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AHHOTALUNA

BBepeHue. C aBneHnem ruapaenmyeckoro paspbiBa CBA3bIBaOT aBapuv HEKOTOPbIX KAMEHHO-3eMITAHbIX NIIOTWH, NMPU KOTO-
pbix 6biNa HapyLleHa LenoCTHOCTb SApa, BbINOMHEHHOTO U3 MMMHUCTOTO rpyHTa. CunTaeTcs, Y4To rmapaBnnyeckuin paspbis
BO3HMWKaeT, Korda AaBrieHne BOAbl, HaxoAsLencs B nopax U MUKPOTPELLMHaX, NPeoaosieBaeT CXUMaloLLMe HanpskeHus
B rpyHTe. K HacTosiLemMy BpeMeHn NpeanoXeHbl HECKONbKO METOAUK PaCHETHOro MPOrHo3a rmapasnmM4eckoro paspbisa. OHu
HanpaBsneHbl Ha onpeaerneHne yCrnoBuii BO3HUKHOBEHUS TMAPaBIMYECKOro pa3pbliBa U onpeaeneHne BENUYMHbI KpUTUHECKO-
ro faBneHus BoAbl, BbI3bIBAIOLLErO POCT TPELUMHDI.

MaTtepunansl u metoabl. [ins cuctematusaumm nHOpMaLMmM 0 MeTofax U MeToamKax onpeaeneHust KpUTUYeCKoro Aaene-
HYS ObIn BbINOMHEH 0630p 3apybeXHbIX Hay4HbIX MyGnMKaumn.

Pe3ynktathl. [pyBefeHa knaccudukaums MeEToA0B NPOrHo3a rmapasnmnyeckoro paspbiBa. TeopeTnyeckne MeTofbl OCHO-
BaHbl Ha WMCMOMb30BaHUM TEOPUW YNPYrocTW, TEOPUWU NNACTUHHOCTU MMM MeXaHWK1 pa3pylleHus. Camasi npocTtasi MeTo-
AMKa OCHOBaHa Ha aHanu3e HamnpsbkeHHOro COCTOSIHUA MaccuBa rpyHTa. OnucaHbl METOAMKM, OCHOBaHHble Ha aHanuse
HanpsXXeHHO-AedOPMMPOBAHHOTO COCTOAHWUS FPYHTa BOKPYT MOMOCTM, UCMbITbIBAOLLEN BHYTPEHHee AaBrneHne. B Hux pac-
CMaTpUBaIOTCA HECKOMNBbKO MEXaHU3MOB NPOABMXEHUS TPELLMHBI, B TOM YMCIe 3a CHET NOTepu MPOYHOCTU Ha pacTsHKeHne
1 casur. Takke NpMBeAeHb! AMNUpuyeckne opmyrnbl, OCHOBaHHbIE Ha pe3ynbTaTtax nabopaTopHbIX 9KCNepuMeHToB. B pam-
Kax aHanuTuyeckoro o63opa 6bIfo BBINOMHEHO CPaBHEHME HEKOTOPbIX METOAMK. BONbLUIMHCTBO METOAMK CXOAATCH B TOM,
4TO KPUTUYECKOE AABMNEHNE B NEPBYI0 O4epPeab 3aBUCUT OT MUHMMAIBLHOTO MaBHOMO HaNPsHKeHUs 6, B rpyHTe. CpaBHeHne
nokasano, 4YTo KpUTU4yeckoe AaBfeHue, pacCinTaHHoe No TEOPETUHECKON METOAMKE aHanmsa TPEXOCHOTo HamnpsKeHHOro
COCTOSIHUS!, 3aMETHO HUXE, YeM MO IMNUPUYECKUM MeToamkam. Mpw HannumMm nonoctn 6onee BEPOATHOWM NPUYNHON MMAPO-
pa3pbiBa ABNSETCS NOTEPS NMPOYHOCTU IPyHTa Ha COBUI, @ HE Ha pacTsKeHuve.

BbiBoAbl. HecMoTps Ha 0bunve MeToauk NPporHo3a rMapaBMYeckoro paspbiBa, B HACTOsILLEE BPEMS He CO3[4aHO TeopeTu-
YeCKW BbIBEPEHHOW 1 TOYHOW METOAUKN.

KIMKOYEBBIE CITOBA: nnotuHa, ruapasnnyeckuin paspbiB, TpelumHoobpasoBaHme, KpUutuyeckoe NopoBoe AaBneHne, Ha-
NpsiXeHHOe COCTOsIHME
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ABSTRACT

Introduction. The phenomenon of hydraulic fracture is associated with the failure of some earth-rock dams, in which the in-
tegrity of the core made of clay soil has been compromised. It is believed that hydraulic fracture occurs when the pressure
of water contained in pores and microcracks overcomes the compressive stresses in the soil. At this point, several methods
have been proposed for the computational prediction of hydraulic fracture. They are aimed at determining the conditions
under which hydraulic fracture occurs and at determining the critical water pressure that causes fracture growth.

Materials and methods. A review of foreign scientific publications was carried out to systematise information on methods
and techniques for critical pressure determination.

Results. The review gives a classification of methods for predicting hydraulic fracture. Theoretical methods are based on
the usage of elasticity theory, plasticity theory or fracture mechanics. The simplest method is based on the analysis of the stress
state of the soil mass. This review describes methods based on the analysis of the stress-strain state of soil around a cavity with
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internal pressure. They consider several mechanisms of crack propagation, including the loss of tensile and shear strength.
Empirical formulas based on the results of laboratory experiments are also given. In the framework of the analytical review,
a comparison of some methodologies has been carried out. Most of the methodologies agree that the critical pressure primar-
ily depends on the minimum principal stress g, in the ground. The comparison showed that the critical pressure calculated
by the theoretical triaxial stress analysis technique is noticeably lower than that calculated by the empirical techniques. In
the presence of a cavity, the more likely cause of fracturing is the loss of shear strength of the soil rather than tensile strength.
Conclusions. Despite the abundance of techniques for predicting hydraulic fracturing, no theoretically verified and accurate
methodology has been established at the present time.
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BBEJAEHHUE

B ruapoTrexHHMYECKOM CTPOUTEIBCTBE OJHOU
U3 yrpo3 Juist 0€30MacHOCTH KaMEHHO-3EMJISIHBIX TUIO0-
TUH SIBJIAETCA ONACHOCTh HAPYLICHMS IEIOCTHOCTH
IPOTUBO(MIBTPAIIIOHHOTO 3JIEMEHTA, BBHIIIOJIHEHHOTO
13 TIIMHUCTOT'O I'pyHTA. B IPAKTUKE SKCIITyaTallu Ka-
MEHHO-3EeMJISTHBIX TUIOTHH MMEIOTCS CiIydan oOpa3oBa-
HUA TpeluH B siapax. [IpumepaMu MOTryT CIIyKUTb IUIO-
tuHbl Balderhead (Anrmus, H =48 M, 1965 1), Hyttjuvet
(Hopgerusi, H =93 m), Kypetickas mnorunsl [1-3]. O6-
pa30BaHKE TPEIINH BJIEYET 32 COOOH MOBBIICHHBIC yTEU-
KU, BHyTPEHHIOIO BOJIHYIO 9PO3HUIO TpyHTa, 00pa3oBaHue
[IPOBAJIOB M IPYTUX HapylleHUi. BeyaBuranuce u npen-
TIOJIOXKEHHMS, YTO THIPABIMYECKHI pa3pbIB CTAT MPUYIH-
HoH pa3pymienus B 1976 r. turotunst Teton [4] B CLLIA.

[NosiBiieHMe TPELyH B sIpaX KaMEHHO-3eMJIISTHBIX
IUIOTUH MOXXET OBITh BBI3BAHO Pa3HBIMU NMPUYUHAMH.
Yarre BCero nx CBSA3BIBAIOT C HEPABHOMEPHBIMU Ae(op-
ManousIMH (Oca}]KaMI/I) IIJIOTUHBI U C TUAPABINYCCKUM
Pa3psIBOM (TMAPOPA3PHIBOM) TpyHTA. | HapaBIndecKui
pa3pbiB — 3TO mpolecc 00pa3oBaHUs WIN PACKPBITHS
B I'PYHTE CKBO3HOIl TPEIIMHBI BCIEACTBUE ACHCTBUSA
CHJI TaBJICHUS! BOJIbI, JCHCTBYIONIMX Ha TPYHT HU3HYTPH,
B [MOpax WIIM MUKPOTPEIIHHAX .

Teopust ruApaBIMYECKOTO pa3phiBa TPYHTA B IUIO-
TuHe pasBuBaercs ¢ 1970-x rr. Cuuraercs, 4ro obpaso-
BaHME (PAaCKpPBITHE) TPELIMHBI TPOMCXOANT, KOTAA pa3-
PpBIBaOIICE JABJICHNUC BOJAbI MPEBLIMNIACT COMMPOTHUBIICHUEC
TpyHTa pa3pbiBy. Pa3pbiBy MPOTHBOCTONT HANPSKEHHE
B IPYHTE, COKUMAIOIIEE MOTEHIMAIBHYTO TPELIHHY.

[Ipobneme ruapopaspeiBa B TPYHTOBBIX IUIOTHHAX
YAEISIIOT OOJTbIIIOE BHUMAaHHE MHOTHE UCCIIEI0BATENHN KaK
B MHXKCHEPHOM, TaK U B aKaleMU4ecKol cpeze. Mzyuenue
nporiecca THPOpa3phiBa BEAETCS B HECKOJIBKUX HAIPaB-
nenusx. IlepBoe HampaBneHne — 3TO 3KCIEPUMEHTaIIb-
HbIE (II0JIEBBIE, MOJIETIBHBIE) UCTIBITAHUSI THAPOPa3phiBa
IPYHTOBOIO MaccuBa. Bropoe HarpaBieHie — pacyeTHbIe
HCCIIEZIOBAHNSL, TIPU 3TOM HCIIONB3YIOTCS KaK aHaJIUTHYe-
CKHUE METOAbI, TAK METOAbI YUCIICHHOTI'O MOACIIMPOBAHMAA.

Kax npaBmito, ncenetoBanus HalpaBIeHbI Ha OIpe-
JIeJICHHE YCIIOBHIA, PH KOTOPBIX BO3MOXKEH TUIpaBIIAye-
CKuif pa3pbiB. OOpa3oBaHMe TPEIIIH MOKET IIPOUCXOAUTD

TI0 JIByM OCHOBHBIM MEXaHM3MaM: H3-32 PACTSTHBAOIINX
HOpMaJIbHBIX HanpspkeHuH (I pexxim), 13-3a HanpspKeHUH
ciBura (kacarenbHbIX HarpspkeHunit) (11 pexxum).

Hanpspkenue, npyu KOTOPOM IPOUCXOAUT 00pa3o-
BaHME (TIPOABIDKEHNE) TPEIINHBI, IIPUHATO HA3HIBATH
KpuTHueckuM. OOBIYHO ONPEACIAIOT HE KPUTHUECKHE
HAaIpsDKEHUs, @ KpUTHYECKOE IABICHHUE BOJBI. JTO J1aB-
JIEHUE, KOTOPOE NMPUBOIMT K JJOCTHKECHHUIO HANIPSKECHU-
SIMH KPUTHYECKUX 3HAYCHHH.

Pa3HpIMK aBTOpaMu Ha OCHOBE J1a0OPAaTOPHBIX
U TIOJIEBBIX UCTIBITAHUN MPEIJIOAKEHBI HECKOIBKO METO-
JK JUIS pacueTa KPUTUIECKOTO JaBJIEeHUsS BOIbl. Bee
OHHM OCHOBAaHBI Ha pe3yJbTaTaxX IKCHEPUMEHTAJIBHBIX
UCTIBITaHUH, OTHAKO OTIINYAIOTCSA TEOPETHIECKUMH CO-
OTHOIIEHHUSMH, KOTOPBIE UCIOIB3YIOTCS JUIs aHaJIn3a
YCIIOBUI 00pa30BaHMSA/PACKPHITHS TPEIIHH.

