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BBEAEHNE

OCBOeHME YeflOBEKOM 3eMHbIX Heap Bcerja CBA3aHO € 00pa3oBaHMEM B
NMOPOAHOM MacCuBe MCKYCCTBEHHbIX MOIOCTEN — BbIPabOTOK Pa3/IMYHOr0 Ha3HavYeHus.
Mpn HeGoMbLIMX rNyOGUHAX PacrofiOKEHUsI BblIPabOTOK M [A0CTATOYHO MPOYHbIX
BMELLAOLWMX Mnopofax obecrneyeHe WX YCTOWUMBOCTM He COCTaB/sSieT 0CO6bIX
3aTpygHeHnin. Kak TONMbKO >Xe YcnoBue 61aronpuAaTHOrO CoYeTaHus ryouHbl ©
MPOYHOCTM MOPOL HapyllaeTcs, O6ecrneyeHMe YCTOMYMBOCTA BbIpabOTOK, B
0COGEHHOCTM MOA3EMHbIX, MPUOGPETAET YepTbl C/IOXKHON MHXEHEPHOW N Hay4HOWA
npo6emMbl.

XapaKTepHO 0COBEHHOCTbLIO BbIPabOTOK, HAXOAALMXCA Ha 60MbLINX Ty6UHaX,
ABNAETCA Ha/MuMe 30Hbl paspyLUEHHbIX MOpod, 06pasytowencs Mexay Ynpyro
nehopMUPOBaHHOM YacCTbi0 MOPOAHOIO MaccMBa U ero KOHTYpPOM (Kpenbio). 3Ta 30Ha,
Kak MpaBu/io, SBMSETCA 3aMKHYTOW, OHa WrpaeT posfib CBOEOOpasHOro fAemndepa,
CHMKaIOLLEro YpoBeHb HanpsiKeHWin B MPUKOHTYPHOM MPOCTpaHCTBe. Pa3mepbl 30HbI
paspyLUeHns, BeNMYMHA CMELLEHWUIA MOPOAHOI0 KOHTYpa, Hanyue MyyeHus Nnopoj
MOYBbl WM [AMHAMWUYECKMX MPOSB/EHWUIA TOPHOro [AaBfieHWs B HEMasIOW CTemneHu
3aBMCAT OT TOro, KakMm 06pa3oM MpOTeKaeT MpoLecc paspyLlleHus Maccusa B
OKPECTHOCTW BbIpaboTKM.

[OpHble MNOpOAblI ABNAKTCA, MO CYTW, CNEUUPUYECKUM KOHCTPYKLMOHHbLIM
MaTepuasioM, B KOTOPOM MPOXOAUTCA BblpaboTKa. OOLLIMM CBOMCTBOM MPaKTUYeCKN
BCEX KOHCTPYKLMOHHbIX MaTepuanoB SBNSETCA UX TBEPAOCTb, YTO CeayeT NOHNMaTb
KaKk CrnocOOHOCTb COXpaHATb WCXOAHble pasmepbl W LEMOCTHOCTb, T.e. OblTb
MPOYHbIMK, NP HEGONbLUNX (He 60nee 1-3%) OTHOCUTENbHBIX AedhopMaLmsX.

Mpo6nema MPOYHOCTM M HEpaspblBHO CBA3aHHOE C HEll SIBMIeEHUe paspyLUeHus
TBEpPAbIX Te/ CYLLECTBYIOT C TeX Mop, KOrga, cosfjaBas TO WM UHOE COOPYXXEHWUE,
YeNOBEK CTa/l 3aflyMblBaTbCA Hafj COOTBETCTBMEM €ro HaAeXHOCTM 3aTparam,
CBAI3aHHbIM CO CTPOUTENLCTBOM. B 0C06eHHOCTM 3Ta Npobiiema 060CTpuiach K nepeom

YeTBEPTU [BaALIATOrO CTOMETWS, KOrAa GypHas MHAYCTpUanmn3aLms o6LIecTBa cTana
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COMPOBOXAATbCA TaKMMUN KaTaCTPOUUECKUMW ABMIEHUAMU, KaK paspyLUeHe MOCTOB,
MapoBbIX KOT/I0B, MOLBLEMHbLIX KPaHOB, OPYXXMS PasHOro Kanmbpa, MNOA3EMHbIX
BbIpaboTOK B pe3ysibTare ropHbIX Y4apoB, BHe3arHbIX BbIOPOCOB YI/is, MOpobl, rasa, a
TaKkXKe MHOIMX APYTruX UHXEHEPHbLIX KOHCTPYKUMIA Y COOPYXKEHUIA.

3TN CobbITMS BbI3BAIN HEOOXOAMMOCTb BbIMO/IHEHUS 3KCNEPUMEHTA/IbHBIX U
TEOPETUYECKNX WCCNeAoBaHNiA, 0600LleHne KoTopbiX B 20-30-e rofbl NPOLLIOro
CTONETUA MPUBENO K BO3HWKHOBEHMIO HOBOW HayKU — MeXaHuKW paspylueHus. Mo
3TOMY NOBOAY CYLLECTBYHOT COTHU KHUT K cTaTei [1, 2].

MexaHVKa paspyLUeHNs HaxOAWTCA Ha CTbIKe TaKMX eCTeCTBEHHbIX HayK, Kak
MaTemMatuka, MexaHuKa, TeOpeTUYeckas W 3KCMepumeHTaslbHad (U3MKa, XUMUS.
CNOXHOCTb 3TO 061aCTN HayKK, ee (DyHAAMEHTa/IbHOCTb U NMPaKTUYecKas BaXKHOCTb
Hanbosiee NoHO NpeAcTaB/eHbl B CEMUTOMHOM U3/10XKeHWK, KoTopoe Bbilwsio B CLUA
B 1968 roay nof peaakument KpynHoro cneupanncta B atoin obnactu . J/inbosuua. B
PYCCKOM nNepeBofe 3TO u3daHWe yBuaeno cseT B 1973 rogy nog pefakupent
A.O. NwnnHekoro [3]. MNprMeHUTeNbHO e K FopHbIM ropogamM Hambosee MosHble
nccnefoBaHUs B 06M1acTU NPUPOAbl UX MPOYHOCTM OblM BbIMOSHEHbI B paboTax
A.H. CtaBporuHa [4], I'.T. KnpHuuaHckoro [5], B.B. BuHorpagosa [6], Kyka [7],
E. Xoeka [8], 3. beHaBckoro [9] v ap. aBTOPOB.

HacToswas KH1ura coctonT 13 Tpex yacTteil. B nepsoii (pasgensl 1-3) nsnaratorcs
(pU3nYecKne OCHOBbI MPOYHOCTM W paspyLUeHUs TOPHbIX MOPOA, Kak OO6LUMPHOro
Knacca TBepAabIX Ten. IpeaioXeH NOKa/bHbIA KpUTEPUIA MPOYHOCTU, OLEHEHbI €ro
[OOCTOMHCTBA M 00M1acTb MPYMEHEHMS HA OCHOBE CPaBHeHWUA C pesysibTatamu
3KCMEPUMEHTa/IbHbIX UCCNeaoBaHMiA. Bo BTOpoM 4Yactu KHUrn (pasgenbl  4-6)
nccnefoBaHNsA NOCBALLEHbI MPo6siemMe nepexofa OT MPOYHOCTM MOPOLHOro obpasua K
nopoAHOMY MaccuBy. 3JTa MpobrieMa CBfizaHa C MaclTabHbIM 3deKToM, OueHKa
KOTOPOro BbIMNO/IHEHA HA OCHOBE BEPOSTHOCTHO-CTATUCTUYECKUX MOAenet. B TpeTbeit
yacTu (pasgen 7) nokasaHbl HEKOTOPbIE MOAXO0AbI K PEeLLeHNI0 reoMexaHnyecKnx 3agad
YMCNIEHHbIMW METOLAMMU.

ABTOpbl BbIpaXalOT CBOK MpU3HaTeNbHOCTL K.T.H. H.B. Xo3slKnHon w
acrnvpaHTy A.C. VBaHOBY 3a TeXHWYEeCKyr MoMmoulb B mpouecce paboTbl Hafg
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HacTOALWMM W3AaHMEM, WX MOMOLLb 3HAYMTE/IbHO COKpaTWia Bpems paboTbl Haf
KHUTOM.

Mbl nonaraem TakKXe, YTO KHMra OyAeT nofesHa CTyfAeHTaM, acrnupaHTam W
MPAKTUYECKNM WHXXEHEpam, 3aHUMAROLLIMMCS OLIEHKOM 1 06ecrneyeHnemM MPOYHOCTYU
MOA3EMHbIX COOPY>KEHWIA.

ABTOpPbI C 61aroJapHOCTLIO NPUMYT BCE 3aMeYaHUst U COBETbI MO HACTOSLLEMY

U3[aHWIHO.

PaboTa BbInonHeHa npu noaaep>kke ®oHaa rpa>kaaHCcKux nccnefjoBaHni u
pa3suTua CLUA (U.S. Civilian Research and Development Foundation) — CRDF,
rpaHT USB1-021-DP-07.



Pasgen 1

1. PUUSHECKNVE OCHOBbI NPOYHOCTW
N PASPYLLUEHNA TBEPABIX TEJI

MeXaHNYEeCcKoe paspyLUeHUe BCAeACTBME CWUMOBOrO BO3AEWCTBUS MOXHO Orpe-

[eNnTb Kak pe3ynbTaT HEKOTOPOro AedopM1POBaHUS U pPa3pbiBa CTPYKTYPHbIX CBS-

3eli MaTepmana KOHCTPYKLMW. ViccneaoBaHme 3Toro SiBNeHNs, Kak 1 peLleHne nto6oli

3a/aun, NPOMCXOAUT Ha OCHOBE (IM3MYECKUX MOAEeNeid, UMUTUPYIOLMX pearnbHble

TBepable Tena. B 3aBUCUMOCTU OT u,ene|7| nccnegosaHnAa N3y4eHNMO N aHaUIN3y MOXXHO

NOABEPrHYTb CPaBHUTENbHO He6OMbLLIOE KoNMYecTBO Mogenei (puc. 1.1). K Hum oT-

HOCSITCA  CTPYKTYPHble MOJENN, paccMaTpuBaloLlMe TBepAble Tena Ha aTOMHO-

MOJIEKY/NISPHOM YPOBHE, U BECCTPYKTYPHble (KOHTUHYa/bHbIE), KOraa 00beKT nsyye-

HUA NpPeaCcTaBnAeTCcqa B Buae CrjioHoro ogHopoAHoro tena.

Mopgenb TBepAoro Tena

A 4

\ 4 Y \ 4

Y

CTpYKTypHas BeccTpyKTypHas TepmoguHamMmyecKas CraTucTuyeckas
A\ 4
A\ 4 A\ 4
A 4 A 4 A 4
AVHamu-
CTatnyeckasn Jeckas (heHOMeHON0r K- TepMOAVMHaMMYeCKme CTaTUCTUYECKNE
yeckune Teopun Teopuu Teopuu
paspyLUeHust paspyLLeHnst paspyLUeHust
v v

MuKpoge- | |Tepmodiyk-

(DEKTHble | |TyaumOHHas
Teopuu Teopust

paspyLleHuns| (paspyLueHuns

Puc. 1.1. Mogenn TBepaoro Tena

CTPYKTYpHble MOAIENN, KaK CTaTUYecKue, Tak U UHAMUYECKIE, U3YUaroTCs Me-

TOAaMU (1)|/|3|/IKI/I TBEpPAOro Tena, 6ec0prKTypr|e — METOAaMN MEXaHUKKN CMNJIOLLHOW

cpeapl.




PU3NYECKWME OCHOBbI MPOYHOCTW U PA3PYLLUEHNA TBEPALIX TE/

CyLLECTBYIOT TakKe KOMOGUHMPOBAHHbIE MOJENN, C MOMOLLbI KOTOPbIX cpedy
NPeACTaBNAT KaK CM/OWHOe Teno, COCTOSsILLEee M3 XaOTUYECKM PaCrofoXeHHbIX
CTPYKTYPHbIX 3/1eMEHTOB, 06/1afjatloLL1X, B CBOK 0Uepeb, MUKPOCTPYKTYpoli 6onee
HW3KOr0 YPOBHS. [Py 3TOM CTPYKTYPHbIe 3N1eMEHTbI 1 HA MaKpo-, U Ha MKPOYPOBHE
VMET OT/AMYatoLLMecs (DU3NKO-MEXaHNYECKUE XapaKTEPUCTUKU. M3yueHue Takux
MOZENel BeIETCA TaKXKe Ha OCHOBE MeXaHWKMW CM/IOWHON Cpefbl, HO C NMPUBAEYEHU-
eM MeTO/10B TEOPWU BEPOSITHOCTEIA.

OTAeNbHbI Knacc NpeAcTaBNsoT Tak Ha3blBaEMblE TEPMOAMHAMUYECKME MO/IE-

K, N3y4yaemble Ha OCHOBE NON0XeHNIA TEPMOANHAMUKNA.

1.1. MunkpogeeKTHble TEOPUN pa3pyLLEHNS

PeHTreHOCTPYKTYpPHbIE WCCNeL0BaHUS TOPHbLIX MOPOL MO3BOMWAN AOCTATOYHO
TOYHO YCTaHOBUTb UX CTPOEHWUE, B COOTBETCTBUM C YeM OHU MOTYT ObITb pasfesieHbl
Ha KpuCTaiIMYeckne 1 amopgHble. MNpryem, NogasnsoLLee YACNO NINTONOMNYECKUX
pa3HOCTel, B TOM YMC/e BCe NOPOAb! 0CAL0YHOr0 TMNa, OTHOCATCA K rpyrnne rnosu-
KPUCTa/IMYeCKNX TBEPAbIX Te.

OCHOBHbIM CBOVCTBOM KPUCTa/I/IMYECKOIO COCTOSHMS BELLEeCTBa SBNSETCA reo-
MeTPUYECKN NpaBu/ibHOE PacnosioXKeHWe YacTuL, B MPOCTPaHCTBe. YacTuyamm MoryT
ObITb aTOMbI, MOHbI WX MOJIEKY/bl. KpUCTa/ibl UMEKOT CTPOEHUe Tak Ha3biBAEMOM
MPOCTPAHCTBEHHOW peLUeTKW, NpeAcTaBstoLLee cO60iM NeproanYecKoe NOBTOPEHME
O[IHOW W TOW e rpynnbl YacTul. Takas rpynna yactuu, obpasyeT 3MeMEHTAPHYHO
AYEliKy, ABNSAIOLLYHCA NCXOAHOW CTPYKTYPHOI eAMHULIEN.

MpvHUMas B KayeCTBe OCHOBHON CTPYKTYPHYHO MOZe/lb TBEPAOro Tena B BUAe
NaeaslbHOM KPUCTa/IIMYECKON peLUeTKM, MO YyrnaM KOTOPOi HaxofsaTca 4acTuubl,
YAepPXK/BaeMble CUMaMU CBA3M, MOXHO paccunTarb BEIMYMHY YCUANA, KOTOPOE Mo-
TpebyeTcs, 4TOObLI pasopBaTb 3Ty CBA3b M TeM CambIM PaspyLUnTb Aedopmupyemoe
Teno. Bnepsble 3Ty 3aga4vy AnS XpynKUX Matepuanos yaanoch pewnts AA. Tpud-
¢mtcy [10], onmpascb Ha aHanuTU4deckune uccnegosaHna .B. Konocosa n VIHrn-
ca[11]. A.A. I'pudhgpmTc Nokasas, 4YTo MPOYHOCTb XPYMNKMX TBEPAbLIX TeN Onpenens-
eTCsA NPOYHOCTHI0 Ha pa3pblB CTPYKTYPHbIX CBS3EN, CYLLECTBEHHO OCNab/ieHHbIX 3a

9
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CYET MUKPOAEMEKTOB. TN MUKPOAeEKTbI (TPELMHbLI) HEM3BEXHO, N0 pasHbIM Mpu-
YMHaM, NPUCYTCTBYIOT B UCXOLHOM maTepuane. B 0cagoyHbIX nopogax, Hanpuwvep,
NX Ha/IM4YMe CBA3aHO C reHe3ncoM 1 NocneyroLmnm MeTaMopqusmMom.

Pa3pbIB NYTEM PacTHKEHUS MEXATOMHbIX CBS3ell B TBEPAOM Tene TpebyeT Ha-
nmuuna HanpsxxkeHus nopsagka 0,2E, rae E — mogynb ynpyroctn matepuana. PeanbHble
Xe Xpynkue Tena paspyLlaroTcs npu HanpskeHWUax, pasHbIX, npumepHo, 0,002E.
Npea A.A. Tpudpdutca coctosia B TOM, YTO AENCTBYHOLIME HANPSXKEHUA OT BHELL-
HUX Harpy3oK MHOroKpaTHO YBeNMUYMBarOTCA 6narofaps KOHUEeHTpaumUm HanpsXXeHnm
Ha KOHYMKAX MUKPOLE(EeKTOB — TPELLUH.

[ns pelieHns NOCTaBNeHHOW 3aaa4un UM Obln NPUMEHEH 3HEPreTUYecKuii nog-
X0[, KOTOPbIA MMEeT TOT HefOCTaTOK, YTO B C/lyvyae TPewuHbl C NPUTYNIEHHbIMA
KpasMun [aeT YC/ioBUe, KOTOPOe ABMAETCH HEOOXOAMMbIM, HO HE AOCTATOYHbIM A1
nepemMeLLieHns TPeLWUHbL. B 3Tol cBsin no3xe InamotoM u .. bapeH6naTToM 6bl-
N0 MOKa3aHo, YTO KOHYMK TpewmHbl A.A. puddmTca f0MKeH ObITb MakCMMasIbHO
3a0CTpeH, Torfa nepemMeLleHmne TpeLwmH CTaHOBUTCSA BO3MOXKHbIM.

[Mpn 3TOM OYeHb CYLLECTBEHHbLIM 0O6CTOATENLCTBOM SIB/AET CMOCOO Harpy>KeHus
TBEPAOro Tena: 3afjaHHas geopmMauus WaM 3afaHHas Harpyska. B nepsBom cnyuvae
NPOABMXKEHME TPELLMHbI NPUBOAUT K BbICBOOOXAEHWIO 3HEPrumM ynpyron agegopma-
LMK, KOTOpas NOKPbIBAET LOMOMHUTENbHYHO MOBEPXHOCTHYIO 3HEpruo. Bo BTOpOM
C/ly4yae nosiB/ieHMe TPeLLMHbl BbI3bIBAET YAIMHEHVE 06pasLa 1 JOMOoHUTENbHAA pa-
60Ta, coBepLUaemas NMOCTOSHHOW Harpy3Koin nNpu TakoM YA/IMHEHUN, MOKPbIBAET Npu-
POCT MOBEPXHOCTHOM 3HEPrn 1 3HEPTUN fedopMaLmn.

A.A. TpnhmTc paccmoTpen BTOPOI clyYai, Kak SBHO NPUBOAALLMIA K paspy-
LLUEHMI0 06pa3La Npu NPUIOXKEHNN HEKOTOPbLIX KPUTUYECKUX Harpy3oK.

MycTb 06pasew, C CeYeHNeM B eAMHMLY NoWaam u AAMHOW Y UCNbITbIBAeT Npo-
[0NbHOE PacTsHXKEHME BHELLHEN Harpy3kor P, nopoxgatoLlent Hanps>keHns o. B gaH-

HoM cnyyae P = o. Torga sHeprusi ynpyroii aedopmauum obpasua GyaeT paBHa
2
Yo /ZE' Ecnn o6pasel, CoAepXUT TPeLLMHY, KOTopas pacriofioXkeHa MepreHanKy-

NAPHO K IMHUWN AEACTBUSA CUMbl U UMEET AANHY 2¢, TO 06pasel, YAAMHUTCS, Y4TOo Ha
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PU3NYECKWME OCHOBbI MPOYHOCTW U PA3PYLLUEHNA TBEPALIX TE/

2.2
OCHOBE pelleHus VIHruca, YBENUMUUT 3Hepruto aetopmauun Ha 70 C/E' Takum

06pa3oM, NosHas saHeprus geopmMaLuy CTaHeT paBHOW

2 2.2 2
Yor ,moet o (Y + 2nc2). (1.1)
2E E 2E

3 BbipaxkeHUs (1.1) cnepyeT, 4To ath(heKTUBHbLIA MOAY/b YNPYrocTy obpasya c

TPELLMHON paBeH Y%{ s Zmz)' TpelmHa TakxKe NPUBHOCUT NMOBEPXHOCTHYO 3HEp-

rmo Y =cy, rae y — yaenbHas noBepxXHOCTHAs SHePrus.

PaboTa w, coBepLUaemasi HanpsXkeHMeM g MpW yAAMHEHUM 06pa3La, Bbl3BaH-

HOM MOSIBNIEHMEM TPELLMHbI, PaBHa
w=0oY (g, - &),

rge & — OTHOCUTeNbHasA NPOAObHAsA AethopMalyst o6pasua Npu OTCYTCTBUM TPELLU-

Hbl, a £, — TO Xe, HO NMOCNne NoABNEHNA TPELLUHbI.

CnepoBsare/ibHO

Y+2m? 1 2motc?
w=oY — = - =227 2 (1.2)
YE E E
SHePreTMYECKnii KpUTEPUin paspyLueHns TpebyeT, yTobbl paboTa, cCoBepLLaeMas
[ECTBYIOLLMM Harps>KeHNeM npu YBeIMYEHUN AJIMHbI TPeLMHbI, Oblia [ocTaToy-
HOW A/19 MOKPbITUA COOTBETCTBYIOWErO YBE/IMYEHNS MOBEPXHOCTHON 3HEPrun U
3HEpruv ynpyrow gedopmauun. Takum 06pa3om, paspyLuaroLLee Hanps>keHne onpe-
LeNNTCA CNefyoLWwM COOTHOLLEHNEM:
2.2F-1 -1 2.2r--1
d(2ro?c?E™) dldcE™ + moPc?E)

dc dc

0TKyaa

0,5
g,= 280 (1.3)
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Pasgen 1

BbipaxxeHue (1.3) 1 ecTb OCHOBHOe COOTHOLIeHMe A.A. I'puddutca B yCnoBmusx
M0CKOr0 HaMPSXXeHHOro COCTOAHMA. N5 cny4vas NaocKoi fedopManmy BbipakeHve

(1.3) npumeT Bug

2Ey o0

g, = : (1.4)
P -v?
OCHOBHbIe 3/1IEMEHTbI SHEPTeTUYECKOro GasiaHca NPy 06pa3oBaHUKN TPELLMHDI B

pacTarneaemMom obpasue npeacrasieHbl Ha puc. 1.2,

[Mpn oTCcyTCTBUN Tpe-

c
A
= D C WMHLl  06paseL, Mosyyaet
p p
\ OTHOCWUTENbHOE  Y//IMHEHME
G 2

*
s M

£,, YeMy COOTBETCTBYET Ha-

p
c, / / “~ M
P // npsbkeHve o, . MNpu obpaso-
G.m """--.._,-_ N

b e
BaHNN TpeWwnHbl OTHOCKU-

A B - TeNbHOe YA/IMHEHWE YBenu-

0 E EL EF g8 g

YMBAETCA OO0 &£z MPU NOCTO-

Puc. 1.2. CBs3b Hanps>KeHuit n aechopmariuii npu
SHHOM  HanpsbkeHun o

Ha/IM4nM TPELLMHbI B pacTArsaeMom obpasue "
MonHas paboTa, coBepLuae-

Mas MPUIOXEHHbIM HanpsXXeHVeM Mpu 06pa3oBaHWM TPELLMHbI, YMC/IEHHO paBHa
nnowaan npamoyronsHnka ABCL. Mpu 3TOM yBenmMyeHne Yynpyron sHeprum coot-
BETCTBEHHO PaBHO pa3HOCTM nnowagen TpeyronsHnkos OBC-OAO=0,5ABC/A. Ta-
KM 06pa3oM, Ha NOKPbITHE NPMPOCTa NOBEPXHOCTEN 3Heprum naeT Takke 0,5ABC/L,.

B cnyuae e 3afaHHoOl AedopMauym JelicTBYoLLee HamnpshkeHne ynano 6bl Nno-

cnle 06pa30BaHMs TPELMHBI [0 BENMUYMHBI 0, . [py 3TOM B Npefene AN Manoro npu-

palleHns AMHbI TPEWUHblI YMEHbLUEHNE 3Heprun aeopmManun, YACIEHHO paBHOE
nnowaamn TpeyronbHnka OE[, paBHO YBEMYEHWIO YNPYroin sHeprum (TPeyrosibHUK
OC/[l) npn NOCTOAHHOM HanpsbkeHun. Bo Bpems pocTa TPeLuHbl NPy NMOCTOAHHOM
AeopMaumm NPUNoXKEHHOe HarpshkeHWe He COBepLUaeT HWMKaKon paboTbl. Takum

00pa3oM, KpUTEpUiA Hayana pocTa TpeLyHbl BHOBb AaeTcs BblpakeHuem (1.3). Oa-
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PU3NYECKWME OCHOBbI MPOYHOCTW U PA3PYLLUEHNA TBEPALIX TE/

HaKO NajeHne HanpsPKeHUs co BpeMeHeM NpuBeAET K OCTaHOBKe TpeLuHbl. Ans ee

Aa/IbHeLLero pocTta He06XoAMMO NPUIOXWTL HOBYIO MOPLMIO AethopMauumn &, 3a-
TeM eLLg OfiHY £, W TaK [0 NOIHOro ucyepnaHusa HecylLein crnocobHoCTH obpasLia.

Mo3aHee E. OpoBaH npeaioXun CUN0BON KPUTEPUIA paspyLLEHUs. B ero mogae-

N painyc KprBM3HbI Y KOHUMKA TPELLMHbI paBeH aTOMHOMY pa3mepy a. B atom cny-
0,5
Yae MaKCMMa/lbHOe PacTsrMBartoLLee HanpskeHne paBHO 20(%) . Mpw paspyule-

HUWN 3Ta BE/INYMNHA A0JTKHa ObITb paBHa TeOpeTI/I‘-IeCKOI7I MPOYHOCTHN, BENNYNHA KOTO-

0,5
pOVi COCTaBNSET E% . OTcropa cneayeTt

_Ey/ %

YTO OYeHb 6nK13KOo K hopmyne (1.3), nonyyeHHon A.A. Ipuddutcom. B oTamume ot
aHepreTuyeckoro Kputepusa A.A. Mpuddutca, cnnosor Kputepuin E. OpoBaHa ABNS-

€TCA HE TOJ/IbKO HeO6XO,CI|I/IMbIM, HO 1N AOCTaTO4YHbIM A4 NMepemMeLLEHNA TPELLUMHDI.

MoCKoNbKy y = E%O’ TO 06bIYHO HaGNOAAEMble 3HAYEHNSI TPOYHOCTM, PaBHble

NPUMepPHO %OO’ MOXXHO 00BbACHUTBL, ncxoas u3 (1.3), Hannumem TpeLwmH B TBEPAbIX

Tenax fanHon 2¢=10"° m.

[na ynobctea maremMatmnyeckoro onvcaHua Mukpogedektol y AA. I'pugdurca
UMenn opmy Y3KMX 3/1JIMMNCOB, XOTA (PU3NYECKM 60/ee NpaBuibHO, MO MHEHUIO
M.A. PebnHgepa, npegnonaratb njaBHOe CMblKaHWe CTEHOK TpewmH. CoobpaxeHus
M.A. PebnHgepa o opme TpewmH 6binn passutbl B padotax A.U. ®peHkens [12].

A.1. dpeHKenb BB MOHATUE MUHUMYMa 3HEPrum, Nosly4yeHHOoR Tesiom OT feit-
CTBUS BHELLHUX CWJ1, HEOOXOAMMOW NS POCTa TPELLMH.

.. bapeHbnatTy [13] npuMHAANeXMT runoTesa 0 MOCTOAHCTBE (JOPMbI YCTbA
TPELYUHBI.

A.®. Nodde [14], npon3Boaa ONbITbl C KAMEHHOW COMbIO, YCTaHOBWU/I, MCXOAA
13 npegnonoxeHna A.A. 'pudutca, 4TO Hambonee onacHbLIMIN ABMAOTCA MUKPO-

TPELLMHbI, PAaCNONOXKEHHbIE HA MOBEPXHOCTM Harpy»Kaemoro o6bekTa. PacTBopss 3Tu
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Pasgen 1

nedeKTbl B BOAE, MY YAaI0Ch MOMYUYUTb NPOYHOCTb Ha paspbliB KPUCTA/IIOB KaMeH-
HOI conun, 6NN3KYH0 K TEOPETUYECKON.

A.B. CtenaHos [15, 16] BHeC B 3TV NpeAcTaB/ieHNs NOMpPaBKy, COracHO KOTo-
POV MOBEPXHOCTHbIE TPELMHbI CTAaHOBATCS OMacHbLIMU TOILKO B TOM Cllyyae, eciu
OHW BCTPeYatoTCAd C BbIXOAOM KpUCTannorpamyeckoro cisura, KOTopblil Bcerpa
npeaLLecTByeT pacrnpoCTPaHEHNIO TPELUMNHBI.

CyLleCcTBeHHOe pa3BUTVE MUKPOLE(MEKTHAsA TEOPUS paspyLUeHUs TBepAbIX Ter
nonyunna B pabotax A. Cmekana v ero wkonol [17], a Takke E. OposaHa [18].

B pa6otax K. P. VpBuHa [19] KpuTepuit npouHoctn A.A. Ipuddutca nony-
Y/ SKBUBAIEHTHYHO (DOPMY/IMPOBKY B BU/E TaK Ha3blBAEMCOr0 CU/I0BOTO KPUTEPUS.
IM >Ke BBELEHO MOHATME BA3KOCTU paspyLUeHus U KoapduumeHTa NHTEHCUBHOCTU
HanpsHYKEHWUA, KOTOpble CBA3aHbl 3aBUCUMOCTbIO [20], aHanornyHom U3BecTHOM op-
myne A.A. I'pudpgpmtca.

YueT nnactuyeckon geopmaumin B Teopumn A.A. I'pudduTca 6bin HE3aBUCUMO
npeanoxeH . P. MipuHom, E. OpoBaHoM 1 no3gHee paccmatpusanca A. KoTpen-
nom [19]. B aTux paboTax NOBEPXHOCTHAsA 3HEPrna ynpyroro Tena 3aMeHeHa Ha 60-
nee peaslbHYI0 NS paspyLLUEHNS Be/IMYUHY YAEebHOM 3HEPT N NMOBEPXHOCTU, YUNUTbI-
BalOLLYHO MNJaCTUYECKY0 Aedopmaumio Y KOHUMKA TPeLMHbl. ITU pacCykAeHuns
no3xe Oblnn passuTbl A. Kobascu n gp. [21]. CeefeHna o mogudukaumax npeacras-
neHnt A.A. Tpudpdmtca 0 paspyLLeHnn TBEPAbIX Ten cofep)KaTca Takke B paboTax
[22-28].

CBOM YMO3aK/IKOYEHNA OTHOCUTE/IbHO 0C/ab/IAOLEro BAMAHUSA MUKPOLEMEKTOB
Ha NPOYHOCTbL TBepAbIX Ten A.A. I'puddutc BoNNOTUA B CTPOMHYO TEOPUIO, COCTa-
BMBLLIYIO OCHOBY Aa/lbHELINX UCCNef0BaHMin B 061aCTU TaK Has3blBaeMbIX MUKPOZE-
(heKTHbIX TEOPUIA NPOYHOCTN.

Kputepuin A.A. I'puduTtca, Nonb3ysacb KOTOPbIM MOXKHO OrpefenvTb, Npo-

M30ALET UK He NPOM3OMAET paspyLUeHne TBEPLOro Tena, MMeeT BuA [29]:
(o,-0,) +8R|O(a3 +0,)=0,ecm 30, +0,>0, (1.6)
03 =R, ecmm 305 + 0, <0. (1.7)
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PU3NYECKWME OCHOBbI MPOYHOCTW U PA3PYLLUEHNA TBEPALIX TE/

Monoxus B BblpaxeHun (1.6) gz = 0, NONYYUM COOTHOLUEHME MEXAY
npeaenom NPOYHOCTM Ha OIHOOCHOE CXKaTWe W NpefenoM MPOYHOCTU Ha of-

HOOCHOE€ pacCTAaXeHWeE,

R. =-8R

c

. (18)

YTO BMOJIHE OTBEYAeT pe3y/ibTaTaM 3KCMEPUMEHTOB C FOPHLIMU MOPOAAMMU.

Teopua npoyHocTH, paspabotaHHad A.A. Mpuddutcom B Havane 20-x rofos,
BMO/IHE OTBEYAET COBPEMEHHLIM MpPeACTaBNeHUAM 0 MeXaHu3me paspyLleHus TBep-
ObIX Ten N [OCTATOYHO XOPOLLO COrnacyetcs C OMbITHLIMA AaHHbLIMW. VIMEHHO NO
3TOW MpUYMHE el yaenseTca Tak MHOro BHYMaHWA B CneumabHbIX UCCefoBaHUsAX

[PYrUX aBTOPOB, FAe OHa NOMy4KnNa CBOE Aa/bHeiillee pa3BUTUE.

Tak, Hanpumep, Mioppenb Ha OCHOBaHWM (HOPMasIbHOrO aHann3a MoBeaeHUs
TBEPAOro Tena ¢ MUKpoaedeKTamy B MPOLIECCE HArpyXXeHWs NPeAnoXun Ans ycno-
BUI TPEXOCHOTO CXaTus Kputepuii npouHocTy [30], no opme CXOAHBbI C BblpaXe-
Huem (1.3). Mo Mtopennto npeaen NPOYHOCTM Ha OHOOCHOE CXKATWE CBSI3aH C npe-

AENIOM MPOYHOCTN Ha 04HOOCHOE pacTAXeHNe 3aBUCUMOCTbBIO

R, =-12R,. (1.9)

®. MaknnHTOK 1 N. Yonuw [31] BbiCcKazanu NpeanosioXXeHne, YTO CTEHKN Y3KMX
MUKPOLE(EKTOB B MPOLIECCE HArpy>KeHUs MOryT CONM3UTLCA U BO3HMKAKOLLME MPU
3TOM CW/bl TPEHNUA HEOOXOAMMO YUMTbIBATL MPU pacyeTax. ABTOpamMn MpPes1oXKeHbI
COOTBETCTBYIOLLEE YC/OBME paspyLUeHUs U MeTOAMKa OnpeaeneHns KospduLmeHTa
TPEHUA CTEHOK TPELLUH.

.. YepenaHoBbIM 47151 YC/IOBUIA BCECTOPOHHEIO CXaTusi NPEA/IOKEH KpUTEpUin
MPOYHOCTUN 60nee 06LLEro BMAA, TaKXKE YUMTbIBAOLLMIA SPPEKT TPEHMS CTEHOK Tpe-
WUH npu nx cénvmkeHnn [32]. PaspyleHne npu oxatum no .M. YepenaHoBy npo-
ABNAETCA B BMAe 00pa3oBaHUs 3Ur3aroobpasHoin TpewnHbl. DKCMepUMEHTA/IbHO Ha
OMTUYECKM aKTUBHbIX MaTepuanax nofobHbIA XapakTep paspyLueHns 6bin 3admkcn-

poBaH 3.T. beHasckum [9] n H.A. ®unaTtosbiM 1 ap. [33].
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JHepPreTMYecKUii Noaxof, MOMOXKEHHbLIN B OCHOBY MUKPOAEMEKTHbLIX TEOPWid
MPOYHOCTK, C (PU3NYECKOI TOUKM 3PEHNS UMEET MHOIO NperMyLLecTs. B cBsi3m ¢ fo-
MOSIHUTENIbHLIMW COOOPAXKEHUAMM, BbITEKAIOLLMMUN U3 3aKOHA COXPAHEHUS SHepruu,
MOXHO paccunTaTb 6anaHC MpoLeccoB AehopMUPOBaHUA U paspyLUeHus U onpese-
NATb Hanpas/ieHWe pa3BUTMA Mpouecca. Peannsauns nocnefHero 06CToATeNbCTBa
OKa3bIBaeTCA BO3MOXHOMW 61arofapsi NPYMEHEHNIO BapyauMOHHbIX MPUHLUMMOB, KO-
TOpPble OCHOBaHbI Ha YPaBHEHUAX 1 3aKOHOMEPHOCTAX MPOTEeKaHWA NPOLLEeCcCcoB, UCXO-
[ALLMX U3 OAHOr0 06Lero nosoXKeHns. BapraunoHHble NPUHLMMBLI ABNAKOTCA O4HK-
MW 13 OCHOBHbIX B (PU3NKE N HAXOLAT LUMPOKOE NMPUMEHEHWE NpY U3yYeHUn pasiny-
HbIX BMAOB AethopmMauuia [34].

B nocnegHee Bpems 4enatoTcs NOMbITKA MPUMEHEHNA 3TUX MPUHLMMNOB U K U3Y-
YEHWIO pa3pyLueHns TBepAblx Ten [35-37].

MuKpoaeMeKTHbIE TEOPUM €AMHBI B TOM, YTO OHW paccMaTpuBalOT paspyLUeHne
Kak pe3ynbTar Ae3nHTerpauuy TBepaoro Tena BAOSb O4HON MarncTpasibHOW TpeLum-
Hbl. Tak paspyLuaroTcs, Hanpumep, NOPOAHbIE OTKOCHI, CK/IOHbI, 60pTa Kapbepos U
TOMY NOA06HbIE 00bEKTLI. B MOA3eMHbIX FTOPHBLIX BbIpaboTKax XPynKoe paspyLueHune
MPOMCXOAUT MHaYe, OHO peasIn3yeTcs B BUAE CUCTEMbI TPELUMH. [ onncaHnsa Takow
MOoZenn TpeLimHoobpa3oBaHUA HEOOX0AUMO BBeeHWe B paboyme runotesbl creym-
a/IbHbIX MPEeANOCHINOK.

Mpn fecopmmnpoBaHnM TBEPALIX TeN BCerfa CyLlecTBYyeT [Ba MexaHu3ma, 6na-
rogaps KOTopbIM NPOUCXOAMT paspyLleHVe MaTepuana — MNiacTUYecKoe TeyeHume
(caBur) n Xpyrnkoe pacTtpeckusaHue (OTpbIB). Ha 3T0 06CTOATENLCTBO YKa3blBas eLle
MpaHAaTNb [38], nogyepkmBas, YTO CnefyeT pasnnyaTh A4Ba TUMa paspyLUeHus: Xpyn-
KOe, KOTOpoe MPOMCXOAUT MyTeM OTpbiBa MO MOCKOCTAM, MEPrneHANKYNAPHbIM K
pacTAruBatoLLel cune, N BA3KOe — OT CABUra.

3TV BOMPOCHI MONYyYUIN LLIMPOKoe pasBuTue B Tpydax H.H. dasugeHkosa [38],
A.b. Ppugmana [39], I'.B. Yxuka [40] v gp. MNoHATME 0 XPYNKOM Y BA3KOM paspyLUeHn
CNY>XUT (PU3NYECKOA OCHOBOI A/151 pa3paboTKUN TeX UM UHBIX KPUTEPUEB MPOYHOCTM.

B HacTosLee BpemMs MOXHO CUATATb YCTAHOB/IEHHbIM, YTO paspyLUeHre TOJbKO
MyTem OTPbIBa WM TO/IbKO NMYTEM CABMIa HEBO3MOXKHO B NpuHUmMne. Ecnv nnactuye-
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PU3NYECKWME OCHOBbI MPOYHOCTW U PA3PYLLUEHNA TBEPALIX TE/

cKasd Jethopmaums, Bbl3blBaeMast KacaTe/lbHbIMU HanpsyKeHUAMN, paspbIXnseT maTe-
puan n roToBUT ero K paspbIBY, TO HapyLLUeHWe CNIOLWHOCTM NPOUCXOANT NOA AeNCT-
B1EM HOPMa/TbHbIX PaCTATMBAIOLLMX HAMPSHXKEHWIA.

MexaHn3M MnacTMyeckoro AeopMMpoBaHnUA TBEPAbIX Ten B pe3ynbTaTe [e-
(hopmaumii casura 6o packpbIT B 1934 1. K. TelinopoM, KOTOPbI NepBbIin NpuLLen
K MbICIM O CYLLEeCTBOBaHUM JIMHENHbIX [e()eKTOB B KPUCTA/I/IMYECKMX PeLleTKax —
ancnokaumii [41]. Ancnokaumm 3apoXxaaroTcs Y KOHUYMKOB TPELWWMH WU UHBbIX KOH-
LIEHTPaTOPOB HanpsHKeHWA, OHXU MOryT B3aUMOAENCTBOBATbL APYr C APYrom U Cylle-
CTBEHHO NMpPW 3TOM pa3MHOXaTbCA (MCTOUHUK DPpaHKa-Praa).

Mpouecc pacrnpocTpaHeHUs AUCOKaUMiA B KpUCTanie MaTemaTuyecKu 6bin
onucaH A.U. dpeHkenem n T.A. KaHToposoit [42]. OanbHeilwlein pa3paboTKoin Teo-
pPUK AMCNOKaLUNIA 3aHUMaNIUCh U 3aHUMatOTCS UCCeAoBaTeNN KaK Y Hac B CTpaHe, Tak
N 3a pyoexxom [43-49].

B TBepAbIX Tenax Tuna ropHbIX NopoA naacTuyeckune gechopmauy HauMHarTCA
MpW CpaBHUTENBbHO HEOOMbLUMX Harpy3kax. Cpeay MHOXEeCTBa XaOTUYeCKWU pacno-
NOXEeHHbIX KPUCTa/INI0B BCerja HalaeTcss HEKOTOPOe YMCN0 HavMeHee BbIFO4HO Opu-
€HTUPOBAHHbIX MO OTHOLLEHWUIO K BHELUHUM YCUIUAM N UMEOLLMX BHYTPEHHME fe-
(heKTbl TUNA AUCNOKaLMA. DTN KPUCTAIIMKN AehOpMUPYHOTCA NAACTUYECKN YXKe Mpu
CPaBHUTENIbHO HeBONbLUMX BHELLUHUX YCUAMAX. UMCNo 3TUX KPUCTAINIMKOB CPaBHU-
TeNIbHO HEBeIMKO N MeCTHble MnacTuyeckme aeopmaumm 3aMeTHO He CKasblBatoTCH
Ha 00LLei 3aBUCUMOCTU MEXAy CU/I0N 1 NepeMeLLeHNEM, CBOMCTBEHHON HaYaslbHOM
CTafln Harpy>keHus.

Mpn 60MbLINX BHELUHUX YCUNUAX NiacTUYeckue aeopmaimnm CTaHOBATCA Mpe-
obnagatowymm. HeobpaTmMble CABUIM MPOUCXOAAT B OOMbLUMHCTBE KPUCTA/IIOB MO
Hanbonee cnabbIM MOBEPXHOCTAM, B OCOOEHHOCTM, €C/IM OHWU WUMEIOT Hanpas/eHue,
613Koe K MOBEPXHOCTAM MaKCUMa/IbHbIX KacaTeNlbHbIX HanpsKeHuid. ITO HaxoauTt
CBOe OTpaXkeHWe B 06pa3oBaHMM MOMOC CKOMbXeHUA (MHMM YepHoBa-Jltofepca) Ha
MOINPOBaHHbIX BOKOBbLIX NOBEPXHOCTAX AehOpMMPYEMbIX MOPOAHbIX 06pa3LLoB.

