150  Geology and Geophysics of Russian South 13(1) 2023 T'eonorvs n reogmanka Kora Poccim

FEQTEXHOAOT 9. TEOMEXAHUKA

VOK 551.435.627
DOI: 10.46698/VNC.2023.69.79.011

OpurnHanbHas ctaTb4

PacyeTt yCTONMYMBOCTU MOYHTOBLIX OTKOCOB
MPU MOMOLLM METOAOB HEAMHENHOW ONTUMN3ALINN

B.®. AkonsaH “, 6.M. 9d3bleB , A.C. YenypHeHKO

[oHckoW rocynapcTBeHHbIN TEXHNYECKUA yHnBepcuTeT, Poccus, 344003, r. PoctoB-Ha-[1oHy,
nn. MarapuHa, 1, e-mail: anton_chepurnenk @ mail.ru

Cratbs noctynuna: 20.012023, nopaborara: 21.02.2023, onobpena s nevats: 27.02.2023

Pestome: AKTyanbHOCTb paboTbl. COBEpLLEHCTBOBAHME METOA0B pacyeTa YCTONHUBOCTM TPYHTOBbIX OTKO-
COB NpeacTaBnseT co60i BXHYIO 3aavy, peLleHne KOTOPONn HeobX0AUMO NMpK pa3MeLLeHn 34aHnia n coopy-
)KEHMIA Ha CKNOHaX Ans npefoTBPALLEHMs OMON3HEBbIX NPOLECCOB. B 6ONbLINHCTBE CYLLECTBYOLUX METO0B
pacyeta NOBEPXHOCTb CKONbXXEHWSI OMONIBHEBOrO TeNla NPUHUMAETCS KPYrNOUMANHAPUYECKON, Y4TO HE BCeraa
COOTBETCTBYET peanbHOi kapTuHe. Lienb paboTbl: paspaboTka METOANKM pacyeTa KO (uLMeHTa yCTOAYMBOCTH
TPYHTOBbIX OTKOCOB Ha OCHOBE MeTOJa NPeAeNnbHOr0 PaBHOBECUS C UCMONb30BAHWEM anrOPUTMOB HENWHEN-
HOro nporpaMmupoBaHus. MeTofbl uccneoBaHus. PeLleHne BbINOMHAGTCSA B [ABYMEPHOI NOCTaHOBKE. J1uHus
CKOJIbXX@HUS OTbICKMBAETCS B BMAE NOJIMHOMOB BTOPOW W TPETbEN CTENEeHN, a TAKXKe KYCOYHO-NINHEHON (PyHK-
Lmn. 3aga4a MOMUCKa IMHUM CKONbXXEHUS CTaBUTCS Kak 3ajava HenuHeiHoii ontumunaaunn. B kayecTse LieneBoi
(byHKUMN BbICTYNAET KO3 AMUMUEHT YCTONYMBOCTM FPYHTOBOTO OTKOCA, KOTOPbIA AN UCTUHHOW NOBEPXHOCTU
CKOMb)XXEHMS JOMKEH A0CTMYb MUHUMYMa. OnpeaeneHne KO3puumeHTa ycTORYNBOCTU BbINONHABTCA METOOM
Kacarte/ibHbIX CuJl. BapbmpyembiMn napameTpami BblopaHbl abCLMCCHI TOYEK NepeceyveHns CBOOOAHOIN NoBepx-
HOCTU FPYHTA C HWXKHEA NOBEPXHOCTbIO OMON3HEBOr0 TENa, a TAKXKE NMPOMEXYTO4HbIE OPANHATbLI TOYEK NINHIUK
CKONbXXEeHUs. PelleHne 3afa4n HeIMHENHOM onTuMmu3aumn BoinosiHeHo B cpege MATLAB ¢ ucnonb3oBaHuem
naketoB Optimization Toolbox u Global Optimization Toolbox. [1ns noucka MMHUMYMA LIENeBOR OYHKLWK Npu-
MEHSIeTCH MeTO[ BHYTPEHHEN TOYKM, NO3BONAOLLMA HAWTW TOKANTbHBIA MUHUMYM, a TaKXe MeTO[, LWabnoHHOro
noucka, KOTopbIil NO3BOMSET HANTY rNobanbHbIl MUHUMYM. Pe3ynbTarbl ucecnegoBanus. [lemoHcTpauna npes-
naraemoii METOAMKM NPOM3BEeHa Ha NPUMePEe 0AHOPOAHOMO FPYHTOBOMO OTKOCA NPM AEACTBUN HA HErO TONbKO
COOCTBEHHOr0 Beca. [oKa3aHa CXOAUMOCTb METOAA MPU MCNOMb30BAHWN B KA4YECTBE NIMHUN CKOMbXEHNA Ky-
COYHO-JINHEAHON COYHKLMW NPU YBESIMYEHNI YMCNA OTPe3KOB. BbISBIIEHO CYLLECTBEHHOE OTANYKUE NOJTYHEeHHO
JINHAM OT Iyrn OKPYXXHOCTK. YCTAHOBMEHO, YTO NMPKM 3a4aHWUK IMHAYU CKONbXEHMS NONUHOMAMI BTOPOW W TPETbEN
cTeneHn KoaULMEHT YCTONYMBOCTI 0Ka3bIBAETCS HECKONBKO BbILLE, YEM B Clly4ae NPUMEHEHUS KYCOYHO-NN-
HeHOI PYHKUMK. [INs KOHTPONS OCTOBEPHOCTW Pe3y/bTaToB KOOPAMHATLI TOYEK NOJTy4eHHOMN JIOMaHON NINHUN
CKOMb)XXEHMs NepeaaHbl B NPOrpaMmHbIi KOmnneke GeoStab, rae BbINONHEHO HE3aBUCUMOE OnNpeaeneHme Koam-
thuumenTa ycronumsocti. Takxe B nporpamMme GeoStab ans cpaBHeHWUs NpOM3BeLAEH pacyeT yCTONYNBOCTU pac-
CMOTPEHHOr0 CKMOHA NpY NOMOLUM METOAA KPYrioLunnMHAPUYECKUX NOBEPXHOCTEIA. Vcnonb3oBaHbl Hanbonee
3BECTHbIE BAPWUAHTbI AAHHOr0 MeToAa, BKNYasa metog ®enneHuyca, buwona, LLaxyHaHua, kacaTenbHbIX cun,
An6y, CneHcepa, MopreHwwTepHa-lpaiica. Kpome Toro, npom3BeAeHO CpaBHEHUE C KOHEYHO-3JIEMEHTHBLIM pac-
4eTOM B MPOrpaMMHOM Komniekce Plaxis.