J.J. Wang u J.G. Zhu [5] npeanoxunu cieny-
IOLIYI0 KJIACCU(UKAIIUIO METOAOB UISI ONPECIICHNUS
KPUTHUYECKOTO JaBJICHUS BOIBI WM TEOPUI THAPABIH-
4ecKoro paspbiBa. OHH pa3[esIeHbl Ha YEThIPE IPYIIbL:

1. Metozbl, OCHOBaHHBIE Ha aHAJIN3E TPEXOCHOTO
HaNpsKEHHOTO COCTOSIHUSA MacCUBa IPyHTA.

2. Metonpl, OCHOBaHHBIE HA aHAIIM3€E HANIPSHKEHHO-
Je(OPMHUPOBAHHOTO COCTOSIHHUS TPYHTA BOKPYT I10JIO-
CTH 33/1aHHOHW (POPMBI METOAAMH TEOPHH YIPYTOCTH
U TJIAaCTUYHOCTH.

3. MeTonbl, OCHOBaHHBIC HA MOJIEBBIX HCIIBITAaHH-
X WJIN JTaOOpATOPHBIX UCHBITAHUSX U BBIPAKECHHBIC
B BHJIE IMIUPUIECKUX (HOPMYIL.

4. Metoapl, OCHOBaHHbIE HA MEXaHHUKE pa3pyIe-
HUS ¥ pe3y/bTaTax MCIIBITAHUH MMOBECHHUS «KOHBEPT-
HBIX» TPEILIUH B 00pasie IpyHTa.

JU1s 1OCTOBEPHBIX MIPOTHO30B TPEIIUHOCTOMKOCTU
Anep KAMEHHO-3EMJITHBIX TUIOTUH TPEOYEeTCs CHCTEMaTH-
3arust MTH(QOPMALMK O METOAMKaX pacdyeTa IMpaBiInye-
CKOTO pa3pbIBa. ITO U SBISETCS IENBI0 3TOH ITyOIMKAIINH.

MATEPHUAJIBI U METO/bI

Jnst cucremaTu3auy MHGOPMAUU O METOIUKAX
OIpe/ieNIeHHs] KPUTUYECKOTO aBJICHHS TUIPaBINYECKO-
TO pa3pbIBa aBTOpaMH OBLIT BEITIOIIHEH 0030p 3apyOex-
HBIX HayYHBIX ITyOJIHKAIUH.

' TumpaBnuuecKuii pa3peiB onpenensiercss He3aBucuMoii TpyIIoii o paccieJOBAaHUIO TIPHYHH pa3pylleHus mwioTHHb! Teton

B CIIIA kak ¢u3nudeckoe sBICHHE, TP KOTOPOM TPEIIHHA 00pa3yeTcsl U pacIINpsIeTCst MO/ JAaBICHHEM BOMEL.
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IIpu cocTaBieHNH aHATUTHYECKOTO 0030pa OBLIH
UCIIONIb30BaHbl pabOThl, B KOTOPBIX BBIOJHEH aHAIIN3
METOZIOB pacyeTa THAPABIMYECKOTO pa3pbiBa, HAIIPH-
Mep [5], a Tarxoke mMyONUKaIuy, TOCBAICHHBIE Pe3yib-
Taram 3KCIEPUMEHTANbHBIX HccleqoBaHul. IlepBbie
9KCIIEPUMEHTHI OTHOCATCS K 1970-M 1T B coBpeMeHHBIH
NepHOJl UMEIOTCS MyOIMKaIMH, TIOCBSIICHHBIE CPaBHE-
HHIO METOIMK T'MIPaBIMYECKOTO Pa3phiBa, a TAKKE METO-
JIMKaM, OCHOBAaHHBIM Ha TEOPUH MEXaHUKH Pa3pyLICHHUS.

Kpome Toro, B pamkax JaHHOU IMyOIHKaLUU CpaB-
HUBAIOTCSA METOIMKH pacdyeTa I'MApopa3phiBa Ha MPH-
Mepe YCJIOBUM, XapaKTEPHbIX JISI BBICOKOW KaMEHHO-
3EMJISIHOM TUIOTHHBI.

PE3YJIBbTATBI

Merton aHa/1M32 TPEXOCHOI'0 HANIPSHKEHHOI0 CO-
CTOSIHHMSI MAaCCHBa IPyHTa

Ecnu cunrare, 4To 00pa3oBaHUe TPELIMHBI IPOKC-
XOJIUT B BUJE Pa3pblBa IIPU IOTEPE NPOUYHOCTU I'PYHTA
Ha pacTsDKEHHEe, TO KPUTHYECKOe JlaBlieHHe OyneT Ha-
OPSIMYI0 C MUHUMAJIbHBIM CKUMAIOIUM [NIaBHBIM Ha-
OPSDKEHUEM G .

BeIpaskenue 11 olpeneacHust KpUTUIECKOro AaB-
JICHUS BOJbl UMEET BUJL:

Pf=G3+Gt, €))

rac G, — IMMPOYHOCTH Marcpurajia Ha pacTsSXKCHUE.

MeTtoabl aHAJIM3a HANPSKEHHO-TeopMUPO-
BAHHOI'0 COCTOSTHUSI TPYHTAa BOKPYT MOJIOCTH

B TCOPUAX OMPCACTICHUA KPUTUUCCKOI'O JaBJICHUA
BOJIbI BTOPOH I'PYIIIbI pACCMAaTPUBACTCS HAIPSKEHHO-
nedopmupoBannoe cocrostuue (HJIC) rpynra Bokpyr
WIMHIpUYEeCKOr nin cdepudeckoi nonoctu. Cunta-
€TC$, UTO 3Ta MOJOCTh CYHIECTBYET U3HAYAIbHO U IIPHU
THJIPABIMYECKOM pa3pbIBe pacTeT.

s ananuza HJIC ucnonbs3yroT Teopun yupyroctu
U IUIaCTUYHOCTH. PaccMmarpuBaeTcs ocecUMMeETpUYHAs
o0nacTh, ee pacueTHas cxema MokaszaHa Ha puc. 1. Ilpu
LMJIMHIPHUYECKOM MOTOCTH 00J1acTh Mpe/ICTaBIseT COO0M
TOJICTYIO TPYOy, 3arpyKEHHYIO U3HYTPH PaBHOMEPHO
pacnpenesieHHON Harpy3Kou Pf. CHapyxu Ha pacuer-
HyI0 00J7acTh JeHCTBYEeT paBHOMEPHO pacIpesesieHHas
HarpysKa G,, HalPaBJICHHAs B IIEHTP MOJOCTH. JTa Ha-
rpy3Ka co3/1aeTcsl JaBjeHueM TPyHTa.

ITon nelicTBuEM yKa3aHHBIX Harpy3oK B pacdeT-
HOI 00J1acTH BO3HMKAIOT HOPMaJIbHBIE HAMPSKEHUs,
Cpe/ii KOTOPBIX BBIACISIOT pailalIbHOE G, U OKPYXKHOE
G,, @ TAKXKE KacarenbHOe Hanpsukenue T, (puc. 1).

MeTonoM TeopHuH yIpyrocTu MOJIy4EHbI BhIpaKe-
HUS JJ1s1 ONIpe/iesIeHUsl 3Ha4eHU HalpsH>KeHUH Ha Tpa-
HUIIE MOJIOCTH:

c, =P,
2b%ch— (g% + p2)P
Gp = 2(0 jb ) f? 2
b” —a
t,=0,

Puc. 1. PacuerHas cxema HanpspKeHHO-1e(hOPMUPOBAHHOTO
COCTOSIHHS LIMUIMHAPUIECKOW MM chepHYecKOi IOIOCTH:
a — BHYTPEHHUI paanyc obnactu (paguyc mojaocTu); b —
BHEIIHUH pasinyc 00IacTy; P ,— nasnenue BOZbI, IPHIIOKEH-
HOE K BHYTPEHHEH [IOBEPXHOCTH;  — paJUaibHOE paccTosi-
HHUE OT LUEHTPA; G, — PAJMAbHOE HOPMAILHOE HANPSHKEHHUE,
JEUCTBYIOIIEE Ha BHEIIHIOIO IOBEPXHOCTh; G, — PAJHAILHOE
HANPSDKEHUE; G, — OKPY)KHOE HANPSHKEHUE

Te ¢ — BHYTPEHHHI panuyc obnacTtu (paauyc moJo-
CTH); b — BHEUTHHUH pajuyc 00IacTu.

AHau3 MOKa3bIBAET, YTO B OECKOHEUHOH 001acTH
(b—0) TIpH HATMYHMHU TOJIBKO BHYTPEHHETO paciuparo-
LEro J1aBIeHus P, OKPYXKHOE pacTArMBaloLIee Hanpsi-
JKEHUE Ha MOBEPXHOCTHU LIWIIMHPUIECKO MOIOCTH CO-
orBeTcTBYeT . OHO HE 3aBHCHT OT Pa3Mepa MOIOCTH.
W3 ypaBHeHus (2) ¢ onpeeneHHoi CTeneHb0 IpuoiH-
JKEHUSI MOXKHO 3aKJIFOYHTh, YTO KPUTHUYECKOE JAaBICHHE
BOZIbI PABHO:

P, =2c,+0,. 3)

OmnucaHHOE BBIIIE PEUICHUE O HAPSDKEHHOM CO-
CTOSHMM TPYHTa BOKPYT HOJIOCTH SIBISIETCS MpHUOIH-
KCHHBIM, OHO COOTBETCTBYET CITy4al0 MaJbIX yIPYTHX
nedopmanuii. Pamom aBTOpoB OBLIN MPEATIOKEHBI pe-
IICHUS C YYETOM IJIAaCTHYECKOTO IMOBEIEHUS I'PyHTa
U yYBeIWYeHUs 00beMa (PacIIMPEeHHs) MOJIOCTH.

AHanu3 pacIupeHus IIIHHAPUIECKON TTOJIOCTH
OB BBITIOJIHEH JUJIS PEIICHHS MPaKTUYECKHX 3aiad.
Hampumep, M.F. Randolph, J.P. Carter u C.P. Wroth [6]
(1979 r.) BEIOJIHUITN @HATTU3 HATIPSHKEHHOTO COCTOSHUS
TpyHTa B Ipolecce 3a0uBKH cBail. ['eomerpus 3amaun
OblTa ympoIneHa 3a CYeT NMPEANONIOKECHUS YCIOBUN
TUIOCKOM Jle(hopMalivK B IOTIOJTHEHHE K OCEBOIl CUMMe-
TpHUH. YCTaHOBKA CBail MOJeNIHpoBaiach Kak HEAPEHHU-
pyeMoe pacInpeHue IIHHAprIeckoi mojgoctu. [Ipen-
MOJIarajioch, YTO BO3HUKAlOIEe H30BITOYHOE TIOPOBOE
JTABJIIGHUE PAaCcCEUBAETCS ITOCPEACTBOM HAIPABICHHOTO
Hapy>Xy paZilajgbHOro IO0TOKA IOPOBOM BOJBL. YIIJIOTHE-
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HHE 'PYHTa W3y4aJioCh C MCIOJIb30BaHHEM YITPYyroIuia-
CTHYECKOIl MOIENHN TPYHTA C YIIPOYHEHHEM, YUUTHIBA-
JaCh BO3MOXKHOCTh M3MEHEHUSI IPOYHOCTH TPYHTA IPH
W3MEHEHHH COJICPKaHMUs BOJIBI.