B pesynbTare NpuioXeHUs BHELLHMX CU/1 B KPUCTaniax BO3HUKAKOT CMeLle-
HWS aTOMOB He TO/IbKO Ha Lief1oe YMCNo Mo3nLMIA, HO U NMPOUCXOAUT TaKXKe HEKO-
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TOpPOE UCKaXKEHME KPUCTaNIMYECKOW peLLeTKN. TakuM 06pa3oM, Hapsdy € nnacTu-
yeckon faedopmaument CywecTByeT U ynpyras. YCTaHOB/IEHO, YTO MIacTUYECKoe
aehopmMmpoBaHuMe B pesynbTare cBUra HeobpatuMo 1 npoTekaeT 6e3 U3MeHeHMs

obbema maTepuana.

1.2. TepMmo(piyKTyauMoOHHasA TeOpUA paspyLUeHNS

BTOpoi1 BaXKHbIN 3Tan B pasBUTUK MPeACTaB/IEHNIA O NPOYHOCTK, BCNes 3a y4e-
TOM aTOMHOrO CTPOEHWs, 3aK/IYaica B yyeTe BAUAHMS TEMNIOBOr0 ABVKEHUS B
TBEpPLOM Tefie Ha MpoLecc paspyLueHuns. MNepexos K aTany yyeTta TenaoBoro Asuxe-
HWS OblN CBA3aH, B YaCTHOCTM, C HAKOM/IEHMEM 3KCNEPUMEHTa/IbHbLIX AaHHbIX O CBOM-
CTBax «MpeaenoB» Yrnpyroctu, NPOYHOCTN N TeKy4eCTH, Korfa 6bIn10 BbIACHEHO, YTO
3TV Npefenbl HeCTabubHbI U UX BENIMYMHA CYLLLECTBEHHO 3aBUCUT OT YC0BUIA U3Me-
peHuii. Takoe HEeMOCTOSIHCTBO «MPeeNnoB» YNpyrocTi, NPOYHOCTM U TEKYUECTMN YKa-
3bIB/10 Ha KaKyl-TO OOLLYI (PM3NMYECKYIO NPUUMHY, AeNatollyto UX HeoAHO3Hau-
HbIMW, @ BCEMU MPUHATYO CTaTUYECKYI0 MOAENb CPeAbl — HEMOMHOW. ITON Npuyn-
HOWA OKa3a/10Cb TEMN/IOBOE [ABMXKEHWE aTOMOB B TBEPAOM Tere.

YueT TeNN0BOro [BWXEHNA aTOMOB BHEC CEPbe3Hble M3MEHEHUS B YNCTO «Me-
XaHUYeCKyo» MOCTaHOBKY 3afaun. Beab B 3TOM Cnyyae BHELUHWM YCU/IMSIM COMpPO-
TUB/ISIETCA Y)Ke He CTaTUYeCKUIA aHcaMb/1b CBA3aHHbIX aTOMOB, @ HEKOTOPas CUCTEMa,
HaxoasLlasacs B Konebare/IbHOM ABUXEHUN.

CuctemaTnyecKoe M3y4veHne TemnepaTypHO-BPEMEHHONM 3aBUCUMOCTU MPOYHO-
cTn 6b110 HavaTo C.H. XXypkosbiM B 1952 rogy [50-53]. B ocHOBHOM paboTam 3Toi
LLUKONbI 065i3aHa CBOEMY CTaHOBJ/IEHUIO N Pa3BUTUIO TEPMOMIYKTYaLUMOHHas Teopus
MPOYHOCTM TBEPLAbIX TeS.

OnbITbl HA PacTsHKEHWE TBEPAbIX Tesl ¢ CaMOW pPas/INYHON CTPYKTYpoir (MOHO-
KpUCTanbl, MOMMKPUCTaN/IbI, NOMMMEPbI, KOMMO3ULMOHHbIE MaTepuasbl), BbINON-
HEHHble B pasHbIX YCNOBMAX, MOKa3aun, YTO 3aBMCUMOCTb [JO/ITOBEYHOCTU T OT [ei-
CTBYIOLLLEr0 HanpshkeHnst g 1 TemnepaTypbl T BCerga OnucbIBaeTCA IMMUPUYECKONA

(hopMy/10i1 OAHOI0 1 TOrO e Buaa
1 =1,exp(u, - yo)/KT, (1.10)
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PU3NYECKWME OCHOBbI MPOYHOCTW U PA3PYLLUEHNA TBEPALIX TE/

roe k — noctosiHHasa bonbumaHa; Ug, 7o U )/ — HEKOTOPbIE KOHCTaHTbI UCMbIThbI-
BaemMoro martepuana.

PyHOameHTabHble nccnefoBaHna A.U. ®peHkens [42, 54], B KOTOPbIX OH Je-
Ta/IN3NPOBa XapakTep TensoBoro ABVXXEHUS aTOMOB B TBEPAbIX Tenax N XUAKOCTAX,

NO3BONINAN OfHO3HAYHO OMNpPeAenUTb (PU3NYECKUIA CMbICIT U UYUCNEHHOE 3HAYeHue
KOHCTaHT, BXOAALMX B 3aBucuMocTb (1.10): 7o — nepunop KonebaHuiA aToma B6AM3M

NonoXeHns pasHosecus (T = 107°c); Uy — 3HEprus MeXxaToMHbIX CBA3el; ) — Benu-
YMHa, CBA3aHHAA CO CTPYKTYPHbIMU OCOOEHHOCTAMM Ae(hopMUPYEMOro Tena.

TaknM 06pa3oM, OCHOBHOE ypaBHEHME TEPMOGNYKTaLMOHHON TEOPUN NPOYHO-
CTV UMeET peasibHbliA (DU3NYECKMNIA CMbIC/T U OTPaXKaeT 3aKOHOMEPHOCTU MPOLLECCOB,
MPOTeKatoLWMX B Harpy>KeHHOM TBEPAOM Tefle Ha aTOMHOM YpOBHE. MpUUNHOIA pas-
PYLUEHMS CNYXXaT 3HepreTnyeckme ayKTyalMm aTOMOB Npw TEN0BOM [ABVXXEHUN.

CooTHolueHme (1.10) nony4yeHo B YC/IOBUSX OAHOOCHOTO pacTshkeHus. Mepexop
K AONTOBEYHOCTU NPUW Pa3/IMYHbIX CNOCO6ax Harpy>XeHus nof AenNCTBUEM U3MEHSHO-
Lelics BO BPEMEHWN Harpy3Kun OCYLLECTBSAETCS HA OCHOBE MPUHLMNA CyMMUPOBaHUSA
nospexaeHnin (NnpuHumn beiinn). Ecnn TBepaoe Teno NoABeprHyTo AenNCTBUIO MPo-

M3BOJIbHOM NOC/Ef0BaTENIbHOCTY HANPSXKEHUI T, KOXKAOMY U3 KOTOPbIX COOTBETCT-
BYeT [0Nr0BEYHOCTb 7(0, ), @ Bpems [eiiCTBMA paBHO At;, TO paspyLLeHIe NPOU3Oii-

OEeT NpU yCNoBnU

oy

1=1 T(Ui)

B npegene npu At, — 0 ByfeT MMeTb MeCcTo UHTErpaJt:

=1, (1.11)

rge t' — Bpems OT MOMEHTa NMPUNOXKEHWS HArpy3Ku A0 paspyLLeHMs TBEPAOro Tena.
C nomoubto ypaBHeHMs (1.11) MOXHO npefcka3aTb BpeMs paspbiBa t' 1 AeicT-
BYIOLLIEE B MOMEHT pa3pblBa MeXaHWYeCcKoe HamnpsKeHve ANs pasnnyHbIX PeXVMOB

HarpyeHns o = o(t), ecnu ToNbKo M3BECTHA BpPeMeHHas 3aBUCMMOCTb 1 ee Mapa-
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MeTpbl. C 0A4HUM M3 NOAXO0A0B K PELLEHMIO 3TUX 3a4a4 MOXKHO 03HAKOMWUTCS B MOHO-

rpacumn’.

Kpome onuncaHHO BblLLe, CYLLECTBYET eLLe 04Ha Teopus TepMog/yKTyalMOHHOM
MPOYHOCTKM, aKTMBHO pa3BMBaloLLlascs B nocnegHee Bpems [55-57]. B pamkax 3ToM
TEOPUU 3apOoXKAeHMEe TPELLUHBI MPOUCXOAUT B pe3ysibTaTe Hakauky SHEPrun 13 oKpy-
XaloLLein cpebl B paspyLLaroLLyo (yKTyal Mo NA0THOCTA — AUNATOH. 3TO NPUBOAUT
K pa3orpeBy W TeM10BOMY PacLUMPEHNIO AUIAaTOHOB 40 KPUTUYECKON BENMUMHLI, pac-
nagy AWNaToHOB M 06pa30BaHNIO B TBEPAOM Tefle MUKPOTPELLVH.

Mpy pa3pbiBe Ha rpaHnLe AnMnaToHa BO3HUKAET nepenag, AaBieHunid. B pesynbTa-
Te AWNATOH OKa3blBaeTCA He TO/IbKO 04YaroM fIOKa/lbHOro paspyLueHus, HO O4HOBpe-
MEHHO SIBNAETCA U TOYEYHbIM (PNYKTYaUMOHHBIM UCTOYHUKOM [AMCMOKAUMA. Takum
006pa3oM, 3neMeHTapHble MeXaHW3Mbl paspyLUeHUss U M1acTUYeCKon Aeopmaunmu
OKa3bIBalOTCS B3aMMOCBA3aHHbIMU W AEACTBYOLWUMN OJHOBPEMEHHO.

[AnnatoHHasa Teopua NPOYHOCTY MO3BOJIAET 0OBACHUTL MPUYNHY pa3pyLLEHNUSA
6e3neeKTHbIX CTPYKTYP B CUTy BHYTPEHHeR, npucyLiein ntobomy aHcamb/o aTo-
MOB, HEYCTOMYMBOCTU. DTa HEYCTOMYMBOCTb HeOOpaTUMbIM 06pa3oM MPUBOAUT K
paspyLUeHnto TBepAoro tena B 061acTV 3apOAbILLEBON (PYKTyauuu MAOTHOCTH,
3Heprus B KOTopou yBennuymeaetca B 5-10 pa3 3a cyeT Hakauku Tensa U3BHe.

KunHeTnyeckas Teopus NPOYHOCTU, KaK U MUKPOAedeKTHas, HUYero He roBopuT
0 TOM, KakK ByayT CnmBaTbCA MUKPOLEMEKTbI B MarucTpasibHble TPELLMHbI, ABMSAO-
LLMecs NpuU3HaKoM paspyLleHus TBepAOoro Tena. ATOT HEAOCTAaTOK MOXKHO 6bIno 6bl
YCTPaHWTb, ec/in Obl CyLLEeCTBOBa/T CMOCOO CyMMUPOBATh OTAE/bHbIE aKTbl paspyLue-
HUA. iges cymmmpoBaHMs MOBPEeXAeHWn bblna ctopmynnpoBaHa bosnbumaHoM U
nonyymna CyLIecTBEHHOe pa3BUTWE B MexaHUKe paspylleHusa. Tak, Hanpumep,
J1.M. KayaHoB [57] BBen B Ka4yecTBe Mepbl paspyLUeHNs KOMIMYECTBEHHYIO XapaKTe-
PUCTUKY CM/IOWHOCTM MaTepuana y , KoTopas NpefcTasnseT coboii OTHOLIEHME He-

pa3pyLUEHHON NioLaan NonepeyHoro ceyeHns K NoiHoN NAoLaamn ceyeHms.

! Ckunouka C.W., Ycauenko B5.M., Kyknunx B.FO. SneMeHTbI reoMexaHuKy YrienopoAHOro Maccusa npi BbICOKNX
CKOpOCTAX nofsuraHns nas.— [HenponeTposckK: M3a-8o «Jlupa JITO», 2006.— 247 c.

20



PU3NYECKWME OCHOBbI MPOYHOCTW U PA3PYLLUEHNA TBEPALIX TE/

KO.H. PaboTHoB [58], npoaomkne paboTbl B 3TOM HarnpaB/ieHUW, BBE/ NOHATHE
MOBPEXJAeMOCTN MaTepuana «w Kak OTHOLUEHWE MOLaan TPELWMH K WUCXOAHOA
MIOWaAN ceyeHUa 1 NPeasioKun ANa ciydas CNOXHOro HanpsXeHHOro COoCTOSAHUA
TEH30PHbIV MapameTp MOBPEXAEHHOCTU BMECTO CKanapHOro y . Ycnosuem paspy-
LLIEHNS CYMTAETCA LOCTMXKEHNe ONnpeaesieHHbIMU MHBapuaHTaMy 3TOro TeH3opa Kpu-
TUYECKMX 3HAYEHUI.

OO6LMM HefoCTaTKOM [BYX OMMCAHHbLIX BbILE NOAXOA40B K OLEHKe NMPOYHOCTU
TBEPAbIX Ten ABNAETCA OTCYTCTBME (PM3MYECKOro 0O0CHOBAHWA MOSBIEHUSA 3/1EMEH-
TapHbIX aKTOB paspyLleHnn. CoeauHMB KOHLENLMM TePMOGIYKTYaUMOHHOW Teoprm
MPOYHOCTM C WAEeN O CYyMMWMPOBAHUM  Pas/INYHbIX aKTOB  paspyLUeHus,
.. IntBnHckmin [59, 60] nonyunn 0606LEHHOE YpaBHEHME MPOYHOCTU TBEPAbIX

Ten.

1.3. TepMmogmMHaMU4yecKne Teopmnmn NPOYHOCTH

CnefcrevemM MepBOro 3akoHa TepMOAUHAMUKK ABISETCA BbIBOL O TOM, YTO HU
KONMYeCTBO PaboTbl, HX KOMIMYECTBO TEM/OTbI, HX NapameTpbl, X onpegenstome (B
TOM YmC/ie TEH30PbI HAMPSHKEHWI U fehopMaunid, TeMnepartypa, 06beM Tena u T.4.),
NN UX COOTHOLLUEHUSA He MOTYT ObITb MPUHATLI B KAYECTBE KPUTEPUEB paspyLLEHMS
TBEPAbIX Te/, NMOCKOMIbKY KaXAblA 13 HUX B OTAE/IbHOCTU He ABMAETCA NapameTpoM,
OfHO3HAYHO WM MHTErpasibHO OLEHMBAKOLWMUM MX COCTOSHWE. B Hanbonee obuiem
C/lyyae B KayecTBe TakKOro rapameTpa MOXET OblTb MPUHSATA yaeNbHas BenMynHa
(NNOTHOCTL) BHYTPEHHEN 3HEPTMN U SHTPONNA AethopMmpyemoro Tena. B HekoTo-
PbIX YACTHbIX C/ly4Yasx B KAYeCTBe TaKOro napameTpa MoryT ObiTb BblOpaHbl U Apyrve
TepMOAMHAMNYECKME (PYHKLUN COCTOAHWSA, Hanpumep, aHTanbnus, aHeprus Mmoobca,
aHeprua enbmronbua, ABMSKOLWMECA MPOU3BOAHLIMIU OT MEpPBOOOPA3HON (YyHKLUN
BHYTPEHHEN 3Hepruu.

B cooTBeTCTBUMN C TEPMOAMHAMMYECKON Teopuen paspyLUeHus, KoTtopas nony-
ymna cBOE pa3suTue Onarogaps Tpygam W.W. TonbgeHbnata, B.B. depoposa,

B.J1. BaxxaHoBa U1 Ap., paspyLUeHVe TBEPAOro Tena HacTynaeT B MOMEHT t’, Koraa Xo-
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TS Obl B OHOM €ro MMKPOO6beMe, OTBETCTBEHHOM 3a pa3pyLUeHune, MI0THOCTb BHYT-
PEHHEN 3HepPrum AOCTUIHET HEKOTOPOWN KpuTnyeckon BennumnHel U’ (puc. 1.3).

ATOT (pakT MNpOSABNAAETCA B HaIMYMU  IKCMEPUMEHTASIbHO YCTaHOB/IEHHOM
C.H. XypkoBbIM TemnepaTypHO-BpeMeHHoI 3aBucumMoctn (1.10). Ycnosue paspy-

LIEHNS NPY 3TOM MMeeT BUf
U(rt')=U,(r")+AU(r',t")=U" = const, (1.12)
U, rae U,(r') - nnotHocTb

BHYTPEHHel 3Hepruun Tena B

ncxogHom (go [aehopmumpo-
BaHMS) COCTOSIHAM, YUUTbI-
Balollas ero HacnefCTBeH-
Hble CBOWCTBA W MpPeAbICTO-

u
’ puio HarpykeHusi; AU (r',t")

0 t! tT — W3MEHEHME TOTHOCTU
Puc. 1.3. 3aBUCUMOCTb BHY TPeHHeit aHeprum (U ) BHYTpEHHel 3Heprum B Jio-

o6pa3u,a TBEPAOro Tena oT BPEMEHN (t) n Temne- Ka/lbHbIX 00bemMax Tena 3a

paTypbl (T) BpeMs JethopMUpoBaHMs t';

r' — napameTp, XapakTepunayoLWwmin KOOpAMHaTbI NOKa/lbHOro 06bemMa Tena, OTBETCT-

BEHHOrO 3a pa3pyLUeHue, NOCKO/IbKY 3Heprus B 06LLEM Crlyyae pacnpejensiercs B Te-
Ne HepaBHOMEPHO M0 ero 06beMY.

Hapsgy ¢ onucaHHbIM Bbille MOAXOAOM B TepMOAMHaAMKKe HeobpaTUMbIX Npo-
LLeCCOB BBOAMTCA 3HTPONUNHBIA KPUTEPUIA paspyLleHns. DTO Harpas/ieHNe 1Uccneso-
BaHWI NMonyunno passutue B Tpygax A.M. UyaHosckoro, [.A. Kusnbéaesa, .. Ho-
BUKoBa, X.3. bakeHoBa, C.C. Bsanosa, B.H. Pa3bervHa u gp. B aTom cnyyae cTpouTcs
CTPYKTypa BHYTPEHHero npon3BoACTBa SHEPTMI, KOTOpasA MO3BONAET BbIAEUTL MPO-
LIeCCbl MON3YYECTUN U paspyLLeHNs TBepAbIX Ten (TOPHbIX NOpoL, rPYHTOB).

YcnoBue paspyLUeHns Ha OCHOBE SHTPOMMUIAHOTO KPUTEPUSt MEET B[,

slt))=s, +as’, (1.13)
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PU3NYECKWME OCHOBbI MPOYHOCTW U PA3PYLLUEHNA TBEPALIX TE/

roe S(tl’o) — 3HTPONUS AehOPMUPYEMOro 06paslia B MOMEHT paspyLueHus t'; S, —

HavasbHas 3HTponus; AS’ — npupalleHre sHTPONUKM 06pasLa Npu ero AedopmMmpo-
BaHUW OT HaYa/IbHOr0 COCTOAHUA A0 paspyLLEHWS.

["pahMyecKn CMbICN S3HTPOMMUIAHOIO KPUTEPWS MoKasaH Ha puc. 1.4.
S‘ C NOMOLLbIO 3HTPOMNUIAHO-

ro Kputepmna MOXXET ObITb Bbl-

1
S paXkeH KO3hPUUMEHT Hakonse-
HUA nospexaeHnin K. B fJe-

(hopmumpyemom obpasLie

S,
Kn(t)zAS(%,. (1.14)
0 t; l““t Mpn Op K, pl cocros-
Puc. 1.4. 3aBUCUMOCTb N3MEHEHWSA IHTPONUK Hue aedopmMMpyeMoro obpastia
obpasia 0T BpemMeHu Oyfer  ycToiuMBbIM,  MpW

Kpn =1 nponcxoauT ero paspyLueHue.

AKcTpeManibHbIA npuHumn, no X.3. bakeHoBy u [.A. Kunanbaesy, no3sosseT

BbIBECTU KNHETUYECKOE YpaBHEHWNE ANA BBEAEHHbLIX MapaMeTpoB COCTOAHUA, B Kaye-

CTBE MOJIHOWM CUCTEMbI KOTOPbLIX MPUHUMAKOTCH {FU,TS’,T,W}. 3pecb T T! - coot-

ag' &
BETCTBEHHO KOMIMOHEHTbI TEH30pa HanpsXKeHWin U HeobpaTMMbIX Aedopmauunin, T —
TemnepaTypa, W — BNaXKHOCTb.

B kayecTBe TepMOAMHAMMYECKMX MOTOKOB MPUHUMAIOTCA BEKTOPbI CKOPOCTEMN
MOTOKOB Tenna — g 1 Bnaru — W, CKoOpocTn HeobpaTMmoin geopmaum — TE/ N Tem-
nepaTypbl — T, @ COOTBETCTBYIOLLMMM TEPMOANHAMUYECKMMU cunamn ByayT AT, AW,
T, =of /6T£’ , rae f— nnoTHOCTb CBOGOAHOM 3HEPrUN.

[N NOCTOSHHOTO YPOBHSI HAMPSHKEHWIA B M30TEPMUYECKNX YCMOBUSX, B OAHO-
POAHOM NOME BMAXHOCTW CBA3b MEX/Y TEH30POM HaMPSHKEHWIA U TEH30POM MOJHOVA

aedopmaumn NveeT BUA,
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T,(t)= GTU(tO)+Jt'k(t,T)F[TU(T)]dT, (1.15)

0
roe k(t,7) — mepa nonsyuectn, G — mogynb caura.
[lns OnMcaHus BA3KOTO Pa3pyLLeHUst TBepAoro Tena (MOpoApl, rPyHTa) ¢ uc-

Nonb30BaHNEM 3HTpOI'II/|I7IHOFO KpUTepna npuHUMaeTCca, YTo paspyLueHne nponcxo-

ANT YeEpPeE3 BpeEMA t|/o npn AOCTMXKEHNN NMAOTHOCTU SHTPONNN KPUTHUYECKOIO 3HaA4YEHNA

S/, KoTopas ABNSETCSH XapaKTepucTUKol TBepaoro Tena (cM. puc. 1.4), onpeaense-
MOIA OMbITHBIM MyTEM.
Bonee MoapoGHble CBEAEHUS O MPUMEHEHUM TEPMOAMMMYECKOrO MoAaxoda K

OLIEHKE YCTOMUYMBOCTUN FOPHbIX MOPO/ U FPYHTOB MOXKHO HalTW B KHUrax [61, 62].

1.4. ®eHOMEHO/10rn4ecKmne Teopun paspyLUeHms

WccnepoBaHus TBepAbIX Te/l Ha OCHOBE CTPYKTYPHbIX MOAENe No3BoNIN Mo-
HATb MeXaHW3M, NeXaluii B OCHOBE MX NMPOYHOCTYU, M BbICKA3aTb OCHOBHbIE KOHLLEMN-
UM Teopun paspyleHns. OQHaKO peasibHble TBepAble Tena CyLeCTBEHHO OT/nya-
IOTCA OT TexX MAeaM3MpPOBaHHbIX MPeACTaB/IEHNA, KOTOPble NieXaT B OCHOBE pac-
CMOTPEHHbIX Bbllle TEOPUA. VHXeHepHas e npakTuka TpebyeT HaMuns KOHKpeT-
HbIX POPMY/I, MO3BONAIOLWMX OLEHMBATb MPOYHOCTL MPOEKTUPYEMbBIX KOHCTPYKLNIA.

AIMeHHO 3TO 06CTOATENILCTBO CMOCOOCTBOBA/IO Pa3paboTKe MPaKTUYECKUX Teo-
PUIA MPOYHOCTM, B OCHOBE KOTOPbIX NIeXKaT 6ECCTPYKTYPHbIe MOAENN C/IOLWHOrO Je-
(hopMmMpyemoro TBepAoro Tesa. Ha HacToALWMIA MOMEHT 13 BCEX MPeACTaB/IEHHbIX Ha
puc. 1.1 mogeneii 3TOT Knacc 13yyeH Hambosee MoJsHo.

BeccTpyKTypHas, uaM KOHTUHyaslbHasd, MOAeNb CM/IOLHOro TBeporo gedop-
MMPYEMOr0 Tena C TOYKM 3PEHUS CBA3W MEX/Y BHELUHWM BO3LENCTBMEM U MOMYYEH-
HbIM pe3y/nbTaTOM MNpeAcTaBseT COO0M TaK HasblBaeMbll «UYePHbIA ALWMK». «Yep-
HbIM ALLMKOM>» NPUHATO Ha3blBaTb /IH0OYH0 CUCTEMY CO CTOXACTUYECKOW CTPYKTYPOiA,
KoTopas npeobpasyeT BHELUHWW curHan (BO34eNCTBME) U BblAaeT pesynbtaT (MTor
OMnbITa) B BMAE HEKOTOPO Cy4ainHO BENMUYNHBI. Teopun paspyLleHns, OCHOBaHHbIe
Ha M3ydyeHUM OeCCTPYKTYPHbIX MOAENeil, Mony4unn HasBaHue (PeHOMeHOosormye-

CKUX.
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PU3NYECKWME OCHOBbI MPOYHOCTW U PA3PYLLUEHNA TBEPALIX TE/

H)XeHepHble TeopUM MPOYHOCTU UCXOAST W3 NPeAnoNoXKeHUs, YTo paspyLLie-
HWe TBepAbIX TeN NPOMCXOAWT B TOM Cflyyae, Korga onpefeneHHas KoMOuHauus
KOMMOHEHTOB HanpskeHuii (aechopmalimil) AOCTUraeT KPUTUYECKOro YpoBHS. B ca-
MOM 06LLIEM Buie YC/OBUE Pa3pyLUeHWst AN TNaBHbIX KOMMOHEHTOB HanpsKeHul

(nechopmaLimin) MOXeT 6bITb NPeACTaBNEHO B BUAE

Flo,,0,,0,)<k (1.16)
nnm

F'(e,&,,6)<k, (1.17)

roe F — HekoTopas (hyHKUMS, CBA3bIBatoLLad B O4HO COOTHOLLEHNEe KOMMOHEHTbI Ha-
NpsKeHWn (aedopmaumii), 1 Kotopas B NpefesibHOM COCTOSIHMM paBHa KPUTEPUIO
paspyLueHuns Kk, 3aBUCSALLEMY OObIYHO OT OCHOBHbLIX MPOYHOCTHLIX XapaKTepUCTUK
marepuana: npeaenos NPOYHOCTN Ha CXaTue, pacTsaXeHue, CABUT UMW NpeaenbHbIX
AehopMaLNOHHBbIX XapaKTePUCTUK.

[nvTensHoe Bpemsa ObliM N3BECTHbI YeTblpe, TaK Ha3blBaeMble KNacCUYecKue,
Teopun npoyHocTu. e n3 HuX (KynoHa-Tpecka-CeH-BeHaHa n 'ybepa-Mwuseca) He
NOTEPSiNIN CBOE aKTya/lbHOCTU M B HACTOSAILLEE BPEMS NPUMEHUTENbHO K MiacTuy-
HbIM MaTepuanam.

[locTaTo4yHO NOAPOOHbLIA aHaIN3 KIaCCUYeCKUX TEOPUIA MPOUHOCTY NPUBELEH B
[63].

[anbHeilwee pa3BuTe TeOPUin NPOYHOCTM L0, B OCHOBHOM, MO MyTW 060CHO-
BaHMSA aHa/IMTUYECKNX KPUTEPMEB, KOTOPbIE MO3BO/IANN Obl Hanbonee TOYHO yCTaHaB-
NnBaTb NpefesibHoe COCTOAHKE B T0ObIX KOHCTPYKLUMOHHbIX MaTepuanax, B TOM YAC/e
N OTHOCALLIMXCH K XPYMNKUM, HEOANHAKOBO COMPOTUB/IAIOLLMXCA YCUINAM PaCTAXKEHWSA
N CXKaTus, KaKUMW B NOAaBNAIOLLIEM OO/bLUNHCTBE SBMAKOTCA FOPHbIE MOPOAb!.

Bbinn paspaboTaHbl 06LLME MOAXOAL! K OLEHKE MPOYHOCTU Ha (heHOMEHOMOrnYe-
CKOM YpPOBHE, Ha OCHOBe KOTOpbIX MofydeHbl Teopun B.IN. BanaHamMHa [64],
N.H. Mupontoboea [65], K.W.ArHa [66], Tlneitxepa [67], By»xmHckoro [65],
AWN. botkunHa [68], I'.A. OowwmHckoro [69], A.FO. NwnuHckoro [68], 3eHaens [70],
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A.®. Nlvnatosa [71], AaBuaeHkoBa-PpuamaHa [72], MNucapeHko-/lebegesa [65], u
MHOT1e apyrue, NoApPO6HbIA aHaIM3 KOTOPbIX MOXKHO HailTu B paboTtax [73, 74].

MprMeHnTENBHO K TopHbIM nopogam O. Mop [75] npefnoXxun Teoputo NPoYHO-
CTWU, CYTb KOTOPOWA 3aKNOYaeTCA B CrefytoLem: paspyLleHme npoucxoauT B TOM Cy-
yae, eCc/IM KacaTte/ibHble HarpsXKeHUs, ABNAOLWMECa QYHKLUMEN HOPMa/IbHbIX, JOCTMUT-
HYT onpeenieHHOro ypoBHs. [py 3TOM NPOYHOCTL FOPHbLIX MOPOJ, NPaKTUYECKU He
3aBVCUT OT BE/IMYMHbI CPEAHErO MO BE/IMUYNHE HANPSXKEHUS Os.

CneymanbHO MOCTaB/IEHHbIE OMbIThl A4/18 BbIACHEHUA CTEMeHW BAUAHUA CPef-
Hero no Be/MYMHE HOPMA/IbHOrO HanpsXXeHus o, MokKasaju, YTo OwmnbKa OT He-
yyeta 0, [76, 77] He npeBblwaeT 10-15% 1 HaxoauTCcA B nNpefenax TOYHOCTU U3-
MepsemMbIX napameTpoB. [N XpYynKuMX aHU30TPOMHbIX MOPOL BAUSHWUE O, He-

CKONbKO yBenuymeaetcs [78].

Takum 06pasom, npeanocbinka, NpuHATas Mopom, NOATBEPXKAAETCA B LIENOM
OMnbITamy N CYLLECTBEHHO YMPOLLAeT MccnefoBaHMe NOBeAEHMS TOPHbIX MOpoj B
C/TOXXHOM HanpsXXeHHOM COCTOSIHUM,

Teopusa O. Mopa He UMeET aHa/IMTUYECKOr0 KpuTepus npoyHocTn. OHa 6asmpy-
eTCs MO/IHOCTbHO Ha 3KCMEPUMEHTASbHBIX JaHHbIX, YTO [e/1aeT ee BeCbMa HafeXKHOIA.

[na pelleHns ynpyronnacTyeckmx 3agad ormbatowime npefesibHbIX Kpyros B
Teopun npoyHocTn O. Mopa Heo6X0AMMO anmnpPOKCMMMPOBATb KaKUM-TO YPaBHEHUEM.
vetoTcs Takue onuncaHms B BuAe runepbosbl, 3KCNOHEHTHI [2, 79], napabosbl, LK-
noungpl, Kpuneoii MepnunHa n gp. [80]. OueHb 60/bLLOE KOMMYECTBO 3aday B MEXaHUKE
FOPHbIX MOPOA PELLEHO C NPUMEHEHMEM NMPAMONMHENRHON ormnbatoLlein. CnegyeT oTMe-
TUTb, YTO 3aMeHa KPVBO/IMHEINHOIN OrnbatoLLen NPsMOi SBNSETCA rpy6ObiM YNPOLLEHK-

eM, He MMetoLWMM nof cobol (hn3nyeckoro o6ocHoBaHuA [65, 71].

OTnnyascb 60MbLLONM LUMPOTON B CMbIC/NE OXBaTa AB/IEHNIA, 06HAPYXXEHHbIX NPW

onbITax, Teopund O. Mopa npofo/mkKaeT COBEPLUEHCTBOBATLCA N pa3BUBaTLCA.

Teopun npoyHocT O. Mopa, Tpecka-CeH-BeHaHa n 'y6epa-Museca aBns-
IOTCA Hambosnee ynoTpebnseMbiMM MPU PeLleHnn ynpyronnacTUyecknx 3afay B

MEXaHUKE TopPHbIX Nopoa.
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3HauuTeNbHble 06bEMbI UCCNEL0BAHWNIA MPOYHOCTM U Pa3pyLUEHNS TOPHbIX MO-
POL B C/MIOXHOM HanpsXXeHHOM COCTOSHUW BbIMO/IHEHbI MOA4 PYKOBOACTBOM
A.H. CtaBpornHa. IM npefnoXeHO 3KCMOHeHUWabHOe YC/oBME MNPOYHOCTU. Pe-
3yNbTaTbl PaboT 3TOro Hanpas/eHNs 0606LLeHbI B MOHOrpagmsx [4, 81].

Ynpyronsactuyeckas 3afada npu sKCroHeHUnasIbHOM YCN0BUM NPOYHOCTU fe-
TaJIbHO nccnefoBaHa B pabote b.[. AHHMHa [82].

VccnepnosaHms paspyLleHns ropHbIX MOPOL B YCI0BUAX XECTKOr0 Harpy>keHus
MO3BOIUNN CPOPMY/IMPOBATL LebIA PAL TEOPUIA NPOYHOCTK, YUUTBIBAIOLLMX Heod-
HOPOAHOCTb MaTepuasnioB, NPOSBAAIOLLYIOCS B Nnpouecce paspylleHus [5, 6, 81, 83,
84, 71]. Ona yyeTa 3TOro 06CTOATENLCTBA, OTPAKEHHOIO B NapaMeTpax Hucnagaro-
LLLero yyacTka KpvBOi Ha rpavke fethopMUpoBaHns, B YCI0BUE NMPOYHOCTU 0ObIYHO
BBOAAT TaK Ha3blBaeMyH (DYHKLMIO CHUKEHUS MPOYHOCTU. Torga ycnosme npo4vHo-

cTu (1.7) MOXeT BbITb 3anncaHo cneayrouMmM 06pa3om:

Flo, 0,,0;)<k(x,y,2), (1.18)

roe K (X, Yy, Z) — KpUTepuii NPOYHOCTH, BENIMUYMHA KOTOPOI0 pas/inyHa B pa3HbIX TOY-
Kax 06/1acTV paspyLleHns.
Ob6wme TpeboBaHWA, NpeabsABIseMble K (JeHOMEHONOrMYECKM TEOPUAM MPOY-

HocTK, chopmynupoBaHbl .C. MncapeHko 1 A.A. JlebefeBbiM B paboTax [65, 71].

1.5. CTatnucTnyeckune Teopmum NPoYHOCTU

ABTOpPbI BCEX PACCMOTPEHHbIX BbILLE TEOPUIA MPOYHOCTM UCXOANIN U3 NPeAno-
NOXKeHUs1 06 naeanbHOM CTPOEHMM TBEPAOIO Tena, KOTOpPoe 60 06/1afaeT CTPYKTY-
PO, NNBO ABNSETCA CMNOLWHBLIM, OAHOPOAHbLIM. PeasibHble K& KOHCTPYKLUMOHHbIE Ma-
Tepuasbl 1 FOPHbIE NOPOAbI AaNIeKO He TaK COBEPLLEHHbI.

Mo 3TOI NpWYMHeE, B YaCTHOCTW, OT TEOPUI MPOYHOCTM Hefb3A TpeboBaTb nie-
a/IbHOTO COBMAAEHUS C AaHHbIMK 3KCMepuMeHTOB. OCOBEHHO BEIMKO 3TO OTKJ/IOHE-
HWe B TOM C/lyyae, eCnn U3yyaemblid MaTepuan COLEPXUT LOCTATOUYHO KPYMHble fe-

d)EKTbI — BKJ/TKOYEHUA, Mnopbl 1 T.M., CYLWWECTBEHHO OTANYaloWwneca no CBONM (*)I/IBI/IKO-

27



Pasgen 1

MexaHM4YecKum cBoicTBam. K Taknum matepuanam C HECOBEPLLEHHOW CTPYKTYPOU U
OTHOCATCH, MPeXae BCEro, ropHbIE NOPOAbI.

[ HeO4HOPOAHbIX TBEpPAbIX TeN AeTePMUHMPOBAHHAA MOAE/b CMJIOLHOW cpe-
Abl OKa3blBaeTCA HeJ0CTaTOYHOM. MOCKO/MbKY MecTa KOHLEHTPaLMN HanpsXKeHWin SB-
NAKTCA NOKAIbHBIMW W MPUYPOYEHbI K HEOAHOPOLHOCTSAM, KOTOPbIE pa3MeLLeHbl B
marepuasne c/yvaiHbIM 06pa3oM, TO CYLLECTBEHHOE 3HauyeHWe npuobpeTaeT cTaTu-
CTUYecKas TpaKTOBKa NPOYHOCTMW.

MbICNb O CTATUCTUYECKON NPUPOAe MPOYHOCTU BrepBble Oblia BbiCKasaHa Co-
BeTCKUMM (hnsmkamm A.I. AnekcaHaposbiM 1 C.. XKypkoBbim B 1933 r. [85]. Oanb-
Helllee pa3BUTME CTATUCTUYECKME TEopUM NPOYHOCTWU Monyynnn B pabotax Bein-
oynna [86], T.A. KoHTopoBoi n A.N. ®dpeHkens [87], ®uwepa n XonnomoHa [49],
C.[. Bonkosa [88], H.H. AthaHacbeBa [89], J1.I'. CepgpaksaHa [90, 91], b. bpeaun [92],
B.B. bonotnHa [93, 94], .M. CtpyHuHa [95-97] v Aap.

O6wmii NOAXoL4 K OMUCAHWI0 MPOYHOCTU HEOAHOPOAHBLIX Cpef Mpen/ioXeH
.M. Nndpumuem m J1.H. PoseHugeiir [98] Ha ocHoBe meToga K. Mnmb6ca. Hanbornee
yAauHbIMM pa3paboTKamy B 3TOM HarpaB/ieHUWN ABNAKOTCA CTaTUCTUYECKME Teopuwu
npoyHoctu C.A. Bonkosa u J1.I'. CegpakaHa.

Taknm 06pazoM, COBPEMEHHbIE NPeACTaB/IeEHNA O paspyLUeHN TBepAbIX Te/ B CBO-
€M CTaHOB/IEHVMM MPOLLM TpU 3Tana. Ha )eHOMeHOMorM4eckoM aTane CYMTaioch, UYTO
paspyLLeHrie HacTymnaeT Mpu LOCTVDKEHWN HEKOTOPbIMA KOMOMHALUMAMU KOMMOHEHTOB
TeH30pa HanpsKeHUi (gethopmaLivin) onpeaeneHHbIX NpefebHbIX 3HaYEHNIA.

Ha CTpyKTypHOM YpOBHe paspyLUueHue NpeAcTaBseTcs Kak NpeojoneHne Mmex-
aTOMHOIO MPUTSXKEHUA MPUNOXEHHBIM HaNPsXeHWeM, CYLLECTBEHHO YCW/IEHHbIM
Pa3IMYHOro poja Aeexkramm CTPYKTYpbl.

CoBpeMeHHbIN TepMOMIYKTYaLUMOHHBIN 3Tan paccMaTpuBaeT paspyLueHue Kak
NpoLecc, XOTA M 3aBUCALLMIA OT MapameTpoB AeeKTHON CTPYKTYpbl, HO OCYLLECTB-
NAEMbIA PYKTYyaUUaMu TeMnI0BOro ABVKEHUS.

ATanHbIn XapakTep pasBUTUA NPeACTaBeEHNI 0 paspyLUeHUN 0TPaXKaeTcs B Ha-
NNYMKN TPeX COOTBETCTBYHOLLMX MOAXOAOB K PELLUEHUIO MPO6/1eMbl MPOYHOCTK, KOTO-
pble COCYLLEeCTBYIOT, B3aUMHO [OMOJHASA M oborawas apyr gpyra. I'lo mepe cosep-
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LLEHCTBOBaAHNA 3TUX METOAOB M NOAX0A0B BCE TPWU HarpaBfieHNA No3BONAT, BUANMO,

CO BpeMeHeM pa3paboTaTb HEKOTOPYHO 06LLYH TEOPUIO MPOYHOCTY TBEPAbIX TEN.
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2. SAKOHOMEPHOCTW PA3PYLLUEHWA T'OPHbBIX TTIOPO/
SATIPEQEJTIOM MNPOYHOCTW

Kak 0bln0 MoKa3aHo Bbille, Ha (DEHOMEHOIOMMYECKOM YPOBHE NosaraeTcs, YTo
paspyLleHne TBepLOro Tena NPou3oiAeT B TOM C/lyyae, ec/ii KOMMNOHEHTb! TeH30pa
HanpsHYKEHN B NIOKa/IbHON TOYKe uccnedyemoin 06n1actu AOCTUTHYT onpeaeneHHbIX
npefenbHbIX 3HaYEHUA. KpuTuyeckoe nose Hanps>keHWid B rOPHbIX Nopodax, OKpy-
XaloLWMX BbIpaboTKY, BO3HWKAET B pe3y/ibTaTe HEKOTOPOro BHELLHErO CUI0BOrO BO3-
[EeNCTBNA Ha 00BEKT. ITO BO3AENCTBUE MOXKET ObITb OCYLLECTB/IEHO ABYMS MYTAMM.

MepBbliA, TPAAULMOHHBIRA, MYTb COCTOMUT B TOM, YTO HanpsHKeHUs (opMmpyroTCS
B peXXUme 3afaHHbIX Harpysok. 3mepsis COOTBETCTBYHOLME Harpyskam fehopma-
UMK, ANS cny4yas 0HOOCHOIO Harpy)XeHusi MOMyYatoT U3BECTHbIN rpadmk aehopmun-
poBaHus (puc. 2.1,a), 06pbIBAOLLMIACA B TOUKE, COOTBETCTBYIOLLIE Npeaeny NpoYvHo-
CTV MaTepuana. Tak Harpy»aroTcs, Hanpumep, NOpoAbl KPOBAW NpU ABVKEHUMN Na-
Bbl. [1pn 3TOM NPONET 3aBUCAIOLLEN KPOB/IN U3MEHAETCS OT HEKOTOPOro MUHUMab-

HOIro 3Ha4yeHnsa 40 MaKCUMaslbHOTI 0.