Knto4eBble cnoBa: 0non3Hu, rpYHTOBbINA OTKOC, MOBEPXHOCTb CKOJTbXEHNS, YCTORYUBOCTD, HEMMHENHAS On-
TMMKn3aumnsa.
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Abstract: Relevance. Improving the methods for calculating the stability of soil slopes is an important task,
the solution of which is necessary when placing buildings and structures on slopes to prevent landslide pro-
cesses. In most existing calculation methods, the sliding surface of a landslide body is assumed to be round-
cylindrical, which does not always correspond to the real picture. Aim: development of a methodology for calcu-
lating the stability coefficient of soil slopes based on the limit equilibrium method using nonlinear programming
algorithms. Methods. The solution is carried out in a two-dimensional setting. The slip line is found in the form
of polynomials of the second and third degrees, as well as a piecewise linear function. The problem of finding
the slip line is posed as a non-linear optimization problem. The objective function is the coefficient of soil slope
stability, which for a true sliding surface should reach a minimum. The determination of the stability coefficient
is carried out by the method of tangential forces. The abscissas of the points of intersection of the free surface
of the soil with the lower surface of the landslide body, as well as the intermediate ordinates of the points of the
slip line, were chosen as variable parameters. The solution of the nonlinear optimization problem was performed
in the MATLAB environment using the Optimization Toolbox and Global Optimization Toolbox packages. To find
the minimum of the objective function, the interior point method is used, which allows finding a local minimum,
as well as the pattern search method, which allows finding the global minimum. Results. The demonstration of
the proposed technique was carried out on the example of a homogeneous soil slope under the action of only its
own weight on it. The convergence of the method is shown when using a piecewise linear function as a slip line
with an increase in the number of segments. A significant difference between the obtained line and the arc of a
circle is revealed. It has been established that when the slip line is specified by polynomials of the second and
third degrees, the stability coefficient turns out to be somewhat higher than in the case of using a piecewise linear
function. To control the reliability of the results, the coordinates of the points of the obtained polygon line were
transferred to the GeoStab software package, where an independent determination of the stability coefficient was
performed. Also, in the GeoStab program, for comparison, the stability of the considered slope was calculated
using the method of round-cylindrical surfaces. The most famous variants of this method were used, including
the method of Fellenius, Bishop, Shahunyants, tangential forces, Yanbu, Spencer, Morgenstern-Price. In addition,
a comparison was made with the finite element calculation in the Plaxis software package.