Psmom aBropos (P. Chadwick, A.S. Vesic, B. La-
danyi) mpemoKeHbI peleHus 3a4a9 O PACIIUPEHUN
chepHUIeCcKOi MTOJIOCTH B PA3IMYHBIX THIIAX CPEI.

B 1959 r. P. Chadwick B cBoeit pabore [7] npen-
CTaBWJI BBIBO/] 3aBUCUMOCTH PACIIUPECHUA ITOJIOCTH IO
JaBJIeHHEM JUIS UIealbHOro IIACTHYHOTO MaTepuaa.
PereHune mosy4eHo Ui Ciiydas CBSI3HOIO TPYHTa, T.e.
rpyHTa, 00/NaJalonIero TOJIbKO CUeIuleHneM. Metoa
peUICHNA OCHOBAH Ha TCOPUHN INIACTUYCCKOTO TCUCHUA
U HCIIoNIb30BaHuM Kputepus Mopa — Kyiona B kauecTse
yCIIOBHS IUIACTUYHOCTH. PenreHue 3agauu norpedosa-
JIO AOMYIIEHHUH AJIsl OMUCaHUs OONBIINX JedopManuii,
BO3HHUKAIOIIMX IIPU PACILIUPEHUN.

B 1972 . A.S. Vesic [8] noxyunn npubarmkeHHOS
peLIeHue Ui ONpeNeNiCHHs KPUTHYSCKOTO JaBICHHS
JUISL paclIMpeHust cepuIecKol MOJOCTH B CBSI3HOM
IPYHTE M MPUMEHUII 3TO pEIIeHUE Ui ONpeNeICHNUs
K03((PHUIIMEHTOB HECyIel CIOoCOOHOCTH TIIyOOKHX
(hyHIaMEHTOB.

B 1967 r. B. Ladanyi [9] BeimonHMI aHaIU3 pac-
LIMPEHUS NOJIOCTH B XPYIIKUX FOpHBIX nopoxaax. Vm
HOJTyYeHbI PEILeHUs JUTA CITy4as KaK LIMIHHAPHYECKHX,
TaK U CHEPUUYECKHX IOJOCTEH B MICATIBHBIX CBA3HBIX
rpyHTax. B ero crarbe npeacTaBieHbl IPUOIIKEHHbIE
pemieHusd i1 ONPCACIICHUA KPUTHYECKOTO JaBJICHUSA
BOJIBL.

MeToabl aHAJM32 TPEXOCHOTO HANPSKEHHOTO
COCTOSIHMSI BOKPYT MOJIOCTH

Teopun TuApopa3peiBa, OCHOBAaHHBIC Ha aHa-
JU3€ TPEXOCHOTO HAMPSHKEHHOTO COCTOSHUS TPYHTA,
OKpY’Karollero MnoyiocTh, paccMaTpuBajuCh B pabo-
Tax [10, 11]. AHanu3 oCyecTBISIETCS ¢ MPUMEHEHUEM
TEOPHUH IUTACTUIHOCTH.

Ha puc. 2 mokazaHa cxema HalpsHKEHHOTO COCTO-
stHAs o0pasiia rpyHTa ¢ IMIIMHAPUICCKON TTONTOCTHIO.
B o6mem cirygae 0HO — TPEXOCHOE U XapaKTepH3yeTcs
MaKCHMaJIbHBIM IJIABHBIM HANPSKEHUEM G, TPOMEXKY-

-0,

Puc. 2. Cxema TpEeXOCHOTO HANPS)KEHHOTO COCTOSTHHS 00pa3-
2 ¢ UWIMHIPHYECKOH MOTIOCTBIO: G, — [IABHOE MAKCUMAIb-
HO€ HANPHKEHUE; G, — MPOMEKYTOUHOE [IABHOE HAIPSIKe-
HHUE; G, — MUHUMAJILHOE IIABHOE HATIPSDKEHUE

TOYHBIM INIaBHBIM HAINPs)KCHUEM 02 1 MUHHUMAJIbHBIM
TJIABHBIM HATIPSDKEHHEM O,

IIpu 3TOM pacnonoxeHue oce IIaBHBIX HaIpsKe-
HHli (G,, G, ¥ G,) O OTHOLIEHHIO K OCH MOJOCTH MOXET
OBITH Pa3IMIHBIM.

[Ipu OGonblIOW NPOTSIKEHHOCTH MOJOCTH Ha-
MPsHKEHHOE COCTOSHHUE MOXKET pacCMaTPHBATHCS Kak
IUIOCKOE, B YCJIOBHSX IUIOCKOH nedopmanuu. B atom
clydae BIHMSHHE OJHOTO M3 IJaBHBIX HANpPSKEHUN
(B HaIIpaBIICHUHU BIOJb OCH TOJOCTH) MOXKET HE YUH-
TBIBAaThCH.

PaccmoTpuM citydaid, Korja riaBHbIM HalpsyKEHU-
€M BIIOJTb IEHTPAIEHON OCH KPYIIIOH TOIOCTH SIBISCTCS
IIIaBHOE MaKCHMallbHOE Hanpsikenue 6,. Ceuenue 00-
pasma 3arpy’eHo M0 TOPIaM HaNpPsSKEHUSIMH G, H O,
U BHYTPEHHHM JaBIECHUEM p B onoctu. HanpskeHnHoe
COCTOSIHHE B JIIO00H TOYKE MOXKET OBITh MMOTYyUYCHO ITy-
TEeM CYIIEPHO3UIINH HANPSIKEHHBIX COCTOSIHUH OT Ha-
TPY3KH KakJ0T0 BUja (cM. puc. 3).

Ecnu Ha 0mHOM U3 TOPIIOB MPHIIOKEHA CKUMAIO-
1as Harpy3ka 6,, HalpsHKEHHOE COCTOSHUE MACCUBA
XapaKTEPU3yETCs KOHIIEHTPAMEN HAIIPSHKEHUH BOKPYT

R

L)) °

—>( 0, Ty le— —slo, Ty G
% XCX 0
) x! -
c, —> I e = — 7
— le— —
—> le— —>

LIy

+ |7 +

Frrny

1T

Frrra

Puc. 3. Cxema cynepno3uiuy HalpsHKEHHOTO COCTOSTHIS 00pasiia ¢ KpyIiIol MOJIOCTHIO: @ — BHYTPEHHHUH paamyc; Pf— JlaB-

JIEHWE BOJIBI, IEACTBYIOMIEE HA BHYTPEHHIOIO MOBEPXHOCTD; 7 — PAJNANbHOE PACCTOSHHE OT IIEHTPA; G, — MPOMEKYTOUHOE

TJIABHOC HAIIPAKEHUE, 6, — MUHHUMAJIBHOE TTIaBHOC HAMIPSHKCHUE, 6, — paanajibHOC HANIPSHKCHUEC, Ge — OKPY>XHO€ HaIpsxKe-

HHC, ’I.'r9 — Harps)KE€HUE CABUTa
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noioctu. B HaIlpaBJIC€HUN BAOJb HeﬁCTBHH BHCIHIHHUX
Harpy30K BO3HUKAIOT CKMMAIOUIUEC HAIIPSAXKCHUA, KO-
TOpBIE IPUMEPHO B 3 pa3a MpeBHIIAOT Harpy3ky. [Ipu
9TOM B IIOINIEPEYHOM HaIlpaBJICHHUHW BO3HUKAIOT pacCTid-
TUBAIOLIYE HAIPSKEHUSI, KOTOPbIE IPUMEPHO PABHBI
BEJIMYMHE HATPY3KU.

CyMMapHO€e HampsHKEHHOE COCTOSHUE Ha TTOBEPX-
HOCTH TOJIOCTH (T.€. TIPH 7 = @) OTPEeAeIIsIeTCs BBIpaXke-
HUAMMU:

o, =P,
0, =0;(1-2c0820)+0,(1+200s20)-P,,  (4)

Tro :0’

e 6 — yron, onpeemnomui MOI0XKeHHEe paccMaTpu-
BacMOM ITOMIATKH.

Ha ocHoBe aHanu3a HampsKEHHOTO COCTOSHUSA
MOJKHO OIpPEENIUTh KPUTHUYECKOE JaBICHUE, BbI3bIBA-
Iol1ee OTePI0 MPOYHOCTH. BBIAETAIOT TpU MexaHu3Ma,
KOTOpBIE BJIEKYT 3a cOO0M pa3BUTHE TPEIUHBI (paciIy-
pEHHE TIOIOCTH).

MexanusMm Ne 1. Ecnu npuunHON pacuIupeHus
TPELUHBI SBISETCS MOTEPs IPOUHOCTU HA PACTSHKEHUE
IO OKPYXHBIM HaNpsKEHUSM, TO KPUTHUECKOE J1aBie-
HHE BOJIBI MOKET OBITH PACCYUTAHO IO (hopMyIIe:

P =o,(1-2c0820)+0,(1+2c820)+0,. (5)

W3 ypaBHeHus (5) BUIHO, YTO MUHUMAJILHOE JIaB-
JICHHE BOJIbI P MOXKET OBITH TOJTy4eHO NpH c0s20 = —1,
T.€. KDUTUUECKOE JABJICHUE BOJIbI ONIPENEIISACTCS BbIpa-
JKeHHEM:!

P, =30,-0, +0,. (6)

Jannyto hopMyTy B HHOCTPaHHOU JIUTepaType Ha-
3BIBAIOT 1—S KpUTEpHUEM.

MexauusMm Ne 2. Ecnu nmpuuMHON pacuInpeHus
TPEIIMHBI SBIASETCS MOTEPsS NMPOYHOCTH HA CJIBUI,
TO KPUTHUYECKOE JaBICHUE OINpPEIEIIAeTCs Yepe3 pac-
CMOTpEHUE KacaTelbHbIX HanpsbkeHuid. Ecinu B ka-
YeCTBE KPUTEPHS pa3pyLICHHUs NPUMEHUTh KPUTEPUH
Mopa — KysnoHa, To KpuTHYECKOE 1aBJICHUE BOJBI MOXK-
HO paccuuTarh 1o Gopmyne:

1
P, :5[03 (1-2c0s26)+0, x

(7
x (1+2c0s26)(1+ Sin(p)+CCOS([):|,

i€ @ — YroJl BHyTPEHHETO TPECHHUSL.

W3 ypaBuenus (7) cieayer, 4T0 MUHUMAJIbHOE JaB-
JIEHHUE BOIBI P/ MOXeET OBITh MOITy4eHO mpu cos20 =—1,
u TOTJa Pfonpenen;leTcx BBIPOKCHHEM:

P, =(1,56;-0,50, )(1 +sing)+ccosg.  (8)

Jannyro ¢popMyTy B HHOCTPaHHOM JINTepaType Ha-
3p1BatoT M—C KpuTepuem.

Mexanusm Ne 3. D10 cirydail pacimpeHus mojo-
CTH 3a CYET IUIACTHUYECKUX AehopMannil ymIoTHEHUS

HEKOTOpOH 007aCTH BOKpYT mojocTu. Eciaum ycrnoBue
IUTACTUYHOCTH (TEKY4YECTH) COOTBETCTBYET KPUTECPHIO
Mopa — Kynona, kputudeckoe TaBICHHE BOIBI MOXKET
OBITH paccYuTaHo Mo hopmyIie:

2 .
| o5(1-2c0s26)+o,(1 + 200S2)+taT (1+ sm(p)_

b= 2si -
2 sing
a' 1 +sine
b' ©)
¢
tan(p’
e d@' — paauyc NoaocTy Nocie pacmupenus; b’ —

paJyc TpaHHIIBI MEX/y 30HaMH YIPYTOro U IIacTHYe-
CKOro Je(OpMUPOBAHUSI.

