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HaJla MOKHO OyZieT HaliTu B 0OHOBJIEHHOI 6a3e JaHHBIX
EBSCO Applied Sciences («ITpuknajgHble HayKu»), KaK
TOJIbKO KOJUIEKI[HsI OyIeT YKOMIUIEKTOBAHa I pasMellieHa
Ha caliTe arperaropa. PacrpocTpansercs depes 9/1eKTPOH-
Hble 6ubnnoTexu «JIanp», «PykoHT», «IPRbooks», BXOZIUT
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Homep mnocesimen mnamstu 3aBeHa I[puropseBuua Tep-Maprupocsna (10.08.1936—
- 05.01.2023), ITouernoro akagemuxa PAACH, 3aciyxenHoro nesteinst Hayku PO, mpodec-
copa Kadepbl MEXaHUKH TPYHTOB M T€OTEXHHKH, JOKTOpA TEXHHYSCKUX HayK, OCHOBATEIs
Hayuno-o0pa3oBarenbsHOro eHTpa «I eoTeXHIKay.
B HOMep BOLUIM CTAaTbH IO UTOTaM JOKIAZ0B Ha MEXIyHapOJHOH HayqHOH KOH(epeH-
LMK 110 MEXaHHUKE TPYHTOB M I€OTEXHHUKE B BHICOTHOM M MOJ3EMHOM CTPOHUTEIBCTBE HMECHU

3.I. Tep-Maptupocsna, npomemieit B HUY MI'CY ¢ 17 no 20 centsops 2024 1.

3aBen I'puropsesud pogmics 10 asrycra 1936 . C 1962 r. paboran B MUCHU-MI'CY u npo-
ey MyTh OT acTHUpaHTa Jo 3aBeylomero kadenpoit MexXaHHKH IPyHTOB M T€OTEXHHKH.
3a 61 ron padotsl u nmpopeccronansroro nytu B MUCHU-MI'CY on noaroroBun Oonee

85 KaHIUAATOB TEXHUYECKHX HayK, B TOM uncie 30 MHOCTPAHIEB, a MPH €0 KOHCYIIBTa-

LUK 3aIIUIIeHbl 6 gokTopckux aucceprauuid. [Ipodeccop 3.I Tep-Maprupocsin — aBrop

U COABTOP MHOXECTBA MOHOTrpa(uid, y4eOHbIX NOCOOMI, IIeUaTHbIX paboT U U300peTeHHH,
JIOKJIaJI0B Ha MEK/IyHAPOHBIX KOHIPECCaX M CUMIIO3MyMax 110 MEXaHHKE IPYHTOB, TCOTEXHNKE M MPOESKTHPOBAHHIO OCHOBAHMI 1 ()yHIaMEHTOB.
3a CBOIO Kapbepy JOCTHT U CTaJl JIaypeaToM MHOTHX Harpaj| i IIPEeMHH, B TOM YHCIIE SIBISICTCS 3aCITy)KEHHBIM JiesiTenieM Hayku PO, o4eTHBIM cTpo-
uteneM P@ u . MOCKBEI, TOYETHBIM SHEPreTHKOM P, TOKTOPOM TEXHHYECKUX HayK, podeccopoM, 3aBenoBai Kadeapoil MeXaHHKH IPyHTOB
M TeOTEXHHKHA MOCKOBCKOTO TOCYAapCTBEHHOTO CTporTebHOro yausepcurera (HUY MI'CY) ¢ 2000 o 2015 1.
11 nexa6ps 2014 r. nmpodeccopy MI'CY 3aseny I'puropsesuay Tep-Maptupocsy Oblia BpydeHa peMust IpaBUTenscTBa Poceniickoit denepa-
LMY B 00/IACTH HAyKH U TEXHUKH 32 TEOPUIO H IIPAKTHUKY PEryIUPOBAHHUS HAPSDKEHHO-1e()OPMUPOBAHHOTO COCTOSIHUSI TPYHTOBOTO MaccHBa IIpU
HOBOM CTPOUTEIBCTBE U PEKOHCTPYKIMH B yCIOBUSX IIOTHOI TOPOJCKOM 3aCTPOHKIL.
TIpodeccop 3.I. Tep-MapTupocsiH SIBISIICS Npe/ceiaTeIeM CeUaTi3uPOBAaHHOTO COBETA 10 IPUCYKICHUIO YYEHBIX CTEIECHEH JOKTOpa U KaH-
JIM7laTa TEXHUUECKHX HayK 10 CIeUanbHOCTAM «OCHOBaHUS U (yHIaMEHTHI, TIOA3EeMHbIC COOPYKeHUsD», «CTpoUTenbHAs MEXaHUKay», a TaKKe
COCTOSIT BO MHOTHMX HAy4HBIX M TEXHUUECKUX OpPraHU3alMsIX, TaKUX Kak Poccuiickoe 00111ecTBO 0 MEXaHHKE IPYHTOB, T€OTEXHUKE U (PyHJaMeHTO-
crpoetuio (POMITud), peaxomerus sxypHanoB «OcHOBaHuUsI, QyHIAMEHTBI H MEXaHHUKa FPYHTOBY, «HKeHepHast reosIorisy, «I eoTexHnKay u
«Bectark MI'CY», ObUT 9KCIIEPTOM MOCKOBCKHX TOPOJICKUX TEXHHIECKUX KOMHCCHH, B TOM YHCIIE 10 OCHOBAHHSM, (hyHIAMEHTaM U ITOA3EMHBIM
COOPYKCHHUSIM IIPH NTPaBUTEILCTBE I. MOCKBEL
Hayunsle 1 npakrideckue nHTepeck! npodeccopa 3.1 Tep-MapTupocsiHa 0XBaTBIBAIN MIAPOKHIT KPYT BOIIPOCOB, CBSI3aHHBIX CO CTPOUTEIECTBOM
B CJIOXKHBIX HH)KEHEPHO-TEOIOTNUECKHX YCIOBHSIX. B pykoBonuMoit nM 1aboparopuu npukiaaHoi reomexanuka MI'CY Gbuta pa3paboTana Kom-
IUIEKCHAsI IPOrpaMMa, HeoOXO0iMast A5l KOJITIECTBEHHOH OICHKH HANPSDKEHHO-Ae(pOPMUPOBAHHOTO COCTOSHHSI MACCHBOB IPYHTOB, CITy KaIllnX
OCHOBaHHEM U CPefIoi pa3mHuHbIX coopyxkeHui. ITox pykoBonctBom 3.I. Tep-MaptupocsiHa ObLT BHIIOIHEH OOIBIION 00bEM Pa3IHYHEIX TOCY-
napcTBeHHbIX 3aganuil, HIOKPoB, a Taxoke koMMepyecKuX paboT, B TOM YHCIIe Ha 00OBEKTAX MOBBIICHHOTO YPOBHS OTBETCTBEHHOCTH, MOCKOB-

CKOro METPOMOJIUTCHA 1 aATOMHOM TIPOMBIIIJICHHOCTH.

Zaven Grigorievich was born on August 10, 1936. Since 1962 he worked at MGSU and worked his way up from a postgraduate student to the Head
of the Department of Soil Mechanics and Geotechnics. During 61 years of work and professional path in MGSU he prepared more than 85 Ph.D.
of Engineering Sciences, including 30 foreigners, and under his consultation 6 doctoral dissertations were defended. Z.G. Prof. Ter-Martirosyan
is the author and co-author of many monographs, textbooks, printed works and inventions, reports at international congresses and symposiums on
soil mechanics, geotechnics and design of bases and foundations.

During his career he has achieved and won many awards and prizes, including being an Honored Scientist of the Russian Federation, Honorary
Builder of the Russian Federation and Moscow, Honorary Power Engineer of the Russian Federation, Doctor of Technical Sciences, Professor,
Head of the Department of Soil Mechanics and Geotechnics at Moscow State University of Civil Engineering from 2000 to 2015.

On December 11, 2014, Professor Zaven Grigorievich Ter-Martirosyan was awarded the Prize of the Government of the Russian Federation in
the field of science and technology for the theory and practice of regulating the stress-strain state of the soil mass during new construction and
reconstruction in dense urban areas.

Prof. Z.G. Ter-Martirosyan was the chairman of the specialized council for awarding scientific degrees of Doctor and Candidate of Technical
Sciences in the specialties “Base and Foundations, Underground Structures”, “Construction Mechanics”, as well as was a member of many
scientific and technical organizations, such as the Russian Society of Soil Mechanics, Geotechnics and Foundation Engineering (RSSMGFE),
the editorial board of the journals “Soil Mechanics and Foundation Engineering”, “Engineering Geology”, Geotechnics and Foundation Engineering
(ROMGG&F), editorial board of the journals “Foundations, Foundations and Soil Mechanics”, “Engineering Geology”, “Geotechnics” and
“Vestnik MGSU”, expert of Moscow city technical commissions, including those on bases, foundations and underground structures under
the Moscow City Government. He is an expert of Moscow city technical commissions, including on foundations, foundations and underground
structures under the Moscow City Government.

Scientific and practical interests of Prof. Z.G. Ter-Martirosyan covered a wide range of issues related to construction in complex engineering-
geological conditions. The Laboratory of Applied Geomechanics of MGSU, which he headed, developed a comprehensive program necessary for
quantitative assessment of the stress-strain state of soil massifs serving as the foundation and environment of various structures. Under the direction
of Z.G. Ter-Martirosyan a large volume of various governmental assignments, GMRD, as well as commercial works was performed, including

those on facilities of high level of responsibility, Moscow Metro and nuclear industry.
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AHHOTALUMUA

BBepeHue. NpoBefeH aHanna cxognMOoCTX pe3ynbTaToB, MOSyYeHHbIX B XO4Ee CPaBHEHWS aHANUTUYECKOTO U YUCIEHHOTO
MEeTOOOB C NMOMOLLBI0 MeToAa KoHevHbix anemeHToB B MK Midas GTS NX npu pacuyeTe nepekpecTHo-6anovHoro dyHaa-
MEHTa M HaKIMOHHOr0 OCHOBaHMWS NPV BHE3aNHOM 06pa30BaHWMM KapCTOBO-06BarbHbIX NPOLECCOB. AHANUTUYECKUA METOoL
pacyeTa pa3paboTaH Ha OCHOBaHWM AMMUPUYECKUX AAHHbIX, MOMYYEeHHbIX B XOA€e BbINONHEHWs nabopaTopHbIX MOAENbHbIX
nccrnefoBaHuii B cnewmarnbHON yCTaHOBKE, MO3BOMNAOLLEN MOAENMPOBATbL KAPCTOBO-06BabHbIE MPOLIECCHI, YUCTTEHHAs MO-
Oenb sBnsinacb WAEHTUYHbIM NPOTOTUMNOM, MOBTOPSIIOLLUM KAUYECTBEHHbBIE U KONIMYECTBEHHbIE XapaKTEPUCTUKM, UCMOMNb3Y-
emMble Npu hr3n4ecKkoM MOAENNPOBaHNN.

MaTtepuanbl u metoabl. [puBegeHa CpaBHUTENbHAA OLEHKA CXOOUMOCTU MOSyYeHHbIX Pe3ynbTaToB ABYMSI HE3aBUCU-
MbIMU MeTOoAaMU Mpu pacyeTe nepekpecTHo-6anovHoro yHaamMmeHTa Ha HakMoOHHOM OCHOBaHWM B YCMOBUSIX KapCTOBO-
06BanbHbIX NPOLECCOB.

Pesynbrartbl. OcyllecTBneHa oLeHKa NoNny4YeHHbIX PACXOXAEHUA OCHOBHbIX KONIMYECTBEHHBIX MAPaMETPOB, Taknx Kak HOp-
ManbHble KOHTaKTHbIE HamnpsiKeHUs Nog NOAOLLBOW NPOAOIbHON NEHTbI NepekpecTHo-6anoyHoro pyHaameHTa, gedopma-
LA OCHOBaHUS NMocre Bbixoda KapCTOBOW NMOMOCTU HA MOBEPXHOCTb U 06pa3oBaHMs NPoBasibHbIX BOPOHOK.

BbiBoabl. B pesynsrate nccnegoBaHvin NoaATBEPXKAeHa AOCTOBEPHOCTb NPEeAoXeHHON YncneHHon mogenv. OHa no3sons-
€T YMEeHbLUUTb TPYAOEMKOCTb NabopaTopHbIX UCMbITAHWIA 1 paclUMpUTb rPaHuLbl UCCNIeQOBaHNs Npu AanbHenweM nayye-
HUM paboThbl NepekpecTHO-6ano4YHOro yHaaMeHTa U HaKMOHHOTO OCHOBAHUS B YCITOBUSIX 3aKapCTOBaHHbLIX TEPPUTOPUN.

KINMOYEBBIE CJTOBA: npoBarnbHO-KapcToBasi BOPOHKA, NepekpecTHO-6anoyHbin yHAAMEHT, HaKIOHHOE OCHOBaHUe,
CKIMOH, HOpMarbHble KOHTAKTHbIE HaNPshKEHWs, KapCcToBO-06BarnbHbIE NPOLECChI

ona UATUPOBAHWUA: Esmywenko C.U., 3eneHuH E.B., bapbikuH A.b. AHanu3 cXogUMOCTW aHanMTUYecKoro u 4Yuc-
TNIEHHOTO peLUeHUIn MpKU pacyeTe NepekpecTHo-6anoyHoro yHaaMeHTa Ha HaklOHHOM OCHOBaHWU MPKU BHe3anHoM obpa-
30BaHUM KapCTOBO-06BanbHbIX npoueccoB // CTpouTenscTBo: Hayka u obpasosaHue. 2025. T. 15. Bein. 1. Ct. 1. URL:
http://nso-journal.ru. DOI: 10.22227/2305-5502.2025.1.1
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AHaAU3 CXOAMMOCTU @aHaAUTUUECKOTO M YACAEHHOTO PELLEHMI MPpU pacyeTe nepekpecTHo-6aA0uHOro

C. 8-20
PyHAaMeEHTa Ha HAKAOHHOM OCHOBaHUU MpU BHE3AMNHOM OépaSOBaHMM KapCTOBO-OﬁBa/\beIX npoLeccos

! Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation,
2 Academy of Construction and Architecture of the Crimean Federal University named after V.I. Vernadsky;
Republic of Crimea, Simferopol, Russian Federation

ABSTRACT

Introduction. The convergence of the results obtained during the comparison of analytical and numerical methods using
FEM in the Midas GTS NX PC for the calculation of cross-beam foundation and sloping foundation in case of sudden forma-
tion of karst-rockfall processes was analyzed. The analytical calculation method was developed on the basis of empirical
data obtained during laboratory model tests in a special facility that allows modelling karst-rockfall processes, the numerical
model was an identical prototype repeating qualitative and quantitative characteristics used in physical modelling.
Materials and methods. A comparative assessment of the convergence of the results obtained by two independent meth-
ods in the calculation of a cross-beam foundation on a sloping base in the conditions of karst-rockfall processes is given.
Results. The obtained discrepancies of the main quantitative parameters such as normal contact stresses under the bottom
of the longitudinal strip of the cross-beam foundation, deformations of the foundation after the karst cavity emergence to
the surface and formation of sinkholes were evaluated.

Conclusions. The reliability of the proposed numerical model was confirmed as a result of the research. It allows to reduce
the labour intensity of laboratory tests and to expand the boundaries of research in further study of cross-beam foundation
and sloping foundation performance in the conditions of karst territories.

KEYWORDS: sinkhole, cross-beam foundation, sloping foundation, slope, normal contact stresses, karst-rockfall processes
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BBEJEHUE UCTIBITAHUN JAJTbHEHIIINE HCCIICIOBAHMS 1IEIeCO00pa3HO
OCYIIECTBIIATH B CIICIAATN3NPOBAHHBIX TCOTEXHIIESCKUX
nporpamMMHubIX Komimiekcax (I1K), koTopsre mo3BomsroT
MOJICIIUPOBATh Pa3IMYHBIC 3a/aud. MeTol KOHEYHBIX
anemeHToB (MKD) ynoOeH Tem, 9To JaeT BO3MOXKHOCTb
BBIMOJIHATH BBIYKCIICHHS KaK B AByMepHOH (2D) miocko-
CTH UIA MPECABAPUTEIIbHBIX PACUCTOB, TaK U B TPEXMEP-
Ho¥i (3D) Monenu ¢ y4eToM BceX 0ObEMHBIX BHEITHUX
thaxTopoB. OcHoBHOE noctomHcTBO MKD 3aKkimouaercs
B TOM, YTO OH ITO3BOJISIET MPEICTABHUTH CILIONIHYO CPEITY
¢ OECKOHEYHBIM YHCIJIOM CTETICHEH CBOOOIbI KaK CHCTEMY
C KOHEYHBIM MX KOJIMYECTBOM. DTO JJa€T BO3MOXXHOCTh
KOHCTPYKTOPY UCIIOJIb30BaTh Pa3IMYHble UHCTPYMEHTHI
JUTSI pellieHnst TOCTaBJICHHBIX 3a1a4 [15].

[Toce Toro xak cruromHas cpeaa Oblia ammpok-
CHMHPOBaHa, IPAMEHSICTCS METOJ MPSIMOH JKECTKOCTH,
OCHOBaHHBII Ha MaTEMaTUYECKOM aIlliapare CIOKHBIX
cHCTeM alreOpandecKux ypaBHeHUH. biaromapst atomy
METO/Y MOYKHO OIIPENIENIUTh EPEMEIICHNE KaXK/I0r0 y3ia
B ITIOCTPOCHHOH CETKE, UCIOIB3YSI MPSIMOYTOIBHbIEC WITH
TPUAHTYJIMPOBAHHBIE 2JIEMEHTapHbIe stueliku. Ha ocHo-
Be ITOJYYCHHBIX 3HAYCHUI TIePEMEIICHHN BRIYUCIITIOTCS
nedopManyy 1 HaNpsDKEHUST B KXKI0H sTUeiKe.

B cBsi3u ¢ 9TMM paboTa, HarpaBieHHAas Ha pa3pa-

Ha Gompieit wacti Teppuropun Poccuiickoit Dene-
parLK 1 APYTUX CTPaH IIEPMaHEHTHO YBEJIMINBACTCS TUIO-
b TEPPUTOPUI C Pa3BUTUEM KapCTOBBIX IPOLIECCOB
[1-5]. B cBsi3u ¢ 3TUM B F€OTEXHUYECKOM NIPOEKTUPOBA-
HHH CTAHOBHTCS BCE O0Iee aKTyaIbHBIM U3y4EeHHE HaIIpsi-
skeHHO-1epopmupoBanHoro cocrosiaust (H/1C) koHCTpyK-
i (yHJaMEHTOB, B3aUMOJICHCTBYIOIINX C TPYHTOBBIM
OCHOBaHHEM [P 00Pa30BaHNH KAPCTOBO-00BAJILHBIX MPO-
reccoB. KapcToBble sSIBI€HNSI — OHU U3 CaMbIX OTTACHBIX
Te0JIOTMYECKUX rporieccoB. OHM HECYT yIpo3y Kak IO CKO-
POCTH CBOETO IPOSIBIICHKS B BHIE 00Pa30BaHMs IPOBAJIOB
U MYJIBJI OCEJIaHMs 36MHOI MTOBEPXHOCTH, TaK H 110 Mac-
mTabam 1 CTETIeH! OTTACHOCTH JUTS 3aCTPANBAEMBbIX H yXKe
3aCTPOEHHBIX TOPOJICKUX Tepputopuii [4, 6-10].

B cTarbsax, MOCBSIICHHBIX H3yYEHHIO PabOTHI
(hyHaMEeHTOB Ha HAaKJIOHHOM ocHoBaHuu [11-14], ot-
MeuaeTcs, 4TO y4eT BIUSHUS yIJla HaKJIOHAa OCHOBaHUS
B IIPOEKTHBIX PEIICHUSX TPeOyeT MPOBEACHHUS OO~
HUTEIBHBIX MCCIICIOBaHUN BBUAY 3(dekTa mapHOTro
B3aMMOJICHCTBHS OT TAKKX (PAKTOPOB, KaK IMAMETp Kap-
CTOBOM MOJIOCTH, YrOJI HAKJIOHA OCHOBAaHMUs, IITyOHHA
pacnonoxkeHus nojaoctu. MccienoBanusi COBMECTHOM
paboTHI «(pyHIAMEHT — HAKIIOHHOE OCHOBAaHHE) TP He-

TaTHUBHOM BJIMSTHAY KapcTa JIOJDKHBI BKIIIOUATh H3yUCHHUE
nporecca 1e()OpMUPOBAHUS TPYHTOBOTO OCHOBAHMS,
CMEIIEHHE TPYHTA B 30HE €ro IpoBajia, CKOPOCTH H3Me-
HEeHUs1 0CHOBHBIX napameTpos HJIC.

W3-3a TpyAOEMKOCTH BBIIOJIHEHHUS! MOJEIbHBIX
(U3MUECKUX HCCIIEIOBaHUN B J1a00PaTOPHBIX YCIIOBH-
SIX, HAIPaBJICHHBIX HA W3yYEHHE COBMECTHOM paboThI
HEePeKPECTHO-0a7I04HOr0 (PyHIaMEHTa U HaKJIOHHOTO
OCHOBAHMs, 1 HEBO3MOXXHOCTH MPOBEICHHS HaTYPHBIX

OOTKY YMCIIEHHON MOJIeNN, KOTOpasi OyleT aJeKBaTHO
OTpakaTb JEUCTBUTEIBHYIO PabOTy IePEKPECTHO-0aI04-
HOro (hyH/IaMEHTa Ha HAKJIIOHHOM OCHOBAHHH C KapCTO-
BOH I0JIOCTBIO, TIO3BOJIMT COKPATUTH TPYAOEMKOCTh ITPU
npoexTupoBaHuu [16].

MATEPUAJIBI U METO/JbI

[InanupoBaHue Uccie10BaHUH IPOBOIMIOCH B CO-
OTBETCTBHH C paHee OMMCAHHOW MeToanKoii [17], B pam-
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KaxX KOTOPOW paccMarpHBaJIMCh YEThIPE HE3aBHCUMBIX ¥ PACCTOSIHUE OT YACP)KUBAIOLICH KOHCTPYKIHMHU L, M.

BHEUIHUX (haKTOpa: YroJ HaKJIOHAa OCHOBAaHUS, AuaMeTp  Jlyisi yTOYHEHHs YMCICHHONW MOJAEIH M MOCIEYIOIEro
KapcTOBOH monocT D, M, IIyOnHA pacloNoKeH s 10-  CO3JaHHsl aJlTOPUTMA PEILICHUs] B aBTOMAaTU3MPOBAHHOM

JIOCTH OTHOCHUTENbHO nojomBel ¢pyHaamenta H, m, IIK Midas GTS NX BbiOpanb! mapameTpsbl, aHaJIOTHYHbIC

rarITONLCTBS: T 15, BhINYCK 1(55)

Tab.. 1. Koneuno-snementusie Mojenu onbitoB Ne 1-8 B ITK Midas GTS NX
Table 1. Finite element models of experiments No. 1-8 in PC Midas GTS NX

OmnbIiT Ne 1 (cedenne Moaeny MO MPOAOIBHOM JICHTE
¢dhyngamenra)
Experiment No. 1 (cross-section of the model along
the longitudinal belt of the foundation)

OmnbIT Ne 2 (cedenne Moaeay O MPOAOIBHOH JIEHTE
(dyHmamenra)
Experiment No. 2 (cross-section of the model along
the longitudinal belt of the foundation)

HiE

aas ‘.!.Fi. * ::;:. i ]

Omnbit Ne 3 (ceueHne MOJIEITH IO MTPOJOJILHOMN JICHTE
(dyHmameHra)
Experiment No. 3 (cross-section of the model along
the longitudinal belt of the foundation)

Omnbit Ne 4 (ceueHne MOJIEITH TIO MTPOJOILHOMN JICHTE
¢dyHmameHra)
Experiment No. 4 (cross-section of the model along
the longitudinal belt of the foundation)

Omnbit Ne 5 (ceueHne MOJIEITH IO MTPOJIOJILHON JICHTE
¢dyHnameHra)
Experiment No. 5 (cross-section of the model along
the longitudinal belt of the foundation)

Omnpit Ne 6 (ceueHne MOJIEH TIO MTPOJOILHOMN JICHTE
(dyHmamenra)
Experiment No. 6 (cross-section of the model along
the longitudinal belt of the foundation)

OmnpiT Ne 7 (cedeHne MoAeH 1O POAOIBHOM JICHTE
¢dhynnamenra)
Experiment No. 7 (cross-section of the model along
the longitudinal belt of the foundation)

OmnbiT Ne 8 (cedeHne Momeny O MPOAOIBHOM JICHTE
(dhyHnnamenra)
Experiment No. 8 (cross-section of the model along
the longitudinal belt of the foundation)

10
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Taou. 2. XapakTepucTUKu MaTepraga OCHOBAHUS

Table 2. Base Material Characteristics

XapaKkTepHCTHKN MaTepHaIoB Iloxazarens
Material Characteristics Indicator
VaenvHbIH Bec rpyHTa ¥, KH/M? 16.1
Specific weight of soil y, kN/m? ’
Monyne nedopmarnun £, MIla 24
Modulus of deformation £, MPa
Yros1 BHyTpEHHETO TPEHUS
. 34
Internal friction angle ¢
Koadpunment ITyaccona v
. e 0,25
Poisson's ratio v
Yroun qunataHCHU IpyHTa
. 0
Ground dilatancy angle y
0 0 0

0 005 01 O, 02 025 03 035 04 045 05 055 06 065 07

0,2

P, Kre/em2
Pkgfem2 o
o S

K]
®

1,2

Dnnna 6anku, m
oeam length, m

——

developed methodology numerical modeling

Puc. 1. Dnropsl HOpMaNbHBIX KOHTAKTHBIX HANpPsKEHUH
ombiTa Ne 1 1o pa3paboTaHHOI METOAMKE M pe3ysbTaraM
YUCICHHOTO MOJCIUPOBAHUS

Fig. 1. Normal contact stresses of experiment No. 1 and accord-

ing to the developed method and results of numerical modelling

)
0 005 01 015 02 025

33

5 04 045 05 055 06 065 07

P, Krc/cm2

Anvna 6anku, m
beam length, m

—o— Pa3paboTHaaA MeTOAUKa
developed methodology

—8— YUCNeHHO MOAeNUPOBaHHE
numerical modeling

Puc. 3. Dnropsl HOPMAIBHBIX KOHTAKTHBIX HaNpsKEHUMH
ombiTa Ne 3 10 pa3paboTaHHOHM METOAMKE M pe3ysbTaraM
YHCIIEHHOTO MOJICITUPOBAHUS

Fig. 3. Normal contact stresses of experiment No. 3 and accord-
ing to the developed method and results of numerical modelling

04 045 05 055 06 065 07

-0,716
-0,328

P, Krc/cm2
Pkafem2 fa

-3,5
OnvHa 6anku, M
‘oeam length, m

—e— Pa3paboTHaan MeToanKa

—&— YuCNeHHOoe MoaeNUDOBaHKe
developed methodology

numencal modeling

Puc. 2. 3HIOpLI HOpMaJIbHbIX KOHTAKTHbBIX HaHpﬂ)KCHI/Iﬁ OIlbITa
Ne 2 o pa3pa60TaHH0171 METOAUKE U pe3yJibTaTaM YHMCIICHHOI'O
MOJACINPOBAHUS

Fig. 2. Normal contact stresses of experiment No. 2 and accord-
ing to the developed method and results of numerical modelling

02 025 03%-10, 04 045 05 055 06 065 07

455

05

P, Krc/cm?

2,5

AnuHa Ganku, m

—e— Pa3paboTHHan MeToamKa
developed methodology

—&— YrcneHHoe MoaenuposaHue
numerical modeling

Puc. 4. Dntopbl HOpMAIBHBIX KOHTAKTHBIX HAIIPSHKEHUN OIbITa
Ne 4 1o pa3paboTaHHON METOJMKE U Pe3y/IbTaTaM YHCICHHOTO
MOJICIIUPOBAHUS

Fig. 4. Normal contact stresses of experiment No. 4 and accord-
ing to the developed method and results of numerical modelling
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0 005 01 015 02 025 03 035 04 045 05 055 06 @65 07

0,2

s
=

P, krc/ecm?
&
=y

0,8

OnuHa Ganku, m

—s— Pa3palioTHHaA METOAMKE —8— YHCABHHOE MOJENIHPOBAHUE
developed methodelogy numerical modeling

Puc. 5. Dniopsl HOpMaNbHBIX KOHTAKTHBIX HaNpsIKEHUH
omnbiTa Ne 5 o pa3paboTaHHON METOAMKE U pe3ynbTaTam
YHCIIEHHOTO MOJIETUPOBAHUS

Fig. 5. Normal contact stresses of experiment No. 5 and accord-
ing to the developed method and results of numerical modelling

0 005 01 015 02 025 03 035 04 045 055 06 065 07

s
B

w

P, Krc/om2
& Pkgiem2

0,6
0,7
0,8
-0,9
Anvna 6ankn, m
bearm length, m
—e— Pa3paboTHHan
‘developed methodology numenical modeling

Puc. 7. Dnropel HOpMaNbHBIX KOHTAKTHBIX HANPSKCHUH
ombiTa Ne 7 1o pa3paboTaHHOM METOAMKE M pe3ysbTaTraM
YHCIIEHHOTO MOJICITUPOBAHUS
Fig. 7. Normal contact stresses of experiment No. 7 and accord-
ing to the developed method and results of numerical modelling
o
0 005 01 O} 02 025 03 035 04 045 05 055 06 065 07

0,2

&
Y

&
=Y

ocaKa, MM
displasement, mm

)
3

-1,2

OnunHa 6ankm, m
beam legth, m
1

—®— scnepumenT —e— YNCNeHHoe MOAeNHpOoBaHHe
expeniment numerical modeling

Puc. 9. I'paduik ocanok ocHOBaHHUS TPH HUIHIECKOM MOJIC-
JMPOBaHUH OMBITa Ne | M YMCIICHHOM MOJICIMPOBaHUN

Fig. 9. Graph of foundation displacement in physical model-
ling of experiment No. 1 and numerical simulation
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025 0, -0, 04 045 05 055 06 065 07

$3%8

P, krefem2
i Pkafem? ]

w

-2,5

Nnuna Ganku, M

—8— Pa3paboTHHaA MeToAUKa —8— YucneHHoe moaenuposaHue
developed methodology numerical modeling

Puc. 6. Dnrops! HOpMANTBHBIX KOHTAKTHBIX HAPSDKEHUH OITBITA
Ne 6 o pa3paboTaHHON METOJMKE U PE3yIBTaTaM YHCICHHOTO
MOJICJIUPOBAHUS

Fig. 6. Normal contact stresses of experiment No. 6 and accord-
ing to the developed method and results of numerical modelling

o
0 005 01 015 02 025 03 035 04 045 05 055 06 065 07

& &
'S Y

()
o

P, Krcfem2

uHa Bankm, m
An beam length, m
—e— PaspaboTHHaR meToauKa —8— YUCNIeHHOe MO/IeIMPOBaHKe
developed methodology numerical modeling

Puc. 8. Dnropbl HOPMAILHBIX KOHTAKTHBIX HAIIPSDKSHUIT OTbITA
Ne 8 o pa3paboTaHHOI METOAHKE U Pe3yabTaTaM YHCICHHOTO
MOJICTTUPOBAHUS

Fig. 8. Normal contact stresses of experiment No. 8 and accord-
ing to the developed method and results of numerical modelling

0 0

0 005 01 O 02 025 03 -0 04 045 05 055 06 065 07

0,716
-0,828
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displasement. mm

»
[

3,5

JAinvHa 6anku, m
beam length, m

—8—  KCNEPUMEHT —8— MCIeHHOE MOfIeNHDOBaHME
experiment numencal modeling

Puc. 10. I'padux ocanok ocHOBaHUs MpH HUIHUECKOM MOJIe-
JIMPOBAHUM OIIbITa Ne 2 M YHCIICHHOM MOJICTMPOBaHUM

Fig. 10. Graph of foundation displacement in physical model-
ling of experiment No. 2 and numerical simulation
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Anuna 6anku, m
beam leagth, m

—8— YYCNEHHOR MOAE/MPOBaHUE

—8—" sxcnepument
numerical modeling

experiment

Puc. 11. I'paduk ocagok ocHOBaHHS PH HUZUIECKOM MOJIE-
JTUPOBAaHUM ONbITAa Ne 3 ¥ YHCIICHHOM MOJICTHPOBAHUH

Fig. 11. Graph of foundation displacement in physical mod-
elling of experiment No. 3 and numerical simulation
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—&— YUcneHHoe MoAeNUPOoBaHMe

—®—  3KcnepuMeHT
s numerical modeling

expenment

Puc. 13. I'paduk ocamox ocHOBaHUS pU HUZHIECKOM MOJIE-
JIMPOBAHUM OMBITa Ne 5 M YHCIICHHOM MOJICIMPOBaHUN

Fig. 13. Graph of foundation displacement in physical mod-
elling of experiment No. 5 and numerical simulation
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—e— Y1CcneHHOe MOAeNMPOBaHHE
numerical modeling

—&—  3KCnepUMeHT

Puc. 15. I'paduk ocaiok ocHOBaHMs TPU HU3MIECKOM MOJIe-
JIMPOBAaHUH ONbITa Ne 7 ¥ YUCIICHHOM MOJICITMPOBAHUH

Fig. 15. Graph of foundation displacement in physical mod-
elling of experiment No. 7 and numerical simulation
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numerical modeling

—&—  3KCNEPUMEHT
experiment

Puc. 12. I'paduk ocamox ocHOBaHHS MpH (PH3HMYECKOM MOJIE-
JTUPOBAHUM ONBITa Ne 4 1 YHCIICHHOM MOZICTUPOBAHUH

Fig. 12. Graph of foundation displacement in physical model-
ling of experiment No. 4 and numerical simulation

(o]
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expenment

—&— YUCNEHHOE MOAE/NPOBaHME
numerical modeling

Puc. 14. I'paduk ocamox ocHOBaHHSA MpH (PU3HYECKOM MOJIE-
JUPOBaHUH OIBITA Ne 6 M YMCIIEHHOM MOJICIUPOBAHUH

Fig. 14. Graph of foundation displacement in physical model-
ling of experiment No. 6 and numerical simulation
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—8—| IKCnepUMeHT
experiment

Puc. 16. I'padux ocanok ocHOBaHUs NpH HUIHUECKOM MOJIe-

JIMPOBAaHUU OIIbITa Ne 8 1 ynciaeHHOM MOACIUPOBAaHUN

Fig. 16. Graph of foundation displacement in physical model-
ling of experiment No. 8 and numerical simulation
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Taodu. 3. AHanu3 CXOAUMOCTH IO HAIIPSKECHUSIM

Table 3. Stress convergence analysis

rarITONLCTBS: T 15, BhINYCK 1(55)

Paccrosinue no ammune
. Hanpspxenue
(dyHIaMeHTHO N
SanKi 110 pa3padoTaHHOI Tpotent Cpennee 3HauCHNE
. | meromuke (ccoutka | Hampsbkenne Paznocts pasHOCTH
OT yJiepKHBaromIei 5 . pa3HOCTH
Ha CTaTbIO), KI/CM” | [10 YUCICHHOMY | HAIpPSDKCHUH, N KOHTAKTHBIX
KOHCTPYKLHI . o 5 5 HanpsukeHuit, % <o
. Tension according | pacdery, Kr/cM KI/cM HarnpspKeHui, %
Distance along . . Percentage
to the developed Numerical Stress difference, Average value
the length of 5 5 of stress
. method (reference | stress, kg/cm? kg/cm . of contact stress
the foundation beam . difference, % .
. to the article), difference, %
from the retaining Ke/om’
structure gem
Onvim Ne 1
Experiment No. 1
0,2 L 0,945 1,042 0,097 10,26
0,4 L 0 0 0 -
0,6 L 0,568 0,620 0,052 9,15 10,71
0,8 L 0,473 0,526 0,053 11,21
L, 0,449 0,504 0,055 12,25
Onvim Ne 2
Experiment No. 2
0,2 L 2,736 3,174 0,438 16
0,4 L 0 0 0 -
0,6 L 0 0 0 - 13,42
0,8 L 1,321 1,435 0,114 8,62
L, 0,716 0,828 0,112 15,64
Onvim Ne 3
Experiment No. 3
0,2L, 1,166 1,349 0,183 15,69
0,4L, 0,309 0,352 0,043 13,91
0,6 L, 0 0 - - 15,9
0,8 L, 0,942 1,103 0,161 17,09
L, 0,716 0,837 0,121 16,89
Onvim Ne 4
Experiment No. 4
02L, 1,915 2,236 0,321 16,76
0,4 L 0 0 - -
0,6 L 0 0 - - 13,9
0,8 L 0,566 0,642 0,076 13,42
L, 0,468 0,522 0,054 11,53
Onvim Ne 5
Experiment No. 5
0,2 L 0,852 0,993 0,141 16,54
0,4 L 0,765 0,904 0,139 18,17
0,6 L 0,617 0,729 0,112 18,15 18,64
0,8 L 0,424 0,516 0,092 21,7
L 0 0 — -
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Oxkonyanue maon. 3/ End of the Table 3

Paccrosinue no amHe
. Hanpsoxenue
(yHIaMeHTHO N
10 pa3paboTaHHOI Cpennee 3HaUCHNE
Ganku Ipouent
. MeTomuke (ccpuika | Hampspkenue Pasznocts pazHocTu
OT yJiepKHBaroiei 5 . Pa3HOCTH
Ha CTaThl0), KI/CM® | [T0 YHUCICHHOMY | HAIpSDKCHHH, < o KOHTaKTHBIX
KOHCTPYKIIHH . . 5 ) HanpsbkeHuit, % <o
. Tension according | pacdery, Kr/cM KI/cM HanpspKeHui, %
Distance along . . Percentage
to the developed Numerical Stress difference, Average value
the length of 5 5 of stress
. method (reference | stress, kg/cm? kg/cm? . of contact stress
the foundation beam . difference, % .
. to the article), difference, %
from the retaining ,
kg/cm?
structure
Onvim Ne 6
Experiment No. 6
0,2L, 0,905 1,029 0,124 13,7
04L, 0,810 0,914 0,104 12,83
0,6 L, 0,712 0,805 0,093 13,06 13,2
0,8 L, 0 0 - -
L, 0 0 - -
Onvim Ne 7
Experiment No. 7
0,2L, 0,704 0,819 0,115 16,33
04L, 0,629 0,729 0,1 15,89
0,6 L 0,584 0,667 0,083 14,21 15,54
0,8 L 0 0 - -
L 0,693 0,802 0,109 15,72
Onvim Ne 8
Experiment No. 8
0,2 L 0,862 1,007 0,145 16
04L, 0,815 0,986 0,171 16,1
0,6 L 0,789 0,952 0,163 17,3 19,48
0,8 L, 0 0 - -
L, 0 0 - -
Tab. 4. AHanmu3 CXOIUMOCTH 1O JiepopMaIysamM
Table 4. Deformation convergence analysis
Paccrosme H(.), JuTHHe Ocanka YucieHHBIH
(yHIaMeHTHOH Oankn
. 0 JJaHHBIM pacuer
OT yAepXKHBaromeit PaznocTs ocanka, Cpennee 3HaUCHNE
SKCTIEpUMEHTA, | IepeMeIleHus, Pasnnma N
KOHCTPYKIIUH MM N Pa3HOCTH 0CaMIOK, %
. MM MM . B cMelleHnH, %
Distance along . . Displacement . Percentage of
Precipitation Numerical . Displacement .
the length of . . difference, . displacement
. according to calculation 5 difference, % .
the foundation beam . . kg/cm difference, %
. . the experimental | displacement,
from the retaining
data, mm mm
structure
Onvim Ne 1
Experiment No. 1
0,2 L, -1,39 -1,57 0,18 12,94
0.4 L6 >50 >50 _ _
0,6 L, -1,5 -1,69 0.19 12,66 12,54
0,8 L, -1,45 -1,62 0,17 11,72
L -1,4 -1,58 0,18 12,85
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Ipooonaicernue mabn. 4/ Continuation of the Table 4

rarITONLCTBS: T 15, BhINYCK 1(55)

Paccrodnue no ainune Ocanxa e I
(dhyHngameHTHOU Oanku A
. 0 JTAaHHBIM pacuer
OT yAepKUBaromeit PaznocTs ocanka, Cpennee 3HaUeHNE
OHCTDVKLLIH JKCIIEPUMEHTA, | IepeMeIeHNs, . Paznnma A3HOCTH OCANOK. %
OHCTPYKI MM MM . B CMEILeHUH, % p AOT, 7o
Distance along e . Displacement . Percentage of
Precipitation Numerical . Displacement .
the length of . . difference, . displacement
” according to calculation ﬁ difference, % .
the foundation beam . . kg/cm? difference, %
from the retaini the experimental | displacement,
lomstrjcltirdemmg data, mm mm
Onvim Ne 2
Experiment No. 2
0,2L, -1,99 -2,25 0,26 13,06
0,4L, >50 >50 _ _
0,6 L >50 >50 - - 14,14
0,8 L, 2,72 -3,11 0,39 14,33
L, -1,93 2,22 0,29 15,02
Onvim Ne 3
Experiment No. 3
0,2 L, -2,03 -2,39 0,36 18,1
0,4 L, -2,14 -2,53 0,39 18,6
0,6 L >50 >50 - - 18,2
0,8 L, 2,13 -2,52 0,39 18,4
L, —-1,62 -1,92 0,3 18,6
Onvim Ne 4
Experiment No. 4
0,2 L, -1,43 —-1,64 0,21 14,68
0,4 L, >50 >50 — -
0,6 L >50 >50 - - 14,61
0,8 L, -1,11 -1,27 0,16 14,41
L, -0,95 -1,09 0,14 14,73
Onvim Ne 5
Experiment No. 5
0,2 L, 0,87 -1,02 0,15 17,4
0,4 L, -1,26 —-1,48 0,22 17,6
0,6 L, -1,59 -1,86 0,27 17,6 17,55
0,8 L, -2,19 -2,57 0,38 17,6
L, >50 >50 - -
Onvim Ne 6
Experiment No. 6
0,2 L, —0,86 —-1,06 0,2 14,2
0,4L, -1,02 -1,27 0,25 14,6
0,6 L, -1,32 —-1,66 0,35 16,5 15,1
0,8 L, >50 >50 - -
L, >50 >50 - -
Onvim Ne 7
Experiment No. 7
0,2 L, -0,57 0,65 0,08 14,03
0,4L, -0,69 -0,8 0,11 15,94
0,6 L, 0,77 0,89 0,12 15,58 15,61
0,8 L >50 >50 - -
L, -1,48 -1,73 0,25 16,89
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Oxonyanue maon. 4/ End of the Table 4

Paccrodnue no ainune .
o Ocanxa YucneHHbli
(dhyngameHTHOU Oanku
. 0 JJAaHHBIM pacuer
OT yAepKUBarommeit PaznocTs ocanka, CpenHee 3HaUCHNE
IKCHEPUMEHTa, | IepeMeICHYs, Paznuna N
KOHCTPYKIIUH MM o Pa3HOCTH 0CaMIOK, %
) MM MM . B CMEIIEeHNH, % .
Distance along S . Displacement . Percentage of
Precipitation Numerical e Displacement .
the length of . . difference, - K displacement
. . according to calculation ) difference, % s N
the foundation beam . C . kg/cm? difference, %
. the experimental | displacement,
from the retaining
data, mm mm
structure
Onvim Ne 8§
Experiment No. 8
02L -1,81 0,29 19,07
B [ 71 ’52 2 B B
0,4L, -1,83 22 0,37 20,21
20,54
0,6 L, 2,15 -2,63 0,48 22,32 ’
0,8 L, >50 >50 — -
L, >50 >50 - -

TEM, YTO MCIOIB30BAICE TIPH BHIITOTHSHUN MOACTHEHBIX
IKCIICPUMCHTAJIBHBIX HCCIIeA0BaHMi. B a0, | moka3aHsl
OCHOBHBIC PaCUETHBIC CEUCHHUS Mojieneii ormbIToB Ne [—8.

