpy3ko#l nus XeCTKONJacTH4eCKOH,
YOPYroid 1 He BocnpUHMMAROed pacTsxenns itactudeckoit Ga-
nox {12]

Puc. 15.7. Tyuueabr B cTylleHiaroli B6a0yHOH

crpykrype Caywait 1 — obpyntenne nepsoHa
4anLROro (Bota [5]
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MAJTbHBIH [IPOJIET He3aKpensieHHON BbIpROOTKM B TPEIMHHOBATHIX NOPOdAX.
K o>THM (akTopam oTHOCATCA:

1) Bec OTAenbHOCTEI;

2) mpezesl 1eKy4ecTu NOpoAbl MPH CKATHH,

3) paccTosHUE MeXIy FOPH3OHTAJIbHBIMH TPEIMHAME;

4) 6ok0BOC CkaTHe (pacnop);

5) JomycTHMOE BepTHKANBHOE CMeElleHHe UeHIpaJbHOH wacTH moGoi

«DaTku» B TPEIMHOBATOH IOpOXE.

B cTarbe, x0TOpas CBMAETENLCTBYET OO0 OYeHbL OOJNBIIMX JOCTHIKECHUAX
B 00JyiacTy MeXanuxkn auckpernoil cpeisl, Iyaman u ap. [S] cyMenu cmonue-
JIMPOBaTh PACCMOTpPEHHYIO cuTyauuio Ha DBM. D10 Sbu10 0ZHO M3 IEpBBIX
NoAOOHBIX pellicHnH, nOoNyYeHHBIX € NOMOLILIO KOMITbIOTEPA; ero pesyiib-
TaThl MpuBCACHL! Ha puc. 157 n 153

Pewenua nns fonee CloXHBIX MOA3EMHBIX BbIpabOTOK, MNOJyYeHHbiE B
JATbHCHLIEM C MOMOIMIbIO NMOZOOHBIX YMCIEHHBIX MPONEAYD, INOKA3ZAHBI HA
puc. 159 [6).
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Puc. 15.8. Tynnens B crynenyaToil 6iounON cTpykType. Cayuak 2 — BOIHMKHOBEHHE
apo4HOoI 0 yDdekTa B Caome [5)

15.3. Uaeanunsupopannsie noglemubie Boipabotku. Bepman [1] npobei
YHCIICHHBIE JKcHepuMenThl (puc. 15.10) u noxasan, 4TO HX pe3yibTaThl
nodo0Hbl pe3yibTaTaM, noiyveHHsIM Yammewiom (3] ma doroynpyroit
MoJenu.

AHAJW3NPOBAJIOCH BAMSHME BHIEMKHM Tpex OJIOKOB M3 MACCuBa, Haxond-
INErocs B YCJIOBUAX THAPOCTATUHECKOrO HArpyKeHns. OTMEHAIOCh TakKe pas-
BHTHE TOPH3OHTAJIBHOTO PACIopa B «0aI09HOMY CBOJE, XOTH, HAZO 3aMETUTD,
4T0 CobCTBeHHbIH Bec »AcMEHIOB ne Bocmpoussoawics. Kpome Toro,
HONYYEHHBIE DEIYABTAThl IIOKA3AAM, JO KaKoll CTeneHM BoapacTaeT cyb-
BEPTHKAJILHOE JaBJIeHue no HGokaM OT BEIpabOTKM.

Yammean [4] ucnonpiosan uucieHHylo mozenb Bepmana [1]. yToGwl
OpOAHANH3HPOBATE HA HEH BAMSHUE U3MESHEHHS CABHTOBOR XECTKOCTH Tpe-
wmun. Ha puc, 1511 mnpusenedbl €ro pedyibraTel AnS CE4YCHUS B OATH
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Puc. 15.9. Hccaenosanue yeToHIMBOCTH MOA3EMHON BHIPAOOTKH METOIOM KOHEHYHBIX
anemenTos [6].

610KkoB NpH M3MeHeHud oTHoweHUs G/E or 1:3 no 1:30. 31u pesynbrathl
CBHIETeNBCTBYIOT O TOM, YTO TOBEeHHe MACCHBA JOCTATOYHO YyBCTBHTEIb-
HO X M3MEHCHUIO CABMIOBOM KECTKOCTH TpeliMH.