N3 ypaBHeHus (9) Takxke siCHO, YTO MUHUMAJIb-
HOC JaBICHHE BOIBI P, MOXKET OBITH MONY4YCHO MpH
c0s20 =—1, u Torma Pf OTIPEICNIACTCS BEIPAKEHUEM:

1,56, -0,50, +—— |(1+sin
3 o2 tano ( (p) c (10)
tang

P =

f 2sing
a' 1 +sine

bt

AHAJOTUYHO MOXXHO TOJYYHUTH BBIPAXKECHUS JJIsI
ompezeNeHns KPUTUUECKOTO JIaBieHUs IJi JAPYroro
PaCIOJIOKEHHUSI TIOJIOCTH IO OTHOIICHUIO K HampaBiie-
HUIO TJIaBHBIX HAMpPSKESHUH.

Ecnu monocTs HampaBiieHa BIIOJb HalpaBIEHUS
TPOMEKyTOYHOTO TJIABHOTO HAMPSKEHHUS G, TO hopmy-
JIbI IPUHUMAIOT CJIETYIONINIA BU/I.

Mexanusm Ne 1:

P =306;-0, +0,.

(11)

Mexannsm No 2:

P, =(1,56,-0,5c,)(1 +sing)+ccosp. (12)
Mexanunsm Ne 3:
c .
1,56,-0,56, + —— |(1+sing)
P, = ane SRN(E)

a' 1 +sing tan(P
bl

Ecnu ock monoctu HamnpapieHa BJOJb HalpaBJe-
HHs MEHUMAJILHOTO TJIABHOTO HANPSKEHHS G,, TO Pop-
MYJIbl IPUHUMAIOT CIIEAYIOIUN BUJL.

Mexanusm Ne 1:

P =30,-0,+0,. (14)
Mexannsm Ne 2:

P, =(1,50,-0,5c,)(1+sing)+ccosp. (15)
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M.I. CauHoe, A.A. BonduH

Mexaunsm Ne 3:

1,56, -0,50, +® (1+sing)

€ . 16

P =
4 tano

2sing
a' 1 + sing
b

IIpennoxennsie popmyinsl npeacrasieHs B [10, 11].
OHH NI03BOJIAIOT MIPOAHATU3NPOBATH YCIIOBHSL, IIPH KOTO-
PBIX BEPOSITHO pa3pylIeHHe TPyHTa BOKPYT HOJIOCTH, Ha-
TPY’KEeHHOH BHYTPEHHHM aBIICHHEM.

Ecin BRITOTHUTH pacdeThl KPUTHIECKOTO JaBiie-
HUS JUISL psla BAPHAHTOB HANPSXKEHHOTO COCTOSHUS
TpyHTa, MOXKHO CJIENaTh psf BEIBOJOB O €TO BIMSHHH
Ha OMACHOCTH Pa3BUTHA TPELIUHEI.

Haubonee BeposTHO pa3BUTHE TPEIIMHBI B Ha-
HPAaBJIECHUH BIOJb OCH C,.

OnacHOCTh MIPENCTABISAET CIIydai O0NBIIOTO pa3-
JMYMA MEXKY BENUYUHAMHE G, U ©,. [Ipubnusurensno
MOKHO CKa3aTh, YTO IPH G, > G, BOKPYT TOJIOCTH BO3-
HUKAIOT PacTATHUBAIOIINE HAPsDKeHHUA. B aToM ciydae,
BO3MOXHO, 4T0 P <0, T.¢. paspbiB [OIOCTH MOXKET BO3-
HUKaTh JaXKe IIPHU OTCYTCTBUH BHYTPEHHETO aBICHUS.

IMomumo Teoperudeckux GopMys B HHKEHEPHOM
MPAKTHUKE UCTIONB3YFOTCS U PSAJ] OMITUPHYECKHUX (HOPMYIT
JUTS OTIPEICIICHUS] KPUTHIECKOTO JaBJICHHS BOJIBL.

IMnupuYecKue TEOPUU rupopa3pbiBa

B [12]J. Enyue u ap. 66110 MPOBEIEHO CPaBHEHHE
TEOPETUIECKH IOTyYCHHBIX KPUTEPHEB C Pe3yIbTaTaMH
9KCMIEPUMEHTOB. VICIIbITaHHSI TPOBOAUIUCH [Tl TPyHTA
¢ KpyImHOOOJIOMOYHBIMU KPUTEPUSIMHU. DKCTIEPUMEHTHI
MOATBEPANIIHN, YTO TPELINHA MEePIEeHANKYIIpPHA IJI0-
CKOCTHU G, — G,, & KDUTHYECKOE JIaBJICHHE Pf JIMHEWHO
3aBUCHUT OT MHHMMAIILHOTO ITIABHOTO HAMPSDKEHHUS G

CpaBHeHHeE TOKAa3aJ10, YTO JJIS UICTIBITAHHOTO TPYHTA
KPHUTHYECKOE JIaBIICHUE, TIOy4eHHOE 10 7—S KPUTEPHIO,
OosbIe, YeM 10 SKCIIEPUMEHTAIBHBIM JaHHBIM, a MOTy-
geHHoe 10 M—C KpUTEPHIO — MEHBIIIE, YeM T10 IKCTIEpH-
MEHTATLHBIM JTAHHBIM. DTH OTJIMYHS OOBSCHSIOT IIHUPOKOE
pacipoCcTpaHeHHE IMITUPHUUECKIX TEOPUI THIPOPA3pPhIBa.

G.W. Jaworski, J.M. Duncan, H.B. Seed u H. Cam-
befort B 1981, 1982 . [13, 14] Ha OCHOBaHUH KCIIEPH-
MEHTAJIbHBIX MCCIICIOBAaHUI THAPOPA3PhIBA C HCIIOb-
30BaHHEM KyOMYecKoro oOpasna ¢ MMIHHAPHIECCKON
MOJIOCTHIO MPEIJIOKIIIN CIEAYIONIYI0 SMIIMPHIECKYIO

dopmymy

Pf:m6h+6ta’ (17)

e m — K03 GHUUMEHT NPONOPUMOHANBHOCTH; G, —
Ka)KyI[asiCsl IPOYHOCTh IPYHTA Ha PACTSIKEHHE.

Bennunna c,, 3HAYMTENBHO NPEBBIIAET MPEEN
MPOYHOCTH IPYHTA Ha PACTSHKEHHUE, IOy YEHHBIN U3 3KC-
MepUMEHTAIBHBIX UCTIBITaHuH, n gocturaer 20-265 xI1a.

[oka3arenb «m» ONPENEINSIOT IKCIIEPUMEHTAIb-
Ho. B [15] S. Fukushima npeanoxun 3Ha4eHUE m MPH-
HUMAaTh paBHbIM 1,3—1,6.
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ITo pesyabraraM 3KCIEPUMEHTAIbHBIX HCCIIE-
moeanuii A.K. Panah u E. Yanagisawa B 1989 1. [16]
OBITM ONpeneleHbl HapaMeTpbl m 1,085
uc, = 0,80 klla. A B uccnenoanmnu L.Y. Liu, Y.H. Cui
u G.W. Zhang [17], npoBenennom B 1988 1. mist pas-
HO3EPHHUCTOTO I'PAaBUIHOTO I'PpyHTA, OBUIHM MONTYyYEeHBI
snagenust m = 0,86 n o, = 210 klla.

A. Mori u M. Tamura B 1987 r. [18] Ha ocHOBe
9KCIIEPUMEHTAJIBHBIX UCCIENOBAaHUN TMIPOpa3phIBA
B IIECTU ITIMHAX MPCIJIOKUIIN YPABHCHHUE!

(18)

rac 03 — MHWHHUMAJIbHOC TJIaBHOC HAIIPSAXKCHUC, qu —_—
MIPOYHOCTH TPYHTA Ha CHKAaTHeE.

K.H. Zengn Z.Z. Yin 8 2000 1. [ 11] a7mst mecyanoro
TpyHTa NMPEITIOKUIN YpaBHEHHUE:

P, =05+4,,

P/ =moc’ +o,+R,

(19)

rae P/ — sddexTiBHOE KpUTHUECKOE 1aBICHHE BOJBL,
m — K03 QULMEHT MPONOPIHOHAILHOCTH; O3 — 3(-
(heKTHBHOE MHHHMAIILHOE TIIABHOE HATPSIKCHHE; G, —
TIpeJIes MPOYHOCTH IPYHTA Ha PacTshKeHHeE; R — compo-
THBJICHHE PACIIPOCTPAHCHHIO TPEIIUHBL, 6, + R=0, .

DMIMPHYECKOE 3HAYEHUE MAPAMETPA /My PABHO
1,0-2,0.

Benuunner P/ u 63 B ypaBsenuu (19) onpenensi-
I0TCSI C YYETOM [OPOBOTO JIABJICHHUSL:

Pl =P -, (20)

21

L —_
O3 =03 ~ U,

TJIe U, — Ha49aJbHOE MOPOBOE JABIECHHE BOJIBI.

R.A. Decker u S.P. Clemence B 1981 1. [19], oc-
HOBBIBASICh Ha JIADOPATOPHBIX MCIBITAHUSIX U TEOPETH-
YECKHMX aHaJHM3aX THUAPOPa3phIBa, MPEATOKUIN CIIETy-
011YyI0 (GOpMYITy JUTS pacueTa KPUTHYECKOTO JIaBICHUS
BOJIBI:

p (1=v)(o, +2-a+B)(kp) -
5= S . (22)
rae v — koa¢pduuuent [lyaccona rpyHra; o u B — Ko-
5(QQUIMEHTDI, OTHOCAIIMECS K CIKATUIO IPyHTa; k| —
KO3 PUIHEHT CTaTUYECKOTO0 OOKOBOTO IaBJICHHUS;
Py — TIpUpAILEHHE IEHCTBYIOIIETO HATIPSKEHHUS; S —
KO3 PUIIHEHT, CBSI3aHHBIH C TUaAMETPOM UIJIbI, BBE/ICH-
HOW B 0Opa3elr.
OTaenbHO cleayeT pacCMOTPETh METOJUKY OLeH-
KM TPEIIMHOCTOWKOCTH IPYHTOBOTO MacCHBa, Mpej-
noxeHHywo B 1994 r. K.H. Andersen u np. [20]. Ona
YUYUTBHIBACT HETMHEWHOCTD TOBEACHHS TpyHTa. [IpnHu-
MaeTcsi, YTo 00pa30BaHUE TPEUIMHBI MPOUCXOAUT B pe-
3yJbTaTe MOTEPU NPOYHOCTH IPYyHTA HA PACTSHKEHUE.
COOTBETCTBEHHO, YCIOBUE BO3HUKHOBEHUS THAPOPA3-

pbIBa IPUHUMAET BUJL:
6, -Uu<-c,, (23)

1€ U — IMOPOBOE AaBJICHUE BO/bI B I'PYHTaXx.
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[TopoBoe maBieHue OMpeAeNseTcs mo Gopmysie:

u=u, +Au, (24)

TI€ U, — HaYaNbHOE MOPOBOE NABJIEHHE BOABL, Au —
[IpUpALICHUE TOPOBOIO JaBJICHUS BOJBI.

B npennoxeHHON METOIMKE MCIIOJIb3YyEeTCs He-
JTUHEIHas 3aBUCUMOCTD HANpPsDKEHUHN U aedopMaliiii
IpyHTa OT IIOPOBOTO JABJICHUS BOJBI.

DopMyna A oNpeaesIeHHs IPUPAIIEHUs TOPOBO-
IO JaBJICHUS BOJbI IPUHUMAETCS B BUJE!