Keywords: landslides, soil slope, sliding surface, stability, nonlinear optimization.
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BeeapeHe

Teppuropun FOra Poccum xapakTepusyroTcsl BBICOKOM BEpOSITHOCTBIO AaKTHBM3a-
1MUY OMACHBIX F€OJOTUYECKUX MPOIIECCOB, CBSI3aHHBIX C JIEUCTBUEM KaK MPUPOIHBIX, TaK
Y TeXHOTeHHBIX (hakTtopoB [CrayoBa, 2022; Sunkas, bpuruma, 2022; Zaalishvili et al.,
2014a, b; 2016]. K oqHOMY M3 TaKHX IIPOIIECCOB OTHOCATCS OTOJI3HH.
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CHuXeHHe YCTOMYUBOCTH TPYHTOB, MPUBOIAIIEE K OMOJII3HEBBIM MPOIECCaM, MOXKET
MPOU30UTH MPU W3MEHEHHUH JIaHAIa(TOB U penbedoB, BOSHUKHOBEHUH aHTPOIIOTEHHBIX
HArpy30K Ha rpyHTHL. Pa3menieHue 31aHUi M COOPYKEHHIM Ha CKJIOHAaX TpeOyeT o0s3a-
TEJILHOTO BBITTOJIHEHUSI OLIEHKH UX YCTOMYMBOCTH ISl COOTBETCTBHUS TPEOOBAHMIM 0€30-
nacHocTH. CTETeHb YCTOMYMBOCTH CKJIOHOB KaK MPaBUJIO OIICHUBACTCS KO (HUITUEHTOM
YCTOMYUBOCTH, ISl ONPEACIICHUS KOTOPOTO CYIIECTBYET MHOXKECTBO PACU€THO-TEOPETH-
yeckux MetonoB [bynnukos, 2019; Salunkhe et al., 2017; Harabinova et al., 2021; Fattahi,
Zandyilghani, 2020].

Haubonee pacnpocTpaHeHHBIMU U HIMPOKO MPUMEHSIEMBIMU B HACTOSAIIEE BPEMS SIB-
JISIFOTCSL METO/Ibl, OCHOBAaHHBIE Ha MpEeIbHOM paBHOBECHH IpyHTOBOro Maccusa [Cala,
Tlisiak, 2020; Kumar et al., 2018; Liu et al., 2019]. B GonpImmHCTBE TaKUX METOJOB I10-
BEPXHOCTb CKOJIBKEHHUS OTOJI3HEBOTO TeJla MPUHUMAETCS KPYIIIOIMIMHIpruaeckoi [bap-
Tonomeit u np., 2020; baresinoBa, 2020; Rotaru et al., 2022]. Ognako 171 peaabHBIX CKIIO0-
HOB (pOpMa MOBEPXHOCTH CKOJILKCHHUS MOKET 3aMETHO OTJIMYATHCS OT KPYrOBOTO IMIIMH-
apa [3epkans, 2021; Ucnsamosa, Xopoumios, 2021]. AnpTrepHaTUBOM METOAAM IPEEIb-
HOTO PaBHOBECHS BBICTYIAeT KOHEUHO-dJIeMeHTHOe MonenupoBanue [Dyson, Tolooiyan,
2018; Sharma et al., 2019; Cecilio, Garcia, 2022; INaifmxypoB u np., 2021a, 6]. s onpe-
JeJIeHUsT KOOPPUITMEHTa YCTOWIMBOCTH CKIIOHOB BBITIONHSIETCS UX PacdyeT B PU3UICCKU
HEJTMHEWHOW MOCTAHOBKE C IMOCJEI0BATEIbHBIM CHIKEHHUEM MPOYHOCTHBIX XapaKTepu-
ctuk [Dyson, Tolooiyan, 2018; Sharma et al., 2019], nu6o moBkIIIEHUEM YASIBHOTO Beca
rpyHTa ¥ BHeIHUX Harpy3ok [Cecilio, Garcia, 2022] 10 10CTHXKEeHHUS TPEETBHOI0 COCTO-
sHus. PacueT MeToJ0M KOHEUHBIX 3JIEMEHTOB MO CPAaBHEHHUIO C METOJaMU MpeAeIbHOro
paBHOBecHsI TpeOyeT 3aMETHO OOJIBIINX BBIYUCIUTENBHBIX PECYPCOB.