PA PA

&Y gy

a) 6)
Puc. 2.1. Mpacdhukun aechopMmpoBaHus FOpHbIX Nopos: a) AehopM1poBaHue B peXkime

3aflaHHbIX Harpy3oK; 6) aechopMMpoBaHmne B PeXKMMe 3afaHHbIX Aedopmaumii
30



3AKOHOMEPHOCTU PA3PYLLIEHNA FOPHBIX MOPOJ, 3A MPELE/IOM MPOYHOCTU

OC06eHHOCTb BTOPOro nogxofa COCTOMT B TOM, YTO Hanps>KeHHOE COCTOSHWE
06beKTa CO3Ja0T MYTEM <«OKECTKO» 3aflaHHON aedopmauym. C NOMOLLbIO crnewmasib-
HbIX LAaTYMKOB PErUCTPMPYIOT COOTBETCTBYIOLLYIO Aeopmaunn Harpysky u nony-
yaloT rpauk AehopMMpPOBaHUA MaTepuaia, VMEHOLWMIA HUCMAZAOLWY0 BeETBb
(puc. 2.1,6). PaspyLueHve maTepuanioB B peXxume 3afaHHbIX gedopmaimini nony4mno
Ha3BaHVe [eopMMPOBaHNA 3a MpesesioM MPOYHOCTU, WM KOHTPOIMPYEMOro pas-
pyLLeHns. Taknum 06pasoM Harpy>KaroTca NnpefoxXpaHnTe/bHbIe LEeNIMKN, NPUKOHTYP-

HblA MOPO/AHBIV MaccuB BOKPYT NMPOTSXKEHHbIX BbIPabOTOK.

2.1. OCO6eHHOCTN paspyLUeHNA TOPHbIX MOPOA 3a Npeaeom MPoYHOCTH

LleneHanpaBneHHble nccnefoBaHna LehopMUPOBaHUA Pas3INYHbIX MaTepuaioB
3a Npeaenom npPoYHoCcTM 6binn Hadatbl B 30-e rofbl [99], XOTS BNepBble, NoXanyu,
TUNWYHbIE TPaUKM C HUCMNAAAKOLLEN BETBbIO ObINM NOMYYeHbl B U3BECTHBIX OMbITax
KapmaHa ¢ kappapckum Mpamopom [100, 101]. BUHTOBOIA npecc, KOTOPbIM OH MOJib-
30Ba/icA, 06/1aan AOCTaTOMHON YECTKOCTbHO MO OTHOLLEHUIO K Clabomy WCMbITbI-
BaeMOMYy matepuany — mpamopy. B 1960 r. nossunack pabota J1. dpuagmaHa, B KO-
TOPOI 1CCNeaoBanach XXECTKOCTb Harpyxatoweih CUCTeMbl MO OTHOLLEHUIO K XKeCT-
KOCTU deopmmpyemoro obpasua. B 1964 r. . bapHapa Ha cnewumanbHO CKOHCTPYU-
POBaHHOM MPecce MOBbILLEHHO YECTKOCTU NPOBeN UCMbITaHUA GETOHHbIX 06pa3LI/oB
M YCTAHOBW/T Ha/IMUMe HUCMAZAatoLLel BETBU Ha rpaduke AedopMmMpoBaHns Npu of-
HOOCHOM cxaTtuun. B 1965 r. ®. eict n H. N'yK Ha NnpuMepe ropHbIX NOpoj Teope-
TUYECKN ONmncann MexaHn3m AeopmMrpoBaHns 3a NpesesioM NpoYHocTu, a ®. [delcT
cfenan nMomnbITKY YYecTb ero O0COO6EeHHOCTM Mpu  WCC/eA0BaHUN  HaMPSXeHHO-
AeOpMMPOBAHHOIO COCTOAHMSA MOPOAHOro Maccuea B OKPECTHOCTW FOPHON Bblpa-
6oTKN.

OTMeuYeHHble Bblle paboTbl MOMOXKWUAN Havyano UHTEHCMBHOMY W3Y4YEHUHO Mo-
BeJEeHNA TOPHbLIX MOPOA U MHbIX MaTepuaioB B MpoLiecce KOHTPOMPYEMOro paspy-
LeHns. BonbLIOoW BKNaL B M3YUeHre 3TOro BONpoca BHEC/IN TaknMe 0TeYeCTBEHHbIE U
3apybexxHble  yyeHble, kak B.T. [nywko wn B.B. BwuHorpagos [84],
I".T. KupHuuanckumin [5], H.N. Hemuun [102], B.3. AmycuH, K.A. Appalles,
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B.®. Kowenes, /1.1. Jlnnobkos [103, 104], N.B. baknawos n b.A. Kapto3us [83],
AH. CraspornH n A.I'. TpotoceHsa [4], E.N. LemaknH n A.®. PeByXeHKO
[105, 106], O. Xo66oc, 3. beHsasckuia, b. bpeaun, K. ®aiepxypct, H. 'yK n MHorume
apyrve.

[Mony4yeHne 3anpefesibHbIX XapaKTepUCTUK TOPHbLIX MOpof TpebyeT Hanmuus
NCMbITATE/IbHbIX MalUWH MOBbILLEHHON YXeCTKOCTK. MPUHUMMBLI CO34aHNA TakuxX Ma-
LUMH [OCTaTOYHO NMoAPOBHO M3N10XKEeHbI B paboTax [4, 82]. [Ana yBeNMyYeHNs XeCcTKo-
CTW CEPUIAHO BbIMYCKaeMbIX NPECCOBbLIX YCTaHOBOK MCMO/b3YHOT pas3/iyHble Npucno-
CO6/eHns, Hanpumep, napaifieflbHO WUCMbITbIBAEMOMY 06pasly YyCTaHaBnvBakoT
CTasibHble 6pycbs [107], cnoucTble onopbl, HabpaHHbIE U3 YepeayoLMXCA KaleHbIX
CTa/lbHbIX AMCKOB U AMCKOB U3 oprceTkna [84]; ucnbiTyemblid obpasel, nomMeLuarot
noA CTa/ibHYyt0 6asiky 1 aedhopMupyroT Ux coemecTHO [108]; napannensHo obpasuy
pacnonaratoT npeaBapuTeNbHO HarpeTble KOMIOHHbI, KOTOPble B NPOLECCe OCTbIBAHUS
OCYLLIECTB/IAKOT <«OKECTKoe» fetopmupoaHue [109, 110]; npuMeHSIOT cneunanibHble
K/IMHOBbIE MeXaHU4Yeckue YCTPOCTBa [4]; co34aloT npeaBapuTe/bHbIA pacrnop Ha-
rpy>karoLein CUCTeMbl JOMOMHUTENIbHbIMW TMAPOLOMKpaTamu [84, 5].

[N NCNbITaHNA TOPHBIX NOPO/ 3a NPeAesIoM NPOYHOCTU B TOW UM MHOW Mepe
MPUIroAHbI BCE MepeyncieHHble Bbille Crnocobbl, 0g4HaKo Hanbosee yA06HbIM ABMAET-
CS UCMONb30BaHNe LOMONMHUTENbHLIX TMAPOAOMKPATOB, BK/IKOYEHHbIX NapasienbHo
NCrbITbiBaEMOMY 06pasuy. 1o 3ToMy NPUHUMUMY CO34aHa XKECTKas WCMbITaTe/IbHas
ycTaHoBKa KOHCTpykuun UI'TM um. H.C. lMonskosa. B KayecTse 6a30BOro Harpy-
XKatoLLLEro yCTporcTBa UCNonb3yrTCa ruapasnnyeckmin npecc NMCY-500. MNpeagapu-
TeNbHbIN pacnop ¢ ycunvem 50-100 TOHH co3faeTcs ABYMS rMapoAoMKpaTaMu, noj-
K/THOYEHHbIMW K aBTOHOMHOI HacocHoi ctaHuun HCBA-2500. XKecTKOCTb UCMbITa-
TeNbHOM MaLMHbl gocTuraet 3,79*10° H/M. ViHhopMaLwmsa o Harpy3ake v aechopmaLi-
AX — BEPTUKaA/IbHbIX W FOPU30HTa/IbHLIX — 3aMMUCbIBAETCH HEMPEPLIBHO C MOMOLLbIO
crneumanbHON perucTpupytoLLein annapartypbl, NoApobHOe onucaHue KOTOPOn MMe-
eTca B pabotax [84, 5].

[ns ycTaHOBNeHWs 3aKOHOMePHOCTeld [ethopMMPOBaHUA OCaf0YHbIX TOPHbIX
MOpoZ 3a NPeAesioM MPOYHOCTU ObIIM UCMbITAHbI apruINTbI, aleBPONNUTLI, KamMeH-
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Hast Co/Mb M M3BECTHAKN KpbiMa. 14 nocnefytowero aHanmsa, Kpome Toro, npuee-
Kanucb pesynbTaTtbl uccnegoBaHuii B.T.nywko wu B.B. BuHorpagoa [84],

I".T. KupHunuanckoro [5], B.C. JlecHukosa [111], H.A. CtasporuHa [4] v ap.

Harpy>keHne 06pa3uoB 1 06paboTKa pe3ynbTaToB UCMbITaHWIA MPOBOAUNNCH B
COOTBETCTBUM C CYLLECTBYIOLMMM MeToanKamm [112, 113]. O6pasubl nogsepranmch
CTYNeH4YaTOMY Harpy>eHUI0 B PEXUMEe «HarpysKa-pasrpyska». VIHTepBan mexay
MOBbILLEHVEM N YMEHbLUEHNEM Harpy3ku coctasnsn 5-10 c. CKOpPOCTb Harpy>XeHus
MpW Harpy3ke 1 pasrpy3ke ocTaBasacb NOCTOSHHOIA.

XapakTtepHble rpatvky 3anpefenibHoro Ae)opMUpoBaHUA UCMNbITaHHbIX JINTO-
NOFNYECKUI pasHOCTEN — aprNInToB, aleBPONIUTOB, U3BECTHSIKOB, KAMEHHOW COMU U
[NIMHbI 3€N1eHON — NOKa3aHbl COOTBETCTBEHHO Ha puc. 2.2-2.6.

Kak crnegyeT u3 npefcTaB/ieHHbIX rpadmKoB, MPU HarpyXeHuu MopoLHbIX 006-
pasLoB OT HYy/NS U A0 NOHOIO paspyLUeHUs OTYEeT/IMBO BbIAENAKOTCA [Be CTaguun: A -
ponpefensHoro, n B — 3anpegensHoro gedopmuposanmns (puc. 2.7). Ctagma gonpe-
[eNbHOro Ae)opMUpPOBaHNA He WUMEET OCOBGEeHHOCTEN MO CPaBHEHUIO C OObIYHbLIM
cnocobom ucnbitaHnini. 3geck . T. KnpHuyaHckunin [5] BblgenseT veTbipe Xapakrep-
Hble 06/1acTh: | — 3aKpbITe MOP W TPeLmH, NPUTUPKa rpaHelt obpasya K nauTam
npecca; |1 — ynpyroe feopmmnpoBaHme npu COXpaHeHUn NoCToAHCTBA Moayns KOHra
n KoathuumeHTa MNyaccoHa; Il — yBennyeHne KoagpmumeHTa lNyaccoHa, MUKpopac-
TpeckuBaHue obpasua; IV — koadumumeHT NyaccoHa npMmMepHo paseH 0,5, akTUBHOE
BETB/IEHWNE W C/IUSIHNE MUKPOTPELLMH.

CyLLeCTBEHHbIA MHTepeCc NpeAcTaBnseT M3ydeHue CTagun 3anpefenbHoro ae-
(hopmMunpoBaHUA. PaspyLleHe Ha 3TOM YPOBHE XapaKTepu3yeTcs, Mpexae BCero, Tem,
YTO KO3(h(hMLUMeHT BOKOBOI0 pacLuMpeHmnst ctaHoBUTCA 6osblie 0,5 1 npu 3ToM Mpo-
NCXOAMT yBeNn4yeHne obbema gedopmmpyemoro Tena (aunataHcus). ABneHne guna-
TaHCWUK BrepBble HabAa0Ch 1 6bIN0 UccefoBaHo bpumkmeHom [60].

YBenmyeHve obbema aedopmmpyeMbix 06pasLloB FOPHbIX MOPOL NPOUCXOANT
BMN/IOTb A0 MOJIHON UX fAe3uHTerpauymm n gocturaet 10-15 %.

Ha cTaguu 3anpegensHoOro aedopmMmpoBaHmst MOXKHO BbIAENUTL TPU XapaKTep-
Hble 06nacTn: V — njacTuyeckoro teveHus, VI — pasynpoyHeHMss N paspbIX/eHns

matepuana n VII — 3KBUBOIIOMUaIbHOTO TeYeHUs.
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Puc. 2.7. 3Tanbl fehopMaumm ropHbIX NOPOJ 3a NepenomM NpoYHoOCTH
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B o6nactn V kKoagdumumeHT NMyaccoHa paseH 0,5, fgethopMmpoBaHe maTepuana

MPOVCXOAMUT 6e3 yBennUeHUst obbema (&, = & + &, + £ =0). ITa 0611aCTb OYeHb Ma-

na Ana Xpynkux Matepuanos, K KOTOPbIM OTHOCUTCA 60/IbLUMHCTBO FOPHbLIX MOPOoS, U
[0CTaTOYHO Be/iMka A1 NAacTUYHbIX MaTePUaoB C BblPaXXEHHbIMU BA3KUMW CBOM-
CTBaMW, Hanpumep, MeTasl/loB, KAMEHHOW COMN UIN MapraHeuKux ravH (cMm. puc. 2.5
n2.6).

B obnactu VI nponcxofuT nocTeneHHOe paspyLUeHWe CTPYKTYPHbIX CBA3EMN,
MOBOPOT M CABUI OTAeNbHbIX Kpuctannos. KoahduumeHT MyaccoHa 34ecb 60sbLue
0,5, [fedopmupoBaHMe MaTepuasa COMPOBOXAAETCA  YBe/MYeHWeM 06bema

(&, =& +&,+&>0). lNMpoyHocTb 06pa3LoB MajfaeT, 04HaKO Ha NHOOOM YpPOBHE Ha-

FPY>eHUs OCTaBLLMECH CTPYKTYPHbIe CBS3U 06eCrneymBaroT UX NPOYHOCTb 1 CNOCo6-
HOCTb K yNpyromy AeopmmMpoBaHuio, 0 YeM CBUAETENLCTBYIOT NETAN TUCTEPE3NCa,
Mony4yaemMble MPY LMKIMYECKOM Harpy>XeHun u pasrpyske (cMm. puc. 2.2-2.4). MNpu-
6nu3nTeNbHas napannenbHOCTb MeTeNb FUCTepe3nca NO3BOMSET U B 3anpeaesbHol
061acTV 1CMONb30BaTh TY XXe BeNMuMHy Moayns KOHra, uTo u B ynpyroii. Cneayet
OTMETUTb TaKXe, UTO Mpu AehopMNPOBAHUM NACTUYHBIX MOPO/ NETAM rMcTepesnca
MMEIOT MEHbLLYH NoLaap, T.e. AMCCUnaums ynpyroi sHeprum Ans HUX HUKE, YeM
ONS XPYNKWX NOPOA.

KpyTusHa Hucnajatolleid BeTBU TPadikoB « g — £» OTPAXKAET CTPYKTYPHbIE
0COGEHHOCTM FOPHbIX NMOPOA, UX CKMNOHHOCTb K XPYMNKOMY pa3pyLleHuto. YacTo aTy
YacTb AMarpaMmbl TMHEAPU3VPYIOT M TOrAa KPyTH3HA ee MOXET ObITb OLiEHeHa Ymc-

JIEHHO C MOMOLLULI0 TaK Ha3biBaeMOro Moayns cnaga, uam Xpynkoctn. BennumHa aTta

do - .
onpefensieTcs Kak oTHoweHne M =d— B Hambonee KPyToOiM 4acTW HUCMadatoLLEei
£

BeTBM rpamka o - &. Ecnn M=0, To ucnbITyeMblil MaTepuan byaet naeasbHo nna-
CTUYeH, aecnn M - oo, TO — MAealbHO XpynoK. BaBepcuk, Paipxypct n bpayH yT-
BepXKaatoT [114, 115], 4TO CYLLECTBYHOT FOpHbIe MOPOAbI, CNOCOOHbLIE HaKanMBaTb B
cebe MoTeHLUMaIbHOW 3Heprum 6onblue, Yem 3TOro TpebyeTcs ANS UX paspyLleHus
(puc. 2.8), UTO C (IM3MYECKOIN TOUKN 3peHNS 0OBACHUTL OYeHb HernpocTo. o aTomy

Npu3HaKy aBTopbl paboT [114, 115] BblAenstoT ABa COOTBETCTBYHOLWMX TUNA FOPHbIX
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o) MopoA; 00blYHble, ANA Pa3pyLLEHNS KO-
TOpPbIX TPebyeTCs POBHO CTO/bKO 3HEp-
FMK, CKOMbKO CrOCOGHbI BblAepXKaTb
CTPYKTYpHble cBa3m (M p0), 1 CKNOH-
Hble K 6YpHOMY paspyLUeHuto, Ans pas-

PYLUEHNA KOTOpbIX TpebyeT 6osbLue

M>0 M<0 3HEPTUK, YEM CMOCOOHbI BblAepPXKaThb

CTPYKTYpHble cBa3u (M F0).

0 c O6nactb VII (cM. puc. 2.7) xapak-
Puc. 2.8. XapakTepHble rpaduku 3a- TEPN3yeTCs  MONHOW  fiesnHTerpaLyei
NpefensHOro ehOpMUPOBaHIA FOpPHbIX  MCTIbITYEMbIX 00pasLioB, HeKoTopas Lie-
nopog, p3_3|.|0["/’| CTENeHn XPYnKoCcTHK NOCTHOCTb  KOTOPbIX obecneynBaeTcs
[114, 115] onarogaps BHYTPEHHEMY TPEHUIO K 3a-

LLen/IEHNI0 COMPUKACAKOLLIMXCS YaCTei.
[anbHelillero yBennyeHnst o6beMa He NPOMCXoauT. Ha 3TOM YpOBHE HarpyXeHus

FOBOPAT O TaK Ha3blBAEMOW OCTATOYHOMW NPOYHOCTM R .. FOPHBIX NOPOL U O MaKCu-
Ma/IbHOM 3HaUeHUN BENMUMHBI 0GBEMHOIO PaspbIXeHUa &, . [na yueta addekTa oc-

TaTOYHO MPOYHOCTU NPU PELEHNM 3a4a4 MeXaHUKWU TOPHbIX MOPoA YA06HO Mofb-

v - ROCT _
30BaTbCA KO3(PMLMEHTOM OCTATOYHOW MpoYHOCTU K, ., = o roe R, — npegen

C

MPOYHOCTN HAa OLHOOCHOE CXKaTue. ATa BeNIMUYMHA OTpaXkaeT CTPYKTYPHble O0CO6eH-
HOCTW [edopMMpyeMOro maTepuana, Yvcno, XapakTep MU BuA NOBEPXHOCTEN paspy-
LLIEHUS,

B coBokynHocTK ¢ moayneM KOHra, KoaguumeHToM NyaccoHa, KoaghpuLmeH-
TOM AunataHcumn (1+&£,) 1 npeaenoM NPOYHOCTY Ha OHOOCHOE CXKaTve KO3(mULIM-
eHT OCTaTOYHOW MPOYHOCTM LOMOMHAET UH(OPMaLMIO 06 1CCnesyeMon NTONOrnYe-
CKOI pasHOCTU C TOUKWU 3PEHUS ee MPOYHOCTU, CTPYKTYPbl 1 MOBEAEHNS B OOHaXe-

HUAX.
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Puc. 2.9. TunuyHble rpadnkn 3anpeenbHoro ae-
(hopMUPOBaHKSA FOPHbIX NOPOJ B YCNIOBUAX 06BEM-

HOro c>kaTus [4]

VimeeTca Takxke pag
pabor [4, 115, 116], B KOTO-
pbIX WCCnefyeTca nosege-
HWe TOpPHbIX Mopog B 00b-
eMHOM  Hanps>KeHHOM  CO-
CTOSHUW MIPU «KECTKOM» UX
Harpy>eHuu. TunuyHele
rpaukn  «g —&», nony-
YEHHble B pe3yfibTare Takux
MCNbITaHWA, MOKa3aHbl Ha
puc. 2.9. OHKN CcBNAOETENbCT-

BYKOT O TOM, YTO B YC/IOBUAX

00BEMHOI0 CXaTus XPYNKOCTb rOpHbLIX NOPO4 CHMKaETCA.

OnuncaHHbIA BbIle MPOLECC AethopMMPOBAHMS TOPHBLIX MOPOA 3a Mpefesiom

MPOYHOCTN HarndgHO MOXXET ObITb npeacTaB/ieEH B BUAE MeXaHNYeCKOM Mogenn, n3o-

OpakeHHoM Ha puc. 2.10, a.

g £

Puc. 2.10. CTpyKTYypHasi MexaHnyeckas MoAeNb Aed)OPMUPOBAHNS TOPHbIX MOPO/ 3a

npeaenoM NPOYHOCTU: @) CTPYKTYpHas MoAenb; 6) MoaenbHbI rpadmk aeopmu-

POBaHUS
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Mogenb NpecTaBnsieT COOOM CTEPXKHEBYIO CTAaTUYECKN HEOMpPeAeMMYIo CuC-
TeMy, Harpy>kaeMyto B PeXUMe 3afjaHHbIX AethopMaunii. MPOYHOCTb CTEPXKHEl K
YroN UX Hak/oHa SBNSKOTCA BEMMUMHAMU CrydaliHbIMK. TTPOYHOCTb BCEl CUCTEMbI
onpeaensieTcs CyMMapHOW NPOYHOCTLIO CTePXKHENR. o Mepe MX paspyLleHust npouy-
HOCTb MEXAHWYECKOWN CUCTEMbI CHUXKAETCS, O[HAKO Ha /II060M YPOBHE HarpyeHus
ee ynpyrve cBoicTBa coxpaHstoTcs. Moa6upas COOTBETCTBYIOLMM 06Pa30M CTepXK-
HW C 3alaHHbIMK eOPMALMOHHBIMM U NPOYHOCTHBLIMI XapaKTEPUCTUKAMK, MOXHO
MoNy4YnTb MOAIENb MPAKTMUECKU N06GOro TBepAoro Tena. Mpaduk aedopMupoBaHus

TakoW Mofienn nokasaH Ha puc. 2.10, 6.

2.2. CBA3b MeXly HarnpshXeHUssMU 1 aedhopMaumsamMin 3a npeaesioMm rnpoyHo-
CTun

B ynpyroin o6nact Hanps>xeHus v deopmaumm CBs3aHbl U3BECTHLIMU COOT-
HoweHuamn MNyka. B 06nactu »e 3anpefenbHoro geopmmpoBaHns 3T COOTHOLLE-
HUS HapyLlatoTca. B 13BeCTHOM Mepe MOXKHO FOBOPUTL O MPONOPLMOHASILHOCTU Me-
XAy NpuUpaLLeHnammn HanpsbkeHUA n gecopmaunii [4]. OfHako pelleHune 3afad reo-
MEXaHUKMN B MepeMeLLeHnsX C UCMOo/b30BaHWEM TaKMX 3aBUCUMOCTEN CTa/IKUBAETCH
CO 3HAYUTE/IbHbIMU MaTeMaTUYeCKUMM TPYLHOCTAMM,

COpa3fo nmpoule BBECTM B PacCMOTPEHUE HEKOTOPYH 3MMUPUYECKYHO 3aBUCU-
MOCTb MeXZy HanpsxeHUaMn 1 gedopmMaumsammn, Kotopas obecrneymsana bbl focTa-
TOYHYHO TOYHOCTb peLleHuns. Takas 3aBUCUMOCTb MOXET ObITb MOyyeHa, ecn BOC-
M0/1b30BaTbCA NPEANONOXKEHNEM O NOAOOUM MeXaHUYECKUX SBEHWUIA, MPOMCXOAA-
LMX MPU «KECTKOM» paspyLLUeHUN NOPOLHOro obpasua 1 NPon3BOJIbHON NOKAIbHOM
TOYKM MaccuBa B OKPECTHOCTW FOPHOM BblPaboTKW. POsib «XKECTKOrO» Harpy»xaroLue-
ro yCTpoWCTBa MpPU 3TOM UrpaeT ynpyro fegopmupyowiasca 061actb NopoaHON
cpeflbl, pacrnonoXeHHas 3a 061acTbio Heynpyrnx agedopmannia. Harpy>xeHue Kaxxaom
NOKa/IbHOM TOYKM MaccuBa MPOUCXOANUT MeAJIEHHO, NMPUMEPHO CO CKOPOCTbIO, Mpo-
MOPLMOHa/IbHON CKOPOCTU MPOBEeAEHNS BbIPabOTKN.

Hanps>keHHOe COCTOsiHWE B Npefenax BblAe/leHHON 3/1eMeHTapHOM 061acTu AB-
NAETCA CNOXHbIM, TPEXKOMMOHEHTHbIM. [psMOl aHann3 ero 3aTpygHuTeneH. 34ech
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YMECTHO BOCIM0/1b30BaTbCA NOHATNEM 06 3KBUBAIEHTHOM HanpsiXKeHHOM COCTOSIHWM,
KOTOpOe MNPUMEHSIETCA NpY pa3paboTke aHaMTUYECKUX Teopuid npoyvHocTn [73].
BBefeHWe 3TOro NOHATMSA MO3BOJISET OT OLEHKN C/IOXHOIO Harps»KeHHOro COoCTos-
HUS NepeTn K OLEeHKe NPOCTOro 04HOOCHOIO CXaTuns NMbo pacTsHkeHns. CyTb Tako-
ro nepexofa CBOAMUTCA K cnepytollemy. MNycTb 0bpasewl, Harpy>aetcsi 06beMHO U
KOMMOHEHTbI Harpy30K BO3pacTalT OT HY/NA [0 KaKMX-TO KPUTUYECKMX 3HAYEHWA,
MapannensHO CTaHeM Harpy»aTb Takoi Xe 0bpaseL, B YCI0BUAX OAHOOCHOI0 CXXaTus
(pacTsxkeHus), yBennumBaa Harpysky ot Hyns fo npegena. Ecnv oba obpasua nore-
PAOT NMPOYHOCTb OAHOBPEMEHHO, TO OLHOOCHOE HANPSHKEHHOE COCTOSHNE CUUTAETCH
C TOYKY 3peHNSA paspyLLEHNS 3KBMBAIEHTHBIM TPEXOCHOMY. Torfa 3akoHbl paspyLue-
HWSA MOPOLHON Cpefbl, HAXOAALLENCA B OKPECTHOCTM BbIpaboTKN B YCNOBUAX 0ObeM-
HOro coxkaTtuma (pacTsXKeHus), MOXHO MCCNefoBaTb, M3y4vas 3aKOHOMEPHOCTU Aedop-
MUpPOBaHMS NOPOAHOro 06pasua B YC/IoBUAX OLAHOOCHOIO HaNPsXXEHHOro COCTOAHWS.
[N 04MHOYHBIX TOPHbLIX BbIPabOTOK, NPONLEHHbLIX B 0CAA0UHbIX Yr/eBMELLAOLLMX
nopofax, yAaobHbIM HanpsXXeHHbIM COCTOSIHVMEM SABNSETCS, Kak NpaBu/io, 04HOOCHOe

cxartume.

Mpn wn3yyeHUn rpadukos ae-

(hopMMPOBaHNS TOPHBIX MOPOA B YC-

NIOBUAX  «OKECTKOro»  Halrpy>XeHuAd

OTMEYaNiocb, YTO Ha Nboin cTagun

PaspyLLEHNst CTPYKTYPHbIX CBs3eM

) /4
74

0,4
.\Y (HucnagaroLlas BeTBb) o6pasel, Co-
T ‘\‘§ XpaHseT ynpyrue cCBOICTBA W HEKO-
R N\ TOPYI0 MNPOYHOCTb, KOTOpasi BCerga
N HUXe HayanbHOW. Mpun aTOM 06pasell
0 0,2 0,4 0,6 0,8 g,
Z+ Onarogaps nnactuueckum fegopma-

Puc. 2.11. 3aBUCHMOCTb OTHOCUTENbHOI ~ UVAM  YBENNMUMBaETCA B 0ObeMme.
MPOYHOCTU OT BENNYMHBI O THOCUTENBLHOIO Ob6bemHast fedopmauus &, pasHa

06bEMHOr0 paspbIX/IeHNS CYMMe paguaibHON &, W 0CEBON &,
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neopmaunii (&, +&,=¢€,). Ha puc. 2.11 nokasaHa 3aBUCMMOCTb MeXAy OTHOCU-

TE€J/IbHbIM CHXEHNEM NMPOYHOCTU Ha OAHOOCHOE CXKaTue O'/RC N COOTBETCTBYIOLLNM
OTHOCUTEJIbHbIM YBEMNYEHNEM 06beMHOro pa3pbIXNneHns EV/EJ Ana nccnegyemblix

NINTONOIMMYECKNX pa3HOCTEI7I. 30ecb &, — MaKCUMaJ1IbHOE OTHOCUTE/TIbHOE YBENINYEHNE

06bemMa B YCNOBUAX OAHOOCHOTO CXaTusi; o — TeKyLlee 3HayeHre NPOYHOCTH,

Ha puc. 2.12, a, 6 npvBefeHbl Takue Xe 3aBUCUMOCTU, nonydeHHble I.T. Kup-
HuyaHckuM [5], B.T. Fnywko 1 B.B. BuHorpagosbim [84] n A.H. CtaBporuHbsim [4].
AHann3 nNpuBeAeHHbIX TPaPUKOB pas3ynpoYHeHUs 1 paspbIXieHNsa nokasan, YTo OHU

MOTYT ObITb JOCTAaTOYHO 6/IM3KO OMNMUCaHbl 3aBUCMMOCTbIO [117]

I Roer oy & (2.1)
Rc - ROCT 2

Vv

roe &, — TeKyuee 3Ha4eHne Be/TMHNHDI 06bEMHOr0 pa3pbIXneHnsa.

0 0,2 04 0,6 0,8

0 0,2 0,4 0,6 0,8

fl;

Puc. 2.12. 3aBMCMMOCTb OTHOCUTE/bHON NPOYHOCTMW 06PA3LI0B Yr/IeBMELLAKOLLMX
Nopof OT BEMNYMHBLI O THOCUTENLHOIO 06BEMHOI0 paspbixneHus [84, 5]: a) 1-7 0b-
pasUbl aprunnnTa, aneBponnTa, necyaHnka; 6) 1 — KoenraHckuin Mmpamop; 2 — 61o-
TUTOBbLIA rPaHNT; 3 — BMOTUTOBBLIV NNarnorpaHnT; 4 — necyaHuk HBO; 5 — nna-
rMorpaHnT; 6 — Anabas; 7 — TalbKOXI0pUT
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[ethopmmnpoBaHne NPoOM3BOSILHOM TOYKM MOPOAHOr0 MaccuMBa B OKPECTHOCTU
FOPHOI BbIPabOTKN NPOUCXOANT aHaNIOrMUYHO AedOpMMPOBaHMIO MOPOAHOro obpasua
B PEXVME KOHTPOSIMPYEMOrO Harpy»eHus. Mpu aToM posib «XKeCTKOro» fpecca Bbl-
MOSIHAET YNPYro AedopMmpyroLasca 4YacTb NOPoOAHOro Maccuea. s Tako Mogenu
B C/lyyae MI0CKOoi fethopmauy 3aBUCMMOCTb (2.1) B NONAPHbIX KOOPANHATAX MOXET

ObITb NPeACTaB/EHa B CreaytoLLeil gopme

EgtE =g, 1-——F (2.2)

du U _ 1- 0~ Roer

2.3
dr r R, = Reer (23)

AnddepeHumansHoe ypaBHeHWe (2.3) npeAcTaBnseT coboit (hn3myeckoe ypas-
HEHWe COCTOSHUA, KOTOPOe OnpefenseT 3aBUCMMOCTb MeXAY pajnasibHbIMK Mnepe-
MeLleHnsMM U 1 NPOYHOCTLIO MOPOLHOMO MaccuBa Ha PacCTOSAHUU r OT LeHTpa Bbl-

paboTKKN. 3Ha4YeHMe NPOYHOCTM MaccmBa Ha OHOOCHOE CXKaTue a(r) B npoLiecce ae-
(hopMmpoBaHNA NMOPOAHONW CPeabl U3MEHSETCA OT BEIMYMHBI R, Ha rpaHuue pasgena
ynpyrov v nnacTMyeckon obnacTteil A0 BENMUMHBI OCTATOYHOW NPOYHOCTU R, Ha

KOHTYpe BblpaboTKe. 3aKOH, N0 KOTOPOMY NMPOMCXOANT 3TO U3MEHEHUE, MOXKET ObITh
YCTaHOB/IEH Ha OCHOBE FMNOTEe3bl O CMJIOWHOCTW CPefibl B OKPECTHOCTW FOPHOI Bbl-

paboTKw.

2.3. O BMAe PYyHKUUM CHMKEHUS MPOYHOCTU FOPHbIX MOPOoA 3a npeaesnom
NPOYHOCTU

CyLLeCTBYIOT pasHble Cnocobbl yyeTa niacTMyecko HEOJHOPOLHOCTN TOPHBIX
Mopos Npv aHa/IMTUYECKOM MWCC/IeA0BaHMUN YNPYroniacTUYeCKoro COCTOAHUA Mo-
POLHOro Maccvea. Bce oHM MOryT 6bITb pasfefieHbl Ha TP Tpynnbl.

Cnocobbl NepBoi rpynnbl OCHOBaHbI HA CYMMMPOBaHUUN 3/IEMEHTapPHbIX aKTOB

paspyLUeHns:: YeM KX 6onblle, TeM Bbllle CTeMNeHb pasynpoyHeHus. Mpu 3Tom uc-
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Nonb3ytoT IM60 MeTof bonbuMaHa C NpPWBEYEHMEM WHTErpasibHbIX YpaBHEHWI
BonbTeppa, MM60 Kako-HNMOYAb ApYrovi BapuaHT nocnefoBaTe/lbHbIX MPUBAKEHWIA.

[Apyroin cnocob y4yeta 3anpefenbHOro AeopMyMpoBaHUsA MPU peLleHun 3aad
reomMexaHukm 6o1n npegnoxeH A.M. JInHbkoBbIM [118]. OH 3aKM04YaeTcs B TOM, YTO
COBMECTHO peLLatoTCsl ypaBHEHUSI HEPa3PbIBHOCTY AeopMaLnii 1 paBHOBECUS C Of-
HOBPEMEHHbLIM BBEEHMEM 3KCMEPUMEHTA/IbHO YCTAHOB/IEHHOMN 3aBUCUMOCTU MeXAay
MPOAO/IbHLIMU U MOMNePeYHbIMA OTHOCUTENbHBIMK  AehopMaumsaMn. N3BECTHO He-
CKO/IbKO paboT, B KOTOPbIX UCCNef0BaHNSA HanpsXXeHHO-AeopMMPOBAHHOIO COCTOS-
HWSA BOKPYT BbIPabOTKM BbINOJIHEHbI NOA0OHLIM 06pa3om [119].

Bonee NpocTbIMK ABNAKOTCSA CNOCOObLI TPETLEW IPYNMbI, CYyTb KOTOPbIX COCTOUT B
TOM, YTO B YC/IOBME NMPOYHOCTU BBOAUTCSH HEKOTOPAs PYHKLMA CHYXKEHNA MPOYHOCTH

f(r), onpeaenstoLias 3akoH, MO KOTOPOMY M3MEHSETCA MPOYHOCTL MOPOZ Ha OAHO-

OCHOE CXKaTue WK CLEeneHne B OKPECTHON rOpHOW BbIPabOTKM B 3aBUCMMOCTU OT
OTHOcMTeNbHOro paguyca r (r =R/R,, rae R, — paguyc BbIpaboTku; R — TeKyLLmii
pagnyc).

M.T. AnMM>XaHOB NPUBOANT CaMble pPasHble aHa/IMTUYECKME BblPaXKEHUA (PYHK-
LA CHKEHNSA NPOYHOCTU, NPUHaANeXallme pasnnyHbIM agTopam [120].

MpuHUKMN BbIGOPa aHA/IMTUYECKOT O BbIPaXKEHUS OYHKLNN CHUXXEHNS MPOYHOCTH
no cyTu fena oavH. Hanpumep, B CUCTEMe KOOPAMHAT « T — I » 3KCNepUMeHTa/IbHble
[aHHbIE anPOKCUMUPYIOTCA MOHOTOHHOW KPUBOW, OpAMHAaTbl KOTOPOM YBeNM4MBa-
FOTCA OT HEKOTOPOW BNN3KON WA PaBHOWN HYMHO BENNYMHBLI MPOYHOCTU Ha KOHTYpe

BbIPabOTKM O MPOYHOCTU HETPOHYTOrO MaccuBa R, Ha rpaHuue pasgena niactuye-

CKOW 1 ynpyrow obnacteil. B Toih nnm MHOM Mepe U3BECTHbIE aHa/IMTUYECKUNE Bblpa-
XKEHUS PYHKLMM CHXKEHMS MPOYHOCTM O0TBEYAKOT 3TOMY NPUHLMNY. HO COBEPLLEHHO
OYEBWAHO, YTO ECAN MPU MOCTPOEHMN UCXOAHOW (PM3MYECKO MOAENu MopoaHas
cpefja nonaraeTcs CMOLWHON, To 1 Bua GyHkumn f(r) gomkeH cooTBeTCTBOBATH
3TOMY MepBOHaYa/IbHOMY YC/IOBMIO. B 4acTHOCTK, B NAAaCTMYECKO 06/1aCTK, TaK Xe
KakK 1 B YNPYron, gyHKUMSA Hanps>KeHNiA F(r) ANO/MKHA ObITb GUraPMOHNYECKON, TO-

rga oHa 6yﬂ,ET NMETb eANHCTBEHHOE KOHKPETHOE BbIPa>KEHUE.
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NS BbICHEHMS BUAA (DYHKLMW CHKEHMS NPOYHOCTU NOCTYNUM CrefyHoLmm
06pa3oM. 3anuuiem B MONSPHOA CUCTEMe KOOPAMHAT MCXOAHble COOTHOLLEHMS.

YpaBHeHUs paBHOBECUS 1 COBMECTHOCTM AedhopmaLiuii umetoT Bug [11]

00, +161r9 L 00

=0, 2.4
or r 06 r (24)
1609+6rr9+21rg:0’ (2.5)
r 04 or r

2

0, +104 1 9 (5,+0,)=0, (2.6)

ar? rar r296?

rge r,6 — nonsipHble KOOPAMHATLI. 3[1eCh U Aanee BCe BENMUMHBI, MMEIOLLME pa3mep-
HOCTb A/IMHbI, OTHECEHbI K BENIMUMHE pagunyca BbipaboTku R,.

YCnoBve NPOYHOCTM B AOCTATOUHO 06LLEN (hopMe MOXET ObITb MPEACTABIEHO B

BUAE
(0, -0, ) +4r% = 4k? £ 2(r), (2.7)

roe K — HekoTopast KOHCTaHTa, 3aBUCALLAs OT UCXOAHbIX (DM3NYECKMX NPEANOCHIIOK,
3a/10)KEHHbIX B YC/I0BME MPOYHOCTW.
BBegeM (yHKLUMIO HanpsXXeHWU Takum 06pa3om, YToObI B M1acTMYECKON 06nac-

TN BbINONHANNUCHL Cliegyrowmne COOTHOLLEHUA

_1dF . _d°F

; FE,UH—dT;r“g:O. (2.8)

OueBMHO, YTO B TaKOM BuAe (PYHKUMUS HaNPsPKEHWIA BCeraa yAoBNeTBOPSET
YpaBHEHMAIM PaBHOBECHSI.
[ns onpeaeneHns aHAMMTUYECKOTO BbIPAXKEHNSI (DYHKLMN CHUKEHWSI NMPOYHO-

CTV noAcTaBuM BblpaxxeHust (2.8) B (2.6) 1 (2.7). Monyymm cuctemy ypaBHEHWIA:

1dF d°F

- =+2kf (r),

rdr dr? ) (2.9)
F =0, (2.10)
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rgoe  —onepatop Jlannaca.
Pellas ypaBHeHMe (2.9) METOA0M BapuaLumn NOCTOSSHHOM, MOMYy4YMM CriedytoLuee

BbIPKEHME AN QYHKLMU HANPSKEHWI
F(r)= rzkf f(r) rdr - krf (r)dr+crri+c,, (2.11)

rae C, n C, — NPon3BOSIbHbIE MOCTOAHHBLIE UHTEFPUPOBAHUS.
MpMeHMM K (YHKLMW HanpsikKeHWM F(r) [BaXXabl onepatop Jlannaca, npu-
paBHsiem, cornacHo (2.10), Mony4yeHHOe BbIPAXKEHME HY/MO W MOMyYMM YypaBHeHVe

nns onpeaenenus dyHkum f(r):

d’f 3df
-——=0. 2.12
dr? rdr (2.12)
Ero pewieHne nmeet B
f(r)=A2— B. (2.13)

r

KoHcTaHTbl A 1 B onpefenstoTcs M3 YCoBUS PaBeHCTBa 3HauYeHWst DyHKLMM

f(r) NpeaenbHLIM 3HaUeHMAM NPOYHOCTV MOPOAHON Cpe/abl Ha KOHTYpe BbIPaboTKM

M Ha rpaHuue L pasgena ynpyroi v nnacTuyeckor obnacTei:

R,._, = Koo m R, =1 (2.14)

cr=1 Cr=r|_

C yuetom ycnosus (2.14) nonyyunm

A= ook ) B=fKer (2.15)
oz ) T

roe r, — 6e3pasMepHblil paguyc 06/1acTn Heynpyrux gedopmasyii.
C yyeTOM 3HaYeHNIA NOCTOAHHBIX UHTErPMPOBaHUA (2.15) PYHKUMS CHUKEHNS

MPOYHOCTN UMEET BN[,

2 2 2
f(I’)Z 1 rL(l_kOCT)_rLZ_l_k :rL(]-_kow),_r (I'

2 keer f
ocT
1-r? r’ r2L-r?) - (219)
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Onsi Xpynkux nopog BennumHa K,..=0,1 1 eto 6e3 CyLLecTBeHHOr0 yuep6a Ans

TOYHOCTU MOXHO MpeHebpeYdb, Toraa BbipaxeHue (2.16) npumeT 601ee NPOCTON BUL

rer?-1
flr)=-% : 2.17
e (217)

MoactaBne cooTHOLWeHMe (2.13) B (2.11), nony4mMM BblpaXKeHMe Ana QyHKUMN

HanpsKeHNiA B N1aCTUYECKO 061acTu

1 A
F(r)=r>k “-Inr . -B +C, . (2.18)

2 r
o Mo aHanorum ¢ yHKUMER CHU-
R. 2 M )KEHMS1 MPOYHOCTW BBeJEM B pac-
0.8 (/ LR CMOTPEHME (YHKUMIO paspbIXNeHNS

. ] . '
% f'(r). Ecnm ocobeHHOCTM moTepw
0,6 /,4' MPOYHOCTU NPUKOHTYPHOIO MaccuBa
A'// OTPaXatoTCs Ha pa3mepax 30Hbl He-
0,4 o

é/ e ynpyrux aedopmaunii, TO BO3HU-
05 / KatoLLlee Npu 3TOM paspbIX/ieHne on-
’ pefenseT BENNYMHY MepeMELLEHNI
ol® Ha KOHType BbipaboTke. Vccnenosa-

7. 12 14 16 18 r
HUA, NpuBEAEHHBLIE BbILLIE, MOKa3bl-

Puc. 2.13. CpaBHeHue Buaa yHKUNN CHU-
P Aa (yHKy BalOT, YTO pasynpoyHeHne u pas-

>KEHNS NPOYHOCTW C pe3ynbTaTaMmi Ha-
PbIX/IEHE MPOTEKAOT OAHOBPEMEH-

TYPHbIX M3MepeHuii: 1 — aHannTuYeckas .
HO W VMMEKT NMHERHY0 CBS3b BUAA

3aBMCUMOCTb; 2 — flaHHble B.A. KapTo3un
(2.1), B COOTBETCTBUM C YeM (PYHK-

[83]; 3~ pantbie B.B. Burorpagosa [6] LUMSA paspbIX/IeHns Lo/KHa ObITb On-
pefeneHa cneayoLwein 3aBUCUMOCTbIO:

f'(r)=1+B- Ar 2, (2.19)

Ha pwuc. 2.13 noka3aHa CTeneHb COOTBETCTBUS aHA/IMTUYECKOW 3aBUCMMOCTU

(2.17) paHHbIM pe3ynbTaToB HATYPHbIX W3MEpPEeHWiA, BbINOIHeHHbIX B.A. Kapto-
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314 [120] n B.B. BuHorpagosbim [121]. CpaBHeHWe BbIMOSHEHO NPW ChedyroLmnX
AaHHbIX: 1. =2, k... =0,1. Kak cnegyeT u3 puc. 2.13, coBnafeHve J0CTaTouYHO 6/1u13-

KOe.