B 1ab6n. 2 npuBeeHBI XapaKTEPUCTHKA MaTepralia
OCHOBAHMSI.

[MapameTpbr mepekpecTHO-0amouHoro (yHIaMEHTa,
BEJIMYMHA HATPYXKEHUH ObLIN TPUHSTHI B COOTBETCTBUU
C MIPEABILYIIMMH UCCIICOBAaHUSIMHI B 3TOH obmacTh [18].

JJi1 BO3MOXKHOCTH BU3YaIbHOTO CPaBHCHHUS Mapa-
METPOB HOPMAJIBHBIX KOHTAKTHBIX HAINPsDKEHUH MOCIe
00pyIIeHNS CBOJIa KAPCTOBOM TIOJIOCTH | MPOBaja B HEe
IPYHTA, IIOJIyYE€HHBIX C IIOMOLIbIO aHAIUTUYECKON METO-
JTUKU ¥ 9UCIICHHOW MOJIENTH, COCTABJICHBI rpaduKH, 110-
Ka3aHHbIe Ha puc. 1-8.

JJ1s1 BO3MOJKHOCTH BH3YaTbHOTO CpPaBHEHHS Mapa-
METPOB HOPMAIbHBIX Je(opMaruii OCHOBaHHS MOCIIE
00pyIICHHUS CBOJIAa KAPCTOBOM TTOJIOCTH M MIPOBajia B HEE
TPYHTA, TIOYYCHHBIX C TOMOIIIBIO AKCIIEPUMEHTAITBHBIX
HCCIIE0BAHUN U YUCIIEHHON MOJIEH, COCTABJICHbI IPa-
(huku, puUBeCHHBIE Ha pHc. 9—-16.

PE3VYJIBTATHI UCCJIEJOBAHUA

AHanu3 CXOJUMOCTH PE3yIbTaTOB HOPMAaJIbHBIX
KOHTAKTHBIX HAIPsDKCHHI CBelleH B Tall. 3.

AHanu3 cXOIUMOCTHU Pe3y/IbTaToB 110 AedopMary-
sIM TPYHTOBOTO OCHOBAHUS CBEIICH B Ta0IM. 4.

SAKJITIOYEHUE U OBCYXJAEHUE

[To pe3ynbTaraM MpPOBEACHHBIX HCCIEIOBAHUI
MOXXHO CIENATh CICAYIONINE BEIBOIBL.

Amnanuns rpaduxoB (puc. 1-8) mokasai, 4To 3Ha-
YEHMSI HOPMAJIbHBIX KOHTAKTHBIX HAIPSIKCHUH, IOy~
YEHHBIX IyTEM YHCJICHHOTO MOJCIHUPOBAHUS METOIOM

KOHEYHBIX JJIEMEHTOB, OOJIbIlIe 3HAYCHUH, MOTYUYCH-
HBIX C MOMOIIBbI0 MeToAuKH [19]. Pa3auia mexay Tu-
MH 3HaYeHHUSIMHU coctarisger ot 10,71 mo 19,48 %. D10
CYIIECTBEHHO BIUSIECT Ha MaTePHATIOEMKOCTD TIPH TIPO-
eKTUpOBaHUH (YHIAMEHTOB. B cpenHeM HOpMallbHBIC
KOHTaKTHBIE HAaNPsDKEHHS OKazanuch ooubiie Ha 15,1 %.
Taxoil pe3ysnbTar MOXET MPHUBECTH K CO3IaHMIO He-
000CHOBAaHHOTO 3amaca MPOYHOCTU M, KaK CIIE/ICTBUE,
K YBEIIMYCHUIO CTOUMOCTH CTPOHUTEIBCTBA M3-32 OLITHOOK
B pacuerax (yHIaMEHTA.

Ananmms rpadukoB (puc. 9-16) mokasai, 4To 3Ha-
4yeHUs JAeQopManuii OCHOBAHHUS, MMOJYYCHHBIX ITyTeM
YHCIIEHHOTO MOJICITMPOBAHMSI METOJIOM KOHEYHBIX dJIe-
MEHTOB, OOJIbIIIE 3HAUSHHUH, MTOJYUYEHHBIX B pe3yJibTare
(bM3HUECKHUX DKCTIEPUMEHTANLHBIX UCCIIeA0BaHUH. Pa3-
HUIIA MEXKIY dTHMH 3HAYCHUSMH COCTaBIsAeT OT 12,5
110 20,5 %. DTO MOXET 3HAYUTENBHO YBEJIUUUTH T'€OMe-
TpHYECKHE pa3Mepbl (PyHIAMEHTHOMW JICHTHEL B cpemHeM
nedopmaru okasanuch oonbiie Ha 16 %. Takoit pe-
3yJIBTaT MOKET HPUBECTH K CO3/IaHHUI0 HEOOOCHOBAHHO-
TO 3araca IMPOYHOCTH H, KaK CJIEACTBHUE, K YBETHMUCHUIO
CTOMMOCTH CTPOUTENIECTBA HM3-3a OMIMOOK B pacueTax
(dyHmamMeHTa.

Takum 00pa3oM, B pe3yibTare MPOBEICHHBIX HC-
cieqoBaHni Oblla BepU(UIMPOBAHA TIPEIIIOKCHHAS
YHCIICHHAS MOJIEIb, KOTOPAst [TO3BOJIUT COKPATUTh TPY/IO-
€MKOCTh NPOBEACHHUS HCIBITAaHUH B JaOOpPAaTOPHBIX
YCIIOBUSIX M CIIOCOOCTBYET BapHaIiX TPaHHUI] MICCIIEI0BA-
HUS TIPH JaTbHEUIIIEM U3y9eHHH PadOThI IIEPEKPECTHO-
OaouHoro0 (hyHIaAMCHTA U HAKJIOHHOTO OCHOBAHWIS B YCIIO-
BUSIX 3aKapCTOBAHHBIX TCPPUTOPHI.
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IIporpamMmma 3KCNIepMMEHTAJbHBIX HCCJIEI0OBAHUMH PA0OTHI
CBAlHOIO MOJIS B OAHOPOHOM OCHOBAHUH
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FOoicno-Poccutickutl cocyoapemeennulil noaumexnuuveckutl yuugsepcumem (HITH) umenu M.H. [Tnamosa
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AHHOTALUMUA

BBeaeHue. PaccmatpuBaeTcs nporpamma 9KCnepuMeHTarnbHbIX UCCNENOBAHNUIA HA OCHOBE YMCMEHHOTO MOAENUPOBaHNUS
paboThbl CBAaNHOIO MoMsi B OAHOPOAHOM MECHYaHOM OCHOBaHMK. AKTyanbHOCTb 00ycrnoBneHa HeobXxoaNMOCTbIO NMOBbLILLEHNSI
HaZEXHOCTU 1 6e30MacHOCTM CBalHbIX (PYHOAAMEHTOB, LUMPOKO MPUMEHSIEMbIX B COBPEMEHHOM CTpouTenscTee. Viccneno-
BaHWe HanpaBreHo Ha yCTpaHeHne CyLLEeCTBYOLMX NPOOGENOB B Npeacka3aHum B3anMOLeNCTBUS CBai C OGHOPOAHBIM IPyH-
ToM. Pa3paboTtaHa 1 anpobupoBaHa nporpaMmMa 3KCNepuMEHTOB, BKITHOYatoLasi MOAENMPOBAHME U HATYPHbIE UCTbITAHUS.
[Mony4eHHble pe3ynsTaThbl NO3BONUIN NPELJIOKUTL HOBbIE NMOAXOAb! K pacyeTy CBalHbIX MOMEN, YTO MMEET 3HAYUTENbHYIO
Hay4HYIO 1 NMPaKTUYECKYIO LLIEHHOCTb AJ1s1 CTPOUTENBHOW OTpacnu.

MaTtepuanbl u MmeToabl. VIcnonb30BaHbl AaHHbIE HAyYHbIX NMyOnvKaumin, HOPMaTUBHBIX AOKYMEHTOB, MPOEKTHbIX MaTepu-
arnoB N pes3ynbTaToB 3KCMEePUMEHTOB. [MpUMeHEHblI METOAbI CUCTEMHOTO aHanus3a, MOLgEeNMPoOBaHUs, a Takke SKCNepUMeH-
TanbHble U CTAaTUCTUYECKME NOAXOAbl. DT METOAbI AANN BO3MOXHOCTb MOMYyYUTb HOBblE CBEAEHUS N BHECTU KOPPEKTUBBI
B pacyeTHble METOAbI CBaVHbIX (PYHAAMEHTOB.

Pe3ynbrartbl. PazpabotaHa uncneHHasi Mofernb 9KCnepuMeHTarnbHbIX UCCeoBaHUN, NpoaHann3npoBaHbl pas3nuyHbie Me-
TOAbl pacyeTa cBalHbIX PyHOAMEHTOB, pa3paboTaHa Mogernb CTeHaa AN NPoBeAEHUs ONbITOB, CO34aHa noaTtanHasi Npo-
rpaMMa BbIMOSTHEHNST AKCMEPUMEHTA.

BbiBogbl. Pe3ynbraThl nccnegoBaHus paboTbl CBaAMHOMO Nonsi B OQHOPOLHOM OCHOBaHUM obragarT BbICOKOW Hay4HOM
N NMPaKTUYECKON LEHHOCTbIO. Pa3paboTaHHas mateMaTuyeckas Mogernb M aKCnepuMeHTanbHble faHHble No3Bonunu donee
TOYHO onucaTb pacnpeneneHne Harpy3ok 1 gedopmMaunii B CBaiHOM Morie, YTO ABMSIETCA 3HaYMTENbHbIM BKITAAOM B TEO-
puo pacyeTa cBanHbIX (pyHAAMeHTOB. [onyyYeHHble pe3ynbTaThl NOATBEPXKAAT HEOOXOANMOCTb M BaXXHOCTb NepecMoTpa
CyLLECTBYIOLLMX METOLOB pacyeTa CBanHbIX (PyHAAMEHTOB. X BHEAPEHME B CTPOUTENbHYHO NPakTUKy 1 06pasoBaTenbHble
nporpaMMbl 4acT BO3MOXHOCTb MOBbLICUTb HAAEXKHOCTb U 3h(PEKTUBHOCTL CTPOUTENBLCTBA, a Takke co3gaTe 6a3y Ansa aanb-
HEeWLWnX nccrneaoBaHuii B 4aHHoN obnactu.

KIMKOYEBBIE CITOBA: cBaliHble hyHAaMEHTbI, YCNEHHOe MOAENMpoBaHue, aKCneprMeHTanbHble UCCreaoBaHust, HaTyp-
Hble NCMbITaHUS, CUCTEMHbIV aHanua, oNTMMM3aLmns MPOEKTUPOBAHUS, HAAEXHOCTb COOPY>KEHWUIA
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Experimental research programme on the behaviour of a pile
group in a homogeneous base

Vitalii M. Derekhovskii, Gennadii M. Skibin
M.1 Platov South-Russian State Polytechnic University (NPI); Novocherkassk, Russian Federation

ABSTRACT

Introduction. A programme of experimental research based on numerical modelling of pile group behaviour in a homoge-
neous sandy foundation is considered. The relevance of this work is due to the need to improve the reliability and safety
of pile foundations, which are widely used in modern construction. The research is aimed at eliminating the existing gaps
in predicting the interaction between piles and homogeneous soil. Within the scope of this study, a comprehensive experi-
mental programme was developed and tested, including both modelling and field tests. The results obtained allowed us to
propose new approaches to the calculation of pile groups, which has significant scientific and practical value for the con-
struction industry.

Materials and methods. Data from scientific publications, regulatory documents, project materials, and experimental re-
sults were used. Methods of systematic analysis, modelling, as well as experimental and statistical approaches, were ap-
plied. These methods enabled the acquisition of new data and adjustments to the calculation methods for pile foundations.
Results. Anumerical model for experimental research was developed, various calculation methods for pile foundations were
analyzed, a test stand model was created, and a step-by-step experimental programme was designed.

© B.M. Aepexosckuii, .M. CknbuH, 2025 21
PacnpoctpaHsieTcs Ha ocHoBaHuu Creative Commons Attribution Non-Commercial (CC BY-NC)

(GG) | HOAUITG "Gl NOJ ioeuesranttsuken



rarITONLCTBS: T 15, BhINYCK 1(55)

B.M. Oepexoeckuii, M. CkubuH

Conclusions. The research results on the behaviour of pile groups in a homogeneous foundation have high scientific and
practical value. The developed mathematical model and experimental data allowed to describe more accurately the distribu-
tion of loads and deformations in the pile group, which is a significant contribution to the theory of calculation of pile founda-
tions. The obtained results confirm the necessity and importance of revising the existing methods of pile foundations cal-
culation. Their introduction into construction practice and educational programmes will improve the reliability and efficiency
of construction, as well as create a basis for further research in this field.

KEYWORDS: pile foundations, numerical modelling, experimental research, field tests, systematic analysis, design optimi-

zation, structural reliability
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BBEJIEHUE

HccnenoBanue noBeaeHUs CBaHBIX MOJIEH B OHO-
POIHBIX TPYHTAX SIBISIETCS BaYKHOM 00JIaCThIO Fe0TEXHU-
yeckoif nmxenepud [ 1]. Cpaitabie hyHIaMEHTBI HIMPOKO
MIPUMEHSIOTCS B CTPOMTENBCTBE Oiraroyiapsi CBOEH HKo-
HOMHYHOCTH, HAJEKHOCTH U CIIOCOOHOCTH aalTHPO-
BaTbCS K Pa3IMYHBIM TE€OJOTHICCKIM YCIOBHSIM [2, 3].
OnHako, HECMOTPS Ha HIMPOKOE UCIIOIb30BAaHHUE CBail,
0COOCHHOCTU WX pabOThI B OJHOPOTHBIX OCHOBAHUSX
TpeOyIoT Oosee ITyOOKOTO MOHUMAaHWUSI JIJIsT 00eCTICUeHUS
HAJICKHOCTH U JJOIITOBEYHOCTU KOHCTpYKUMid. [Ipumene-
HHUE METO/Ia KOHEUHBIX JIEMEHTOB /ISl pacyeTa IUINTHO-
CBalHBIX (DyHIAMEHTOB ITPUBEACHO B ITyOIMKaimu [4].

B nocnennue necstuieTns HaOMonaeTcs 3HAYH-
TEJIGHBIN MHTEpEC K M3yUCHHIO B3aUMOJICHCTBUSI CBan
C TPYHTOM, YTO CBSI3aHO C HEOOXOIMMOCTBIO MOBBIIIIC-
HUSI TOYHOCTH NPOTHO3UPOBAHUS OCAJKU M HECyIIeH
CrocoOHOCTH CBAMHBIX KOHCTPYKLHi [5, 6]. B wacTHO-
CTH, CJIEAyeT yUUTHIBATh BIMSIHUE BO3ZMOXKHBIX Je(eK-
TOB, TAKHX KaK 0Ca/I04HbIE TIOPO/IbI HA OCHOBAHMH CBaii,
KOTOPBIE MOTYT CYIIECTBEHHO U3MEHSITh MEXaHUYECKHE
CBOMCTBA CHCTEMbI «CBaH — IPYHT» U IPUBOIUTH K He-
npeicKasyeMbiM aedopmanysim [7], a Takke B3aUMHOE
BIIMsIHUE CBall pyr Ha apyra [8—10].

3HAUYNUTEIbHOE BHUMAHUE YACISACTCS U U3YyUCHHIO
TIOBEJICHUSI CBAWHBIX TTOJIEH B YCIIOBHUSIX TMHAMUYECKUX
Harpy3okK, Takux Kak BeTrep. XOTs OCHOBHOE BHUMaHHE
MOTI0OHBIX MCCIIEJOBAHUH COCPENOTOUCHO HA YCIOBUIX
C YepeAYIONIMMHUCS CIOSIMU TPYHTOB, PE3YIIBTATHI 3THX
paboT MOTyT OBITH TTOJIE3HBI M AJIsI aHAJIM3a CBANHBIX T10-
JIel B OMHOPOIHBIX ycnoBusx [11].

Llenb uccnenoBanuss — U3yyeHHE B3aUMOACHCTBUS
CBAHOTO TIOJISl C OHOPOIHBIM TIECUaHBIM OCHOBAHHEM,
aHaJIH3 paclpeaeseHUus] HanpsKeHUH U nedopmanui
B IPYHTE, a TaK)Ke OIpe/iesICHIEe ONTUMAJIbHOM KOHPHTY-
panuy CBaiHOTO MOJIS JUIs TOCTHKEHNST MAaKCUMaJIbHOTO
UCIIONTb30BaHMs Hecylel criocoOHocTH [12—14].

OCHOBHBIE 33/1a4 UCCIIEJOBaHNUS:

* aHajlu3 CYLIECTBYIOIIMX METOAOB YHMCIEHHO-
TO MOJICITUPOBAHMS CBAHHBIX TTOJICH;

* pa3paboTKa MOJIENN CBAHOTO IOJISI B OHOPOJI-
HOM TI€CYaHOM OCHOBAHUM;

* TIPOBEJCHNE YHNCIECHHOTO SKCIIEPUMEHTA JUTS OLICH-
KU BIMSHMS PA3JIMYHBIX TapaMeTpoB (TITyOUHBI 3aJ10Ke-
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HMS1, IMaMeTpa CBaM, PACCTOSHUSI MEK/Ty CBAsIMHU) Ha He-
CYIIYIO CIIOCOOHOCTH CBAIHOTO TIOJIS;

* aHAJIU3 PE3YJIBTATOB H (POPMYIMPOBAHHE PEKOMEH-
JALWiA U1 IPOSKTUPOBAHMUS CBAIHBIX (DyHIAMEHTOB.

Takum 00pa3oM, HEOOXOTMMOCTh CHCTEMAaTHYECKO-
0 TOJX0/IA K M3yUYCHHUIO CBAIHBIX MOJICH B OHOPOIHBIX
TpYHTax 00yCIaBIMBACT aKTyalbHOCTh TAaHHOW PabOTEHI,
HaIpaBJICHHOH Ha aHAJIN3 CYIIECTBYIOIIUX METOJIOB
1 pa3pabOTKy HOBBIX MOJEJCH, MO3BONIOMUX Ooee
TOYHO ONHUCHIBATh UX IIOBEACHUE B PA3JIMYHBIX IKCILTY-
aTalIOHHbIX YCIIOBHSX.

MATEPHWAJIBI U METOJAbI

OnHOpo/IHOE ITecyaHoe OCHOBAaHUE ObLIO BHIOPAHO
B KauecTBe 00bEKTa UCCIICAOBAHMUS, TIOCKOIBKY Iecya-
HBIE TPYHTBI JOBOJILHO MPOrHO3UPYEMBI, HE UMEIOT MPO-
CaJOYHbIX CBOWCTB U HE TIOABCPIKCHBI APYTUM CJIOKHBIM
TeoJIOTUYECKUM Tporieccam. [lecuanblil TPYHT SIBIISIETCS
OTJIMYHBIM MaTE€PHAIIOM JUJIsl U3yUEHHsI B3AUMHOTO BITH-
SIHUSL 1 METOJIOB ONTUMM3ALUY CBaiHbIX moneil. Mcce-
JIOBaHHE CBAHHOTO MOJISi B OJTHOPOJHOM MECYaHOM OC-
HOBAHHMHU JTA€T BO3MOKHOCTD MOMYUYUTh NPEACTaBICHUE
0 B3aUMOJICHCTBUM CBau C TPYHTOM U O TOM, KaK rpyI-
MOBBIC A(P(PEKTHI BIHUSAIOT Ha OOIIYIO HECYIIYIO CIIOCO0-
HOCTH CBaifHOTO (PyHIaMeHTA.

[IporpamMma UCIIBITAHUH MPEIIONATaeT HECKOIBKO
IIUKJIOB BBITTOJTHEHUS MCITBITAaHUH:

1. HyneBoi nuKiI — HMCIBITAHUE OAMHOYHBIX CBal
pasznuyHoi JuiuHbL. LMk nogpa3zymeBaeT TECTHPOBA-
HHUE OIUHOYHBIX CBail pa3HOM JJIMHBI [UIS OTIPEICTICHUS
UX Hecymiel crriocoOHOCTH M TTOBEICHHUS TTO]] HATPy3KOH.
Ilenpio TakWX HCIBITAHUI MOXET OBITH KOPPEIALUS
MOJYYCHHBIX JaHHBIX C PACUCTHBIMHA MOACIISIMH H TEO-
PETUYECKUMH pacyeTaMH, a TaKXKe MTPOBEpKa M OTIIAAKA
000pyIoBaHUS TIeper] MPOBEIACHHEM OCHOBHBIX IIUKJIOB
HCITBITAHUS CBAMHBIX MOJIEH.

2. luka 1 — meHTpanbHOE HATrpy>KEHHE PaBHO-
MEPHOTO CBAHOIO 0JI51. B 3TOM LIMKJIE OCYILECTBIIAETCSA
WCIIBITAaHUE CBAIHOTO TOJISI C PABHOMEPHBIM pacIpee-
JICHUEM Harpy3KH IO IIEHTPY. DTO MO3BOJISAET U3YyUUTh
[OBEJIEHNE CBAWHOTO MOJIs 1101 PABHOMEPHOM Harpy3Koi
U OIICHUTH €10 3QPCKTUBHOCTD B PCASTbHBIX YCIOBHUSX.

3. Iukn 2 — neHTpasbHOE HarpyK€HHE ONTHMU-
3UpOBaHHOrO cBaiiHoro mojsi. Mccienyercst cBaitHoe
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Puc. 1. BapuaaTsl MOZIEIBHBIX 00pa3IOB

Fig. 1. Model specimen options

T0JIe, KOTOPOE OBLIO MPEABAPUTEIHHO ONITUMU3UPOBA-
HO, C YUETOM Pa3IHYHBIX (PaKTOPOB, TAKUX KaK PacIio-
JIOKEHWE CBal, UX JJMHA U nuameTp. Harpyska takxke
MIPUKJIaIBIBACTCS TI0 TICHTPY, HO JJIS YK YITyUYIIEHHOTO
MIPOEKTHOTO PEIICHUS.

4. Hukn 3 — Harpy>keHue ¢ 3KCLEHTPUCUTETOM.
BrinonssaeTcs ucnbITaHUe CBAHOIO IOJIS ¢ SKCLIEHTPHU-
YECKUM TPHIIOKCHUCM HArpy3KH, KOTOPOE HAOIIOMACTCS
IIPY SKCIUTyaTalliy peaibHbIX 31aHUH 110J] JEUCTBUEM Be-
Tpa. OTO JaeT BO3MOKHOCTh OIIEHUTH MTOBEICHHUE CBAHO-
TO TIOJIS ITPY HECHUMMETPUYHOM PaCIIpe/IeTICHHN HarPy3KHy,
YTO MOXKET OBITh BKHO [UIsI aHAJIM3a YCTOWUMBOCTH U pac-
TMIPEICNICHUS CUJT B PEATHHBIX YCIIOBHSIX AKCILTyaTal|H.

OTH UCTIBITaHHUS TIOMOTYT OLCHUTH KaK ONMHOYHBIC
CBaW, TaK U CBalHbBIC TIOJIS B PA3IMYHBIX YCIOBHSX Ha-
TPY3KH, 9TO, B CBOIO 049epellb, CIIOCOOCTBYET Oolee Tou-
HOMY IPOEKTHPOBAHUIO M CTPOUTEIHCTRY.

HccnenoBanue miaHupyeTcst IPOBOAUTH MIPU IIOMO-
1111 JTa00PaTOPHON YCTaHOBKH «MartiiHa yHaaMeHTHast
M®-1y, Haxozsieiics Ha Kadeape TPOMBIILICHHOTO,
TPa’KJaHCKOTO CTPOHUTENHCTBA, OCHOBAHUI U (DyHIaMEH-
ToB FOx)HO-Poccuiickoro rocynapcTBEHHOTO MOTUTEX-

=

Huueckoro yausepcutera (HIIN) mmenn M.U. ITnarosa.
VY naHHoii 1abOpaTopHON YCTAaHOBKU HETABHO MOSIBUIICS
IU(pPOBOH JBOIHHNK, O3HAKOMHUTHCSI C KOTOPBHIM MOKHO
Ha MHTEPHET-pecypce Kadeapsl.

Ha HyneBoM IUKJIe OCYLIECTBIEHO IOBEPOYHOE
Harpy>XeHHe eJMHUYHON CBaM JUIS COMOCTABICHHS pe-
3yJbTaTOB HATYPHBIX UCIBITAHUN C PE3y/lbTaTaMu YnC-
JICHHBIX PAacyETOB.

DTanbl YUCICHHOTO MOJEIUPOBAHMS:

* IOArOTOBKa reoMerpuu Mopenu. OnpeneneHue
pa3MepoB pacueTHON 00IacTH, KOH(PUTYpariu CBAHOTO
TOJISL ¥ XapaKTEepUCTHUK rpyHTa (pHc. 1);

* YCTaHOBJICHHE IPaHUYHBIX YCIOBHUN. 3a1aHue yc-
JIOBUH Ha rpaHMIIAX pacdeTHON 00NacTH, TAKUX KakK 3a-
KperuieHne OOKOBBIX TpaHel 1 OCHOBAHMUS MOJICIIH;

* Ha3Ha4YeHUE (PU3MYECKUX M MEXaHMYECKUX I1a-
pameTpoB. BBoI XapakTepUCTUK ECUYaHOTO0 OCHOBAHU,
TaKUX KaK yrojl BHyTPEHHETO TPEHHs, MOIYJb YIPYTo-
CTH, INIOTHOCTH TPYHTA, a TAKXKE ITapaMeTpoB CBaii (au-
Ha, THaMeTp);

* MOJEIMPOBaHKE MPOLIECCca HAarpy KeHus. 3aaHne
CTaTMYECKUX M JJMHAMUYECKHX HArpy30K, MPUKJIA/(bIBa-

Puc. 2. Beibpannsiii BapuanT o6pasma

Fig. 2. Selected specimen option
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€MbIX K CBaﬁHOMy IOJI0, U MOACTIMPOBAHUEC BO3MOKHBIX
MIPOIIECCOB KOHCOTHIAINH U OCAJIKH;

* aHaym3 pe3ynbrartoB. OeHKa pacipeseNeHns Ha-
TIPSDKCHUI B TPYHTE ¥ CBAsIX, BBIIBIICHUE MOJIEH niepopma-
LIMH 1 IepeMeIeHNH, a TAaKKe aHaJIN3 KPUBBIX 3aBUCHMO-
CTH «HATPy3Ka — 0CAJIKay JUIS PA3INYHBIX KOH(PUTYpAIHid
CBaiHOTO MO (pHC. 2).

JI1s moATBepKICHUS PE3YABTATOB YUCIEHHOTO MO-
JSTUPOBAHMS M WX BAIHMIAIINU TpeiaracTcs IpoBe-
CTH J1abOpaTopHbIC UCIBITaHUs. B ycinoBusx nadopa-
TOPUU MO’KHO BBITIOJTHHUTB WCTIBITAHUS HA MOJIEITHHBIX
obpasiax cBalHBIX MMOJIEH B TIECUaHOM TPYHTE C MCIIO-
JB30BaHUEM (PU3NIECKOTO MOJICIIMPOBAHNUS HA MCITBITA-
TEJIFHOHM yCTaHOBKE — MarnHe ¢pyHnaaMeHTHOH M®D-1.

DrTarbl YKCIIEPUMEHTAITBHOH POTPaMMEIL:

* TMOATOTOBKA IECYaHOTO OCHOBaHM. DopMHpO-
BaHUC OJHOPOIHOTO MECYAHOTO CJIOS B JIAOOPATOPHBIX
YCIIOBHUSX;

* MOHT@X CBail. YCTaHOBKAa OJMHOYHBIX CBai
M CBAHBIX TPYIII C pa3INIHBIMI KOHPHUTYPALTHSIMUA;

e Harpyxenue cBail. [I[poBeneHre cTaTHuecKux mc-
TIBITAHUH C TIOMIATOBEIM YBEITMUCHUEM HATPY3KU U HU3Me-
pEHME 0CaIOK U HArpy30K Ha Pa3HBIX YYaCTKaX CXEMBbI;

* cOop 1 aHaNM3 JaHHEIX. V3MepeHwe pacrpeere-
HUsI HANPsDKEHHI B TIeCYaHOM OCHOBAHWH, aHAJIN3 0CAJIOK
1 OTIPEICIICHUE HECYIICH CITOCOOHOCTH CBAHHOTO TOJIS.

Ha 6a3e moimy4eHHBIX CBEJCHUH MPOBEICH CPaBHU-
TEJILHBII aHAJIM3 PE3yJIbTaTOB YHCIICHHOTO MOJICITUPOBA-
HUSI ¥ 9KCTIEPUMEHTAIBHBIX TaHHBIX. OIIeHKa JOCTOBEp-
HOCTH YHCJICHHOW MOJICITH BBITIOTHEHA ITyTEM CPaBHCHHS
TIPE/ICKa3aHHBIX ¥ N3MEPEHHBIX 3HAYEHUH 0CaIOK U He-
cyl1ei cnocobHocTH. B citydyae pacxox/ieHuii Oy/ieT Bbl-
TTOJTHEHA KOPPEKTHPOBKA YHCICHHON MOJIEIH U yTOYHE-
HUE MapaMeTpoB.

PE3YJIBTATBI HCCJEJOBAHNA

B pesysnbrare ocyiecTBIeHUs IPOrPaMMBbI HCClle-
JOBaHHUH cHOPMYITHPOBAHBI CIIETYIOIINE BBIBOIBI H pe-
KOMCHJIAIIUH:

* OIIpe/IeNICHBI OCHOBHBIE MTapaMeTPhl, BIHSIONINE
Ha HECYIIYI0 CIIOCOOHOCTh CBAMHOTO IOJIS B ITECUYAHOM
OCHOBAaHMY;

* pa3paboTaHBl PEKOMEHJAINHU 110 BEIOOPY OIITH-
MaJIbHOI KOH(QUTypauuyu CBAiHOTO MOJIS JUIS MaKcH-
MaJIFHOTO UCIIONIb30BaHUs HeCyIel criocooHocTH [15];

* monTBepxkeHa YPPEKTUBHOCTH YUCIEHHOTO MO-
JEUPOBAHUS JUTSI IPOTHO3UPOBAHUS PAOOTHI CBAHHBIX
¢ynmamenTos [16-18];

* TIyOMHA 3aJIOKEHHS, TUAMETP U PacCTOSHUE
MEX]y CBasMU KPUTHYECKH BIHSIOT HAa MX HECYIIYIO
CIIOCOOHOCTB;

* cBan Y(P(EKTHBHO MEepealoT HArPy3KH B ECYaHOM
TPYHTE, KOTOPBII XOPOIIIO pacipe/eNseT HapshKeHHUS;

* MOJICNHMPOBAHKE IPEICKA3bIBACT OBEICHHE CBal,
HO TpeOyeT BaJIUAAMU SKCIIEPUMEHTAMH;

* clieyeT BBIOMpaTh ONTHMAaJIbHBIC TIIyOUHY, JHa-
METp U PaCCTOSIHUE MEXIY CBAasIMH A1 MAKCUMAJIbHOH
sa¢pdexruBrocTH [ 10, 19, 20].

SJAK/IIOYEHUE U OBCYXJIEHHUE

PaspaboTanHas mporpaMMa SKCIEPUMEHTAIBHBIX
HCCIIEIOBAHUN HA OCHOBE YMCIEHHOTO MOACITUPOBAHHUS
MO3BOJIUT INTYOJKE TIOHSATh MEXaHU3MbI B3aUMOJICHCTBUS
CBaIHOIO MOJISI ¢ OAHOPOAHBIM [1€CYAHBIM OCHOBAaHUEM.
[omyueHHBIE pe3yabTATHl OYIyT TOJIE3HBI IS MPOCK-
TUPOBIIUKOB CBAaiHBIX (DYHIAMEHTOB U ITOMOTYT YIy4-
IIUTh METOJIBI pacueTa U ONTUMHU3UPOBATH KOHCTPYKIIUU
CBaMHBIX IOJIEH, YTO MPUBEIET K TOBBIIICHUIO HAJIEK-
HOCTH 1 3()(HEKTUBHOCTH CTPOUTETHHBIX 0OBEKTOB.
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AHHOTALUUA

Beepenue. lMpegnoxeH metond onpepeneHuss GOKOBOrO AaBMEHUS Ha OrpakaeHue KOoTrioBaHa, KoTopbln 6asupyetcs
Ha aHanuse HanpsHKEHHOTO COCTOSIHUS YAepPX1BaeMOWN rpyHTOBON Macchbl. OH MOXeET ObITb MCMONb30BaH Kak Afs HeCBsI3-
HbIX, TaK U AN CBSA3HbIX FPYHTOB, NPV OAHOPOLHOM UMW HEOAHOPOAHOM CTPOEHUW YAEepPXMBaeMOoro Maccuea, kKak npu Ha-
NNYUN Ha ero NOBEPXHOCTM Harpy3oK, Tak 1 6e3 HuX.