Yannesn [4] nomydun Taxke pellleHMe [UI TPanelleHAATbHOrO CEYCHHS
C KeCTKMMH TpelldHaMu (puc. 15.12). OH 3aMeTHJI, 4TO pe3yNbTATHI, MOJY-
YyaeMble B4 YUCIEHHOM MOJenu, He 3aBUCIT OT NYTH HATPYXeHUd, T. e. KOoraa
CHAyYasa NMPHMKIABIBAETCS BHEUIHAA HATPY3Kd, 4 34TeM M3BJIEKAKOTCH DIIOKH,
ofpasyrollie Ce4eHHe, MOJy4yaeTCs TOT ke >PekT, KAk M TOrHA4, KOrdd
CHAYaJa H3BJiekatoTcs DJIOKM, 4 3aTeM IIPHKIAnbiBaeTcs BHEIUHSAS HATPY3Ka.
Bepu [2] noxasan, 9To He3aBHCHMOCTb DE3yJIbTATOB OT IIYTH HArpyXKeHHs
IpH 9UCIIEHHOM MOJENMpOBAHHH ABJIAETCH CNEACTBHEM HCHOJbL3OBAHHUA
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Pne. 15.10. Ipumep quciieHHOrO MOETHPOBARUSA MOI3EMHONH BHIPAGOTKH B TpeLIH-
HOBaToOH G1o4HoM cpene [1]. @ — nexogHoe rHAPOCTATHIECKOE HANPKEHHOE COCTOsA-
HHE cpermsl; 6 — BeIpabOTKa B YCIOBHSX TMAPOCTATHYECKOTO HATPYKEHMA CpebL
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Puc. 15,11, Bansnne cORPOTHBIICHUA CABUTY 110 TpELIWHAM Ha pacnpefesicHHE
HAIPSDKEHUA BOKDYX BhIpaboTkn [4]

HTEPAIMOHHOTO Dpolecca. JTa CHTYANHS AHAJIOTMYHA CJIY4ar0 ODBbIMHOTO
JHHEHHOrO pEIICHHS METOAOM KOHeuHmX oyementoB. Oanako Yanmenn
3aMETHI, YTO NpY PUINIECKOM MOJEIHPOBAHMU TAKHX 3a1a4 HabGIIogarorcs
HHBIE pe3yNIbTaTh. HeacHOo, X0 KakoH CTeleHu cMelleHHs, BHI3BAHHbIE H3BJIe-
HEHHEM OIOKOB M3 HEHATPYKeHHOH QU3MYECKOoR MOJETHM, BJIMAIOT HA OKOH-
YATENbHBL PE3YJILTAT H HACKOJIBKO 3TOT 3KCIEPHMEHT COOTBETCTBYET Peaib-
HOMY CKanbHOMY MaccuBy. Q4eBUAHO, HeOBXOAHMO ZanbHelluee MccaeaoBa-
HHE DTOr0 BOINPOCA OZHOBPEMEHHO C M3YYEHHEM BIIMAHHSA OOJIBIIMX MOMEH-
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Puc. 15.12. Biinsnne cooTHOWEHMs BePTHKAaNbHON M TOPH3OHTANLHONW HATPY30K Ha
pacnpesieieHHe YCHIMH B Cpede mpH BhleMke lecTw Gnokos [4]

TOB, BO3HUKAIOWMX B Onokax BOmu3m BeIpaloTKM, HA KOTOpPBIE oDpaluanu
BHEMaHue ¥ bepman m Yannemn.

Cnyvaii nossnesns GonbIIHX MOMEHTOB, AEHCTBYIOWIMX Ha O10KkH, IO-
POXKIAET CHTYALHIO, B KOTOPOH Henb3s yAOBJIETBOPHUTL YCIOBHAM PABHO-
BECHS, HCIIOJIB3YS IPOCTOE MHTErPANBHOE ONDENEICHHE HAnpsKeHui. Dra
npobnema aHaJlorudpa upoBIeMe napel CUIT B MEXAHMKE KOHTHHYYMA,
H ¢ HeH CBfA3aH BONPOC O CaMOM TOHSATMHM HANpsHKeHHH B MEXaHUKE
auckpeTHoli cpensl. [TomobHas Tema BBRIXOZMT 33 PAMKH HACTOALICTO Kypea,
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Puc. 15.13. Pacnpenenenue Ha
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Puc 15.14. PacnpeneneHHe yeHTHH 1ONY4eHHOE C HOMOIULIO YHCTEHHOH MOJeNH
¢ xecthEMHu Bgoxavu [3]

lipunomennasn naepysna

Puc. 15.15. M306aphbl BepTHKAIBHBIX HANPSOKEHAH, MPHBENEHHBIX K HeHTpam GJIOKOB,
noJyYeHHbIE C MOMOWDBIO YHC/JEHHBIX Moleneil [T KECTKMX H IeOpMHUpYeMbIX
6n0koB [7] 1 — modendb ¢ dedopmupyembiviet Haokamu, 2 — MOjeb C XECTKMMA
6noxamu
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ONIHAKO OHA, OYEBMIHO, TIpeAcTamiseT coboil mepcrekTHBHYIO 00NacTs s
JaJbHEHIIMX HayvHBIX TOHCKOB. HecMmotrps Ha nepeduc/leHHBIE HENOCTAaTKH,
JIOCTYIIHBIE HbIHE IPHEMBI PACYETa /Iat0T IPOSKTHPOBIIUKY HauboJlee HEHHYIO
HupOpMaIlMIo — OHH OTBEYAIOT Ha BOUPOC O TOM, IA€ CIeAyeT OXHIaTh
Pa3BUTHS 30H BLICOKHX HANPSIKEHHH BOKPYr moa3eMuol BhIpaboOTKH.