[enpro HacTosAIEH pabOTHI SIBISIETCS pa3padOTKa METOJUKH TMOWCKA MOBEPXHOCTH
CKOJIBXKEHHSI OTIOJI3HEBOTO T€JIa, OTIIMYHOU OT KPYIIOUMIMHAPUYECKOM, C UCTIONB30BaHU-
€M METOJIOB HEJIMHEHHOM ONTUMHU3AIIMY Ha OCHOBE METO/A MPEACIbHOIO PABHOBECHSI.

MaTtepunanbl U METOABI MICCAEAOBAHMSI

[ToBepXHOCTh CKOJIbKEHHS OTIOJI3HEBOTO CKJIOHA OyleM UCKaTh B BHJE KyCOUHO-JIH-
HelHOW (YHKIIMH, a TaKXKe B BUJE MMOJMHOMOB BTOPOM U TpeThell cTteneHu. B kauecTse

1e1eBOM (DYHKITMU BBICTYIAET KOA(OUIIMEHT YCTOMYMBOCTH CKIIOHA K., KOTOPBIM JUIsI UC-
TUHHOU IMOBEPXHOCTHU CKOJILKEHUS JIOJDKCH IOCTHYh MUHUMYMA. J1J1s onpesiesieHus Kodgd-
(uMeHTa yCTOMYMBOCTH UCIIONB3YETCS METOJT KaCaTeIbHBIX CHJL.

B nannoM MeTosie MacCuB rpyHTa, CIIOI3A0IINNA IO HEKOTOPOU TOBEPXHOCTH, pa3ou-
BAETCs HA OTCEKU. B3aumonelicTBue MEXIy OTCEKAMU HE yUUThIBaeTCa. MeToJ1 kacaresib-
HBIX CHJI TIPEIIOJIaraeT BBIMOJIHEHUE CYMMAapHOTO YPaBHEHHS PaBHOBECHS B MPOCKIIUU
Ha HaIPaBJICHUE CKOJIBKEHHUS, a TAK)KE YPAaBHEHHS PAaBHOBECHUS B KaXKJOM OTCEKE B MPO-
eKIIMM Ha HOpMaJib K OCHOBAHHUIO.

KoaddummenT ycroitunBOCTH B METO/IE KaCATEIILHBIX CHJI OMIPEEIISICTCS U3 COOTHO-
menus [Bacun, Jlexos, 2021]:

R
K

= — 1
YoXT; ()

rae T, — xacarenbpHas IPOEKIUS PABHOACHCTBYIOIIEH BHEIIHUX CHI I, IeHCTBYOIINX
Ha OTCEK, K OCHOBAHHMIO [-To OTCEKa, [, — mpeeapbHOe 3HAYEHUE CHIIBI COMPOTHBIICHHS
CABUTY TPyHTA MO0 MOBEPXHOCTH | -TO OTCEKA.
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B HacTos1el craree s JEMOHCTPALMK METO/Ia OTPAaHUYUMCS TOJIBKO CIIy4aeM Jeil-
CTBMA COOCTBEHHOTr0 Beca. B 3ToM cityuae k03(h(UIIMEHT YCTOHYMBOCTH 110 METOly Kaca-
TEJIbHBIX CHJI OIIpeieNsieTcs o popmyIie:

K - * 1(G;cosa;tan @; + ¢;l})
Y 2i=1(Gisina;) '

2)

rze {#; — Bec [-To OTCeKa, {f; — yroj HaKJIOHa OCHOBAHUSI OTCEKA OTHOCHTEIILHO TOPH-
30HTAJILHOM JIMHUM, , U §}; — COOTBETCTBEHHO CLEIJICHUE U YrOJl BHyTPEHHETO TPEHUS
IpYHTa [10 OCHOBaHMIO OTCEKa, [, — JUIMHA OCHOBaHMS OTCEKa.