MaTepuanbl u meToabl. [1py BbIMOMHEHNW COMOCTaBUTENMbBHBIX PACYETOB UCMOMb30BaHbl MaTepuarnsl, onybrnmkoBaHHbIe
POCCUCKMMUN N MHOCTPaHHbBIMW Y4EHbIMM, B KOTOPbIX NPUBEAEHBI PE3yNbTaThl aHann3a NpoBeAeHHbIX SKCMEPUMEHTOB U Te-
OpeTMYecKMX nccnegoBaHnin. Bee BblYMCNEHNS OCyLLECTBEHbI B 060M0YKE KOMMbIOTEPHOW MPOrpammbl «YCTOMYMBOCTbY,
B KOTOPOW onpeaeneHne noren HanpsXeHn NpoBOANTCA METOAOM KOHEYHbIX 31€MEHTOB B TMHENHOM NOCTaHOBKE.
Pe3ynbTaThl. YCTaHOBMEHO, YTO BCE NOSyYeHHble pacieToM 3Ha4eHUst BOKOBOro AaBreHUsi C JOCTATOYHOM CTENEeHbo TOY-
HOCTW (ANSA aKCnepuMeHTasbHbIX NCCNeaoBaHNUIA) COBMaJatloT C COOTBETCTBYIOLLMMU 3HAYEHUAMM, NMPUBEAEHHBIMU B LIUTU-
pyeMbix paboTtax. [ony4yeHHble aBTopaMu NpeacTaBneHHON cTaTbh 3HavyeHust GOKOBOro AaBneHust okazanuck Ha 25-40 %
MEHbLUE aHaNoOrMyHbIX Pe3ynsTaToB, MPUBEAEHHbIX LUTUPYeMbIMU aBTopamn. Popmbl anop GOKOBOro AaBneHns, NoCTpo-
€HHble aBTOpamMM KaXKAoN U3 LUTUPYeMbIX paboT, KOHIPY3HTHbLI 3Mtopam GOKOBOro AaBneHUs, NOCTPOEHHbLIM Ha OCHOBE ce-
NaHHbIX B cTaTbe npeanoxeHnin. OTnmMumne YMcneHHbIX 3HaYeHui BOKOBOro AaBneHNs, NOMyYeHHbIX aBTOpaMmn LIUTUPYEMbIX
paboT, OT 3HaYeHWIN, MOMyYEHHbIX HamW, OOLSICHAETCH Pa3nMuneM MOAXOA0B K MOCTPOEHWIO MOBEPXHOCTU CKOMBXKEHUS:
B HaLLeM criyvae He Ucnosnb3yeTcs runoTesa o ee Nnockon gopme, a ee NoCTPOeHNe NPOBOAWTCA Ha OCHOBE aHanv3a nonew
HanpsXeHU ¢ y4eTOM (PU3NKO-MEXaHNYECKNX CBOMNCTB rPyHTa.

BbiBoabl. Vives B Buay yAoBNeTBOPUTENbHYH CXOAMMOCTb COMOCTaBMSEMbIX PE3yrbTaToB, CAENaH BbIBOA O BO3MOXHOCTM
MCMOMb30BaHNS aHOHCYPOBAHHOTO METOAA MPW BbINOMHEHNN HXEHEPHO-TEXHNYECKNX PaCcHETOB.

KIMKOYEBBIE CJIOBA: GopT koTnoBaHa, HamnpsiKeHHOe COCTOsiHMe, KO3(hMUMEHT GOKOBOrO AaBreHusi, MOBEPXHOCTb
CKONBbXEHUS!, yAEPKNBAKOLWAs KOHCTPYKLMS, antopa GOKOBOro AaBneHust

ona UWMTUPOBAHWUA: Goeomornos A.H., boeomornosa O.A., boeomornos C.A. Cnocob onpeaeneHusi BerMyvHbl Fopn3oH-
TanbHOro AaBrieHns Ha orpaxaeHune kotnosaHa. 2025. T. 15. Bein. 1. Ct. 3. URL: http://nso-journal.ru. DOI: 10.22227/2305-
5502.2025.1.3
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Method of finding the value of horizontal pressure
on the excavation enclosure
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ABSTRACT

Introduction. A method for determining the lateral pressure on the excavation enclosure is proposed, which is based
on the analysis of the stress state of the retained soil mass. It can be used both for non-cohesive and cohesive soils, for
homogeneous or non-homogeneous structure of the retained mass, both with and without loads on its surface.

Materials and methods. Materials published by Russian and foreign scientists were used for comparative calculations,
where the results of analyses, experiments and theoretical studies are given. All calculations are performed in the shell
of the computer programme “Stability”, in which the determination of stress fields is carried out by the finite element method
in a linear formulation.

Results. It was found that all the calculated values of lateral pressure with a sufficient degree of accuracy (for experimental
studies) coincide with the corresponding values given in the cited works. The lateral pressure values obtained by the authors
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of the presented paper turned out to be 25-40 % less than the similar results given by the cited authors. The forms of the lat-
eral pressure plots constructed by the authors of each of the cited works are congruent to the lateral pressure plots based
onthe proposalsmadeinthe paper. The difference betweenthe numerical values ofthe lateral pressure obtained by the authors
of the cited works and the values obtained by us is explained by the difference in approaches to the construction of the sliding
surface: in our case, the hypothesis of its flat shape is not used, but its construction is based on the analysis of stress
fields taking into account the physical and mechanical properties of the soil.

Conclusions. Taking into account the satisfactory convergence of the compared results, we consider it possible to conclude
that the announced method can be used in engineering calculations.

KEYWORDS: pit wall, stress state, lateral pressure coefficient, sliding surface, retaining structure, lateral pressure diagram
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BBEJIEHUE

CoBpeMeHHOE CTPOMTEIHCTBO HEBO3MOXKHO 0e3
yCTpOiicTBa KOTJIOBAHOB ISl TIPOBENICHUsI paboT HyJie-
Boro 1ukia. s 6e3omacHOCTH 3THX paboT HEOOXOIH-
MO 00eCIIeunBaTh YCTOWINBOCTE OOPTOB CTPOUTEIBHBIX
KOTJIOBaHOB, YTO OCYIIECTBIACTCS ITyTEM COOPYKCHHUS
Pa3IMYHOTO POJa OTPAKAAIONINX KOHCTPYKIHH (puc. 1).

PacyeT Taknx KOHCTPYKIMI HEBO3MOXKEH Oe3 npe/-
BapUTEILHOTO OINPEEIICHUs CHIIbI OOKOBOTO (OTOJI3HE-
BOTO) JIaBJICHUS, BEJTMYMHA KOTOPOH yCTaHABIMBAETCS
TUIONIA/IBIO AITIOPBI GOKOBOTO JABIICHUSI, & TOUYKA €¢ MPH-
JIO’KEHHSI — KOOPJAMHATAMH LIEHTPA TSHKECTH ITOH 3ITIO-
pe1. CrieioBaTenbHO, 3a7a9a pa3paboTKH M COBEPIIICH-
CTBOBAHMS METOJIOB pacueTa CHJI OOKOBOTO JaBJICHHUS
SIBIISICTCS aKTyaJIbHOW. Ee akTyabHOCTB MoATBEpIK1aeT-
Csl M IEPHOJMUYECKIMH Pa3pyIICHUSIMH OT PAXKIAFOIIIX
KOHCTPYKIMH (pHUC. 2), KOTOpbIe MOTYT TPOUCXOAMNTH
KaK U3-3a HapyILICHUN TEXHOJOIMU UX YCTPOMCTBA, TaK
W 13-32 HECOBEPILICHCTBA PACYECTHBIX METOJIOB.

B pabore [2] mpemnioskeH METO I OTIpeIeTICHUsT BEIIH-
YIHBI OOKOBOTO (TOPH30HTAIIFHOTO) IABICHUS HA IIEMEH-
TBI KPETUICHNS KOTJIOBAaHA MJIM BEPTHKAIBHOTO SIIEMEHTA
TIPOTHBOOTIONI3HEBOH YCP/KUBAIOIIEH KOHCTPYKIIHN. DTOT

METO/I TTOTYYHIT Pa3BUTHE, TOAPOOHO M3MOXKeH [3, 4] u ce-
TOJIHS YCIICIITHO HCTIONB3YETCsl aBTOPAMH HACTOSIIECH CTa-
TBU IIPY PEIICHUH TIPUKIIATHBIX 3a71a4.

AJNTOPUTM BBIYUCIICHHS CHJI OOKOBOTO JaBIICHMS
TIPUBOJIATCSI HIDKE.

1. I'enepupyercst KOHEUHO-2JIEMEHTHAs pacyeTHast
cXema HMCCIIeyeMOro 00beKTa, 1 Ha OCHOBE PEIICHUs
JMHEWHOW 3aJlaul OIPEeIITIOTCS TOJsl HAPSHKEHUN
YAEPKUBAEMOr0 IPYHTOBOTO MacCHBa.

2. OTBICKMBaETCsl HAUOOJIEE OACHAs JIMHUS pa3py-
11eHUS (CKOJIBKEeHHS) (TIPABIITBHEE «CIIE/IA» TIOBEPXHOCTH
pa3pymLIeHHs), IPH 9TOM PAaCYETHBIMH MTapaMeTpaMH SIB-
JstroTes (pU3MKo-MexaHudeckue colictBa rpyHra (C; ¢;
¥; £ ), TEOMETPUYECKUE Pa3MePhl PACUETHOMH 00MIacTH, Be-
JIMYMHA BHEUIHEH Harpy3ku. B pesynbrare BbIYHUCIIAETCS
YHCIICHHOE 3HAYCHHE [TI00ATLHOT0 Ko3(hHIHeHTa 3araca
yeroituupoctr K™, KOTOpOE PaBHO OTHOIMIECHHIO TLIOMIA-
JIeH SIIOpP yAEP>KUBAOLIUX U CABUTAOIIMX CHJI, IEHUCTBY-
IOLIMX B TOUKAX CJIe/ia MOBEPXHOCTH paspyuieHus |3, 6].

3. Ha o0Opa3yroiiieit BepTUKaIbHOTO 0TKOCA BBIOU-
paroTCsl HECKOJIBKO TOUEK (HanpUMep, YeThIpe, Kak B Ha-
CTOsIIIEeH paboTe), N3 KOTOPBIX MPOBOAUTCS TIOCTPOCHHE
TaK Ha3bIBAEMbIX «BHYTPCHHUX JIOKAJIBHBIX)» BOCXOI-
LMX JIMHUN pa3pylleHus, a 3aTeM BJOJb ITUX JIMHUN

[TRFRTNTE

b

Puc. 1. Orpaxpgaromast KOHCTPYKIHS TIyOOKOT0O KOTJIOBAaHa C EHTPAIbHOI BEPTHKAILHON paclopkoi B adponopty I. Opank-

¢dypra (@); ycuneHne BEICOKOTO 60pTa KOTIOBaHA OPUCHTUPOBAHHBIMHE IO/ YIJIOM K BEpTHKAIH OypOHAaOUBHBIMH CBasMU

(Zublin AG) (b) [1]

Fig. 1. The enclosing structure of a deep pit with a central vertical spacer at the airport of Frankfurt (a); reinforcement
of the high side of the pit with bored piles oriented at an angle to the vertical (Zublin AG) (b) [1]
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b

Puc. 2. Pa3pymenue orpaxaaromieii KOHCTpYKIMK KOTJIOBAaHA HAa CTPOUTENBCTBE KOMbLEBOI foporu B CHHramype (a) ¥ 5KUIoro

snanusi B OAD (b) [1]

Fig. 2. Destruction of the enclosing structure of the pit at the construction of the ring road in Singapore (a) and a residential

building in the UAE (b) [1]

CTPOSITCS SIIOPHI YACP)KUBAIOIINX U CIIBUTAIONINX CHII,
OTHOILICHUE TUIOLIAEH KOTOPBIX ONPEICIISIOT 3HAYCHHS
JIOKANbHBIX KO3((HIIMEHTOB 3araca yCTOMIMBOCTH K.

4. Y4uTbIBas, 4TO yCTPOHCTBO OrpakaeHuid Oop-
TOB CTPOUTENBHBIX KOTJIOBAHOB ITPOBOJIUTCS B TIPEIIO-
JIO)KEHUU O TOM, YTO €r0 BEPTHKAJIBHBIH OTKOC MOXKET
HOTepsTh ycToiunBocTs (K" " =1), To 115 KaXKI0i JIo-
KaJIbHOHM BOCXOJISIILIEH JIMHUN CKOJILKEHUS ONpe/iessieM
3HAYEHUS «ICPULUTHON yIep)KUBAIOLIEH CHIIbI, KOTO-
pbIe 0OecIeunBaroT BEIONHEHHE yenouit K™ =1. Ota
«aeuuuTHAsD) CUJTa B K&XKJJOM OT/IEIIBHOM CIydae paBHa
pasmoCT A = F*~ F

5. Ecnu u3 kakux-1u00 cooOpakeHu HeoOX0Iu-
Mo, 4To0bI K03 uument K™ 6bu1 Gonbie 1, Hanpu-
mep K™ = 1,2, To Benn4uHa AFy’;‘;; YBEINYNBAETCS
B K" pa3. YcioBue paBeHCTBa BenuunH K, 1mi1s Bcex
MOCTPOCHHBIX BOCXO/SIIUX JIOKAIBHBIX JIMHUHA CKOJIb-
JKEHUsI 00eCIIeYMBaET IEJTOCTHOCTD MTPU3MBI CIIOI3aHHS
TPYHTa, KaK 3TO ¥ HaOJII0aeTcsl B AKCIIEPUMEHTAX, 110-
craBieHHbIX W51, JlyukoBckum u [I.A. Uenypubim [7, 8]
u 3.B. Hurapenu [9] (puc. 3).

6. Boonb BepTUKAJIBHONW OCHU YAEPIKUBAIOIIETO
JJIEMEHTa CTPOUTCS SIIOPA TOPU3OHTAIBHBIX COCTaB-
JSIFOLIHUX AF KOTOpPbIE ONPEIEISIFOTCS KAk AF,

yaep? iyneprop

_ JIOK o <
= AF, COSQ,, IIe 0, — yroJl HaKJIOHA JIOKAJIbHO! JIMHUK

CKOJIBKEHUS K TOPU30HTY B TOUKE €€ [I€PECEUEHUsI C BEp-
TUKaJIbHOW 00pa3ylolel 3achIKu. DTo U OyleT Imopa
OIIOJI3HEBOIO JaBJICHHUS.

7. BeprukanbHas cocTaisiomas AFJY =
= Fjx, sina, Oyner nefcTBOBaTh BHU3 MO TIOBEPXHOCTH
Orpask/1arolei KOHCTPYKIMH U MOXKET OKa3bIBaTh BIINS-
HHE Ha OCAJKN YACPKHUBAOIEH KOHCTPYKIIHH.

[pemnaraemslii MeTO, IO MHEHHIO aBTOPOB, OCHO-
BaHHBII Ha pe3yabTaTax pacyera 0OJIbIIOro KOJIU4ecTBa
peanbHbIX 00BEKTOB, MOXKET ObITh IIPEIUIOKEH UL pac-
yeTa OOKOBOTrO JaBIICHUS HA YAEP)KUBAIOIIUE KOHCTPYK-
IIMM KOHEYHOH 1 OECKOHEUHOH )KECTKOCTH, Pa3HHUIIA TIPH
3TOM OyZeT JIHIIb B TPAHIMYHBIX YCIOBUSX, HAKJIaIbIBaC-
MBIX Ha PACUETHYIO KOHEUHO-JIEMEHTHYIO CXEMY.

ComnocragpjieHne Pe3yIbTATOB PACUYETOB BEJIMYHHBI
00KOBOTO JABJIEHNS], BHINMOJHEHHBIX Pa3INYHbIMHA
crnocodoamMu

Bo BCcex pacCMOTPEHHBIX MPUMEPAX COXPAHEHBI
0003Ha4eHNsT PU3NUECKUX BEIIUYUH, PUHSTHIC B IUTH-
PYEMBIX HIKE paboTax.

1. Memoouxa CIT 22.13330.2011

PaccMOTpUM TPaBUTAIMOHHYIO MOMOPHYIO CTEH-
Ky, H300pakeHHYIO Ha puc. 4, a. Pacuet cun 60koBOTO
JIaBJICHUS BBIOJIHEH COIIACHO METOIUKE, M3II0KEHHOM

g 534 5

T W
f /i
' i/
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I
s
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Puc. 3. [loBepXHOCTH pa3pylIeHHs B CIOUCTON 3aChITIKE: MPOCO — MECOK (@) ¥ MECOK — MPOCo (b) MpH HATHIHN U OTCYTCTBHU

Harpy3Kd Ha ee OBEPXHOCTH; TO 7K€ NIPH TOPU3OHTATHHOM CMEIIEHHH TOATIOPHON CTEHKH (C); TO JK€ B OMHOPOJHON 3aCHIITKE

npu AeiicTBuM BHeIHeH Harpy3ku (d, e) ([7] (a—c) u [8] (e, 0))

Fig. 3. Failure surfaces in layered backfill: millet — sand (@) and sand — millet (b) in the presence and absence of load on its

surface; the same at horizontal displacement of retaining wall (¢); the same in homogeneous backfilling under the action of ex-

ternal load (d, e) ([7] (a—c), [8] (d, €))

B IL.T. 9.17-9.23 [9]. [ pyHTHI, mpUseraronue K noamnop-
HOW KOHCTPYKLMH, CYUTAEM YCIOBHO OJHOPOIHBIMU
C XapaKTepUCTUKAMH, YKa3aHHBIMH B HCXOAHBIX JJAHHBIX.
I'pyHTOBBIE BOABI OTCYTCTBYIOT. BepTHKanbHast cocTas-
JISTFOLIAs YCUITUI HE YUUTHIBACTCSL.

VlcxonHble TaHHbIE TS pacdeTa: BBICOTa ITOANOPHON
CTEHKHU /1 = 3 M; KO3 PUIMEHTHI HAZGKHOCTH IO HArpy3-
ke HIpyHty v, =1,20my, = L15; ¢ =1 T/™% v = 1.9 /M
¢ =0 1/™% @ = 25°, 6 = (0°;, rpaHb MOAIOPHOIO COOPY-
JKEHHsI ODHEHTHPOBAaHA BEPTHKAIBHO, 2 TIOBEPXHOCTB 3a-
CBITIKK TOPU30HTANIBHA, To3TOMY 0 = 0°; B = 0°.

Bennunna xoa¢duipenTa 60KOBOTO J1aBIeHHs pac-
cunrana o opmyrne B.A. dnopuna & = tg*(45° — ¢/2) =
=0,406 [10, 11].

Ha puc. 4 moxa3zaHpl pacdeTHasi cxema TOATOPHOM
CTEHKH M 3ITIOpPBI OOKOBOTO JABJICHHSI, TOCTPOCHHBIC Me-
Tomom, npencrasieHHbM B CIT 22.13330.2011 u npen-
JIOXKEHHBIM aBTOpaMu [2—4], KoTopbli 6a3upyercs Ha pe-
3yNbTaTe KOHEYHO-3JIEMEHTHOTO aHAJTH3a HAPSHKEHHOTO
COCTOSIHUS TPYHTOBOM Macchl. Bee onepatium, cBsi3aHHbIe

C UCTIOJIb30BAHUEM TOTO METO/Ia, 37IeCh U JjaJiee TPOBO-
JISITCSL TIPH TIOMOIIHA KOMITBIOTEPHOM Tiporpammsl [ 12].

AHaIM3UpYsl Pe3yJIBTaThl BBIYMCIICHHH, Tpaduueckas
MHTEPIPETAIS YaCTH KOTOPBIX MTPEICTaBIICHA Ha pHC. 4,
¢, MOKHO CKa3aTh, YTO OPIWHATHI S0P OOKOBOTO JaBIie-
HUS B BEPXHEH, CpelHEN U HUKHEW TOUKAX OTIIMYAOTCS
Ha0;44u9 %, npuuem, 3HaYEHUS], TOCYUTAHHBIE 110 Me-
tomuke CII, Gomprre. PaBHOMEHCTBYFOIAST CHIT OTON3-
HEBOIro JaBiieHus1, onpeaesenHas coracHo CII, paBHa
EaCH = 5,45 T, a BbIUMCIICHHAs] HA OCHOBE HAILIUX MPeJIo-
e — E = 4,08 T, Te. Ha 25,1 % mMenbie.

2. Onvimut 3.B. Lueapenu [13]

ABTOpoM padoTsI [13] mpoBeeHBI JTOTKOBBIE SKC-
MEPUMEHTBI TI0 UCCIEA0BAaHUIO MPOLEcca B3auMOeH-
CTBHSI HECBSA3HOI 3aCBIIKU U BEPTUKAIBLHON I'PaHU MO-
JIeNU yJIep’KUBAIOIIEro coopykeHus. Pa3meps! joTka
4x12x5mMu4x3,6x3 M. 3achIKa — MOPCKOM MECOK
¢ 3epHamu kpynHoctH 0,1-2 mm, ¢ = 0 ¢ = 37° [13].
Hcnone3ys popmyny B.A. ®nopuna, nomyuum & = 0,37.

ES \—9\ o Do 10 20 3,0Een(t/m2)
Oa1 = 0.49 T/M? \
0,5 \ \
= 1,0
S \
o 15
1] Ea = 5.45T J \
= : 2,0 \
\ ;
2.5
Oa2 = 3.15 /M2 0 \\
i 3 Z(m)
a b c

Puc. 4. Pacyernas cxema IOIIOPHON CTEHKH (@); 31I0pa GOKOBOTO AABJICHNUS, HOCTPOCHHAsSI 110 MeTofuke [9] (b); HanmoxeHne

pacyeTHBIX DITIOP FTOPU3OHTAIBHOTO ABICHHUS, TIOCTPOCHHBIX 110 MeTomuKam [2, 9] (¢)

Fig. 4. Design diagram of the retaining wall (a); lateral pressure diagram constructed according to the method [9] (b); superim-
position of design diagrams of horizontal pressure constructed according to the methods [2, 9] (¢)
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v 2 E34 f

G
1 (kr/em?)

Ao
KOTI0BAHA

Y

a b c d

Puc. 5. [ToBepxHOCTH pa3pyIlIeHUs 110 JaHHBIM paboTh [13] (a); MOBEpXHOCTB pa3pyLIeHHs], IOCTPOSHHAs B CpeJie KOMIIBIOTEp-
HOIt porpaMmel «YcToiunsocThy nipu & = 0,37 (b); amopa 60koBOTO aBieHus, nonyueHHas B [13] (c), n nanoxenue smop (1)
60KoBOTO, IpHBEAEHHBIX B pabdoTe [13] (1) 1 MOCTPOCHHBIX B Cpejie KOMITLIOTEpHOM porpammel [12] (2) (d)

Fig. 5. The fracture surface according to the data of [13] (@); the fracture surface constructed in the environment of the computer
programme “Stability” at § = 0.37 (b); the plot of the lateral pressure obtained in [13] (¢) and the superimposition of the plots (1)

of the lateral one given in [13] (1), and built in the environment of a computer programme [12] (2) (d)

INocne nmpoBeseHNUs pacyeToB YCTAHOBIIEHO, YTO KOH-
(huryparysi, MECTOTIONOXKEHHUE U pa3MepBI CIIEI0B TIOBEPX-
HOCTEH pa3pyIICHNs, TIOMYyIEHHbBIX YKCIICPUMEHTAIBHO
(puc. 5, a) 1 Ipu NOMOIIX KOMIIBIOTEPHON MTPOTPaMMBI
[12] mpu & = 0,37 (puc. 5, b), IPaKTHIECKN COBNAJIAIOT.

Ha puc. 5, ¢ mokazana smropa 60KOBOTO JIaBICHHUS,
noctpoeHHast aBTopoM pabortsl [13], a Ha puc. 5, d —
HaJIOKEHUE 3TOM AMIOPBI U COOTBETCTBYIOLIEH SITIOPBI
OOKOBOTO JIaBJICHHUs], IOCTPOCHHOM MPH TOMOIIU KOM-
NbIOTEpHON nporpamMel [12]. Beruncienus nokaszanu,
YTO TUIOIA/IN ATUX JITIOP OTIUYAIOTCsI Bcero Ha 16,78 %o,
a BEPTHKAJIbHBIE KOOPAWHATHI TOUEK UX MPUIIOKEHHS —
Ha 4 %.

3. Pesynomamet sxcnepumenmog B.@. Patoka [14]

JlotkoBsle sxcniepuMenTs! BeinoiaHeHs B HUMOCIIT
(1957). 3aceImkoit ciyxui cyxoit necok. Ero ¢usmxo-
MEXaHHYECKUE XapaKTePUCTUKU U MapaMeTphl MOJICITH
MOAPOOHO OIUCAHBI B HCCIieoBaHuH [ 14].

PacueT BenTWYHMHBI OTIOI3HEBOTO TABJICHHS MPO-
BeJICH Ha OCHOBE OIMCAHHOTO BHIIIE aJITOPUTMA, & €ro
pe3yabTaThl IPUBEICHBI HA PUC. 6.

x
1
- z
—3
A7 0,013
-
7 /; i 0012
A Bra
/’/,{ 7 Ppasu
o8 Az :
PR T SR Pra 0,027 w/cn2
a b

Ha puc. 6, @ mokazaHbl S1OpbI OOKOBOTO JIaBJICHHS:
MOJTy4YeHHAsT aBTOpoM [14] mpu mpoBeneHUN dKCIIepH-
meHTa (1), merogom Kymora [15] (2) u smropa ropu3oH-
TANbHBIX HANPSHKEHUA G KaK SKBUBAJIEHT JIOPBI OOKO-
BOTO AaBieHHS (3).

Ha puc. 6, b npencrapieHa skcriepuMeHTa bHas [ 14]
3Mropa OOKOBOTO JABJICHUS, Ha pHC. 6, ¢ — aHAJIOTUYHAS
3MIOPa, MOCTPOCHHAS MIPU MOMOIIM HccnenoBanust [12],
Ha puc. 6, d — Hanoxenue 3tux 3mop (1) u (2) coorBeT-
CTBEHHO.

AHanmm3 m300paKeHUH MMOKa3ajl, 9YTO0 IKCIICPUMCH-
TaJIbHAst ¥ pacueTHAsI AITFOPBI KOHTPYIHTHBI, Pa3HUIIA OP/IY-
HAaT CXOJICTBEHHBIX TOYEK 31MIop He npeBbimaeT 20-22 %.

[rotam Smrop, ONpeeNFOIIe YACICHHBIC 3HAYC-
HUS UX PAaBHOJCHCTBYIONIHX, OTIMYAIOTCS 110 BEINYMHE
Ha 24 %, IpH 3TOM PaBHOZICHCTBYIOIINE CHJT OOKOBOTO JaB-
JIEHHUsI COOTBETCTBEHHO: P, = 0,75 Kkr u Ppwl =0,57 xr,
npuyeM 3Hadenue 1o B.d. Paroky Gosblire.

ITpu ycnosuu, uro & = 0,26 (310 3HaYEHHE KO-
(hurmmeHTa GOKOBOTO JaBICHHS TIOIyYaeTcs 1Mo (hopMyIie
B.A. ®nopuHa), pacyeTHasi BeIMYMHA PAaBHOACHCTBYIO-
IIeH 3MOpsl OOKOBOTO JaBICHHUS, MOJIYICHHON pacue-

X 77
2y A
0,010 o013 [ {210
\
0 ootz 009
/
PpasH V4
e
0,021 o2 0,027 iz 0021 o2
c d

Puc. 6. DxcniepumenTanbhast smopa (1); pacuetnas no Kynony (2); amopa ropusoHTanbHeIx Hanpsokennit 6 mpu & = 0,4 (3) (a);
HKCHEPUMEHTAJIbHAS dII0pa OOKOBOTO HaBieHus (H) n mocTpoeHHas: B 00010uKe mporpaMmsl [12] (¢), HaJIoXKeHHe 3THX S0P
(1) u (2) coorBercTBeHHO (d)

Fig. 6. Experimental plot (1); calculated by Coulomb (2); plot of horizontal stresses ¢_at § = 0.4 (3) (@); experimental plot
of lateral pressure (b) and constructed in the shell of the programme [12] (c), the superimposition of these plots (1) and (2),
respectively (d)
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Puc. 7. MecrononoxeHne HanOoIee OIMACHBIX INIOCKOCTEH CKOIBKEHNSI (pa3pyIeH s ) BHYTPH yIePKUBaeMON I'PyHTOBOI MacChl

(110 maHHBIM paboTsI [ 16]) (a); S10PBI TOPH30HTAIBHOTO TaBIICHNS Ha IIOATIOPHYO CTEHKY, ocTpoeHHsle 1o CI143.13330.2012 (1) [18];
no ['K. Kneiiny (2) [19]; 6e3 yuera ynenpHoro cuerienus (3); mo meromy W. 5. Jlyukosckoro [14, 15] (4) (b) [16]

Fig. 7. The location of the most dangerous sliding planes (destruction) inside the retained soil mass (submitted by the work [16]) (@);
diagrams of horizontal pressure on the retaining wall, built according to SP43.13330.2012 (1) [18]; according to G.K. Klein (2) [19];
excluding specific adhesion (3); according to the method of I.Ya. Luchkovsky [14, 15] (4) (b) [16]

TOM, OyzeT Ha 37 % MeHbIIIe COOTBETCTBYIOILETO 3HAYC-
HHS U1 9KCIIEPUMEHTAIBHOM 3MIOPEL.

4. Dxcnepumenmansho-meopemudeckue OaHHble
U Jlyuxoeckoeo [7, 8, 16, 17]

Pabota [5] mocesimeHa perneHuro 3a1adu 00 orpe-
JIeTICHUN BEITMYUHBI OOKOBOTO JaBJICHUS TPYHTA Ha TO/I-
MIOPHBIC CTEHBI, TOPU30HTANIFHAS IOBEPXHOCTH 3aCHINKH
KOTOPOI MPUTpyKeHA PABHOMEPHOU Harpy3Koi, UMero-
el MPOU3BOIBHYIO MIUPUHY U MHTEHCHUBHOCTH. B mc-
cienoBaHu [ 16] MprUBeIeH COOTBETCTBYIOIIUM ITPUMED
npu: a=2M; b=4wm; H=20m; y=15xkH/™M*; C=15kI1a;
¢ =26,5°%tgp =0,5; ¢ = 50 x[1a (Bce ncxomaHbIC TaHHEIC
JUTS pacdeTa, B TOM YHCIIe TeOMETPHYECKHE Pa3Mephl, 3a-
MMCTBOBaHbBI U3 paboThI [16]).

Omropa OOKOBOTO JaBIEHUS, TOCTPOSHHAS TI0 Me-
toxy W.5. JlyukoBckoro [5], okpanieHa Ha puc. 7, b po-
30BBIM IIBETOM.

I yeroBuii paccmarpuBaemoit B padbote [16] 3a-
Jla4M MIPOBEICHBI BEIYHUCIICHHS B CPEJIe KOMITBIOTEPHOM
nporpaMmsl [12], B pe3yapTare KOTOPBIX MOCTPOEHA
COOTBETCTBYOIIIAsl ITF0pa OOKOBOTO JaBJICHHUs, H300pa-
JKeHHas Ha pHc. 8, a. UucieHHoe 3HaYeHHue paBHOEH-
CTBYIOIIEH ATOM SMIOPHI PaBHO Ppacq =909,1 kH/™m. Ecitn
CPaBHHTH €TI0 C COOTBETCTBYIOIIMM 3HAYEHHEM, ITPHBE-
JIeHHOM B Tpyzne [16] PﬂyqK = 987,83 kH/m, TO BUIHO, UTO
UX OTIMYME cOCTaBiseT 8 %, MpUYeM pacCUUTaHHOE
ABTOpPaMH 3HaUYCHUE MEHbIIIE.

U3 puc. 8, ¢ BUIHO, 9TO €CITH TIPH pacueTe B 000109~
K€ KOMITbIOTEPHOM nporpamMmsl [12] NpuHATH 3HaUYeHHE

32

BENIMYUHBI K03 dunmenta Goxosoro masnenns & = 0,6,
TO HOJIYYHM PACUETHYIO BeJIMYMHY OOKOBOTO J[aBJICHUSI,
paBHYyI0 BenmunHe, npuBeneHHon M. 5. JlyukoBckum [16)].

PazGepem cremyromuii mpuMep, MPeACTaBICHHBIN
B UccienoBanuu [16].

Tpebyetcs onpenennTs pacipeneseHie TOPU30HTAb-
HOTO JIaBJICHHS HA OTPaKACHNE KOTIOBAaHA, UCXOMS U3 YC-
JoBuit, onucaHHbIX B Tpyze [16]: H =20 m; y = 15 kH/™’;
c=0;0=30%¢qg =10;b=0,5.

HVcnons3ys KoMOBIOTEpHYTO TIporpammy [12] i onm-
CAHHBIH BBIIIE aJTOPUTM, TIOCTPOIIIH MIOPY OOKOBOTO
JTABJICHHUS TPYHTa, KOTOpasi, HapsiLy ¢ JIIOPOH aBTOpa
[16], npuBenena Ha puc. 9, a, b COOTBETCTBEHHO.

Bennunna kosdduinerta 60KOBOTrO AaBICHUs IPH
pacuere npunsTa paBHoi & = 0,35, 4T0 COOTBETCTBYET
BEJIMYMHE, BRIYUCICHHON 110 (hopmyne B.A. dmopuHa.

CpaBHuBas U300paKEeHUS ITUX S0P, BUIUM, UTO
OHH KOHTPYJHTHBI, @ YHCICHHBIC 3HAYCHUS MX IUIOMIA-
neit pasaarcs Ha 16,29 %, mpuyem smropa aBTopa pa-
60T5I [16] mMeeT OOMBIIYIO TIIOIIA b, & 3HAYHT, B TAKOM
K€ OTHOILICHUH HAXOIATCA M PaBHOICHCTBYIOIINE DITIOP:
Pl =1,9243 u PI=1,6108.

OTMeTHM, 4TO OTIIMYHE MOTYYCHHBIX aBTOPAMH
Pe3yIbTaToOB OT PE3yNbTAaTOB, MPUBEICHHBIX B TPYAC
[16], MmoXxeT OBITh YACTUYHO OOBSICHEHO OTCYTCTBHEM
B MPEIIOKEHHONH METOAMKE IOMYIIEHHS O TPSIMO-
JMHEIHOM (opMe ciIe0B MOBEPXHOCTEH pa3pylleHus,
KOTOpOE MPUCYTCTBYET B HccienoBanuu [5]. IIpu atom
Ha ¢pororpadusix 1. 5. Jlyukosckoro u JI.A. YenypHoro,
MIPHUBEJICHHBIX B padote [5], yeTko 3adukcupoBaHa Kpu-
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Puc. 8. 1300pakenus d1op 60KOBOI0 AaBJIeHHUs], TOCTPOSHHBIX B 000JI0YKe KOMIIBIOTEPHOI Iporpammsl [ 12] (a) m o metony [5] (b);
3aBHCHMOCTb BEJIMYMHBI PABHOJICHCTBYIOIIEH OOKOBOTO aBJCHHUs OT BEIUYUHBI KO3 (HIMenTa 60KOBOTO NaBieHus & s
paccMOTPEHHBIX yCioBHit (c)

Fig. 8. Images of lateral pressure plots constructed in the shell of a computer programme [ 12] () and according to the method [5] (b);
dependence of the magnitude of the resultant lateral pressure on the magnitude of the lateral pressure coefficient & for the con-
ditions considered (¢)
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Puc. 9. Dnropsl 60KOBOTO AaBJIEHUS, TIOCTPOSHHBIE B 000JI0YKE KOMITBIOTEPHOH porpaMmsl [ 12] (a); Ha ocHOBe MeTona [5] (b);
HaJIOKEHUE ITHX SMIOP ()

Fig. 9. Lateral pressure plots constructed in the shell of a computer programme [12] (a); based on the method [5] (b); the su-
perimposition of these plots (c)

BOJIMHEIHAs (hopMa ciienioB moBepxHocTell ckombkeruss  CHKC-7YKII3, xoTopsie yCTaHABIUBAIUCH B CTCHKY
(paspymienus) (cm. puc. 3). Ha § YPOBHSIX IO BBICOTE B TPEX MapajliesIbHbIX CTBOPaX.

5. Jlannoie namypioix ucnsimanyii TE. Jabesnuxa [IpoTokoxn mpoBeIcHNS IKCIICPIMEHTA U €T0 PE3YIIBTaTHI,
[20] a TarxoKe UCIIOIh30BaHHOE 000PYIOBAHHE ITIOPOOHO OITH-
caHbl B MicciaenoBanusax [20-22].

[MonmopHasi cTeHKa, MO MOBEPXHOCTH KOTOPOH .
Ha puc. 10, a mpuBeneHbI 1300pakeHNS TOATIOPHON

U3MepsUIOCh DOKOBOE JIaBJICHHE, CIIY>)KUT YacThIO KOH-
CTPYKLIMH 312HNUs HACOCHOMN CTAHIMH, SABISeTCs sKecTkoil  CTEHKA (cTeHBI HACOCHOI CTaHIINH) M SKCIIEPUMEHTAITb-
¥ PAKTHYECKH HecMeaeMoit (puc. 10, a). HOIA 3I1I0pbI GOKOBOTO JIaBJIEHNs (Ha HTOM PUCYHKE 000-

TPyHTOBOE OCHOBAHHE — MEJIKO3EPHUCTBIN recok  3HAYCHA IUQPOii 4), KoTopast MOCTpoeHa «uepes 10 mecs-
C YIJIOM BHYTpPEHHETro TpeHus ¢ = 33-34°, Hynespiv  LEBTIOCTE TMIOJTHO¥ 3aChIITKU CTEHKH (1ekabphb 1990 1 )».
CIIEIUICHUEM, Y/IENIbHBIM BecoM y = 16,6—17xH/M* u mo- Ha puc. 10, b noxasansr: Ta xe smropa (1), smopa
JyJieM lle(bopMalH/H/I E = 43-45 MIla. CpGIIHI/Ie xapak- TOPHU30HTAJILHOIO NaBJICHHUS, IIOCTPOCHHAS B 000104-
TEPUCTHKM MeCYaHOi 3achinku: @ = 32°; vy = 16 kH/M®, ke KoMnbioTepHod nporpammel [12] (2) (b), u smropa
MOJIyY/IH eOpMALIK BEPXHEN 1 HUKHEH YacTel 3aChil-  TOPU3OHTANIbHBIX HANPSKEHUH, NEHCTBYIONIUX BIOJb
ku E7 =20 MIlau E) = 30 MIla. ['opu3oHTansHoe gaB-  BHYTPEHHEH BEPTHKAILHON MOBEPXHOCTH IOAIIOPHOM
JICHHE U3MEPsUTIOCh TPYHTOBBIMHU THHAMOMETPAMHE THUIIA  CTCHKH (3).
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Puc. 10. [TonnopHas cTeHKa (CTeHa HACOCHOW CTAaHIIMU) U SKCTIIEPHMEHTAIbHAS dII0pa OOKOBOTO aBieHus (0003HaYeHa I ]-
poti 4), moctpoeHHas «4epes 10 MecsieB nocie moaHoi 3achnK cTeHKH (1exadpb 1990 r)» (a) [20]; Ta ke smopa (00o3Haue-
Ha 1) ¥ 5IrOpa rOPU30HTAIBHOTO JIABICHHMS, IOCTPOCHHAS TIPH MOMOLTH MeToaukH [2] (o6o3Ha4eHa 2) (b)

Fig. 10. Retaining wall (pumping station wall) and experimental lateral pressure diagram (marked with number 4), built
“10 months after the wall is completely filled (December 1990)” (a) [20]; the same plot (marked 1) and the horizontal pressure

plot constructed using the method [2] (marked 2) (b)

Flmﬁlmii cJ10i

JACKIIKE

Puc. 11. Cxemarnueckoe M300pa)keHHE CTEHbI HACOCHOM CTAHIIMU — MOANOPHOMN CTEHKH (@) U ()parMeHT pacueTHON CXEMBI

MKD (b)

Fig. 11. Schematic representation of the wall of the pumping station — retaining wall («) and a fragment of the design scheme

of the FEA (b)

Owurypa, obo3HadeHHas Ha puc. 10, b mudpoii 3,
MIOCTPOEHA B PE3yIIbTaTe KOHEUHO-3IIEMEHTHOTO pacyeTa
B 000J109Ke KOMITBIOTEPHOM Tiporpammel [ 12]. PacyetHas
cxema MK3 cocrout n3 24 368 0MHAKOBBIX TPEYTOJIb-
HBIX KOHEUHBIX 2JIEMEHTOB, CONPSDKEHHBIX B 12 427 y3max.
DU3UKO-MEXaHNYECKHE CBOWCTBA I'PYHTA 3aCHIIKH U OC-
HOBaHMs, a TAKXKE MaTepuaa MOJMOPHON CTEHKU Haxo-
JIITCSL B COOTBETCTBUM C JAHHBIMU, IPUBEACHHBIMU B Pa-
6ore [20]. M300paxkeHus (hparMeHTOB MOITOPHOM CTEHKN
u ee pacueTHoi cxeMbl MKD npuBeniens! Ha puc. 11.