AHaAIOTMYHYIO  KapTUHY  [JaloT  W3MEPEHUs  CUEMeHus,  BbIMO/IHEHHbIE
B.B. CmupHsakoBbIM [122] v rpynnou aBTopos [123]. N3meHeHWe moayna aedopma-
LIV B OKPECTHOCTU BbIPaboTKM [124] TakKe B M3BECTHON Mepe NMOAYMHAOTCA 3aBU-
cumocTu (2.16).

Takum 06pa3omM, PYHKUMA CHMXKEHUA MpoyHocTu (2.16), a, cnefoBaTeNlbHO, U
(hYHKUMS pa3pbixieHuns (2.19), moryTt 6biTb B TaKOM BWUE PEeKOMeHO0BaHbl 415 UC-
Mo/Ib30BaHUS B MEXaHUKE TOPHbIX MOPOJ MPU PeLLeHnn yrnpyroniacTUYeckmx 3agau

c 6VII'apMOHI/NECKVIM NnnacTU4eCKNM COCTOAHUEM.
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3. KPUTEPUU TTPOYHOCTIW B TEOMEXAHUKE

Mpeanocbinka 0 MasoM BAUSHAM NPOMEXYTOYHOIO MO Be/INUMHE HamNpsiXKeHWs
Ha pa3pyLUeHNe TOPHbIX MOPO/ ABNSETCS eAMHCTBEHHOW B Teopun Mopa, KoTopas B
OCTa/lbHOM He TpebyeT MPOBEPKM, NOCKO/bKY MOMHOCTbIO OCHOBBLIBAETCS HAa 3KCMe-
PUMEHTaNbHbIX JaHHbIX. OfIHAKO aHAMTUYECKNIA KPUTEPUIA NPOYHOCTU NONyYaeTcs
nyTemM Noabopa COOTBETCTBYHOLLENO0 3MMMUPUYECKOrO BbIPAXKEHWSI U ero NpUMeHeHne
OrpaHMYMBaeTCa MO CYLIECTBY TOW 06M1acTbi0 HAMPSHKEHHbIX COCTOSHWIA, ANs KOTO-
POV BbINOMHEHbI IKCMEPUMEHTbI.

Takum 06pa3oM, IKCNepUMeHTa/bHbIV XapaKTep o6ecneynBaeT JOCTaTOYHO TOY-
HOe onucaHue npeaenbHOro COCTOSHMA MaTepuana, aMNMPUYECKIiA e NoaGop ycno-
BMSI MPOYHOCTM He AaeT BO3MOXXHOCTM B MOMHOM Mepe BOCMO/b30BaThCs 3TUM Mpe-
MMYyLLEECTBOM. MO3TOMY NpeaCcTaB/ISeTC MHTEPECHbLIM BbIBOJ, aHA/IMTUYECKOTO KpUTe-
pVsi TEOPKM Ha OCHOBE aHa/nM3a NpoLiecca paspyLUeHVs B NIOKa/IbHON 06N1acTy TBepAo-
ro Tena, KOTOPbI MOXET ObITh NPEACTABMEH CNeAYOLMM 06pa3oM. KacaTenbHble Ha-
MPSHKEHNS, BENIMUMHA KOTOPbIX I0CTATOYHO NOJTHO XapaKTepu3yeTcsl MHTEHCUBHOCTbIO
HaNPSYKEHWI G;, Pa3pbIXNSKOT MaTepuan NyTem CABMIa, a Nof AeACTBMEM HOPMabHbIX
HaNPsXKEHWA, YPOBEHb KOTOPbIX OMpeaensieTcst LapoBbiM TeH30poM |, npoucxoanTt
pacKpbITUe TpeLmH. COBMECTHOE [ielicTBME ABYX BUAOB paspyLUeHMs (CABUT 1 OTPbIB)
NPUBOANT, KakK BblI0 y)Ke OTMEYEHO Bbillie, K NOTEPe NPOYHOCTY MaTepuana. Mopao6-
Has CXema paspyLLUEeHUs HaxOAWUTCs B XOPOLUEM COOTBETCTBUM C AWC/OKALMOHHON W

,CLI/II'I&TOHHOI‘/JI TEeopnAMMN BOSHUNKHOBEHUA XpyI'IKOIZ TPELWNHDI.

3.1. AHA/INTNYECKUIA KPUTEPUIA NPOYHOCTH
Paf Teopuin NPOYHOCTM BblN NOMYYeH Ha OCHOBE OTMEYEHHOI Mogenu paspy-
LLEHNS TBEPAbIX TeN 13 06LLEN PYHKLUMOHANBHON 3aBUCUMOCTH [73], 06beANHAIOLLIEN

B OAQHO COOTHOLUIEHNE MHTEHCUBHOCTb Hal'lpﬂ)KeHI/II‘;I O; N KOMMNOHEHTbI LWapoBOro

TeH3opa I:

o +al®+bl =c, (3.1)
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roe a, b, ¢ — HekoTopble NapameTpbl, ONpeAensemble U3 UCMbITaHUA NPU NPOCTEN-

LLNX HaMPSHKEHHbLIX COCTOAHUAX,

O :fx/(al_az)z"'(az_03)2"'(03_01)2’ (3.2)
| =0, +0,+0,. (3.3)

3neck: 0, 0,, 05 — [NaBHble HaMPSXKEHNS.

Cnepys runoTese Mopa, NpeAnonoXunmM, 4To NPOYHOCTb MaTepuaia npakTuye-
CKW 3aBUCUT TOJSIbKO OT TeX YN1eHOB BblpaxkeHUN (3.2) 1 (3.3), KoTopble onpeaensoT
Pa3HOCTb U CYMMY Hamb60/bLLEr0o N HaUMeHbLUEro KOMMOHEHTOB HanpsXeHui. To-

raa, n3 (3.1) npu a= 0 nonyynm cnefyroulee BblpaXKeHMe:

(0=, +blo + ;) =c. 34)

MapameTpbl b 1 ¢ onpegennm 13 (3.4) B pe3ynbTaTte UCMbITaHWUIA FTOPHbLIX NOPOA
NPU NPOCTENLLNX HANPSHKEHHbIX COCTOSAHUAX. Tonyunm:

— nNpn 0AHOOCHOM CXXaTlhh B npeaesibHOM COCTOAHNI

;Rf +hR, =c; (3.5)
— NPV OZHOOCHOM PACTSKEHNM

1,2 _

ERp _bRp =C. (36)

Pelas coBmecTHO ypaBHeHUs (3.5) n (3.6), Haxoanm, 4To

1 , _1.2

Rp.

ey =—"
.C'.lﬂRC

MoacTaBmB 3HayYeHWs napameTpoB (3.7) B cOOTHoLUeHMe (3.4), nony4nm cre-
[yIOLLEe YCOBME NPOYHOCTH

2 ycnosue npoyHocTy (3.8) 66110 nonyyeHo J1.9. Mapuesckum 1 A.H. LLlaweHKo B cTaTbe: «O pasmepax 061acTy nna-
CTUYECKMX Aedhopmaunii BOKpYT BbipaboTok // M138. BY30B. MOpHBIi XypHan.— 1998.— Ne3.— C. 39-42».
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(0, -05) -R&w - ([1-y)R, (0, +05)=0, (3.8)
UM B 06LLEM C/lyyae HanpsXKeHHOro COCTOSHMS
(0, - O'y)2 +41% - Ry - (L-¢)R, (0, + ay)= 0. (3.9)
3 BblpaxkeHus (3.8) nonyymm
0, - 0, =2k, (3.10)

rge

k=05 /R +{1-¢)R (0, + 7). (3.11)
3aMeTUM, YTO NPV OCECUMMETPUYHOM Pacrpee/ieHnn HanpsXkeHni
O+ 03=0;+ 0y =const.

3 aToro cnepyet, 4to BbipakeHue (3.10) ABNSETCA MO CBOEM CYTW YCNOBUEM
npoyHocTn Tpecka-CeH-BeHaHa. B 06Liem e ciyyae Hamps»KeHHOro COCTOAHUA Mpa-
Bast YacTb yc/ioBuA (3.10) 3aBUCUT OT 3HAYEHWIN KOMMOHEHTOB HaMNPsHKEHWS.

[ns matepuanos, OAMHAKOBO COMPOTMBAKOLLMXCA CXKATUIO N PaCTHXKEHWHO, (=1,
B atom criyyae v3 BbipaxkeHus (3.8) nonyunm Teoputo NpovHocTn KyroHa.

O603Ha4YMM COOTBETCTBEHHO MaKCUMa/lbHOE KacaTe/lbHoe HarnpsH>KeHne 1 BEMNYNHY,

_0170; _0,10;
XapaKTePU3YHOLLYHO BUJ, HANPSYKEHHOI0 COCTOAHUA, KaK T = ———> U 0 = — To-
ra BbipaxxeHwe (3.8) ¢ y4eTOM NPUHATLIX 0603HAUEHWIA MPUMET BU[L
4r* - 20(1-y@)R, - Ry =0, (3.12)

3aBncMMOCTb (3.12) B cuCTEMe KOOpPAMHAT « T — 0 » NPeACTaBNseT ypaBHeHWe
napabo’ibl, KOTOpas ABNAETCA BbIMYKN0N 1N HENPEPLIBHOW KPUBOW.

B cucteme Xe KoopauHat «g, — 0,» ypaBHeHue (3.8) umeeT BuA napabdbonsl,

PaBHOHAK/OHEHHOM K OCSIM U OTKPbITO CO CTOPOHbI CKUMAIOLLNX HaNPSHXKEHWNIA, 4TO
COOTBETCTBYET TPebOBaHMIO CUMMETPUYHOCTM YCIOBUS BOSHUKHOBEHUS MPeaenbHO-

ro HanpsXXeHHOro cocTosHms (puc. 3.1).

o1



PA3fgeEN 3

C yBennyeHnem Be-
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¥=0

g| R /|
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nnyunHbl Y ot 0 go 1 na-
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/
% pabona BbITATMBAETCS B
/

CTOPOHY BCECTOPOHHErO

AN

\
N\

TN
R

pacTaxeHunda, 4Tto nMnoa-

\
\

TBEPXXAAeTCs  OMblTaMu
= | [.B.Yxuka [40]. W, Ha-

KOHeu, npu Y= 1 napabo-

/AO 2 4
v o

Puc. 3.1. NoBepXHOCTb NpefeNbHbIX COCTOAHUI

na BbIPOXAAETCA B [1Be
napannesbHble MpsMble,
COOTBETCTBYHOLLME TEOPUN «3HEPTUMN (HOPMOU3MEHEHUSI».

TakuM 06pa3oM, NOMy4YeHHOE YCNOBMe MPOYHOCTU OTBeYaeT TPeOGOBaHMAM
noctynata [pykkepa [74] u COOTBETCTBYET COBPEMEHHbIM NpPefCTaBNeHUsSM O
NpupoAe paspyLueHus Teepabix Ten [73, 65].

Ecnn B M3N0XEHHbIX BbllE PaCcCy>X/AeHUsX He npuberatb K runotese Mopa o
HE3aBMCMMOCTM NPOYHOCTM MaTepmana oT CPeAHEero No BeNnyMHe KacaTeNbHOro Ha-

NPSHXKEHNs T,, TO Ha OCHOBe 3aBMcMMOCTM (3.1) Mpu a = 0 MOXeT BbITb MoyYeHa

Teopus npoyHocTy .M. banaHanHa [74], aHANUTUYECKUIA KPUTEPUIA KOTOPOI Ans

npeAenbHOro COCTOSIHUS UMEET BUf,

R = W -D(o,+0,+0,) |

C 4 (3.13)
WD+ 0, + o)+ M|(0,-0,) +(0,- 0 +(03-0)|
20 '
BobipakeHue (3.8) MOXXHO MPUBECTU K TAaKOMY e BUaYy
R, = W -D(o, +03) + \/(w _1)2(01 + 03)2 +4y (o, - J3)2 . (3.14)

2

N3 (3.13) npn g, =0 NOAyYMM KpUTEpPKil MPOYHOCTY 415 MIOCKOTO HaMpshKeH-

HOr0 COCTOSHUA
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=10, + 0, +aglo? + a2 + (0, -0, )] B.15)

-1 1
R = I/lzw (al+03)+2€”

CpaBHeHMe BbipaxxeHuit (3.14) 1 (3.15) nokasblBaeT, YTO 3TO pa3Hble KpUTepuu,
pasninyvie Mexay KOTopbIMW YBEeIMYMBAETCS MO Mepe pocTa MaacTUYeCKMX CBOMCTB
matepuana (¢ - 1). lNoBefeHne ke Xpynkux marepuanos (¢ — 0) oba Kputepus
OMUCbIBAKOTCA MPUMEPHO OAUHAKOBO W LOCTATOYHO XOpoLwo [73]. B aHa/IMTUYeCKnX
e uccnefoBaHNAX YNpyronaacTuyecKoro COCToAHNA 6osee YA0OHbIM SBNAETCS Bbl-
paxeHue (3.8), KOTOpoe CUMMETPUYHO OTHOCUTE/IbHO BXOAALUMX B HEFO KOMIMOHEH-

TOB HaMpsXXeHNn g, 1 ;.
BenvunHa ¢ ana 60nbLWIMHCTBA FOPHbIX NOPoA peako npesbiwaeT 0,1-0,2. Kak
MoKasblBaeT aHa/M3 3aBucuMocTy (3.8), Aake Npu CTONb BbICOKOM 3HAYeHUWN { ee

MOXHO MPUHATL PaBHOM HyNH, 06ecrneynBas Npyn 3TOM B 06/1aCTW CXKUMAIOLLMX Ha-
MPSHKEHMI AOCTATOUHYH TOYHOCTb. OTO 0OCTOATENILCTBO OTPAXKEHO Ha puc. 3.2, rae
B cuCTeMe 0Ge3pa3MepHbIX KOOPAWHAT MokKasaHbl NpefesibHble KpYBble 418 pas/iny-

HbIX 3HAYEHWI (¥ . YpaBHeHME NpedenbHbIX orméarowmx nonyyeHo u3 (3.12) nytem
AENeHNs BCEX €ro YneHoB Ha R, .

Mpu ¢ =0 13 (3.9) nonyunm cregyroLlee YacTHOE BblpaXKeHME MPOYHOCTH

o,-0,=./R.(0,+0,). (3.16)

PaccmoTpyM MoBeAeHMe KpPWBbIX B 06/1aCTU pacTskeHus (cMm. puc. 3.2). MNpwu

3HaueHnn ¢ p 0,5 rpatinkn NepecekatoT 0Cb abCLMCC B TOUKE, HAXOAsLLENcs OT Ha-

yana KoOpAMHAT Ha PacCTOAHWM, MeHblleM R . Touka nepeceyeHns COOTBETCTBYET

[IBYXOCHOMY PaBHOKOMMOHEHTHOMY pacTsbkeHuto (o, = ;). CnegoBate/ibHO, NPou-

HOCTb FOPHbIX NOPOJ, KOTOPble MO CTPYKTYPHbIM OCOBEHHOCTSIM MPUOAMXKAOTCS K
XPYMKUM, MPN JBYXOCHOM PaBHOKOMMOHEHTHOM PacTSHXKEHUW OMNpeaensieTcs 3Haue-
HUEM O[HOTO M3 KOMMOHEHTOB HanpshKeHWUsl, MEHbLUUM BESIMYMHbI MPOYHOCTM Ha
OAHOOCHOEe pacTshkeHue. Takum 06pa3oM, JBYXOCHOMY YMCTOMY PacTSHKEHUIO Takue
MaTepuanbl COMPOTUBASAIOTCS XYXKE, YeM OfIHOOCHOMY PacTsXKEeHWH. STa 0CO6EeH-
HOCTb NS XPYMKMX FOPHbIX NMOPOJ Hallna oTpaxkeHue B padoTe [125].
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Mpn 3HaveHun ¢ 0,5
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=
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Puc. 3.2. Orunbatowyme npeaenbHbIX HanpaXKeH- conporvieneHne Marepharna

HbIX COCTOSIHWIA 7151 TOPHBIX MOPOJ, pasHoii cTe-  ABYXOCHOMY HUCTOMY  pacTA-

MeHM XPYMKOCT YXEHUIO  CTaHOBMTCA  60NbLUe
COMPOTMB/IEHNS  OJHOOCHOMY
pacTsHKeHto. ITO 0OCTOATENbCTBO ObII0 MOATBEPXAEHO W3BECTHLIMK OMbITaMU
IM.B. ¥Xuka ¢ nnactmyHeiMu Metanniamm [40]. MogobHoe e noBefeHUE KPUBbIX B
06/1aCTV pacTArneatowmMx yCUnnii NPUMeEHUTENbHO K FOPHBLIM Nopojam Mpegnosno-
XXun n obocHosan M.M. MpoToabsikoHOB [126]. B 4acTHOCTW, C TOYKM 3pEHMSA CO-
MPOTMBIAEMOCTU BHELUHUM YCUNAM BfIaXKHbIE T/IMHbI BefyT Ce6a KakK niacTU4Hble
MeTa/l/Ibl: Ha Auarpamme AedopMMpoBaHUA BblpakeHa M/oLlajKa TEKyYecTu, npu
HebO0/IbLLIOM 3HayeHUW npegena NpPoYHOCTM Ha OAHOOCHOE CXaThe T/IMHbl UMEKT
MPaKTUYECKM IMHEVHYIO 3aBUCUMOCTb « 0 — £» (CM. puC. 2.6).
AHanns BblpaxkeHns (3.12) nokasbiBaeT, 4To NP ¢ =0 K3 HEro BbITEKAET MpPoO-

CTO€ COCTOAHME, CBA3bIBalOLLEE OCHOBHbIE MPOYHOCTHbLIE XaPaKTEPUCTUKWN: NpPeaesnbl

NPOYHOCTM Ha OAHOOCHOE CXaTue R, pacTaxeHne Ry v caBur Ry :
R, =05 /RR, . (3.17)

TakuM 06pa3oMm, No ABYM U3BECTHbLIM MpPefeNbHbIM XapaKTepUCTMKaM BCErAa MOXHO
OnpeaennTb TPeTbo. DTO 0OCTOSTENLCTBO MOXKET ObITh MOME3HLIM MPY YCTaHOB/E-
HUM BE/MYNHBI R, OnpejieNneHne KOTOPoi B 9KCTIEPUMEHTa/IbHBIX YCOBMAX COMpA-

JKEHO CO 3HaYUTENbHbIMU TPYAHOCTAMMW.

54



KPUTEPUM MPOYHOCTV B FTEOMEXAHUKE

PaspyLueHne XpynKUX matepuanioB, Kak yXKe 0TMevanoch, 4OCTaTOMHO XOPOLLIO
onucbIBaeTca Teopuelt Mpuddutca. B cnucteme KOOpAMHAT « T — 0 » OCHOBHOE ypaB-

HeHue Teopun MpudduTca MOXeT ObITb NPEACTAB/EHO CeAyOLW MM 06pa3oMm
41* - 2R,0 - 0,25R? = 0. (3.18)

Ecnun B 3aBMcMMOCTK (3.12) nonoxuTb, cornacHo pudgurey, ¢ = 1/8 n cpas-
HUTb ee C 3aBUCUMOCTbLIO (3.18), TO OKaXKeTCA, YTO aHa/IMTUYECKME BbIPAXKEHUS ABYX
Teopuin MPOYHOCTK, MOMYYEHHbIX HA OCHOBE Pa3HbIX N3NYECKNX MPeLCTaBNeHNI O
NpuUpoze paspyLUeHns, ABNAKOTCA NPAKTUYECKN UAEHTUUYHBIMN.

Ycnosue npoyHocTy (3.8) npu (¢ =1 6b1710 NPoBePeHO bayLwmMHIrepom, KOTOpbIN
nokasas, YTo OHO XOPOLUO OMMCLIBAET MPOLIECC paspyLUeHns NacTUYHbIX MaTepua-
noB. ElLe paHee aHanornyHble onbIThbl Ob1IM NPoBeAeHbl Tpecka [31].

Ha puc. 3.3 u

G,

R, Al puc. 3.4 nokasaHa Teope-
8 i - TU4yeckasa KpuBas 3aBUCK-
, ’ s~ | mocti (3.8) B cucTeme

6 O
* ‘A/OD/A P=1 6e3pa3mMepHbIX KOOpAUHAT

[ ] AO £ //

4 IS =g A —— (X=0,/R;; Y=05/R,)
: SEAL | 1 pesynbTaTbl UCMbITaHWA
D FOPHLIX MOPO, MO/YYeH-

Hole A.H. CTtaBporuvHbim

0 05 10 15 20 25 30 35 G
O - U3BECTHSAK, A - aprunnut, A - TanbKoXnopur, R, [4] n X. Kykom [7].
o - Mpamop 1, + - auabas, * - auopuT,

¢ - anesporut [1-19, e - necyaHuk [-12, - - 6eToH. HeCMOTpFI Ha HEeKO-
Puc. 3.3. CpaBHeHWe aHanMTUYECKOro KpuTepus TOPbIA MMeElOLLIMIACH pas-

(3.8) ¢ pesynbTaTamy UCNbITaHUA TOPHBIX NOPOA 1 6pOC IKCNEePUMEHTaNTbHbIX
beToHa [4] TOYEK, HEU3BEXHbIN Npu

UCMbITaHWAX CTO/b CTPYK-

TYPHO HEOAHOPOAHBIX MaTepuasioB, KaKUMW SBNSKOTCA FOPHbIE NOPOAbI U GETOHbI, U3

PUCYHKOB CneayeT, 4To npeanaraeMoe YcroBme nNpoYHocTH (3.8) 10CTaTOUHO XOpo-
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4,0 of o
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05 0 05 10 156 20 25

Puc. 3.4. CpaBHeHWe aHaIMTUYECKOr0 Kpu-
Tepus (3.8) ¢ pesynbTaTamu UCNbITaHNi

ropHbIX nopos [7]

LU0 OMMCbIBAeT MPOLIECC MX paspy-
LEHNS MNPU OOBLEMHOM CXaTun U
CXKaTUM C PaCTHXKEHMEM,

OCHOBHOW 3afayein 06O Teo-
PUN NPOYHOCTWN SBNSETCA YCTaHOB-
NEHNe  KpUTepus, MO3BONSAIOLLENO
CpaBHMBaTb MeXay coboi onac-
HOCTb Pa3/IMYHbIX HaMpsHXKeHHbIX CO-
CTOSIHUIA MaTepuana. ATOT KPUTEPUIA
[OMKEH OblTb MPOBEPEH 3KCMepw-
MEHTa/lbHO NyTeM MpPOBEAEHUs UC-
MbITAaHWA MNPU  Pa3MYHbIX Hanps-
YKEHHbIX COCTOSHUAX.

CpaBHeHMe HanpsKeHHbIX CO-
CTOSHWIA YA0OHO NPOV3BOANTb, ECNN
OAHO, Hambonee TUMUYHOE W NErKo
OCYLLIECTBMMOE Ha 3KCNepUMeHTasb-

HbIX YCTaHOBKaXx, HanpsaXeHHoe CO-

CTOAHNE Bbl6paTb 3a OCHOBY W, NOJIb3YACb MPUHATBIM KPUTEPWMEM, CONOCTaB/IATb C

HUM BCe [pyrve Hanps>KeHHble COCTOAHNA. 3TO OCHOBHOE HarnpsXXeHHOoe COCTosHuE

Ha3bIBAeTCSH, KaK Obl/I0 NMOKa3aHO BbIllE, 3KBUBANIEHTHbLIM. 10 npnynHam, paccMoT-

PEHHbIM BblIlLE, NS FOPHbIX NOPOA YA0GHee BCEro MPUHSTb OJHOOCHOE CXKaTue,

MaKCUMa/lbHOe 3HaueHWe KOTOPOro XapakTepusyeTcst MPeAesiomM MPOYHOCTY Ha of-

HOOCHOE CXKaTune.

3 BbipaxxeHns (3.8) MOXKET ObITb NoslyvyeHa hopmyna Ans NPUBEAEHUS COX-

HOrO HamnpsXKeHHOro COCTOSIHUSA K NMPOCTOMY OHOOCHOMY. OHa UMEET CrefyHoLLuii

BUAL:

(@ -1)o, + 0y)+ \/(41/ ~1)(0, + a5)° + 4o, - 0,

<R

g, =

24
56
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30ecb O, — TaK Ha3bIBAEMOE IKBUBA/IEHTHOE HaMpsHkeHUe, T.€. HaNpsaXeHue,

IKBMB&/IEHTHOE OHOOCHOMY HalpsA>XeHHOMY COCTOAHUIO.

Ncnonb3ysa qopmyny (3.19), MOXXHO nOCpPeACTBOM Ko3pdmumeHTa 3anaca
MPOYHOCTN N OLEHWUTL CTeMeHb OMAacHOCTW pa3pyLUEHUs NOPOAHOW cpefbl AN Nto-

604 TOYKM OHOPOAHOIO NOPOHOrO MaccKBa B OKPECTHOCTY BbIpabOTKU, CPaBHIBas

BE/IMUMHY O, C NPeAenoM NPOYHOCTM Ha OAHOOCHOe CXaThe R.:

n=-¢ (3.20)
0-6

3.2. DMNUPUYECKUIA KPUTEPUIA NPOYHOCTN XoeKa-bpayHa

Mo cnocoby Mony4eHns KpUTepum NMPOYHOCTU MOXKHO pasfennTb Ha Age 00/ib-
LLME rpyNnbl: aHa/IMTUYECKME U IMNNPUYECKIME. VI3BECTHLI aHAIMTUYECKNE KPUTEpUN
npoyHocTn — Tpecka—CeH-BeHaHa, FO.W. ArHa, M.M1. banaHguHa, N.H. Mupontobo-
Ba 1 T.M. K HAM e oTHocuTCA 1 Kputepuii (3.19), nonyyeHHbli J1.4. MapyeBCKUM U
A.H. LWWaweHko. K Hanbonee nonynspHbIM 3MMNPUYECKUM OTHOCATCA KpUTEpUn
O. Mopa, 3.T. beHsABCcKOro, Xoeka-bpayHa 1 HeKoTopble Apyrue.

AMMMPUYECKME KPUTEPUN NPOYHOCTI NOMYYarOT Ha OCHOBe 06paboTKu nabopa-
TOPHbIX UCMbITAHNIA TOPHBIX MOPOL B CMOXHbIX HANPSAXEHHbIX COCTOAHUAX U HaTYp-
HbIX M3MepeHuid. CTPOro roBops, MX MPUMEHEHMe [LO/MKHO OrpaHM4YMBaTbLCA TeMU
rOpHLIMM NOPOAAMUN N TOPHO-Te0/IOrMYECKUMI YCNOBUSAMM 3KCMNEePUMEHTa, KOTOpbIe
BMOCNeLCTBUM MOoABeprainch 0600LLIEHNI0 HA OCHOBE CTaTUCTMYECKOrO Y MaTemMaTu-
YeCKOro aHasm3a.

PaccMoTpum nofApo6Hee OYeHb MOMYNAPHbIA B FeOMeXaHWKe 3MMIUPUYECKUIA

KpuTepmnin npodHOCTN Xoeka-bpayHa [127]. Ero 0606LeHHas hopMyna MMeeT B[

a
0,=0,+R, mbg3+s | (3.21)

C

roe o, U 0, — MakCUManbHOE U MUHUMa/bHOE [ECTBYHOLLME HaMPsXKEHUS,
R. — cpeaHee 3HayeHMe npeaena NPOYHOCTY Ha OAHOOCHOE CXKaThEe MOPOAHBIX 06-

S7



PA3fgeEN 3

pa3uoB, M, — KOHCTaHTa Xoeka-bpayHa, yuMTbIBaloLLas reHe3nc 1 CoCcTossHMe (Kaqe-

CTBO) MOPOAHOI0 MaccuBea, S 1 & — HEKOTOPble KOHCTaHTbI.
[na HeTPoOHyTOro (HeHapyLleHHOro) nopogHOro mMaccmea 3aBMCMMOCTb (3.21)
npeBpaLLaeTcs B CNefyoLyto gopmyny

0,5

g, =0;+R, mig3+1 : (3.22)
C

30ecb KOHCTaHTa M, B OT/IMUME OT KOHCTaHTbl M, YYMTHIBAET TO/IbKO FEHE3NC W
TEKCTYpY FOpHbIX NOpog (4 <m, <33). bonbluas BeMUYMHa m, COOTBETCTBYET Xpyn-
KUM MOpOJaM, YeM OHa MeHbLUe, TeM MacTU4Hee NopoAa, a mpu m; =0 nmeeT MecTo

naeanbHasa NAaCTMYHOCTD.

[N HapyLweHHOro NOpPoAHOro MaccuBa KOHCTaHTa m, OMpeaensieTcs cnepyto-

LM 06pa3omMm:

_ GSI -100
m,=mexp —

. - (3.23)

3pecb GSI (Geological Strength Index) — napameTp, Y4MTbIBAKOLMIA T€0N0TMU-
YecKme 0COBEHHOCTWN MOPOAHOrO MaccyBa, B YaCTHOCTU ero CTPYKTYpY W Hannuue
TpewmH (5<GSI <100). Mapametp GSI BO MHOrom aHanormyeH napametpy RMR
(Rock Mass Rating) 3.T. beHsBcKoro.

[na nopogHoro maccmea «xopoLlero» Kavectsa (GSI >25) nmeem

s =exp GSIg—lOO , a=0,5. (3.24)

[ns NopoAgHOro maccmea «nnoxoro» kadectsa (GSI <25)

s =0, a=0,65—@. (3.25)
200

C uenbto 6osiee NIaBHOro nepexofa OT MPOYHbIX MOPOoJ (XOPOLLEro KayecTsa) K
OYeHb clabbiM (N10XOro KavyecTsa) BBeEH B paCCMOTPEHUE AONONHUTENbHbIA Napa-
mMeTp D, yunTbiBatoLWmMil HapyLLUEHHOCTb NMOPOAHONO MaccuBa, HanpumMep, BCIeACT-
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BMe NPOBefeHMs B3PbIBHbIX paboT. C yuyeTom napameTpa D — «disturbance factor,

KOHCTaHTbl m,, S, a onpeaenaroTca cnefyrownmMmm COOTHOLLEHUAMA:

GSI -100
m =mexp — , 3.26
o =M P e 14D (3.20)
GSI -100
s=exp ——— , 3.27
P 9-3D (3:27)
-GSl -20
a=1+1 e 45—e % : (3.28)

2 6

3aeck napameTp D npuHMMaeT 3HaueHust oT O ANs HEHapyLLUEHHON NopoAbl 40
1 Ans oYeHb HapyLueHHol nopodbl. Yucnosble 3HaveHnst GSI n D BbiGupatoTca u3
Tabnuu, npmBefeHHbIX aBTopaMmn [135] Ha OCHOBe BU3yanbHOro 06cnefoBaHUA Mo-
pof «in situ» 1 3aKN4YeHMn 06 UX Ka4eCTBE N CTEMEHW HapPYLLEHHOCTMN.

MpeacTaBNAETCA MHTEPECHLIM CPaBHUTL KPUTEPUU MPOYHOCTU, NOMYYEHHbIe Ha
OCHOBe pa3HbIX MOAX0A0B M PasHbIX PUNYECKMX MPeLNOCbIIOK.

BbinonHum 3Ty npouesypy NPYMEHUTESIbHO K paspyLUeHN0 MOPOAHbIX 0bpas-
LLOB, NPVMHMMas BO BHUMaHWe KpairHWe, C TOUKWN 3peHUs CTPYKTYpbl NMOpPoj, CUTya-
umm, T.e. npu ¢ =0 (ngeanbHO XpynKme nopodbl) U ¢ =1 (ngeanbHO NAaCTUYHbIE
nopoapl).

[nsa cpaBHeHWA npuseaem BbipaxkeHud (3.16) 1 (3.22) K cnefytoLlemy BuAYy:

—1-73=1 npn ¢ =1; 3.29
R TR pn ¢ (3.29)
g, O ’
Y1_Y
RC I:QC
—< =1 npmy =0; 3.30
A pn ¢ (3.30)
R. R

C C
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gl - ;3 =1 npy m; =0 (4To cooTBeTCTBYET (¥ =1);  (3.31)
C C
g, O ? o
173 —m 3 =1npu m; Z0 (uto cooTBeTCcTBYET ¢/ =0). (3.32)
RC RC RC
g,. O3
Ha puc. 3.5 B cucteme KoopauHat R R npuBeaeHbl pe3ynbTaTbl UCMbI-
C C

TaHWUIA Pa3nMyUHbIX TOPHbIX Nopog (Xpynkux npu ¢ <0,1), nonyyeHHble N0 AaHHbIM

A.H. CtaBporuHa [4]. Pa3pyleHno npy 06bEMHOM CXaTuu B npubope KapmaHa
OblNN NOABEPTHYTHI XPYNKMe MOPOAbl Pa3/IMYHOIO reHesuca: Ta/lbKOXI0pUT, Mpa-
Mop, Avabas, necyaHviK, aneBponT, apriinT, Yronb, YPTUT, ANOPUT, U3BECTHSK, a
TaKxe 6eTOH 1 LieMeHT. 3[eCb XXe MoKasaHa pe3ynbTupyroLas Kpneas, NocTpoeHHas

No pesy/nbTatam CTaTUCTU-

=t § m=10 (V)
R, x //‘ Yeckoii 06paboTKN (MeToj

HaVMeHbLUNX  KBafpaToB).

JIorMyHo  MPeanonoXuTb,

4UTO KpuBad, COOTBETCT-

BYOLLAA TOMY WU WHOMY

npejiaraeéMoMy  KpUTepuio

MPOYHOCTK, AO/DKHa Haxo-

ANTbCA KaK MOX>XHO onmxke K

Pe3yNbTUPYIOLLIEN KPUBOIA.

Cpasy ke 0TMeTUM, 4YTO

0 05 1,0 15 20 25 30 35 O
R. 06a CpaBHMBaEMbIE KPUTE-
% - 3KCNepUMeHTanbHbIe TOYKM
eese - pE3YNLTUPYIOLES KPUBAA

—A— - kpuTepuin Xoeka-bpayHa pun (]'IFl ﬂapLIeBCKoro -

—— - kputepuin J1.4. Mapuesckoro - A.H. laweHko
—e— - kpurepuit N.N. Bananan+a A.H. WaweHko un Xoeka-
Puc. 3.5. CpaBHeHI/Ie KpUTepues MNPOYHOCTN C pe- BpayHa) Ana  nNaacTUYHbIX
3ynbTaTamMmn NCNbITaHNN FOPHbIX NOpPOA nopog cC KOS(*)(*)I/IU'VIGHTOM
(no A.H. CTasporuny [4]) XPYNKOCTU {f 6NN3KUM K 1,

60



KPUTEPUM MPOYHOCTV B FTEOMEXAHUKE

unn nNpy m, 61m3kum K 0, cBOATCA K 0OfIHOMY 00LLeMY BblpaxkeHnto — (3.29), (3.31),

KOTOpOE, KaK Obl10 MOKa3aHO BbIlle, HauIy4ylwmM 06pa3oM OMUCbIBAET MOBEAEHME
TBEPAbIX Tes, OAWUHAKOBO COMPOTUBAAIOLUMXCA YCUMNAM PaCTIHKEHUA-CXKATUA U
CK/TOHHBIX K BA3KOMY paspyLLUeHUIO.

[na Xpynkux nopos CpaBHWMBaeMble KPUTEPUU MPOYHOCTU Aak0T OT/MYato-
Wwmeca pesynbTaTbl. UyTb HUXKe pe3y/bTUPYHOLLEA KPMBOW pacnonaraeTcs Kpvas
Kputepua J1.4. MNMapyesckoro-A.H. LLaweHko. KprBas, COOTBETCTBYHOLLLAA KPUTEPUIO

Xoeka-bpayHa, npy m, = 10, 4TO 0TBEYAET TECTMPYEMbIM MOPOJAM B MUCC/eJ0BaHN-
ax A.H. CtaBporuHa, pacrosaraercs Bbillie pe3y/bTupytoLLeid Kpusoid. Mpu m; > 10

KpvBas yXO4UT pe3ko BBepX. None paccesHUs ToUYeK NPaKTUYECKN NOTHOCTLIO OXBa-
TbiBaeTCA ABYMSA KpMBbIMU: CHU3Y — no J1.4. NapyeBckomy-A.H. LLlalleHKo, cBepxy
— Nno XoeKy-bpayHy.

PacuyeTbl, BbINO/HAEMbIE MO KpuTeputo Xoeka-bpayHa, 6byLyT TeM TOUHee, YeM
cnabee, nnacTUYHee paccmatpusaemble NMOpoAabl. B cnyuyae e Kpenkux, Xpynkux
MOPOA, pacyeTbl, BbIMOMHAEMbIE MO 3TOMY KpUTEPWO, BYAYT HECKO/IbKO 3aBblLUEHbI,
YTO AO/MKHO KOPPEKTUPOBATLCA MPU OLEHKE MPOYHOCTU MPOEKTUPYEMbIX COOpYIKe-

HWIA BBEAEHNEM COOTBETCTBYHOLLENO 3araca NpPo4YHOCTK.

B AByx paccmaTpuBaembIX Bbllle KpuTepusax npoyHoctu J1.4. [NapyeBcKoro-
A.H. LaweHko n Xoeka-bpayHa npegyCcMOTPeEH NepPEXos OT OLEHKU NPOYHOCTU He-
HapyLUeHHOro MopoAHOro MaccmBa U NOPOAHOI0 MaccuBa, COLEPXKALLEro CTPYKTYp-

Hble AeeKTbl B BUAE TPELLMH.

B nepsom cnyyae 310 AOCTUraeTcsi BBEAEHNEM B OCHOBHYHO 3aBUCUMOCTb KO-
admumeHTa CTPYKTYPHOr0 0cnabneHns, yUnTbiBatoLWEro MacluTabHbIin 3diheKT, Ha-
Nn4Yme B peasibHbIX NMopoJax BHYTPEHHEN HeOAHOPOAHOCTU M GNOYHON CTPYKTYPbI.
KomnakTHasa hopMyna Ans ero pacyeta npeasioxxeHa HWxe, B pasgene 4. [nd onpe-
[eNeHNa BeNIMUYMHBL KO3guUMeHTa CTPYKTYPHOro ocnabneHns [0CTaTOYHO 3HaTb
[Ba napameTpa: CpeflHee PacCTosHME MeXAy TPeMHaMuU 1 Bapuauuio UCMbITaHWIA
NoOpoAHbIX 06pa3LLOB Ha OAHOOCHOE CXKaTune. PUNYECKMIA CMbICT 3TUX BEIMUYUH ACEH
N NOHATEH, & UX NOMyYeHWe He NPeLCTaBIfeT HUKAKOW TPYLHOCTH.
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Bo BTOpoOM cnyyae B 0606LLEHHbIN KPUTEPUIA MPOYHOCTM BBOAMTCA MATH Na-
pameTpoB: m,, s, a, GSI, D, onpefeneHne KOTOPbIX ABNSETCA AOCTATOYHO CIOXHOM
M B W3BECTHOW CTeneHW CYObEKTMBHON npoueaypoil. CTpemsieHne MakKCUMaibHO
YYECTb B aHa/IMTUYECKOM BblpaXeHUM 0COOGEHHOCTM paccMaTpMBaeMOro MopoAHOro
MaccvBa HEN30eXHO AenaeT aMMMPUYECKMe 3aBUCMOCTU BCe 60/iee TPOMO3AKUMU U
MeHee TOYHbIMU, YUNTbIBas Pa3bpoc 3HaYeHU KaxX40ro 13 BBOAMMBIX NMapamMeTpoB.

Taknum 06pa3om, KpUTepun NPOYHOCTU, MOSYYEHHbIE KaK aHA/IMTUYECKMM, TaK Y
AMMUPUYECKMM MYTEM, MPU OMpPeLeieHHbIX YCNOBUAX MOTYT A0CTaTO4YHO XOPOLLO
MOZENIMPOBaTb HeJIMHEHbIN MPoLecc paspyLUeHns NopoaHbIX 06pasLoB.

Kputepunin Xoeka-bpayHa npv OLEHKe MPOYHOCTM MOA3EMHBLIX COOPYXXEHWA,
PacrnonoXeHHbIX Ha GOMbLUMX FNy6UHaX B KPEMKUX nopogax, AaeT MOrpeLuHoCTb,
KOTOpas TeM MeHbLLUe, YeM M1acTUYHee nopoabl N KOTOPYH) MOXXHO UCMpPaBUTb, BBO-
[ B pacyeTbl COOTBETCTBYOLWMIA KOIDDMLMEHT 3anaca NPOYHOCTH.

Kputepuin /1.4, MapyeBckoro-A.H. LLIawleHKo npy nporHose npovHoCTH Xpyni-
KX TOPHbIX MOPOA MO3BOMAKT CLeMaTh 3TO C HEKOTOPbIM 3apaHee 3a/10KEHHbIM B
CTPYKTYype (hopMy/ 3arnacom MpPoYHOCTHU.

[Mpn Nepexofe K OLEeHKe MPOYHOCTU peasibHbIX MNOPOAHbLIX MacCUBOB, UMEHOLLMX
CTPYKTYpHble fedeKTbl B BUAE TPELLUH, MIOCKOCTEN ocnabneHns Kputepuii Xoeka-
BpayHa cTaHOBMTCS BCe 60siee rpomMo3akum. Bxogswme B 0606LEeHHbIE YpaBHEHWE
napameTpbl OnpeenstoTca NPUbAN3NTeNbLHO, NX NOTyYeHWe Ha NPaKTHKe BeCbMa 3a-
TPYLHUTESBHO.