ITycTh moBepXHOCTH IpyHTA 337aeTcs GyHKUUeH f (%), a HUKHSS TOBEPXHOCTb CIIOJI-
3aroriero MaccuBa — ¢GyHkien J( ). [Ipu ucmons30BaHUM [T 33JaHKsT TOBEPXHOCTH
CKOJIb)KEHHS KyCOYHO-JIMHEHHON (DYyHKIIMU B KAYECTBE BAPbUPYEMBIX I1apaMETPOB BHICTY-
HAIOT KOOPJMHATHI ¥4 M X, .4 TOYEK HepecedeHnst iuHuit [ %) u g ¥}, a Takxe opauHa-
TBl ¥, (I = 2 ...71) IPOMEKYTOUHBIX ToUeK (puc. 1). AGcIUCCHI ¥, TPOMEKYTOUHBIX TOUEK
ONpeeIsIIOTCs pa30UeHIEeM HHTepBaa [1y; ¥, | Ha 1! paBHBIX OTPE3KOB.

X1

—

Puc. 1. K onpedenenuio koapuyuenma ycmonyugocmu npu 3a0aHuu NOBEPXHOCHU CKOIbICEHUS
KYCOUHO-TUHEUHOU QyHuKyuerl /

Fig. 1. To the determination of the stability coefficient when the sliding surface is specified by apiece
wise linear function

Ha Bappupyembie IEPEMEHHBIC X, Xy 41, Va, --r Vy BBOISTCS CIEAYIONIME OTpaHUYC-
HHUS:

yi < f(x); 3)

X1 < Xp41-

Kpome Toro, nepemMeHHbIe X, Xiy 41, V2, - ¥y OTPAHUYEHBI pa3MEpaMU UCCIIETYEMOM
obnactu.

[lpn 3agaHMy  TOBEPXHOCTH  CKOJBKEHHMsS IOJMHOMOM BTOPOM  CTENCHH
glx)=ax® + bx + ¢ B KayeCcTBe NEPBBIX [BYyX BAPLUPYEMBIX IIAPAMETPOB BHICTYIIA-
10T abCLMCCBl TOYeK IepecedeHust JuHuil fix) m ¥} ¥, u X, a TaKke OpAUHATA

N
Y.=q Lﬁ | (puc. 2). IIpu 5TOM TOIDKHBI BBITIOIHATHCS OTPAHUYCHUSL:
¥ )
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’

m) . (4)

yc<f( >

x; < Xy

fix)

T g} =ax’ +bx + ¢

(X - xp )2

X2

Puc. 2. K onpedenenuio koapuyuenma ycmonyugocmu npu 3a0aHuu NOBEPXHOCHU CKONbICEHUS
NONUHOMOM 8MOPOIL cmenenu /

Fig. 2. On the determination of the stability coefficient when the sliding surface is specified
by a polynomial of the second degree

B ciyuae ucnosnb30BaHus AJ1s1 IOBEPXHOCTU CKOJIBKEHUSI IOJTMHOMA TPEThEU CTETIEHU
gl1) = ax® + bx® + cx + d (puc. 3) BappUpyeMbIMU IIapaMeTPaMU BBICTYIAIOT a0CIIUCCHI
£, ¥ X2, a TAKXKE OPIAUHATHI V3 j3 U V33, ONPE/ICISIEMbIC KaK:

X2 — X1

y1/3=g(x1+ ; )<f(x1+x2g)ﬁ);

Y23 =9 (x1 +§(x2 - x1)) <f (x1 +§(x2 - x1))-

)

fix)

T gixl = ax' + hy? + gxddd

(xr = xe b 3lixy - /3

Xi

Xa

Puc. 3. K onpedenenuio xoapuyuenma ycmotiuugocmu npu 3a0aHuy NoBEPXHOCMU CKOTbIHCEHUS
NONUHOMOM mpembell cmeneHu /

Fig. 3. To the determination of the stability coefficient when the sliding surface is specified by
a polynomial of the third degree
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[Torck MuHUMyMa 1ienieBoit GyHKIMK &, Hamu peanu3oBaH B cpene MATLAB npu
oMoty maketoB OptimizationToolbox u GlobalOptimizationToolbox. Ucnonb3yercs
METOJ BHYTPEHHEW TOYKU — I'PAJUEHTHBIA METOJ, TO3BOJISIOIINI HAWTH JIOKAJIbHBIA MU-
HumyM ¢yHkuuu [Byrd et al., 1999], a taxke meron 1m1abJOHHOTO TOKMCKAa — METOJ 0e3-
IPaJUEeHTHON ONTUMH3ALMK, KOTOPbIM MO3BOJISIET HAWTH 1100anbHbId MuHUMYM [Findler

et al., 1987].