15.4. [eiicreue Bremneil Harpyskm. [lpy pemieHuu 3a1a¥ reoMexaHHKH
4acTO BO3HMKAIOT BOIPOCH!, CBA3AHHLIC C IPHJIOKEHHEM BHEIIHEH HArpy3ku
K ckanbHoMy MmaccuBy. Ilposeneuunie KpcmaHosuwem u Mmmmem [8]
MOJeJIbHBIE HCCIEAOBAHHS MNEpeTadd Harpy3kH IUJIOTHHBI HA OCHOBAHHE,
NpeACTABlIeHHOE CKaJIbHBIM MACCHBOM ¢ GIOYHON CTpyKTYpOH M perymsp-
HO TPelHHOBATOCThIO, TIOKA3aJIM, YTO 3JMOpa pacnpeleSicHUs BEPTHKAIlb-
HBIX HampspkeHui ol TIOWAAKOR HarpyXeHHs XapakTepH3YeTcsd HAJTHYHEM
neyx nukos. Tposton u Bpayn [10] cymemu MoaupuuHposaTs CpeacTsa
aHamu3a 3epHHCTOH Cpedwl TakHM o00pa3oM, 4TOOBRI MOJIYYHTL TOT Ke
pe3yJbTaT pacueTHbIM HyTem (puc. 15.13).

Npunoxennas nazpysra
]

Puc. 15.16. M3obapbl BEPTHKATBHBIX HanpsokeHHH, TPHBEAEHHEIX K IlEHTpaM 610KoB,
ISt yCnoBYH CBOOOAHBIX M 3AKPETUICHHBIX B [OPUIOHTANBHOM HANpABICHHH Bep-
THKaJIbHBIX TpaHuL ofmacty [7].

Yannesn [3] ucnosp3oBall uuciennyro Moiens bepMaHa Ui nosyYeHHs
Pe3yNbTaTOB, NPEACTABIEHHbIX Ha puc. 15.14, a Xammer [7] pacimpun 8o3-
MOXHOCTH 3TO}i MOJENH, NPUHAB BO BHHMaHHe HeJlHHEHHOE HANPSDKEHHO-
AeopmanHoHHOE MOBEAeHHE TpemuH. HeKoTophle THHOHYHbIE PE3yNbTATHI



Pacnpedeaenue nanpsaxcenuil soKpyz esipabomok 271

Tounomennan naepysna
e )

HbIx CMELERUU

HoIX CMBWeHad

Tpanuua, He EMEDLEs oamomnocmit 20pu30smans-
Ipanug, He uMERwLas BoIMOXHOCMIU 200U30NMans-

JAKPERNIENNAR 2DANULR
a

[Tpunomennas Hozpyaa

Puc. 15.17. a — u3obapr! RepTHKANLHEIX HanpskeHHH (HakJoH cioes 45°); 6 — uao-
Gapsl BEpPTHKANBHBIX HanpskeHull, npuBeneHHble X HeHTpaM 610KoB (HAKJIOH CJI0EB
45% [7].
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Puc. 15.18. g — U306apsl BepTHKAIBHBIX HANPHKEHHHA (HakioH cioes 907); 6 — H30-
Gapel BepTUKATLHBIX HANPSUKEHHH, NPUBEJCHHRIE K IEHTpaM OJIOKOB (HAKIOH CJIOEB

90°) {7].
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lipunosennaa wazpyana
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Puc. 15.19. CpapHeHMe paclpeleseHis BepTHKalbHBIX HAnpsxkeHuil na raybuhe mo
pe3yJIbTaTaM HeAMHEHHOTO YMCIEHHOro pellleHMA W DEHICHUS MEXaHWKM 3EPHHCTOMH
cpenbt {7]. 1 — nenuHeiiHoe YMCICHHOE pewieHue; 2 — PellieHHe MeXaHWKH 3ePHUCTOH
cpelbl (NOMHBIA apodHblil 2QOEKT); 3 — pelUeHHE MEXAHMKM 3EPHHCTOM Cpedsl
(oTcyTeTBHe apo4Horo 3pbexTa); 4 — pemieHHe MEXaHMKA 3EPHUCTOH Cpefibl (YacTwy-
Hbifl apouHsiit ddext, K = 1/2).