Au = AG0L‘t + amATucr (25)

nim

Au=Ac,, - D(At, —Aty), (26)

e Acsm " Atm — COOTBETCTBEHHO, NMPUPALIEHUS
HOPMaJIBHBIX M KacaTeNIbHBIX HANpsSIKCHWH Ha OKTa-
3IPHYECKOH TUIOMIANKE; O — KOI(QPUIMEHT TOPOBOTO
nmasienus Boasl Henkel [21]; D — ko3ddunment mo-
POBOTO NaBJIECHHS BOABI; AT M AT, — TIpHpamIeHus Ka-
caTeJIbHBIX HANPSDKCHNH B paJllalbHOM M KacaTeIbHOM
HAaIPaBJIEHHUSIX COOTBETCTBEHHO.

Koaddumment noposoro nasierust D BrIpakaeT
M3MEHEHHUE TIOPOBOTO IABIICHHUS BOJBI B 3aBUCHMOCTH
OT N3MEHECHNS KacaTeIbHOTO HAMIPSDKEHNS B BEPTHUKAIIb-
HOW TUIOCKOCTH.

MeTozyKa yINUTBIBACT, 4TO THAPOPA3PHIB MOXKET 3a-
POXIATBCS KaK B TOPU30HTAIIBHOM, TaK ¥ B BEPTHKAJIBHOM
HanpasieHnH. HanpasieHne paciiipeHns TPEIyHbI MOz
JEWCTBUEM JIaBICHUS BOIBI ONPENENISETCA BETMIYNHON
PaCTATUBAIOIINX HANPSHKCHAH MKy Oeperamu MoTeH-
LUaNbHOHN TpeluHbl. TpeuHa pa3BuBaeTcs B TOM Ha-
TIPaBIICHNH, TI€ MaKCHMAaJIbHBI HAIPSDKEHHS B HAIIpaBIIe-
HUW, IEPIICHANKY/IIPHOM K IZIOCKOCTH TPEIINHBL

BeposiTHOE HanpasiIeHNE TPELMHBI OIPEENAETCS
B 3aBUCHMOCTH OT BEJIMYMHBI KPUTHIECKOTO aBICHHS
BOJIbI Pf. [pemnosxxeHs! GopMyIBI U ONpeeTeHIs Pf
IUTSL CITydasi BEPTHKAIBHOTO ¥ TOPU30HTAIBHOTO PACIIO-
JIOKCHUS TPEIMHBL.

1. 1511 rOpU30HTAIbHOIO HANPABICHUS TPELIMHBI
KPUTHYECKOE JABJICHHE BOJIBI ONIPEAEIISIETCS TI0 (hopMyIe:

Po=u + o, +AD,, 27
rIe Apm — IpupalleHue JaBIEHUs BOIbI B MOJIOCTH

B Havaje rHApopa3pbiBa B TOPH30HTAIBHOM HaIpaBlic-
HUH.

2. Jlnst BEpTUKAIBHOTO HAIPABICHUS TPELIHMHBI
KPUTHYECKOE aBJICHUE BOIBI OMpEAeIsieTcs mo Gop-
MyJIe:

P

_ ’
= U +kyo, +AD,,

(28)

TIe k0 — k03 ureHT 6GOKOBOTO aBICHIUS; oy —
3¢ ¢deKTHBHOE HANpPSIKCHUE B BEPTUKAIBFHOM HaIpaB-
JeHUM; Ap — TIPUPAILEHHE NABICHHUS BO/bI B IIMIIMH-
JPUYECKOI MOJIOCTH MIPU MPOBEACHUH THAPOPA3PHIBA
B BEPTHKAJILHOM HAIIPABJICHUH.

PesysbraTel SKCIIepUMEHTANBHBIX UCIBITAaHUH 00-
Pa3LOB IPYHTA ¢ HWIMHAPUYECKOH MOJIOCTHIO IPUBEICHEI

takke B ctatbe D. Djarwadia u mp. [22]. Ouu mokasaiy,
YTO Ha BO3MOXXHOCTD I'MIPaBINYCCKOTO pa3pbiBa INTMHU-
CTOTO SIIpa BIMSIEOT TAKXKE TPACKTOPUH HArpykeHHst. buio
TMOJIYY€HO, YTO Pa3pyLLIEHHE OT PACTSHKEHUS IPOUCXOINIIO
TOJILKO TOT[IA, KOTJIa HAYaIbHOE HAMPSHKEHHOE COCTOSIHUE
XapaKkTepU30BaNOCH cooTHomeHkeM 0,5 - (o, —o,) <c.

MeToauku NPOrHo3a ruipopa3pbiBa, OCHOBAaH-
Hble HA MeXaHUKe pa3pylleHust

MexaHu3M pacripoCTpaHEHHs TPEIUHBI OTHOCHUT-
csl K ipoOJieMe paclIMpeHusl TPELMHbBI B PEXKUMeE Ha-
rpy3kH | (HopManbHBIN OTPHIB).

Pa3paboTke Teopuu THIpaBINYECKOr0 pa3pbiBa
Ha OCHOBE MEXaHUKHU pa3pyLICHHs MOCBSIIEHB pabo-
o1 L.C. Murdoch [23-26], a takxe J.J. Wang [27].
L.C. Murdoch B 1993 1. [23] Ha OCHOBE 3KCIIEPUMECH-
TaJbHBIX MCCIEAOBAaHUH pa3paboTai aHATUTHYECKYIO
MOJIeNTb THAPOPA3PhIBA.

PacuerHas cxema moka3aHa Ha puc. 4. Tpemu-
Ha pacroiaraeTcsl B INIOCKOCTH XZ, OCh Z HallpaBJIeHa
BIOJIb CPE/IHEH JIMHUY TPEIINHEL, a OCh X PACIIOJIOKEeHA
B HAIIPaBJICHUH pOCcTa TpeIluHHI (puc. 4). [llupuna Tpe-
IIMHBI 71 U3MEPSAETCS BIOJb OCU Z U SIBISETCA IMOCTO-
sIHHOM. Tak Kak IpearonaracTcss CHMMETPHsl TPELIMHbL
OTHOCHUTENIFHO OCH Z, PACCMATPUBAETCS TOIBKO IOIOBH-
Ha TPELINHbI, NOIYATHHON b.

PacknunuBaromee TpelmuHy AaBiaeHne P HarHe-
TaeMo# XUJIKOCTH IMPUHUMAETCS] paBHOMEPHO pac-
MpeJeeHHBIM BAOJIb YacTH TpeumuHbl. [laBneHue,
co3aaBaeMoe (UIBTPYIOLICH KUAKOCTHIO P ip> TAKIKE
MPUHUMAETCS MMOCTOSHHBIM M PAaBHOMEPHO pacmpese-
JICHHBIM TI0 BCEH AuHe TpemuHsl b (puc. 5). B pesyins-
Tare CyMMUPOBaHMs JIIOp pacnpeneinenus P, u P dtip
TIOJTyYaeTCsl dMI0pa PACKINHUBAIOIIETO NaBneHus P,
C03/1aBa€MOTO 3aKa4NBACMOH JKUAKOCTBIO.

Bennuuna P, orpaHH4MBaeTCst MPOYHOCTHIO MaTe-
puana. B MmexaHuke pa3pyIieHus yCIOBHEM IPOYHOCTH
HOPMAaJIBHOTO OTPHIBA SIBIISETCS:

K, =K, 29)

riae K, — kodpdUIHMEeHT HHTEHCUBHOCTH HAaNpPsKeHUH
B pexume | (HOpManbHbIH OTPBIB TPEMHUHEI); K| . — KO-
3¢} HULHEHT THTEHCMBHOCTH HAPSDKEHHH 151 pexxuma 1.

o+ b K >

Puc. 4. 'eomeTpus uaeanu3upoBaHHON TPEIUHBL, UCIIOIb30-
BaHHAas B MOJIECIM FMJPOPa3phIBa: X, Y U Z — OCU KOOPAUHAT;
M — TIOTYIINPHHA TPEIHHBI; b — MONyINHA TPEIIUHEI
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Puc. 5. YcnoBus HarpyXeHHs, HCIIONB30BaHHBIC [T pa3paObOTKH aHATUTUUECKON Mozieru [16]: b — moaoBUHA AJTHHBI TPEIIH-

HbI; ¢ — TNOJYQJIMHA YaCTH TPCUIUHBI, 3aM0JTHEHHOW 3aKa4yeHHOU KHUJKOCTBIO, Pd — PaCKIIMHUBAOMICE NaBJICHUE, CO3JaBa€MOC

3aKa4MBaEMOM XKUIKOCTbIO; P i —— AABIICHHE, CO3MaBaeMOe (GUIBTPYIOIIEeH HarHETAeMON JKHIKOCTBIO

OCHOBBIBasICh Ha TEOPHUHU TPEIIMHBI HOPMATBHOTO
OTpBIBA B MEXaHUKE JINHEHHOTO YNPYroro paspyuie-
HUs [25], OBUTO TOTYYEHO BEIpaXCHHE IS OTIpeIee-
HUSI KPUTHYECKOTO /IaBJICHUS BOBI, BHI3BIBAIOIICE T'H-
JIpaBIMYECKUNA pa3pbIB:

K

P, =——=+o0,,

b (30)

e b — NomyuIMHa TPEIIUHEL, G, — HOPMaJbHOE Ha-
MpsDKCHHE, ISHCTBYIOMIEE HA TNIOCKOCTh TPEIIHHEL.

Koa¢puunenT HHTEHCHBHOCTH HampsukeHus K,
MOXET OBITh MOJYYCH W3 MPHUHIHIA CYIEpIIO3HU-
WU BYX BHUJOB NIaBIICHUH, MOKAa3aHHBIX HAa PHC. 5.
OH omnpenenseTcs Kak:

K, =K, +K,=\m[Po+P, (1-0)], G

re 0 3aBHCUT TOJIBKO OT COOTHOIIEHHS ¢/b, reoMeTpun
Harpy3KH Ha KOHIIE TPEIIMHBI, U ONpeesseTcs o ¢hop-
MyJIe:

(32)

L.C. Murdoch u W.W. Slack B 2002 r. npoBenn
aHaJIN3 TEOPUH THPOpa3phiBa IIacTa Ha OCHOBE I10-
JIeBBIX MCIBITAHUN ruapopaspeiBa [26]. McnbiTanus
MIPOBOJIMIINCH B MEJIKO3EPHHUCTHIX TPYHTaxX Ha NTyOuHE
2—-10 m. L.C. Murdoch [28] npenioxuin MeTo, 0CHO-
BaHHBII Ha TEOPUHU YNPYTOCTH M MEXaHUKE pa3pylie-
HUSI, KOTOPBIH MTO3BOJISIET CHPOTHO3MPOBATH XapaKTe-
pUCTHKH HermyOokoro ruapopaspeiBa. PaccMoTpum
OCHOBHBIE TTOJIO)KEHHS 3TOTO METOIA.

B xoxme ncnbiTaHui OBIIO BBISBIEHO, YTO TH-
NMUYHAs TPEUIMHA THAPOpa3phiBa B MEJIKO3EPHHUCTHIX
TpyHTax MpeACTaBIseT co00i c1aboHaKIOHHYIO MO-
BEPXHOCTB, CJIETKa aCHMMETPUYHYIO OTHOCUTEIHHO
UCXOAHOM CKBaxxHHBI (puc. 6). [Ipu co3manum Teope-
TUYECKOW MOJIeH ObIIO peAIoKeHa IPUHUMATh Tpe-
IIMHY THAPOPa3phIBa B BUJE TOPH3OHTAIBHOMN KPyIIIOH
JIMCKOOOpa3HOM MOJIOCTH PayCcoM a, Harpy>KeHHOH
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BHYTPEHHUM JIaBICHUEM XHJIKOCTH U MOTPYKCHHON
B yHIpyTyIo cpeny (puc. 6, b).