Pe3yAbTaTbl PABOTHI M UX OBCYXAEHWE

Jlns anpoOaruu pa3paboTaHHON METOAMKY OB BBITIOJIHEH PAacyeT CKIIOHA, CXeMa KO-
TOPOTO IpHBeJieHa Ha pUcyHKe 4. CKIIOH IPUHUMAJICS OJHOPOJHBIM, C YAEIbHBIM BECOM
¥ = 18 xH/w’, cuemieHneM r = 35 xlla ¥ yIJIOM BHYTPEHHETO TpeHus @ = 227,

Sm

Puc. 4. Cxema paccuumvisaemoeo cxkiona /
Fig. 4. Scheme of the calculated slope

B Tabnuue 1 npencraBnensl NpuHATbIE HAMU HWKHUE (/D) 1 BepxHUE (ub) rpaHULIbI
BapbUPYEMBIX MAPAMETPOB MPHU MOUCKE MOBEPXHOCTHU CKOJBKEHHUS B BUJAE KyCOUYHO-JIU-

HENHON (YHKINU.
Tabnuya 1/ Table 1

HwxHue u BepxHHe rPAaHUIBI BXOAHBIX IAPAMETPOB 1eleBoH GyHKIUM /
Lower and upper bounds of the input parameters of the objective function

Mapamerp / Parameter Ib ub
'I'.Ja M -1 5

L s+l M 0 20

Va oo Vo M -1 10

Ha pucyHke 5 mpuBeeHb MOBEPXHOCTH CKOJBXKEHHS B BUJE KyCOUHO-JIMHEHHOM
(GYHKIUH, TTOJyYSHHbIE TIPU PA3JIMYHOM YHUCIIE OTPEe3KOoB 1. OTMETHM, YTO MPU HCIIOIb-
30BaHMU METO/Ia BHYTPEHHEH TOUYKH U METO/1a MA0JI0HHOTO MTOUCKA 3aMETHON pa3HUIIBI B
pe3ynbraTax He ObUTO BBIABICHO. 3HAUYCHHS KOA(PQHUIMEHTAa YCTOHYUBOCTH TIPH Pa3Iny-
HBIX 1 CBEJICHBI B TAONIUILY 2.
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Y. M

n—4/

ne=12" " n-=48

Puc. 5. Hosepxnocmu ckonvaicenust 8 8Ude KyCOUHO-TUHEUHOU QYHKYUU NPU PAZIUYHOM YUCTE OMPE3K08 I /
Fig. 5. Slip surfaces in the form of a piecewise linear function for a different number of segments n

Tabnuya 2 / Table 2

3HaveHns k03¢gPUIHMEHTAa YCTOMYHBOCTH NIPH Pa3JINYHOM 4YHCJIe OTPe3KOB n /
The values of the stability coefficient for a different number of segments n

n 1 2 3 4 5 6 7 8 9 10 11 12
K 1,96 | 1,64 | 1,54 | 1,5 | 1,47 | 1,45 | 1,44 | 1,41 | 1,41 | 1,40 | 1,40 | 1,40

I-'

W3 Tabnuupl 2 ¥ pucyHKa 5 BUJHA CXOIMMOCTb PELICHMsS MPU YBEIMYEHUH 4YHCIa
oTpe3koB. Takke IUisi KOHTPOJIsL TOCTOBEPHOCTH PE3YJBTATOB IMONy4YEHHbIE npu n = 10
KOOPJMHATHI TOYEK MOBEPXHOCTU CKOJIBKEHUS NEPEAABAIUCH B IPOrPAMMHBINA KOMIIJIEKC
GeoStab. JlaHHBIN KOMIUIEKC HE MO3BOJISIET HAHTHU MOBEPXHOCTh CKOJBKEHHUS B BUJIE JIO-
MaHOH JIMHUH, HO MOXKET IO 3a/IaHHOH JIMHUM pacCcuuTarh KO3(Q(QUIMEHT YCTOHYNBOCTH.
B pesynbrare ObU10 NOMyYeHO 3HAUYCHHE KO PHUIMEHTa YCTOMYMBOCTH K, = L4 (puc. 6),
YTO COBIAJAET C ABTOPCKUM PELLICHUEM.