BO3MOXHbIA KOMMPOMUCC Ha NYTW Ja/ibHENLLIEr0 Pa3BUTUA KPUTEPUEB MPOYHO-
CTV NOPOAHBIX MacCUBOB NEXWUT, BUAMMO, B pa3yMHOM COYeTaHUW [ABYX MOAXO0L0B —
aHa/IMTUYECKOrO U 3MMUPUYECKOT0, KOrga ACHble (In3nYecKre MOAENN KOPPeKTUpY-
IOTCA 0606LEHHBbIMI pe3yNbTaTaMy NabopaTopHbIX U HaTYPHbIX M3MepeHui. pu
3TOM /1abopaTopHble M HaTYpPHbIE TECTbl AO/MKHbI ObiTb MakKCMMasIbHO MPOCTbIMW,

AOCTYMHbIMA N NTLLIEHBI BO3MOXXHOCTN Cy6'bEKTVIBHOl7I OLUEHKN.

3.3. YT0N BHYTPEHHEr0 TPeHMA B 3af,a4ax reomexaHmKu
[Mpn aHaNIMTUYECKNX WCCNeLoBaHUAX MapameTpoB YNpPYronaacTUYeckoro co-

CTOAHUA Yalle BCero NCnosb3yeTcAd KpI/ITepI/II7| npo4yHocTn Mopa ¢ I'IpFIMOJ'II/IHeI\/IIH0|7|
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ornbaroLLein npefenibHbIX KPYroB rfaBHbIX HanpshkeHWin. Ero npumeHeHve yao6Ho,
npexze BCero, Tem, YTo NPaKTUYeCKM Bcerga obecrneynBaeT NnosyyeHe peLleHmns 3a-
[a4n B 3aMKHYTOM BUAe.

HecmoTpsi Ha o4yeBMaHOe yA06CTBO UCMOb30BaHUA TAKOTO KPUTEPUS B reoMe-
XaHWKe, ero nprvMeHeHue Bbl3blBaeT 0OOCHOBAHHbLIE CEPbe3Hble BO3paxkeHus. Bo-
NepBbIX, 3aMeHa KPVBOMMHENHON OrmbatoLller Ha MPSMOSIMHENHYIO HE UMEET Mnoj
C060M HUKAKOro pu3n4eckoro 060cHoBaHusi [65]. B cOOTBETCTBMM C MOCTYNaTOM
[pykkepa [74], rpaHnua, pasgenstowas 061acTb 0NacHbIX U HEONACHbLIX COCTOSHUNA,
ABNAETCA NpefesibHOM, Noc/ie Yero HauMHaeTCcs HeyCTOMYMBOe paspyLUeHue MmaTe-
puana. Bo-BTOpbIX, UccnefoBaHns, BbiNosHeHHble C.A. baTyrnHeim 1 B.A. T1oxunb-
Ko B pabote [128], nokasanu, 4To ynpyronjacTU4eckme 3afayvnm Becbma YyBCTBU-
TeNlbHbl K BUAY YCNOBUS NPOYHOCTN. OCO6EHHO HEYCTOMUMBBI UX PELLEHUS B Cly4ae
NMPUMEHEHNS UMEHHO MPAMOIMHENHON OrnbatoLLeit KpyroB raBHbIX HarpsXKeHWiA.

[MPOYHOCTHBIMW XapaKTepUCTUKaMM, BXOAALLMMN B YC/TOBME NPOYHOCTU, OCHO-
BaHHOe Ha MPAMOIMHENHOW ormbaroLein npefenbHbIX KPYroB rnaBHbIX HanpsyKeHWH,

SIBNAIOTCS Yron BHYTPEHHEro TPeHWs o W cuenneHve C, nmbo npeaenbl NPOYHOCTU

Ha OAHOOCHOE CaTue R, v pacTskeHne R, . B MexaHWKY ropHbIX NOpOZ, 06beKTOM

MCCNEAOBaHUIA KOTOPOW SIBNSIKOTCA KakK MpPaBWIO MOPOAbl CKalbHOTO Tuna, Yron
BHYTPEHHEro TPEHWSt U BENMYMHA CLENNEHNS KakK MPOYHOCTHbIE XapaKTepUCTUKM
ObINN NEePEHeCEHbI 3 MeXaHWKW TPYHTOB, HayKW GOnee CTapoid, YeM reomexaHuka.
Tak, Npy OLEHKe MpeaenbHOro COCTOSHMA LUMPOKO WCMO/Nb3YeTCs NIMHENHOe COOT-

HolleHne KynoHa-Mopa, numetoLLee BUA:
1=C+o,tgp. (3.33)

30ecb T — HampsbKeHWe CABWUra, g, — HopMasibHoe HampsbkeHue. C M3BECTHbIM J0-

nyLleHVeM YyCnoBue NPOYHOCTN KysioHa MOXET MPUMEHATLCA, Korga pedb UAET O
FPyHTax WAW CbiNydymx nopogax, XoTs, kKak nokasan M.M. MNpoTogbsakoHoB [126],
ornbarowias npegenbHbIX Kpyros Mopa faxke npu UCNbITaHUAX MecKa UMEET BCe e
KPUBOMHENHYIO (hopMy. [ns CBA3HbLIX MOPOS, B 06/1aCTU CXKATUSA OT/IMYME peasibHOM

KPVBOJIMHENHOI OrnbatoLLeil OT NPSMO/IMHEHO BeCbMa CYLLIECTBEHHO [4, 81].
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YTron BHYTPEHHEr0 TPEHNUSA 4151 TOPHbIX MOPO/ NPeACTaBSET COO0M CMOXKHYIO U
BO MHOIOM NMPOTUBOPEUMBYIO XapakKTePUCTUKY. CyLLLeCTBEHHO Pa3HATCA BblCKa3blBa-
HUA 0 (OM3MYECKOM NPUPOE 3TON BENMUYNHBI. Ha HacToAWMIn MOMEHT HeT Jaxe ybe-
ANTENbHOMo ee onpegeneHns. HeogHO3HAYHOCTb ero TO/IKOBaHWA, HECOBEPLLEHCTBO
METOAMKM UCMbITAaHWI NPUBOAAT K TOMY, YTO 3Ta Be/IMUMHA OYeHb HecTabubHa Aa-
e [Nnsi OHOWN NIMTONOrMYeCKOM pasHocTK [129-134], 0 YeM CBUAETENbCTBYIOT [aH-

Hble Tabnmubl 3.1.

Tabnuua 3.1
3HayeHUs yrna BHyTPeHHero TpeHus
YT0/ BHYTPEHHErO TPeHUs, rpag.
J
=
m
MNopopaa S ?i‘j' &
POA 2 O =1 o o)
() = (&) O o =
C =< g o) ché =
a = 3) 5 S 5
Ly o — |y S — m
61 | =S5 | 58 B8 | <8 | g
Y = C = mn = X =, m = o =
[MnacTuyHbIe
S 5-10 38 45 15-27 15-20 20-60
Cnabble
FMWHUCTBIE CNaHLbI 20 60 63 30 37 60-70
[MecyaHucTbIe
CRaHLLbl 25-30 75 78 - 30-65 70-85
[MecyaHnKu 30 82 81 50-70 30-65 70-85

Pacxoaatca MHeHUA yUeHbIX U Mo MOBOAY TOro, Kak AO/HKHA U3MEHATLCA C Y-
OvHOW 3Ta Xapaktepuctuka. Tak, Harnpumep, XK. Tanobp [135] cumutan, yto ans
TBEPAbIX FOPHbIX MOPOJ, Yros BHYTPEHHEro TPEHNA YBENNYMBAETCA C POCTOM I/y6u-
Hbl. P. KBanun [138], HaobopoT, nonaran, 4Yto ¢ yBeNIMYeHNeM ryouHbl pa3paboTKu
ero Be/inyYnHa CTaHOBUTCA MeHbLUe. OH npeanoXxun opmyny A1 onpeseneHus cre-

MeHN 3TOro YMeHbLUEeHNS.
K.B. PynneHeinT [129] yTBepXXA4aeT, yUTO MPU U3MEHEHUW HanpshKeHWid B Mpo-

Liecce AeopMUPOBaHMS MaTeprana, 06/1aatoLLEro BHYTPEHHEM TPEHUEM U CLien/ie-

HWEM, ero yron BHyTPEHHEr0 TPEHUS He U3MEHSIETCS.
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HauunHaa ¢ MN.M. LiumbapeBnya [133], nccnegosartenn Bce yallle NPUXOANIN K
BbIBOAY O TOM, YTO Yro/l BHyTPEHHEr0 TPEHUA He MOXKET BbICTYMNaTb Kak MexaHunye-
CKasi XapaKTepucTMKa ropHbIX MOPog,

OfHaKo npu Bcex HepocTaTkax, NPSAMONMHENHas ormbatoLlas npegenbHbIX Kpy-
ros Mopa, Kak y>xe 0TMe4yanocb, 06nagaeT TeM JOCTOMHCTBOM, UYTO ee UCMOo/b30Ba-
HVe B 3aflayax reomMexaHnK1 no3sonseT NPUMeHATL 4OCTaTOYHO NPOCTble MaTemaTu-
YecKue Npuembl.

KO.M. JInbepmaH, n3yyas yrnpyronnactuyeckoe COCTOSAHME NOPOAHOr0 Maccuea
B OKPECTHOCTM FOPHbIX BbIpaboToK, 3aMeTun [139], UTo NpsaMonuHeinHas ornbatoLLas
[0/MKHa ObITb KacaTe/lbHOW K peasibHOM KPMBOJIMHEMHON. ECnn 3HaTb B KaKOW TOYKe
ee MNPOoBEeCTN, TO TOYHOCTb pacyeToB OyaeT obecrnedeHa. B Takon mHTepnipeTauunmu
Yron BHYTPEHHEr0o TPeHMst YXKe NPeACcTaB/feTCcA He KaK MexaHudeckast KOHCTaHTa

MaTepuana, a Kak reoMeTpuuyeckuii napameTp NpsaMoli B 3alaHHOW CUCTEME KOOPAW-

Har.
A MokaxkeM, Kakum o06pa-

30M C TMOMOLLbI MOAXOAA,

; npegnoXkeHHoro  HO.M. Jlu-

& 6epMaHOM, MOXHO OCYLLeCT-

< BUTb Mepexof OT KPUBOU-

/(/ HeilHoli orumbatollein K nps-

0
Puc. 3.6. Nepexof 0T KPMBONNHEHOW ornéatoLLeit

ay

MO/IMHEHON, He WCKaXKas

L. Npn 3TOM (PU3NYECKNX 3aKO-
npeAenbHbIX Kpyros Mopa K npsiMonvHenHoM: .
5 . HOMEpPHOCTEN  paspyLLeHMs
1 — NpsAMO/IMHeNHas; 2 — KPUBOSIMHENHASA
ropHbIX nopof (puc. 3.6).

[lna aTOro nepenuiuem 3aBMcMMocTb (3.12) cneaytoLimm obpas3om

r=05 Ry +2R (1-¢)o. (3.34)

Mcxoas 13 Toro, 4To NpSAMONMHeliHas ornbarollas npeacTaBnseT coboli KacaTtesb-

HYH K peaslbHON KPWBOI paspyLueHus, npoanddepeHumpyemM BbipaxeHue (3.34) no
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O 1 ¢ ydyeTtom (3.33) nonyunm dopmyny 4ns onpefeneHns yrna BHYTPEHHEro Tpe-

HUA O , C MOMOLLbIO KOTOPOI OCYLLECTBNAETCA CBSA3b MeXAy NnHeinHon (3.33) 1 He-

NNHelHol (3.12) ormbatoLeil:

0 =arctg

1-y

1-y)+y

2\/??0(

B rugpocTtatnyeckun cxxatom nopogHOM MaccuBe

=2,

rae y — 06beMHbI Bec nopof, H — paccTosiHMe OT pacCMaTPUBAEMO TOUKMN MacCu-

Ba A0 NoBepxHOCTK 3eMn. C yYeToM 3TOro noayymm

1-y

p =arctg : (3.35)
2 Jw(l—w)‘“
RC
p’.rpan BennunHa cuenneHmna C  on-
pefenseTcs  3aBUCUMOCTbIO  (CM.
30 puc. 3.6)
"""""""""""" y
y=0.1 1-sinp
20 é’f C = Rccosp' (3.36)
/ L= Ha puc. 3.7 n 3.8 nokasaHbl
10 -
/ 3aBYCUMOCTV BE/IMYMHBI YTNa BHYT-
=0,9
$=10 PEHHEro TPeHWs L W CcueneHus
i % 1.0 1o fg C oT 6e3pa3MepHOro napameTpa

Puc. 3.7. 3aBMCMMOCTb BENUUNHbBI yrna

BHY TPEHHEr0 TPeHus 0T 6e3pasMepHoro

nokasaTens yCnoBuii paspaboTKy

yF:fI' Kak cnesyeT uns puc. 3.7, yron

BHYTPEHHEIO TPEHNA YMEHbLUAETCA

C rny6UHOIN Kak CnefcTBue YBe/M-

YEHUS NNACTUYECKNX CBOWCTB roOpHLIX nopoa. Kpome Toro, ero Be/MyMHa CyLLecT-
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BEHHO 3aBMCMUT OT CTPYKTYPHbIX 0COGEHHOCTEl cpefibl, onpeaensemMblX napameTpoM

R o
—£ . 1 TONbKO npn OTCYTCTBN KOMIMOHEHTOB LLUAPOBOIro TeH30Pa HarnpsH>KeHN yron

BHYTPEHHETO TPEHNA CTaHOBUTCA KOHCTaHTOM, d)yHKLl'I/IOHaJ'IbHO CBSI3aHHOI C OCHOB-
HbIMW MPOYHOCTHLIMW MNMOKa3aTe/IAMN TOPHbIX MOpo4 — npegeanomMm npovyHOCTN Ha oA-

HOOCHOe CxkaTue R, 1 pacTskeHue R, :

Py = arctg 1=y : (3.37)
N
y=1,0 Ha pwuc. 3.7 nokasaHo (3alTpuxo-
¢ BaHHas 4acTb), YTO MOMyYeHHas 3Kcre-

_ Y=0,8 | PWUMEHTA/IbHO BE/NYMHA YrNa BHYTPEH-

HEro TPeHUs ANs NOAaBASIOLLEro 60/b-

0,45 \..

0,40
N

I’”“O LUNMHCTBa TOPHbIX Mopo4 AO/DKHa fe-

By
\w
\

XaTb B npegenax 15-30°, ncxopas n3 To-

ro, YTo OTHOLUEHWNE (Y HaxoAATCs, Kak

/

0.3
0,35 npaswuno, B npegenax 0,1-0,2. CpaBHe-
7 HVe TMOMlyYeHHbIX pacyeTHbIM MyTem
0,30 \ 3HaYeHWn o, C [aHHbIMU WCMbITAHWI

0 0,5 1,0 15 R.
YH  TIOKa3blBaeT A0CTaTOYHO O/IM3KOe COB-

Puc. 3.8. 3aBMCMMOCTb BENNYNHBI CLen- nagieHue.

NeHnsa 0T 6e3pasmepHOro nokasaTens 13 (3.34) npu o =0 cnefyeT 3asu-

ycnosni paspaboTku CYMOCTb MeXfy OCHOBHbIMM MexaHuue-

CKMMM KOHCTaHTaMu, UMetoLLLas B BbipaxkeHns (3.17).
3aBMCMMOCTU, MOMyYeHHbIE BbllLEe, NO3BOMAKOT, UCXOAA M3 XapakTepa U C/NoX-
HOCTM peLlaeMbIX reoMexaHn4ecknx 3afad, 060CHOBaHO MPUMEHSATbL B KayecTBe YC-
NOBMSI PaspyLUEHUsI IMHENHYHO OrvMbaroLLy0 KPYroB MpefesibHbIX HanpsXKeHwui, a
TaKxXe rnyoxe NMOHATbL NPUPOAY TakKMX LLUMPOKO PacnpoCTpaHeHHbIX U YacTo npume-
HAEMbIX B MPaKTUYECKMX pacyeTax MPOYHOCTHbIX MoKasaTesnei, Kak Yron BHyTpPeH-

HEro TpeHNA 1 cuenneHne.
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4. OLUEHKA MPOYHOCTWN HEOAHOPO/AHbIX CPE[,
C JE®EKTHOW CTPYKTYPOW

B npouecce MHOroNeTHUX MUCCMeA0BaHUIA BbIN0 YCTAHOBNEHO, YTO NPOYHOCTb
reoMeTpnYeckn NogobHbIX 06bEKTOB HE OCTAeTCA NMOCTOAHHOW. JTO ABNeHME ObII0
Ha3BaHO MaclTabHbIM 3()(PEKTOM, a MPUUNHbI €ro Bbi3blBaKOLME — MACLLUTaOHbIMK
(hakTopamn. OCOBEHHO CU/IbHO MacLUTabHbIA 3MEKT NPOSBASETCA B TOM Cydae,
ec/in matepuan n3y4yaemoro 06bekTa SBNSeTCA CTPYKTYPHO HeoAHOpoAHbIM. K Ta-
KUM MaTepuanam OTHOCATCA, NpeXae BCEro, MacCuBbl FOPHbIX NOPO4, B KOTOPbIX
COOPY>XatoTCA BblpabOTKMN pa3HOro, B TOM YKUC/E U [AONTOBPEMEHHOIO, Ha3HAYeHNs.
[MopoAHble MaccuBbl COAepXKaT HEOAHOPOAHOCTM CTPYKTYPbI Pa3/InyHbIX pasmepos,
TPELMHbl N TeKCTypHble 0COGEHHOCTM, KOTOPble B COBOKYMHOCTM OKa3blBalOT Ha

HEero ocna6nmoLu,ee B/IMAHNE C TOYKWN 3PEHNA NMPOYHOCTMN.

4.1. O nogobuu geopmnpoBaHNA TBEPAbIX Tes

Mpn pelleHnn 3aaa4 reoMexaHuKu, UccnefoBaHnAX YCTOMYMBOCTM BbIpaboToK,
pacyeTax Kpenu rnepBoCTENEHHOE 3HAUYeHNe MMEeKT OLEHKN NpesesibHOro CoCToAHMA
MOPOAHOro Maccmaa, KOTOpble 3aBUCAT OT OCHOBHOIO MoKasaTtens — MPoYHOCTU rop-
HbIX MOPOJ Ha OLHOOCHOE CxaTue. VcnbiTaHus 06pasLoB Nopos NPON3BOAATCA B CO-
OTBETCTBUM C CYLLECTBYHOLWMM cTaHAapToM [112]. MNepexod OT pe3ynbTaTtoB TaKuX
NCMbITAHUIA K MPOYHOCTU MOPOL MaccuBa SBNSETCA CMOXKHOW 3agadeil. OObACHAETCS
3TO TeM, YTO 06pasLbl FOPHbLIX NOPOL UMEHT OrpaHNYeHHbIe pasmMepbl U He BOCMPO-
N3BOAAT BCEW CNOXHOCTU CTPYKTYPHOIO CTPOEHUS U TEKTOHWUYECKUX HapyLLEHWN,
MMEOLMXCA B 60MbLUMX MOPOAHbIX MaccuBax. JTa 3afadva CBA3aHa C MacLUTabHbIM
APPEKTOM N ABNSETCH NPELMETOM Cepbe3HbIX WUCCNef0BaHWN B MeXaHWKE FOpPHbIX
nopog,.

Bnepsble 419 rOpHbIX MOPOL OMnpefeneHre MacluTabHOro adekra B pasBep-

HyTOM Bufe 6b110 chopmynmposaHo M.. KoitdpmaHom [163].
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OHO BbIMNISANT CneayroLmMm 06pa3om: «MaclTabHbIi 3heKT — 3TO NMPUHLK-
MuasibHble 3aKOHOMEPHOCTU, a Takke KOHKPETHble 418 pas/IMyHbIX MOpPOoL U Yriel
KONIMYECTBEHHbIE 3aBUCMMOCTW, XapaKTepusyroLlime U3MeHeHWe B 3aBMCUMOCTM OT
NNHENHbIX pa3MepoB (naowaan ceyeHmsi, o6bema) 06pa3LlOB FOPHLIX MOPOA WK
yacTer rOpHOro Maccmea MexXaHNUYeCKMX CBOMCTB peasibHbIX, BCEr4a B TON NI MHOM
CTeNeHn HeOAHOPOAHbIX, TPELLMHOBATBIX U MOPUCTLIX MOPOA U Yrneil Co BCEMU NpK-
CYLMMU UM NPUPOAHBIMWN CTPYKTYPHbIMU AedeKTaMmy U NOBEPXHOCTHbLIMU M3MEHE-
HUAMM.

3akoH nogobus aeopMMpoBaHWUA TBEPAbIX Ten BrepBble OblN YCTaHOB/EH
B.MM. Knupnnyesbim B 1874 r. Ha OCHOBE TEOPETUYECKUX MCCNEA0BaHUIN 3aKOHOMEp-
HOCTEN W3MEHEHWUA HanpsXKeHHO-AeOPMMPOBAHHOIO COCTOSHUA MPU HarpyXXeHuUu
reoMeTpu4eckn nogobHbIX 06bekToB [140, 141]. 3anumcbiBaeTcA OH CneayroLmm 06-
pasoM: NOAOOHbLIM Ha3blBalOT TaKoe AeOpMUPOBaHME, NMPU KOTOPOM OTHOLLIe-
HUe NNHeNHbIX gedopmaLini reoMeTPUYECKM NOAOOHbIX Tes1 PaBHO OTHOLLUEHUHO
NX IMHENHbIX Pa3MepoB.

3 3akoHa nofobus cnefyeT, YTO OTHOLLEHWE HEOOXOAUMBIX YCUIMIA AN CO3-
[aHns Taknx geopMaumii JO/MKHO PaBHATLCA KBafpaTy NIMHEHbIX COOTHOLLEHWIA.

YueHue B.IN. Kupnnyesa 0 NponopuyoHasibHOCTA MeXaHUYeCKUX U3MEHEHWNIA B
reoMeTpMyecky Nofo6HbIX Tenax Obl0 pPasBUTO BrocneAcTBUMM B paboTax bapba u
®p. Knka [141].

H.H. [OaBnaeHKOBbIM OblfI0 BbINONHEHO MOAPOOGHOE WUCCNefoBaHWe YCNOBUMN,
MPW KOTOPbIX JO/KEH BbINOMHATLCA 3aKoH B.IM. Kupnuyesa [142].

MpuMepHO B 3T0 e BpeMs . baylumnHrep, aHannsnpys pesynbTaTbl UCMbITAHWIA
Ha MPOYHOCTb 06pasLoB NecyaHWKa, CaMOCTOATENbHO MPUXOAMT K BbIBOLY, YTO
«reOMeTPMYeCK/ Mofo6OHbIe Tena N3 OAUHAKOBOro matepuana B OAMHAKOBbLIX YC/IO0-
BUAX MPW OAMHAKOBbIX HAMNPsXXeHUAX UMelT OAMHAKOBOe BPEMEHHOE COMpOTUBIE-
Hue» [143].

YCTaHOB/MEeHMe 3aKOHa Nogo6us fedopmMmnpoBaHns NMpu Harpy>KeHN reomeTpu-
YeCcKM Nofo6HbIX TBEPAbIX TeN UMenio 60/bLIOoe 3HaYeHME NMPY BbINOIHEHUW MPaKTu-

YECKMX PacyeToB Ha MPOYHOCTb 3JIEMEHTOB C/10XKHbIX KOHCprKLLMVI, Mno3BOJIAA UC-
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Monb30BaTh Y/e/bHble XapakKTepPUCTUKM MaTepuana, Takue, Hanpumep, Kak npeaen
MPOYHOCTM Ha OAHOOCHOE CXaTue, PacTsHKeHWe, CABUT W T.M.

HenpemeHHbIM YCNOBMEM, KOTOPOe A0/MKHO ob6ecnednBath nogo6bHoe Aedop-
MUPOBaHWe, SBNSETCA MieanbHas OAHOPOAHOCTb U M30TPOMHOCTL MaTepuana cpas-
HUBAEMbIX FEOMETPUYECKN NOAOGHLIX TeN. PeasibHble XXe MaTepuanbl 1 Cpefpl, C KO-
TOPbIMMW CTANIKMBAETCS YENOBEK B CBOEI [edTeNbHOCTY, Yallle BCero 061aaatoT onpe-
[eNeHHOW HEeoAHOPOAHOCTbI0 BHYTPEHHEro CTPOEHNs (CTPYKTYPbI). B cBA3M € aTUM
I HEKOTOPbIMM APYTUMU NPUUMHAMI NPAKTUYECKUIA OMbIT MONYYeHUs YaebHbIX Xa-
PAKTEPUCTUK Pa3/IMyHbIX MaTEPUANoB Ha reoMeTpUYecKM NoJo6HbIX 06pa3sLiax noka-
3a/, YTO Hapsgy c akTamu, NOATBEPXKAAOLMMM 3aKOH NoAao6us, UMeeT MecTo U
CYLLECTBEHHOE OTK/IOHEHWE OT Hero. OCOGEHHO BENMKO OHO MPY UCTIbITAHUSX FOp-

HbIX NOPO/, 06M1aAAKOLLIMX 3HAYMTENbHON HEOAHOPOAHOCTLIO CTPYKTYPbI.

4.2. HeoAHOPOAHOCTbL MOPHbLIX NOpoA

CoCTOsiH/E MOPOLHOr0 Maccusa ONPefenseTca COBOKYMHOCTbIO BHYTPEHHUX
CBOWCTB: MJIOTHOCTW, BMXXHOCTW, BHYTPEHHEW 3Hepruuv, TenaonpoBOLHOCTM U
BHELUHMX YCNOBUWI: BeNNUYMHbI 0OBEMHBIX M MOBEPXHOCTHLIX CW/, TeMmnepaTypbl,
BPEMEHWN U XapaKTepa NPUIOXeHWs Harpysok. B 3aBMCMMOCTM OT 3TUX YCNOBUM
FOPHbIE NMOPOAbLI PA3HATCA MEXAY COO0M YCNOBMSAMU 3a/1eraHns, COCTaBOM, CTPYKTY-
PO, MeXaHNYeCKUM COCTOSIHMEM. CIOXHbIN XapaKTep HeO4HOPOAHOCTU rOPHbIX MO-
POZ CBA3AH Kak C HEOAHOPOAHOCTLIO UCXOAHOM0 MaTepuana, TakK 1 C ero nocnegyo-
WUMK rpeobpasoBaHusMuK. M03TOMY CUMTAETCA, YTO ropHas Mnopofa — 3T0 cpeaa,
HeoHOPOHas MO CTPYKTYpPE, TEKCTYPE 1 CBOCTBaM [144].

HeoaHOPOAHOCTL FOPHbLIX MOPOA MPOABAAETCA NOCPEACTBOM U3MEHUMBOCTU UX
(PM3NYECKMX CBOMCTB M BELLECTBEHHOrO COCTaBa B MPOCTPAaHCTBE. DTN M3MEHEHUS
MOrYT C034aBaTb aHW30TPOMNMi0, 06Pa30BbIBaTL (PU3NYECKME TPaHWLbI pasfena, Bbl-
3blBaTb C/ydaliHble BapuvauMn 3HAYEHUI M3yYaeMblX NMapaMeTpoB (U3NMYECKMX MO-
nein.

iMeeTca MHOro (hopM HapyLLEHWA NMOPOAHOro MaccuBa, CBA3aHHbIX C reHesu-

COM MOPOZ, MOCNEAYIOLMMN AUCNOKALMSMA (AU3BIOHKTUBHBIMW U MAMKATUBHBLIMMA),
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NHTPY3MSMU U aeHyfdaumein [145]. Hanbonee BaXKHbIMU M3 HUX SIBASKOTCA CNOW-
CTOCTb, MUKPO- M MaKpOTPELLMHOBATOCTb, Ha/Mume 30H Apob/ieHuns, paccraHueBa-
HUA, AaeK, BKIHOYEHWNA, N3MEHEHWNIA 3/1EMEHTOB 3a/ieraHna (Hanpvmep, YrioBs naje-
HWS, MOLLHOCTW), HEMOCTOSHCTBO CWJ1 CBSA3EM MO KOHTaKTam MeXAy pasiMyHbIMU
nopogamm 1 rnpoyee.

[ OUEHKN CTeneHn HeO4HOPOAHOCTIN NMOPOAHbLIX MacCMBOB MCMOMbL3YHOT (hop-
Ma/IbHO€e OMMCcaHue ¢ NOMOLLbH0 FreOMETPU3aLMM UX 3NIEMEHTOB, a TaKXXe MPUMEHSAIOT
KayeCTBEHHble XapaKTepuUCTUKN HeOLHOPOAHOCTU. Takol noaxon no3BonseT Kiac-
CUMUMPOBaTL CTECTBEHHbIE HEOAHOPOAHOCTW FOPHbLIX Mopog (MaccuMBOB) U Npea-
CTaBUTb WX CMeAyHoLMMN NopsaKaMu Unn ypoBHamMu (puc. 4.1):

1 — MWKPOCKOMUYECKUIA: Ccpefa paccMaTpuBaeTCs Ha YPOBHE KpWCTasIfos,
pasMep 3/1eMEHTOB  HeO[HO-
pogHocTeli cocTasnser 10° —
10° m;

2 — cybmMaKpocKonmYe-

CKUWI: cpeda paccmaTpuBaeTcs
Ha YPOBHE  3/1EMEHTapPHOro
06beMa NINTONMOTMYECKON pas-
HOCTW, pa3Mep 3/1EMEHTOB He-
0AHOPOAHOCTEW coCTaBnsieT
10° - 107 m;

3 — MaKpOCKOMUYECKWIA:

Puc. 4.1. YpOBH/ HEOAHOPOAHOCTY B MOPOAHbIX ~ CP€Aa  pacCmMaTpuBaeTca  Ha
maccuBax: 1 — MUKPOCKOMWUYECKMIA; 2 — cybMak- CTPYKTYPHOM YPOBHE, pasmep

POCKOMMYECKMUIA; 3 — MaKPOCKOMNYECKWIA; 4 — Me-  9/1EMEHTOB  HEOJHOPOAHOCTEIA
racKonmyecKuii cocTasnsaoT 1072 — 10 m;

4 — MeracKonm4ecKuii:
cpefla paccMaTpUBAeTCsl KakK CNOXHOCTPYKTYpHOE 00pa3oBaHue, obnaaatollee Tek-
CTYPOIl 1 HaxofsALleecs Nof AeVCTBUEM TPaBUTALIMOHHBLIX W TEKTOHWYECKUX CUN,

pa3Mep 3N1eMEHTOB HEOAHOPOAHOCTEN cocTaBnseT 6onee 10,0 m.
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OueBMAHO, YTO MOHATUE HEOLHOPOAHOCTU OTHOCWUTENbHO. B 3aBucMmMocTM OT
reoMeTpUYeCKX pasmMepoB paccmaTprBaeMor 06/1acT MaccmBa U YPOBHS CUI0BOMO
BO3[eNCTBNA Ha 3Ty 06/1aCTb MOXET ObITb BECOMbIM TOT WU/IM MHOW MOPSAAOK HEOLHO-
POAHOCTW. B yacTHOCTK, NPU peLIEHNM HEKOTOPbIX 3aAay, CBA3aHHbIX C OLEHKON YC-
TOMYMBOCTUN TOPHBIX BbIPaboTOK, 061aCTb BO3AENCTBUSA IKCMEPUMEHTA TaKoBa, YTO
HeOoAHOPOLHOCTSAMU MEPBOro 1 BTOPOro NopsAKOB MOXHO MNpeHebpeyb U BBECTU [0-
MyLLEHWe O ero KBasuoL4HOPOLHOCTM Ha 3TOM YPOBHE. 10 OTHOLLEHWIO K HEOAHOPOA-
HOCTAM TPETLEro N YeTBEPTOro NOpPsAKOB Takoe AOMYLLEHNE CMTOPHO M TpebyeT cepb-
€3HOro 060CHOBaHWS B 3aBMCMMOCTW OT LIeNieit nccnefoBaHuii.

K OCHOBHbIM reosiormyeckM (paktopam, onpesenstolwmM rnoBefeHne nopog v
BIMSAOWMM Ha YCTOMYMBOCTb FOPHbIX BbIPabOTOK, OTHOCATCS: CMIOMCTOCTb U pac-
C/I0eHVE MOPOA, TPELLMHOBATOCTb MOPOA M YrONbHOro nnaacta, TEKTOHUYECKUe Ha-
pyLUeHNs, 06BOAHEHHOCTb MacCMBOB, IMTONOMMYECKNA COCTaB BMELLAIOLLMX MOPOA U
NX (PU3NKO-XMMUYECKME CBOMCTBA, MOLLHOCTb, Yron NajeHns n TeKCTypa yrosibHoro
nnacrta, ero (M3nKo-mexaHuyeckme cBOWCTBA. CTeneHb BANAHWS MEPeUUC/IEHHbIX
(haKTOPOB Ha YCTOMUYMBOCTb MOPOAHBLIX OOHAXKEHMIN pasnnyHa. Takke pasvyeH u
YPOBEHb N3YUYEHHOCTW 3TOro BAUAHUA. [locnefHee 06CTOATENILCTBO CBA3AHO C pas-
NNYHOW BO3MOXHOCTbIO MPOBeAEHNS HabMoAeHNA B HATYPHbIX YCMOBUAX, MocTa-
HOBKM N1a60paTopHbIX 3KCMEPUMEHTOB, BbIMONIHEHUS aHA/IMTUYECKUX UCCNeL0BaHUN.

YCTOMYMBOCTb KPOB/IM B YIO/IbHbIX LUAXTaxX 3aBUCUT OT MOLLHOCTW M1acTOBOW
OTAeNIbHOCTK, KOTOpas TECHO CBsi3aHa CO CMIOMCTOCTbIO. M0 Hell OTXOAAT KpyrnHble
C/IoV MOPOfbl, KOTOpble 3aTeM MOABEPratoTCs AasbHeiwemy paccnoeHuto. Cnow-
CTOCTb CfefyeT OTHeCTW K HeOLHOPOAHOCTAM TPETbero WM YeTBEPTOro YPOBHEMN.
BinMsHMe CNoMCTOCTM Ha YCTOMUYMBOCTb TOPHbLIX BbIPAOOTOK A0CTAaTOYHO XOPOLLO
n3yyeHo. Pa3paboTaHa 06Was KnaccuumKauma ropHbIX Mopog rno CAoucTocTu W, B
4aCTHOCTW, KnaccumKaums CMOUCTbIX NOPOJ KPOBAW YrofibHbIX MNJacTOB MO WX
CTpoeHMIO [145], yunTbiBaroLLaa XapakTep 00pYyLLUEHNS NMOPOZ, COoS.

fopa3fo MeHee M3y4YeHO B/IMSHUE Ha YCTOMYMBOCTb BbIpabOTOK TPELLMHOBATO-
CTV NMOPOA N YrNei, KOTOPYHO TakXe CnefyeT OTHECTU K HEOLHOPOAHOCTAM TETLEro U

4eTBEPTOr0 YPOBHEN B 3aBUCUMOCTY OT Pa3MepoB TPELUMH U 06/1acT UX pacmpo-
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CTpaHeHus. TpewnHbl, HabnoAaeMble B TOPHbIX MOPOAax, NMPUHATO LeUTb MO reHe-
TUYECKOMY MPU3HaKY Ha Tpu Tuna:

a) eCcTeCTBeHHble (MPUPOXAEHHbIE, NepPBUYHbIE) — BO3HUKAKOLWME B NpoLecce
(hopMUPOBaHUA NOPOLHbLIX TOJILL;

0) TeKTOHWYecKMe — 0bpa3oBaBLUMECA B pe3yfibTaTe ropoobpasoBaTtesibHbIX
MPOLLECCOB;

B) MCKYCCTBEHHbIE — MOSABNAIOLLMECS B MPOLECCe OCYLLECTBEHNS NOArOTOBU-
Te/IbHbIX U OYMCTHbIX PaboT B LWaxTaX, 6ypoB3pbIBHbIX PaboT 1 06pa3oBaHNA 3aKo-
/0B, & TaKXe BC/eACTBMNe APYTrnX NPUYNH.

N3 MMeroLmXca TeHeTUYeCKMX Knaccugukaumin TpewmH Hanbonee YHWBEp-
Ca/lbHOW ABNAeTCA Knaccumkaums, npegnoxeHHas B.B. benoycobiM. Heckonbko
N3MeHeHHas ana 6onee yA06HOro NPakTMYECKOro MCMosib30BaHMA, 3Ta Kraccuguka-
LMA BbIFIAAUT Cnegyowmm obpasom [146].

1. HeTeKTOHNYeCKMe TPELLUUHbI:

- NepBUYHbIe (ECTECTBEHHbIE, MPUPOXKAEHHbIE) TPELLMHDI;
- TPeLnHbl BbIBETPUBAHUS;
- TpewuHbI 0NoN3HER, 06BaI0B 1 NPOBA/IOB;
- TPeLuHbl pacLLUMpPeHns Nopo Npun pasrpyske;
- WUCKYCCTBEHHble TPeLUMHbI.
2. TEKTOHNYECKNE TPELLUUHbI:
- TPeLuHbI C paspbIBOM CMIOWHOCTM NOPOL,;
- KIUBAX.

13 HETEKTOHNYECKMX TPELUMH OCHOBHOE 3HAYeHne MMEKT NnepBuYHbIe (ECTeCT-
BeHHble, MPUPOXAEHHbIE), KaK NMOBCEMECTHO PacrpOoCTPaHeHHbIe 1 OnpeaensoLLme
CTPOeHMe MopoaHOro Maccusa. Mpy NOBCEMECTHOM pacrnpoCTpaHeHUW MEePBUYHBIX
TPEeLMH B 0Caf04HbIX MOPOAax Hanbosiee YeTKO OHWN BblpaXKeHbl B 06/1aCTAX C ropu-
30HT&/IbHbIM 3a/1ieraHnemM. epBUYHbIE TPELMHbI He MepecekaroT CKONbKO-HMOYAb
MOLLHbIE C/TOW NOPOJ, & TECHO CBA3aHbl C OTAENbHBLIMU NIUTONOTMYECKM OAHOPOLHbI-
MW CNOAMU. 0 OTHOLLEHMIO K CMOMCTOCTM NPUPOXKAEHHbIE TPELLMHbI MOTYT pacno-

naratbCqa pas3/iM4HoO, HO NPENMYLLECTBEHHO OHWU ABMAKOTCA HOPMa/lbHOCEKYLLMA
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TpewmHaMm oTpbiBa. B COBOKYMHOCTW Takue TPewuHbl orpaHnYmBatoT 610KM (OT-
[eNbHOCTN) B (DOPME Pas/IMyHbIX MHOTOrpPaHHWKOB. B meprensx v ranmHax atu Tpe-
LMHBbI MOTYT 06pa30BbIBaThb 1 60/1Ee COXKHbIE KOHTYpbI.

Mo cBOMM MOP(ONOrMYECKUM NMpPU3HaKaMm M MOJSIOXKEHMWIO B NMPOCTPaHCTBE ecTe-
CTBEHHbIE TPELUMHbI NOAPA3AENAOTCA Ha TPY BUAA:

- OCHOBHbIE;
- TOpLEBbIE;
- napannenbHble HannacToBaHWI0 NOPOA.

OCHOBHast TPELLMHOBATOCTb MMeET cybmepuamaHasibHOe NPoCTUpaHue, Topue-
Bas — CyOLUMPOTHOE. YT0/ MeXAy 3TUMU OCHOBHbIMW HarpaBNeHUsSMN TPELLMH KO-
neénetca ot 60 fo 90 rpagycoB. OCHOBHbIE TPeLLMHbI Yallle 6bIBalOT nepreHAnKy-
NAPHBIMU UNW NOYTY NEPEHANKYNAPHLIMUA K MIOCKOCTYU HacnoeHus nopog, (85-90°).
TopLeBble UMEtOT 6OMbLLEE OTKIOHEHWE OT NepreHANKYNApHOCTM 1 gocTuraioT 60°.
Hanbonbluee NpakTUYecKoe 3HayeHWe MMEEeT OCHOBHasi, Hanbosee APKO BbIPaXKeH-
Hast, NPUPOXAEHHAs TPeLMHOBATOCTb, MO KOTOPOM MOpoAbl Nerko pacnafaroTcs.
HanpaBneHne OCHOBHbLIX TPELWMH OTANYAETCS 3HAYMTENbHON BbIAEPXKAHHOCTbIO.
TopueBas TPeLMHOBATOCTb NPOSABASETCA 0ObIYHO €1abo M MMEeeT BTOPOCTENEHHOoe
3HauyeHue. PacnonoXeHne TOPLEBLIX U OCHOBHbIX TPELIMH B MOpoAe onpefenser
(hopMy N1acTOBOM OTAENBHOCTH.

TeKTOHMYECKME TPeLLMHbI Pa3BMBaOTCA B FOPHbLIX NMOpPoAax Mof BANAHUEM TeK-
TOHUYECKUX CU/I, NPOSBNSIOLMXCS B 3EMHOI KOpe B MpoLecce ee 3BonoLun. BosHu-
KatoLme npu aToM fgehopmaummn novTn BCerga ConpoBOXKAAKOTCA Pa3BUTUEM B rop-
HbIX NOPOAAax TPeLMH, 06Pa3yHOLLMXCA KaK Ha CPpaBHUTENIbHO MasibIX NoWwaasax, Tak
M Ha OrPOMHbIX MPOCTpPaHCTBaX [147]. OTAnYmMe X OT HETEKTOHNYECKUX TPELLMH 3a-
K/HoYaeTCs, Npexae BCero, B TOM, YTO TEKTOHUYECKUE TPELLMHbI 061aaat0T 60/bLUElN
BblAEPXXaHHOCTbH B OPMEHTMPOBKE M Pa3BMBAKOTCA CPABHWUTENLHO OAMHAKOBO B pPas-
NIMYHBIX MO COCTaBy nopofax. B 06nacTax, NpeTepneBLUNX TEKTOHUYECKME HapyLue-
HWSA, Hanpae/eHNS OCHOBHOW W TOPLEBON MPUPOXKAEHHOW TPELLMHOBATOCTUA He-
CKO/MbKO OTANYaKOTCA OT CybMepuanaHanbHOro 1 CybLIMPOTHOro HanpaBieHus. Tek-

TOHNYECKMNE TPELLNHBLI HAaKMOHEHbI K M/IOCKOCTAM HamniaCtoBaHUA noA pPas3HbIMA Yr-
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NaMu; 3TUM OHU OTINYAKOTCA OT TPELLMH NPUPOXKAEHHBIX (ECTECTBEHHbIX). MoBepX-
HOCTW TEKTOHWYECKMX TPELLUMH 0ObIYHO MOKPbITbI 6G0PO34aMUN CKOMbXEHUS, TaK Kak
OYeHb YacTO OHU ABMIAKOTCA MIOCKOCTAMM CMELLEHNS MOPOA,

Co3spfaBas [LOMONHUTENIbHbIE MIOCKOCTU 0CNabneHns, TEKTOHUYECKME TPELMHbI
MPU 3HAYNUTENILHOM UX Pa3BUTUN BbI3bIBAKOT aBapuiiHble 06PYLLEHNS KPOBN B pabo-
4eM NPOCTPaHCTBEe. TeKTOHMYeCKasa TPeLMHOBaTOCTb ObIBaeT npeacTaB/ieHa 06bIYHO
[BYMSI CUCTEMAMW TPELLMH, HaK/TIOHEHHbIX B pa3Hble CTOPOHbLI 1 B3aUMHOMNEPNeHAN-
KynsapHbIX. HanpaBneHne TEKTOHUYECKMX TPELUMH COBMajaeT C Hanpas/eHWeM Oc-
HOBHbIX Pa3pbIBHbIX HApPYLUEHWUA AAHHOrO paiioHa. TEKTOHWYECKME SIBNEHUSI COAeit-
CTBYHOT PacKpbITUIO paHee CKPbITbIX eCTECTBEHHbLIX TPewmH. Mpy  TeKTOHUYECKUX
MOABVKKAX MOXET MPOUCXOANTb CABVIKEHWE 6/I0KOB ApYr OTHOCWUTE/IbHO [Apyra.
Pa3nnyatoT TEKTOHUYECKME TPELLUMHbI C Pa3pbiBOM CM/IOWHOCTM (TPELLMHbI OTPbIBA,
TPELUMHBI CKaNbIBAHMS) U KNNBaX.