Jis ompeneneHns NaBICHHUS HarHeTaHUs Obuia
MIPEAIOXKEHA pacueTHas CXeMa, II0Ka3aHHast Ha puc. 7.
I'pyHT Hang HerTyOOKOW TPEMIMHOW THApPOpa3phIBa
paccmaTpuBalicsd KaK TOHKas 3JIaCTUYHAs IUIACTHHA
MaKCHMAaJIbHOH TONIIUHON d, 006Iagaromas MoaylieM
Oura E n xo3ppunuentom Ilyaccona v. TommmHa
TPEUINHBI COOTBETCTBYET INIYOMHE PacIONOXEHUS
TPEIINHBl OTHOCHUTEIBHO HEBHOH IOBEPXHOCTH.
[InacTuHa HarpyXeHa pPaBHOMEPHBIM JaBICHUEM
P, o Kpyrmiio# miomanu paauycom a. Jlasnenue P,

b

Puc. 6. ®opma MOBEPXHOCTH TUAPABINYECKOTO pa3phiBa
Ha OCHOBE ITOJIEBBIX MCHBITAHUH: ¢ — THUNMUYHAs (Gopma Io-
BEPXHOCTH THAPABINYECKOTO pa3pbiBa, MONyYEHHAS MPH
MOJICBBIX HCHBITAHUSX; b — WAeamn3upoBaHHAs Kpyrias
JHCKOO0Opa3Hasi MOBEPXHOCTh, HCHONb3yeMasi B MOZIEIH TH-
JPaBIMIECKOTO pa3phIBa
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Puc. 7. PacuetHas cxema TPCUIUHBI B MOACIN MEXAaHUKHN PAa3pYUICHUA: @ — paauycC prl"J'[Oﬁ II0JIOCTH, d— TOJIIIHWHA IJ1aCTH-

HBI; Pd — Haru€TtacMoc€ IaBJICHUC U3HYTPHU TPECIIUHBI, 0 — MaKcHMaJjbHas TOJIIIMHA TPEUIUHBI

npeAcTaBiseT co0oH pa3HUILy IaBJICHHs HarHeTaeMon
JKUJIKOCTH U JIaBJIEHUsI TPyHTOBOTO MaccuBa. [lnactu-
Ha CYMTAJIach 3aleMJICHHOH 10 BHELIIHEMY Kpalo, T.€.
IIpU ¥ = q TEPEMELIEHUE U YIrOJl MOBOPOTA ILIACTUHBI
paBHbI HYTIO (pHcC. 7).

Hcxons u3 nanHoi pacuetHoi cxemsl L.C. Mur-
doch mpemnoxkun popmyiy 11t OnpeneeHus JaBICHUS
JKHJIKOCTH, BBI3BIBAIOLIETO I'MPOPa3phIB IJIacTa Ha He-
OomnpIoi TIyOuHE:

3/2 73/4
Kl°d

P =
[E' (Ve V)]

f

327
(63/2j +dy, (33)

rie d — riyOuHa 3aJ10/€eHHs TPEWHUHEL, V), — 00beM,
NPOCOYMBIIMICS YEPEe3 CTCHKH TPCIUMHBL, V, — 00b-
€M I0JI0CTH (TPELIMHBI); Y — YAEIbHBIH BEC IPyHTa;
E' — npusenenssiit Moayns FOHra, onpenenseMsril

o hopmyiie:

7 (34)

rne £ uv— moxyns FOura u koadduument Ilyacco-
Ha TPYHTa COOTBETCTBEHHO.

Merton, npennoxennbii L.C. Murdoch, o6xa-
JlaeT pSAJAOM HEJIOCTAaTKOB, OIPaHUYMBAIOIIHUX €I0
MpUMEHEHNE K pacdeTy TMJIPaBIN4YEeCKOTO pa3phiBa
B TPYHTOBBIX IUIOTHHaX. Bo-mepBEIX, OH pacmpo-
CTpaHsIeTCs TOJIHKO HAa HENTyOOKO pacrooXeHHbIe
TpelmHbl. Bo-BTOpBIX, B TPYHTOBBIX IJIOTHHAX T'H-
JIPaBINYECKHH pa3pblB MOKET UMETh MHOH MeXa-
HusM. [1o muenuto L.E. Vallejo [29], oH MoxkeT OBITh
BBI3BaH HE TOJBKO HANPSDKEHUSMH, MEPICHIUKYISP-
HBIMH K TUTOCKOCTH TPEUINHBI, HO ¥ HaNpsOIKCHUSIMH,
napajuleIbHBIMU eii. Bo3MOXHO, B paMKax MEXaHUKH
paspylieHus ClIelyeT paccMaTpHUBaTh I'HAPOPA3PHIB
Kak 3aja4y 00 oOpa30BaHUM TPEIIMH CMEIIaHHOTO
tuna (tumna I-II).

[IpennoxkeHo HECKOJIBKO METOJIOB JIJISl IPOTHO3a
TUJPaBINYECKOTO Pa3pbiBa, OHH OTIMYAIOTCS APYT
OT Jipyra. OTO MOKHO IPOUJUIIOCTPUPOBATH MyTEM
COIIOCTABIICHUS PE3YJbTaTOB pacueTa KPUTHYECKOTO
JIaBJICHUS 10 Pa3HBIM GopMyam.

Pesynprarel pacuera i TIMHUCTOrO TPYH-
Tta ¢ @ = 20° u ¢ = 20 kIla noxassIBatoT, 4TO OoOJICE

BEPOSITHOW MPUYUHOU TMAPOpA3pbIBA ABJISETCS I10-
Tepsl CABUTOBON MPOYHOCTHU T'PYyHTa (MEXaHU3M 2),
a He T0Tepsl MPOYHOCTH Ha pacTskenne. OHa Tpedyer
CYIIECTBEHHO MCHBUICTO 3HAYCHUs P/ Jus paspyie-
HUA TPYHTA BOKPYT HadaJbHOH TOTTOCTH. DTO TAKKE
MOATBEPKAAIOT SKCIEPUMEHTHI, ONMCaHHbIE B [12].

OnHako MOXHO IOKa3aTh, YTO PE3yJIbTaThI
pacueTa KPUTHYECKOTO MABJICHHS C YUYSTOM HaIH-
YUs TOJIOCTH 3aMETHO HHUIXKE, 4eM IO pe3yibTaTaM
JKCIEepUMEHTa. DTO MOJYEPKHUBAET, YTO HAJIMYHUE
HavYaIbHOH MOJOCTH (TPEIMHEI) co3aaeT Ooiee He-
GylaronpusATHOE HANpPSIKEHHOE COCTOSIHHE I'PYHTA
U CYUIECTBEHHO YBEJIUYHBACT PUCK I'UAPABINIECKOTO
paspsiBa. OgHAKO, BUANMO, B PEaIbHOM NIMHICTOM
TPYHTE HaJUYHE MOJIOCTEH (a MOpsl B HEM €CTh BCET-
Jla) UMeeT He CTOJb CUIIbHOE BIUsHUE Ha Gpopmupo-
BaHHE HANPSIKEHHOTO COCTOSHUSA.

bnnke Bcero kK SMIUPUYECKUM JAHHBIM OKa3bl-
BaeTCcsd CaMbli MPOCTOW METOJ pacueTa, B KOTOPOM
KPUTHYECKOE JaBICHHE BBIPAXKACTCS TOJBKO depe3
MUHHMAaJIFHOE TIIABHOE HANPSHKCHHE B TpyHTE. MOXKHO
OTMETHUTH, YTO MHOTHE METOABI CXOASATCA B TOM, YTO
KPHTHYECKOE JIABIIEHUE TIPEKIIE BCETO 3aBHCHT OT G,

3AKJIIOYEHHUE U OBCYXIEHUE

Bornpoc 0 mporsose rupaBiInvyeckoro pa3pbisa
B INIMHUCTOM NMPOTHUBO(GMIBTPALUOHHOM SJIPE MIOTH-
HBI B HACTOAIIEE BPEMsI HE HMEET CTPOTOro PeIlCHHUS.
HccnenoBaTesisMu MPEINIOKEHO OONbIIOE KOJIUYE-
CTBO (hOpPMYIJI pacueTa KPUTHUECKOTO AaBJICHHS BOJIBI,
OCHOBaHHBIX Ha pa3HBIX MOAX0JaX (TEOPEeTHYEeCKUX
u sMnupudeckux). OHM JalOT pa3HbIe Pe3yJabTaThl.

Tem He MeHee Bce MCTOJbI IMOKAa3bIBAKOT, UTO
PUCK THIPABINYECKOTO pa3pbiBa PEe3KO BO3pacTaeT
B YCIOBUAX Ae(ULUTA CKUMAOIUX HANPSKCHHH
XOTs1 OBl B OJTHOM U3 HaNpaBICHUH.

B 3THX yci10BHSAX OKa3bIBaeTCs BIIOJIHE MPHMe-
HUM CaMBIii IPOCTOH METOA PacdyeTHOTO MPOTHO3a
ruipaBiIndecKkoro paspsiBa. Ho npu stom cnenyer
UMETh B BHAY, YTO TPEIIMHOCTOWKOCTH IPyHTA Cy-
IIECTBEHHO CHU)KACTCSI IPH HAJIMYUH PA3JINYHBIX Jie-
(heKTOB CILIOMHOCTH (TPELIUH, ITOJIOCTEN).
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INTRODUCTION

In hydraulic engineering, one of the hazards to
the safety of rockfill dams is the danger of the integrity
of the impervious element made of clay soil being com-
promised. There are cases of core cracking in the op-
eration of rockfill dams. Examples are Balderhead
dam (England, H = 48 m, 1965), Hyttjuvet (Norway,
H =93 m), Kurey dam [1-3]. The formation of cracks
entails increased leakage, internal water erosion of soil,
formation of dips and other disturbances. It has also
been suggested that hydraulic fracture was the cause
of the 1976 collapse of the Teton dam [4] in the USA.

Cracks in the cores of earth-rocked dams can be
caused by various reasons. The most common causes
are irregular deformation (settlement) of the dam and
hydraulic fracture (hydrofracture) of the soil. Hydrau-
lic fracture — is the process of formation or opening
of a through crack in the ground due to water pressure
forces acting on the ground from within, in pores or mi-
crocracksl.

The theory of hydraulic fracture in a dam has been
developed since the 1970s. It is believed that the for-
mation (opening) of a fracture occurs when the rup-
turing pressure of the water exceeds the resistance
of the ground to rupture. The fracture is counteracted
by a stress in the ground which compresses the potential
fracture.

The problem of hydraulic fracturing in earth dams
has received a great deal of attention from many re-
searchers, both in engineering and in academia. There
are several areas of research on hydraulic fracturing.
The first is experimental (field, model) testing of hy-
draulic fracturing of soil mass. The second is compu-
tational research, using both analytical and numerical
modelling methods.

Generally, studies are aimed at determining
the conditions under which hydraulic fracture is pos-
sible. Crack formation can occur by two main mecha-
nisms: due to tensile normal stresses (Mode I), due to
shear stresses (tangential stresses) (Mode II).

The stress at which crack formation (propagation)
occurs is commonly referred to as the critical stress. It
is not usually the critical stresses that are defined, but
the critical water pressure. This is the pressure that
causes the stresses to reach critical values.

Several methodologies for calculating the critical
water pressure have been proposed by different authors
on the basis of laboratory and field tests. All of them are
based on experimental test results but differ in the theo-
retical ratio which is used to analyse crack formation/
opening conditions.