A Aaldi

'

;..---'---'r'\..rih;Pa-'
£ ¥

E s i 4 =

Puc. 6. Pesynemamul onpedenenus koagghuyuenma ycmouiuueocmu 6 GeoStab npu n=10/
Fig. 6. The results of determining the stability coefficient in GeoStab at n=10
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Ha pucyHnke 7 noka3aHbl IOBEPXHOCTU CKOJIbKEHHUS, IIOJy4YE€HHBIE IIPU UCIIOIb30Ba-
HUU IIOJIMHOMA BTOPOM U TPEThEH CTENEeHU. [ [puHsATBIE IPY 3TOM HUKHUE U BEpXHUE I'Pa-
HUIBI BapbUPYEMBIX ITapaMETPOB NpUBEACHHI B Tabnule 3. B ciiydae ucnonb3oBaHus mo-
JMHOMA BTOPOM cTeNeHH KOA(P(UIUEHT YyCTOWYMBOCTH cocTaBui 1,48, a mpu ucnonb3oBa-
HUUY TIOJTMHOMA TpeThe ctenenu — 1,44, Taxke Ha TaHHOM rpaduKe MPUBEICHO PEIICHNE
C UCIOJIb30BAHUEM KyCOUYHO-JIMHEMHOW (QyHKIMM NpH n = L2. VIHTepecHo, YTo JaHHOE
pEIICHNUE 3aHUMAET IIPOMEKYTOUHOE MOJIOKEHUE MEXKY PELICHUAMU C UCIIOJIb30BaHUEM
IIOJIMHOMOB 2-11 1 3-H CTeneHu.

12
J—
--2

» sessnans 3

10

M

Puc. 7. [losepxnocmu crkonvoiceHust 6 ude nOIUHOMO08 mopou cmeneru (1) u mpemveii cmenenu (2),
a makaice KycouHo-nuHelnou gynkyuu npun =12 (3)/

Fig. 7. Slip surfaces in the form of polynomials of the second degree (1) and third degree (2),
as well as a piecewiselinear function for n = 12 (3)

Tabnuya 3 / Table 3

HuxHue v BepXHHUE IPAHUIIBI BXOJAHBIX MapaMeTPoB LejieBoil (PyHKIUM NPHU
HCNO0JIL30BAHUH MOJMHOMOB BTOPOii M TpeThel cTenenn /
Lower and upper bounds of the input parameters of the objective function when using
polynomials of the second and third degree

MMapametp / Parameter Ib ub
't.]: M -2 5
X, M 0 20

Vo Frrae Vasao -10 10

[IpencraBnser uHTEpeC CpaBHEHUE MOTYUYCHHBIX PEIIEHUH C pe3yabTaTaMi Ha OCHO-
BE€ aJIbTEPHATUBHBIX METOJOB. B KauecTBe TaKuX METOIOB HaMHU HCIOJIb30BAIMCH METO]]
KPYTIOLMINHIPUUECKHUX TTOBEPXHOCTEH, a TaK)Ke METOJl KOHEUHBIX 3JIEMEHTOB C MOCIe-
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JI0BaTeJIbHBIM ITOHMKEHUEM NIPOYHOCTHBIX XapaKTepUCTUK rpyHTa (c-phireduction). [1pu
ornpeneneHuy Kod3(pUIMEeHTa YCTOHUYNBOCTH METOJIOM KPYIIIOLMIMHPUIECKUX TTOBEPX-
HOCTEH MCHONb30BasCs MpOrpaMMHbIN Komiieke GeoStab, B KOTOpBIM 3al0kKeHBI OC-
HOBHbBIEC U3BECTHBIC BAPUAHTHI JTAaHHOI'O METONa, BKItodas Meron deuiennyca, bumiona,
HlaxyHsHua, kacarenbHbIx cui, SIHOy, Cnencepa, MoprenmrepHa-Ilpaiica. lns pacuera
METOJIOM KOHEUHBIX 3JIEMEHTOB HaMH HCIOJIb30BAJICS MPOrpaMMHBIA koMiuieke Plaxis.
Pesynbrarel pacuera ckioHa B GeoStab o MeTofy KpyIIOLMJIMHAPHYECKUX MOBEPXHO-
CTell CBeJIeHbI B TabnuIty 4.