Knueax B nopogax u yrnax (0T gpaHuy3sckoro clivage — genvMmocTs) npeg-
CTaBNIsSieT CO60M 0COOYH0 CTPYKTYPHYHO (hopMy MOpoAHOro maccvea. Iog atum Tep-
MWHOM MOHUMaOT CMOCOBHOCTL MOPOAbI MK YINA Pa3fensTbCs No nJoCKOCTAM, He-
COBNafaroLmm € NepBUYHOM TEKCTYPOI Mopof (419 ocafouHbIX MOPOA He coBMa-
[atoLLMM CO CNMOUCTOCTLIO). KnmBax ABNsSieTCA pPasHOBMAHOCTbIO TPELLMHOBATOCTH.
OH nposBnsieTca B BUAe NapasinenbHbIX efBa 3aMeTHbIX MI0OCKOCTel ocnabneHus B
nnacTe yrns, a Tak)xe BO BMELLAOLLMX NOPOAax KPOBN M MOYBbI.

KnuBaxx pasfiMyHbIMKU MCCefoBaTeNisMU MOHUMAETCS HeOAMHAKOBO Kak Mo
MOPO/IOrMYECKUM MPU3HaKaMm, Tak U Mo MPOUCXOXKAEHWNIO, YTO 00YC/I0B1EHO 60/1b-
LUINM pa3HOo6pasvem KiacCupuKauum aToro ABAeHUs. Pa3nuyaroT KIMBaX MepBuY-
HbIA 1 BTOPUYHBIN.

MepBUYHBIA KMBAX B FOPHbLIX MOPOAAaX BO3HUKAET NoJ, BUSHUEM BHYTPEHHMX
MPUYMH, 3aBUCALLMX OT BELLEeCTBA CamMOi NMOPOAbl, OT BHYTPEHHEro COKpalleHus ee
obbema B npouecce NMUTU(GMKaLMN U MeTaMmopgu3mMa. B ocagoyHbiX nopogax nep-
BUYHBIA K/IMBaXX BbIpaXKaeTcs 00bIYHO B 006pa3oBaHWM ABYX NepneHanKynsapHbIX

OPYT APYTY U K HAC/IOEHWIO CUCTEM MapasinesibHbIX TPELUH.
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BTOpUYHbLIN KIMBaX SBNAETCA pe3y/bTaToM AeopMauun ropHbIX Nopog nog
B/IMSIHVEM BHELUHMX, B OCHOBHOM TEKTOHMYECKMX, BO3AeCTBUA. Bcreacteue pas-
NINYHOW HarnpaB/IEHHOCTN BO3HUKAKOLLMX MPU 3TOM HaMpsXXeHUn TPELMHBI KnBaXxa
pacrnonaratoTca noj pas/IMyHbIMA YriaMu K MepBUYHbIM TEKCTYPHBIM 3/IeMeHTaM
nopogbl (B 0Caf0uYHbIX MOPOAax — K C/MOUCTOCTKM). PaccTosiHne Mexzay CoCeaHUMK
MNOCKOCTAMU KNMBaXKa 3aBUCUT OT MOLLHOCTU M MPOYHOCTN NOPOAHLIX C/I0EB, U CO-
CTaBNAOT OT HECKO/IbKUX MUIIMMETPOB 10 HECKO/IbKUX MeTPoB (06b14HO 10-30 cm).

Kaxpas otaenbHas TpewmHa XapakTepusyeTca A/IMHON, LWPUHOR, N3BUIUCTO-
CTbO CTEHOK, & TaKXe MOJIOXeHeM TPELLUHbI B MPOCTPAHCTBE, KOTOPOE B reo10rnm
NMPUHATO 0603HAaYaTh Yr/1I0M NafeHns 1 asuMyTOM HanpaefieHns nageHuns. TpeLwmHbl
Pa3NNYaKOTCA TaKXXe Ha/IMYMeEM UM OTCYTCTBUEM B HUX 3arO0JIHUTENEN, B COOTBETCT-
BUW C YEM OHM MOAPA3AENATCA Ha OTKPbITbIE (3UAIOLLME) 1 3aMO/IHEHHBIE.

M0 PacKpbITOCTM UAN MOLLHOCTW 3an0/IHEHNS BbIAENAOTCS TPELWMHbI BUAUMbIE
HEBOOPY)XEHHbIM 1a30M (OTKPbITbIE, 3aKPbITbIE N «BOMIOCHBLIE») U MUKPOTPELLMHBI.
LLInpnHa OTKPbITbIX TPELMH WAN MOLLHOCTb WX 3arnosiHeHUs OMpejenseTcs Heno-
CPeACTBEHHbIMM 3aMepamMK, LUMPUHY 3aKPbITbIX TPELMH MOXHO CUYMTaTb PaBHOW
0,8...0,5 MM, «BONOCHLIX» — 0,5...0,2 MM.

3anosiHnTeNb B TPELLMHAX MOXET OblTb NPeACTaBieH PbIX/IbIMUA OTIOXEHUAMM
TUNa NecyYaHo-rNMHUCTLIX TPYHTOB IMO60 06pa3oBaHMAMM, OTINYAIOLWLMMUCA OT Mo-
PO/ Maccusa No MUHePasIorMyecKoOMy COCTaBY, HO CXOLHBLIMU C HUMW MO CTPYKTYpe
N (OM3NYECKNM CBONCTBAM.

UYacToTa TpewuH 3aBMCUT OT MOLLHOCTM M cocTaBa nnacta. Hanpumep, yem
MeHbLle MOLLHOCTb M/1IaCTOB U MPOYHOCTH MOPOA, TeM yalle TpewmHbl. Mo JaHHbIM
MHOruX uccnegosarenen [148], B KapboHaTHbLIX NOPOAAX MHOMMX pParioHOB B NiacTax
MoLLHOCTbIO 0T 0,5 f0 2,0 M 3Ta cBsi3b NpsAMonMHeiHa. M.B. Pau, [149] cunTaeT ee
napabo/IM4ecKoil.

B 3aBMCMMOCTM OT TOro, Kak TPeLuHbl OPUEHTMPOBAHbI, Pa3INYaloT yrnopsao-
YUeHHYH0 (O4HO-, ABYXCUCTEMHYIO) U HeymnopsaLoYeHHY0 TpelimHoBaTocTb. lMepece-
KasiCb, TPeLLMHbI pa3dmBatoT NOPOAHbLIA MAacCMB C HEKOTOPbIM XapakKTepHbIM pa3me-

poM H Ha oTAenbHble CTPYKTYPHbIe 6/10KM CO CPeAHWUM pasmepoMm hg,. OTHOLLEeHME
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H/he, Ha3bIBAETCA MHTEHCMBHOCTBLIO TPELLYMHOBATOCTU. KpoMme TOro, A8 KonyecT-
BEHHOW OLEHKM TPELMHOBATOCTU UCMOMb3YHOT IMHENHbINA, MNNOWAAHOM N 06bEMHbIN
KOS(PPULMEHTbI MHTEHCUBHOCTU TpeLLUMHOBATOCTN. OHW NPeACcTaBNAaOT COO0M COOT-
BETCTBEHHO OTHOLLEHME eAVHMUUbI ANMHBI, Naowann, obbemMa K CpeaHeMy paccTos-
HUIO MeXAy COCeAHUMW TpewmHaMu le,, K nnowaam S, ¥ 06beMy CTPYKTYPHOTO
610Ka V..

M.B. Pau npmBognT cnosa n3BecTHOro maremartuka .. [ToKpoBcKoro, elle B
30-€ rofibl Ha4yaBLLEr0 pa3BMBaTb CTATUCTUYECKOE HanpaB/ieHNe B MEXaHWNKE FPYHTOB
M YKa3blBaBLLEr0, YTO «...CUCTEMA COBEPLLEHHO YCTONYMBAS C TOUKM 3PEHUS TEOpUN
naeasbHO OAHOPOAHbIX TeN KAXKETCSH HEYCTOMUMBOM C TOUKN 3PEHUSI CTAaTUCTUYECKOM
Teopumn HEOHOPOAHOIO Tenax.

CornacHo npuHUmMnam CTaTUCTUYECKO MeXaHUKK, pa3BrMBaeMoli B paboTax k.
Mm66ca [150], MMKPOCTPYKTYpa Maccuea 06pa3yeTcs B pe3ynbTare CNOXKHbIX (Pu3mn-
KO-XUMMYECKMX NPOLECCOB, ANS paHHEN CTaann KOTOPbIX XapaKTePHO paBHOBECKE U
CTporoe co6M0feHNe COOTHOLLEHNIN MeXAy KOMMOHEHTaMu, (azamm U CTENEHAMU
cBo60Abl. OAHAKO 3TN PaBHOBECHbIE COCTOAHMS HEOAMHAKOBO Pea/n3yoTca B KaK-
[0 TOYKe MOPOAHOI cpeflbl, YTO MOPOXAAET CTAaTUCTMUYECKYH COBOKYMHOCTb ee
CBOICTB 1 NPWU3HAKOB.

TaknM 06pa3oM, HEOAHOPOAHOCTb SIBNSETCA eCTECTBEHHbIM CBOWCTBOM FOPHBIX

MOpO.

4.3. F'nnoTesbl 0 NPMPoAe MacLTabHOro agdekTa

HeoaHOPOAHOCTL peasibHbIX TBEPAbIX TeN, B TOM YMC/e U TOPHbIX MOPOA, ABNS-
eTCA rNaBHON NPUYNHON TOrO, YTO MO OTHOLLEHWIO K HAM Hab/oaeTcs CyLLeCTBeH-
HOe OTK/IOHEeHWe OT 3aKOHa MoA06usi. DTO HEBLIMNOMHEHWE ABNAETCSH CEeACTBUEM
reoOMeTpPUYECKNX pasMepoB AehopMUpPyeMbIX TBEPAbIX TeN, N B CBA3W C 3TUM, Mpu-
UMHbI, €ro BblI3blBaloLLMe, Ha3blBaOT MacLUTabHbIM (PaKkTOpoM, a caMO SIB/IEHME -
MacLUTabHbIM 3pdeKToMm.

3BecTeH MaclUTabHbIii athhekT aaBHO. Ewe B 1907 r. O3Hmanc n Myp [151]

MOKasasnu, YTo C YBENIMUYEHNEM NUHENHBIX Pa3MepOB 06Pa3L0B aHTpaLMTa NPOUYHOCTb
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NX CYLLEECTBEHHO CHWXaeTcA. epBOil aHAIMTUYECKOW paboToN, 06BACHSAIOLLEN Mac-
WTabHbIA  3th(heKT, MMEBLUMA MeCTO B OMblTax CO CTeKoMm, Obina paboTa
A. Mpudpputca [152], nossmeliasca B 1921 r. MNosgHee, B 1933 1., A.l. AnekcaHa-
poB 1 C.H >XypkoB [85] TakXe, 3KCnepuMeHTUpYys Nofo6Ho A. I'pudmTcy Co CTek-
NAHHLIMW HUTAMW, Hanbo/ee NOHO UCCNefoBaM 3aBUCUMOCTb UX YAENbHOW Npoy-
HOCTW OT AuameTpa. bblno Nokas3aHo, YTO C YBe/MYEeHWEM AnameTpa CpefHsas npouy-
HOCTb HATE YMEHbLLAETCA C OfHOBPEMEHHbLIM YMeHbLLEHNEM pa3bpoca AaHHbIX.

Pabotamn A.®. Modhe 1 ero y4yeHnKos [14] 6b110 yCTaHOBNEHa MHTepecHas n
Ba)KHasi O0COGEHHOCTb: MacCLUTabHbIN 3MEKT CYLECTBEHHO MPOSBNAETCA NpU fe-
(hopMUPOBAHNM MAaTEPUAIOB, CKNOHHbLIX K XPYMNKOMY PaspyLUEHWMO, Y 3HAYUTENIbHO
MeHee BbIpaXXeH Mpu UCMbITaHNAX MaTepuaos, paspyLUaroLLNXCS BA3KO.

OO6LWMpHbIE UCCNeA0BaHNA NPOABNEHUIA MacITabHOro atitheKTa N0 OTHOLLUEHMHO
K MeTasinam Oblan BbiNosHeHbI B.B. YeuynuHoim [141], a NPUMEHUTENBHO K YIIsM —
C.E. Ympkosbim [153]. B nocnenHen paboTe OTMeYaeTcs, UTO BCE MCCNefoBaTeNu
MacLuTabHoro adpekta B yrigax npuxoadT K eAnHOMY BbIBOLY: YBeNMYeHVe pasme-
POB MCNbITYeMbIX 06pa3LI0B NPUBOAMT K CYLLLECTBEHHOMY CHUXKEHUIO X NMPOYHOCTH,

Pe3ynbTaTbl XK€ WCMNbITaHWIn FOPHLIX MOPOA M HEKOTOPbIX UHBLIX MaTepuasios,
BbIMO/IHEHHbIX Pa3/IMYHbIMK aBTOPaMM Ha reoMeTpuyeckmn NogobHbIX 0bpasuax, ga-
NeKO He CTO/Ib O4HO3HaYHbI. 10 UToram X MOXXHO pa3feNinuTb Ha YeTbIpe rpynnbl:

— C YBe/MYeHNeM pa3MepoB 00pa3LloB OTHOCUTE/IbHAA MPOYHOCTbL UX MNafaeT
[85, 154, 155 n ap.];

— C YBE/IMYEHMEM pa3MepoB 06pasL0B OTHOCUTENIbHAsA MPOYHOCTb UX pacTeT
[156-158];

— C YBe/IMYEeHNEM pa3mepoB 06pasLLoB A0 OMpefesieHHOro npegenia OTHOCUTESb-
Has NPOYHOCTb MX PacTeT, a 3aTeM acCUMNTOTUYECKN NajaeT A0 HEKOTOPOM NOCTOSH-
HOW BeNnYMHbI [159];

— C 3MEHEHNeM pa3mMepoB 06pasLi0B NMPOYHOCTb UX OCTAETCA MOCTOSAHHOMN [160-
162].

Pe3ynbTaTbl BTOPOW rpynnbl OMbITOB ObIN MOYyYeHb! MPU UCNbITaHUAX 06pas-

LIOB KAMEHHOW conu, 06/1afatoLleil CyLeCTBEHHOW BSA3KOCTbIO. OHM TpebytoT, BUAK-
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MO, 0CO60ro aHasim3a u TPaKTOBKU. VCnbITaHWs ApYruX MTONOMMYECKUX pa3HOCTeN
He NoKasaM OAHO3HAYHOr0 YBE/IMYEHUS OTHOCUTE/IbHOW MPOYHOCTU C YBE/IMYEHNEM
pa3MepoB 06pa3LoB. Pe3y/nbTaTbl OMNbITOB, OTHECEHHbIE K YETBEPTOW rpynne, HEMHO-
FOYNCNIEHHbI U PE3KO OT/IMYAKOTCA OT 60/bLUMHCTBA U3BECTHBIX aHAIOMMYHBIX UCC/e-
[0BaHUIA.

AHanusnpys pesynbTaTbl CBOMX OMbITOB W W3BECTHbIX B /ATEpatype,
M.W. KoindpmaH B 1959 r. npeanoXun pasnuyatb mMaclitabHble 3pMeKTbl NePBOro K
BTOPOro pofa.

MacLuTabHbI 3¢hheKT NepBoro poaa, U 06bEMHBbIN, CBA3aH CO CTPYKTYPHOWA
HEeO4HOPOAHOCTLIO UCMbITLIBAEMOr0 MaTepuana, Haimymem Cry4yainHo pacrpegesneH-
HbIX N0 00beMY [e(heKTOB.

MacLuTabHbI 3¢hheKT BTOPOro poAa, Uav NOBEPXHOCTHbINA, CBSI3aH C Ka4eCTBOM
06paboTKM MOBEPXHOCTU UCMbITYeMbIX 06pa3LOB M CTeneHbl paspylleHus (AecT-
PYKUMW) NPUNOBEPXHOCTHOIO C/I08.

MacLuTtabHbIi agdekT nepsoro poga M.W. KolidmaH HasBan rnaBHbIM [163].
[MOBEPXHOCTHbIN MacLUTabHbIA 3MEKT CYLLECTBEHHO CKa3blBAETCA MPU UCMbITAHUAX
06pasuoB MasibIX pa3MepoB. B 3aBMCMMOCTM OT XapakTepa MOBEPXHOCTHbIX Aedek-
TOB OH MOXET B OAHMX C/ly4asX YCUINTb INaBHbIA MacLUTabHbIN ageKT, a B Apyrux
— YMeHbLUNTb. [py nepexoje e OT 06pasua K MacCuMBY OCHOBHbIM SBMISIETCA [/1aB-
HbIA MacLUTabHbIN 3thheKT.

MHTepecHas Knaccugukaums NposiBieHnin macuTabHoro apdexra npeasioxeHa
M.B. Pauem [149, 164]. B ropHbIx nopogax BblaensoTcsa HEO4HOPOAHOCTI YeTblpex
MOPSAKOB B 3aBMCMMOCTM OT pa3MepoB uccneayemoii obnactu (o1 10° go 10° cm).
MacLuTabHbI 3(h(heKT NPOAB/AETCA B TOM, YTO BCE MOMEHTbI BEPOATHOCTHOIO pac-
npeseneHns KOHKPETHOrO Nnpr3Haka M3MEeHSATCA C M3MEHEHWEM pa3mMepoB 06/1acTy
BO3JeNCTBUA. B COOTBETCTBUM C 3TUM BblAeNAoTCA MacLuTabHble addekTs I, 11 n 111
pofa, KOTOpble XapaKTepu3yroTcs, COOTBETCTBEHHO, pacnpefeneHunsaMu Belbynna,
NnorapuMMYecKn HopMasibHbIM U HOpMasibHbIM. MacluTabHbI 3deKT | poga cooT-
BETCTBYET TOMY, KOTOPbIA MMEET MECTO MPU UCMbITAHUAX NMOPOAHbLIX 06pa3LoB pas-

HbIX Pa3mMepoB.
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OfHa 13 MepBbIX TUMOTe3, OOBACHALWMX NPUPOAY MacliTabHOro adgekra,
npuHagnexunt A.MN. AnekcaHgposy n C.H. XXypkoBy [85]. PeanbHble TBepAble Tena
BCerga COAepXXaT BHYTPeHHVe [fedeKTbl B BMAE BakKaHCUW, AUCNOKaUWMW, TPELLVH,
BK/TIOYEHMI1 MUKPOOOBEMOB pPa3HOM MPOYHOCTU, pacrnpefenieHHbIX No 06beMy Cry-
YaiHbIM 06pa3om. Yem 60/bLLE 06beM Tena, TeM 60/bLUe B HEM AeEKTOB, TEM HUXKE
ero NpPoYHOCTb.

OC06eHHO OTYET/IMBO CTATUCTUYECKAs MPUPOLA NMPOYHOCTUN TBEPAbIX Ten OTpa-
XKeHa B paboTe B. Beibynna [86].

MnoTe3bl, 06BACHAIOLWME MaCLUTabHbIA 3ddeKT ¢ no3nunii Hanbonee cnaboro
3B€Ha, MOJTYYN/IN Ha3BaHW CTATUCTUYECKMX. COrnacHO CTaTUCTUYECKON runoTese,
BCerga CyLIeCTBYeT 3aKOHOMEpPHbI pPa3bpoc 3KCMEPUMEHTA/IbLHO OrpefenseMbIX
3HaYeHWI MPOYHOCTU, MPUYEM, YeM Meflbye 06pasLbl, TEM MeHbLUe Bapualms 3Haue-
HWUIA NPOYHOCTH.

IMeroTcs M MHble 00BACHEHMS NMPUPOALI MacluTabHoro aggpekrta. Tak, Hanpu-
mep, A. Yanc n H.H. fjaBnaeHkoB [165] Bbickasann npeanosioxXeHne, YTo npuymHa
CHVDKEHWA NPOYHOCTM KPYMHbIX 00pa3L0B 3aK/1K4aeTcs B TOM, YTO CUCTEMA «UCTbl-
TaTe/lbHast MallnMHa-o06paseL» HakanInMBaeT 60/bLUe YNPYron 3Hepruun, Yem npu pas-
PyLLEHMM 06pa3L0B Ma/Ioro pasmMepa.

N.A. OgunHr [166] 06bACHU MacLUTaOHbIA 3(HEKT HEOANHAKOBON TEXHOMOIU-
el N3roToB/IeHNs 06pa3LL0B pPa3HOro pasmepa.

B.B. NlaBpos [167], npon3BoAs OMbITbl CO /IbAOM, NPULLEN K BbIBOAY, YTO Mpu-
YMHA CHUXKEHMS MPOYHOCTU KPYMHbIX 00pa3L0B KPOETCA B HA/IMUNN MUKPOTPELLMH,
KOTOpbIX BCerga 60nblue B 60/bLUeM 00bEME.

5.B. MaTBeeB cBsizann mMaclTabHbIA 3()(heKT CO CTPYKTYpOMn M BMAOM Hanps-
YXEHHOr0 COCTOSAHUA Ae(hOPMUPOBAHHOI0 TBEPAOro Tesa. VIM pacCMOTpeH psg, cTatu-
CTUYECKMX 3afa4, B KOTOPbIX (DYHKLUUS BEPOATHOCTY paspyLLEHNSA CTPYKTYPHbIX 3/1e-
MEHTOB MpuHUMaeTcsa no B. Beibynny [168]. Cam npouecc paspyLueHns 3aBUCUT OT
BMA HaMpPs>KEHHOro COCTOAHWA M OT CK/JIOHHOCTU MaTepuasa K Xpyrnkomy Wav BA3-
KOMY pa3pyLUeHunto. PaccmaTpmBasi 4acTO BCTPeYatoLMinca B reoMexaHuke crydai

00BEMHOI0 CXXaTus Xpynkoro Tena, 6.B. MaTBeeB CyLLeCTBEHHO ONupaeTcs Ha pabo-
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Ty J1.I'. CeppaksHa [90]. KoHeuHble hopmy bl MOATBEPXKAAKOT BbISAB/IEHHYIO 3KCHe-
PUMEHTa/IbHO TEHAEHLMIO CHUXKEHUS MPOYHOCTU MPU UCMbITAHUAX KPYMHbIX 06pas-
LLOB.

Bonee 06Lime aHanUTUYeCKMEe PaboTbl, HarnpaB/ieHHble Ha OLeHKY MacLUTabHOro
appekTa B TBEPAbIX Tefax CO CTATUCTMYECKON TOYKM 3PEHUS, OblIN BbIMOMHEHDI
C.A4. BonkosbiM [169] 1 B.B. bonotuHbIM [170]. B HMX 0TMevaeTcs, YTO MacliTab-
HbI1 3(h(hEKT MMeEeT MECTO BO BCEX MaTepuanax Mnpu nrbbIX HanpsXKeHHbIX COCTOS-
HUAX, HO OCOBEHHO APKO OH BbIPaXXeH AN XPYNKUX MaTepuanoB, HaxogsaLWmXcs B
YCNOBUAX 0OBEMHOIO CXaTUS.

.M. YepenaHoB [32], ncxoas vU3 aHanm3a pasMepHOCTER, NoKasan, YTo Hanmune
B HEOAHOPOAHOM XPYMKOM MaTepuasie ¢ TMnoTeTUYECKUMN feeKTaMmn NMoBepXHOCT-
HOW 3HEPrumn paspyLleHns MPUBOAUT K 3aBUCUMOCTM MPOYHOCTM OT pa3mepa CTPYK-
TYPHOr0O 3/7IEMEHTa KaK Ha KBaHTOBO-MeXaHW4YeCKOM, TaK U Ha MakpoypoBHe. 3aBu-
CUMOCTb 3Ta OAHO3HAYHa: yBe/fnyeHe o6bema UCMbITLIBAEMOIO Martepuana Beerga
BeJeT K CHVXKEHUIO ero OTHOCUTE/IbHON NPOYHOCTW.

A.H. Monunos [171], Takke MCNOMb3ys 3HEPreTUYECKNn NOAXOA, OOBACHSET
MacLUTabHbIN 3(GeKT Tem, YTO ynpyras sHeprus, HakananMBaemas B Tene, NPonop-
LMOHa/IbHa 06bEMY, a paspyLUeHVe MaTepuaia NPOUCXOANUT MO HEKOTOPOI MOBEPX-
HOCTW 1 paboTa paspyLleHns NPonopLUMoHaibHa NIOLWAaAN CEYEHUS; 3TO HEN3OEXHO
MPUBOAUT K 3aBUCUMOCTU OTHOCUTE/IbHOM NPOYHOCTM OT abCOMOTHBIX Pa3MepoB Te-
na. MockosnbKy BOJIHbI HaNpsXKeHNA 1 aehopMaunia, a, cnefoBaTesibHO, U 3HEPrus,
He MOryT pacnpoCTPaHATLCS B MaTepuasie CO CKOPOCTbHO, 60/bLUel CKOPOCTU YNpy-
rMX BOJH, TO NMPU HEKOTOPOIN KPUTUYECKOMN A/IMHE 06pa3Lia fO/MKHA NCHEe3HYTh 3aBU-
CUMOCTb MPOYHOCTU OT Pa3mMepoB Tena.

MogBoAs MTOrM WCCnefoBaHWin, MOCBALWEHHbLIX OOBLACHEHWIO MNPUPOAbI Mac-
LUTAbHOro aghdheKTa, MOXXHO OTMETUTL CNefyoLLMe BaXKHbIE NOTOXKEHNA:

— TeOpeTnYecKme 1 nabopaTopHble NCCeA0BaHNSA B NOAAB/AIOLLEM CBOEM 60/1b-
LLUIMHCTBE NOKAas3bIBAKOT, YTO C YBEMYEHNEM 0ObEMA NPOYHOCTL TBEPAbLIX TE/ NajaeT;

— MacwTabHbIN 3PQEKT CYLLECTBEHHO 3aBUCUT OT CTPYKTYpPbl MaTepuana u snga

Hanpa>xeHHOro COCToAHNA.
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4.4. Koah(prumneHT CTPYKTYPHOIo ocnabneHmna Kak KosindecTBeHHas OLeH-
Ka maclTabHoro agygoeKta B ropHbIX nopoaax

[COpHble NOPOAbl B OKPECTHOCTU KanuTa/lbHbIX WM MOATOTOBUTE/NbHBLIX MOA3EM-
HbIX BbIPabOTOK HAxXOAATCA B COCTOAHMM HEPaBHOKOMMOHEHTHOrO BCECTOPOHHEr0
oxatus. X paspyLueHne B 3TUX YCNOBUSAX NPOTeKaeT, Kak NpaBusio, XPyrnKo, 3a uc-
K/TIOYEHVEM NIMTONOMMYECKMX PasHOCTen, cogepykawimx 60/bLLIOe KOMMYeCTBO YB-
NaKHEHHbIX TIMHUCTBIX YacTuy. Kpome TOro, Maccus B 3aBMCMMOCTU OT reHesmca
MMeET ONpeaeNieHHY0 CTPYKTYPY U TEKCTYpPY, pasbuT cucTtemMamu C/yvyainHO OpueH-
TUPOBaHHbLIX TPELUMH COOTBETCTBYIOLLEN CTEMEHWN PACKPbITUS, pasHble YYacTKM ero
MMEIOT Pas3/INyHyIo CTeneHb 06BOLHEHHOCTU W T.4. DTN 06CTOATE/IbCTBA MPUBOAAT K
TOMY, YTO MPOYHOCTHbIE XapaKTEPUCTUKN FOPHbIX MOPOZ B 06pasLie 1 maccuse MMe-
0T CYLLECTBEHHOE OT/iMYMe. ATO OT/INUME B TEOMEXaHMKE OLIEHMBAETCA Koadhduum-
EHTOM CTPYKTYpPHOro ocnabneHuss — K., KOTOPbIA paBeH OTHOLUEHWIO 3HayeHus
y[eNbHON MPOYHOCTHON XapaKTePUCTMKMA B MacCuBe K ee 3Ha4eHuto, rnosly4eHHOMY
Mpu UCNbITaHUN 06Pa3LOB CTaHAAPTHBIX SIMHENHbIX pasMepoB. Kak npaswno, ato oT-

HOLLEHWe npeaena NPOYHOCTY Ha OHOOCHOE CXKaTue B MaccuBe R K cpefiHemy npe-

[1EN0B NPOYHOCTM 06Pa3LI0B FOpHOIA Nopoabl R, , TO eCTb

[MOCKOMbKY C 3TOI XapaKTEPUCTMKON CBA3aH YPOBEHb Mpefe/ibHbIX HaNPsHKEHW
M napameTpbl YNPYroniacTM4yeckoro COCTOAHMS MOPOAHOI0 MaccuBa BOKPYT Bblpa-
60TOK, TO YCTaHOB/IEHME 0OBEKTUBHOIO 3HaYeHNA KO3 (MUMeHTa CTPYKTYPHOIO OC-
nabneHns npeacTaBnsieT CO60M BaXHYK U CNOXHYHO 3afadvy, CBA3aHHYH C paumo-
Ha/IbHbIM NPOEKTMPOBaHMEM MOL3EMHbLIX COOPYXXEHWA.

B 3aBMCUMOCTM OT NPUMeHsieMbIX METOZOB MCC/ef0oBaHUSA, HarpaB/ieHHble Ha
YCTaHOB/IEHNE OOBLEKTUBHOMO 3HaYeHUs K., NPOBOAMANCL M NPOBOAATCS B HECKO/Ib-
KMX HanpaB/feHNsX.

Mpexae BCero crnefyet OTMETUTb (hyHAAMEHTa/lbHble aHaIMTUYECKMe pPaboTbl
A.T1. AnekcaHgposa n C.H. Xypkosa [85], B. Beitbynna [86], /1.I'. CeapaksiHa [90],
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C.[. Bonkosa [169], T.A. KanToposoi 1 N.N. ®peHkens [87, 172], B.B. bonoTtnHa
[170] n HekoTOpbIX ApPYrMx aBTOPOB, OCHOBaHHbIE Ha CTATUCTUYECKOM OOBACHEHUN
NpUpoAbl NPOYHOCTU TBepAblX Ten. KoHeuHble (hOopMysibl, OT/IMYaACb CTereHbH
C/IOXXHOCTM, OTPaKAKT KaYeCTBEHHYHO KapTUHY CHWDKEHWS MPOYHOCTM 006pasLoB
6onbworo pasmepa. KonmyectBeHHas e OLUeHKa CTENEHWN CHYKEHWUA NPOYHOCTM 3a-
TPYAHWUTENbHA BBUAY OT/IMUMNA UCXOLHbIX UAEAN3NPOBAaHHBIX (PU3NYECKUX MOAENei
OT peasibHbIX MacCKBOB rOPHbIX MOPOA.

BonbLLOe YMcno nccnefoBaHNin OCHOBaHO Ha MeToAax CTaTUCTMYECKOro aHau-
3a Pe3y/IbTaToB UCMbITAHWUIA TOPHBLIX MNOPOA, 0TOOPaHHbIX NPU NPOXOAKE rOPHbLIX Bbl-
paboToK, a Takke UX (M3NYECKUX MOAeNen, co3faBaeMblx B nabopatopusax. B aTom
Hanpae/ieHUN BbINOMHEHbI paboTbl M.M. MNMpoToabskoHoBa, M.W. KorthmaHa u
C.b. Ynpkosa [173, 84, 153], M.B. Paua [149, 164, 174], I".IN. ®ucexko [175-177],
A.H. Knwva [178, 179], I'.T. Py6ua [180-183], KO.N. MapTbiHoBa [184], B.T. NywKo
[185]. YueT ocnabnstowero aencTens aedieKToB NpPov3BoAMTCA B 3TOM C/ydae ny-
TeM BBeLEeHUA MONPaBoOYHbIX KO3((MMLNEHTOB, BbIOOP KOTOPbIX 3aTPYAHUTESEH.

Pabotel B.B. Pxesckoro u [.H.Hosuka [186], J1.B.LlUaymsaH [187],
C.B. Betposa [188], O.C. Andeposa [189] HanpaBneHbl Ha YCTaHOB/IEHNE KOPPens-
LIMOHHOI CBA3N MeXAY NPOYHOCTLIO NOPOAbLI B 06pasLie N MacCuBe 1 CKOPOCTbIO pac-
MPOCTPaHEHNA YNPYrux BOMH. ATO Hanpas/ieHWe BeCbMa NepcrnekTUBHO, NMOCKOSbKY
OHO MO03BO/IAET YYECTb Ha OCHOBE OLHOr0 KOMIMJ/IEKCHOrO MoKasaress, Kaknum ABfseT-
CSi CKOPOCTb NPOAO/IbHOWN aKyCTUYECKOW BOJHbI, BCHO NMPUPOAHYH HEOAHOPOAHOCTb
mMaccuBsa. ViccnefoBaHUAMM MOTYT ObITb OXBayveHbl 6/10KM O4eHb 60MbLUMX pPa3MepoB
B [eCATKM, COTHU MeTpoB. OTCYTCTBUE CEpPbe3HbIX aHA/IMTUYECKMX OMUCaHUIA NoBe-
[EeHWS YNPYron BO/HbI B CYLLECTBEHHO HEOLHOPOAHOM Tesle, CBSA3aHHOE C MaTeMaTu-
YECKOIN CMOXHOCTHbIO OMMCaHWSA 3TOro Mpolecca, Nnoka CAEPXKMBAeT LUMPOKOE MC-
No/sib30BaHNe KOPPeNnsuMoHHOro MeToza.

Llenblin psg paboT no oueHKe NPOYHOCTHLIX CBOMCTB NOPOAHOI0 Maccuba OCHO-
BaH Ha HermoCpPeACTBEHHbIX UCMbITAHMAX KPYMHBLIX 6/10KOB B MeCTaxX UX eCTECTBEHHO-
ro saneraHmst — «in situ» [190, 191-194]. 3T0T Hanbosiee NPOCTON C TOUKN 3PEHMS

MeToaonornnn noaxon cConps>XeH CO CMO0XHOCTbHO U TPYAOEMKOCTbIO BbIMO/IHEHUA
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3KCMEePUMEHTa/IbHbIX paboT, a TakKXe OTCYTCTBMEM CEPUINHO BbINYCKAaeMOro obopy-
[0BaHUA [N OKOHTYpWBaHUA G/I0KOB U UX Harpy>KeHus. Pe3ynbTathl Xe, Mnony4ae-
Mble NPV €ero OCYLWEeCTB/IEHUN, Hanbonee OAM3KM K KOHKPETHbIM [OpPHO-
reo10rMYecKnm ycroBusm.

CyLlecTByeT TaKXXe CpaBHUTENbHO HEeOO0/bLLOe KONNMYECTBO WCCNefoBaHWM, B
KOTOPbIX KO3PMUUMEHT CTPYKTYPHOro 0cnabneHns onpefensercs nyTeMm aHaamsa
npouecca paspyLUeHns Maccusa npy AOCTaTOYHO TOYHO WM3BECTHBLIX 0OCTOATENbCT-
BaX. JTOT MEeTOA MOMy4u/s HasBaHMe MeTofda 06paTHbIX pacyeToB. KoaghuumeHT
CTPYKTYPHOro ocnabneHusi B JaHHOM C/yvae TpebGyeT OCTOPOXKHOMW OLEeHKW, Mo-
CKO/bKY METOZ YYMTbIBAET HE TO/IbKO HeyYTeHHble B UCXOLHOW MOLEeNN CTPYKTyp-
Hble 0COGEHHOCTM Cpefbl, HO HEM30eXHO OTpaXkKaeT U BCe /IOrMYecKne HecoBepLLEH-
CTBa MOJe/IN, OCOOGEHHO B YacTW (DYHKLMOHAIbHOW 3aBUCUMOCTN MEXAY BXOAALLMMU
B KOHEYHYIO (hopmyny napameTpamu. K 3aTOMy HamnpaBneHWH OTHOCATCA paboThbl
A.B. KoHgpaTtoBa n A.A. bapsaxa [195], .. ®uceHko [196], I'.T. HecTepeHKo u
ap. [197].

Ha aTane NpOeKTMPOBaHUA FOPHbIX MPEANPUATUIA N NX CTPYKTYPHbIX 3/1eMeH-
TOB (Bblpab0TOK) BECbMa MO/E3HbIMUA MOTYT ObITb AMMNNPUYECKNE (POPMY/bl, CBSA3bI-
BatoLLMe NPOYHOCTb 06pasLa C NPOYHOCTLIO MOPOoA B MaccuBe. JOCTaTOYHO MOJHbIN
00630p paboT 3TOro Hanpae/eHMS BbINOMHEH B [116]. YUeT reosiormyeckoro CTpoeHus
MaccuBa B 3TOM C/lyyae Mpou3BOAUTCA NYTEM BBEAEHMUS LIeNoro paga KoapmuumneH-
TOB, VMEKLMX CYLLEeCTBEHHbIA pa3bpoc. NocnegHee 06CTOATENLCTBO NPUBOAUT K
TOMY, 4TO, BapbUpys 3HAYEHUA KO3IPMULMEHTOB, MOXHO MOSYYUTb 3HAYEHUNE WCKO-
MOI BENIMYMHbI, N3MEHSAIOLLLEECA B LUMPOKMX Npeaenax. B pabote [116] npuBoasTcs
3HaYeHNsT KO3((PULUMEHTOB CTPYKTYPHOro 0cCnabneHus, MoslyvyeHHble Mo AaHHbIM
BHVMW Ha ocHOBe aHanm3a pe3ynbTaTOB HaTYPHbIX Ha6GMOAEHWNIA, UCMbITAaHUIA W
06paTHbIX pacyeToB.

[ns yrneemeLLatowmx nopog no oueHkam 60/bWLnHCTBA aBTopos [134, 199-202
N ap.] BENMUYMHA KO3PuLMeHTa CTPYKTYpPHOro ocnabneHns coctasnset 0,2-0,6.

IHTEpecHO OTMeTUTb, YTO, OLeHMBas NPOYHOCTb CTEPXKHEBOMW CUCTEMbI CO CAy-

YailiHO pacnpeaeneHHon NPOYHOCTLIO OTAE/NbHbIX 3N1EMEHTOB, b.B. MaTtBeeB nonyunn

84



OLEHKA MPOYHOCTW HEOAHOPOAHbIX CPE[ C AEGEKTHOW CTPYKTYPOI

ANA cnyyvas 06beMHOM0 CXaTus 3HavYeHne KoadgmumeHTa CTPYKTYPHOro ocnabneHns
pasHoe 0,369-0,428 [202].

B CLLUA v pafe Apyrnx cTpaH LUMPOKO NpUMeHAeTCa MeToAMNKa OLEHKM TpeLLm-
HOBaTOCTM TOPHbIX NMOPOA MO nokasaTento Kadectsa nopoabl RQD (Rock Quality
Designation), KOTopbI onpeienseTcs Kak npon3BefeHre BENMUYUHBLI BbIXOAa KEpHa,
BbIPaXKEHHOr0 B MNpoueHTax (Z), Ha OTHOLLIEHNE CYMMapHOW AJIMHbI HEeHapyLUeHHbIX
KYCKOB KepHa, KaX[blA U3 KOTOPbIX UMEET ANNHY He MeHee 10 cm (Zli ), KO BCeM
AnMHe nccneayemoro nHTepsana (L), T.e. RQD=Z (Z I /L).

Ecnun, Hanpumep, 13 UCCNeLyeMOi CKBaXXMHbI C UHTEPBA/IOM 9 M 13B/IeYeH KepH
o6Ler AnnHOM 8 M, a CymMMapHas A/inHa HeHapyLUEHHbIX KYCKOB KepHa (KaXAblid
anvHoin 10 cm n 6onee) coctasnseT 7 M, To RQD = 78%. Ha ocHOBe noka3zaTens Ka-
yectBa RQD cocTaBnieHbl rpafuiky, Tabnuupbl, onpegenstolme xXapakTtep YcroBui
NpoBefeHWs BbIpaboToK, TUM 1 CTOMMOCTb KpernneHus [202].

B otnnume ot nokazatensd RQD, metoabl Aupa n XaHcarn [203, 204], He3Haun-
Te/IbHO OT/INYaACH APYr OT Apyra, NO3BONAOT ONpefenaTb KOIPMPULMEHT CTPYKTYp-
HOro ocnabneHus, yumTbiBas Mpu 3TOM YUCNO 06pasLoB, AMAMETP U LAIMHY KepHa.
3ameTum, 4To 1 MeTog RQD , 1 meTog XaHcaru 1 Jupa He UMetoT nog cob0i HUKa-
KOro aHa/IMTMYeCcKoro o6ocHoBaHus. o cyTn gena, 310 CNocob nosyyeHust HEKOTO-
POV BENIMUYMHBI MEHbLLIE eAUHNLIbI, KOTOPas roAMTCA TOMbKO A8 Ka4eCTBEHHOMN oLe-
HKW FOPHbIX NOPOJ, N0 CTEMEHN UX HApPYLUEHHOCTMW.