J.J. Wang and J.G. Zhu [5] have proposed the fol-
lowing classification of methods for determining criti-
cal water pressure or hydraulic fracture theories. They
are divided into four groups:

1. Methods based on analysis of the triaxial stress
state of the soil mass.

2. Methods based on the analysis of the stress-
strain state of the ground around a cavity of a given
shape using the methods of elasticity and plasticity
theory.

3. Methods based on field tests or laboratory tests
and expressed as empirical formulas.

4. Methods based on fracture mechanics and test
results for the behaviour of ‘envelope’ cracks in a soil
sample.

Reliable predictions of the fracture resistance
of rockfill dam cores require a systematisation of infor-
mation on hydraulic fracture calculation methodologies.
This is the purpose of this publication.

"Hydraulic fracture is defined by the Teton Dam Failure Independent Investigation Team in the USA as a physical phenomenon

in which a crack forms and expands under water pressure.
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MATERIALS AND METHODS

In order to systematise information on methods
for determining the critical hydraulic fracture pressure,
the authors have reviewed foreign scientific publica-
tions.

The analytical review was based on papers ana-
lysing hydraulic fracture calculation methods, e.g. [5],
as well as publications dealing with the results of ex-
perimental studies. The first experiments date back to
the 1970s. In the modern period, there are publications
devoted to the comparison of hydraulic fracture meth-
ods as well as methods based on fracture mechanics
theory.

In addition, this publication compares hydraulic
fracturing calculation methodologies using conditions
typical of a high earth-rock dam as an example.

RESULTS

Method for triaxial analysis stress state soil mass

If we assume that crack formation occurs as a rup-
ture with loss of tensile strength of the ground, then
the critical pressure will be directly with the minimum
compressive principal stress o..

The expression for the critical water pressure is as
follows:

Pf:G3+Gz! (1)

where 6, — is the tensile strength of the material.

Methods for analysing the stress-strain state
of the soil around the cavity

The critical water pressure theories of the sec-
ond group consider the stress-strain state (SSS)
of the ground around a cylindrical or spherical cavity.
This cavity is assumed to exist initially and grow with
hydraulic rupture.

The theories of elasticity and plasticity are used
for the analysis of the stresses. An axisymmetric re-
gion is considered and its calculation diagram is shown
in Fig. 1. For a cylindrical cavity, the region is a thick
tube loaded from the inside by a uniformly distributed
load P, From the outside, a uniformly distributed load o,
acts on the calculation domain pointing towards the cen-
tre of the cavity. This load is created by ground pressure.

Under the influence of the above-mentioned loads,
normal stresses occur in the calculated area, among
which there are radial o, and circumferential o, as well
as tangential stress T, (Fig. 1).

The expressions for determining the stress values
at the cavity boundary were derived using the method
of elasticity theory:

c, =P

f’

2b*ch—(a* +b* )Pf
Gy = PEREpS > ()
t,=0,
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Fig. 1. Calculation scheme of the stress-strain state
of a cylindrical or spherical cavity: @ — inner radius
of the area (cavity radius); b — outer radius of the area; P, —
water pressure applied to the inner surface; » — radial distance
from the centre; 6, — radial normal stress acting on the outer
surface; 6 — radial stress; o, — circumferential stress

where a — is the inner radius of the area (cavity radius);
b is the outer radius of the area.

The analysis shows that in the infinite region
(b — o) with only the internal expansion pressure P
the circumferential tensile stress on the surface
of the cylindrical cavity corresponds to P. It is inde-
pendent of the size of the cavity. From equation (2) it
can be deduced, with a certain degree of approximation,
that the critical water pressure:

P, =20, +0,. )

The solution described above for the stress state
of the soil around the cavity is an approximation and
corresponds to the case of small elastic deformations.
A number of authors have proposed solutions taking
into account the plastic response of the ground and
the increasing volume (expansion) of the cavity.

Cylindrical cavity expansion analysis has been
performed to solve practical problems. For example,
M.F. Randolph, J.P. Carter and C.P. Wroth [6] (1979)
performed stress analysis of soil during pile driving.
The geometry of the problem was simplified by assum-
ing plane deformation conditions in addition to axial
symmetry. The installation of the piles was modelled as
an undrained expansion of a cylindrical cavity. It was
assumed that the resulting excess pore pressure was dis-
sipated by an outwardly directed radial flow of pore wa-
ter. Soil compaction was studied using an elastic-plastic
ground consolidation model and account was taken
of the possibility of changes in ground strength due to
changes in water content.
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A number of authors (P. Chadwick, A.S. Vesic,
B. Ladanyi) have proposed solutions to the problem
of spherical cavity expansion in different types of media.

In 1959, P. Chadwick in his paper [7] presented
a derivation of the pressure-cavity expansion relation
for an ideal plastic material. The solution was obtained
for the case of a cohesive ground, i.e. a ground with only
cohesion. The solution method is based on plastic flow
theory and the use of the Mohr — Coulomb criterion
as a plasticity condition. The solution of the problem
required assumptions to describe the large deformations
occurring during expansion.

In 1972, A.S. Vesic [8] obtained an approximate
solution for determining the critical pressure for the ex-
pansion of a spherical cavity in a cohesive soil and ap-
plied this solution to determine the bearing capacity
coefficients of deep foundations.

In 1967, B. Ladanyi [9] carried out an analysis
of cavity expansion in brittle rocks. He obtained solu-
tions for both cylindrical and spherical cavities in perfect
cohesive soils. In his paper, approximate solutions for de-
termining the critical water pressure are presented.

Methods for analysing the triaxial stress state
around a cavity

Theories of hydraulic fracturing, based on the anal-
ysis of the triaxial stress state of the soil surrounding
the cavity, have been considered in [10, 11]. The analy-
sis is carried out using plasticity theory.

Fig. 2 shows a diagram of a stressed soil sample
with a cylindrical cavity. It is generally triaxial and char-
acterised by maximum principal stress c,, intermediate
principal stress 6, and minimum principal stress o,.

In this case the arrangement of the principal stress
axes (o,, 6, and o) in relation to the cavity axis may be
different.

If the cavity is very long, the stress state can be
considered as flat, under flat deformation conditions. In
this case the influence of one of the principal stresses (in
the direction along the cavity axis) can be disregarded.

Consider the case where the principal stress along
the central axis of a circular cavity is the principal max-
imum stress 6,. The cross-section of the specimen is
loaded along the ends with stresses o, and o, and inter-
nal pressure p in the cavity. The stress state at any point

Fig. 2. Schematic of triaxial stress state of a sample with a cy-
lindrical cavity: 6, — main maximum stress; 6, — intermedi-
ate main stress; 6, — minimum main stress

can be obtained by superposing the stress states from
each type of loading (see Fig. 3).

If a compressive load o, is applied at one end,
the stress state of the massif is characterised by a con-
centration of stresses around the cavity. In the direc-
tion along the external load, compressive stresses oc-
cur, which are about 3 times higher than the load. In
the transverse direction, tensile stresses occur which are
approximately equal to the magnitude of the load.

The total stress state at the surface of the cavity
(i.e. at r = a) is determined by the expressions:

c, =k,
o, =0;(1-2c0820)+0,(1+2c0820)-P,, 4)

Tr() :0’

where 8 — is the angle defining the position of the site
in question.

Based on the analysis of the stress state, the criti-
cal pressure that causes the loss of strength can be de-
termined. There are three mechanisms that cause crack
development (cavity expansion).

Mechanism No. 1. If the cause of crack widening
is loss of tensile strength by circumferential stresses,

0,

L)

Ll .

" i O, le— —>(0, XT’%( o,
—> >§. le— — >&O
c, —> I e— = — T
— m le—» —>
—> le— —>

o, L o,

r +

Frrny

17T

Frrra

Fig. 3. Scheme of superposition of stress state of a specimen with a circular cavity: @ — inner radius; P,— water pressure

acting on inner surface;  — radial distance from centre; 6, — intermediate principal stress; 6, — minimum principal stress;

o, — radial stress; 6, — circular stress; T, — shear stress
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the critical water pressure can be calculated using
the formula:

P, =c,(1-2c0820)+0,(1+200820)+5,. (5)

Equation (5) shows that minimum water pressure
Pt. can be obtained at cos20 = —1, i.e. the critical water
pressure is determined by the expression:

P =306,-0,+0,. (6)

This formula is referred to the 7S criterion, as it is
said in the foreign literature.

Mechanism No. 2. If the cause of crack widening is
loss of shear strength, the critical pressure is determined
by considering tangential stresses. If the Mohr — Cou-
lomb criterion is used as the fracture criterion, the critical
water pressure can be calculated by the formula:

1
P, :5[03(1—200529)“52 x R

x (1+2¢0s26)(1 +sing)+ccosgl,

where ¢ — is the angle of internal friction.

From equation (7) it follows that the minimum wa-
ter pressure P, can be obtained at cos26 = —1, and then
Pfis defined by the expression:

P, =(1.56,-0.5c, )(1 +sing) + ccos¢. (8)

This formula is referred to the M—C criterion, as it
is said in the foreign literature.

Mechanism No. 3. This is the case of cavity ex-
pansion due to plastic deformation of some area around
the cavity. If the plasticity (fluidity) condition meets
the Mohr-Coulomb criterion, the critical water pressure
can be calculated by the formula:

2 .
{03(1 —2¢0526)+0,(1 +2cos2) +tamj(1 + Sln(p)_

B_:

1

5 , 2sing
i 1 +sing
" 0

¢
tan(p’

where @' — is the radius of the cavity after expansion;
b" — is the radius of the boundary between the elastic
and plastic zones.

From equation (9) it is also clear that the minimum
water pressure P, can be obtained at cos20 = —1, and
then P, is defined by the expression:

(1.503 -0.50, +ta;qJ(1 +sing)

2sing
a' 1 +sing
b

Similarly, expressions for determining the critical
pressure for a different location of the cavity in relation
to the direction of the principal stresses can be obtained.

P -

(10)

tang ’

54

If the cavity is directed along the direction
of the intermediate principal stress 6, the formulas take
the following form.

Mechanism No. 1:

P =306,-0, +0,. (11)
Mechanism No. 2:
P, =(1.50,-0.50,)(1 +sing)+ccosp. (12)
Mechanism No. 3:
(1.503 -0.5c, +c)(1+sin(p)
P, - ane c_ (13
(a'jhsimp tan([)
bV

If the cavity axis is directed along the direction
of the minimum principal stress 63, the formulas take
the following form.

Mechanism No. 1:

P, =30, -0, +0,. (14)
Mechanism No. 2:
P, =(1.56,-0.5c,)(1 +sing)+ccosep. (15)
Mechanism No. 3:
(1.562 ~0.50, +"’j(1 +sing)
P, = 22?:([) : . (16)

a' 1 +sing tanq)
bl

The proposed formulas are presented in [10, 11].
They make it possible to analyse the conditions under
which failure of soil around a cavity loaded with inter-
nal pressure is likely to occur.

If the critical pressure is calculated for a range
of ground stress variants, a number of conclusions can
be drawn about its effect on the cracking hazard.

The crack is most likely to develop in the direction
along the o axis,.

The danger is the case of a large difference be-
tween the values 6, and o,. Roughly we can say that
when o, > o, tensile stresses occur around the cavity. In
this case it is possible that P <0, i. e. a cavit.rupture can
occur even in the absence of internal pressure.

In addition to theoretical formulas, engineering
practice uses a number of empirical formulas to deter-
mine the critical water pressure.