Ananm3 puc. 11, b TOBOPUT O TOM, YTO amIpPOK-
CUMUPYIOIINE KPUBbIEC, MMOKA3BIBAIOILINE W3MECHEHHE
BEJINYMHBI OOKOBOTO JABICHUS B 3aBUCHMOCTH OT BEp-
THUKAJIbHOW KOOPAMHATHI U TOCTPOCHHBIE B MpoOIEcce
MIPOBEACHHA SKCTIepuMenTa (1) 1 rmo pe3yasraraM HaImx
BbIUMCIEHUH (2), UMEIOT 1noo0HbIe KOH(UTYpaluH,
a OTpaHWYECHHBIC NMH IJIOMIAIU (3MIOPHI) OTINYAIOTCS
npumMepHo Ha 27 %. Kak 1 B penpIIynmx ciydasx, mio-
I1a/1b SKCIIEPUMEHTAIILHO SITIOpPHI OOJbIIIE, a 3TO 3Ha-
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YHT, 9TO OOJIBIIIE ¥ BEIMYMHA COOTBETCTBYFOIICH paBHO-
JIeHCTBYIOIIEH TOPU30HTAILHOTO JIaBJIECHUS.

3AKJIIOYEHUE

Omropel 00OKOBOTO JaBIEHHUS, TOCTPOSHHBIE TIPH
PacCMOTPEHUH KaXKA0TO U3 HMPUBEICHHBIX BBILIC IPH-
MEpPOB, OKa3aJIUCh TIOJOOHBIMUA COOTBETCTBYIOIIUM DITIO-
pam, NMOJy4eHHBIM aBTOPAMHU ITUTUPYyEeMbIX paloT. Pac-
CUUTBHIBaEMbIE B 000JI0YKE KOMITBIOTEPHON NPOrpaMMbI
«YCTOMYMBOCTBY BEIMYMHBI TOPU3OHTAIIBHOTO JIABJICHHS
Ha y/Iep>KHBAOIIee COOPYKEHHE JUI BCEX PacCMOTPEH-
HBIX IPUMEPOB oKa3anuch Ha 25-40 % MeHsblIe TeX, 4To
TOJTyYeHbI aBTOPaMH PACCMOTPEHHBIX ITyOIHKanuii. Paz-
HHIIAa MEXTY pe3y/IbTaTaMHt, MOIydeHHBIMH TIPH pacueTe
cormacuo CI1 [9], 1 mpeutaraeMbIM METOZIOM COCTABIISIET
25,1 %, 9To mpreMiIeMo.

Ommune YNCIeHHBIX 3HAYEHNH BEITMINH OOKOBOTO
JIABJICHUsI, OJyYEHHBIX aBTOPAMH LIUTHPYEMBIX PadOT,
OT COOTBETCTBYIOIINX 3Ha‘-IeHI/II\/’I, MOJYYCHHBIX IIpe€aJia-
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raeMbIM METOZIOM, MOXHO OOBSCHUTH TEM, UTO MPUMe-
HEHUE MOCJEIHEro He MOAPa3yMeBaeT UCIOJIb30BAHUS
TUIOTE3BI O TUIOCKUX ITOBEPXHOCTSIX CKOJIBKEHHMS, a M0-
CTPOEHME €€ clie[la MPOBOAUTCS HA OCHOBE KOHEYHO-
9JIEMEHTHOI'O aHaJIN3a HaMpPSHKEHHOTO COCTOSIHUSI TPyH-
TOB 3aCBIITKU C YUETOM PeaJbHBIX 3HAYECHUH ee (pru3nko-
MEXaHUYECKHUX CBOMCTB. YCTAHOBJICHO, YTO BEJIMUYMHBI
TOPU30HTAIBHOTO JABJICHUS, IPUBEIEHHBIE B PACCMO-
TPEHHBIX paboTax, MOTYT OBITh MOJXYYEHBI ITyTEM pac-
4era B 000JI0YKEe KOMITBIOTEPHOH mporpamwmsl [12] mpu
OTIPEJICIICHHBIX 3HAUCHUAX Kod(ddummerTa 60KOBOro
JIaBJICHUS TPYHTA 3aChINKU. YTIOMSHYTOE BBIIIE OTINYHE
MOYKET OBITh YACTUYHO OOBACHEHO U MOJOKEHHEM O TOM,

9TO 1071 OOKOBBIM JABJICHHEM aBTOPBI HACTOSIIEH CTa-
TBH, B OTJIMYKME OT aBTOPOB LIUTHPYEMBIX paboT, cunTa-
0T, YTO PABHOAEHCTBYIOIIAS CHII OITOI3HEBOTO JABIICHHS
HE sBJIIETCS. HOPMaJIbHOW K BHYTPEHHEH [IOBEPXHOCTH
OrpaXKACHUS U MOJA TOPU30HTAIIBHBIM JIaBIEHUEM Clle-
JlyeT MOHUMATh JIUIIb €€ TOPU30HTAIBHYIO COCTABIISIO-
11y1o.

B cBs1311 € yIOBIETBOPUTENBHOM CXOMUMOCTBEO MHOTO-
YHCIIEHHBIX PE3YIILTAaTOB SKCIIEPUMEHTAIBHO-TEOPETHYE-
CKUX HCCIIe/IOBAaHUH, BBIMIOIHEHHBIX CTOPOHHUMH aBTO-
pamu, ¢ pe3ysTaTaMy PacyeToB Ipe/ylaraéMbIM METOIO0M
CUMTAEM BO3MOKHBIM PEKOMEHIOBATH €10 UCIIONIB30BAHUE
B MH)KCHEPHO-TEXHUUECKUX pacueTax.
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Biausinue mBa 0eTOHUPOBAHMS HA PACIIOPHYIO CHCTEMY
KOTJIOBAHA IPU ABAPMHHOM BO31E€HCTBUHU
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AHHOTALUMUA

BBepeHue. B cBA3M ¢ Bo3pacTaoLMm UCMonb3oBaHNEM NoA3eMHOro NPOCTPaHCTBa B ropoAax Bee yalle npuberatot k bonee
rny©okMm koTnoBaHaM. B AaHHbIX KOTIIOBaHaxX CTaHOBUTCS GOrbLUE 3NIEMEHTOB U MOBLILLIAETCS LWAHC BbIXOA4A OLHOIO U3 ane-
MEHTOB 13 CTposi. Npy 06pyLLUEHMN KOTIIOBAHOB HAHOCUTCS 9KOHOMUYECKMI YLLepO 1 BO3MOXHbI YernoBeyeckune notepu. Pac-
CMOTPEH TeKYLUMI YPOBEHb MCCIeA0BaHNI B YaCcTU 3alLyThl KOTIIOBAHOB OT MPOrpeccupyoLlero obpyLleHns 1 npounsoLles-
wne aBapuun. Llenbto nccnenoBaHus SIBNSIETCS OLEHKa BIUSIHUS MOLENMPOBaHUS LUBOB OETOHMPOBAHMS MeXay 3axBaTkamu
TPaHLLEVHOW CTEHbI Ha NepepacnpeaeneHe yCunmin npyu aBapMnHom BO3AENCTBUN B BUAE BbIXOAA U3 CTPOS OOHOWN pacropku.
MaTtepuanbl U1 meToAabl. [1pOBEAEHO YMCINIEHHOE MOAENUPOBAHNE METOAOM KOHEYHbIX 3NIEMEHTOB KOTMOBaHa rryOuHoOM
16 M, COOpY)XEHHOrO NOA 3aLLMTON CTEHbI B TPYHTE C pacnopHou cuctemoln. LLBbl MogenupoBanuch MHTEpPEenCcHbIMN ane-
MEHTaMM C Y4ETOM MX JePOPMUPYEMOCTU N MPOYHOCTU.

Pesynbratbl. [1py MogenmpoBaHun WBOB GETOHMPOBaHWUS MAET nepepacnpenernieHne ycunui B pacrnopkax B npegenax
OfHOWM 3axBaTkM CTeHbl. [Tpy HOpManNbHOM COYETAHMM HArpy3oK YCUIUS B pacriopkax B CPegHEM He U3MEHSIIoTCS B 3a-
BMCMMOCTM OT MOAENUPOBAaHUS LUBA, OAHAKO NPV aBapuNHOM BO3LEWCTBUM YCUMUS B paCYETHOM Cryyae co LBaMu 6eTo-
HUPOBaHWA yBENMUMBAKOTCSA. B cnyvae nporpeccupytoLlero obpyLLueHns BHYTPU CTEHbI MEHSETCS HanpaBlieHne AeNCTBUst
n3rmbatoLLmMx MOMeHTOB. [lepemeLleHnst MOBEPXHOCTU rPyHTa NPy MOAENMPOBAHMM LLBOB MEHbLUE, YeM Npu TPaguLMOHHOM
cnocobe MoaenupoBaHus.

BbiBoabl. [lonyyeHHble pe3ynbratbl NO3BONAT 6onee TOYHO MOAENUPOBaTL OrpaXkaeHWe KOTNoBaHa, YTo caenaeT ux uc-
nonb3oBaHune 6ornee NporHo3npyembiM 1 6esonacHeiM. B kayecTBe AanbHENWINX MCCnegoBaHW NpegnonaraeTcsa npuMe-
HeHve bornee COBEPLUEHHbIX MoAenen NoBefeHns 6ETOHHOrO KOHTakTa. Takke B Ka4eCTBE KOHCTPYKTUBHBLIX MEPOMPUSATUIA
ONs NpeAoTBpaLLEeHVs NPOrpeccupyoLLero obpyLIeHNs peKOMEHOYETCA UCMOoNb30BaHNE OAMHAKOBbIX apMaTypHbIX CETOK
Ha MPOTUBOMOSIOXHbIX TPAHSAX CTEHbI B TPYHTE.

KNKOYEBBLIE CIIOBA: cTteHa B rpyHTe, pacnopHasi cuctema, LIoB GETOHMPOBaHMS, Nporpeccupyollee obpyLueHne, Ya-
CTU4HOE 0bpyLUeHne, ocoboe Bo3aencTBne, MeTod KOHEYHbIX 3NEMEHTOB

brnazodapHocmu. ABTOp BbipaxaeT bnarogapHocTb Muxauny puropbeBuyy 3epLanoBy 3a HAaCTaBHUYECTBO UCCIELOBa-
HWUW, @ TakKe aHOHVMHbIM PELiEH3eHTaM 3a KOHCTPYKTUBHYIO KPUTUKY.

Ana UMTUPOBAHUA: Vcaes A.B. BrnusiHne wBa GeTOHVMPOBaHWMSA Ha pacnopHyl CUCTeMy KOTroBaHa Mmpu aBapui-
HOM Bo3gencTBun // CTpouTenbCTBO: Hayka u obpasoBaHue. 2025. T. 15. Buin. 1. Ct1. 4. URL: http://nso-journal.ru. DOI:
10.22227/2305-5502.2025.1.4
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ABSTRACT

Introduction. Due to the increasing use of underground space in cities, deeper excavations are increasingly being used.
These excavations contain more elements and increase the chance of failure of one of the elements. When excavations
collapse, there is economic damage and possible loss of life. The current level of research regarding the protection of exca-
vations from progressive collapse and the accidents that have occurred are reviewed. The purpose of the study is to evalu-
ate the influence of modelling of concreting joints between trench wall sections on the redistribution of forces in case of
an accidental impact in the form of failure of one strut.

Materials and methods. Numerical finite element modelling of a 16 m deep excavation constructed under the protection
of a wall in the ground with a spacer system was carried out. The joints were modelled by interface elements taking into
account their deformability and strength.
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PacnpoctpaHsietca Ha ocHoBaHuu Creative Commons Attribution Non-Commercial (CC BY-NC)



BansiHue wBa 6eTOHMpOBaHMﬂ Ha pacriopHyro CUCTeMy KOTAOBaHa

o o C. 38-47
npu aBapuiHOM BO3AEHCTBUN

Results. The modelling of the concreting joints results in a redistribution of the forces in the struts within the same wall sec-
tion. In the case of normal load combinations, the forces in the struts do not change on average depending on the joint mod-
elling, but in the case of accidental impact, the forces in the design case with concreting joints increase. In the case of pro-
gressive collapse within the wall, the direction of action of the bending moments changes. The displacements of the ground
surface in the case of joint modelling are smaller than in the traditional modelling method.

Conclusions. The results obtained will allow more accurate modelling of excavation enclosures, making their use more
predictable and safer. As further research, more advanced models of concrete contact behaviour are envisaged. The use
of identical reinforcement meshes on opposite faces of the wall in the ground is also recommended as a structural measure
to prevent progressive collapse.

KEYWORDS: diaphragm wall, strut system, concrete joint, progressive collapse, partial collapse, specific impact, finite ele-
ment model
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BBEJIEHUE

o mMepe pocTa ropoioB Bee Yalle BO3ZHUKAET HE0O0-
XOIUMOCTb MCIIOJIb30BaHMs ITOJ3EMHOIO IIPOCTPAHCTBA
JUISL pasMENIeHNs] KOMMYHHUKAIHM, KeJIe3HOI0POKHBIX
1 aBTOMOOWIBHBIX MyTel. Tak Kak moa3eMHble paOoThI
HEPEIKO BELYTCS MPU y¥KE CYIIECTBYIOLIEH 3aCTpOiiKe,
Ba)KHO TIPELYyCMOTPETh MEPHI TI0 3aINTE OIM3IeKAIINX
3[aHUI U coopykeHui. [Ipy Bo3BeJeHNH KOTJIOBAHOB OT-
KPBITBIM CIIOCOOOM JIJIsl TAKUX COOPYIKEHHH, KaK CTaH-
[IMU METPO WJIM TOHHEIH, TpeOyeTcsl Co3laHue mac-
CHBHBbIX OI‘pa)KL[EHI/Iﬁ JUIA KOTJIOBAHOB, KOTOPLIEC MOTYT
ocTaBarbcsi Ha Mecte Oojiee rojga. CI0KHOCTh ITHX
OFpa)Kl]eHI/II\/’I TMMOBBIIIACT PUCK BbIXOJAa U3 CTPOSA OAHOTO
U3 UX KOMIIOHEHTOB, YTO MOXKET IPUBECTH K paspylie-
HUIO BCEH KOHCTPYKIIMN U Upe3MepHOMY Je(opMupoBa-
HUIO OKpYXKarolllel 3aCTPOUKH.

IIpu cTpouTenscTBE OrpaskaeHUI KOTIOBaHA B yC-
JIOBUSIX BBICOKOTO YPOBHSI TPYHTOBBIX BOJ 3a4acTyIO
MPUMEHSIOT BO3BEICHHE TPAHIIEHHON CTEHBI METOJIOM
«CTEHa B TPYHTEe». J|aHHBIH METOJ UMEET HECKOIBbKO
MPEUMYILECTB, TAKUX KaK: BHICOKAsl IPOUHOCTb, BOJIOHE-
MIPOHUIIAEMOCTh, BO3MOYKHOCTh TIIyOOKOTO 3aJI0XKEHHUS
1 TOATOBEYHOCTh. OCOOEHHOCTHIO CTPOUTEIHCTBA TPAH-
LIEWHON CTEHBI C UCIOJIb30BAHUEM 3TOI0 METO/IA SIBJISIET-
sl pa3ziesieHne CTEHbI Ha 3axBaTKu. Ha puc. 1 mokaszansl
TUIIOBBIE CXEMBbI YCTPOICTBA TPAHIIEHHOW MOHOIUTHON
CTEHBI B TpyHTe. PaccMarpuBaeMslii criocod BO3BEICHHS
BBOJWT CJIA0BIi 2JIEMEHT B TPAHIICHHON CTEHE — XOJIO-
HBIH 110B OETOHMPOBAHUSI, KOTOPBIH 1pu 1edopMupoBa-
HUU CTEHBl HAYMHAET PACTPECKHUBATLCS, U YEPE3 HErO
B KOTJIOBAH MIPOHMKAET BOAA.

[Ipu pacyere HanpsKeHHO-/1e(HOPMUPOBAHHOTO
cocrostaust (H/IC) cuctemsbl «IpyHT — Orpa)k/IeHue KOT-
JIOBaHa — KOTJIOBAH» 3TH ILBBI OOBIYHO HE MOJEIUPY-
I0TCS U3-3a cloxHocTH [1-21]. ABTopamu cratbu [2]
npeajaracTcsa METoq MOACTIUPOBAaHUA JaHHBIX IIIBOB
C MIOMOIIBIO aHU30TPONHBIX IIACTUHYATBIX 2JIEMCHTOB
1 JITHEHHBIX YIPYTHX CTEPKHEBBIX DIIEMEHTOB JUIS TOY-
HOTO BOCITPOM3BEICHUS MTOBEIEHHS CTBIKOB MEXKIY 3a-

XBaTKaMM TpaHuIeiiHo# crensl. [lo pesynbsraram moze-
JMPOBAHUS CIIETaHbl BBIBOIBI 00 YBEIMUCHUH BIIHSHHS
mBoB Ha H/IC orpakaeHus npu yBeJIMUSHUN TIIyOUHBI
KoTiioBaHa. Mogenb Jlokazana cBO 3((GEKTHBHOCTD,
0COOEHHO JUISl KOPOTKHUX CTOPOH BBIEMKH, TJI€ TPaJIHIIH-
OHHbIEC METO/IbI JIABAJH 3aHIKCHHBIE CMEILICHUSL.
HccnenoBanusaMu 1o TeMe MPOTpecCUPYyIONIEro
00pyIIIeHHs] B KOTIIOBAaHAX 3aHUMAIOTCSI YUCHBIC U3 pa3-
HBIX CTpaH, B ToM uncie Kutas u Poccun. B pabore [3]
PaccMOTPEH BBIXOJ U3 CTPOsI OTHOI pacropKH B LIEHTPE
KOTJIOBaHA U HA PACCTOSHUU 2 M OT yIia ¢ LEbIO OMpe-
JIeTIeHNs U3MEHEHNs! 3D (PEKTUBHBIX HAPSHKEHNH B TPyH-
T€ U YCWIMI B pacniopHou cucremMe. Jjig ycTaHOBIIEHUS
3¢ GEKTUBHBIX HANPSHKCHNH pacCMOTPEHBI 6 clydaeB
KOTJIOBaHOB TIyOmHO 16,8-30,8 M, s ompeneneHus
nepepacrpeeseHus] yCUIui — OJUH KOTJIOBaH INIy-
6unoit 16,8 M ¢ 4 sipycamu pacriopok. 1o pesymnsraram
UCCIICIOBAHNS 30HA BIMSHUS OTKIIOUCHHS PACIIOPKU

1 1 3
Q4> Q40

2 3

1 1
a
3anonHeHue Paspaborka
AN ~—-
3
b

Puc. 1. Buasl TpaHmelHbIX U CBalHBIX CTEH, BBIIOJIHEH-
HBIX B IpyHTe [l]: @ — u3 compukacaroluxcs TpaHLIei;
b — 13 HeNIPePBIBHBIX TPAHIIEH ¢ CeKIMOHHBIM 3aIIOTHEHIEM
Fig. 1. Types of trench and pile walls made in the ground [1]:
a — from contiguous trenches; b — from continuous trenches
with sectional filling
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B IIGHTpE KOTJIOBaHA OOJbIIE, YEM B YTy, YTO, CKOpee
BCETO, MMOKa3bIBACT BIMSHUE YIIIOBOro 3¢ dekra. B kot-
JIOBaHAaX MEHBIIEH TITyOWHBI HaOMomaeTcs OobIee mo-
HIDKeHHe Y()(EKTUBHBIX HANPSHKEHUH B IPYHTaX B 30HE
BIIMSTHUSL OTKJIFOYEHUSI PACIIOPKH, YTO, BUANMO, OOBSIC-
HSIeTCSl OONBIIMMH TIEPEMEIEHUAMH TPYHTOBBIX Macc,
KOTOpBIE, BO3MOXKHO, MTOHMKAIOT AP heKTUBHBIE HATIPSI-
skenus. [Ipu oTkase pacriopku 4 sipyca oTMedaercst pas-
rpy3ka | spyca pacmopok, a HanOOIBIIIH TPHUPOCT —
B pacropke HaJl OTKJIFOUaeMOH.

B cratesx [4, 5] paccMOTpeHO orpakaeHHe KOT-
JoBaHa TTyOWHON 16,5 M, COOPYKEHHOTO TIO/T 3aITHTON
TPAHIIEHHOM CTEHBI B TPYHTE C IIUPUHOM 3aXBaTKH 6 M,
3aKpeIUICHHOW 3 sipycaMu IpeTHanpsHKEHHBIX aHKepOB
¢ maroMm 1,5 M 6e3 MCTIOTB30BaHUS PACTIPEIICITUTENb-
Hou Oankwu. [To pesynbraram MOJETUPOBAHUS BBIXO/A
U3 CTPOSl OJIHOTO aHKepa IMOCJIENHEro sipyca yCUIHe
B COCEIHUX aHKepax Bo3pocino Ha 15-20 %. Ilo pe-
3yjJbTaTaM MOJCJIUPOBAHUA OBLIH CACJIaHbl BBIBOJbI,
YTO HA IPUPOCT YCWIIUH MU pa3pylIeHUN OJHOTO U3 aH-
KEpOB B 3HAYUTEIHLHON CTENECHH BIHSCT PACIONOXKEHHE
aHKepa, )KECTKOCTh TPAHIICHHON CTEHBI U JUTHHA OJIOKa,
a TaKXKe 4TO MPH pacyeTe KeJIe300eTOHHON TpaHIIeHHON
CTEHBI 0€3 pacIpeieNTENbHBIX OATOK CIEAYET YINThI-
BaTh MMPOCTPAHCTBEHHBIN Xapakrep paboThl KOHCTPYK-
I[N OTPAKIACHHUSI.

ABTOpaMU CTaThH [6] NCCIIENOBAHO IPOTPECCHPY-
oniee o0pyIlIeHHe KOTIOBAHOB, YASPKHUBAEMBIX KOH-
COJIBHBIMU JKeJIE300€TOHHBIMU CBassMHU INIPH [ITyOHWHaxX
koTioBaHOB 4,5; 6 u 7,5 m. [o pesynasraram Momenupo-
BaHUs BbIXOJA U3 CTPOSL OAHOM U3 CBall OrPa)ICHUS U3-
ruOaroIIe MOMEHTHI B COCETHUX K HEll yBEIIMUMBAINCh
1o 2,75 pas.

OnuuM u3 3(h(HEeKTUBHBIX METOIOB IPEAOTBpAIIle-
HUSI TIPOIPECCUBHOTO OOPYIICHUS SIBJISIETCSl yCTaHOBKA
HETPepBIBHOM Oankw moBepx cBail. bamka pacmpenens-
€T YCUJIMS MEXKAY CBasMH, 4TO II03BOJISIET IIepepacipe-
JITIUTh Harpy3KH OT apoyHoro s¢dekra Ha Oonee yrna-
JICHHBIC OT 30HBI Pa3pyIICHUS CBaW. DTO 3HAYUTEIHHO
YMEHbBIIIAET MAKCUMAIbHBIA KO(D(UIIUEHT Mepeaadn
Harpy3kd ¥ MOXKET MPEAOTBPATUTh JaJbHEHIINE pa3-
pymerus. DPPeKT yriaa Takke CYIIeCTBEHHO BIHSET
Ha TOBE/ICHNE KOTIOBaHA. B KBajpaTHBIX KOTIOBaHAX
3aMEUeHO, YTO ITPOrPECcCHBHOE OOpYIIEHHE, HadaBIIeecs
C LIEHTPAJIbHOW YacTH OIHOW U3 CTOPOH, IIOCTEIIEHHO OC-
JabssieTcs 10 Mepe MPUONIMKEHHS K YTy, YroJl Co3aeT
YCIIOBUS JUIsl €CTECTBEHHOTO 3aBEPILIEHUS IPOrPECCUPY-
OIIETO OOpPYIIeHNMS, TaK KaK KO(PPHUINEHTHI TIepeaadn
Harpy3Ku CHMJKAIOTCS IO Mepe pa3pylueHus cBaid. Tak-
Ke Ha Kod(h(UIMEHT Tepeaadn Harpy3oK (OTHOIICHHE
MTUKOBOTO M3TMOAOIIETO MOMEHTA MOCIE YaCTUIHOTO
paspyIIeHus] K MOMEHTY 0 Pa3pyILEHHs) CUIIBHO BIIUS-
10T TPYHTOBBIE YCIIOBHS M TNTyOWHA KoTiioBaHa. duznye-
CKO€ MOJICJIMPOBAHNE BBIXO/IA U3 CTPOS PA3INYHBIX TH-
OB KPETUICHUsI U3 CTPOsI MPOAHATTU3UPOBAHO B Tpyne [7].

[IpoBoxmuTcst cpaBHEHNE padOTHI yIIPYToOd M YIPYTo-
TuTacTHaeckor pabotsl pacmopku [8]. ITo pesynsraram
HUCCICAOBAHUSA BBIABJICHO, YTO B IIOCKOM MOCTAaHOB-
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K€ pa3sHHIla MEXJy METOAAMH MOAEINPOBAHMS Maa,
HO INpPU MOJCITMPOBAHHU B OOBEMHOM MOCTAHOBKE
JUTSl ITyOOKUX BBIEMOK CJIOXHOTO OYEPTaHUS IIPOUCXO-
JIUT NepepacnpeieNieHle YCUINN B OrpakAaoniel KoH-
cTpykuuu. Pa3Huna nponoiabHbIX yCUINHN IPU Pa3jiny-
HBIX METOJaX MOJICIUPOBAHNUS B OOBEMHON ITOCTAaHOBKE
qpocruraet 500 kH, 4To cocTaBisieT TpeTh OT yCHUIH
B YIIPYI'Oi IOCTAHOBKE.

B craresax [9-11] mpoBeneH aHanu3 yxe Ipom30-
MICAIINX aBapuil KOTJIOBAHOB Pa3IMYHBIX KOH(PHUTYpa-
LUH, B KOTOPBIX IPUYUHON pa3pyllIeHUs CTAINA pa3jIny-
HbIE (DAKTOPBI, TAKKE KaK HEOCTATOYHOCTh M3BICKaHUN
(KaK rpyHTOBOTO MaCCHBa, TaK ¥ OKPYKaIOIIeH 3acCTpOi-
k1 [10]), HEKOPPEKTHOCTH MPOEKTHBIX PEIIeHHH (B 4ya-
CTH pacdeToB U y31oB kpervierus [ 11]) n HecobmroneHme
TEXHOJIOTHH BBIMIOJHEHUSI CTPOUTEIIBHBIX padoT (0TCyT-
CTBME F€0TEXHUYECKOTO MOHUTOPUHTA U TIEPEKOITIKA KOT-
JIOBaHA HIDKE TIPOEKTHOW OTMETKH [9]).

W.B. Konbsionnsim [12] npemiokena Kiraccugu-
Kall¥s aBapUIHBIX CUTYyallUil ¢ ONIMCAHUEM KaTEropuii
ABapUUHON CUTYallMM U UX 3aBUCUMOCTU OT COCTOSTHUM
CTPOSIILIETOCS. COOPYKEHHSI, OKPYKAIOIIEH 3aCTPONKH,
WMHKCHEPHBIX KOMMYHHKAIIUH ¥ TPYHTOBOTO MacCHBA.

Ilenp HacTOAMIETO HCCIENOBAHMS — HU3y4YEHHUE
BIIMSIHYSI MOZIETIUPOBAHUS IIIBOB HA ME€pepaclpeieieHre
YCUJIMI B pacliOpHOW CUCTEME U NEPEMEIIECHHS OTpax-
JIEHUs] KOTJIOBaHa Py aBapUIHOM BO3JEHCTBUM B BUIE
WCKJTFOYEHHMSI OJTHOTO PACIIOPHOTO HJIEMEHTA U3 PadOTHI.

MATEPHUAJIBI 1 METO/bI

IIpu aBapuifHOM BO3/IEHUCTBUU B BUE UCKITFOUCHUS
PACIIOPHOTO JIEMEHTA N3 YAEP KUBAIOIIEH CHCTEMBI OT-
paxJieHne KomIoBaHa uctsIThiBaeT cinoxkuoe HJIC B Buae
n3ruda B IByX HAMPABICHHUSIX: U3THO B INIOCKOCTH MOTIEPEY-
HOTO CEUEHHs KOTIIOBAHA M N3THO B TFIOCKOCTH PACTIONIONKE-
HUS Apyca pacropok. [10cKoIbKy JaHHOE COCTOSIHUE He-
BO3MOYKHO 3aMOZICITMPOBATH B INIOCKOM ITOCTAaHOBKE, ObITa
TIPUHATA 00BbEMHAsI TOCTAHOBKA 3aIatN.

OOBEKT HCcCIeI0BaHusI — KOTIIOBaH NIyOUHOH 16 M,
COOPY’KEHHBIN MO 3aIIUTON KeJIe300€TOHHONW CTEHBI
B rpyHTe TommuHoi 800 MM u3 6eToHa Kiacca B35 u ap-
Marypsl ki1acca A500C. SIpychl orpax/IeHus BBIIOTHEHBI
B BHJIE pacropok u3 TpyOs! 720 X 14 cramu kimacca C255.
[Iar pacnopok B pacrnopHO# CHCTEME: TOPU30HTAIb-
HBIA — 3 M; BEepTUKAIbHBIN — 4 M, IIUPHUHA 3aXBaTKU
CTEHBI B IpyHTe — 6 M. KpemieHne orpaxieHus KoTio-
BaHa OCYILECTBIISIETCS pacniopHoi cucreMoil. [Tonepeu-
HBIM ¥ TPONOJIBHBIN pa3pe3 KOTIOBaHA MPEACTaBIECH
Ha puc. 2. [Ipu pacuete Ha CONPOTUBIICHNE TPAHIICHHOM
CTEHBI II0B MEXIy 3aXBaTKaMH — XOJIO/IHBIH IIOB O€TO-
HUPOBaHMS — HAaXOAUTCS HA PACCTOSHUU | M OT yxams-
€MOT0 IIEMEHTa. XapaKTePUCTUKN I'PYHTOB MPEJICTaB-
JIeHBI B Ta0M. 1, ypOBEHb IPYHTOBBIX BOJ IIPUHAT HA 2 M
HUKE YpOBHS JHEBHOH moBepxHocTH rpyHTa. Ha me-
PHOJ CTPOUTENBCTBA MPETYCMOTPEHO MECTHOE BOJIO-
MOHIKEHNE BHYTPH KOTJIOBaHA /10 YPOBHSI JHA.

J1J1s1 OCTaHOBKH 3a/1a4 UCTIONB30BAJICS IPOTPaMM-
ueii kommuieke Midas FEA NX, ocHOBaHHBIM Ha METOAE
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Puc. 2. Ilonepeynoe 1 NpooIbHOE ceUeHHE KOTIOBaHa

Fig. 2. Cross-section and longitudinal of excavation

KOHEUHBIX 37IeMeHTOB. [IprMensiemast Moziesnb TIoBeICHHS
rpyaTta — Hardening Soil, Mozmens moBeeHIs KOHCTPYK-
it — Elastic. PacueTHas cxema mpezacTaBisieT coboi
LEHTPAJIbHYIO YaCTh KOTJIOBAHA U ITPEJICTaBICHA Ha PUC. 3.
['aGaputbl pacueTHOW cxeMbl — 36 X 76 % 37(h) m.
I'paHnuHbIE YCIOBUS:

* HIDKHSIS TPaHb — 3alpeT Ha EPEMEIICHHS B TPEX
HaNpaBJICHUSIX;

* IpaHH, HE COIIPUKAcAlOIIeecs ¢ KOTJIOBAHOM, —
3alpeT Ha NepeMelleHUe B HallPaBJICHNH, TIEPIICH HKY-
JSIPHOM TpaHuy;

* TpaHH, COMPHKACAIOIIEECs ¢ KOTIOBAaHOM, — 3a-
NPET Ha MePeMEILCHUsI B HAIIPABJICHUH, IEPIICHANKYJISIP-
HOM I'PaHu; 3aIpeT Ha OBOPOT B INIOCKOCTSIX BHE IPaHH.

[Mocne pacuera HJIC rpynTa npu GprHAIEHOM BO3-
BEJICHUH KOTJIOBaHA J00aBIIAETCS CTaUsI C HCKITIOUCHH-
€M PACIOpPKH HIKHETO sipyca LEHTPAJIbHOTO sipa cede-
HUsL. DTOT BBIOOP PacIOpKU 0OYCIIOBJIEH HAUOOIBIIHM
YCHJIMEM 110 CPABHEHHIO C OCTAJIBHBIMH PAaCIOPKaMHU.

7

[Tocse BeIYMCIICHNS YCHUITHIT B OKPYKAIOIINX PACIOPKaX
OT OTKJIFOYa€MOM MPOU3BOIANTCS PAcUeT U B CIydae He-
00XOMMOCTH 3aMEHa CEUCHHSI C YISTOM JOTIONTHUTEIh-
HBIX K03((UIIMCHTOB YCIOBUI pabOThI IPH aBAPUITHOM
BO3/ICHCTBUH, paBHBIX 1,1. JlaHHBIC NTEpaK 3aKaHIH-
BAIOTCS TIPHU COOJIONCHUH YCIOBUH MPOYHOCTH COCE-
HUX PACIOPOK MPU BO3POCHIMX YCHIIHUSX, BOSHUKIIUX
13-32 UCKITIOUCHHOTO JIEMEHTA.

s MOmenTpoOBaHMS IIIBa MEKIY 3aXBaTKaMH TIPH-
MEHEH KOHTAKTHBIA 2yieMeHT (MHTep(eic), KOTOpbIi
BBEJICH ITOCJIC BBEACHUS HHTEP(HEHCOB MEKIAY CTCHKOU
U OKpY’KaromuM TpyHTOM. C IENBI0 BEIYUCICHUS HOP-
MaJIbHON M KacaTeJIbHOW JKECTKOCTH KOHTAKTa MEKIY
JIByMsI OCTOHHBIMH 3JIeMEHTaMu Kiacca B35 ucmosb3o-
BAJIUChH CIICTYFOIITHE 3HATCHIIS:

E_33500 _ 43155 Mita;

08

n
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«_G__E 34500
‘ot 2e(14v) 2-0,8(1+0,2)
=17 968,75 MIla,

rae £ — Momyns ynpyroctu OeToHa, 11 OeToHa Kiacca
B35 cocrasuset 34 500 MIla; ¢t — TonmuHa KOHTAKT-
HOTO 37IeMeHTa (PaBHSIETCS TOJIIIUHE CTEHBI B TPYHTE).
[TomMuMO MOzIENTMPOBAHUSI )KECTKOCTH MHTEpdeiic-
HOT'O 3JIEMEHTa MOJICIMPOBAJIACh TaK e €ro MPOYHOCTh,

&Sy | £ - || Basic

Puc. 3. Pacuernas cxema

Fig. 3. Calculation scheme

Taou. 1. dusuko-MexaHUYECKUE XapaKTePUCTUKH IPYHTOB

Table 1. Physical and mechanical properties of soils

KOTOpasi MPUHSATA JAJIsI HOPMAJIBHOTO M KacaTeIbHOTo Ha-
NpaBJIeHHs PABHOW PacyeTHOMY COIPOTHBIICHUIO OeTOHA
oceBoMy pacTsokeHuro Rbt = 1,3 MITa.

PE3YJIBTATHI HCCJIEJOBAHNA

ITo pesynbraram pacuera nomyyeno HJIC cucremsr
«KOTJIOBAH — OTPaXJICHUE KOTIIOBaHA — TPYHT» C YIETOM
n 0e3 y4eTa mBa OETOHHPOBAHHS MEXKIY 3aXBaTKAMU.
Ha puc. 4 u B Ta0n. 2 npuBeACHO CpaBHEHUE YCHIMN

~ || a1 Geometries (7

HanmeHoBaHne XapaKTePUCTUKH Tlecok cpenHel KPYMHOCTH CpeTHEel IIOTHOCTH
Characteristic Name Medium coarse sand of medium density
VnenbHblil Bec rpyHTa, KH/M?
- . N 19,4
Apparent specific gravity, kKN/m
Macca gacTun rpysra, r/cm?
. L N 27,0
Weight of soil particles, g/cm’
Koadpunment nopucroctu
o . 0,657
Air void ratio
VneneHoe creruienue, klla 0
Cohesion, kPa
Yromn BHYTpEeHHEro TPEHUsI, TPaj. 3]
Angle of internal friction, °
Monynbe aedopmaruu, MIla 31
Modulus of deformation, MPa
Monyne nedopmariun BTopudHON BeTBHU 3arpykenusi, MIla
. : 68
Deformation modulus of the secondary loading branch, MPa
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Puc. 4. CpaBHeHune ycuanid B pacriopKax IMOCJIEAHETO psifa Ha Pa3IHYHbIX CTAHAX

Fig. 4. Comparison of forces in the struts of the last row at different stages
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Puc. 5. Ilpupoct ycunuii B pacopkax IOCIEAHEro spyca, 1. €.