KoahpnumeHT CTPYKTYpHOro ocnabneHus ABNSETCA OYeHb BAXXHOW XapaKTepu-
CTUKOW MaccuBa. Ha ctagny npoeKTUPOBaHWA MMEHHO C 3TOW BEeIMUMHON CBA3aH
MPOrHO3 BO3MOXXHOMW 06/1aCTV NpeAesibHOro COCTOAHMS MOPOA B OKPECTHOCTM Bblpa-
00TKK, a, CnefoBaTeNlbHO, M Harpy3kKM Ha Kperb, MOCKO/bKY, Kak Obl10 MoKa3aHo
BblLLE, MMEHHO Mpefesl NPOYHOCTU Ha CXKaTue QUrypupyeT B KayecTBE OCHOBHOM
(PM3NYECKOM KOHCTaHTbl B KpUTEpUasibHbIX COOTHOLLEHUAX Haubonee pacnpocTpa-
HEHHbIX PEHOMEHOIOrMYECKNX Teopuid NPOYHOCTK. M03TOMY BeNMUYMHA KO3ghguum-
eHTa CTPYKTYPHOro ocnabsieHnst Ao/mKHa ObiTb 4OCTaTOYHO 060CHOBAaHa, BK/OYas B
cebsl KaK 06bEKTUBHbIE NPEANOCHIIKA (DOPMUPOBAHUS PU3NYECKO KOHCTaHTbI, TaK U

Cy6'beKTI/IBHbIe, NPUCYyLLNE KOHKPETHLIM FOPHO-Ireo/iIorM4eCKNM yCrioBUAM.
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4.5. AHaNNTNYECKMe nccnefoBaHMAa MmacluTabHoro adppexTa

AHa/IMTUYECKOE OMMUCaHWe OT/INYMA NPOYHOCTM CUCTEMbI (arperara) OT Mpou-
HOCTW ero CTPYKTYPHbIX 3/1eMEHTOB [aHO B paboTax, OCHOBaHHbIX Ha CTaTUCTMYe-
CKMX Teopuax MpPOYHOCTM. Tak, OonuMpascb Ha acUMMTOTMYECKOE BblpaXKeHNe
B. Beltbynna Ans NAOTHOCTM pacnpefeneHns HauMeHbLUMX 3Ha4YeHWd NPOYHOCTU
(MpoyHoCcTM AehekTOB) B HEKOTOPOM 06beme, B.B. bonotunH [94] nonyunn cnepyto-
Lyt hopmyny AN MaTeMaTMYeCKOro OXuaaHus NMPOYHOCTU Tena, MMEKOLLEro 3a-
NaHHbIN 06beM V :

R= Texp _9R) 4o (4.1)

0 0

3aecb dyHkuma g(R) onpeaensieT HEKOTOPYH 061acTb, B KOTOPOIR (hYHKLMS
Hanps)keHnin R(X,y,z), onpeaeneHHas BO BCeW paccMaTpvBaemoln 061acTu npo-

CTPaHCTBa, NpeBbILACT MUHNMa/IbHYHO NMPOYHOCTb AEd)eKTa Sp-

R(x,y,2) -y adv, 4.2)

g(R)= |
Ro(x,y,z)FO g,

roe g,=aR.— MWHUMa/IbHaA NPOYHOCTL AeteKTa; O, = (bR_C)/ rva) _ napameTp,
MMEOLNIA pa3MEPHOCTb HaMpPsXXeHUI; R, — cpefHWiA npeaen NPoYHOCTA 3Ta/lOHHOIO
obpasua; a, b, o — KOaPULUMEHTbI CTATUCTUYECKOTO NpeAcTaB/eHns, onpeaensemble

Ha OCHOBaHWM UCMNbITaHUS 06pa3L0B Pa3IMYHOro 06bema, F(a) — raMma-goyHKUms.
WHTerpan (4.2) npeactaBnsier co60i HEKOTOPbIA NPUBEAEHHbIA 06beM V*. To-
cne psaga npeobpasoBaHNii BbipaXKeHWe A1 MaTeMaTMYeCKOro 0XuaaHus NPoYHOCTH

TE€Ma NPUHUMaET BUA.:

1
- -V, «a
R=bR, \/0 : (4.3)
rae Vo — aTa/loOHHbI 006beM MCMNbITbIBAEMOro 0bpasua.
1
V, a o
BenvmunHa b —  npepcTtasnset cobou, no cyTn, KOAPPUUNEHT CTPYKTYPHO-
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ro ocnabneHus. NpYMeHNTENbHO K TOPHOMY MAacCUBY C/IOXHO TPaKTOBaTb MOHATME
npuBeLeHHOro o6bema. Maccus M3HaYa/IbHO HaNPSAXeH, T.e., eCn NOMOXUTb NPOY-
HOCTb AedieKTa paBHOW HY/O, TO B /IO60M TOUKe Tena (MaccuBa) HanpshkeHns oyayT
NMPeBOCX0ANTb MPOYHOCTb fAeekTa, T.e. V* OyaeT CTPeMUTbCH K OGECKOHEYHOCTMW.
CneposarefibHO, NPOYHOCTb BCEro Tena, T.e. Maccuea, OYAET CTPEMUTLCS K HYIIO.
ATOT pe3ynbTar abCypAeH, 1, 0YeBUAHO, He [O/HKEeH paccmaTpusaTbea. Ho ecnm pa-
e MOMOXMWTb MPOYHOCTb Ae()eKTHOro 3/IeMeHTa paBHOM HEKOTOPOW KOHCTaHTe, OT-
NNYHOW OT HYNS, 06/1acCTb, rAe AeACTBYIOWME HANPSHKEHNS MPEBOCXOAAT MUHMMASTb-
HYH NPOYHOCTHYIO XapaKTepPUCTUKY, COrlaCHO M3BECTHbIM peLueHnam [205-208] by-

[eT CONoCTaBMma C pasmepamm 0OHaXKEHMS, HO BO MHOIO pa3 MpeBbILaTb BE/IMYMHY
3Ta/IOHHOro obpasya. OTHOLLEHME VO/V* ONATb Taku 6yfeT 6/IM3KNM K HY/HO.

YpaBHeHus, nonyyeHHble B.B. BONOTMHBLIM, XOPOLLO OMMCLIBAOT MacLUTabHbIN
ahpeKT Ana Ten orpaHNYeHHbIX 06 LEMOB U LLUMPOKO MUCMO/b3YHOTCA B MALLMHOCTPOe-
HUU. OfHaKO aBTOMAaTMYeCKOe MepeHeceHre UX B FreOMeXaHWKy He [aeT »Kenlaemblx
pe3y/ibTaToB.

BonbLuoi BKNag B pa3BuTNe CTATUCTUYECKNX TEOPUIA MPOYHOCTU BHEC/TN TPYAbI
J1.I". CeppaksHa [90], cneays KOTOpPbIM MOPOAHYO Cpedy MOXHO paccMmarpuBath Kak
KOHCTPYKLMIO, COCTOSALLYIO M3 OTAENbHbIX Napasie/lbHO paboTaroLWmX 3/1EMEHTOB
Pa3NIMYHON NPOYHOCTU. pwn paspyLUEHUI OLHOMO U3 HUX Harpy3ka nepepacnpegens-

eTca MeXzy yLeneBLIUMM anemMeHTamu. MycTb Ha KOHCTPYKLMIO JeiiCTBYET Harpyska

P=nR (4.4)

"

OnemMeHTbl C NPefieNIoM MPOYHOCTH, MEHbLUMM R,,, paspyLiatoTcs. YUncno atux
3/IEMEHTOB N, . BeposTHOCTb BCTPEUM TaKOro 3/1eMeHTa B KOHCTPYKLMM MO K/laccu-
4eCKOMY OMNpe/ieNeHnto BEPOSTHOCTM PaBHa:

Ng

P(R)=n.

(4.5)

Mpu 13BECTHON (YHKUMWM pacnpefeneHns npedena MPOYHOCTM 3NEMEHTOB

F(R) BepoATHOCTL TOFO, UTO 3N1EMEHT UMEET NPOYHOCTh, MeHbLLUYI0 R, , paBHa
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PR R FR, . (4.6)
Torpa
ng NFR, . (4.7)

Yncno HepaspyLleHHbIX 371eMeHTOB coctaBut nl F R, . 3HayeHne Hamnps-

XKEHWI B yLIENEBLUMX 3/1EMEHTAX NOC/e NnepepacrnpeaeneHns Harpy3ku Mexay HAMK

BO3PACTaeT W CTaHeT PaBHbIM
nR,/nl FR, . (4.8)

Tenepb pa3pyLLaTcs 3NeMeHTbI, Npeaen NPOYHOCTU KOTOPbIX XOTS U 6onbLue

R,,, HO MeHbLLEe MocnefHero BblpaxeHus. Mocne paspyLUueHns 3ToW rpynnbl 31eMeH-

TOB Harpyska nepefaeTcs Ha eLle MeHbLUee KOMMYeCcTBO 3/1IeMeHTOB. lNpoLiecc nocTe-
MEHHOro paspyLleHUst 31EMEHTOB MPEKPATUTCA, KOrfga Hanps>KeHUs B YLEeNeBLIUX
3NeMeHTax CTaHyT MeHbLLEe npeaena Ux NPOYHOCTU. 3HAYEHME HaMpPsHKEHWA B yLie-
neBLIEM 3/1IeMeHTe 00603Ha4YMM R. UmMcno paspyLUeHHbIX 3/1EMEHTOB, COOTBETCTBYIO-

LLiee YCTOUMBOMY COCTOSIHUIO KOHCTPYKLMKW, paBHO nF R . Uncno yuenesBwnx ane-

MEHTOB onpefennTcs BblpaxxeHnem n1 F R . C gpyroii CTOPOHbI

R P/nl FR nR,/nl FR . (4.9)
OTcroga
R, R1 FR (4.10)
nnm
R
R, R1 P(R)R , (4.11)

0

rgae P R —nnoTHOCTL pacnpeneneHmsa NPOYHOCTN 3/1eMEHTOB.
CooTHoweHmne (4.11) paeT CBA3b MEXAY CPefHUM HarpskeHvem R, U MecCT-

HbIM HanpsbkeHneM R. 3HayeHMWe npefaena NPOYHOCTM KOHCTPYKLMW PaBHO MaKCu-

Ma/IbHOMY 3HayeHuto R,,, onpegeneHHomy m3 (4.11). Takum obpasom, npeaen npoy-
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HOCTW NOpoAHOro maccmea B BapmaHTe J1.I'. CefpakaHa onpeaennTcs BblpaXkeHem
R, = max{R(1- F(R))}. (4.12)

KOHKpeTHbIV BUf BbipaxXeHus (4.12) 3aBUCUT OT BbI6opa PYHKLMKX pacnpeaene-
HWUS NPOYHOCTU CTPYKTYPHbIX 3/1EMEHTOB MaccuBa, B OTHOLUEHUW KOTOPOW MOryT
BblABUraTbCA pasnMyHble rnunoTesbl. Hanpumep, aBTopsl [116], cBA3bIBas MaclTab-
HbI1 3Y(HEKT CO CTPYKTYPOM U BUAOM HaNpPsXKeHHOro COCTOAHMS AethOpMMPOBAHHOIO
TBEPAOro Tena, PacCCMOTPENIN paf, CTaTUCTUYECKMX 3afaY, B KOTOPbIX YHKLMA Bepo-
ATHOCTW paspyLUeHus NpuHUMaeTcs no B. Beibynny [215]. Pa3pyLueHne CTpPYKTyp-
HOrO 3/1EMEHTA MOXHO pacCcMaTpuBaTh KakK «0TKa3» CUCTEMbI, CBA3aHHbIV C BbIXOI0M
13 CTPOA Hanbosee cnaboro 3seHa. PacnpegeneHve Beinbynnia nosyvyeHo MMEHHO Kak
pacnpefeneHve KpainH1UX 3Ha4eHWiA B BbIOOPKE M LUMPOKO UCMO/b3YeTCs B CTaTUCTU-
YECKMX MOAENAX, CBA3aHHbIX C HaJeXXHOCTbIO CUCTEM, HanpuMep, Kak pacnpejgene-
HVe BpeMeHU 6e30TKa3HOM paboTbl CUCTEMBI.

NHTerpanbHas QyHKUmMs pacnpeaeneHns Belibynna umeet BUA;
R
F(R)= [P(R)AR =1-exp(-(R/dy)¢),  (4.13)
0

roe &,0p — napameTpbl pacnpeeneHus.
Torpa, cpefHAs NPOYHOCTL CUCTeMbl (MaccuBa) B COOTBETCTBMM C BbIPaXKEHMEM
(4.12) pasHa:

R, = max{R exp(-(R/g,)* }
MUHUMW3NPYS BbIPaXKeHE B (DUTYPHBIX CKOBKAX, NOMYUNM:
R, =0g,exp(-1/&)E¢, (4.14)

BbipaxkeHue (4.14) onpeaensieT NPOYHOCTb MOPO/ B MaccuBe C YY4eTOM Cy4aid-
HO pacnpefeneHHbIX AedeKToB. VICMonb3ys ero, MOXHO MOMyYnTb KO3aPpUUUEHT
CTPYKTYPHOro ocniabneHus. JlabopatopHble 06pasLbl MOPOA4 MOXHO paccMaTpuBaTtb

KaK CTPYKTYPHble 3N1eMeHTbl CUcTeMbl. X cpegHsAs MPOYHOCTbL B COOTBETCTBUU C
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MNPUHATON rMNOTE30M paBHa MaTEMaTUYECKOMY OXMAAHWUKO CNyYaliHON BeNYMHbI,
pacnpefeneHHo rno 3akoHy Belbynna.
MaTtemaTnyeckoe OXufaHve U aucnepcus Ana pacnpefeneHns Beinbynna Bbl-

pakatoTca vepe3 napaMeTpbl pacrpeeneHns cnegyowmm obpasom [212]:
M (R)= o, (1/ & +1),
D= UOZ{F(2/<,‘+ )-[ra/é+ 1)]2}

roe IM(t) — ramma-yHKumsa [85]

Toraa KOaMUUMEHT CTPYKTYPHOTO 0CNabNEHUS PaBEH:

K =R IM(R) = XPCY HE
r@a/é+1)

[MonyyeHHOE BbIpaXkeHWe onpegenseT KoaPp@uLMeHT CTPYKTYPHOrO 0cnabneHns
MaccviBa TO/IbKO B 3aBUCMMOCTY OT napameTpa opmbl & pacnpefeneHns Belibynna.
C 0fHOI CTOPOHbI, MPOCTOTA B MaTEMaTUYECKOM M/1aHe AB/AETCA LOCTOMHCTBOM MO-
NYYEeHHOW 3aBMCUMOCTU, HO C APYrov — CHUXKaeT 3(PMEKTUBHOCTb BeMNYUHBI K, Kak
XapaKTePUCTUKM 0ObEKTA: CTENEHb CHYDKEHUS NMPOYHOCTU CUCTEMbI MO OTHOLLEHWIO
K MPOYHOCTM €€ 3/IEMEHTOB 3aBMCUT TO/IbKO OT napameTtpa, (Pu3nyeckass CyLHOCTb
KOTOPOro He 04eBMAHa.

B pabote A.H. LLlaweHko [209] Takke mcnosnb3yetcs noaxofd J1.I'. CegpaksaHa
AN151 onpefenieHns cpefHeil NPoYHOCTM MaccmBa. OflHaKO B OTHOLLEHMW pacnpesene-
HUA NPOYHOCTU CTPYKTYPHbLIX 3/1EMEHTOB UM BbIABMHYTA rMnote3a 0 HOPMaibHOM
3aKOHe pacnpejeneHus.

NHTerpanbHas QyHKUMA HOpManibHOTO pacnpeaeneHus nmeet sug [210]:

?exp(— (R-a)’ /202)1R ,

F(R): 21T =

rge a,o — napameTpbl pacrnpeaeneHuns, COOTBETCTBEHHO pPaBHbIE MaTeMaTUYecKoMy

OXMAHWUIO 1 CPeAHEKBAAPATNYECKOMY OTKIOHEHUIO CNyYaliHOW BENMYMHBI.
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MyTem 3aMeHbl NepeMeHHOl 3Ty (hyHKLMIO NPUBOAAT K HOPMUPOBAHHOMY BUaY
1 BbIpaXXatoT Yepe3 Taby/MpoBaHHbIe B CMPaBOYHMKAX TaK Ha3blBaeMble UHTErpasbi
BeposTHocTel [210]. MockonbKy B faHHOM Cny4yae WAET pPeyb O BEUYMHE, NPUHK-
MatoLLIel TONMbKO MOM0XKMTENbHbIE 3HAUEHMS, aBTOP CUesl BO3MOXHBIM MUCMO/b30BaTh

B KauecTBe (hyHKLIMWN pacnpeaeneHnst MHTerpan:

R-a
ft="— i p(-t?)dt (4.15)
er ex ) .
= 0| (-t%)

rae t — napameTp, onpeaenseMblil BbIpaXKeHNEM:

R-a
J2o

MpoanhdepeHumnposas BbipaxkeHue (4.11) ¢ yyetom (4.15) no t n npupasHsB

t=

(4.16)

ero K Hy/to, NoayyYnm ypaBHeHue
J2m@-erft*) - ((/2t* + ,17) exp(-t*?) =0, (4.17)

roe t* — peweHune ypaBHeHus (4.17), 1 — KO3hMULUMEHT Bapmaumm NPOYHOCTK, paB-
Hblin O /a.

WHTerpan BeposTHocTen (4.15) TabynmposaH B [211]. Pewas ypaBHeHue (4.17)
MeTOAO0M MPUOIMXKEHWIA, Nonyunm 3aBucmuMocTb t*=f(77). C ownbKon, He MpeBbl-

LaroLLer 8 %, ata KpvBas MOXKET ObITb NpeAcTaB/eHa B aHA/IMTUYECKOM BUAe
t* = -0,57"°° exp(-0,257) . (4.18)
Mpun t = t* 3ameHVM B BblpaxkeHUU (4.16) R Ha Ry, 1 nonyymm

R, -a
o2

MpupaBHUBas npasble YacTn ypaBHeHu (4.18) n (4.19) nony4ymMm BbIpaXXeHMWe

t =

(4.19)

1151 ONpefeneHns cpedHeli MPOYHOCTU MaccyBa Ha OJHOOCHOE CxaTue
2 =lL--/057exp(-0,257)f. (4.20)
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[MonyyeHHOEe BblpaXXeHWe AN CpeAHer MPOYHOCTU MaccuBa MCMO/b30BasIOCh
AN onpeaeneHns KoaggumumeHTa CTPYKTYPHOro 0ciabneHuns.

[MOoCKONbKY MaTeMaTU4ecKoe OXKMAaHWe HOPMaslbHO pacrpefesieHHOW Benyu-
Hbl paBHO MapaMeTpy a, hopMyna Ansa onpeaeneHns KoamuumeHTa CTPYKTYPHOro
ocnabneHus, B Cnydae NPUHATAA TUNOTe3bl O HOPMa/IbHOM pacnpegesieHns NPoYHo-

CTN CTPYKTYPHbIX 3/1IEMEHTOB, UMEET BUA:

k. = RTle_ 0,57 exp (- 0,2577). (4.21)

[Mony4yeHHas 3aBUCUMOCTb CBA3bIBAET KOIPMPUUMEHT CTPYKTYPHOIO 0cnabneHuns
C peaslbHOW XapaKTepUCTUKOW — BapuaLluneil 3HaueHU NPOYHOCTM OTHOCUTENbHO
CBOEro cpefHero. [Ans naeanbHO ogHOPoAHON cpedbl 7=0 1 KOIDDULMEHT CTPYK-
TYPHOro ocnabneHns paseH eauHuue. Mo Mepe yBenMyeHUs Bapuauuv LaHHbIX, TO
eCTb C pOCTOM HEOLHOPOLHOCTU Cpelbl, BeNMUYMHA K. YMeHbLLIAeTCA.

Wccnepgyem nogpobHee nosedeHve qyHkumm (4.21). Mpegen gyHKuumn npu
1] — o, HaWAeHHbIA No npasuny Jlonutans, paBeH eauHULE. STO 3HAYUT, YTO B 00-
NnacTu CBOero ornpegeneHns gyHkums (4.21) fo/mkHa MMETb IKCTpemMyM. [eincTeu-
Te/lbHO, MUCCefoBaHWe MepBoi NPON3BOAHON MOKa3blBaeT, YTO MNMPU 7=2 UMeeT Me-
CTO MWHUMYM, 3Ha4yeHune KoToporo coctasnsgeT 0,39. To ecTb, B COOTBETCTBUM C
(hopmynont (4.21), KOIPPULUMEHT CTPYKTYPHOrO 0cnabneHns He MOXET ObITb HUXKe
3HaueHus k.=0,39 gaxke npu cKoMb YrofaHo 60MbLLIMX 3HAYEHUSIX OTHOCUTENIbHOW Ba-
praumm npoyHocTU. OYeBMAHO, YTO 3TOT (haKT He COOTBETCTBYET peaslbHOCTU. Bbile
YNOMUHaNOChb, YTO AN1A Yr/IeBMELLAIOLMX MOPOA BeNMYMHA KO3(h(MUMEHTA CTPYK-
TYPHOro 0CnabsieHnss MOXeT MpuHUMaTb 3HadeHus 0,2...0,6. 3HayeHNs Koaduum-
eHTa CTPYKTYPHOro ocnabneHus, nonyyaemble U3 BbipaXkeHNs (4.21), 3aBblLLeHbl, No-
CKOJIbKY aBTOPOM WCKYCCTBEHHO WCK/IHOYeHa M3 PacCMOTPEHUS BEPOATHOCTb MOSB-
NEeHVs OTpULAaTeNIbHbIX BE/IMYMH MYTEM UCMOMb30BaHMS PYyHKLMK Slanniaca, orpaHu-
YEHHOI CfieBa, B TO BPeEMSA Kak rpauk naoTHOCTM pacnpefenieHns BeposaTHOCTEN B
COOTBETCTBMM C 3aKOHOM [raycca npocTvpaeTcs U B OTpULATe/IbHYHO 06/1acTb, YTO

[0/MKHO ObITb YYTEHO MPU MHTErPUPOBaHMK. DTa OLWIMOKA TeM GOMbLUE, YeM BbiLLE
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HEOAHOPOAHOCTL PacCMaTPMBAEMOr0 00bEKTa, T.e. YEM BbiLLE 3HAYEHWNE AWCNEPCUU
C/y4ainHoM BbIGOPKMN.

3aBepLuas 0630p paboT, NOCBALLEHHbLIX KO/MUYECTBEHHON OLeHKe MacLUTabHOro
aththekTa B rOPHbIX NOpoAax, cieayeT OTMETUTb, YTO Ha HACTOALLMIA MOMEHT MO CYTK
Aena HeT 0OLIENPUHATON METOAMKM onpedeneHns KoshhuumeHTa CTPYKTYPHOro oc-
nabneHuns, B OCHOBEe KOTOPOI Nexana 6bl afieKBaTHas pu3nyeckas Mofesb, YUUTbI-
BatoLLLas OCHOBHbIE OCNA6MSIOLME MUKPO- U MakKpogeeKTbl, CTPYKTYPY M TEKTOHW-

YECKYHO HapYyLUEeHHOCTb NMOopodHbIX MaCCUBOB, a TakKXKe 0COBEHHOCTU UX Harpy>eHu4.
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5. OMNPEAEJIEHNE KOSPDPNUMEHTA CTPYKTYPHOI O
OCJTABJIEHNA HA OCHOBE BEPOATHOCTHO-
CTATUCTUYECKWX MOJENEN

5.1. BepoATHOCTHO-CTaTUCTNYeCcKasdA MOZeNb MPOYHOCTU NOPOAHOI0 Maccu-

Ba

Cnefys CTaTUCTUYECKMM TeopusM npoyHocTn [90, 170], nopodHbIi maccuB

MOXXHO NPeACTaBUTb KaK HEKOTOPbIA arperat, COCTOALLMIA 13 CTPYKTYPHbIX 3/1EMEH-

TOB. B cuny HeoAHOPOAHOCTY NOPO/AHONM cpeabl MPOYHOCTb CTPYKTYPHBIX 3/1EMEHTOB

SIBNSIETCS CNyYaliHO BENIMYMHOI 1 NOAYMHAIETCS TOMY UM UHOMY 3aKOHY pacnpeje-

f(R) A

/ -

>

R R

Puc.5.1. 'vnoTeTUYecKoe pacnpeneneHne npoYHoCTU

CTPYKTYPHbIX 3NeMEHTOB NOPOAHOr0 MaccyuBa
CTPYKTYPHOI0 0CNabneHns, paBHbIM

— Rm
" M(R)’

NEHNst BEPOSITHOCTEN C
MNOTHOCTbIO  pacnpege-
nenns f(R) (puc. 5.1).

OTnnume  nNpoYHoO-
CTU maccuBa (arperarta)
Rm (puc. 5.1) ot matema-
TUYECKOT0 OXungaHus
MPOYHOCTN CTPYKTYPHbIX
anemeHtoB M(R) oueHm-

BaeTCca Ko3apgumumMeHTOM

(5.1)

MpPOYHOCTL MaccuBa [J0/KHA OLEHMBATLCS TaKOW BEMMUYMHON Ry, 4TOBbI NpoY-

HOCTb €r0 CTPYKTYPHbIX 3/1EMEHTOB, B T.4. /1aG0PaTOPHbIX 06pa3LoB, C 3aaHHOIN Ha-

JEXHOCTbHO ObININ HE MEHbLLE 3TOr0 3HaYeHUS. BepoATHOCTL Takoro coObITUS onpe-

AENAETCA BbIPAKEHNEM

p(R 2 Rm) =1- F(Rm),
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R

roe F(R)  f(X)dx - MHTerpanbHast PyHKLUMS pacnpeaeneHns BeNMumHbl R.

Pa3peLUnm 3T0 HEPaBEHCTBO OTHOCUTENIbHO BEMUYNHBI Rpy:

R argF( P), (5.3)

m

roe arg F(1 P) —aprymeHT dyHkuum F(R) npu ee 3HayeHwn pasHom 1 P,

Toraa KoahULMEHT CTPYKTYPHOr 0 0CNabneHNs onpeaensieTcs BbIpakeHUEM:

agF@ P)

c M(R) (5.4)

KOHKPETHbIA BU KOTOPOro 3aBUCMT OT Bbl6Opa PYHKLIMK pacnpeenieHnst BEPOSTHO-

cteir F(R) cnyyaitHOR BeIMYMHBI R — NPOYHOCTU CTPYKTYPHbIX 3/1eMEHTOB.

Kak npasusno, BbI6op 3aKOHa pacnpefeneHns OCYLLECTBAAOT UCXOAa U3 usn-
4eCcKOM CYTW CNy4aliHOW BENIMUMHBI U aHanmM3a CTaTUCTUYECKON nHdopMauun. Yaue
BCEro, 0COGEHHO B Criyyae, Korja 06bem Takoil MH(hopMaLIMn HEBENNK, UCCneloBaTe-
N B Ka4ecTBe BEPOSTHOCTHOM MOAENM UCCNeLYyeMOro KO/M4YecTBEeHHOro npuaHaka
BbIOVPaOT HOPMasbHbIN 3aKOH pacnpedeneHuns. Mpu aTOM PYKOBOACTBYHOTCS LEH-
TpasbHON MpeenbHOM TEOPEMON MU 3aKOHOM BO0/bLLMX YMCEN, N3 KOTOPbIX Cneayet
BbIBOJ: €C/IM BapbUpOBaHWe C/y4ailHON Be/IMUYUHbLI MPONCXOAMT NOJ BO3AENCTBUEM
60/bLUIOr 0 Yncna He3aBUCUMbIX (PAKTOPOB, NPUYEM BIUAHME KaXKAOI0 N3 HUX HEe3Ha-
YMTE/IbHO MO CPaBHEHUIO C COBOKYMHbLIM BO3AENCTBMEM APYrnX (HakToOpoB, TO pac-
npegeneHne cnyvyaiHo BeNMYMHbI NOAUNHAETCA HOPMa/IbHOMY 3aKOHY. MOCKO/bKY
YCNOBUSA, ONpeaensioLlme HOpManbHOE pacrpefeneHue, BCTpevaroTcs 4vacTto, no-
cnefiHee MOMY4YMIO LUMPOKOE pacnpocTpaHeHue. JOCTOMHCTBOM HOPMabHOro pac-
npefeneHns ABNSETCS U TO, YTO ero napameTpbl UMEKOT ACHbIA (PU3NYECKUIA CMbICH.

[eACcTBMUTENbHO, NIOTHOCTL pacnpeaeneHns cnydanHon BeIMYMHBI, NOAYUHEH-
HOW 3aKOHY ["aycca, UMeeT BuA:

(R a)*

e 2° (5.5)

1
J2
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rge a — MaTeMaTM4Yeckoe OXWAaHue BeNMUUMHbl R; 0 — ee cpefiHeKBagpaTUyeckoe
OTKNOHEHME.

MonyunmM BeNNUMHY KO3((ULMEHTA CTPYKTYPHOIO 0cnabneHms B Npeanonoxe-
HUW, YTO MPOYHOCTb CTPYKTYPHbIX 3/1EMEHTOB MaccuBa pacnpe/eneHa no HopmMasb-

HOMY 3aKOHY. B aToM cnyyae HepaBeHCTBO (5.2) NPUHMMAET BUA

P(R>R.)=1-F,("n"2) (5.6)
rae

F(o—ltéim _ (5.7)

o= or . '

HOPMMPOBaHHas PYHKLMSA HOPMaIbHOr0 pacnpegeneHus.
Pa3pelumm ypaBHeHme (5.6) OTHOCUTENbHO BETMUNHBI Ry:
-a

n % =1-p,
o

Fo

Rn azargFO(l— P),
o

roe t=argF,(1- P) — aprymeHT ¢yHKkuum (5.7) npu ee 3HaveHun F,(t), pasHom
1-P,
Janee nonyymm:

R,=0 argF,(1-P)+a.

YuutbiBas, 4to M (R) = a, pa3genvs 06e 4acTU MOMYYEHHOrO BbIPaXKEHUS Ha

BENMNYNHY a, NONYUYUM.

k. =

c

9 argF,(1-P)+1.
a

3aecb g/a =1 — OTHOCMTENbHAs Bapuauys MPOYHOCTU CTPYKTYPHbIX 3/1EMeH-

ToB. OKOHYaTe/lbHO BblpaXeHue AN8 KOo3ahpuuMeHTa CTPYKTYPHOro ocnabneHus

NPUHNMaET BUA.
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K argF,(1 P) 1. (5.8)

C

NTaK, Mbl NONYYUNN KOSNMPUUMEHT CTPYKTYPHOrO ocnabneHns Kak BeIMUnHY,
3aBUCALLYIO, BO-MEPBbIX, OT OTHOCUTENbHOW Bapuauum , KOTopas no CyTu XapakTe-
pU3yeT CTerneHb HeOAHOPOAHOCTU CPefbl; BO-BTOPbIX — OT BEPOATHOCTU P, KoTopas
XapaKTepu3yeT co60i YpoBEHb 3HAUNMOCTM 00 BEKTA.

Onpegenum, HanpuMmep, pacyeTHOe 3HayYeHne NPOYHOCTN Ha OAHOOCHOE CXKaTue
a/leBpo/INTa, ecnn Mo AaHHbIM MCMbITaHWIA CpefHee 3HayeHue MPOYHOCTU flabopa-
TOPHbIX 06pasLLoB R¢ coctasnseT 40 MMa, Bapuauma 3HavyeHmin coctaBnset 30 %
( =0.3)

3 paBeHcTBa (5.1) crenyet, yTo:

R R

pacy m

Re k

c*

3afaammcsa BeposaTHocTblo P=0,95. Onpegennm 3HayeHne aprymeHTa t HoOpMu-

POBaHHOW HOpMasibHOW (PyHKuuK F,(t) npu ee 3HaueHum, pasHom 1 0,95 0,05.

Mo Tabnuue 1 MpunoxkeHns A onpeaensieM, YTo 3HAYEHNIO MHTerpanbHON PYHKLNN

2
t U

e 2dt, pasHom F,(t) 0,05, cooTBeTCTBYET 3HaueHMe aprymeHTa

1
I:O (t) T
t 164, 10 ectb argF,(0,05) 164. Toraa KO3(h(ULMEHT CTPYKTYPHOro 0C/ab-

JIEHNA paBeH:

k. 03 ( 164) 1 0508.

c

Takum 006pa3om, pacyeTHOe 3HayeHWe MPOYHOCTM paBHO R 0,508 40

pacy
=21 Mrla.

AHanuanpysa rpaduk sasmcumoctun (5.8) (puc.5.2), sametum, yto npu  >0,4,
KOS(PPUUMEHT CTPYKTYPHOTO OC/abfieHnss MOXET MPUHMMATb OTpuULaTeNlbHble 3Ha-
YeHWs, YTO, eCTECTBEHHO, MPOTUBOPEUNT PU3NYECKON CYTU [aHHON BennUmnHbl. Ove-
BWHO, YTO 3TO HEAOCTATOK BEPOATHOCTHOW Moaenn. [leMCTBUTENbHO, MHTErPUpPOBa-
HWe MIOTHOCTU HOPMasIbHOro pacnpefenieHnss aBToMaTUYecKn npegnonaraet Haiu-

YmMe OTPMLIATENbHbIX 3HAYEHWUIA BeNMUYUHBLI R B Npeaenax R 0. WveHHo Ko-
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Kk, NNYECTBEHHAs! OL|EHKA B

1 —e—p=0,98  Buge  KO3((MUMEHTa
0,8+ —a—p=0,95

: —a—p=0,8 CTPYKTYpPHOro  0cnab-

0,6 —=P=09 " nenns nokasbiBaeT He-

0.4 \ [0CTaTOK HOPMa/IbHOI O

\ pacnpeaeneHuns: npeaen

o \ \\ MPOYHOCTM Ha OAHOOC-

Gg 0.2 0.4 0.6 og N HOE C)XXaTue He MOXeT

PuC. 5.2. 3aBUCUMOCTb KO3((ULmMeHTa CTpyKTypHoro ~ /METb OTPULIATENBHBIX

ocnabneHus 0T BapuaLyi NPOYHOCTU CTPYKTYPHbIX 3HaueHun.  UcxopHan

INEMEHTOB B NpPeAnoNo>XKeHnn HOPMasibHOIo 3aKOHa BEPOATHOCTHAA MOAENE,

pacnpeeneHns ux NnpoYHOCTK npuBneKaiollas - Ceoeit

MPOCTOTON, Heaaeksar-

Ha paccMaTpuBaemMoMy 0ObeKTy U TpebyeT 3ameHbl 60/1ee COBepLLUEHHON. Takoi 60-

nee YHMBEPCAIbHON BEPOATHOCTHOW MOAENbIO ABMSETCA HOPMasibHbIA YCEYEHHbIN
3aKOH pacnpegeneHus [97].

MNOTHOCTbL pacnpefeneHuns cny4vainHom BENMNYMHbI X ANS YCEeYEHHOro HOpMasib-

HOIo 3aKOHa UMeET BUA.

0, —OPXP X

1

f(x)= A (27)20 i exp[— (x = %, ) (202)_1] X, P XP Xy (5.9)

0, Xy P X P oo.

[fe Xo, 0° — COOTBETCTBEHHO MEPBbIN HauYa/IbHbIN 1 BTOPOI LIEHTPabHbIA MOMEHTHI
CTaTMCTUYECKOro pacnpeeneHus.

MapameTp A B ypaBHeHUM (5.9) onpeaenseTcs uU3 ycroBus

2

1 * u
A— [fexp —— du=1, 5.10
Jﬁ{ P (5.10)
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(x-x)"

roe u=
A 20°

CpeaHee 3HaueHMe NPOYHOCTY U AUCTIEPCUS HAXOASTCS U3 BbIPaXKEeHUIA

M(x) =X, +Bo, (5.11)
1
Deo? 1-8% - A (x, = %, )o(27) 2 exp[— (x, = %) /202]— 512)
—(x, — %, )" (2/7)'% exp[— (x, = %, )? /202]
O603HaYMM
1 (x-x)/ o u2
(2r)2 [ exp - du=o[(x, - x,)/ 0]}
0 2 (5.13)
eXp[‘ (% = %) (202 )_l]: (277)% f [(Xi ~ Xo )U_l]
Torga BennunHel A, B, D onpefenatcs BblpaxXeHUAMN
Azl 27N _p BTN
o o
B=f X% _¢ %27% ;jp X% _p X% (5.14)
o o o o
Dz=g? 1-B2-AJ "% ¢ X7% _ X7%  X7X
o o o o

Pelunm 3aady 06 OLIEHKE MPOYHOCTU MOPOAHOr0 MaccuBa Ans YCEeYeHHOro
HOPMaNbHOrO 3aKoHa pacnpeaeneHusi. MPoYHOCTb MaccuBa, Kak M B MpeAblayLLeM
CNy4ae, OLIEHVNBAETCA BEMNUMNHON X C TaKOW HafeXXHOCTbIO, YTOGbI MPW pacyeTax OHa
C BEPOATHOCTbIO P He MpUHMMana 3HayeHWUli MeHblle X,. BeposSTHOCTb TOro, 4To

CﬂyanHaﬂ BENMNYNHA X HE OKaXKETCA HUXKE 3HAYEHUA Xy, PaBHa:

(xn=x0)/ &
p(x. pxpx,)=1- A(ZZT)_% [ exp(—u2 lz}iu..
(4-%)/o

C yyetom 0603HadeHunin (5.13) u (5.14) nonyumm
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Xm ~ Xo —® X1~ Xp | ® Xy = Xg —cb

g g ) g

p=1- ® %1~ Xy

PelLM nocnefiHee PaBeHCTBO OTHOCUTENBHO Xy — OCHOBHOM XapaKTepuUCTMKY
MPOYHOCTUN MACCHKBa:

X1~ X0

X, — X
x. =x. +carg® (- pp 2-% 4 pp X
=X g® (L-p) = pe =

(5.15)

MonyuyeHHas (hopmyna NMPOYHOCTU MOPOAHOr0 MaccuBa [JO/MKHA OMpPeAeNThbCS
OTHOCWUTE/IbHO CTATUCTUYECKMX XapaKTEPUCTUK A YCEUEHHOTO HOPMa/bHOMO 3aKO0-

Ha pacnpegeneHus, 1.e. B gopmyne (5.15) BMECTO Xg HEOOXOANUMO B3ATb BEIMUUHY

M(x) u3 (5.11), a BMeCTo O COOTBETCTBEHHO ~/D 13 (5.14). Monyunm

X, = X X, = X
x, =M(x)+-/D arg® (1-p)d “2 0 +pp " 2O
n =M(x) g® (L-p)e 72 +pd
MofenmB BCe Y/ieHbl MOYYEHHOrO BbIPAXKEHUA HA MaTeMaTUYeckoe OXKujaHue
M(X), Hagem thopmyny ANnd onpefeneHns KoagguumeHta CTPYKTYpPHOro ocnabne-
HUS:

k. =1+narg®fi- pkp \/on + pd Xl\/_BXO : (5.16)

Takum 06pa3om, Nony4veHbl GOpMy/bl, MO3BONAKOLLME ONPELEIUTL PaCUETHYHO
MPOYHOCTb NOPOAHOr0 MaccumBa U KOIPMULMEHT CTPYKTYPHOro ocnabneHuns, noka-
3bIBatOLLMI, HACKOIbKO HEOOXOAMMO YMEHbLUWUTL MPOYHOCTb FOPHOW MOPOAbl, Hail-
AEHHYIO MPU UCMbITaHNM BbIGOPKM 06pa3LIOB KaK MaTeMaTMyecKoe OXuaaHue yce-
YEHHOr0 HOPMaJlbHOr0 3aKO0Ha, YTO0Obl MMETb PacyeTHOE 3HaYEHNe MPOYHOCTU. Ypo-
BEHb HaAEXHOCTU MOJYYEHHbIX OLEHOK OnpeaenseTcs 3afaHnem BepOSTHOCTA p, KO-
TOpas 3aBUCUT OT TEXHWYECKON WM NPOW3BOACTBEHHOM 3HAYMMOCTM MPOEKTUpYe-
MOro obwbekTa. Ha puc. 5.3 npuBeaeHbl rpagmky, MOKasblBatOLMe, Kak 3aBUCKT
OWMn6Ka, BO3HMKalOLLAs MpY MCNOMb30BaHUM HOPMasIbHOrO 3aKoHa pacnpefenieHuns

BMECTO yCEYEHHOI0 HOPMa/lbHOIO 3aKOHaQ, 6onee d€EKBATHO OMUCbIBAKOLLEro peasib-
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HbI MOPOAHbIA MaccuB. V3 rpaMkoB cnefyeT, UTO B 3aBMCUMMOCTW OT YPOBHSA Ha-
AEXHOCTU, NMPU KoagguumeHTe Bapuauum, He npesbiwatowem 0,2-0,3, owmnbka co-
ctaBnser 10-13% m B 3TUX YCNOBMSAX MOXHO MPUMEHATb HOPMa/IbHbIA 3aKOH pac-
npefeneHns 1 BbiTeKatoLme U3 Hero 6onee NpocTble 3aBMcUMOCTU. Mpu Gosee xe
BbICOKOM YPOBHE HeOAHOPOAHOCTU MOPOAHOr0 MaccuBa OLMOKa CTaHOBUTCA CyLLe-
CTBEHHOW 1 cneayeTt ucnosnb3oBaTh 3aBucumocT (5.15), (5.16), NonyyYeHHbIE Ha OC-

HOBE YCEYEHHOIo HOPMa/IbHOI0 3aKOHa pacrnpeneneHns.

a) k, 6) A%
0,8
2 4
. / Y e Yy
y \\ / /
0,4 N / / /
: —
AN /) v
0,2 ?\\\ L / ///
\\ B %/
0 0,8 M. 0 0,4 0,8 Mn

I —_—-—-1

Puc. 5.3. 3aBMCMOCTb KO3hdmumeHTa CTPYKTYPHOro ocnabnenums (a) u oTHocK-
Te/bHON OLWNOKM BblYMCeHns (6) OT OTHOCMTE/bHOW BapuaLymn NPOYHOCTU 1
YPOBHS HAIEXXHOCTH: | —yceueHHbIN HOPMa/bHbIN 3aKOH pacnpegeneHns; Il — Hop-

Ma/lbHbIN 3aKOH pacnpegenexus; 1,2,3,4 — p=0,8; 0,9; 0,95; 0,99 CcOOTBETCTBEHHO

[MpaKT1YecKoe MUCMob30BaHNe YCEYEHHOTO0 HOPMa/lbHOTO pacrpeseneHuns Ces-
3aHO TO/IbKO C OAHMM Heyf0OCTBOM: ANA onpejesieHns napaMmeTpoB TEOPETUYECKOro
pacnpefeneHnsi Kpome cpefHeil BbIGOPOYHON N BbIBOPOUHON AMcriepcun (MMEHHO
3TV BE/IMYMNHBI NPUBOAAT UCCNEA0BATENN KaK pe3ynbTaT CTaTUCTUYECKON 06paboTKK

CTaHAapPTHbIX MCMbITaHMn 06pa3LoB) HeobXoAMMOo pacnofniaraTb KpanHUMKU BblOO-
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POYHBIMM 3HAYEHUAMM X; U Xp, KOTOpPblE, BYAydn MONYYEHHbIMU TOIbKO U3 OLHOWA
CEPUN UCMbITAHWUIA, He ABNAOTCA HECMELLEHHbIMM OLEHKaMy CBOMX TEOPETUYECKMNX
aHasIoros.

HopmasibHbIV 3aKOH pacrpesefieHns YA0B/1eTBOPUTENIbHO OMUCLIBAET TO/BLKO Te
BE/IMYMHbI, Bapnaums KOTOpbIX He npeBblwaer 33 % (3TO BbITEKaeT M3 npasuia
«Tpex curm»). OBbIYHO ANA pe3ynbTaToB /1abopaTopHOro onpoboBaHWA 06pasLoB
60/1bLIOM pa3bpoc faHHbIX He XapakTepeH. Bapuaumsa npoyHOCTM 06pasLoB npu
3TOM He npesocxoguT 30-35%, a CTaTMCTUYEeCKOoe pacrpefenieHne, nocTpoeHHoe no
BbI6OPKE, 6/IM3KO K HOPMa/IbHOMY.