Empirical theories of fracking

In [12] J. Enyue et al. compared the theoretically
derived criteria with experimental results. The tests
were carried out for soil with coarse-clastic criteria. Ex-
periments confirmed that the crack is perpendicular to
the plane o, — 6, and the critical pressure P, depends
linearly on the minimum principal stress o,
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The comparison showed that, for the tested soil,
the critical pressure derived from the 7S criterion was
greater than that derived from the experimental data, while
the one derived from the M—C criterion was less than that
derived from the experimental data. These differences ex-
plain the widespread use of empirical fracture theories.

G.W. Jaworski, J.M. Duncan, H.B. Seed and
H. Cambefort in 1981, 1982. [13, 14] on the basis
of experimental investigations of fracturing using a cu-
bic specimen with a cylindrical cavity proposed the fol-
lowing empirical formula:

P, =mo,+o,,, (17)

where m — is the proportionality factor; 6, is the appar-
ent tensile strength of the soil.

The value of 6, significantly exceeds the ultimate
tensile strength of the ground obtained from experimen-
tal tests and reaches 20 to 265 kPa.

The “m” value is determined experimentally. In
[15] S. Fukushima suggested that the value of m should
be taken as 1.3-1.6.

According to the results of an experimental study by
A.K. Panah and E. Yanagisawa in 1989 [16] the parame-
ters m = 1.085 and 6, = 0.80 kPa were determined. And in
the study of L.Y. Liu, Y.H. Cui and G.W. Zhang [17] car-
ried out in 1988 for a coarse gravelly soil, the values
m = 0.86 and 6, = 210 kPa were obtained.

A. Mori and M. Tamura in 1987 [18] on the basis
of experimental studies of hydraulic fracturing in six
clays proposed an equation:

P, =0;+q,,

(18)

where o, — is the minimum principal stress; ¢, is
the compressive strength of the soil.

K.H. Zeng and Z.Z. Yin in 2000 [11] for sandy soil
proposed the equation:

P/ =mc’ +0, +R,

(19)

where P/ — is the effective critical water pres-
sure; m — is the proportionality factor; o} — is the ef-
fective minimum main voltage; o, — is ultimate ten-
sile strength of the ground; R — is resistance to crack
propagation, 6, * R=0,.

The empirical value of the “m " parameter is 1.0-2.0.

The values P/ and o} in equation (19) are deter-
mined taking pore pressure into account:

Pl =P, —u, (20)
0y =05 — Uy, (21

where 1 — is the initial pore water pressure.

R.A. Decker and S.P. Clemence in 1981 [19],
based on laboratory tests and theoretical analyses
of fracturing, proposed the following formula for cal-
culating the critical water pressure:

P, :(l—v)(ct +2—0L+B)(k0p(;)
S

; (22)

where v — is the Poisson's ratio of the ground; o.and f —
are coefficients relating to ground compression; k, — is
static side pressure coefficient; p; — is increment of ef-
fective voltage; S — is a coefficient related to the diam-
eter of the needle inserted into the sample.

A separate consideration should be given to the meth-
od of evaluating the fracture resistance of a soil mass pro-
posed in 1994 by K.H. Andersen et al. Andersen et al. [20].
It takes into account the non-linear response of the soil. It
is assumed that the formation of a fracture occurs as a re-
sult of loss of tensile strength of the soil. Accordingly,
the condition of fracturing takes the form of:

6, —u<-c,, (23)

where u — is the pore water pressure in the soils.
The pore pressure is determined by the formula:

u=u,+Au, (24)

where u,— is the initial pore water pressure; A is the in-
cremental pore water pressure.

The proposed methodology uses a non-linear re-
lationship between stresses and strains in the soil and
pore water pressure.

The formula for determining the incremental pore
water pressure is taken as:

Au = AGUCT + amATDCI (25)

or

Au=Ac,, —D(At, - A1), (26)

where Ao, and At are, respectively, the normal and
tangential stress increments at the octahedral site; o, —
Henkel water pore pressure coefficient [21]; D — is
the pore water pressure coefficient; At and At are tan-
gential stress increments in the radial and tangential di-
rections respectively.

The pore pressure coefficient D expresses
the change in pore water pressure as a function
of the change in tangential stress in the vertical plane.

The methodology takes into account that frac-
turing can originate both horizontally and vertically.
The direction of fracture expansion under water pres-
sure is determined by the amount of tensile stress be-
tween the banks of the potential fracture. The crack
develops in the direction where the stresses in the di-
rection perpendicular to the plane of the crack are
maximum.

The probable direction of the crack is determined
according to the value of the critical water pressure P,.
Formulas for determining P are proposed for the case
of vertical and horizontal fracture location.

1. For a horizontal fracture direction, the critical
water pressure is determined according to the formula:

Pf =uy+0.,+Ap,, 27)

where Ap — is the incremental water pressure in the cav-
ity at the start of fracturing in the horizontal direction.
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2. For the vertical direction of the crack, the criti-
cal water pressure is determined by the formula:

P =u, + ko) +Ap,, (28)
where k, — is the side pressure coefficient; o, —is

the effective stress in the vertical direction; Ap —
the incremental water pressure in the cylindrical cavity
when fracturing in the vertical direction.

Experimental results for soil samples with a cylin-
drical cavity are also given in the article by D. Djarwa-
dia et al. [22]. They showed that the hydraulic fracture
of the clay core is also affected by the loading trajecto-
ries. It was obtained that tensile fracture occurred only
when the initial stress state was characterised by the ratio
0.5-(c, -0y <c.

Fracture mechanics based fracture prediction
techniques

The mechanism of crack propagation refers to
the problem of crack expansion in load regime I (nor-
mal tearing).

The development of a hydraulic fracture theory
based on fracture mechanics is the work of L.C. Mur-
doch [23-26], and J.J. Wang [27]. L.C. Murdoch in
1993 [23] developed an analytical model of fracturing
based on experimental studies.

The calculation diagram is shown in Fig. 4.
The crack is located in the xz plane, with the z-axis point-

o+ bk 5

Fig. 4. Geometry of the idealised fracture used in the fracture
model: x, y and z — coordinate axes; m — fracture half-width;
b — fracture half-length

ing along the midline of the crack and the x-axis pointing
in the direction of crack growth (Fig. 4). The crack width
m is measured along the z axis and is constant. Since it
is assumed that the crack is symmetrical about the z-axis,
only half of the crack, half-length b, is considered.

The crack opening pressure P, of the injected
fluid is assumed to be uniformly distributed along part
of the crack. The pressure created by the filtering fluid
P is also assumed constant and uniformly distributed
along the entire length of the fracture b (Fig. 5). Summing
up the distributio.eps of P, and P i results in an epure
of the wedging pressure P, created by the injected fluid.

The value of P, is limited by the strength
of the material. In fracture mechanics, the condition for
the strength of a normal tear-off is:

K, =K, 29

where K, — is the stress intensity factor for mode I
(normal crack separation); K. is the stress intensity
factor for mode I.

(30)

where b — is the half-length of the crack; o, is the nor-
mal stress acting on the crack plane.

The stress intensity factor K, can be derived from
the superposition principle of the two pressure types
shown in Fig. 5. It is defined as:

K, =K, +K,=\nb[PO+P, (1-0)], G

where 8 depends only on the ¢/b ratio, the load geometry
at the end of the crack, and is determined by the formula:

(32)

L.C. Murdoch and W.W. Slack in 2002 analysed
the theory of hydraulic fracturing based on field testing
of hydraulic fracturing [26]. The tests were carried out
in fine-grained soils at a depth of 2—-10 m. L.C. Mur-
doch [28] proposed a method based on elasticity theory
and fracture mechanics which allows predicting shal-

Fig. 5. Loading conditions used to develop the analytical model [16]: b — half-length of fracture; ¢ — half-length of fracture
part filled with injected fluid; P,— wedging pressure created by injected fluid; P iy~ Pressure created by filtered injected fluid
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low fracture characteristics. Let us consider the main
provisions of this method.

The tests revealed that a typical fracture in fine-
grained soils is a slightly inclined surface, slightly asym-
metrical with respect to the original borehole (Fig. 6). In
creating the theoretical model, it was proposed to take
the fracture as a horizontal circular disc-shaped cavity
of radius a, loaded with internal fluid pressure and im-
mersed in an elastic medium (Fig. 6, b).

To determine the discharge pressure, a calculation
scheme has been proposed, shown in Fig. 7. The soil
above a shallow fracture was treated as a thin elastic
plate of maximum thickness d, having Young's modulus
E and Poisson's coefficient v. The thickness of the frac-
ture corresponds to the depth of the fracture location
relative to the day surface. The plate is loaded with
uniform pressure P, over a circular area of radius a.

b

Fig. 6. Hydraulic fracture surface shape based on field tests:
a — typical hydraulic fracture surface shape obtained from
field tests; b — idealised circular disc-shaped surface used in
the hydraulic fracture model

The pressure P, is the difference between the pres-
sure of the injected fluid and that of the ground mass.
The plate was assumed to be pinched at the outer
edge, i.e. at r = a the displacement and rotation angle
of the plate is zero (Fig. 7).

Based on this calculation scheme, L.C. Murdoch
proposed a formula for determining the fluid pressure
that causes fracturing at shallow depths:

K3/2d3/4 0 1/2
sz : IC e [63/2j +dy, (33)
':E (I/[euk +Vfrx )j|

where d — is the depth of the crack; V, , — is the vol-
ume that has seeped through the crack walls; Vie — is
volume of the cavity (crack); y — is the specific weight
of the ground; £’ — is the reduced Young's modulus de-
termined by the formula:

5 (34)

where E and v are Young's modulus and Poisson's ratio
of the ground, respectively.

The method proposed by L.C. Murdoch has
a number of disadvantages that limit its application to
the calculation of hydraulic fractures in earth dams.
Firstly, it only applies to shallow fractures. Secondly,
hydraulic fracture may have a different mechanism in
ground based dams. According to L.E. Vallejo [29],
it can be caused not only by stresses perpendicular
to the crack plane, but also by stresses parallel to it.
Perhaps fracture mechanics should consider fractur-
ing as a mixed type (type I-1I) cracking problem.

Several methods have been proposed for predict-
ing hydraulic fracture, and they differ from each other.
This can be illustrated by comparing the results of crit-
ical pressure calculations using different formulas.

The calculation results for a clayey soil with
¢ = 20° and ¢ = 20 kPa show that the more likely
cause of fracturing is loss of shear strength of the soil
(mechanism 2) rather than loss of tensile strength. It
requires a significantly lower value of P to fracture
the soil around the initial cavity. This is also support-
ed by the experiments described in [12].

Fig. 7. Fracture mechanics model crack calculation diagram: a — circular cavity radius; d — plate thickness; P, — injection

pressure from inside the crack; 6 — maximum crack thickness
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However, it can be shown that the results
of the critical pressure calculation considering
the presence of a cavity are noticeably lower than
the experimental results. This emphasises that
the presence of an initial cavity (fracture) creates
a more unfavourable stress state and significantly
increases the risk of hydraulic fracture. However, it
seems that in real clay soil the presence of cavities
(and there are always pores in it) has less influence
on the stress state formation.

The closest to empirical data is the simplest cal-
culation method, in which the critical pressure is ex-
pressed only through the minimum principal stress in
the ground. It may be noted that many methods agree
that the critical pressure primarily depends on o,.

CONCLUSION AND DISCUSSION

The issue of predicting hydraulic fracture in
the clay core of a dam does not have a rigorous so-
lution at present. Researchers have proposed a large
number of formulas for calculating critical water
pressure based on different approaches (theoretical
and empirical). They give different results.

Nevertheless, all methods show that the risk of hy-
draulic fracture increases dramatically when there is
a deficit of compressive stress in at least one direction.

Under these conditions the simplest method
of calculating hydraulic fracture prediction is quite
applicable. However, it should be kept in mind that
the fracture strength of the ground is considerably
reduced in the presence of various continuity defects
(cracks, cavities).
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