Fig. 5. Force increment in the struts of the last tier, d. q.
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Tabu. 2. CpaBHeHHe N3rHOAIOIMX MOMEHTOB B CTCHE B TPYHTE

Table 2. Bending moment comparison in diaphragm wall

My, xH-M/m Be3 MozienpoBaHus IBOB C MOzIeTMPOBaHUEM IIIBOB
My, kN-m/m Without joint modelling With joint modelling
1 2 3 4 5 6 7 8
OTkiIroYeHne OTKITIOYeHHe
. [lonnas oTkonka pacrnopku Ilonnas oTkonka pacrnopku
Toura / Point Full excavation Disabling 312 Full excavation Disabling o/5 o3
the strut the strut
Pacnopxa
L OTICTOtAeHOr 479,64 628,56 -1,31 443,62 838,46 1,89 | 1,33
Strut above
disabling strut
Touka OTKIIOYEHUS
pacnopi 290,86 273,73 | 094 333,71 38422 | -1,15 | 1,40
Disabling strut
point
YpoBeHb jHa
KOTJIOBaHA —1271,23 —1279,64 1,01 -1206,51 -1370,39 1,14 1,07
Excavation level

B pacIopkax ¥ TpaHieiiHoi crene. Kak BuaHo Ha puc. 4,
YCHIIHS B pacropkax Mpy MOJETUPOBAHUH IIBa OETO-
HUPOBAHUS HA CTA/INM ITOJTHOW OTKOIIKM HEPaBHOMEPHO
pacnpenensitores 1o JUIMHE OJHOM 3axBaTku. Pacnopku,
KOTOpBIE HaXOAsATCs ONIMKE K LIEHTPY 3aXBaTKH (pacriop-
ku 1 u —1 Ha puc. 4, paccTosHHE 10 MIBa 2 M), HATPY-
JKEHBI OOJIbIIIE, YEM PACIOPKH, PACIIOIOXKEHHBIE OJIHKe
k mBy (pacmopka 0; 2; —2, pacctosgHue A0 ImBa 1 M).
Takke 3aMETHO, UTO B CpEeTHEM YCHIIUSI B pacropKax
IIPU MOJIETMPOBAHUY I11BA PABHAIOTCS YCHIIHMSIM B pac-
TopKax 0e3 MOJIETTMPOBAHMSI I11BA.

IIpu BeIXOIE M3 cTpos pactopku O IPH MOIETHPO-
BaHMH MIBA ITPOMCXOIUT OOJIbIICE MepepacipeneieHe
YCHUIIHI Ha paclopKy, HAXOAAIIYIOCS B MPeeax 3axBar-
KU ¢ oTKiouyaeMoid. Ha puc. 5 nmokazaHo cpaBHEHHE Npu-
POCTa yCUNnuil B paciopKkax MOCJIETHErO sipyca Ipy Mozie-
JMPOBAHUH U 0€3 MOIETHPOBAHUS IIIBa OETOHHPOBAHUSL.
MakcuManbHBIH TPUPOCT MEXKITY CTaIUSIMU MIPU MOJIe-
JMPOBAaHMM IIBa cocTasiseT 37 %, 0e3 MonemMpoBaHHs
mBa — 29 %. [1pu MonenupoBaHny IBa OETOHUPOBAHMS
Ha CTaJIu¥ OTKOIKU KOTJIOBAHA YCWIINA B pactiopke —1 co-
craBysui nopsaka 2980 kH, ecnu oB He MOJETMPOBATH,

[opu30oHTanbHOE NepemMeLLleHMe CTEHbI B YPOBHE HUMKHErO Apyca pacnopok
Horizontal displacement of the wall at the level of the lower tier of struts

-25.00

-16 -15 -14 -13 -12 -11 -10 9 -8 T =6 =5 =& <3 2 e |

-27.00

-29.00

-31.00

-33.00

HOMN CTEHbI, MM

-35.00

-37.00

diaphragm wall displacement, mm

-39.00

CmeleHune TpaHLwwe|

-41.00

-43.00

-45.00
C mogenvposaHuem wea
Joint modeling
==« [lonHan oTkONKa
Full excavation

OTKNIO4EHNEe PACNOPKU
Disabling the strut

PaccTosHue OT OTK/I04aeMOVi Pacnopku, M
Distance from the disconnecting strut, m

11 12 13 14 15 16 17 18 19 20

Bes mopenuposaHus wea
Without joint modeling

e [lONHAA OTKONKA
Full excavation

OTKNIOYEHWUE PacnopKu
Disabling the strut

Puc. 6. Ilepemeltienys CTeHbI B IPYHTE BHYTPb KOTJIOBaHA B YPOBHE IIOCIIEAHEIO sIpyca

Fig. 6. Displacements of the diaphragm wall inside the excavation at the level of the last tier
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Puc. 7. IlepeMerieHust CTEHBI B IPYHTE BHYTPb KOTJIOBaHA
B IJIOCKOCTH MONIEPEYHOr0 CEYEHHMs KOTJIOBaHA

Fig. 7. Displacements of the diaphragm wall inside the exca-
vation in the cross-sectional plane of the excavation

TO ycunue OyneT cocTaBisITh mopsiyika 2500 kH. TTpu aBa-
PUITHOM BO3JEHCTBUU yCHIINS B IAHHOM PacIiopKe ¢ yue-
TOM paboTsI mBa Bo3pactarot 110 4090 kH, a 6e3 Mmonenu-
poBanust mBa — 3230 xH (pasauria 26 %).

W3rubaroriyie MOMEHTBI B CTEHE B TUIOCKOCTH TTOTIE-
PEYHOTO CEUCHUsI KOTIIOBaHA TOYKE M3MEHSIOTCS B 3aBUCH-
MOCTH OT MOJIEJTUpOBaHus 111Ba. Ha cTainu nojHoi OTKOIKH
KOTJIOBaHA Pa3HUIIA MEXKITY YUCTOM/HEYUICTOM IIIBa HEBE-
JIFKA, OJTHAKO MOMEHTHI UMEIOT pa3HbIC 3HAKH, UTO O3HA-
YaeT pacTsDKEHHE Ha TIPOTUBOIONIOKHBIX TpaHsx. [Ipu aBa-
pPHUIHHOM BO3IEHCTBUM B 000OMX ClIy4asX B 30HE OTKas3a
3HAK MOMEHTA MEHsETC. B 30HE pacmopku HaJl OTKIIIO-
qaeMou pacropkoil (Ha 1 sipyc BbIIIe) pU TPaJUIHOH-
HOM METOJIC MOJICIIMPOBAHUS 3HAK MOMEHTA MEHSCTCS,
HO TIpA MOJCTHMPOBAHWH IITBA MOMCHTA 3HAK HE MEHSCT-
Cs1, @ YBEIMYMBACT CBOE 3Ha4eHue Ha 89 %. Ob1as pa3Hu-
11a YCUJIMH [P Pa3IMuHbIX MeToax gocturaet 1o 40 %.

[lepemerieHns CTEHBI B TPYHTE 10 TBYM CEUCHHSM
MOKa3aHbI Ha pUCYHKax HIbke. Ha puc. 6 mpuBeneHs! me-

pEMeNIeHUs CTeHbBI B TPYHTE BHYTPh KOTJIOBaHA B YPOBHE
MOCJIEAHETO sipyca pacnopHoii cucrtemsl. [lo pesynbra-
TaM YUCJIEHHOTO MOJICTTUPOBAHUS TIEPEMEILICHUS] CTEHbI
B TPYHTE TPH MOJICTUPOBAHKY 111Ba OCTOHUPOBAHHUS OKa-
3aJIiCh MEHBIIIE, YeM 0e3 JJaHHOTO 1IBa. B 30HaX pacmo-
JIOYKEHUS IBOB MTOKA3bIBAETCSl HEPABEHCTBO MEpeMellie-
Huil. Pa3Huna B nepeMenieHusix Takke BUJHA Ha puc. 7,
NepeMeleHusl CTeHbl B TPYHTE B Mpenesiax KoTioBa-
Ha MEHbIIE MPU MOJAEIUPOBAHUU IIBOB U COCTABIISIOT
110 39 MM Ha cTaJuU MOJIHOM OTKOIIKM KoTioBaHa. [lepe-
MEILIEHUs BepXa CTEHbl TaK)K€ MEHbILIE NMPU MOJEIH-
pOBaHHH ITBA M COCTABISIOT MOPSAKA 5—6 MM, Toraa
KaK TIpH OTCYTCTBUU JAHHOTO 1B TIEPEMEIIICHHUS CTCHBI
Ha ypOBHE JTHEBHOM MOBEPXHOCTH IpyHTa — 20 MM.

JAKJIIOYEHUE U OBCYXJIEHHUE

[To pe3ynmeraram cpaBHEHHS ABYX CXEM MOXKHO CHe-
JIaTh CIETYIONINE BBIBOIBI:

1. Ilpeanoxen crnocod MOIETMPOBaHUS B OETO-
HUPOBAHUS NP MOMOIIH UHTEPPEHCHBIX IIIEMEHTOB,
MOJTy4YEeHBI )KECTKOCTHBIE U MPOYHOCTHBIE XapaKTepH-
CTHKH IIIBA.

2. MoaenupoBaHue 1iBa OETOHHUPOBAHUS BIUSET
Ha HarpsHKEHHOE COCTOSIHHUE TPYHTa, Je(opMaliy Mac-
CHUBA YMEHBIIAIOTCS, OJHAKO YBEIUYMBAIOTCS YCHIINS
B OrPaKAAIOIINX KOHCTPYKIIHUAX.

3. Ilpu aBapuitHOM BO3JIEHCTBUU CO IIBOM IIPOMUC-
XOZAT NepepacipeieneHns yCUIni IPHOPUTETHO Ha pac-
MTOPKH, PACIOIOKCHHBIC BHYTPU 3aXBaTKU, B KOTOPOM
ObLJTa MCKJIIOUeHa pacnopka. PasHuia ycumii 1o cpaBHe-
HUIO C TPaJULUOHHON cxeMoi focturaet 40 %.

4. Tpu mporpeccupyromeM 00pyIIeHHH B TpaH-
WEHHON cTeHe MOMEHTBI MEHSIIOT CBOM 3HaK. DTO 03-
HAYaeT, YTO B KaYeCTBE KOHCTPYKTUBHBIX MEPOTIPHUATHHA
110 HEJOMYIICHUIO POTPECCUPYIONMEro 00pyIICHUS
PEKOMEHYETCSI YCTPOMCTBO OAMHAKOBBIX apMaTypPHBIX
CETOK Ha MPOTHUBOIIOIOKHEIE TPaHH.

5. B kauecTBe najJbHEHUIINX HCCIEIOBAHUN BO3-
MOYXHO ITPUMEHEHHE APYTUX MOJIENEH s MOJeIpOBa-
HUS I1Ba OETOHUPOBAHUS U3 CTPOA, TaKUX Kak Discrete
Cracking n Concrete Smeared Crack, ogHako st HUX
HEOOXOINMBI IOTIOTHUTEIILHBIE NCITBITAHNS.

6. IIporpeccupyroiee oOpyiieHre KOTIOBaHA JIeT-
4e MPeAyNPeauTh, Y4eM OOPOTHCS C er0 MOCIEACTBUAMM.
KadecTBeHHBIN T€0TEeXHUYECKUH MOHUTOPHUHT 32 KOH-
CTPYKUUSAMH KOTJIOBAHA U OKPY’KAIOLIEH 3aCTPOMKOU
MO3BOJIUT YBHAETH MPOOIeMy 1 ObICTpee IIPUHSITH pellie-

HHs1, OCHOBBIBAsICh Ha 00BEKTUBHEIX ITOKA3aTENINX.
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AHHOTALUMUA

BBeaeHue. NpakTnyeckn YeTBEPTb CyLUM 3EMHOIO LLapa 1 ABe TpeTu Tepputopumn Poccuiickon ®enepaumm, Bkovas 3Ha-
YnTEnbHbIE NIOLAAN C BbICOKOWN KOHLEHTpaLMeEN NPpMPOaHbIX PECYPCOB U MOME3HbIX UCKOMaeMblX, HAXOAATCS B 30He pac-
NPOCTPaHEHMs MHOTONETHEMEP3MbIX FPYHTOB. OTW rPyHTbI 06NagatoT CTPYKTYPHOW HEYCTOMYMBOCTBLIO: TEMMNEpPaTypHbIE KO-
nebaHnsa NpUBOAAT K pafKanbHOMY CHUKEHMIO UX MPOYHOCTHBIX XapaKTepUCTMK U Pa3BUTUIO 3HAYMTENbHbIX AedopmaLni,
YTO MOXET KPUTUYECKU BMUSITL HA 6E30NMaCHOCTb M HAAEXHOCTb 34aHUIA U coopykeHuin. Meorpaduyeckune ocobeHHocTn PO
obycrnaBnuBaloT HEOOXOAMMOCTb pa3paboTKM M YTOUHEHWUST pacYETHBIX METOAOB AN OnpeaerneHns TeMnepaTypHbiX nonen
B OCHOBaHUVSX FPYHTOB KPUOMUTO30HbI. PaccmaTtprBaeTcst peanusaums 3agadn npomepsaHus 1 oTTavBaHUS FPyHTOBOrO
MaccuBa C UCMONb30BaHNEM YNCTIEHHBIX METOAOB.

MaTtepuanbl U Metogbl. [1peacTaBneHbl OCHOBHbIE MOMOXEHUS HENMMHENHON MaTemMaTU4ecKoW MOAENM, OnucbiBatoLlen
TeMneparypHble NpeBpaLLeHusi B rPyHTOBOM MaccuBe C y4eToM ha3oBoro nepexoaa nopoBOW XUOKOCTU B NEA U COOTBET-
CTByHOLLMMM Tennodusmyeckumm npouieccamu. Mogens peanvsoBaHa B pa3pabaTbiBaeMoOM aBTopamu CreLuanusmpoBaH-
HOM NMPOrpaMMHOM KOMMJIEKCE, peanuayroLemM MeTo KOHEYHbIX 31IEMEHTOB.

Pesynbrathl. [poBefeHbl YMCNEHHbIE pacyeTbl TEMNEpaTypHbIX BO3AEWCTBUMA OT BO3BOAMMbIX 34aHWA U COOPYXEHWUM
Ha rpyHTOBbLIV MacCuB B MIIOCKOW NOACTaHOBKe. PaccmatpuBanucb YMCIEHHbIE MOAENU C y4ETOM BO3AENCTBUSI TPAHUYHbIX
YCMOBUIA PasnnYHOro TuMna Ha pacyeTHyto obnacTb. Pe3ynbraTtbl YUCNEHHBIX pacyeToB NOAPOBGHO CpaBHMBANUCH C pe3ynb-
TaTaMu aHanorn4HblX Pac4eToB, BbIMOMHEHHBIX B anpobupoBaHHbIX MPOrpaMMHbIX KOMMIIEKCax.

BbiBogbl. ChopMynmMpoBaHbl KIMHOYEBbIE MEXAHWU3Mbl YNCIIEHHOW MOAENW, ONMUCHIBAIOLLEN TeMNepaTypHbIe NPeBpaLLeHnst
B rPYHTOBOM MaccuBe, U NpeAio)XeHa Ux peanusauums ¢ UCnonb3oBaHWEM MeTofa KOHEYHbIX 3arieMeHTOB. [JononHUTeNsHO
npeacTaBfneHbl pekoMeHJauumn o ganbHenwemM pasBuTuM YUCNEHHON MOAEenwu, BKoYasi pewweHne gedopmMauoHHON 3a-
naym 06 onpefeneHny ocagku oTTamBaHWs rPYHTOBOrO MaccuBa.

KIMKOYEBBLIE CITOBA: meTod KOHEYHbIX 3f1IEMEHTOB, MHOFONIETHEMEP3Mble IPYHTbI, NPOMep3aHne, oTTanBaHue, MeToabl
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ABSTRACT

Introduction. Almost a quarter of the Earth’s landmass and two thirds of the territory of the Russian Federation, including
significant areas with a high concentration of natural resources and minerals, are located in the permafrost zone. These soils
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have structural instability: temperature fluctuations lead to a radical decrease in their strength characteristics and the devel-
opment of significant deformations, which can critically affect the safety and reliability of buildings and structures. The geo-
graphical features of the Russian Federation necessitate the development and refinement of computational methods for
determining temperature fields in the bases of cryolithozone soils. This paper discusses the implementation of the problem
of freezing and thawing of a soil mass using numerical methods.

Materials and methods. The main provisions of a nonlinear mathematical model describing temperature transformations
in a soil body, taking into account the phase transition of a pore liquid into ice and the corresponding thermophysical pro-
cesses, are presented. The model was implemented in a specialized software package developed by the authors that imple-
ments the finite element method.

Results. As part of the study, numerical calculations of the temperature effects of buildings and structures under construc-
tion on the soil mass in a flat substitution were carried out. Numerical models were considered taking into account the impact
of boundary conditions of various types on the computational domain. The results of numerical calculations were compared
in detail with the results of similar calculations performed in proven software packages.

Conclusions. In this paper, the main mechanisms of a numerical model describing temperature transformations in a soil
body are formulated and their implementation using the finite element method is proposed. Additionally, recommendations
are presented on the further development of the numerical model, including the solution of the deformation problem of de-
termining the precipitation of thawing of a soil body.

KEYWORDS: finite element method, permafrost soils, freezing, thawing, calculation methods, thermophysical calculations
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BBEJIEHUE

[IpuMepHO YeTBEpTh MOBEPXHOCTHU CYIIIH 36MHOTO
11apa HaXOAUTCsI B 30HE BEUHOU MEP3JIOThI, I TaK Ha3bl-
BAaEMOH «KPHUOJIUTO30HE», XapaKTepU3yIoLIelics Halu-
YUEM MHOTOJIETHEMEpP3JbIX IpyHTOB. B Poccuiickoit
®Denepaliviv 3HaUNTENbHBIE TEPPUTOPUH, B KOTOPBIX CO-
CPEOTOUEHBI OOITUPHBIC 3aMachl MPUPOAHBIX PECypCOB
U TI0JIE3HBIX UCKOMAEMBIX, TAK)KE CIIOKEHBI MHOTOJIET-
HeMep3JbIMU TpyHTaMHu. OCBOCHHUE 3TUX TEPPUTOPUIL
COTIPSKEHO C PSIZIOM CYIIECTBEHHBIX WHKEHEPHO-TEX-
HUYECKUX CIIO)KHOCTEH: CTPOUTEIBCTBO M IKCILTyaTa-
WSl 37IaHUH, COOPYKEHUI M JIMHEHHBIX 00BEKTOB TIPO-
HCXOJISIT B YCIOBUAX MOTEHIIMATBHON HEYCTOMUYUBOCTH
MHOTOJIETHEMEP3ITBbIX OCHOBAHHI BCIICICTBHE TETIIOBOTO
BOB3JICHCTBUSI.

B nacTosimee BpeMsi MPUMEHSIOTCS JBa OCHOB-
HBIX MIPUHIIAIIA CTPOUTEIIECTBA Ha MHOTOJIETHEMEP3IIBIX
rpyHrax. [lepBblii MPUHIIKIT 3aKJIFOYAETCS B MUHUMU3a-
MY TETUIOBOTO BO3/IEHCTBUSI BO3BOAMMOTO COOPYKEHHUS
Ha TPYHTBI OCHOBAHHUSI C IIEIIBIO TIPSIOTBPAIIICHHUS OTTau-
BaHUsI MHOTOJICTHEMEP3JIBIX TPYHTOB, UYTO CIIOCOOCTBYET
COXPaHCHHIO UX MPOYHOCTHBIX U Ae(HOPMAITHOHHBIX Xa-
PaKTEPUCTHIK Ha BCEM CPOKE IKCILTyaTaI[H COOPYKCHUSI.
Bropoii npennonaraer ynpasiseMoe OTTanBaHUE MHOTO-
JIETHEMEP3JIOTO OCHOBAHUS B TIPOIECCE CTPOUTEIHCTBA
WM DKCIUTYaTallid C TOCIEAYIOMmeH cTabmin3anuei
TPaHUIIBI OTTAMBAHKS, YTO TAKKE 00ecrieunBaeT Oe30mac-
HOCTb ¥ yCTOWYUBOCTb CTPOUTEIBHBIX KOHCTPYKITHI [1].

[Ipu mpoeKTHpOBaHNH COOPYKEHHUH C HCIIOIb30Ba-
HUEM KaXKJI0TO M3 YKa3aHHBIX MPUHIIMIIOB OCHOBOIIOJIA-
raromieu 3agauei SBIIEeTCS BRIMOJHEHNE TTNIOTEXHUYE-
CKOTO pacdeTa, HEOOXOMUMOTO IS OLECHKH BEITHUNHBI
TEMIIEPaTypHOTO BO3ACHCTBUSI HA TPYHTbl OCHOBAHUS
B TIPOIIECCE CTPOUTENHCTBA U MOCIEAYIONIEH dKCIUTya-

Taluu 3aHUI U coopyxkeHni. OLeHKa TeMIeparypHoro
pEeKUMa B OCHOBAaHHU COOPY)KEHHH MO3BOJISIET MUHU-
MU3HPOBATh PUCKH, CBSI3aHHBIE C I3MEHEHHEM (PHU3HKO-
MEXaHHUYECKUX CBOWCTB MHOTOJIETHEMEP3JIBIX TPYHTOB
oA Bo3aeicTBHUeM Teria [2, 3]. OTranBaHre MHOTONET-
HEMEp3JIbIX TPYHTOB COIPOBOXKIIAETCSI PE3KHM CHIKE-
HHEM MX IPOYHOCTHBIX U Ae(OPMALIIOHHBIX XapaKTepH-
CTHK, a TAKKE Pa3BUTHEM 3HAUUTENBHBIX JedopMaluii,
KPUTHYECKHX JJIsl 0€30MaCHOCTH U HaJ/IC)KHOCTH BO3BO-
JIUMBIX coopyxenuid [4—6]. [Ipu Hamn4Inyu B OCHOBaHUHU
TaJBIX TPYHTOB, HAPOTHUB, MPH UX MPOMOPAKUBAHUH
BO3HHKACT PHUCK Pa3BUTH JIeOpMaIiii MOPO3HOTO ITy-
YEeHUS, CITYKAIIX TIPHIAHON OOJIBITMHCTBA aBaPHHHBIX
CUTyallnii Ha 00BEKTaX CTPOUTEIIECTBA B KPUOIUTO30-
He [7, 8]. CIOKHOCTh IPOTHO3UPOBAHHS M PACICTHON
OIICHKH Je()OPMAIIOHHBIX MPEBPAIICHUH B MHOTO-
JICTHEMEP3JBIX U TaJBIX TPYHTaX MPH UX OTTAUBAHHUH
U TIPOMOPAKUBAHUH COOTBETCTBEHHO, a TAK)KE UX KPH-
TUYECKasi 3HAYUMOCTh U KOJMYECTBEHHOE BBIPAKCHHE
MIPEAOTIPEICIISIOT HEOOXOIMMOCTh COBEPIICHCTBOBAHUS
PacUeTHBIX METOIOB JUIS OLIEHKH TeMIIEPaTypPHOTO PEXKH-
Ma IpyHTOBOT'O OCHOBAHHSI B ITPOLIECCE CTPOUTENILCTBA
Y SKCIUTyaTaluuy 30aHui U cOOpy:KeHUi [9].

[epBble KOMITIEKCHBIE TEOPETHYECKHUE, JTa00paTOp-
HBIE U TIOJIEBBIE UCCIIEIOBAHNUS CBOWCTB I'PYHTOB B IIPO-
Lecce X OTTaMBaHHs M IPOMEP3aHUsl, IOCITYKHBIIHE
OCHOBOM /17151 YOPMUPOBAHMS TIEPBBIX MAaTEMaTHYECKUX
MoOJiesield, ONUCHIBAIOUIMX TEMIIEPaTypPHO-BIaKHOCT-
HbIE ¥ Je(OpMaIOHHbBIE MTPEeBpAIlCHHs B IIpoMep3a-
IONIMX W OTTAaUBAIOLINX IPYHTaX, ObLIM MPOU3BEICHBI
M.U. Cymrunbsim 1 H.A. [lprToBruem B 30-x rr. XX B.
[10, 11]. Ha panHuX sTanax ucciaeAoBaHUH OnpeesicHUe
TEMIIEPaTYPHBIX TOJICii B TPYHTOBOM MacCHBE BBIIIOJI-
HSUJIOCH C MCTIONB30BAaHUEM PSIa CYIIECTBEHHBIX YIPO-
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LIEHUH U JOMYIEHUI: B YaCTHOCTH, UTHOPHUPOBAIach
HECTallMOHAPHOCTH TEIJIOBBIX IPOIECCOB, HE YUUTHIBA-
JIMCH CKPBITast TETIOTa (ha30BBIX MIEPEXOI0B MPH MPeood-
pa30BaHUU TIOPOBOH JKUAKOCTH B JIel M 00paTHO, a Tak-
JKe cofiepkaHne (PU3MYECKH U XUMHUYECKH CBSI3aHHOM
TIOPOBOM >KUIKOCTH ITPU OTPHIATEIBHBIX TEMITepaTypax
rpyHTa [12, 13]. B nanpHeiimem, 61arogapsi COBepIeH-
CTBOBAHMIO MAaTeMaTHUECKOTO arapara U pocTy Ipou3-
BOANTEIBHOCTH AIIEKTPOHHO-BBIYUCIUTENBHBIX MAIINH,
a TakKe IHPOKOMY BHEIPEHHUIO KOMIBIOTEPH3ALNN
pacueroB, crajia BO3SMOXKHOH pa3paboTka 0ojee TOUHBIX
1 KOMITJIEKCHBIX MaTeMaTHIECKUX MOZIENEH, yINThIBaIO-
KX MOJHBIHA CHIEKTp (PU3MKO-MEXaHHYECKUX MPOLIECCOB
B I’PYHTOBOM MAacCHBE B TCUCHHE ITPOMEP3aHUsI U OTTau-
BaHus [ 14-18].

CeronHst HanOOJBINYIO PACIPOCTPAHEHHOCTD B pe-
IICHUH 33,1249 TEOTEXHUKH TTOTYYHII METOJ] KOHEUHBIX DJ1e-
MeHTOoB (MKD), 3aKimrodaroniiics B pa30WBKe HENPEPHIB-
HOM 00JIaCTH Ha UCKPETHBIC KOHEUHbIE 31eMeHThI (KDJ),
CBSI3aHHBIC JIPYT C JIPYTOM B y3JIaX U UMEIOLINE OrpaHu-
YEHHOE KOJIMYECTBO CTEMEHEH CBOOO/IBI 3a CUET KOHEU-
HOTO YHCJa Y3J0B B paMKax KaxJoro snementa [19].
Buerninee Bo3zeiicTBrE Ha pacyeTHYI0 00J1aCTh TIPH 3TOM
3a/1aeTCsl 3@ CUET HAJOXKEHHS TPAaHUYHBIX yCIIOBHIT pa3-
srrgaOorO BUja [20, 21]. C 11em1bi0 OIEHKH pacIipeieNeHuUs
TEeMIIepaTyp B TPYHTOBOM MAcCCHBE ITPOBOANTCS BBIYHC-
nenre temreparyp B y3nax KO mocpenctBom pemeHus
COCTAaBJICHHOW CUCTEMbl YPaBHEHUM, IIOJy4EHHON UCXO-
JIsl U3 yCIIOBUIT MUHUMHM3AIMH MTOTCHIIMAILHONW YHEPTUH
1 YCITOBHS, YTO B3aUMOIeHicTBIE Mexk Ty KO mpomsBoauT-
Cs1 UICKJTFOYNTENBHO B y371ax.

B npaktuke cOBpEMEHHOIO OTEYECTBEHHOTO MPO-
eKTHPOBAHUS MIHUPOKYI0 MPUMEHHMOCTD IOJYTHIN
nHOCTpaHHbIe porpammubie komiuiekces! (I1IK), Takue
kak PLAXIS, MIDAS GTX, Z-Soil, He yuuThiBaromiye
cnennuKy HOpMaTHBHON ToKyMeHTanuu PO, aro mpu-
BOIUT K np06neMe UX aJanTtainyuyd U IpUMEHECHUA B IIPO-
EKTHOH JeATEIbHOCTH. AHAJIIOTMYHBIC OTCYCCTBEHHBIE
MIPOTpaMMHBIE TMPOAYKTHI IIMPOKO HE MPEICTABICHBI
Ha pBIHKE M, KPOME TOTO, 3a4acTyIO0 YCTyMaroT HHO-
crpanabM 1K 1o (QyHKIIMOHAIBHBIM BO3MOYKHOCTSIM.
B ycnoBusix orpaHnueHNH, HaKIIaJbIBAEMbIX Ha HCIOJIb-
30BaHME JIMIICH3UPOBaHHbIX 3apyOexHbix 11K, BcTaer
Ba)KHasI 33/1a4a MO pa3paboTKe U BHEIPEHHUIO COOCTBEH-
HOTO T€OTEXHHYECKOTO MMPOTPAMMHOTO 00€CIIeUeHHS.
D710 00yCIIOBICHO HEOOXOAUMOCTHIO UMITOPTO3aMeElIle-
HUSI CTICIHAIM3UPOBAHHBIX IPOTPAMMHBIX IPOIYKTOB,
YTO TIO3BOJIUT CHU3WUTH 3aBUCHMOCTh OT MHOCTPAHHBIX
pa3paboTok U 00ecrnedynTh COOTBETCTBUE PACUETHBIX
MPOLIEAYP POCCUICKUM CTaHIAPTaM.

Llesrp HACTOSIIIIETO MCCIIEIOBAHUS — peasn3alns
YHUBEPCAJIBHOM TEII0(PU3MIECKON MaTeMaTnieckoil Mo-
JIEJTH [IPOMEP3AIOLIIEro M OTTAaUBAIOILET0 TPYHTA B pa3pada-
TeiBaeMoM aBTopamu [1K ¢ ncronp3oBanmem MKD, ¢ Bo3-
MOKHOCTBIO JallbHEHIIeH pa3paboTKu TeMIiepaTypHO-
nedopMaMoHHON Mozieny Ha 0a3e Tpe/cTaBICHHOM,
YUUTBHIBAIONIEH TPOIECCHI MOPO3HOTO MyYEHUS U pa3-
BUTUC Z[C(I)OpMaLII/Iﬁ OTTaMBAHHUA B TAJIbIX U MHOTI'OJICT-
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HEeMep3JIbIX TPYHTaX COOTBETCTBEHHO. B crarke npuse-
JICHbI METOJIMUECKHE ACTIEKThl YNCICHHOW peain3anun
3a/1au, BKJIIOYast BEIOOpP alTOPUTMOB Ul PELICHUS
HEJTMHEHHBIX ypaBHEHHUH TEIUIONPOBOIHOCTH, a TaKXkKe
pe3yabTaThl YUCICHHBIX YKCIIEPUMEHTOB U MX aHAaJIM3,
C/IeNTaHbI BEIBOJIBI OTHOCHTEIIFHO BOZMOYKHOCTEH 1 OTpa-
HUYEHHUH pa3padOTaHHOTO MOIXO/a.

MATEPHAJIBI U METO/JbI

HecmoTpst Ha MHOTOJIETHIOIO MCTOPHUIO Pa3BUTHS
YHCIEHHBIX METOJIOB B CTPOUTENBLHOM 0Tpaciiu, HayqHO-
TEXHUYECKast ¥ CIIPABOYHAS JINTEPATypa He MPEe0oCTaB-
JISTIOT BO3MOYKHOCTH TIOIPOOHOTO M3yUIeHHs] MaTeMaTrnye-
CKOTO armapara, SBJISIOLIETOCsS OCHOBOM COBPEMEHHBIX
TEOTEXHUUECKHUX KOMITIIEKCOB, YTO CITIOCOOCTBYET 3HAYH-
TEITLHOMY YCJIO)KHEHHUIO Pa3padOTKH Jlaske 0a30BBIX Me-
XaHU3MOB TIOBEJICHNUS TPYHTOBOW CpeZbl Ha OCHOBAHHUH
CYIIECTBYIOIMX UCCIICIOBAHUH.

B nanHO# cTarbe BBIIOIHEHA peanu3alys MaTeMa-
TUYECKOH TETIO(U3NIESCKON MOJIEITH TPOMEP3AIONIETO
1 OTTaMBAOUIEro IPyHTA C IPUMEHEHUEM SI3bIKA PO PaM-
muposanus Python. Mozens uHTerprpOBaHa B pa3pada-
TBIBAEMbIH aBTOPAaMH CTICIHATM3UPOBAHHBIN KOHEYHO-
anemeHTHsIH TTK.

Maremaruyeckasi peanuzaiusi IByMEpHOU 3a1auun
TIpOMEpP3aHHs U OTTaHBaHUs BBIIIOIHEHA HA OCHOBE 3371~
4yn Credana. [71aBHast CIOKHOCTB 3a/]a49M COCTOHT B He-
00XOIMMOCTH ONUCAHUS ANHAMUYECKOH TPaHHIBI pa3-
nena a3 — ¢GpoHTa IpoMep3aHus (WK OTTauBaHMUA),
KOTOPBIN U3MEHSIET CBOE MOJIOKEHHE BO BPEMEHHU. JTO
TpeOyeT pereHus CONMPsHKCHHON CHCTeMBI ypaBHEHNUH,
BKJIIOYAIOLIEH ypaBHEHHE TEIIONPOBOAHOCTH U yCIIO-
BUSI Ha JIBWKYIIIEHCs rpaHuiie. B IByMepHOM IpyHTOBOM
MIPOCTPAHCTBE MPOIECCH IIPOMEP3aHNA-OTTanBAHUS
B HECTAI[MOHAPHOM PEKMME ONUCHIBAIOTCS ypaBHEHUEM
TETIIONPOBOJHOCTH CIICAYIOIIETO BU/IA:

oT o’T o’T

C—=A—+—

ot o’ oy’

i€ p — IUIOTHOCTH CyXOro rpyHTa, KI'/M; C — ynenbHas

TEIIOEMKOCTB IPyHTa (Tasoro mim mepanoro), JLx/kl°C;

T — temmneparypa, °C; t — Bpems, ¢; A — TETIIonpo-

BOJIHOCTH T'pyHTa (TaJoro wim mep3noro), Br/m°C;

X, Y — KOOPJIUHATHI, M; ¢ — MOIIHOCTh BHYTPEHHUX HC-
TOYHHMKOB Teruia, B/m.

Jst cranrionapHoro peskiMa (yCTaHOBHBILIHECS YC-
JIOBUST) YpaBHEHNE TPUHUMACT BULI:

o°'T . o°'T
ot oyt
CxkppiTas TemioTra (pa3oBbIX MEPEXOI0B YIUTHIBACT-
s B (pYHKIMH TETUIOEMKOCTH:

+q, (1)

+4q=0. ®))

ow
C=C+L,—,
V37 ©)

e L, — oObeMHast CKpbITast TETIoTa (pasoBbIX MEPEXO-
10B, JLK/M?; w — BIaXHOCTB IPyHTA 3a CUET COZCpIKa-
HUS He3aMep3LIel IOPOBOM BOJBI.
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C. 48-58

B IPYHTOBOM MaccuBe YNCAEHHbIMW MeToAaMu

Hcnonp3oBanre MKD nozsossier adhekTBHO aunc-
KPETH3UPOBATh NTPOCTPAHCTBEHHOE PEIICHUE, PA3IACIISs
nccrnenyemyo obmacts Ha KD, B KOTOPBIX permarorcs
JIOKaJbHbIE ypaBHEHHUs TerionpoBoaHocTu. Crcrema
KOHEYHO-3JIEMEHTHBIX YPaBHEHUH 3a71auil TEIIONPOBO-
JTHOCTH MOXKET OBITh MOJy4YeHa MUHMMHU3AIMEH COOT-
BETCTBYIONIETO (DYHKIIOHATA HA MHOJKECTBE (DYHKITHIHA,
YAOBJICTBOPSIOIINX TPAHUUHBIM YCIOBUSM 3a1auil [22]:

[CHT} + [A{T} + [R] =0, 4)

rae [C] — marpuia TeroeMkocTH TpyHTa; {1} — Bek-
TOp Y3JIOBBIX TEMIEparyp; [A] — Marpuiia TerionpoBo-
JTHOCTH TpyHTa; {R} — BEKTOp IpaBoii 4acT.

Hckomas dpyHKINS TeMmeparypsl 7' ammpoKCHMUPY-
eTcsl Ha MOMEHT BPEMEHH / B 2JIEMEHTaxX U BO BCEH pac-
cMaTtpuBaeMoit 00macT GyHKIUAME (HOPMEL V:

T NE) (T =N

B Takom crmyuyae marpuiia TeIIOeMKOCTH CUCTEMBbI
HUMEeT BHJI;

[C]= iCp[N]T [N]dv. (6)

Marpuma TeruIonpoBOAHOCTH CHCTEMBI IPH 3TOM
nUMeeT BUJ:

[A]= z [2[B] [B]av + [o[N] [N]ds, ()

rae [C] — marpuua temoeMkocTt; [N] — maTpuna
(hyHKIHN OPMBI KOHETHOTO IEMEHTa; [A] — MaTpH-
11a TeIIonpoBoHOCTH; [B] — MaTpuna nmpous3BoHbIX
(hyHKIHH (HOPMBI KOHEYHOTO IEMEHTA 110 KOOPIMHATAM.

['pannuHbIe yCIOBUS, HEOOXOMMMBIE JUTS PELICHHS
ypaBHeHus (1), MOTYT IIpeCTaBIATH COOOI:

1. 3HaueHue Temmeparypsl Ha IOBEPXHOCTH pac-
cMarpuBaeMoii obnacTv (TpaHndHOe ycnoBue nupuxie):

T=T. 3

0

a

2. 3HaveHue TeIIOBOTO MOTOKA Yepe3 IPaHHMILy pac-
cMaTpUBaeMoii ooacTu (TpaHrmdHOE ycioBue Hefimana):

_ar .
=7 )

7€ ¢ — IUIOTHOCTH TEIUIOBOTO IIOTOKA HAa pacCMaTpHBa-
eMo# rpanmuie, BT/M%* n — BEKTOp HanpaBIICHHUs BHEIII-
HE HOpMaJlu K IOBEPXHOCTH, M.

3. 3HaueHue TeMIleparyphl 3a MpeaeaaMu paccMma-
TPUBAaEMO 00JacTh ¢ y4eToM KO3 PHIHEeHTa KOHBEK-
THUBHOTO TEIJIOOOMEHA Ha TPaHUIle pacCMaTpUBaEMOi
obmactu (TpanndHOE ycioBue Pobena):

(10)

rae ¢ — Kod(pQHUIUEHT KOHBEKTUBHOTO TEINIOOOMeHa
Ha rpaHuLe paccMarpuBaeMoii oonactu, Br/m*-°C.

Pemienne HecrauroHapHOW TeMmIeparypHOU 3a-
Jla4X BBITIOJHACTCS MyTeM JUCKPETH3alNUN PacdeTHOTO
BPEMEHHOT0 MHTEpBaja Ha MIard, B Mpeaenax Kaxaoro
13 KOTOPBIX POM3BOANTCA pertenne ypasaenus (1). ITo-
JIO’KEHHE TPaHMIbI (Pa30BOTO MEPexo/ia TaKKe OOHOBIIS-
eTcs Ha KaXKJIOM BPEMEHHOM IlIare COIIacHO YPaBHEHHIO
Credana. [To noctmxeHnn TpedyeMOro pacyeTHOIo Bpe-
MEHH peIIeHHE 331a4l OCTaHABINBACTCSI, TTI03BOJISIS OLIe-
HUTB pacIipeielieHie TEMIEepaTyp B TPYHTOBOM MaCCHBE
1 UX U3MEHEHHE BO BPEMEHHU.

q =X6—T+a(T—Ta),
on

PE3YJIBTATHBI HCCIEJOBAHMUSA

B Hacrosimem paszesne mpeicTaBiIeHbl pe3yabTaThl
YHCIEHHOTO MOJICTUPOBAHUS peali30BaHHON Temmepa-
TypHOI 3aa4n. C 1IebI0 IPOBEPKHU Pa3padOTaHHOTO pe-
IIEHUsI IPOBE/ICHO COMOCTAaBICHUE PE3YIbTaTOB YHCIICH-
HOTO pacyera ¢ pe3yJabTaTaMH PeIlCHNs aHAJIOTMYHbBIX
3ama4 B arpoduposanrom [1K PLAXIS 2D.