Tak, 60/bLLO0 06bEM UCTbITAHNIA 06Pa3LLOB A1 YrieBMeLLatowmx nopog [AoH-
6acca 6bl1n BbINO/IHEH B nabopatopmax HaunmoHanbHOro ropHoro yHmsepcuterta. 'mc-
TOrpaMMbl OTHOCUTE/IbHbIX YaCTOT 3HaYeHWI MPOYHOCTM 06Pa3L0B NMOpPOoL NpuBese-
Hbl B [pnnoxeHunn b.

[N CTaTUCTUYECKUX [aHHbIX OblIM OrnpefeneHbl AMAUPUYECKME HayallbHble

m, W UEHTPa/IbHbIE | MOMEHTbI PacCrnpeneneHna.

m, — "R, (5.17)
nB il
1 n

. — R m" (5.18)
nB il

rae ng— 06bem Bbl6OPKYM, k — MOPSAOK MOMEHTa, R, — 3HaueHMs NPOYHOCTM 06pas-
LLOB.
C LEeHTpanbHLIMMU MOMEHTaMMW BTOPOr0, TPETLEIO U YETBEPTOr0 MOPSAKOB CBS-
3aHbl HOPMMPOBAaHHbIE MOKa3aTeIN aCUMMETPUM ;M 3KCLecca
3

1 T3 2
2

(5.19)

ool

O6006LeHHbIe pe3ynbTaTbl 06Pab0TKM CTATUCTUYECKNX JaHHbIX B BUAE KBadpa-
Ta rokasatefii aCUMMETPUM , W MOKasaTens OCTPOBEPLUMHHOCTM ,, CBEAEHbl B

Tabnuuy 5.1.
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Tabnuua 5.1
[MapamMeTpbl CTATUCTMYECKOr0 pacnpeseneHns
. [MapameTpbl pacnpeneneHms
Mapku yrneu BmeLlatoLLme nopoapl 5
B P

Aprunnut 0,261 3,099
AO-Ar Anesponut 0,336 2,970
NecyaHnK 0,213 2,421
Aprunaut 0,637 2,623
-MxK Anesponut 0,545 2,875
MecyaHuK 0,470 3,123
Aprunant 1,043 5,029
X, KX, OC Anesponut 0,336 2,970
MecyaHunK 0,514 3,003

B [212] noa6op pacnpefeneHunii No aKCnepuMeHTa/lbHbIM [JaHHbIM PEKOMEHAY-

eTCA OCYLLECTBNSTb C NOMOLLBIO rpadinka MUpcoHa, Ha KOTOPOM B OCAX KOOPAMHAT
B, B, NOCTPOEHbI KpUBble, COOTBETCTBYHOLIME Pa3/IMUHbIM TEOPETUYECKUM pac-

npegeneHnsam. B pabote [181] 3TOT rpadvk AOMNOAHEH TOYKAMU U KPUBbLIMW, Mpe-
CTaBNAOLWMMUK pacnpegeneHns: napabonmyeckoe, nornuctuyeckoe, beppa, Makcsen-
na, Penes, N'ym6ens, bepHwTeiHa n ®pewe. PacnpeaeneHus, MetoLLme TONbKO ABa
napameTpa (MONOXeHUst U MacwiTaba), M306paxaroTcs Ha rpafuke TOYKOn. K HUM
OTHOCATCS pacnpefeneHns: paBHOMepPHOe, napabonnyeckoe, HopManbHoe, Makceen-
na, Penes, normctnyeckoe, MUHUMasIbHbIX M MakCUMaslbHbIX 3Ha4YeHu Mymbens.

KpuBble ¢ Tpemsa napametpamu (TpeTuii — napameTp hopMbl) 1M306paxKeHbl fin-
HUAMK 3] :¢(,82). K HMM OTHOCATCS pacnpefeneHns: MUHUMaSIbHbIX M MaKCu-
Ma/lbHbIX 3Ha4YeHuin Beinbynna, ramma, bepHLuTeiHa, norapuMmMyecKn HopMmasibHOoe
(CanbToHa), beppa, MWHMMA/IbHLIX W MaKCUMalbHbIX 3HayeHuin ®Ppelle. beTa-
pacnpefeneHvie, UMeroLLee ABa napameTpa ()opMbl, 3aHUMAET Ha 3TOM rpaguke on-
peseneHHyr 06/1acTb.

Toukn ¢ KoopanHaTamu ( ,812,,82), NoslyyYeHHble Kak pe3ynbTaT 06paboTKu uC-
NblTaHWIN 06pa3LL0B, HaHeCceHb! Ha rpaduk MupcoHa (puc. 5.4).
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1 2 3 B 1
-1
PaBHoMepHoe
5 N~ Kputuyeckas obnactb
Mapabonuuyeckoe Ma‘kcé‘é“nna\
o "=
P
Maycca -3 o —
N
INorucTtuyeckoe 4 \_\
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Puc. 5.4. 'padmk MupcoHa ana pasnnmuHbIxX pacnpeaeneHunii cnyvainHbIx BeMYMH

BWaHO, YTO 6ONMbLUMHCTBO 3MMMPUYECKUX TOYEK FPYNMUPYIOTCS B HEKOTOPOI

0651acTn, 6/IM3KO PacrosioKeHHON K TOYKe, COOTBETCTBYHOLLE HOPMaslbHOMY pac-
npeaeneHunio (419 HopMasibHOro pacnpeaeneHns ,812 =0, B,=3). Ha aTom ocHOBaHuU

MOXHO BbIABUHYTb FMMOTe3y O pacnpegeneHny npoYyHOCTM 06pasLoB Ha OAHOOCHOE
cXKaTue Nno HopMaslbHOMY 3aKOHY.

Mpn 3TOM, OYeBMAHO, YTO KpmBasi [aycca He BMOHe OTBeYaeT (hM3MYECKOi
npupoje Tex BeJIMYMH, KOTOpPbIe MO CBOEM CYTU He MOryT ObITb OTpULaTENbHbIMA. B
[213] oTmeyaeTcs, UTO TEOPETUYECKM XOPOLLO 0BO0CHOBAHHBIA HOPMa/lbHbIA 3aKOH
pacrpefenieHns ABNSAETCA CKOpPee UCKHOYEHEM, YeM NPABUIOM, KOTOPOMY ClefyoT
NPUPOAHbIE ABNEHMS,

Kccnegya NpoYHOCTb CTPYKTYPHBIX 3/IEMEHTOB NMOPOAHOIr0 MaccuBa, peasibHbl-
MU «MPeACTaBUTENAMU» KOTOPbIX ABNAOTCA 00pasLbl, M3rOTOB/IEHHbIE U3 OTOOPaH-

HbIX MPo6, crieayeT 06paTUTb BHMMaHME Ha Cnefyrowmne 06CToATeNbCTBA.
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[elicTBMTENbHO N BbIOOPKA, NOMyYeHHas Kak pesynbTaT onpoboBaHus obpas-
LLOB FOPHOW NOPO/bl, OTPaXaeT NPUPOAY reHepasibHOW COBOKYMHOCTU? BbINOMHAET-
CA I OCHOBHOE TpeboBaHMWe, NpeabsBIseMoe K BblIOOpKE — PaBEHCTBO LLAHCOB AN
BCEX 3/1eMEHTOB reHepasibHOW COBOKYMHOCTW MOMacTb B BbIOOPKY?

13BeCTHO, YTO FOPHOI NOpPoAe MpUCyLLa ecTeCTBeHHast TPELMHOBATOCTb. MMpu
M3roToB/IEHMM 00PA3L0B Te U3 HUX, KOTOPble NepeceyveHbl TPELLMHOW, paspyLLakoTes
[0 Hayasia UCnbITaHU. TakuM 06pa3oMm, CTPYKTYPHbIE 3/1eMeHTbI, CofepXKallme Mak-
POAeMEKTbI, B 0ObIYHbIX WUCMbITAHWUSAX HE YYacTBYHOT, HO KaK peaslbHO CYLLEeCTBYHO-
Lne LO/MKHbI ObITb BKIOYEHbI B CTATUCTUKY OMpPo6oBaHusA. O4eBMAHO, Ha/IMUMeE Ha-
PYLUEHHbIX 3/1eMEHTOB, TO €CTb 3/IEMEHTOB, MPOYHOCTb KOTOPbLIX 3HAUYUTE/ILHO HUXKE
MPOYHOCTN HeHapyLUeHHbIX 3/IEMEHTOB, M3MEHUT BCe XapaKTePUCTUKK BbIOOPKM, a,
CefoBaTe/lbHO, BCE MOMEHTbI pacrpefenieHuns, A8 KOTOPbIX XapaKTepuUCTUKN Bbl-
OOpKM SBNAOTCA TOYEUHbIMU OLeHKamMu. COOTBETCTBEHHO M3MEHWUTCS N 3aKOH pac-
npegeneHns NPOYHOCTU CTPYKTYPHbIX 3/IeMeHTOB. Vccneayem TeHAEeHLMIO 3TUX 13-

MEHEHWI.

5.2. VccnefoBaHune BANAHNA MaKpPOLE(eKTOB Ha pacrpesesieHne npoyHo-
CTW CTPYKTYPHbIX 3/IEMEHTOB MaccuBa

PONb €CTECTBEHHbIX TPEWWH B WM3MEHEHUN MEXaHWYECKON XapaKTepUCTUKK
MaccuBa ropHbIX MOpoj ABNANack NPeagMeTOM MHOIOIETHUX UCCNef0BaHWUA KOJEK-
TMBOB Y4eHbIX pasHbix cTpaH. B CCCP wupokne paboTbl B 3TOM Harnpas/ieHUn npo-
BOAUNUCH B [JOHELIKOM MOSINTEXHUYECKOM UHCTUTYTE — [.H. Ky3HeLoBbIM U B Apy-
rmx opraHusaumsx [214, 215].

M.M.T1poTOABLSKOHOB, YKa3blBas Ha pasnnyve Mexay npovyHOCTbH nabopaTop-
HbIX 06pa3L0B M MPOYHOCTHLIO MAaccKBa, B Ka4ecTBe OCHOBHOM MPUYMHbI paccmaTtpu-
Ba/1 UMEHHO TPELLMHOBATOCTL MOPOA M yrnen [216].

[".J1. ®uceHko [176] oTMeYaeT, 4TO NPU U3YyYeHNN MeXaHUYeCKNX CBOMCTB Mac-
CMBOB TOPHbIX MOPOA KaK cpefbl, B KOTOPON NPOBOAATCA FOPHble BbIpabOoTKM, T.e.

C034ak0TCA NOMAOCTH, H€O6XO,CI,I/IMO pas3nnyatb NMNOBEPXHOCTU ocnabneHuns:
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a) 60/IbLUOM MPOTSKEHHOCTW, MO KOTOPbIM MPOUCXOAUT CKOJSIbXKEHME OfHOM
yacTn AeopMmpyeMoro MaccuBa OTHOCUTENIbHO APYroi, ABNAAKOLWMECH MOBEPXHO-
CTAMW pa3pbiBa CNIOLWHOCTU MacCuBa;

6) HebOMbLUOWN MPOTSHKEHHOCTU, PACMONOXKEHHbIE CTYNMEHYaTO OTHOCUTESIbHO
OpYyr Apyra n obpasyroLue CUCTeMbl OMNpesesieHHbIM 06pa3oM OPUEHTUPOBaHHbIX
TPELLUUH.

Mpw gechopmmnpoBaHmm 60/bLLMX 06/1aCTel MaccuBa (IMHeHbIE pa3Mepbl KOTO-
PbIX Ha NOPSAOK 60/blUEe IMHENHBIX Pa3MepoB 6/10KOB, OrPaHNUYEHHbIX CMEXHbIMU
TpeLmnHaMmn) CTPYKTYPHble 0CnabnieHnss HeboMbLOW NPOTSHXKEHHOCTU He ABNAKOTCA
MOBEPXHOCTAMU CKOJIbXKEHNSA W pa3pbiBa HEMPEPLIBHOCTU AeopMauyii 1 CMELLLEHWIA,
a ABMATCA NN 3/1IEMEHTaMW CTPYKTYPbl MaCCUBOB FOPHbLIX MOPOJ, CHUXKAIOLLUMU
MPOYHOCTb (MM COMPOTUB/IEHNE CABUTY) MACcCHBa rOPHbIX NOPOA.

B 217 oTmeyvaeTcs, YTO onpefeneHne XapakTepuCcTuK CONpoTUB/IEHUSA CLABUTY
Mo MOBEPXHOCTU OCNabneHns NepBoro Tuna He NpeacTaBNseT 0CobbIX TPYAHOCTEN:
019 OnpefesieHns CUenneHns npoBOAATCA HaTypHble MCMbITaHUA MpPu3M 60MbLLKX
pasMepoB C Hambosiee NPOCTON CXEMOWN MPUMOXEHUS CABMTalOWMX CU. BOMbLION
00beM TaKUX 3KCMEPUMEHTOB Obl/l BbINOHEH BO BHVMW 218 , yto no3Bonuso
cfenarb 06LMe BbIBOAbI O BEMMYMHAX CLEMIEHUA U yrnax BHYTPEHHEro TPeHWUs Mo
KOHTaKTaM C/I0eB 0CaA0YUHbIX MOPOL C BbIpaXXeHHbIMU 3epKasiaMy CKOMIbXKeHNs. [ns
[VCNOLMPOBaHHBIX MOPOJ CLEMEHNE MO KOHTaKTaM cocTasnset 1...3 T/M%, ans cna-
60AMCNOLMPOBAHHBLIX NOPos, — 18 T/M?, MO KOHTaKTaM C/0eB MeTamMophi30BaHHbIX
MopoA, MO TEKTOHWYECKUM HapyLUEHUAM U HEPOBHbLIM TEKTOHMYECKUM TpelinHaMm —
5...10 T/M°. Y/bl BHYTPEHHErO TPEHMS MO KOHTaKTaM C/I0eB, B 3aBYICMMOCTM OT CTe-
MEHV LLIEPOX0OBATOCTU U HEPOBHOCTY, U3MeHstoTes oT 9° fo 31°.

OnpegeneHvie COMPOTUBNEHWUSA CABUTY B MacCuBe, OC/abNeHHOM CTYMeH4aro
PacrofioXKeHHbIMW CUCTEMaMWN TPELLUH, ABNSETCA B0Nee CNOXHON 3afadvei, Tak Kak
Ha ero Be/IMYMHY OKa3blBAET B/IMSHWE MHOXeCTBO (PaKTOpOB: HEOAHOPOLHOCTL OT-
A€NbHbIX G0KOB MO MNPOYHOCTM, pasMep WCMbITbIBAEMbIX MPU3M, OPUEHTMPOBKA
TPELWMH K HarpaBneHU0 HambosbLuero HanpskeHus. OTnnymMe CuenieHns Takou

CprKTypHOI7I MOAenn MaccuBa OT CLenIeHna MOHO/IMTHOW nopoabl OLeHNBaeTCA KO-
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3PPULNEHTOM CTPYKTYPHOrO ocnabneHns K., KOTOPbIA MOXET ObITb OMpefeneH u3

Bblpa>KeHNA

1

K = T amH /D) (5:20)

3pecb H — BbicoTa npuamel, | — pasmep 6/10Ka.

B T1abn. 5.2 npueeaeHbl 3HaYeHNA KOIPPULNEHTOB CTPYKTYPHOro 0cnabneHuns
NS conpoTmeneHus cagury (no mcnbitaHnam BHVIMIA) ana npouyHbIX 1 cpefHeit
MPOYHOCTN MOPOL NPU UX UHTEHCUBHON TpelwymHoBaTocTh. [Mpu npoBeaeHUn oam-
HOYHbIX BbIPAOOTOK B C/1abOTPELLMHOBATLIX MOPOAaX, Hanpumep, B MOLLHbIX C/IOAX
N3BECTHAKOB, MECYaHNKOB W/ afIeBPOSINTOB, KO3AP(ULMNEHT CTPYKTYPHOro ocnabse-

HUA ons cuensieHna SHa4YnTeNbHO 6onbLLUe.

Tabnuua 5.2
3HayeHns KoapduLmeHTa CTPYKTYPHOr0 0cnabneHns TpeLmHOBaTbIX NOPOos

Mpv U3MeHeHWUM Npeena NPOYHOCTM Ha cxaTue (MIa)

10 10...20 | 20...35 | 35...75 | 75...200 |200...350|350...700| >700
0,68 0,63 0,59 0,32 0,26 0,126 0,107 0,068
0,64 0,43 0,44 0,29 0,24 0,126 0,07 0,05
0,62 0,42 0,42 0,26 0,21 0,083 0,060 0,036
0,58 0,32 0,34 0,22 0,15 0,070 0,052 0,030
0,50 0,28 0,34 0,18 0,11 0,045 0,050 0,022
0,48 0,27 0,30 0,17 0,085 0,036 0,045 0,019
0,45 0,27 0,26 0,15 0,077 0,030 0,042 0,013
0,40 0,26 0,23 0,13 0,038 0,030 0,013
0,36 0,23 0,15 0,029 0,019

B [218] npuBoanTca knaccugmkaums BHIMW, B KOTOpPOI CyMMUPOBaHbI He-
MHOTIOUMC/NEHHbIE AaHHbIE O MPOYHOCTU Ha OLHOOCHOE CXaTue MacCuBOB, 0C/Mab/eH-

HbIX OAHON K Gonee cucteMamu TpewyH. OTMYMe MPOYHOCTM TaKMX CTPYKTYPHO
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HapyLUEeHHbIX MaCCMBOB OT MPOYHOCTU MOHO/IUTHOW nopoAbl TakK>Xe OLEHNBAETCA KO-

ahMUMEeHTOM CTPYKTYpPHOro ocnabneHus (tTabn. 5.3).

Tabnuuya 5.3
KoahthmumMeHT CTPYKTYPHOro ocabneHns nopos
B 3aBMCKMOCTM OT MOLLHOCTW C/10€B
Mopogw! XapakTepHble KnacCcumKaloHHbIe KoaghopmumeHT
NpU3HaKn ocnabneHus

A) BNO/IHE MOHO/IUTHbIE CNIOV MOLLLHOCTbIO > 1M

HeocnabneHHble | B) cnov MowHOCTLIO 60/ee 1M, UMetoLLMe He
bonee OfHOM CUCTEMbI TPELLMH, Pacnoso-
YEHHBIX ApYr OT Apyra Ha paccTosHUN, 1,0
6o/bLemM paguyca BbipaboTKM

A) cnov mowHocTbto 0T 0,5 10 1,0 m

YMepeHHO B) nmeetcs He 6onee ABYX CUCTEM TPELLMH, OT-
CTOSILLMX APpYT OT Apyra Ha pacCTOSAHWUMN He

0cnabneHHbIe MeHee 0,5 paguyca BbipaboTKM 0,7

A) cnov MoLLHOCTbI0 0,5 M

CyllecTeHHo | B) NMeeTcs Tpu 1 Gonee cnCTeM TPELLWH ¢ pac-
CTOSIHMEM MeXy TpelmHamun meHee 0,5 pa-

0CnabneHHble 111y Ca BbIPaBOTKM 0,3

B CHull [219] npuBefeHbl 3HaYeHNs KO3hULMEHTA CTPYKTYPHOro ocnabne-

HWS B 3aBUCUMOCTM OT PacCTOSIHMA Mexay TpeLumHamu (Tabn. 5.4).

Tabnuua 5.4
KoahthmumeHT CTPYKTYpPHOro ocnabneHus

B 3aBMCKMMOCTM OT PACCTOSAHMS MEXAY TpeLmHaMu [219]

CpepHee paccTosiHVe MexXay KoathdmuyeHT k
MOBEPXHOCTAMU 0C/abneHns nopog, M ¢
bonee 1,5 0,9
Orl5p001 0,8
Otrl1p00,5 0,6
OT10,5000,1 0,4
Menee 0,1 0,2
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BOMbLWMHCTBO UCCnefoBaTenieil OTMeYalOT OCNabnstoLLee BMSHUE Ha MPOY-
HOCTb MaccuBa CUCTEM TPELLUH, 0COOEHHO KOCOCEKYLLUMX, OLHAKO KO/NYECTBEHHO
3TO B/IMSHME MOYTU He OnMcaHo. ATO CBA3AHO CO C/IOXKHOCTLHO 0TOOpa NPob v nony-
YeHWA 13 Hee 06PasLoB C 3aaHHbIM MafeHNEM TPELLMH.

B nabopatopum MexaHuku ropHbix nopogd HI'Y mncnbiTbiBaIMCL MOAENN U3 MNec-
YaHO-LeMEHTHOW CMecW, UMUTUPYIOLWME CTPYKTYpPHbIe 3/1eMeHTbl TBEPAOro Tena,
0CNab/IeHHOro CUCTEMOW TPeLLMH. MNoCcKoCTM 0cnabneHns MoLeIMPOBa/IUCH CNOSMM
BOLLiEHOWN 6yMaru no aHanoruu ¢ onbitamm M. Hayashi [220] no cxaTtuto rmncoBbIxX
MOZeNeil C pasfInyHbIM YMUCIOM MPEPLIBUCTLIX M CMJIOLWHbIX TPELWWH. VcnblTaHus
nposognnuce Ha npecce Mr-50. Bbino mucnbitaHo 20 NapTuii 06pasLOB KyorUUecKowu
(hopMmbl ¢ AnmMHOM pebpa 25 cM, no 10 06pa3LoB B KaX4oW NapTun, cogepxkalimx
1...4 nnockocTn ocnabneHus, pacnonoxeHHble nog yrnom 8 = 0°, 10° 30°, 45°, 60°,

90° K OCU HarpyXXeHus.

Pe3ynbTaTbl UCMbITaHWI YKa3blBatOT Ha YMeHbLUEeHMEe MPOYHOCTM 06pasLoB C
yBe/IMYEHNEM YKCna TpewmH. Hanbosnee YeTKO aTa TeHAEHLMS MPOCNEXNBAETCA Npu
M3MEHEHUWN Ymcna TPELWMH OT HyNa (MOHONMUTHBIN 0bpasel) A0 TpeX. Ans YeTbipex
TPELMH yKa3aHHast 3aKOHOMEPHOCTb HapyLuaeTcs. Bo Bcex cnyyasx, 3a UCKOYEHU-
eM MOMIOXKeHNA MAOCKOCTW ocnabnenus nog, yrnom 60°, HabrAaN0Ck HEKOTOPOE No-

R..MlTa BbiLLEHME  pa3pyLuato-

60 ) —e— 1 TpeLlmHa
50 A —#—2TpewuHsl  [1leil HarpysKu no cpas-
|~ /‘ —4—3 TPeLLUHbI
h 1
40 ~ / | —%—4TpewHbl  HEHWIO C BapuaHTamm
301\ //d
ABYX W TPexX MNaoCKo-
20 <
i ., T cTeii.
B OTHOLLIEHUN
0 \r 90°-6
0 10 20 30 40 50 60 70 80 90 BAMSHUS HA MPOYHOCTH
Puc. 5.5. 3MeHeHne NPoYHOCTY 06pasLoB 3 LEMEHT - obpasua yrna Hak/oHa
HO-MEecYaHoi CMECK B 3aBUCMMOCTM OT yucna Moaenu- TPELWNHBI K OCK Harpy-
DYEMbIX TPeLLUH XXeHusa cneflyeT BMOJHE
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onpefeneHHbIi BbIBOA: MAOCKOCTU OCnabneHus, pacronoXeHHble nog yrnom 6 =
30°, 45°, 60° K OCM Harpy>KeHWs, CHKAIOT NPOYHOCTL 06pasLa B 2-5 pa3 B 3aBUCU-
MOCTM OT YMCna MOAENMNPYeMbIX NocKocTelt (puc. 5.5).

Viccnepyem Tenepb, Kak M3MeHSTCS XapaKTepUCTUKM BbIGOPKM M3 FeHepasbHOl
COBOKYMHOCTY, ECIM YYECTb, UTO CPEAN CTPYKTYPHBIX 371EMEHTOB €CTb TaKue, Mpoy-
HOCTb KOTOPbIX HAMHOTO HUXe MPOYHOCTM Tex 06pa3LoB, KOTOPbIE UCMbITbIBANCH B

NnabopaTopHbIX YCOBUSIX.

5.2.1. Y4YeT Ha/InumnA 3/IEMEHTOB, CoAepXKalluux MakpogedeKTbl, Npu onpe-
[eNeHNN XapaKTePUCTUK BbIOOPKU

[N pelleHWs MocTaBNeHHON 3afayn pacCMOTPUM HEO4HOPOAHbIA MOPOAHbIA
MaccuB, cofepXKalnii HECKONbKO CUCTEM TpPeLMH (puc. 5.6). MycTb B 3TOM Maccuee
B MPOM3BO/IbHOM Harpas/ieHUn MPOXOAUTCA ropHast BblpaboTka. BblgenMm BAOSMb
NPOAONbHON ee ocy 610K ANMHON Ly, WMpUHOW L, 1 BbicOTOW Ls. B/IOK UMeeT Takue
pa3Mepbl, YTO BCE CUCTEMbI TPELLMH, HE3aBUCMMO OT UX OPUEHTMPOBKK MO OTHOLLE-
HUto K ocun X (L), nepe-
CEKYyT €ero CTOPOHbI.
lNpwn 3TOM cpegHee pac-

CTOSIHME MeXay Tpe-

WMHAMK,  NOACUYUTAH-

Hoe Mo AnvHam L;, pas-

HO I,, a COOTBETCT-

ByroLlas NHTEHCUB-

HOCTb TpewnHOBaTOCTA

Puc. 5.6. PacuyeTHasa cxema K peLLeHunio 3a4a4m 0 1

COCTaBUT Qmi= Imi -

CTPYKTYPHO-MeXaH14ecKomM ocnabneHnit NopoaHoro Mpy  waeanbHoi

Macciea 06paboTKe M3 3TOro
6/10Ka MOryT BbITb M3rOTOB/IEHO N 06PA3LIOB C IMHENHbIM pasmepoM |y, (lo<<L; ). Pe-
3yNbTaTbl UCMbITAHMIA 3TMX 06pa3LOB Ha CXKaTue NpeacTasnsnv 6bl BbIOOPKY U3 re-

HepasibHOW COBOKYMHOCTM 3HAUY€HWI NPOYHOCTY CTPYKTYPHbIX 3/1eMeHTOB. OfIHaKO,
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MCNbITaHWSIM NOABEPrarTCcA He Bce 06pasLbl, & MWL Ta YacTb, KOJIMYECTBOM g, KO-
TOpas He COLEPXKMUT MaKpPOoLe(heKTbl U peaslbHO MOXET ObITb U3roTOB/IEHA. Taknum 06-

pasom, 6y/eT nonyyeHa COBOKYMHOCTL 3HaueHuii npouHoctn R. (i =1..n,), ans ko-

TOpPbIX CpefHee 3Ha4YeHne (HavasibHbI MOMEHT MepBOro NopsaKa) paBHo:
m=—>R. (5.21)
Ng i=1
O[lHaKo, B reHepa/ibHOM COBOKYMHOCTU B COOTBETCTBUM C NPUHATON MMNOTe30M
COAEPXKATCA CTPYKTYPHbIE 3/1EMEHTbI, MPOYHOCTb KOTOPbIX 3HAYMTESIbHO MEHbLLE
MPOYHOCTN HEHapYyLUEHHbIX 06pa3L0B N OLEHNBAETCA HEKOTOPOI (DYHKLMEN CHIUKe-

HUA npoyHocTn f (@), 3aBUCALLEl OT yrna HakNoHa TPeWWHbl @ K FOpU30HTabHOI

nnockocTn (a =90° - @). VX npucyTcTBME AOMKHO BbITb OTPAXKEHO U B BLIGOPKE 13
reHepasibHOM COBOKYMHOCTW. Taknum 06pa3oM, K UCXOLHOW COBOKYMHOCTU U3 Ny 00-
pasLoB AO/MKHbI ObITb J06aBNEHbI Ny HapYLUEHHbIX 06pasLoB, NPOYHOCTb KOTOPbIX

paBHa

R.

I'm

=f(@R,  (i=1.n,). (5.22)

CratucTuyeckast 06paboTka A0KHA BbIMOMHATLCS /1 HOBOFO, «MCMNPaBIEHHO-
ro», BapMaLMoHHOro psaa U3 N=n,+n; AaHHbIX.

CneflyeT OTMETWTb, YTO B NOCTAB/IEHHO 3a7a4e BMECTO UCCelyemMoro npeaena
MPOYHOCTN HA OAHOOCHOE CXKaThe MOXET (purypupoBatb Nobas gpyras hU3nKo-
MEXaHWYECKasi XapaKTepUCTUKa NOPOJHOIro MaccuBa: NAoTHOCTb, Moy b HOHra, Ko-
aththmumeHT MyaccoHa, CKOPOCTb pacnpeieneHns ynpyrux BonH u ap. CyTb U Xxof
paccy XleHWi1 0T 3TOr0 NPUHLMMNANBHO He MEHSIHOTCS.

OnpefenyM napameTpbl CTAaTUCTUYECKOrO pacrnpefeneHns Ans Takoro pspa.

Cpe/iHee 3Ha4YeHMe NPOYHOCTM (HaYanbHbI/i MOMEHT NEPBOro MNOPs/AKa) PaBHO:

ng no
/ 1 0 Ri _ZlRi + iZIRi m £ 93
m, = — | = — = . .

1 ni; — (5.23)

B T

O603HaYMM

Ne/N+=V, (5.24)
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Torga

Ng N+ Ng N
R R ROREO) .
m ' ' ' ' m =f( )m
] n n 1 n n 1 ! ¢ m,

3 (5.24) HailfeM, 4TO BENMUMHA V MOXKET ObITb NPefCcTaB/ieHa B BULE:

I /1, (5.25)

T

M TOrAa OHa MOXET 6blTb NErko onpefeneHa aKcnepumMeHTaibHO. 3aech |y, u 1y —
cpefHee PaccTosiHME MEXAY TPELMHAMN U XapaKTepHbIii pasmep 06pasilia CoOTBET-

CTBEHHO.

CnepyeT OTMETUTb, YTO BE/IMUMHA MO CBOEN (JM3MYECKON NPUPOLE HE MOXET
ObITb MeHbLUE eAnHNLbI. TpK paccToAHUM MeXAY TPewnHaMmn MeHbLle |y 13 Takol
cpefbl HEBO3MOXXHO M3roTOBMTL 00pasLbl CTaHAAPTHLIX pasmepoB. Kpome Toro, no-
CNe onpeAeneHHOro YpoBHA HapyLLEeHHOCTU cpefa NPUHUMAET CBOMCTBA CKOpee Cbl-
My4yeir, Yem CMIOLWHOM cpefbl. TakoW cpefle COOTBETCTBYET AMCMEPCUS 3HAUEHWI
MPOYHOCTN, BNN3Kas K HYMO, N KOIPPULMEHT CTPYKTYPHOIrO ocnabneHunst, 61IM3Knia
K eguHuue. Taknum 06pas3om, mccnefyemas BepOATHOCTHO-CTAaTUCTUYECKas MOLENb
MOPOAHOW Ccpefbl CO CyYaHO pacnpegeneHHbIMU AetheKTaMun B BUAE TPELUH UMeeT
OrpaHUYeHns: OHa OTPAXKAET CBOMCTBA NMOPOLHOr0 MaccMBa, CTPYKTypa KOTOPOro 3a-
HMMAaET MPOMEXYTOYHOE MOJIOXKEHME MEXAY CbiMy4ei cpeaoin (Mogenb 0AHOPOAHOIO
Ha MWKPOCKOMWYECKOM YPOBHE Tena) M CMn/OLIHOW HeTpeLMHoBaTo cpeaon (mo-
[e/b CMIOWHOro He0OAHOPOAHOIO Ha CybMaKpOCKONMYeCKoM ypoBHe Tena). O6 aTom

cnegyetr NOMHUTL, aHaJTU3NPYA NOMYYEHHbIE PE3Y/bTAThI.
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HayanbHble MOMEHTbI NEPBOro NopsaKa Ang UCXOAHOro U «MUCrpaBieHHOro»

(AONONHEHHOr0 HapYLUEHHbIMM 3N1EMEHTAMK) CTaTUCTMYECKOro psiia CBSi3aHbl COOT-

HOLLEHNeM:
m; = K;m,, (5.26)
rae
Ly
vt 1@
LAaiC/ < (5.27)
v+1 Im 41

Ba)KHEMLWMM NapamMeTpoM CTAaTUCTUUYECKOrO pacnpeaesneHns sBaseTcs aucnep-
CYsi, XapaKTepu3ytoLLas pa3bpoc AaHHbIX 0THOCUTE/IbHO cpeaHero. Aucnepcus npes-
CTaBNSIET COOON LiEHTPasbHbIi MOMEHT BTOPOrO MOPs/Ka, KOTOPbIA, Kak U3BECTHO,

CBA3aH C Ha4a/1lbHbIMWN MOMEHTaMW NEPBOIo 1 BTOPOIro nopsaaKos:
Il — /2
D' = =my = (my)”. (5.28)

MoMeHT nepBoro nopsigka onpeaensierca opmynoit (5.26). Haingem MOMEHT

BTOPOrO MOpsKa A4/ «MCNPaBIEHHOr0» PsAja:
Ng ) Ny )
N >R+ __Zl(Ri f(a))

mlzlzRZ:I:l 1=
> n& " n, +n, , (5.29)

% 1.,
= m,+=—f“(a)m, =K.,m
1+v 2 v ( ) 2 21172
roe
. e f2(a)
K _v+fia)_l,
? V+1 In g

MOXHO MOKa3aTb, YTO BCE Haya/lbHble MOMEHTbI K-ro nopsagkKa «ucrpaB/iEHHO-

ro» n NCXoaHoro psfa cBA3aHbl COOTHOLLEHUEM:

113



PA3OENS

m, =K,m,, (5.30)
rae
K =vr@ (5.31)
v+1 |£Jrl

B yacTHOM cnyuae, ecin nonaratb NPOYHOCTb HAPYLLEHHbIX 3/1EMEHTOB PaBHOM

HYN1O, KO3d)(pI/ILI,I/IeHT BNNAHNA TPeWWH 0ANHaKOB A1 BCEX Ha4Ya/IbHbIX MOMEHTOB.

K1:K2=K3:...KK=K=||° =_m_ (5.32)
m 41 I +|0

l,

m

BennunHa K usmensetca B npegenax ot 0,5 (I, =1, — Cu/bHO TpeLimHoBaTas
cpega) fo 1,0 (1, — o — HeTpewmHoBaTasa cpesa)

Tak1m 06pa3oM, AUCMEPCUS «VCTPaBIEHHOT0» BapUaLMOHHOMO psija paBHa:
I — 0 — 2n2
D' =1, =Kymy —Kimy . (5.33)

B (h1314ecKoM OTHOLLIEHUN AWUCMEPCUs XapaKTepu3yeT cTerneHb HeoJHOPOAHO-
CTU cpefpbl. [03TOMY BAMSIHME Ha €€ BENMYMHY CTPYKTYPHbIX HEOAHOPOAHOCTEN

npeacTaBNseT 0cobbIA MHTEpEC.

5.2.2. ViccnegoBaHne BANAHUS CTPYKTYPHbIX HEOAHOPOAHOCTEN Ha Besn-
UYNHY AMCMEPCUN NMPOYHOCTUN CTPYKTYPHbIX 3/1EMEHTOB MaccuBa

PaccmoTpum aToT BOonpoc ans cnydad, korga f(a)=0, T.e. B npeanonoxeHunn,
YTO MPOYHOCTb AeIEKTHLIX 3/IEMEHTOB 6/IM3Ka HY/IHO, KaK 3TO cAenaHo B [232, 233].

BbipaxkeHue (5.33) yaoBneTBOPSeT rpaHnMYHbIM ycnosusm: npu v =0, D'=0 —

MaccuB paspyLUeH, MeXaHUYecKn OHOPO/JEH M MOXET OblTb MPUPABHEH K ChiMyueld
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cpeae; npu oTCyTCTBMN TPELNH (V—»OO) nonyynm BblpakeHne angd ancriepcnm orpo-

60BaHNS MOHOMMTHOIO MaccuBa:
— 2

KoahtomumeHT Bapuaumm obbliyHOro onpobosBaHus (6e3 ydeta HapyLLEHHbIX

06pa3LoB) onpeaenseTcs hopMynoi:

_D
7
1
Beegem 0603HauveHme
A =m, /mf, (5.34)
Torga
2
m, —m
I72 - ’ 2 1 = 2 _1’
m,
OTKyAaa
A, =n? +1.

BblpaxeHue (5.33) ¢ y4eToM nocneHero paBeHcTBa NPUHUMAET BUAL

V V
D'=m/—— A, -—— =m}f :
m11+|/ A, 1y my (Azi'/)’ (5.35)

roe f(Az,v) — (PYHKUWSA BANAHUA CTPYKTYPHO - MEXaHUYECKUX HEO4HOPOAHOCTEN Ha
BE/IMYMHY Aucnepcun. 1 naeanbHon 04HOPOAHON cpedbl A, =1, Ans peasbHON Xe
MOPOAHOW Cpefbl, KaK NoKasbiBaeT aHann3, BenmymHa A, coctasnset 1,1-1,5.

Ha puc. 5.7 noka3zaHbl rpaukm QyHKLMM f(Az,v) B 3aBMCUMOCTW OT 3HAYEHWN
A, nv. lNpeacTaBneHHbIe KPYBble UMEKT ABHO BblpaXKeHHble MakcUMyMmbl. [lo onpe-

JENEHHOI0 3Ha4YeHnA V = v ancnepcna Bo3pacTtaeT, 3aTeM M/1aBHO CHWMXaETCA MO

Mepe YBENIMUEHNS PaCCTOSHUS MEXAY TPeLLHaMMu,
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f(v,A,)
0,6
/'—'-—-—--..___
0,5 6
[~
0,4 S
4
0,3 =
— 2
0,1 \
[ 1
0 v
0 4 8 12 16 20

Puc. 5.7. lameHeHue aucnepcun BbIOOPKMK,
BK/tOYatOLLel HapyLleHHble 06pasLbl, B 3aBu-
CMMOCTW OT PacCTOAHUS MeXKaY TpeLLMHaMm
 Bapuaummn peasibHoro onpobosanHus: 1, 2 , 3,
4,5, 6- npn A,=1,0; 1,1; 1,2; 1,3; 1,4; 1,5 co-

O0TBETCTBEHHO

Nccneayem (hYHKLMIO
f(A,,v) Ha sKcTpemym n nony-
YMM TO MpefenbHOe 3Ha4YeHne v*,
nocne KOToporo B MOPOAHOWA
cpefle HacTynalT 3HauuTesbHble

Ka4veCTBEeHHblE U3MEHEHUA:
vV =A,(2-A,)" (5.36)

Mpu v<v cpega obnagaet
TaK/M BbICOKMM YPOBHEM pa3py-
LLUEHHOCTW, 4TO MOXeT OblITb
NpuYpaBHeEHa K CbinNyyeli cpege ¢
HEKOTOPbIMM yCpeAHEHHbIMM
cBovcTBamn. [ucriepcust Takom
cpelbl, KaK U KBa3WOAHOPOAHOM,

6nm3Ka K Hynto. Mo cyTn, Bbipa-

xeHve (5.36) onpeaensieT rpaHuLbl NPUMEHUMOCTM paccMaTpUBaeMoli BEPOSITHOCT-

HO-CTaTUCTUYeCKOl Mogenn: rpadmkm dyHkummn f(A,,v) 1 cnpasa u cnesa npuéu-

XKarTcsa K ocu abeumcc.

N3 (5.33), ¢ yuetom (5.34), NoNy4nm BbIpaKeHUe AN OTHOCUTE/NbHON Bapua-

UM «ncnpaesieHHOro» BapnauMoOHHOIO pdaaa, T.€. And sapuaumn NpoYHOCTU CTPYK-

TYPHO HEOAHOPOAHOr0 MaccuBa. B MpeanonoXeHWn, YTo MPOYHOCTb Ae(EKTHbIX

anemeHToB paBHa Hynto ( f (a) =0) BblpaxeHne A5 OTHOCUTENIbHOIN BapuaLlumn Npoy-

HOCTV ByaeT UMEeTb BUA,

/:\/E:

my

v+1

4l

v fo 1=

J

IT+IO(,72+1)_1.

| (5.37)

T

B TakoM Buae KO3(MMLMEHT Bapuauuy OTpakaeT He TOMbKO BHYTPEHHIOHD

CTPYKTYPHYIO HEOHOPOAHOCTb MacCuBa, XapakTepusyeMyr BapuaLyeii NpoYyHoCTy
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N npu 06bIYHOM OMpPo6oBaHUM,
’ |
f(a)=0 HO M MexaHW4YecKoe ero oc-
1,4
12\ L nabneHne cuctemMamm  Tpe-
1 \‘\
\'--\__ --...______-'__-————_
0s s et T Ha puc. 5.8 nokasaHbl
: ——— =t
N...______ [ ——

0.6 M, ““f rpaukn 3HavyeHus Koapdu-
04 LMeHTa Bapuauu 7/ B 3aBu-
0,2 CUMOCTU OT M/IOTHOCTM Tpe-
0 L1, I,

0 15 2,0 25 3,0 3.5 40 45 5,0 WHH V =— W CTENEHN BHYT-

0

Puc. 5.8. 3aBcumocTb KoahdmuyeHTa Ba- .
PEHHEen HeoaHOPOLHOCTU Mo-

praumn TPeLLHOBaTOro NOPogHOro Maccusa .

poAHOW cpeAbl, onpeaense-
0T pacCTOosAHUA MeXKY TpeLiHamm 1 cTene- ,
Mon napametpom A, =n° +1.
HW HEOHOPOAHOCT W CPefbl B NPEANONOXKEHUN,

YTO0 NPOYHOCTb eDEKTHbIX 31EMEHTOB paBHa Ecnn nonaratb, 4TO Je(peKT-

Hymio: 1,2, 3,4,5—npu A, =n? +1=1,1; 1,2: Hble 3/1eMeHTbl BCe-Taku 06-
NajaroT HEKOTOPOWM MNPOYHO-

1,3; 1,4; 1,5 cOOTBETCTBEHHO
cteto (f(a)#0) oTHOCK-

Te/bHas BapuaLys «MCNpaBneHHOro» psiaa byaeT onpeaensiTbCs BbIPXKEHNEM:

/ _WK2m?2
n/:\/D _ [Komy = Kimy :\/KZ A2—1=\/%Q72+1)_1- (5.38)

2,2 2 2
m, Kym; Ki 1

Nccnemyem Tenepb, Kak BAUSET HanMuMe HapyLUeHHbIX 3/1EMEHTOB B BbIOOPKE

Ha BEPOSITHOCTHOE pacnpe/eneHne NPOYHOCTM CTPYKTYPHbIX 3/1EMEHTOB.

5.2.3. BnnsiHne Hannunsi B BbIGOPKe 3/1EMEHTOB, HapyLUeHHbIX MaKpoge-
(heKTamu, Ha BEPOSTHOCTHOE pacnpe/esieHne NPOYHOCTM CTPYKTYPHbIX 3/1eMeH-
TOB MOPOAHOr0 MaccuBa

Bblille yKa3blBasoCh, YTO MOAGOP pacnpefeneHns ans aMNUPUYECKNX JaHHbIX

MOXET ObITb OCYLLECTBMEH C MOMOLLbIO Anarpammbl MMpcoHa, Ha KOTOPOiA npe-
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