Tabnuya 4/ Table 4

Koy puuueHntsl ycToiuMBOCTH, MOJTYy4YEeHHBIE 10 METOAY KPYIJIOHMIMHAPHYECKHX
noBepxHocTeii / Stability coefficient sobtained by the method of round cylindrical surfaces

Merton / |@enaenunyca | bumona / | llaxynsnua /| Kacateasnbix cui /| AAuGy / | Cniencepa /|MoprenumrepHa-

Method | /Fellenius | Bishop | Shahunyants | Tangential Forces | Yanbu | Spencer IIpaiica /

Morgenstern-
Price

Fig 1,562 1,612 1,601 1,562 1,645 | 1,700 1,909

v

W3 TabGnuisl 4 BUIHO, YTO JUIS BCEX PACCMOTPEHHBIX METO/IOB, B TOM YHUCIIE U METOJa
KacaTeJIbHBIX CHJI, IIPH BBIOOPE B KAYE€CTBE JIMHUH CKOJIBKEHHS TyTH OKPY>KHOCTH KO3(-
(UIMEHT yCTOWYMBOCTH OKA3aJiCsl BBINIE, YEM B CIIy4ae MCIOJIh30BAaHHS B Ka4eCTBE JIU-
HUU CKOJIBKEHHUSI KYyCOUYHO-TMHEWHOW (QYHKIMU M MOJUHOMOB. MeHbluii ko3dduirent
YCTOWYMBOCTH TOBOPUT O OoJiee BEpOATHOHN pealn3aliiy pa3pylLIeHus 10 cxemam, Ipu-
BE/ICHHBIM Ha PUCYHKE 7.

bau3kuii K HameMmy peuieHdio pesynbTar K, = 1,42 ObUl MOJlyuyeH B MPOrPaMMHOM
xomruiekce Plaxis. OqHako moBepXHOCTh CKobkeHusi B Plaxis Onmxke K KpyrIOUMINH-
npudeckoit (puc. 8).

Puc. 8. Usonona noanvix nepemewenuti epynma 6 Plaxis /
Fig. 8. Isofields of total soil displacements in Plaxis

HMmMmeromnuecs PaCXOKACHHUA B PE3YJIbTaTaX, MOJYUCHHBIX PAa3JIMYHBIMU MCTOAAMHU, T'O-
BOpPAT O H606XOIII/IMOCTI/I MMPOBCACHUA JalbHEHIINX UCCIEA0BaHUN IO JaHHOMY BOIIPpOCY,
B TOM YHUCJIC SKCIICPUMCHTAJIbHBIX. Hameit ganpHeHIen e 6YJICT CO3JaHHUEC MCJIKO-
MacIITaOHBIX MOJIeNIEH OMOJI3HEBBIX CKIIOHOB U CpaBHCHUC PC3YyJIbTATOB UX HUCIIBITaHUM C
TCOPECTUYCCKUMU PACUCTAMU.
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BbiBOADI

Pa3paboTrana MeToaMKa MOMCKa MOBEPXHOCTEH CKOJIBKEHUS OMOJI3HEBOTO Tella B BUIE
KyCOUHO-JINHEHHOM (DYHKITNH, a TaKKe IMOJTMHOMOB BTOPOM U TPEThEH CTEMEHH IpH TO-
MOIIY METOJ0B HEJIMHENHOM onTuMu3anuu. [Iokazana cXonMMoCTbs METOa IIPU yBEIUYe-
HUH YMCJIa OTPE3KOB B CIIy4ae UCHOIb30BAaHHUS KyCOUHO-TMHEHHOHN (yHKIuH. Brimonne-
HO CPaBHEHHE C PACYETOM II0 METOLY KPYIIOLMIUHAPUYECKUX ITOBEPXHOCTEN, KOTOPOE
MI0KAa3aJI0, YTO MOBEPXHOCTh CKOJIBKEHHS B BHJIE KyCOUHO-JIMHEHHON (PyHKIIMU XapakTe-
pHU3yeTcs MEHbIINM KOA(P(GHUIIMEHTOM YCTOWYMBOCTH MO CPABHEHHUIO C MMOBEPXHOCTHIO B
BUJIE KPYTOBOTO IIMJIMHPA. DTO TOBOPUT O O0Jiee BEPOSITHOM 00pa30BaHUHU OIOJI3HEBOTO
TEJa IO cXeMe, OJIN3KOM K MOJIy4eHHOW HaMH JIOMaHOW JIMHUU.
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