PacueTsl MpoM3BOAMINCH C UCIIOIB30BAHUEM TpE-
YTOJIBHBIX TPEXY3J0BbIX KD ¢ HHTEPIONISAIIMOHHBIME 10~
mmaOMamu riepBoii crerienu. B ITK PLAXIS 2D ncnons-
30BAJIMCh TPEYTOJIbHBIE IecTHy310BbIe KO. ['eomerpus

Puc. 1. O6mmuit Bug pacuetHOl cxembl: @ — B pa3padorannom I1K; b — B PLAXIS 2D Thermal (ogHOpOIHBIIH TPyHTOBBII

MacCuB, CTallUOHapHas 33218.‘18.)

Fig. 1. General view of the calculation scheme: ¢ — in the developed PC; 5 — in PLAXIS 2D Thermal (homogeneous soil

body, steady problem)
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Temperature (scaled up 0.500 times) (Time 0.000 day)
Maximum value = 0.4011 °C (Element 20 at Node 2945)
Minimurn value = -2.000 °C (Element 1138 at Node 1222)

a b
Puc. 2. Uzonons pacnpeneneHus temmeparyp: ¢ — B pazpaboranaom [1K; » — B PLAXIS 2D Thermal. B pacuetHoli cxeme
npuMeHeHsI TpannuHbie yenosus Jupuxie (7= 0,4 °C). PacdeT BBIOTHSIICS B CTAIMOHAPHOMN ITOCTAHOBKE

Fig. 2. Isofields of temperature distribution: @ — in the developed PC; b — in PLAXIS 2D Thermal. Dirichlet boundary condi-
tions are used in the calculation scheme (7= 0.4 °C). The calculation was performed in a steady setting

Temperature (scaled up 0.500 times) (Time 0.000 day)
Maximum value = 2.013 °C (Element 3380 at Node 3068)
Minimum value = -7.192#10°6 °C (Element 1131 at Node 441)

a b
Puc. 3. Uzonons pacnpeneneHus temmeparyp: ¢ — B pazpaboranaom [1K; » — B PLAXIS 2D Thermal. B pacuetHoii cxeme
MpUMeHeHbI rpaHrdHbie ycaoBus Heiimana (¢ = 5 B1/m?). Pacuet BBIMOIHSICS B CTAlIMOHAPHOM TOCTAHOBKE

Fig. 3. Isofields of temperature distribution: a — in the developed PC; b — in PLAXIS 2D Thermal. Neumann boundary condi-
tions are used in the calculation scheme (¢ = 5 W/m?). The calculation was performed in a steady setting

Temperature (scaled up 0.0500 times) (Time 0.000 day)
Maximum value = 6.364 °C (Element 65 at Node 693)
Minimurn value = -10.00 °C (Element 1170 at Node 2478)

a b

Puc. 4. N3onons pacnpenenenus temneparyp: a — B paspaboransom I1K; 5 — B PLAXIS 2D Thermal. B pacuernoii cxeme
NIpUMEeHeHBI rpanndHble yenosus Podena (7= 20 °C, a = 0,0015). PacueT BBIIOMHSJICS B CTAI[HOHAPHOH OCTAHOBKE

Fig. 4. Isofields of temperature distribution: @ — in the developed PC; b — in PLAXIS 2D Thermal. Robin boundary conditions
are used in the calculation scheme (7= 20 °C, a = 0.0015). The calculation was performed in a steady setting
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C. 48-58
B rPYHTOBOM MaccuBe YACAEHHbIMW MeToAaMM
Taodu. 1. CpaBHeHHE pe3yabTaTOB CTALIMOHAPHBIX PACUETOB TEMIIEPATYPHOIO PEKUMa OCHOBAHUM
Table 1. Comparison of the results of steady calculations of the temperature regime of the foundations
Howme Tom saaun 3uauenue 7T, 3uauenue T, PLAXIS HecxomumocTs
P 10 aBtopOB, °C 2D, °C pewenns, %

CrannoHapHas 3aaqa,
1 rpaHUYHbIe ycnoBus Jupuxie 0,4013 0,4011 0,05
(3aaHHas TEMIeparypa)

CranuonapHas 3aj1aua,
2 rpanu4Hble ycnoBus Helimana 2,002 2,013 0,55
(3aaHHBIH TETIOBOH TOTOK)

CranoHapHas 3ajaua,
3 rpaHu4HbIe yciaoBus PobeHa 6,632 6,364 1,07
(KOHBEKTUBHBIN TEIJIOOOMEH)

NN/
ININININIAT
NININININN
INININININ
VAVAVAVAVAVAN
NVAVAV\VAVAW
INININININININ]
NININININININA
ISOSININININA
RS

Puc. 5. O6uwmii B pacuetHoit cxemsl: @ — B paspaboranHom [1K; b — B PLAXIS 2D Thermal (HeogHOpOIHOE TPYHTOBOE
HAaITaCTOBAHKe, HECTAIMOHAPHAS 3a/1a9a)

Fig. 5. General view of the calculation scheme: ¢ — in the developed PC; b — in PLAXIS 2D Thermal (homogeneous soil
massif, non-stationary problem)

Temperature (scaled up 0.100 times) (Time 1000 day)
Maximum value = 10.01 °C (Element 777 at Node 1039)
a0 Minimurn value = -4.001 °C (Element 1474 at Node 1810)

a b
Puc. 6. 13omons pacnpenenenus Temneparyp: a — B papaborantHom [1K; 5 — B PLAXIS 2D Thermal. B pacuernoii cxeme
npuMeHeHs! rpannaHble yeaosus Jupuxie (7 = 10 °C). Pacder BBINOIHAIICS B HECTAIIMOHAPHON TIOCTaHOBKE, BPEMsI, IIPUIIO-
JKEHHOE Ha dTalle BO3BEACHHs cOopykeHus, cocTaisier 1000 nueit

Fig. 6. Isofields of temperature distribution: @ — in the developed PC; b — in PLAXIS 2D Thermal. Dirichlet boundary condi-
tions are used in the calculation scheme (7= 10 °C). The calculation was performed in a non-steady setting, time involved in
the construction phase of the structure is 1,000 days
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a

b

Puc. 7. O6muii Bun pacueTHoit cxemsl: @ — B pa3paboranHom [1K; b — B PLAXIS 2D Thermal (HeoqHOpOgHOE TPYHTOBOE

Haru1aCTOBaHUE, HECTallMOHAPHAA 3a;[aqa)

Fig. 7. General view of the calculation scheme: a — in the developed PC; b — in PLAXIS 2D Thermal (homogeneous soil

body, non-steady problem)

Temperature (scaled up 0.500 times) (Time 365.0 day)
Maximum value = 0.6164 °C (Element 58 at Node 1424)
Minimurn value = -2.000 °C (Element 1608 at Node 1869)

b

Puc. 8. Nzonons pacnpeneneHus temmeparyp: ¢ — B pazpaboranaom [1K; » — B PLAXIS 2D Thermal. B pacuetHoli cxeme

MPUMEHEHBI TpaHnyHble ycaoBus Helimana (¢ = 1 Bt/m?). Pacuer BBINONHSIICS B HECTALMOHAPHO MOCTaHOBKE, BPEMsi, [IPH-

JIOJKECHHOC Ha 3Tall€ BO3BCACHUSA COOPYIKEHUS, COCTABIISICT 365 HHeﬁ

Fig. 8. Isofields of temperature distribution: a — in the developed PC; b — in PLAXIS 2D Thermal. Neumann boundary condi-
tions are used in the calculation scheme (¢ = 1 W/m?). The calculation was performed in a non-steady setting, time involved in

the construction phase of the structure is 365 days

Taou. 2. CpaBHeHUE Pe3yJabTaTOB HECTALMOHAPHBIX PACUETOB TEMIIEPATYPHOTO PEKUMA OCHOBAHHM

Table 2. Comparison of the results of non-steady calculations of the temperature regime of the foundations

['my6una vamm ['my6una vamm
HecxonumocTts
Homep Tun 3agaun OTTauBaHUA, OTTaWBaHUs, o
T1O aBTOpOB, M PLAXIS 2D, m pemer, %
Hecranuonapnas 3anaua,
1 rpaHUYHbIe ycnoBus Jupuxie 5,83 5,85 0,3
(3a1aHHas TEMIIEpaTypa)
HecraunonapHnas 3anaya,
2 rpanuyHble ycnoBusi Helimana 2,31 2,32 0,4
(3aJaHHBIH TEIIOBOH ITOTOK)

pacueTHOi cxembl pazpaborana B [IK Gmsh ¢ oTkpbITEIM
HCXOTHBIM KOJIOM.

B nepByto ouepenb BBINOIHEHO PEIICHHUE CTAIH-
OHAPHOU TEIIO()U3NICCKON 3a1auu ISl OJHOPOIHOTO
TrpyHTOBOTO HaruractoBaHus. OOIKI BUA pacdeTHOM
CXEMBI IpencTaBieH Ha puc. 1. Onucanue rpaHUuIHBIX
YCIIOBHI UIsl KQXKJIOW 3aJa4yl NPUBEJCHO B KaueCTBE
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nojnuce k pucyHkaMm. Pacripenenenue remneparypHbIX
10JIell B TPYHTOBOM OCHOBAaHUU OT BO3AECHCTBUS BHELI-
HUX YCJIOBUH pa3IMYHOIO THIA TOKA3aHO Ha puUcC. 2—6.
CorocrapieHe pe3ylIbTaToB YUCIEHHOTO pacyera
B pasnuusbIx [1K npencrasneno B Tadm. 1.
B panpHeliniem BBINONIHEHO PELIEHUE HECTaLHO-
HapHOH TeIIO(pU3UIECKOH 3a/1a4un JyIsl HEOJHOPOIHOTO
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C. 48-58

B IPYHTOBOM MaccuBe YNCAEHHbIMW MeToAaMu

TPYHTOBOTO HAIIACTOBAHMS C MOZCITMPOBAHUEM BHEIITHE-
TO BO3/ICHCTBHUS OT MMPOU3BOACTBA CTPOUTEIBHBIX PadbOT
1 9KCIUTYaTalli BO3BEJICHHBIX 3/IaHUI U COOPYKEHUH.
Ha nepBom 3tarme B pacdeTHOI cxeMe MOAEIIPYyeTCsI TIpH-
POIHOE pacIpesieNieHne TEMIIEPaTyp B TPyHTOBOM Mac-
cuse. Ha mocnemyronmx sramax ocyIiecTBISIIOTCS MOJie-
JIMPOBAHNE BO3BEJCHHS COOPYKCHHI W HECTAIlMOHAPHAS
OLICHKA TETUIO(PHU3NUECKOTO BO3ACHCTBHS HA TPYHTOBOE
OCHOBaHME BO BpeMeHH. OOIINI BUI PACUETHBIX CXEM
TpezicTaBiieH Ha puc. 5 n 7. Onucanue rpaHIYHBIX YCIIO-
BUH JUIS KaXKJI0¥ 3a/1a41 PUBEICHO B KAUYECTBE TTOIITH-
cell K pucyHKaM. Pacmipezienienne TeMneparypHbIX Mosel
B IPYHTOBOM OCHOBAHWH OT BO3ACHCTBHSI BHEIITHUX YCIIO-
BUH Pa3IMYHOIO THIIA [TOKA3aHO HA pHC. 6, 8.

CorocraBieHue pe3ysbTaToB YUCICHHOTO pacyera
B pa3zmmuHbIX [1K mpencrasieHo B Tadm. 2.

3AK/IIOYEHUE U OBCYXJIEHUE

B HacTosmem nccieoBaHUN PACCMOTPEHO pe-
IICHNE 3a/laud MPOMEP3aHHsl U OTTaWBAHUS T'PYHTA,
MaTeMaTH4decKasl peanu3anus KOTOPOH BBIMTOJIHEHA
Ha OCHOBaHWH HECTalMOHApHOM 3amaun CredaHa ¢ uc-
TIOJTh30BaHMEM sI3bIKa TporpammupoBanns Python. Mo-
JIeJIb NHTETPUPOBaHa B pa3pabaTbIBacMbIi aBTOpaMu
CHeINATN3NPOBAHHBINA KoHeUHO-31eMeHTHBIH (ITK).

C memnpio ampoOaruu pa3pabOTaHHOTO PEIICHIHS
MIPOBEIEHO COTOCTABICHHUE PE3YJIBTATOB YHCICHHOTO
pacdera B pazpaboranHom aBTopamu [10 c pesynprara-
MU perieHus aHanorndHeix 3a1aq B [IK PLAXIS 2D.

PacueTsl MpoM3BOAMINCH C NCTIONB30BAHUEM TpE-
YTOJBHBIX TPEXy310BEIX KD ¢ MHTepnoIsInOHHBIMA
normmHOMaMu iepBoif crerrienn. B TTIK PLAXIS 2D npu-
MEHSIJIHCH TPEYTOoNbHBIE IIecTHy3moBbie KO. ['eomerpus
pacueTHOM cxeMbI pazpadorana B [IK Gmsh ¢ oTKpBITEIM
HCXOAHBIM KOZIOM.

BrimomHeHo perieHre CTarroHapHON Teriodu3mde-
CKOM 3a/1au¥ JTs1 OTHOPOTHOTO TPYHTOBOTO HAILTACTOBAHHS
C UCIIOJIB30BAHMEM TPaHNUHBIX ycnoBuil Jupuxie, Helima-
Ha 1 PoOena (3amanHast TeMreparypa, 3a1aHHBIH TETUIOBOM
TIOTOK, KOHBEKTHBHBIH TEIIT000MeH Ha rpanmiie). KoneaHo-

JIEMEHTHBIN aHAJIN3 PELEHUs] TEMIIEPATypPHOM 3a1a4u Ka-
YECTBEHHO MTOKA3bIBAET YAOBJIECTBOPUTENBHYIO CXOAUMOCTD
C anmpoOMPOBAHHBIM JIMIICH3UPOBAHHBIM 3apyOeKHBIM IPO-
rpaMMHBIM oOecriedeHueM. PacxoxieHre B orpe/ieieHun
TEMITEpPATyPHBIX MOJIEH 1 TPAHUI] 30HBI OTTAHBAHKS TPyH-
TOBOI'O MaccHBa coctapisieT He doinee 1 %.

B nomnonHeHne ocymecTBIEHO YHCIEHHOE MOJIe-
JIMPOBaHUE CTPOUTEIBCTBA 3[JaHHsI M YCTPOICTBA TPyOO-
MPOBO/IA, BO3BOIMMBIX HA MHOTOJIETHEMEP3IIBIX TPYHTAX.
C 1enpio OIEHKH BETMYHHBI TEMIIEPaTypPHOTO BO3JEH-
CTBHS BBINTOJHEHO PEIICHWE HECTAI[OHAPHON TeruIo-
(u3mdeckoit 3amaun Al HEOAHOPOJHOTO IPYHTOBOTO
HAaIUTACTOBAHUSI C MCIIOIb30BAHUEM I'PaHMYHBIX YCIOBHN
Jupuxiie u Heiimana. PacueTHast MOAENb yUUTBIBAET 3Tall-
HOCTb BO3BE/ICHUSI CTPOUTEIIBHBIX KOHCTPYKIMH U COOpY-
skeHU. KOHEeUHO-3/1EMEHTHBIN aHaau3 peleHus HecTa-
IIHOHAPHON TeMIepaTypHOH 3a/1aull TakKe KadyeCTBEHHO
MOKa3bIBACT YIOBIETBOPHTEIBHYIO CXOIMMOCTD C allpo-
OMpPOBAaHHBIM JIMIIEH3UPOBAHHBIM 3apyOexHbIM [10.
Pacxoxzenue B omnpeeneHnH TEMIEPaTyPHBIX TTOJeH
M TPaHUI] 30HBI OTTaUBaHHUs TPYHTOBOIO MAaCCHBA COCTaB-
nsiet He 6onee 1 %.

Hecmotpst Ha TO 4TO perIeHne 3a1a4u O pacrpere-
JICHUU TeMIIEpaTypHBIX 110JIel B TPYHTOBOM MacCHBE SIB-
JSIETCsl OCHOBOIIOJATAIOIIMM /Il OLIEHKH 0€30MacHOCTH
W HaJISKHOCTH BO3BOJIMMBIX KOHCTPYKIIMH B YCIIOBHUSIX
3aJIeraHysl MHOTOJIETHEMEP3IIbIX TPYHTOB, KOMIUIEKCHOE
pacyeTHoe 000CHOBAHHE CTPOUTEIILCTBA B KPHOJIUTO30HE
CIIETyeT MPOU3BOANTE C YUETOM TEMITEpaTypHO-Aehopma-
IIHOHHOTO aHAJIM3a CUCTEMBI «OCHOBAHHUE — 31aHHUE — CO-
opyxeHue». s pemenus 3aa4u 00 yCTaHOBJICHUH Jie-
hopMarinii MOPO3HOTO MyYCHHSI UITH OCAKH OTTaUBaHHS
PaIMOHATIEHO MCIIOIB30BaTh YUCIICHHbIE MeTObl. Pazpa-
6oTaHHas M peayM30BaHHAs aBTOPAMH 33/1a4a IpoMep3a-
HUS ¥ OTTAMBaHUsI TPYHTOBOT'O MacCHBa MOXKET CITY)KUTh
OCHOBAaHHEM [T CO3IaHMS KOMIUIEKCHOI eopManioH-
HOU MOJENH NPOMEP3AIOILETO UM OTTauBAOLIETO IPyH-
Ta, pa3pabOTKa KOTOPOI MO3BOIUT TOBBICUTH TOYHOCTD
PpEIICHUsI TEOTEXHUUECKUX U MH)KEHEPHBIX 33/1a4 B YCJIO-
BUSIX 3aJI€TaHUsI MHOTOJIETHEMEP3IIBIX TPYHTOB.
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AHHOTALUNA

BBepeHue. ViccnegoBaHve NoCBSLLEHO BONMpOCcaM MOAENUPOBAHUSI U pacyeTa npoLiecca pa3paboTky KOTOBaHOB B YCro-
Busx . CaHkT-lNeTepbypra, rae pacnpocTpaHeHbl criabble MUHUCTBIE TPYHTbI Pa3nMYHOro reHesuca. AKTyanbHOCTb paccMa-
TpYBaeMon TeMbl 0bycroBrneHa Heob6XxoAMMOCTbIO MOBbILLEHUST TOYHOCTU U HAAEXKHOCTM pacyeToB MPYHTOBbIX OCHOBaHWM
B YCINOBWSX MIOTHOWM ropofckon 3acTtpoiiku. OcoB6eHHO BaXXHO y4uTbiBaTh crieumduyeckne cBoicTBa crnabbix MUHUCTBIX
FPYHTOB, Takne Kak Ux HepeHMpoBaHHOE MOBEAEHWE 1 NPENMYLLECTBEHHO CABUrOBOE AedopMUpoBaHme. AKLEHTUpYeTCS
BHYMaHWe Ha MexaHu3Me CABWUIOBOTO YMPOYHEHNS — KPUTUYECKU BaXKHOM AN NpefcKasaHus nnactuyeckux aedopmauui
TMUHUCTBIX FPYHTOB B AOMPEAENbHON CTaAMN Harpy>XeHus.

MaTepuanbi u MmeToAbl. [peacTaBneHbl KIoYeBbIE NONOXEHNS paHee NpeanoXeHHON aBTopaMmn HENMHENHON MaTtemaTye-
CKOW MoAenu, onuncbIBatoLLel noBegeHne cnabbiX MUHUCTBIX OTIIOXKEHNI Ha OCHOBaHMN MeXaHn3ma CABUIOBOTO YNPOYHEHNS.
HeppeHvpoBaHHOe NoBegeHne onnckiBaeTcst Ha 6ase MoanULIMPOBaHHON Teopumn MrHoBeHHOW npodHocTu FO.K. ConoBbeBa
C yyeTom 06pasoBaHns N36bITOYHBIX MOPOBbIX AABNEHUI NPV AEBUATOPHOM Harpy>XeHuUn B YCIOBUSIX MIOCKOTO HaMpsKeHHOo-
nedopmMnpoBaHHoOro coctosHus. Moaenb 6bina YicneHHo peanv3oBaHa B pa3pabaTbiBaeMoM aBTopamu cneumanmanpoBaH-
HOM NPOrpaMMHOM KOMMMEKCe, peanmnayloLleM METOA KOHEYHbIX 3MTIEMEHTOB Ha OCHOBE METOAA NepemMeLLeHUI.
Pesynbratbl. [IpoBegeH YMCNeHHbIN pacyeT pa3paboTku KOTNoBaHa Mo 3aLUMTON KOHCOMbHOTO LUMYHTOBOIO Orpa)XaeHust
B YCIOBMSAX MIOTHON rOPOACKON 3acTpoiikun B LleHTpanbHom parnioHe CankT-lNetepbypra. MprueegeHo noapobHoe cpaBHe-
HVEe pe3ynbTaToB YMCIIEHHbIX PACYETOB C AaHHLIMU FE0TEXHUYECKOTO MOHUTOPWHIA, BKITOYAOLLEro U3MepeHust aedopma-
LA LUMNYHTOBOMO OFPadKAEeHMs KOTNoBaHa U (oyHAAMEHTOB OKPYXKatoLLEen 3aCTPONKN.

BbiBogbl. CenaHbl BbIBOAbI O MPOrHOCTUYECKUX BO3MOXHOCTSIX MOAENEN C MEXaHN3MOM CLABUIOBOTO YNPOYHEHUS s pac-
YETOB KOTIIOBAHOB B YCMNOBUSIX CNabblX MMUHUCTLIX IPYHTOB. [laHbl pekoMeHAauuy o fanbHenwem pasBuTum npeasioxXeHHomn
MOAENK, BKMOYas yryylleHns B yyeTe acpdekta pasrpy3km OCHOBaHWUS U U3MEHEHWUS NapaMETPOB XXECTKOCTU Npu aedop-
MUPOBaHUN.

KIKOYEBBIE CITOBA: MeToa KOHEYHbIX 3NIEMEHTOB, HENMUHENHasa MoAEerNb rPyHTa, CABUIOBOE YNPOYHEHUE, HEAPEHNPOBAH-
HOe noBefeHue, KOTIoBaH, cnabble rpyHTbI
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ABSTRACT

Introduction. The study is devoted to the issues of modelling and calculating the process of excavation in the conditions
of the city of St. Petersburg, where weak clay soils of various genesis are widespread. The relevance of the topic under con-
sideration is due to the need to improve the accuracy and reliability of calculations of soil foundations in conditions of dense
urban development. It is especially important to take into account the specific properties of weak clay soils, such as their
undrained behaviour and, mainly, shear deformation. The paper focuses on the mechanism of shear hardening, which is
critically important for predicting plastic deformations of clay soils in the pre-limit loading stage.

Materials and methods. The main provisions of the nonlinear mathematical model previously proposed by the authors
describing the behaviour of weak clay deposits based on the shear hardening mechanism are presented. The untrained
behaviour is described on the basis of the modified theory of instantaneous strength by Yu.K. Solovyov, taking into account
the formation of excessive pore pressures under deviatory loading in a plane stress-strain state. The model was numerically
implemented in a specialized software package developed by the authors that implements the finite element method based
on the displacement method.

Results. As part of the study, a numerical calculation was carried out for the development of a pit protected by a cantilever
tongue-and-groove fence in conditions of dense urban development in the Central District of St. Petersburg. The paper
also provides a detailed comparison of the results of numerical calculations with data from geotechnical monitoring, includ-
ing measurements of deformations of the tongue-and-groove fencing of the excavation and foundations of the surrounding
buildings.

Conclusions. Based on this study, conclusions are drawn about the predictive capabilities of models with a shear harden-
ing mechanism for pit calculations in conditions of weak clay soils. Recommendations are given on the further development
of the proposed model, including improvements in taking into account the effect of unloading the base and changes in stiff-
ness parameters during deformation.

KEYWORDS: finite element method, nonlinear soil model, shear hardening, undrained behaviour, excavation, soft soils
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BBEJAEHUE

PasButne reorexuuku B Cankt-IletepOypre o0y-
CJIOBJIIEHO OCOOEHHOCTSAMH HH)KEHEPHO-T€0JIOTHIECKO-
TO CTPOEHUSI OCHOBaHMS TOpPOJA HapsAy C BEICOKUMH
TEMITAMHU CTPOUTEIbCTBA. E¢ 3HAUMMOCTD B peIICHUH
3aJa4 rOPOJICKOTO Pa3BUTHSI BO MHOTOM OOBSICHSETCS
IJIOTHOM 3aCTPOMKOM TOPOACKOTO LIEHTPA U CIOKHBIMU
IPYHTOBBIMM ycioBUsAMU. Tak, B mpenenax akTUBHOU
30HBI OCHOBaHMS (DYHIAMEHTOB 3/1aHHUH 3aJEraroT Clia-
Oble BOZIOHACKIIIEHHBIC THKCOTPOITHBIE INIMHUCTBIE TPYH-
TBI, XapaKTEPHU3YIOMINECS HU3KMMH (DPUIIBTPAIIMOHHBIMA
n eopMalMOHHBIMU cBoWicTBaMH. [Ipu aTOM OcTaroT-
Csl MaJIO M3y4YEeHHBIMH CIICHU(HUIECKUE XapaKTePUCTH-
KM 3THX TPYHTOB: KO3((HUIMEHTH MOI3YIECTH, YToJl
JIJIATAaHCHH, CTETICHb NePeyINIOTHEHHS, Kod(duimeHt
OOKOBOTO JaBIEHUS U JIpyrue napamerpsl. Bee mepe-
YHCIIEHHbIE XapaKTePUCTUKHU BIHSIOT Ha 3amac Hecylen
CIIOCOOHOCTH OCHOBAaHMS, 3aKJIa/IbIBAEMBIA MPU HPO-
€KTUpOBaHUM. TeM He MEHee 13-3a OrPaHUYEHHON TOY-
HOCTH F€0TEXHUYECKHUX PACUETOB KOHKPETHOE 3HAYEHHE
koadduimenTa 3anaca npyu NPOSKTUPOBAHUH OCTACTCS
HEIOCTaTOYHO OIPE/ICIEHHBIM.

s omeHKH Hecymiel crtocoOHOCTH TPYHTOBOTO
MaccCHBa, a Takxke JeopMaIrii OKpyKaroIel 3aCTPOHKH
3a4acTyI0 HEJJOCTATOYHO CTPOrHUX MM aHATUTHYECKUX pe-
1IeHUH. MOIIHBIM HHCTPYMEHTOM B JAHHOM CITy4ac BbI-
CTyTaeT YUCIICHHBIA METO/I KOHEUHBIX ANieMeHToB (MKD),

60

MIO3BOJISAIOIINI BBITIOJTHATD PAcUeThl CIOKHBIX HAJ3EM-
HBIX KOHCTPYKIIMH C y9€TOM Pa3zHOOOPa3HBIX HHKEHEPHO-
reojiornyeckux yciaosuil. Bnepsrie pazsuruem MKD
B reotexHuke B Poccun 3annmarcs A.b. @anees [1].

MeTon KOHEUHBIX 3J€MEHTOB JaeT BO3MOXKHOCTh
MPUMEHSTh AJI1 PacueToB CIOXKHBIE MOJEIH TPYHTA.
OpnHaKo 3TO BBI3BIBAET TPYAHOCTH B ONPEICICHUH MTapa-
METPOB ISl 3TUX MOJEJeH U MOHUMaHUH MEXaHU3MOB
uX paboTHL

Hambonee mpocTrie THHEHHO-YTIpyTHE U HICATHHO
YIIPYTOIIACTHYECKUE MOJICJIN OTPAHUIEHBI B PUMEHE-
HUU U NOAXOMAT CKOpee Ul MpeBapUTENIbHBIX pacue-
ToB. Peanu3anus Takux Mozeneil npencTaBiaeHa BO MHO-
rux nporpammHubIx komriekcax (1K) [2—4].

Henunelinble Mofenu IrpyHTa SIBJISIFOTCS PACIpo-
CTpPaHEHHBIMH B MIPAKTHUECKON NesTenbHOCTH. Hanbo-
Jiee XOpoIIIo 3apekoMeH1oBaa ceds monens Hardening
Soil, B KOoTOpOii peann3oBaHbl MEXaHU3MEI CIIBUTOBOTO
1 00BEMHOTO YIIPOYHEHUSI U 3aBUCHMOCTH KECTKOCTH
0T ypOBHs HanpspkeHul [5—8]. B coBpeMeHHBIX yciio-
BUSIX MCIOJb30BAaHHUE STOM MOAETH CONPSIKEHO ¢ TPYA-
HOCTSIMM Pa3HOTO Xapakrepa: 1) opuruHanbHas MOJENb
rpyHTa peanusoBana Tonbpko B 1K Plaxis; 2) monens
Oblia co3jaHa Ha OCHOBE MHOTOUYHCJICHHBIX HCIIBI-
TaHUH MECYaHBIX TPYHTOB (TIIOATOMY €€ NMPUMEHEHHE
JUTS TIIMHUCTBIX TPYHTOB HEOOXOAMMO TOATBEPKIATh
COOTBETCTBYIOIIMMH M3bICKaHUSIMH); 3) MOZIENb TpeOyeT
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MIPOBEICHUS TPEXOCHBIX HCIBITAHUI U OTIPEeTICHHU Ma-
paMeTpoB 110 TaHHBIM KaITMOPOBKH PE3yJIETaTOB UCIIbITa-
HUM. 3a4acTyro pe3yabTaThl KATHOPOBKU HE MPEIOCTaB-
JISIFOT BO3MOYKHOCTH 1I0JJ00paTh MOJXOISIINE TapaMeTpbl
JUIsl CIIA0BIX TIIMHUCTBIX TPYHTOB M3-3a CIIEIM(UKY 3a-
BUCHMOCTEH, 3aJI0)KEHHBIX B MOJIETb.

Crenyann3upoBaHHbIe MOJICIH JIIS CITa0bIX TIIMHH-
CTBIX TPYHTOB HauaJlil Pa3BUBATLCSI BMECTE C U3yUEHUEM
CBOMCTB Takux OTJIOKeHUH. OJHOM M3 MEPBBIX CTajla
mozens Cam Clay [9], a Taxke ee amanTarust sl 9UC-
neHHbIX pacueToB [10]. B mogenu npucyTcTByeT Mexa-
HU3M 00BEMHOTO YIIPOYHEHHUS, KOTOPBIH KPUTHYECKU
Ba)XCH JUIS HEIPCHUPOBAHHBIX PACYCTOB, YTO OIIHCHI-
BaeTcs B ctaTbe aBTopoB [11]. OnHako B 3TUX MOAEIAX
HET MEXaHNW3Ma CABHTOBOTO YIIPOYHCHNS, KOTOPBINA 3Ha-
YUTENBHO BIMSET HA e(OpPMAIX TPYHTOBOTO MacCHBa
TIPU YCTPOICTBE KOTIOBAHOB. JTO CBA3AHO C MPEHMYTIIE-
CTBEHHO CABHUTOBBIM JIe(hOPMUPOBAHIEM I'PYHTA B 30HAX
AKTHBHOTO W TTACCHBHOTO JABJICHUIA.

JI1s Ka4eCTBEHHOTO OIMCAHUS HEIPEHUPOBAHHO-
TO MTOBEJICHHS CIa00ro rPyHTa B YCIOBHIX aKTHBHOTO
1 TTaCCUBHOTO COCTOSHUS B HOpBEXXCKOM reoTexHude-
CKOM HHCTHTYTe pazpadborana mozens NGI-ADP [12, 13].
Jnst Momenu TpeOyeTcs BBIMOJHEHHE HCIBITAHUM
Ha npsimoii ipoctoi cisur (Direct Simple Shear). B ote-
YECTBEHHBIX JIa00PaTOPUSIX ITOT MPUOOP SBISETCS pefl-
KOCTBIO M1 HOPMATUBHBIX JOKYMEHTOB Ha BBINOJHEHHE
JIAHHBIX MCIBITAaHUH ellle He pa3padoTaHo, HO B HAYYHBIX
LeNISAX IPAKTUKA TIPOBE/ICHNS UCIIBITAHUIT Ha TAKUX TIPH-
6opax B Poccun npucyrcrsyer [14, 15].

Taxxe s onucaHus MEXaHMYECKOW paboThI
TIIMHUCTBHIX TPYHTOB CYILECTBYET CEMENHCTBO MOAeNe
Bounding Surface [16, 17], oqHaKO HE OTMEYEHO €TO
MPAKTUYECKOTO NMPUMEHEHUS U OINPEJIeNIeHUs apame-
TpoB Mozenelt mis ycnoBuii Cankr-IlerepOypra. Cie-
JlyeT OTMETHUTbH BS3KOYNPYTOMIACTUYECKYI0 MOJEINb,
CIIEIMAIEHO Pa3pabOTaHHYIO [UIS CIa0BIX TITHHUCTHIX
rpyHTOB CankT-IletepOypra [ 18]. Momens nmeeT mmpo-
KW OTBIT MPAKTUIECKOTO UCTIOIB30BAHS, HO PEaTn30-
BaHa ToyibKO B omHOoM [IK FEM-Models.

q

Lenp HacTOsIIErO UCCIEAOBAHUS — Kau€CTBEH-
Hass U KOJIMYECTBCHHAsA OILICHKA BIUSIHHUSI MCXaHH3Ma
YOpOYHEHUS TPYHTA Ha PE3yIbTaThl YUCICHHBIX pacye-
TOB KOTJIOBaHA B YCJIOBUSIX, XapaKTepHBIX 1 CaHKT-
[TetepOypra.

Jig nocTHXKEHUs MOCTaBIEHHON LEeNN MPOBeIeH
PS YUCIIEHHBIX PacyeToB, KOTOPBIE BIIOCIIEACTBUH CO-
OTHECEHBI C Pe3yIbTaTaMH TeOTEXHUIECKOTO MOHHTO-
puHra. B xone uccnenoBaHus UCIOIB30BATIICH METO/IBI
MAaTeMaTnu4€CKOT0 MOJACINPOBaHUA, alallTUPOBAHHBIC
K MH)KCHEPHO-TCOIOTUICCKIM YCIOBUSAM UCCIIEITyeMO-
ro peruoHa. [lomy4yeHHbIe JaHHBIC TTO3BOIMIIN BBIIBUTH
KIIIOYEeBbIE MMapaMeTphl, OKa3bIBAIONIHEe HauOobIIee
BIIMSIHME HA TOUHOCTb MPOTHO3UPOBAHUS HANPSKEHHO-
nedpopmupoBannoro cocrosaust (HJIC) koTinoBana,
a TakKe OIICHUTD CTETIeHb COTTIACOBAHHOCTH TEOPETHYE-
CKHX PacyeToB ¢ (paKTHIECKMMH HAOIIOACHHUSIMH.

MATEPHAJIBI U METO/JbI

MaremaTnyeckoe MOIeJTMPOBaHKE HEIPEHUPOBAHHOTO
TOBeeHUs TPYHTOB

HenpenupoBanHoe MOBEACHUE IPyHTa O3HAYACT
Y4YET MOPOBOH KHUJKOCTH MPU BOCHPHUATHHA HATPY3KH.
[Ipu 3TOM TIOpPOBast KUAKOCTH BOCIIPUHUMACT TOJIBKO
BCECTOPOHHHE HArpy3KH, a ICBUATOPHASI YaCTh BOCIIPH-
HUMAEeTCs TPYHTOM. Tak Kak JIs IUCTICPCHBIX TPYHTOB
COHpOTI/IBHeHI/Ie C,E[BI/IFy 3aBUCHUT OT BC€CTOpOHHeFO
00xaTusi, N30BITOYHOE TTOPOBOE JaBICHUE CHIKACT
MpeleIbHOE COMPOTHBICHUE CABUTY IS HOPMAaTbHO
YIUIOTHEHHBIX IPYHTOB. [IpomocTpupoBars 3170 MOX-
HO C TIOMOIIBIO TPaeKTOpUii 3D PEKTUBHBIX HAPSHKEHU,
MIPE/ICTABICHHBIX Ha puC. 1.

CHIKeHrne TPOYHOCTH MPH JTa0OpaTOPHBIX HC-
NBITAHUSAX CIA0BIX TIHHHCTBIX TPYHTOB 3a4acCTyIO
HC COOTBCTCTByeT 3HAYCHUAM, HOHy‘IaeMLIM HpI/I Hnuc-
MOJTb30BAHUH HJICANTBHO YIPYTOIUIACTUYIECKONH MOJICIH
rpyHTa. B COBpeMEHHBIX HEIMHEHHBIX MOJIEISIX Teope-
THYECKOE OMHMCAHNE 3aBHCUMOCTH TPACKTOPUH HaIpsiKe-
HUI OT MOJISITH TPYHTA [PU YUCIICHHOM MOJICTUPOBAHUN
OTIPEICTISICTCS WK U30IMHUEH HYJICBBIX OOBEMHBIX TITa-

Puc. 1. Tpaexropnn Hanpsokenui: O4 — TpaeKTOpUs HA CTaJUH BCECTOPOHHET0 oOkaTus; AD — TpaeKTopus B MOJHBIX Ha-

NPSDKEHUSIX Ha CTAIHU JICBHATOPHOTO HarpyskeHus; AC — TeopeTHdeckast TpaekTopust 3 PeKTHBHBIX HANPSHKCHUI IS HIe-

AJIBHO YIPYTOIIACTUYECKOI'O TEJIa; AB — TPaCKTOpUs, IoJrydacMas 1o SKCIICPpUMEHTAJIbHBIM JAaHHBIM JIJI1 HOPMaJIbHO YIIJIOT-

HEHHBIX 'PYHTOB

Fig. 1. Stress trajectories: O4 — trajectory at the stage of comprehensive compression; 4D — trajectory at full stresses at

the stage of deviatory loading; AC — theoretical trajectory of effective stresses for an ideally elastic plastic body; AB — trajec-

tory obtained from experimental data for normally compacted soils
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CTHYECKHX JiepopMaliuii (I1aTpoBoii MOBEPXHOCTHIO Te-
Ky4eCTH), HJIH HAMPSIMYIO 33aHHBIM 3HAUCHHUEM COIIPO-
THUBJICHUsI HEIPEHUPOBAHHOMY CABHTY. BTOpoi croco6
HE MOJPa3syMeBAET JaJIbHENIIYIO BOSMOKHOCTD pacyera
KOHCOJIMJIALIH TPYHTA.