ero pabornl mpuBedeHel Ha puc. 15.15 - 15.18. Ha puc. 1519 Xammer
CPaBHUBAET CBOM HeJIMHeitHbIE peurenus ¢ pererusMHu Tpoiutona u Bpayna
[10] u cunuraer, 4To aHANM3 CPeACTBAMH MEXaHHMKH 3EPHUCTOH Cpeldbl BEAET
¥ oumbkaM B pacuerax. ABTOD He pa3deisieT 3TOTO MHEHHS, TOCKOJBKY
pPaccMOTPEHHBIE B2 CJIyYas NPeACTaBJIAIOTCS €MY HECPABHHMBIMH. TpoJuion
v bpayH nonaraloT, YTO BO3HUKaIOUIME B TPELUIMHOBATOM OJIOYHOM MAacCHBE
nedopManyy orpaHUMABAIOTCS BeNHYHHOM, JOoNycKatolleit pa3zsutie ypdexTa
cBolo0BpasoBanusa, B TO BPEMS Kak XaMMeET BCETAA BBOAMT B OCHOBaHHE
¢BOCH MOMENN XECTKYIO TPanuUily, He JONYCKaloLlyo nogobueix aedopmanui.
BiiisiHHE TpaHHYHbIX YCJIOBMIl BO BCEX 4HC/IEHHBIX MOACTSX THNA WCTONb30-
BaHHOH XaMMeTOM, BKIO4Yast oObIvHYK MOJEIh METOda KOHEYHBIX JJEMEH-
TOB, HYXTaeTCsid B CAMOM TIIATEJHHOM HCCJICAOBAHMH.

Jns MexaHHKH 3€DHHCTOM Cpefbl XapakTepHO OTCYTCTBHE Takoro THOA
OTpaHW4EHMH, 3AeCh HYXKHO, BEPOATHO, 3aMETHTh, 4TO TIPEATIONOXEHHE O
BO3HHKHOBEHHU pekTa 06paTHOro cBON000Pa30BAHNA IPHBOAUT K KOHIIEH-
TpPallHH BEPTUKAJILHBIX HAPSDKEHHI oA MIoWanbsio 3arpyxenns. [peanosa-
raetcs, YTo OOBIYHLIA apouHblll 3(hdexT cBA3aH ¢ IHIATAUHOHHBIMH CBOW-
CTBaMH MaTepHaja OCHOBaHMS, B To BpeMs Kak oOpaTHoe cBonooOpa3oBanue
HMEET MECTO TpU COKpalleHHH o0bema MATEpHAJA B INPOLECCE CXATHA.

M3 Bcero ckaszaHHOTO HE ClIeqyeT, YTO PELICHHS MEXaHHKH 3CPHHCTOH
cpelbl MPECTABIMIOTCA ABTOPY 3aBeplUeHHbIME. PA1 MOTyYE€HHEIX Ha CETOa-
H 3MIOVPHYECKHX HAHHBIX HAXOMWTCA B NMPOTHBOPEYMH C HUMH, U B 3TOH
obnacT NipedCTOHT €UIE caeNaTs ropa3lo Oosblle, uem yke CHeJaHo.
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Tnasa 15

;:"

Puc. 15.20. Baussivie rexcypr! IJIOTHOMO PyHOTO
TeJ2 ¥ IeoJIOTHY NOACTHAAMOLIMX NOPOX Ha Mexa-
Hu3M obpyiienus (Mopens ¢ $pukimontoit 6aoii)
{71 a — usBnevene BTOPOro HOMYPOBHA, 6 — C.ABHI
[0 HAKIOHHBIM H BEPTMKAJLHLIM TPEHIMHAM,
6 — U3BJIGUCHUE TPETHEro MOAYPOBHS, 2 — ODpyIe-
Hue, 00YCIIOBIEHHOE CEThIC BEPTHKAMbHBIX TPELLMH,
0 — M3BJICYEHNE TPETHETD HOLYPOBHA
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JLast u3yueHHs BIHSHUS METOA0B IPOXOJKH HPH NOA3EMHOM CTPOUTENb-

cree XammeT [7] ucrons30Bai Takke Molets ¢ GpUKLMOHHOI Gasoir Hexo-
TOpBIE PE3yJbTaThl IJTHX 3KCNEPHMEHTOB wumroCcTpupyeT puc 1520 Taxue
DKCHEPMMEHTBHI C MCHOJIb30BaHHeM OJIOYHBIX MOACJHEHd OMEHb IOMOTAoT
TOHATE MEXAHM3M H Pa3BUTHE OOMAIINX CMELIEHUH IIPY TIPOBEACHUH [OPHBIX
pabor Kpowvie TOro, OHM NOKa3bIBAXOT HANp4BjicHHe AaJibHeilned paspa-
6OTKU HUCIECHHBIX MoJcaeH, HeoOX OTUMBIX TIPOCKTUPOBUIHKAM B OTCYTCTBUE
COOTBETCTBYIOIMX aHAJTUTUYECKUX METOMOB.
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