Peanu3anus HeJIMHeiiHOW MOJeJIM CO CABHMIOBBIM
YIPOYHEHUEM

HenpenupoBaHHOE IOBEIEHUE B MOJIEIM I'PyHTa
peainzyeM ¢ IIOMOLIBbIO BBEIEHUS KPUTEPUS IPOUYHOCTH
Museca ¢ IpenesbHbIM KacaTelbHbIM HaIPsKEHUEM,
PaBHBIM COIIPOTUBJICHUIO HEPEHUPOBAaHHOMY CIIBUT'Y:

q,=2-C, @))
e q,— TPENENbHBIN NeBUAaTop Hanpshkeruit; C — co-
MIPOTHBIICHNAE HEJPECHUPOBAHHOMY CJIBHTY.
CHmxenne 3(ppeKTHBHOTO CPEAHETO HANPSIKECHUS
IIPU CABUTE MOXHO ONHKCATh C MOMOIIBIO BBEICHHOTO
A. Skempton mapamerpa 4 > B npenpinyiueit crarbe aB-
TOPOB TIPEACTABICH METO/ OLICHKH CONMPOTHBICHHS He-
JPEHUPOBAHHOMY CIBHTY B YCIIOBHSIX IUTOCKOH aedop-
Manuy Al cabbIX TIMHUCTBIX TPYHTOB, OCHOBAHHBIN
Ha Teopun MraoseHHol npounoctu FO.K. ConoBbeBa
[19]. TIpuBenem BapuaHT HOPMYJIBI IS CITydast MTHO-
BEHHOTO 3arpy’KeHHsl FPyHTOBOIO MacCUBa, IJ€ mapa-
Metp Crxemnrona juis mwiockoro HJIC B = 1:

1-K, . .
o KZ )sin(@") + ¢'cos(¢") o
1+ (a—1)sin(¢")

oy (1-(a—1)

C, =
e 6, — NPUPOJIHbIE cpeaHue 3 PEeKTUBHbIE HAMPSIKE-
HHS B TPyHTE; K| — KOO(QPUIMEHT GOKOBOTO JIABICHHS
TpyHTa.

Jist onmcaHMs 3aBUCUMOCTH HalpsDKEHHE — Jie-
(hopmarmst pu IEBUATOPHOM Harpy KeHHH B JTAHHOM HC-
CJICTOBAaHUN HCIIONB3YETCSl BEIPAXKEHHUE, MTPEUIOKEHHOES
R.L. Kondner [20]. CtouT OTMETUTB, YTO aHAJIOTHYHOE BBI-
paxkeHue paHee Obu10 pemiokeHo AWM. borkuabM [21].

Bmecto Hanbonbinei iaBHON oceBOM nedopma-
UMK € B Ka4eCTBE MEPEMEHHON PaCCMOTPHM MapameTp
CIBUTOBOH nehopmarum v :

€ — &

V=T ®)

TJIe €, — HaUMEHbINAs IIaBHAs OTHOCUTENbHAs nedop-
Malusl.

Torma 3aBUCUMOCTh MEXTy HANIPSDKCHUSMUA U JTe-
(hopMaIsIMi MOYKHO TTPEICTABHUTH B BUJIE:

Vs

q:a_b"Ys’ (4)

Ie ¢ — BEJIMYHMHA, OOpaTHasi KacaTeJIbHOMY MOJYIIO;
b — BennunHa, 0OpaTHast ACUMIITOTHYECKOMY JIeBUATO-
Py HanpsHKEHH.

[Tnactuueckylo cocrasisiomyto aedopmanuu y”
HalIeM Kak pasHHIly MExAy oOmieil aedopmarueit
1 YIIPYTOW COCTaBIISIOLLEH:

Y=y, -7, (%)
TJIE Yo — YIpyTasi COCTaBIISIONIAs 1e(OPMAIIHH.
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U3 0606mennoro 3akona P. ['yka onpememnim v

e L+v 6
V=g @ (6)

rae v — koaddunuent [lyaccona; £ — monyins yrpy-
TOCTH.
Torma, moacrapisist Belpaxkenue (6) B (5), HOIydnM:

p__4q9-a 1+v
[ 0

Omnpeznenum BeMYUHY ¢ KaK BEJIMYMHY, 00paTHyIO
MOJYJIFO YIIPYT'OCTH U HE 3aBUCSILLYIO OT HaIPSDKEHUM:

I+
a= 2.E : (8)
Bemmunaa b paccauThIBacTCS Kak:
pol LR
4 &7 4y )
Rf

TIE ¢, — ACUMIITOTHYECKAs BEMYMHA TEBUATOPA HATIPS-
KHHIA; ¢, — TpeJieTbHas BETMIMHA ICBUATOPA HATIPSKE-
HUit; R, — KO3 PHUIUCHT pa3pyIICHUs.
3aMEHNM OTHOIICHHUE JE€BHATOpPa HANMPSHKEHUN
K JIEBHATOPY HANPSLKEHUH TIPH pa3pyICHNH:
mob
i = L s (1 0)
q C,
e C — MOGUIM3MPOBAHHOE COTIPOTHUBIIEHHE HEpe-
HUPOBAaHHOMY CJIIBUTY.
Ioxcrasum Beipaxkenus (8), (9) u (10) B (7) u ompe-
JIeJIUM 3HadeHue Y.
I+v q
Eo_
C" R,
B kadectBe npezena TeKy4eCcTH IPUMEM KPUTEPHUIL

Tpecka it onMCcaHus IPOYHOCTH Yepe3 COIPOTHBICHUE

HEJPESHUPOBAHHOMY CIIBHTY:
b

f=q-2-C". (12)

Torma C" sBiseTcs MapaMeTpoOM YNPOYHEHHS.

3aKOH IUIACTHYECKOrO TEUESHUs IIPU CIBUIOBOM YIIPOU-

HEeHWH aHayormgHo monenu Hardening Soil mpuarMaem

HEaCCOLMMPOBAHHBIM. B KauecTBe IIacTHYeCcKOro Io-

TeHIuana npumeM 3akoH Kynona — Mopa ¢ yrioM 1u-
narancuu y = 0:

g=q+(c,+0,~2-c-cos(9) - sin(y)=q. (13)
I[aHHLIX BBIpa)KeHI/Iﬁ JAO0CTAaTOYHO JIA pean3alnu
MOJCJIU I'PyHTa B YUCJIEHHOU OCTAHOBKE.

P
s

4 (11)

AJITOPUTM HeJIMHEHHOIo peleHust

s pemienust ynpyromiacTUUE€CKOW 3a1a4yn HUc-
MOJb3yEM aJTOPUTM IOIIATOBOTO HATPYXEHUS C Me-
TOZOM HAaYaJbHBIX HANPSOIKEHUH. DTOT aIropuT™M pa-
Hee omuckiBaics B paborax B.H. ITapamonosa [22]
u A.b. daneesa [1].

Jnst orricanust paboThI MOJIEIH UCIIOIIBb3yeM YIPYTO-
TUTACTHYECKYI0 MAaTPUILY JKECTKOCTH, 3aBUCSIIYIO OT
JOCTUTHYTOTO HA IIIare pacueTa ypOBHS HaNpsLKEHUI.
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Taou. 1. Pusuko-MexaHUYECKUE XapaKTePUCTUKH IPYHTOB
Table 1. Physical and mechanical characteristics of soils
=
=
%
0 r p
= Hanmenosanue Eé’( P> R e a | W I I I ¢, [ > "
2 SE r/em’ | en. en. 4 rpax. | klla | xIla | xlla
o
&
2 Llecku neuerattic cpearel ML\ 566 | 0,706 | 0,257 | Bononacemermme | 40 | 11 | 39,5 | 902
IUIOTHOCTH HEOJHOPOIHBIC I
CyIJIMHKHY JIETKHE MbIICBATHIE
6 B A Ml 57210798 | 0289 | 0,002 | 1,10 | 32 | 38 | 99 | 410
C IIPUMECHI0 OPraHUYECKUX v
BEIIECTB
CyIJIMHKY TSDKEIbIE MbIIEBATHIE
8 TEKy4He, JICHTOUHBIE, Ig I | 2,75 | 1,198 | 0,431 0,170 1,12 31 37 8,0 32,1
THKCOTPOTIHbIE
CyIIMHKH TsDKeJble MblIeBaThie
9 TEKy4erIacTHYHbIE, Ig Il | 2,72 | 0,898 | 0,326 0,53 0,80 36 43 [ 11,9 | 46,7
HESICHOCIIONCTBIC, THKCOTPOITHBIE
jo | Cynecu mbuiesaThie MIaCTHIHbIE | oy |5 6o | 0406 | 0,149 | 0123 | 062 | 38 | 26 | 188 | 59.9
C TPaBHEM H TaJTbKOH
CyIIMHKHY JIETKHE MbIICBAThIe
11 TYTOIUIACTUYHBIC C TPABHEM glI | 2,71 | 0,532 | 0,193 | 0,045 0,30 34 49 | 22,9 | 80,7
U TaJIbKOU
CyIIMHKY JIETKHE MbIICBaThIe
15 MSTKOIUTACTHYHEIE, CIIOUCTBIE, lgll | 2,721 0,779 | 0,282 | 0,109 0,59 33 44 | 18,1 | 65,2
THKCOTPOTIHBIE
16 | CYmmMHKHICTKHC MBLICBATEIC | oy |5 95 | 0559 [ 0,198 | 0,107 | 0,10 | 31 | 69 | 22,9 | 1034
MOJy TBEP/IBIE C TPABHEM U TAIBKOM
1§ | TAHBI ICTKE MECBATEIC TREPIEIC | e | 5 94 | 0467 | 0,162 | 0,145 | -040 | 24 | 125 | 292 | 1287
CIIOHCTBIC

Tlpumeuanue: p — IIOTHOCTb TPYHTA; € — KOI(QOHULUEHT OPUCTOCTH; W — MPUPOHAS BIAKHOCTB; I, — uncno nacTHdHO-

ctu; [, — mokasaresb TeKy4ecTH; ¢ — 3G PeKTHBHBIN yroa BHyTpeHHEro TpeHus; ¢ — 3 (eKTHBHOE CleIIeHUe; £ — MOmyJIb

obmieit repopmanun; £, — MOIY/Ib PasTpy3KH.

i

B

Puc. 2. mxeHepHO-Te0J0rnuecKuii pa3pes IIIOIIA K1 CTPO-
UTENIbCTBA

Fig. 2. Engineering and geological section of the construc-
tion site

OTO MO3BOJIUT YCKOPUTH CXOAUMOCTH UTCPALTMOHHOI'O
Iponecca 1 yMCHbIINTD BPEMs PCILICHUS.

Omnucanue 00beKTa MOHUTOPHHTA

B kadecTBe 00bEKTa MOHUTOPHHTA ISl HCCIIEI0Ba-
HUS ()P (HEKTHBHOCTH MEXaHM3Ma CABUTOBOTO YIIPOYHE-
HUSI HCIIOJIB3yeM KOTJIOBAH IOJ 3alUTON KOHCOIBHOTO
IIITYHTOBOTO OTPAXKACHUSA B AIMUPAITECHCKOM palioHe
r. Cankr-IlerepOypra. Tepputopus pacmonaraercs
Ha Ka3aHckoM ocTpoBe, KOTOPHIi OKpY»keH p. MoHKoi,
kananoM ['puboenosa u KprokoBeiM kaHnanom. Jlo riy-
O6uHbl 40 M reoJOoru4ecKoe CTPOEHUE MPEICTABICHO
kiaccuueckuMu i Cankt-IlerepOypra TeXHOreHHBIMU
(¢ IV) obpazoBaHHSIMH; MOPCKUMH M 03€PHBIMHU OTIIOXKE-
Husimu (m, [ IV), BepXHeUeTBEpTUUHBIMU 03€PHO-JICHHU-
koBbIMH (/g 1I1) u nenuukoBeiME (g 1) oTnoKEeHMSAMY;
CPeIHEUYETBEPTUYHBIMU 03epHO-eaHnKoBbIMH (/g 1)
u neqHUKOBBIMU (g 1) oTIoKeHUsIMU, BEHICKUMH OTJI0-
JKCHUSIMH KOTJIIMHCKOTO ropu3oHnTa (Vkt 2).

Crabble rpyHTBI TIPE/ICTaBIICHBI BEPXHEUETBEPTHYHEI-
MU 03epHO-JeHIKoBbIME (/g 111) 1 cpeHedeTBepTHIHBIMU
03€pHO-TIEIHUKOBBIMY OTIOKEHUAMU. BepxueueTBepTiy-
Hble 03epHO-1enHnKoBbIe (/g I11) oTnoxkennst npezcrase-
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Puc. 3. ®ororpadust oObeKTa CTPOUTENBCTBA

Fig. 3. Photo of the construction site

HBL: CYIJIMHKaMH TSDKEJTBIMH TTbLICBATHIMH TEKYIHMH, JICH-
TOYHBIMH, THKCcOTponHbIME (V™D 8); cyrmHkamu Jierkumu
MIBUICBATBIMH TEKYYEIUIACTUYHBIMH, HESICHOCIOMCTHIMHU,
TukcorporHbMU (WD 9). CpeHedeTBepTHYHBIE 03¢pHO-
nemauKkoBbIe (/g 1) oTIoKeHNUS TipeCTaBICHBI CYTITIHKAMHA
JIETKUMH ITbUIEBATHIMH MSITKOTITACTHYIHBIMH, CIIONCTBIMHU,
TukcorporabME (IO 15).

IIpuBeneHsl MHKEHEPHO-TEOJIOTHYECKUI pa3pe3
TUIONIA/IKK CTPOUTEINLCTBA (pHC. 2) M (PU3UKO-MEXaHHYe-
CKHE XapaKTEePUCTUKH HanOoliee XapaKTepPHbIX I'PYHTOB
(tabm. 1).

PaccMarpuBaeMblil KOTJIIOBaH NPSAMOYTOJIbHBIN
B IUTaHe, pa3Mepamu 57 X 33 M, ¢ YaCTHYHBIM pacKpe-
IUICHUEM B YIJIOBBIX 30HaX. B pacueTHOM cedeHHH IIeH-
TpaJbHYI0 HEPACKPEIUICHHYIO 30HYy Oy[eM paccMaTpH-
BaTh KaK KOHCOJbHYI0. [ TyOMHa KOTJIIOBaHA COCTABISCT
4,5 m. OrpaxkJieHle BBIMOJIHEHO U3 1inmyHTa AZ-18 mu-
Holt 19 M.

Pacuernas cxema

ock Y

0 10 20 30 40 50

ock X

Puc. 4. OOwmuit BUa pac4eTHOM CXeMbI

Fig. 4. General view of the calculation scheme
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Bmmwkaiimmm 00beKTOM OKpY)Karomiei 3acTpOonKH
SIBJSICTCSI COXPaHsieMasi KUPITUYHAs CTEHA, PACIIOIOKEH-
Has Ha PacCTOSHUM MEHee | M B CBETY OT IIITYHTOBOTO
OTPaKICHUS.

T'eorexHnueckuii MOHUTOPUHT Ha IUIOLIA/IKE CTPO-
UTETHCTBA BKIIIOYAI HAOMIOIEHHE 32 TOPH30HTATBHBIMA
MEePEMEIICHUSIMHU OTPaKIAI0NIeH KOHCTPYKIUHU C TO-
MOIIBI0 TaXEOMETPUUECKOH ChEeMKHU M HaOIIOCHUs
3a 0CaJKaMHU OKPY>KaroIleH 3aCTPOHKHU ¢ TIOMOIIBIO Te0-
METPHUYECKOTO HUBEITMPOBAHHSI.

OO1mmmit BUJ TIOIIAAKKA CTPOUTEIBCTBA MIPE/ICTaB-
JIeH Ha puc. 3.

Onucanue pacyeTHOM cXeMbl

PacueTHas cxema BBIIIOJHEHA C HMCIIOJIb30BaHHE
IIK GMesh [23] ¢ oTkpbIThIM HCXOAHBIM KofOM. C Iie-
JbI0 MOJICJIUPOBAHUS UCIONB3YIOTCS HIECTUY3/I0BbIC
TPEYrojbHbIE KOHEUHBIE 2IEMEHThI. PacyeTs! ocymiecT-
BJISUICH B pa3paboraHHoM aBropamu [1K, paboratomem
Ha ocHoBe MKD. JIn151 mpoBeeH!s CpaBHEHUS B pacueTe
NPUMEHsIAach MPEACTaBIeHHasl BhIIE pa3padoTaHHas
MOJIeITb TPYHTA ¢ MEXaHN3MOM CJ[BUTOBOTO YIIPOYHEHHUS
1 UJICaJIbHO YIIPYTOIIACTHYECKast MOJICNIb TPYHTA C KPH-
TepueM npoynoctd Mopa — Kyiona.

OOuif BUI pacuyeTHOH CXEMBI Ha ATare OTKOIIKH
KOTJIOBaHa TPEACTABIICH Ha pHC. 4.

PE3YJUBbBTATBI HCCJEJOBAHUSA

PaccmoTpuM pe3ynbraTsl YUCIEHHOTO MOJEINPOBa-
HUSI B COITOCTABIICHUH C Pe3yIbTaTaMH Fe0TEXHUUECKOTO
MOHUTOPHHTA.

Hcnonb30BaHbl 1BE MOJIEIH IPYHTOB: MOZIEIb C Me-
XAHU3MOM CJIBUTOBOTO YIIPOUHEHUS U U/I€ANIBHO YIIPYTO-
IUIACTUYECKast MOJIENb ¢ KpuTepueM npouHocty Mopa —
Kynona. Pe3ynbrarsl 4ncineHHOro pacuera KOTJIOBaHA
Ha JTaIe OTKOIKH MPEICTaBIECHbI HA pUC. 5-9.

AHanM3 JaHHBIX IOKa3bIBAET, YTO B MJEATBHO
YIPYTOIUIACTUYECKOH MOJEIH C UCTIONb30BaHUEM KpH-
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YMPOYHEHUS] Ha PE3YAbTaTbI pacyeta C. 59-70

Ilepescinens Y, s

Hepememenns Y,
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Puc. 5. M3omomns BepTUKAIBHBIX MepeMEIIeHHN pacueTHON CXeMbl: @ — B Mozenu Mopa — Kynona; b — B pa3zpaboTanHoit

MOJIECIU

Fig. 5. Isofields of vertical displacements of the calculation scheme: @ — in the Mohr — Coulomb model; » — in the developed

model

Hepesemernms X, s

Hepememenna X, s

50 50

Puc. 6. M30m011s1 ropH30HTAIBHBIX IEPEMELICHUI pACYETHON CXEMBL:
MOJIeITN

Fig. 6. Isofields of horizontal displacements of the calculation scheme
oped model

TTepememenna X, m

50 s0
40
x 30
>
2 7
@ 3
20
= OrpasicHHC KOTI0BAHA
04 — Jledopmuponannas cxema 0
0 10 20 30 40 50
oct X
a

a — B Mozenu Mopa — Kynona; b — B pa3paboTtanHoOit

: a — in the Mohr — Coulomb model; b — in the devel-

TMepememenns X, M

OI'PE'DK,EJ,E,'II“Q KOTJOoBana
—— Jledopmupopannan cxema

0 10 20 30 40 50
och X

b

Puc. 7. Dmiopsl TOpH30HTAIBHBIX IEPEMEIICHUH MIITyHTOBOTO OrpaXJIeHus: @ — B Mozenu Mopa — Kynona; b — B pa3pabo-

TAaHHOM MOJIEJIN

Fig. 7. Diagrams of horizontal movements of the tongue-and-groove fence: @ — in the Mohr — Coulomb model; b — in the de-

veloped model
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Puc. 8. 3010151 BepTHKAIBHBIX NEpEeMEIeHHI KUPIHUYHON CTeHKH: a — B Moaenn Mopa — Kynona; b — B pa3paboTanHOit

MOICIH

Fig. 8. Isofields of vertical movements of a brick wall: ¢ — in the Mohr — Coulomb model; » — in the developed model

InacTHueckme ToUKH

50

ock Y

IInacTHUeCKHE TOMKH

ock Y

Puc. 9. Pacripenenenue miacTHU4ECKUX TOUYEK B PAaCYETHOM cxeme: a — B Monenu Mopa — Kynona; b — B pazpaboranHoi

MOJIeIn

Fig. 9. Distribution of plastic points in the calculation scheme: @ — in the Mohr — Coulomb model; b — in the developed model

tepust npouHocTr Kynona — Mopa xapakrep nedopma-
U OTpaskACHUS 3HAYUTEIIBHO OTINYaeTCs 0T Habuona-
€MOro Ha MPaKTUKe. B peanbHbIX YCIOBUAX KOHCOIbHBIE
OrpaXkJICHUSI KOTJIOBAHOB Je(POPMHUPYIOTCS C HE3HAUU-
TEJILHBIM TTOCTYTIATEIbHBIM CMEIICHUEM U ITPOTHOOM,
Mnpru4YeM MaKCUMAJIbHBIC MMEPEMCUICHUA OTMECUAIOTCA
B BEpXHEM yacTu orpaxjaeHus. B ommuue ot 3Toro,
Mozenb Mopa — Kynona, cornacHo pacderam, MOXKET

JIEMOHCTPUPOBATh MOCTyMNaTeIbHOE CMEIIEHUE BCETO
OTPaXKJICHUsI B CTOPOHY KOTJIOBaHA 0€3 3HAYUTEILHOTO
nporn6a. Kpome Toro, BO3M0OXKHO HaOIIOICHUE TIOTbEMa
Orpak/IeHUs U TIPUIIETAIOIIET0 TPYHTOBOIO MacCHBa U3-
3a 3HAUUTENBHON Pasrpy3Ku JHA KOTIOBAaHA, YTO TaKXkKe
MIPOTUBOPEUUT PeaTbHON KapTHHE.

B npOTHBOIIONOKHOCTE 3TOMY PE3yIIBTaThI PACUETOB,
BBITIOJIHEHHBIX C UCIOJIB30BAHUEM MOJIEITH CO C/TBUTOBBIM

Tabm. 2. CpaBHeHI/Ie PEIYJILTATOB YUCJIICHHOI'O pacye€Ta ¢ pe3yjibTaTaMUu r€OTCXHUYCCKOI0 MOHUTOPUHTA

Table 2. Comparison of numerical calculation results with geotechnical monitoring results

KounTtponupyemslil napamerp Mopnens Mopa — Kynona

Pa3paboranHas Mojenb Pe3synbrarsl MOHUTOPUHTA

BCpTI/IKaJ'II:HLIC NEPEMEIICHUA

+19,0 -5,0 -7.3
(dbyHIaMeHTa, MM
T'opuzonTanbHble
IepeMeLIeHUs Bepxa -30,0 —42,0 —-60,0

HIITYHTOBOTO OI'paXICHUS, MM
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YIPOYHEHUEM, XOTS U JEMOHCTPUPYIOT KOJTHYECTBEHHbIE
PACXOKICHHUS, YTO OOYCIIOBJICHO OTHOCHTEIILHOM ITPOCTO-
TOM CaMOM MOJIEITH, KaYeCTBEHHO COBIIAIAI0T C PE3yJIbTa-
TaMH HAaTYPHbBIX HAOTIOICHHH.

KonuuectBeHHOE cpaBHEHHE PE3yIBTATOB PACUETOB
M JIJAHHBIX TEOTEXHUYECKOT0 MOHUTOPHHTA MPE/ICTABIIE-
HO B TaOIL. 2.

SJAK/IIOYEHUE U OBCYXJAEHUE

B 3axitoueHNN PEeICTaBICHbl OCHOBHBIE BBIBOIbI:

* KadeCTBEHHBIN aHAIN3 PE3YIbTATOB YHCIEHHBIX
pacyeToB MOKA3bIBACT 3HAYUTEIIBHBIC PACXOXKICHUS JIe-
(hopMHupyeMOii CXeMBI OTpak/I€HNsI KOTJIOBAH B MOZEIN
Mopa — Kynona ¢ Habmonaemoit Ha pakTuke. Kommae-
CTBEHHBIC 3HAYCHUS NeOopMaIuii Bepxa OrpakIeHUs
B YHMCJICHHOM pacdeTe 3aHKEHBI OTHOCUTEIBEHO Pe3yllh-
TaroB MOHUTOpHHIa Ha 50 %;

* Xapaxrep aedopmaruii orpakaeHus B pacueTax
B MOJIEJIM CO CABUTOBBIM YIIPOYHEHHEM COOTHOCHTCSA
C HaOJIFOZICHUSIMH 1 OTIBITOM IPOEKTHPOBAHUS B YCIIOBH-
ax Cankr-IlerepOypra. Henoonenka nedopmanuii Bepxa
OrpaXkIeHUs! KOTJIOBaHa cocTapisieT nopsaaka 30 % ot-
HOCUTEJBHO PE3y/bTaTOB MOHUTOPUHTA;

* TIOIBEM OKPYIKAIOIICH 3aCTPOIKHU, HAOTHOIACMBbIiA
B Moziem1 Mopa — KyrnoHa, BbI3BaHHBII 3HAUUTEIILHOM pas-
Ipy3KOii THA KOTIIOBaHA, HU KOJIMYECTBEHHO, HY Ka9eCTBEH-
HO HE COOTBETCTBYET Pe3yJIbTaTraM pealbHbIX HAOMFOICHHMI;

* nedopMaIuy OKpYKaromei 3acTpoKH, (GpUKCH-
pyeMbIe TIpH pacdeTax B pa3paboTaHHOW MOAEITH, HOCST
COOTHOCSIIUICS C PeabHBIMH HAOMIONCHUAMHE XapaKTep
Y HEOONEHUBAIOT ocaaku Ha 30 % OTHOCHTENIBHO pe-
3yJIbTaTOB MOHUTOPHHTA.

[TosyueHHBIE pPe3yNbTaThl MOATBEPKAAIOT KITIO-
YEBYIO POJIb CIBHTOBBIX Je(POpMAIIM MPH MPOCKTH-
POBaHMM W pacueTe KOTIIOBAHOB B yCIOBHSAX CIAOBIX
[JIMHUCTBIX TPYHTOB. J[JIsl KOPPEKTHOTO BBIYMCICHHUS
TUIACTHYECKUX C/IBUTOBBIX JiehopMaliuii enecoodpasHo
UCTIONB30BaTh MEXaHU3M C/IBUTOBOTO YIIPOUYHEHHS B MO-
JICITU TPYHTA.

JLis TOBBIIIIEHHUS] TOYHOCTH ITPOTHO3UPOBAHUS JIe-
(hopMaIMOHHBIX XapaKTEPUCTUK B JAIFHEHIITIX HCCIIe-
JIOBAHHSIX HEOOXOANMO PacCMOTPETh HECKOIBKO aCIeK-
TOB: 1) cieyeT yuyuThIBaTh 3aBUCUMOCTh KECTKOCTH
TPYHTa OT YPOBHS HaNpsDKEHUIT; 2) Ba)KHO BHUMaHHE
K IporieccaM 00bEMHOTO YIPOYHEHHS. JTH aCIEKThI
TpeOyeTcsl JeTalbHO aHAJIM3UPOBATh W YIUTHIBATH B Ma-
TEMaTHYECKUX MOICIISIX.

Heorpemnemoli 4acThIO MOCIEAYIOMINX UCCIIEH0-
BaHWH SBJISIETCS POBEACHUE CEPUU JTa0OPaTOPHBIX UC-
IBITAHNUH CIIAOBIX DIMHHUCTBIX TPYHTOB, BHITTOJIHEHHBIX
B Pa3IUYHBIX YCIOBUSAX HATrpyKeHHA. J[aHHBIC HCITBITA-
HUS TTO3BOJIIT JICTATBHO U3YyYUTH TIOBEJICHUE TPYHTOB.
[IpenBapurenbHbIe NCCISAOBAHNS B 3TOM HAIlPaBICHUH
OB TIpeICTaBICHBI B paboTe [24].
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AHHOTALUMUA

BBegeHue. B ycnosusix, korga MOLWHOCTb paspabaTbiBaeMoro nrnacta He no3BonsieT copMmpoBaTh BbipaboTky Tpebye-
MOro ceveHuns 6e3 Nnpuceyky BMELLAIoLLMX NOPO/, LienecoobpasHo NPUMEHSATL TEXHONOTNYeCcKne cxembl C NMOBTOPHLIM UC-
Nonb30BaHNEM MOArOTOBUTENbHbIX BblpaboTok. ccnenoBaHust B obnactn paspaboTtkn addekTUBHbIX CNOCOO0B OLIEHKM
YCTOMYMBOCTM MOBTOPHO MCMONb3yeMbIX MOArOTOBUTESNbHbIX BbIPAOOTOK B TaKMX YCMOBUSIX 3arneraHns nnactoB B HacTosA-
Llee BPeMs OCTaloTCs akTyarbHbIMK, B TOM Yucre v Ans waxt [Nevopckoro yronbHoro 6acceviHa. 3agadya onucbiBaeMbix
nccnepgoBaHUin — MOMyYUTb KapTUHY U3MEHEHU HanpsikeHHO-4edOopMMPOBaHHOMO COCTOSIHUA paccMmaTpyvBaeMon reo-
TEXHWYECKOWN CUCTEMbI N OLIEHUTb BENMYUHBI CMELLEHU MPUKOHTYPHbIX 0bnacTel NoAroToBUTENbHON FOPHON BblpaboTKK
NpU pasnnyHbIX MOSNIOKEHNSX OYUCTHOrO 3a60s.

MaTepuanbi u MeToabl. [1119 yCrOBWI OQHON U3 AEACTBYOLMX WaxT [e4opckoro yronbHOro 6acceviHa nposeAeHbl YNCEeH-
Hble 9KCNEePUMEHTbI METOAOM KOHEYHbIX 9N1IEMEHTOB B NporpaMmMHomM komnnekce Midas GTS NX. [lna onvcaHns nsmeHeHumn
reoMexaHn4eckoro COCTOSIHWS OMUCLIBAEMOI re0TEXHUYECKON CUCTEMbI MCMONb30BaH kputepuit KynoHa — Mopa. C uenbto
OLIEHKM [,OCTOBEPHOCTN pe3ynbTaToB MOAENMPOBAHUSA BbINOMIHEHO CPaBHEHWE C pesynbraTamy MHCTPYMEHTarbHbIX 3ame-
POB U3MEHEHWI reOMETPUYECKNX NapaMeTPOB CeYEHNS, NPOBEAEHHbIX MO ANVHE BbIPaboTKM.

Pe3ynbraTthl. B xoge mogenvpoBaHusi nmonydeHbl MPOCTPAHCTBEHHbIE pacrpefenenns pesynsTupyowmnx aedopmaumi
paccMaTpuBaeMoli reoTexHN4eckol cuctembl. [ponsBeaeHa oLeHKa BeNUMHbl CMEeLLEHWI NMPUKOHTYPHbIX obnacTew noa-
rOTOBMTEMbHOWN FOPHOW BbIPabOTKM MO Mepe MOABUraHWA O4YUCTHOrO 3abos. PacyeTHble 3HaYeHUst BepTUKanbHbIX U ropu-
30HTarnbHbIX AedopMaLiii MO3BOMSIOT OLEHUTL COOTBETCTBME NMPUMEHSEMbIX CNIOCOBOB KpPenmeHns 1 oxpaHbl BbIpaboTkm
TpeboBaHUsIM obecrneyeHnss pacHeTHOro Ce4eHUsl FOpHOW BbIpabOTKM pacyeTHbIM nokasaTensiM U MoryT ObiTb NCMOMNb30Ba-
Hbl ANst OLEeHKN 3DEKTUBHOCTU MPUHMMAEMbIX pelleHWin. PesynbtaTbl MOAENbHbIX pacyeToB MOATBEPXAEHb! AaHHbIMM
LUIAXTHBIX MHCTPYMEHTanbHbIX HabnogeHui.

BbiBoabl. Pe3ynbrarthl nccnenoBaHns AeMOHCTPUPYHOT, YTO NPeAnoXeHHasi reoMexaHnyeckas Mogernb MaccvBa ropHbIX
nopop B NMOMHOWN Mepe OTpaxaeT OCHOBHbIE OCOBEHHOCTM ero CTPOEHWS 1 U3MEHEHNS KOHTypa NoAroTOBUTENBHON FOPHOM
BbIPabOTKM B NpoLecce ee KCniyaTaumm n MOXeT ObiTb NpYMeHeHa Anst OLeHKN 3hdeKTVBHOCTM Pa3nuyHbIX CNocoboB ee
nofAepXaHus Npu NOBTOPHOM MCMOMb30BaHNUN.

KNOYEBBIE CIOBA: yronbHble LWaxTbl, NOArOTOBUTENbHbIE BbIPAbOTKM, reoMexaHu4Yeckue MpoLecchl, HanpsikeHus,
nedopmaunm, YNCrneHHble METOAbI, MHCTPYMEHTarnbHble HabnoaeHns

OnA UMTUPOBAHUA: Heenb H.B., 3akopwmeHHbIt .M., Xapumoros U.J1., brnoxur .M. OueHka gecdopmarmin noBTOPHO
UCMOMb3yeMbIX NMOAFOTOBUTESNBbHBIX BbIpAabOTOK Ha Mororo3aserarwmux yrofbHbix nnactax // CTpouTenscTBo: Hayka 1 06-
pasoBaHue. 2025. T. 15. Boin. 1. CT. 7. URL: http://nso-journal.ru. DOI: 10.22227/2305-5502.2025.1.7
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Assessment of contour deformations of reused mine workings
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ABSTRACT

Introduction. In conditions when the thickness of the mined seam does not allow to form the required cross-sectional
excavation without cutting of the host rocks, it is advisable to apply technological schemes with reuse of preparatory work-
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ings. Research in the field of development of effective ways to assess the stability of reused preparatory workings in such
conditions of bedding of seams at present remains relevant, including for the mines of the Pechersk Coal Basin. The task
of the described research is to obtain a picture of changes in the stress-strain state of the geotechnical system under con-
sideration and to estimate the displacement values of the near-contour areas of the preparatory mine workings at different
positions of the face.

Materials and methods. Were used to carry out numerical experiments using the finite element method in the Midas GTS
NX software package for the conditions of one of the operating mines in the Pechersk coal basin. The Coulomb — Mohr cri-
terion was used to describe changes in the geomechanical state of the mining system. To assess the reliability of simulation
results, comparisons were made with instrumental measurements of geometric parameters along the length of workings.
Results. During the simulation, the spatial distributions of the resulting deformations in the geomechanical system under
consideration were obtained. The estimation of the magnitude of displacements in adjacent areas of preparatory mine
workings was made as the face moved. The calculated values of vertical and horizontal displacements allow us to assess
compliance with the requirements for fastening and protecting workings, as well as design specifications for the mining area.
These values can be used to evaluate the effectiveness of decision-making. The results of model calculations are supported
by data from mine instrumental observations.

Conclusions. The results of the study demonstrate that the proposed geomechanical model of rock mass fully reflects
the main features of its structure and changes in the contours of preparatory mining operations during its operation and can
be used to assess the effectiveness of various methods for maintaining it during reuse.

KEYWORDS: coal mines, preparatory workings, geomechanical processes, stresses, deformations, numerical methods,
instrumental observations
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BBEJIEHHUE

CrabwuibHas padoTa yroJbHBIX MIAXT MOXKET OBbITh
oOecriedeHa TOJIBKO TIPU CBOCBPEMEHHOM MOATOTOBKE
(hpoHTA OYHNCTHBIX paboOT, KOTOPBIA CO31AETCS MPOBE-
JICHHEM OCHOBHBIX U MOATOTOBUTENLHBIX BBHIPAOOTOK
[1, 2]. Croco6 mpoBeneHuss TOPHOH BBIPAOOTKH, BU
KPETUICHHSI ¥ YCIIOBHUS €€ TOAJCPX aHNUA B Ipolecce
9KCIUTyaTaIMX 3aBUCAT OT CBOMCTB BMEMIAIOIINX IUTACT
TIOPOJI, MOIITHOCTH pa3padarsiBaeMoro Iiacta u niyou-
HBI BesieHUs padot [2]. B ycrnoBusx, Korjma MOIIHOCTD
pa3pabaTeIBaeMOT0 TIacTa He TO3BOJET C(HOPMUPOBATH
BBIPaOOTKY TpeOyeMoro cedeHus 0e3 MpUCeUKr BMEIa-
IOIIMX MOPOJ, IIEIECO00Pa3HO MPUMEHSTH TEXHOJIOTHYe-
CKHUEC CXEMBI C ITOBTOPHBIM MCIIOJIB30BAHUEM ITOATOTOBU-
TENBHBIX BBIPAOOTOK. Takoe penieHne CompoBOXKIACTCS
HEOOXOMMOCTBIO PUMEHEHUS CII0CO00B CHMKCHHUS
BCJIMYUHBI CMCIIICHUH KOHTYpPa BhIpaboTok [3-5]. [To3To-
My OIICHKa 3(P(PEKTUBHOCTH MPUMEHCHHS WHXCHEPHBIX
pemIeHnit o Mo/IePKAHUIO TOBTOPHO HCTIOJIB3YEMBIX
BBIPa0OTOK 0COOCHHO Ba)KHA B MOCTOSIHHO YCIIOKHSIIO-
IIMXCSI TOPHOTEOJIOTMYECKHUX YCIIOBHUSIX.

IIpencraBnensl pe3yabTaThl YUCIEHHBIX PACUETOB
CMEIIEHUI KOHTYpa NOBTOPHO HUCIOIB3YEMOW MOArOTO-
BUTEJILHOW BBIPAOOTKH JIsI KOHKPETHBIX TOPHOTECOJIOT U~
YECKHX yCJIOBHHI Pa3pabOTKH MOJIOr03aJIeraroiero yroib-
Horo macta. OneHka aedopMaiuii KOHTypa IIOBTOPHO
HCTIONB3YEMOI BBIPAaOOTKH HEOOXOIMMa, TaK KaK Mocie
TIPOXO/Ia JIABBI OHA MPEIHA3HAYACTCS YIS OTBOZA MCXOJIs-
1iei ctpyn. B cBszu ¢ 3TMM nojyiepkrBaeMast BRIpadboTKa
JIOJDKHA UMETh OTPeJIeNIeHHOE CeYeHHe /sl OTBOJIA Pac-
YETHOTO KOJIMYECTBA BO3/LyXa, YTO CHU3HT a3poJIornuye-
CKHE PUCKH IPU 0TPaOOTKE BEIEMOYHOTO y4YacTKa [6].

WccnenoBanust BHIMOJIIHEHB! IS YCIOBUI OTpa-
60TKH macta «YeTBepThIit» maxTsl «Komcomonbckasy
AO «Bopxkytayromsy. Konsefiepaslit 6pemcOepr mpoii-
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JIeH KOMOAalHOBBIM CIIOCOOOM M 3aKpeIjieH Ha BCEM
MPOTSHKEHUU OCHOBHOM apouHO# kpemnbto tuna AIT-311,
yctaHaBnuBaemon uepe3 0,67 M ¢ 3aTSKKOH KPOBIH
1 OOKOB BBIPaOOTKH.

Yeunenne 0CHOBHOW KpETH IIPON3BOIUTCS:

* Ha paccTosHHH He MeHee 40 M 10 OYHUCTHOTO
3a00s1 OanKaMu U3 CIENHUaIbHOTO B3aNMO3aMEHIEMO-
ro npodmis (CBII), koTopble pacronararoTcs B JIBe
HETPEPbIBHBIE HUTH, MO/l KA1yl HUTh BBIOJIHIET-
cs1 yCTaHOBKa KaHaTHBIX aHkepoB AK-01 miuHO#H 6 M,
IUIOTHOCTh UX YCTAaHOBKH — 1,5 aHKepa Ha MeTp, cxema
YCTQHOBKH KpENHU YCHJICHHUS MPeACTaBIeHa Ha puc. 1;

* 3a JIaBOM IyTEM YCTaHOBKH «KOCTPOB» M3 Opyca
pasmepom 1,3 x 4 x 3 M. JlonmycTUMOE OTCTaBaHUE «KO-
CTPOB)» 32 CEKIMSIMH MEXaHH3UPOBAHHOI Kpern He 60-
nee 4 M.

Ha puc. 2 noxazanbl conpsKeHHe JIaBbl C KOHBEH-
epHBIM OpeMcOeproM 1 3IIEMEHTHI KPETICHHUS, TTOAeP-
JKaHUS U yCUJICHHSI KPEIUICHHUsI KOHBEHEPHOTO IITpeKa
0 Mepe MepeMELIEHHs] OUHCTHOTO 3a0051.

Ionnepskanue CONpsHKEHUS JIaBBI C UCCIETYeMOM
BBIPa0OTKOI oOecneunBaeTcs AEPEeBIHHBIMU CTOWKA-
MU, YCTaHaBIMBAaEMBIMH MO OJIMKHIOIO K JIaBE Herpe-
pobIBHYIO HATH U3 0atok CBII ¢ mI0THOCTBIO YCTaHOBKH
1 croiika Ha meTp. [/l mpeIoTBpaleHns] MPOCHITaHUs
MOPOJ KPOBJIM B JIaBY NPOU3BOAMTCS IMOJHAS 3aTsDKKA
KPOBJIM JOCKOM Ha TPEX CEKIMAX KPEMH Ha CONMPSKEHUN
JIaBbI C BBIPAOOTKOM.

Hmmaa maBel — 152 M. JlaBa orpabaTwiBacTCs
Ha TiTyOuHax 538—748 M. YrompHBIN TITACT MMEET TPO-
CTO€ CTPOCHHME M COCTOWUT M3 KPEMKOTO MOIyOnecTs-
mero yrist. MOITHOCTS Tu1acTa KoneOneTces: B mpeenax
ot 1,32 no 1,58 m, cpeansist — 1,5 m.

3agada OMUCHIBAEMBIX UCCIEAOBAHUN — MOMYYIHUTh
KapTHHY M3MEHEHHMH HanpshKeHHO-1e(OpMUPOBAHHOTO
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Puc. 1. Cxema ycTaHOBKH KpeTM yCHUIJICHUS Ha KOHBeHepHOM Opemcoepre

Fig. 1. Diagram of the installation of reinforcement support on the conveyor bremsberg

AK-01 |

I Koctep

T

ek KB F21-5 nn

Puc. 2. ComnpsbkeHue J1aBbl ¢ KOHBEHEPHBIM OpeMcOeprom

Fig. 2. Longwall interface with the conveyor bremsberg

cocrosiamst (HZIC) paccmaTpuBaeMoro ygacTka yIierno-
POJIHOTO MacCHBA U OIICHUTD BEJIMYMHBI CMCIICHUH MTPHU-
KOHTYPHBIX 00J1aCTe# MOIrOTOBUTEIbHON FOPHOI BbIpa-
OOTKH TPH Pa3IMIHBIX TIOJIOKEHUSIX OYUCTHOTO 320051

MATEPHUAJIBI U METO/bI

Jns pelieHuss MHOTHX 3a/ad MPUKIAAHOM reo-
MEXaHUKH, B TOM YHCJIC U JJIS BBIIIOJHECHUS PACuCTOB
IO OICHKE BIUSHUS TOPHBIX PabOT Ha CYIICCTBYIOIIHE
BEIPAOOTKH PAa3MTUIHOTO Ha3HAYEHUs, 23PPEKTUBHO HC-
MOJTB3YIOTCSL MOAXOMBI YHCIEHHOTO MOACTHUPOBAHUS
[7-10]. OmauM U3 OOMICTIPUHSTHIX MTOIXOOB SBIISIOT-
Csl METO/IBI YHCIICHHOTO MOJIEIUPOBAHMS, OCHOBAHHBIC
Ha UCIOJb30BaHUM HEJIMHEWHBIX MOJIEJIe MEeXaHUKHU
crutomHbIX cpef [11-14]. B yacTtHOCTH, YKa3aHHBIE MO
XOJIbI pearn30BaHbl B mporpamMmmuoM komrmiekce (1K)
Midas GTS NX [15-17].

PaccmarpuBaemast 3ajaqa penraeTcss METOIOM KO-
HeuHbIX 21eMeHToB B [IK Midas GTS NX ¢ ucmons3o-
BaHMEM Kputepus paspyuenus Kymona — Mopa [10, 18].
Kpurepuit Kynona — Mopa:

T=0 - tan(p) + ¢

<o Lo
CeKkuna Kpenwu
4 ZYT 6500/10/21D

OTJIMYAETCsI CBOCH IMPOCTOTON M MOXKET pacCMaTpUBAThCS
KaK MpUOTIKEHUE MTEPBOTO TOPSIKA K PEaTbHOMY OITH-
CaHUIO Me(OPMAIIIOHHBIX TIPOIIECCOB B MACCHBE TOPHBIX
nopoz. Tako 1Moxoa MO3BOJSET AaTh JOCTATOUYHO pea-
JIMCTUYHOE NPE/ICTaBICHHE O XapaKTepe pactpeeIeHHs
HCKOMBIX MTApaMETPOB, B TOM YHUCIIC TIPH CI0KHOM T'e0-
JIOTHIECKOM CTPOCHUH MacCHBA.

OOmmit BU pacyeTHOH CXeMBI yUacTKa yIernopoi-
HOTO MaccHBa, BKIIFOYAIOIIEr0 TOpHbIE BHIPAOOTKH, 110-
Ka3aH Ha puc. 3.

[IpencraBnenHas Ha puc. 3 pacdeTHas cCXema CO-
CTOUT M3 ABYX CJIOEB BMEINAIOMINX MOPOJ, 00IIas To-
IIMHA KOTOPBIX MpuHUMaeTcs paBHor 0,9L = 137 m [3],
rae L — nnvHa NaBbl. JaBlIeHUE BBIICICKAIIAX TOPOJT
YUHUTBIBACTCS ITyTeM 3aJaHUS HArPy3KH HA BEPXHIOKO
rpanuiy moznenu [19]. Ilpu sTom yyacTok Mopenupye-
MOTO BbIEMOYHOTO cTonba L, = 200 m. OOmas BeicoTa
mozenu i = 144 M. PacniosioxxeHue OKOHTYpPHBAIOIINX
BBICMOYHBIN YYaCTOK ITOITOTOBHUTEIHHBIX BHIPAOOTOK
1 UX KpEIUICHHE COOTBETCTBYIOT HATYPHBIM YCIIOBHSIM.
BeHTHIS1IOHHBIH OpeMcOepr B IPOLIeCCe MPOABHKEHHS
3a00s morarraercs. KonpeliepHslit OpeMcOepr momiep-
JKUBACTCS M ICTIONIB3YETCS ISl IPOBETPUBAHUS ICHCTBY-
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Puc. 3. O6mwuit Bux pacyeTHO# cxeMbl: | — BEHTWIISALINOH-
HBII OpemcOepr; 2 — KoHBeHepHbIiT OpemcOepr

Fig. 3. General view of the calculation scheme: 1 — ventila-
tion bremsberg; 2 — conveyor bremsberg

IOILIEH JIaBbI U B KAYECTBE BEHTHIISILIMOHHOTO Opemcoepra
TIpu OTpabOTKE CIIETYIOICH JIaBHI.

Taou. 1. CoiicTBa mopox

Table 1. Properties of rocks

YrnenopoaHelii MacCUB paccMaTpUBAETCs KaK He-
OJTHOPOJAHBIM, U30TPOIHBIN (B Tpenenax OTACIbHBIX
HOPOIHBIX CJIOEB U IIACTOB) M HEJIMHEHHO Ae(OpMUpY-
eMbIif. 3HAYCHUS UCIONIB3YEMBIX B pacueTax aedopma-
IIMOHHO-TIPOYHOCTHBIX XapaKTEPUCTHK PA3INIHBIX KOM-
MIOHEHTOB PacCMaTPUBAEMOM Fe€0TEXHUUECKOI CUCTEMBI
TIpUBE/ICHHI B Ta0II. 1.

YuuThIBas TEXHOJIOTHIO OTPabOTKH TuiacTa «Yer-
BepThIi» maxTel «Komcomonsckas» AO «Bopkyra-
YIOJb», PAaCCMOTPEHBI CIEAYIOIIHUE 3Tanbl MOJCIH-
posanus H/IC ymienopomgHoro maccuBa B Ipoliecce
9KCIUTyaTalluy MOATOTOBUTEIBLHON TOPHOIl BHIPAOOTKH
(Mozenpb enuTesl Ha pacdeTHbIC OJIOKH, KasKAbIA diie-
MEHT TEXHOJOTHYCCKOW CXEMBbI SABIAETCS OJIOKOM, T.C.
nox BKJIL. n BBIKJI. noapasymeBaercs noOaBieHue
U MCKITFoYeHHe OJoka 13 pacyera) (Tadu. 2):

* S.0 (IS — initial stage) — 3amganue uHMOPMAIHH,
XapaKTepU3YIOLIEH YCIIOBUS 3aJIeraHusl, CBOIICTBA HEHA-
PYLIEHHOTO HEOJHOPOIHOIO MAacCHBa FOPHBIX IOPOJ;

[TnotHOCTB Monysts Koappunument Cuemnenne C, | Yros BHyTpEHHETO
Marepuain 5 YIPYTOCTH, 5 o
p, KI/M ITyaccona, v - 10 klla TpeHus @,
E, TTla
Ocrabnenbie 2200 1 250 1000 25
APTUIITATHL
[lecuanuk 2600 14 200 6500 50
Vromnb 1340 2 200 2600 50

TabJu. 2. Oraner monenupoanusg H/IC yrmenopogHoro Maccupa B IpoLecce HKCIUTyaTallud MOATOTOBUTENIBHON TOpHON

BBIPaOOTKH

Table 2. Stages of modeling the stress-strain state of a coal rock massif during the operation of a preparatory mine working

Orarnsl pacuera
Haszpanue snemenrta
S.0 S.1 S.2 S3 S.22
VYronb BKIJL - - - - -
Bwmemaromas mopoaa BKIJL - - - - -
Konsetieprsrit 6pemcoepr BKIJL - BBIKIJL - - -
Bentmsmmonnstii 6pemcoepr BKIJL - BBIKJI. 1-20| BKIL 1 BKIJIL. 20
KownseliepHsIit OpemcOepr apouHast Kpernb BBIKIJL. - BKIJL - - -
Bentmsimonnsiii 6pemcoepr apounast kpens | BBIKJT. - BKJI. 1-20 | BBIKIJL 1 BBIKIJI. 20
Kouseiiepusii 6pemcoepr ankepHas kpernb | BBIKJL. - BKIJL - - -
BeHT“MHHOHH"‘EpiII’IiM°6epr AMKEPHAT | BIKJL. - BKJL 1-20 | BBIKIL 1 BBIKJL. 20
Kocrep BBIKJI - - BKIJL 1 - BKII. 20
3aboit* BKIL - - - - -
Harpyska** BKIJL - - - - -
['pannunble ycaoBus BKJL - - - - -
3amena*** - - - BKIJI. 1 BKIJIL. 20

umedaHue. — -MCTPOBBIC PACUCTHBIC OJIOKH, OTOOpaXKAIOMIUC IIPOABUIKCHUC JIABBI, — 3aJIaHUEC HArpy3Ku OT BbI-
IIp * 10 6 6 xx y

IIeNIeXAIUX TOPOJ K BEpXHEeH IpaHHIe MOJIENH, a Takke aTMoc(epHoro naBieHus; *** — p3MeHeHHe CBOMCTB pacieTHOTO

OsioKa B MOJEJIN C IPOABUKCHUEM JIABBI.
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* S.1 — obGnysenue nedopmariyii MacCUBa, HE IO
BEP)KEHHOTO TEXHOTCHHOMY BIIMSHHIO (0Os3aTenbHast
nporeaypa i nanaoro 110);

» S.2 — B MaccuBe TpoiiieHa TTOATOTOBUTEIbHAS
BEIpabOTKa (KOHBEeHepHBI Opemcoepr), 3aKperuieHHAs
ApOYHON KpPEeNbio (pa3Mephl CEUSHUsI 1 CIIOCO0 Kperuie-
HHSI COOTBETCTBYIOT IIPOEKTY);

e S.3-22 — Moaenupyercs nepeMeleHue OUnCT-
Horo 3a60s. [lepememenue 32605 MopeIHpyeTCs Iy-
TEM 3aMEHbI CBOICTB, IPOHICHHBIX OYUCTHBIM 3a00eM
0110K0B MaccuBa (0ciabiIeHHbIe aprHUIUTHL B Ta0M. 1).
B niporiecce MozpenupoBaHus MpeaycMOTPEH IUKIT TeX-
HOJIOTHYECKHUX OTepaLiii OT yCTAaHOBKU KPEIH yCUIICHHS
OCHOBHO# KpenH B KOHBeliepHOM OpemcOepre BHE 30HbI
BJIMSIHUS JIaBbI 10 YCHJICHUS] OCHOBHOM KpEIu 3a JIaBoii,
TIPOU3BONTCS ITyTEM YCTAHOBKH «KOCTPOBY.

PE3VJIBTATHBI HCCIEJOBAHUA

Ha puc. 4 nmpencraBieHs TPOCTPaHCTBEHHBIC pac-
TIpeNIeNICHNST PE3yIBTUPYIOMNX IeOpMaIliii paccMaTpH-
BaeMOI reOMeXaHMYECKOM CUCTEMBI, MOTyYEHHBIE B XO/IE

| 1.0%
%
[ &0 = 0,94m
Emin = Om

MOJIETUPOBAHNUS M COOTBETCTBYIOIINE BBIIICHIEPEUHC-
JICHHBIM 3TaraM OTPadOTKH yTOIBHOTO IUIACTA.

Jnst mprMEHEHUsI TOTyYeHHBIX Pe3yJIbTaToB ¢ Iie-
JBEO pa3pabOTKU HHKEHEPHBIX PeIeHHH 1o Oe3aBapHuii-
HOH SKCILTyaTallud MOBTOPHO HCHONb3YEMOIl TOpHOM
BBIPAOOTKH B TEUCHHE BCETO CPOKA CITY>KOBI HEOOXOMMO
BBIJICTINTH BEPTHKAIBHBIE U TOPU30HTANIBHBIE AedopMa-
un. Ha puc. 5 npuBesieH puHAIBHBIN 3Tar MOJIEINPOBa-
HUSI TEOMEXaHNYECKOTO COCTOSTHHS NCCIIEAYEMOTO Mac-
CHBa TFOPHBIX ITOPOJ B 30HE BIMSHHS OYHCTHOTO 320051
W TIPEJICTABIICHO PacIipe/Ie/ieHHe YKa3aHHBIX COCTaBIIS-
I0IUX AeopMaluil MacCuBa, BMELIAIONIEr0 IOBTOPHO
UCIIOJIb3YEMYIO MOATOTOBUTEIBHYIO BEIPAOOTKY, 3aKpe-
TUICHHYIO OCHOBHOW KPETIbIO M Kpenblo ycuiieHus. [lo-
JIy4eHHBIE 3HAYCHUsI BEPTUKAIBHBIX U TOPU3OHTAIBHBIX
Jgeopmanuii MO3BOJISIOT OLEHUTh COOTBETCTBUE TIPH-
MEHSIEMBIX CITIOCOOOB KPEIUICHUSI 1 OXPaHbl BEIPAOOTKH

TpeGOBaHUSIM 00ECTICUCHHUSI PACIETHOTO CEUCHHSI TOPHO#
BBIPA0OTKH PaCcUETHBIM IT0KA3aTeNIsIM U MOTYT OBITh HC-
MOJIb30BAHBI ISl OIICHKH 3((EKTUBHOCTH PUHUMAC-
MBIX pELICHUH.

Emax = 0,94 m
Emin = 0m

Emax = 1,11 m

Emin = 0m
Puc. 4. PesynsTupyronue iepopMaIiin MaccuBa, TOJTyCHHBIE HA KAXKIOM dTarle MOJICTUPOBAHNS: € — MaKCHMAJbHOE 3Ha-
4eHue nedopmanum, M; € . — MUHAMATBHOE 3HAYCHHUE JIe(popMaIin, M
Fig. 4. The resulting deformations of the array obtained at each stage of the simulation: ¢ _— the maximum value of deforma-
tion, m; £ . — the minimum value of deformation, m

‘min

75

(GG) | HOAUITG "Gl NOJ ioeuesranttsuken



rarITONLCTBS: T 15, BhINYCK 1(55)

H.B. Slzenb, .M. 3akopwmeHHbIU, U.J1. XapumoHos, A.U. BnoxuH

Emar = 0,42 m
Emin = 0,18 m

Emax = 0,60 m
Emin = 0,71 m

Emin = —0,98 m

Puc. 5. Pactipenencuue nedopMariuii: @ — BEpTUKAIBHBIC e(OPMAIIUU B TIPEeIaX OYUCTHOTO 3a00s; b — TOpU30HTAIbHBIC
nedopManuy B Ipejenax O4uCTHOTO 3a005; ¢ — BepTHKANbHBIC 1e(hOpMaIMU BOKPYT BEIPaOOTKY, 3aKpEIJICHHOH apodyHOn
KpeIbio; d — TOpU30HTaJIbHBIE Ae()OpMali BOKPYT BEIPAOOTKH, 3aKPEINICHHOH apOvHOil Kpembio

Fig. 5. Distribution of deformations: ¢ — vertical deformations within the miming face; b — horizontal deformations within
the mining face; ¢ — vertical deformations around the workings with a fixed arch support; d — horizontal deformations around

the workings with a fixed arch support

3AKJTIOYEHHUE U OBCYXJIEHHUE

JLJ1s OLICHKH TOCTOBEPHOCTH PE3YJIBTATOB MOJCIIH-
POBaHUs POBEJICHO CPABHEHUE C MHCTPYMEHTAIbHBIMH
3aMepaMu U3MEHCHUH T€OMETPUUCCKIX MMapaMeTPOB ce-
YEHHUsI, BBITOJIHEHHBIMH 110 JUTMHE BbIpaOoTku Ha N = 11
M3MEPHUTEIBHBIX CTaHIUsX (TrKeTax). [Iman paccmarpu-
BaeMOT0 BBIEMOYHOTO y4acTKa C PacIoIOKEHHEM Ipa-
HUYHBIX IAKETOB B KOHTPOJIHPYEMOI BRIPAOOTKE Mpe/-
CTaBJIeH Ha puc. 6.

Ha puc. 7 npexncrapiieHbl 3Ha4€HUs 1apaMeTPOB,
XapaKTepHU3YIOLINX ceueHNe BhIpaOOTKH (H — BBICOTA;
L — mmpuHa) HOBTOPHO MCHOJIB3yEMOr0 KOHBEHEPHOTro
O6pemcoOepra Ha 13.01.2023 1 20.04.2023 cooTBETCTBEH-
Ho. To ecTb MKeT 1 COOTBETCTBYET Havay JABHKECHHS
320051, a MUKET 11 3aBepIIeHUI0 OTPA0OTKH BBIEMOYHOIO
cronba. [Ipu cpaBHEHNH PE3yIITAaTOB 3aMEPOB C PE3YITh-
TaTaMu MOJIEIMPOBAHUS UCKIIIOUEHBI JAHHBIE N3Mepe-
HUH B 30HaX HapyIIEHHOCTH TOpHBIX mopo [20].

@ .

Hanpaenenve aBwxenus 3abos

Nunua ocmanobru abe

[uger Ne MukeT Ne11

I
o s ..
[ e L A - e

Puc. 6. [lnan BoIeMOYHOTO ydacTKa € paCloJIOKCHUEM I'PAHUYHBIX ITUKETOB B KOHTpOJIpreMOfI BLIpa6OTKe

Fig. 6. The plan of the excavation site with the location of the boundary pickets in the controlled workings
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Puc. 7. Pe3ynsrarel HHCTPYMEHTAJIBHBIX U3MEPEHHI IeOMETPHIESCKUX TapaMeTPOB FOPHOIT BEIPAOOTKH: @ — N3MEHEHHUE BbI-
coTbl H BEIpabOTKN; b — n3MeHeHue mupHuHsl L Beipadotky; 1 — Ha 13.01.2023; 2 — 20.04.2023

Fig. 7. Results of instrumental measurements of geometric parameters of the mine: @ — change in height H of the mine; b —
change in width L of the mine; 1 — on 01/13/2023; 2 — 04/20/2023

Taba. 3. CpaBrenne nedopmanuit

Table 3. Comparison of deformations

T'eomerpuueckuit 3Hauenus peopManuii Ha OCHOBE 3HavyeHus gedopMaliii Ha OCHOBE
rapamerp HHCTPYMEHTAJIBHBIX H3MEPEHUI, M MOJICITIPOBAHUS, M
Hlupuna L 0,13 0,11
Bricora H 0,16 0,14

CpaBHEHHE pe3yNbTaToOB HATYPHBIX UCCIIETOBAHUN
13.01.2023 u 20.04.2023 u MopenupoBaHUs COOTBET-
CTBEHHO MOKa3aHo B Tabiu. 3. 3HaueHus aedopmanuii,
MOJTYYEHHBIX HHCTPYMEHTAJIBHBIM CIIOCOOOM, OTpesie-
JSUTHCH KaK pa3HUIlAa 3HAYCHUH TeOMETPHUYECKOTO rapa-
Merpa (IIMPUHBI L WK BBICOTHI /) BBIPAOOTKH sl pac-
CMaTpUBAaEMOTO BPEeMEHHOTO WHTepBaja. B Tabm. 3
NIPE/ICTaBIICHBI 3HAYEHUs 1e(hOopMaIuii CeueHHs BbIpa-
60TKH, cooTBeTcTBYIOmME nukety N = 11. [lnga cpas-
HEHHUS C JaHHBIMH HMHCTPYMEHTAIBHBIX M3MEPEHUH
UCTIOJIb30BaHbl 3HaUEHUs JaedopMannii, NOITy4eHHbIC
Ha (pUHAJIBHOM JTare MOJCIMPOBAHKS HA IPaHUIIE Pac-
4YeTHOH 00JIaCTH, KOTOPAast COOTBETCTBYeT mukety N = 11.

Kak BuiHO 13 Tabi. 3, Mo BepTHKAIN OTKIOHEHHE
3HaYeHUWil neopmanun He npebimiaet 13 %, mno ropu-
3oHTAIN — 15 %. Taknm 006pazom, MoTydeHHbIE Pe3yIlb-
TaThl MOKA3bIBAIOT YAOBJICTBOPUTEIBHYIO CXOIMMOCTh
PE3yJIbTaTOB MOJICIIMPOBAHMUS C HATYPHBIMU HCCIIEIOBA-
HUSAMH.

B 3axirouenre oTMETHM cIeayroliee:

1. Ilpu orpaboTKe IIACTOB, MOLTHOCTh KOTOPBIX
HE MO3BOJISIET OCYIIECTBUTH (POPMUPOBAHUE TOATOTO-
BUTEJIBHBIX BBHIPA0OTOK 0€3 MpHceyKr OOKOBBIX OO,

11e51ec000pa3HO MPUMEHATh TEXHOJIOTHYECKHE CXEMBI
0TpabOTKH 3aI1acoB BHIEMOYHOT'O y4acTKa C MOBTOPHBIM
HCII0JIB30BaAHUEM T'OPHBIX BLIpaGOTOK.

2. IlpumeHeHre MOAENIUPOBAHMS JUIsl OLIEHKH Jie-
(hopmaryii TOBTOPHO HCIIOIB3YEMOH BBIPAOOTKH JaeT
BO3MOXXHOCTH Ha CTaAWU NPOCKTUPOBAHUA ITPpOAHATIN-
3MPOBaTh N3MEHEHHE TEOMEXaHUIECKOTO COCTOSIHUS BbI-
pabOTKM Ha BCeM IMKIIE €€ PyHKIIMOHMPOBAHHS, YTO MO-
3BOJISIET COKPATUTH 3aTPaThl MATEPUAIBLHBIX U TPYIOBBIX
pecypcos.

3. JIns OLIEHKH JJOCTOBEPHOCTH PE3YNBTATOB MOJIE-
JIMPOBAaHUA BBITIOJTHEHO CPAaBHCHHUE C MHCTPYMCEHTAJIb-
HBIMH 3aMepaMu Ae(OopMaliil B TIOBTOPHO HCIONB3Y-
€MOH BBIpAaOOTKe, MMOJyYCHHBIC PE3YNbTaThl IIOKa3aln
YAOBJICTBOPUTEIBHYIO CXOAMMOCTb PE3YJIBTaTOB.

4. Pe3ynbTaThl UCCIIENOBAHUS EMOHCTPHUPYIOT,
YTO MPEAIOKEHHAs TeOMEXaHNYeCcKask MOJICNIb MacCH-
Ba TOPHBIX MOPOJ B MOJHOM Mepe OTpakaeT OCHOBHBIC
0COOEHHOCTH €r0 CTPOSHHS U U3MEHEHHS KOHTYpa 10/~
TOTOBUTEJIBHON TOPHOH BBIPAOOTKH B IPOIIECCE €€ IKC-
TUTyaTaly U MOXKET ObITh IPUMEHEHA JUTsl OLIEHKH d(-
(heKTUBHOCTH Pa3IUYHBIX CIIOCOOOB €€ MOIACPKAHUS
TIPY TTOBTOPHOM HCIIOIb30BaHHH.
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AHHOTALUMUA

BeepeHue. Mpy KOMMPECCUMOHHBIX UCMbITAHUSIX TOpda U 3aTOPGOBaHHBIX TPYHTOB, NMPOAOIHKUTENBHOCTb KOTOPbIX MOXKET
[OCTUraTb HECKOJbKMX MECSILIEB, Ha KOHTaKTe Mexay GOKOBOWM NOBEPXHOCTHI0 0bpasua U MeTaniMyeckmm KonbLIOM BO3HM-
KalT CUmMbl TPEHWS, OKa3blBatOLLME CYLLECTBEHHOE BMUSIHWE Ha pe3yrbTaThl M3MepeHuii. PaspaboTaH ogoMeTp, No3Borsito-
LLIMIA NMOBBLICUTbL JOCTOBEPHOCTb PE3ySILTaToB NabopaTOPHbLIX UCMbITAHWUI 3a CYET ONpeaeneHnst XapakTEPUCTUK CKUMaEMO-
CTU C Y4ETOM yKa3aHHOro chakTopa.

MaTepuanbl u metogbl. [pnGoOp BLINOSHEH C NPUMEHEHWEM aaaUTUBHOW TexHomorun Ha 3D-npuHTepe, U3 MeTanna us-
rOTOBMEHO TOMbKO KOMbLO AN obpasua. Anametp obpasua 8,6 cm, ucxogHas Beicota 3 unu 5 cm. Mocne crabunusaumm
nedopmaunii B OCHoBaHMM Npubopa 0cBoGOXAAETCS NMOMOCTb U Ha NOpLUEHb NPUKIaabiBAeTCs MOHOTOHHO BO3pacTatoLLast
Harpyska [0 MOMEHTa «CpbiBa» MO KOHTaKTy GOKOBOW MOBEPXHOCTM C KoJbLOM. [pu 3TOM ¢ nomolblo 60nToB npensa-
puTENbHO NpefoTBpaLLaeTcs pasynnoTHeHe obpasua. ViccnenoBaHHbIN Topd MMeEN crieaytolye CBOMCTBA: MIOTHOCTb
0,98-1,02 r/cm®, BnaxkHocTb 861-930 %, koadbcpuumeHT nopuctoctn 11,8—-14,2, cteneHb pasnoxexHus 40-45 %. Wcnbita-
HVS NPOBOAMNMCH NpW Harpyske Ha obpasew, 50 n 100 klMa.

Pe3ynbratbl. VIcnbiTaHnsi nokasanu, YTo Ha NpeofonieHne cun TpeHust yxoguno o 15-20 % oT npunoxxeHHoW k obpasLy
Harpysku. OToT hakTop CreayeT yuynTbiBaTb NPY pacyeTe XapaKTEPUCTUK CKUMAEMOCTMU, KOPPEKTMPYS 3HAYEHME Hanpsike-
HWI B 0Opasue.

BbiBogbl. [TpermyLLEecTBOM NpeacTaBieHHOro OAOMETPa SBMSETCA ONpeaeneHne XapakTepUCTUK CKMMaeMOCTU, BKITOYast
KO3 (PULMEHT KOHCONUZALMU, C Y4ETOM MOTrPELLUHOCTY U3MEPEHWI, BO3HUKAIOLLIEN 13-3a CUIM TPEHUS Ha KOHTakTe obpasua
C KOJbLIOM. M3roToBrneHmne reoTexHmyecknx npubopos Ha 3D-NpuHTepe AaeT BO3MOXHOCTb CyLLECTBEHHO COKpaTWUTL 3aTpa-
Tbl BPEMEHU U CPEACTB, obreryaeT 4opaboTKy KOHCTPYKLMM B XOAE UCTIbITaHWI, a Takke YNpoLLaeT U3roTOBIIEHME 3anacHbIX
netanen.

KIMKOYEBBIE CITOBA: ogomeTp, kKoHCONMaauums, MPUCTEHHOE TpeHue, Topdd, XapakTepUCTUKN CxmnmaemocTn, 3D-npuHTep

BbrnazodapHocmu. ViccnegoBaHue BbINOMHEHO 3a cYeT rpaHTa Poccuiickoro HaydHoro dpoHaa Ne 22-19-20026 (URL: https:/
rscf.ru/project/22-19-20026/).

onAa UWMTUPOBAHUA: MeaxHosa I.1O., KopwyHos A.A., Heesopos A.J1. OgomeTp Ans ucnbiTaHuii Topda u 3atopdo-
BaHHbIX rpyHTOB // CTpouTenbCTBO: Hayka u obpasoBaHue. 2025. T. 15. Bein. 1. Ct. 8. URL: http://nso-journal.ru. DOI:
10.22227/2305-5502.2025.1.8
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Oedometer for laboratory test of peat and peaty soil

Galina Yu. Ivakhnova, Alexey A. Korshunov, Alexander L. Nevzorov
Northern (Arctic) Federal University named after M.V. Lomonosov (NArFU),; Arkhangelsk, Russian Federation

ABSTRACT

Introduction. Friction forces have a significant impact on results of the long-time compression tests of peat and peaty
soils. Forces occur at the contact between the lateral surface of the sample and the metal ring during compression tests.
The authors have developed an oedometer that allows to increase the reliability of laboratory test results by determining
the compressibility characteristics taking friction impact into account.

Materials and methods. The oedometer was made by plastic additive manufacturing except for bronze ring. The diameter
of the sample is 8.6 cm and the initial height of the sample is 3 or 5 cm. After stabilization of deformations void in the base
of the odometer is released and a monotonically increasing load was applied to the upper part of the sample until the “break-
down” at the contact between the lateral surface of the peat sample and the ring. At the same time loosening of the sample
was prevented by keeping samples with bolts. The studied peat had the following properties: density 0.98—1.02 g/cm?, water
content 861-930 %, void ratio 11.8—14.2, decomposition degree 40—45 %. The tests were carried out at vertical stresses
equal to 50 and 100 kPa respectively.

Results. Tests showed that up to 15-20 % of the load applied to the sample is required to overcome friction forces. This
phenomenon should be taken into account in determining compressibility characteristics by adjusting the current load
on the sample.
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Conclusions. The advantage of the oedometer is the determination of compressibility characteristics including compres-
sion index taking into account the measurement error occurring from the friction forces at the contact of the sample with
the ring. The manufacture of geotechnical devices by 3D printing is non-cost and time-consuming. This also makes it easier
to modify the design during testing and simplifies the manufacture of spare parts.

KEYWORDS: oedometer, consolidation, sidewall friction, peat, compressibility, deformation characteristics, 3D printing
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BBEJIEHHUE

B xome KOMIIPECCHOHHBIX HCHBITAaHUU TOpda
n 3aTop(OBaHHBIX T'PYHTOB, MPOAOIKUTEIHLHOCTH
KOTOPBIX MOXET JOCTHUTraTh HECKOJIbKHX MECSIIEB,
Ha KOHTaKTe MEXIy OOKOBOHM MOBEPXHOCTHIO 00pasia
U METAJUTMYECKUM KOJIBIIOM BO3HHKAIOT CHJIBI TPEHUS,
OKa3bIBAIOINE CYIICCTBEHHOE BIMSHNAC Ha PE3YJbTaThl
SKCTICPUMEHTOB [ 1]. 3ameTnm, 9TO 3aBHCHMOCTD TPEHHS
OT MPOJOJDKUTENLHOCTH MCIIBITAHUI BBISIBIICHA U Y TIIU-
HUCTBIX TPYHTOB [2]. JIJisi CHUKEHUS MOTPEIIHOCTH U3~
MEpEeHHH OrpaHIYHMBAIOT BBICOTY 00pasIa, HCXOIs U3 yC-
J0BUsl OOECTIEUEHHUS] OTHOIICHHSI TUaMETpa K BBICOTE
ot 2,5-2,8 1o 4 u naxke 1o 6 [3-6]. OnHaKo u3-3a HEOTHO-
POIHOCTH yKa3aHHBIX I'PYHTOB M, B YACTHOCTH, HAJINYHS
B HUX KPYITHBIX PacTUTEJIFHBIX OCTATKOB OTPAaHUYCHHE
BBICOTBI BEZIET K CHIKEHHIO JIOCTOBEPHOCTH OPEACIICHHS
XapaKTepUCTUK CKMMAEMOCTH, a YBEIMUYCHUE UX Jina-
MeTpa — K pOCTY 3aTpar Ha IPOXOJIKY CKBayKHH.

YactnaHo CHU3UTD 3P(EKT TPEeHHs O3BOIISCT Ha-
HECCHHE Ha ITOBEPXHOCTbH KOJIbIAa BCEBO3MOXHBIX I10-
KpbITHIA, yacTo MHOTOCHONHBIX [7]. P.K. Kolay, nposems
HKCIEPUMEHTBI CO CTaHIAPTHBIMU OJIOMETPaMH 1 OJIOMe-
Tpamu C TE(IIOHOBBIM TTOKPBITHEM, TTOIYIHIT K0P HH-
IIUEHTHI JUI1 KOPPEKTUPOBKH PE3YIbTATOB MCIIBITAHUN
B nepBbIX U3 HuX [8]. Criocod 00pabOTKH JaHHBIX UCIIbI-
TaHUH «BBICOKHX» 00Pa3IOB C yYETOM BIMSHUS TPEHHS
obuT IpeyTokeH J. Lovisa ¢ coasr. [9].

[Iupokoe pacmpocTpaHEHHUE MOIYYHIN OJ0Me-
TPBI C TaK Ha3bIBAEMBIMH «IUIABAIOIIUMM» KOJIbLIAMH,
HE UMEIOLIMMH JKECTKOTO COCIMHEHHS C IPYTHMH Jie-
TaJsIMU TIPUOOPA U TIO3BOJISAIOMIMMHA CHU3UTH 3D dekt
tperus [10, 11]. s u3MepeHus CHilbl TPEHHUS «I1TaBa-
I0I1Iee» KOJIBLIO MOXKET MOBEIINBATHCS K IMHAMOMETPY
[12]. [Tpu 5TOM CrieayeT UMETh B BUALY, UTO CHJIBI TPEHUS
pacrpenessitoTes 1Mo BBICOTE KOJIbI]a HEPAaBHOMEPHO,
YTO BEZIET K HEPAaBHOMEPHOMY /1€(OPMHUPOBAHHIO 10 BBI-
cote obpasia [13]. 1ot addekT oreHUBAICS TyTEM H3-
YUEHHSI MUKPOCTPYKTYPBI Pa3iIMuHbIX yacTeil oOpasna
C TIOMOIIBIO CKAaHUPYIOLIETO 3JIEKTPOHHOTO MUKPOCKO-
Ia 10CJIe 3aBEPIICHUS] KOMIIPECCUOHHBIX MCIBITAHUN
WK OTpENeIeHneM OTIMYUN B BOJOIPOHHUIIAEMOCTH
[14, 15].

W3BecTHBI 0IOMETPHI C HEMPSMBIM N3MEPEHUEM CHIT
TPEHUS MEXKIY 00pa3oM U 000HMOii, B KOTOPHIX BEIHU-
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YUHY TPEHHUs OILICHUBAIOT MO Pa3HUIIE YCUIIHH, MPUIIO-
JKEHHBIX K LITaMITy ¥ Mepe/IaloInXcsl Ha pa3MeIeHHbIH
ioxt 00pa3oM rephoprupOBaHHBIHN BKIABIII. Yarie Bcero
BKJIQ IBIII TT0]] 0OPA3IOM TIPECTABISET COOON MOABIIK-
HBIM IITaMII, ONUPAIOIIUICS Ha CUIOU3MEPUTEIbHbBIN
naruvk [6, 16-19]. B mpubope B.U. Kpyrosa u npyrux
BKJIQ/IBIII BBITTOJHEH B BHJIC MEMOpPAHBI C TEH30PE3UCTO-
pamu [20].

ABTOpamMu pa3pabOTaH OIOMETP, MO3BOJISIONIHI
MOBBICUTD JIOCTOBEPHOCTH PE3yJIBTaTOB KOMIIPECCHOH-
HBIX HMCIIBITAaHUH TOPHOB M 3aTOP(POBAHHBIX I'PYHTOB
3a CUeT ONPEJENICHUs XapaKTEPUCTUK CXKMMAEMOCTU
C YYeTOM TpeHHsI Ha OOKOBOM TOBEPXHOCTH 00pa3ma.

MATEPHWAJIBI U METO/JAbI

IIpubop comepxkur kopmnyc 1 ¢ nepdopupoBan-
HBIM BKJIQJIBIIIEM 2 H KOJIBIIEBOM MpOpe3bio 3, pabouce
KOJIbLIO 4, OTIOPHYIO [UIACTUHY 5, KPBILIKY 6, CIYKaLLYIO
JUTSL TIepefaddl Harpy3Kd Ha IITamIl OT 3arpy304HOTO
MPUCTIOCOOIICHNSI, OB NepPOPUPOBAHHBIN IITAMIT 7
1 32KUMHOH XoMyT 8 (puc. 1). Bontsl 9 npenoTBparnarot
PasyIuIOTHEHUE 00pa3Lia Py CHATHH HAaTrPy3KH CO IITaM-
na. [Tpubop momeraeTcst B Harpy309HyI0 paMy, 9acThIO
KOTOpoOi# siBisieTcs narank nepemerienns 10. Korcrpyk-
1St PUOOPA 3aIlHUIICHA TATCHTOM Ha n3ooperenue [21].

[TpuOop M3roTOBNIEH C NPUMEHEHNEM a/JITUTHBHBIX
TEXHOJIOTMH ITyTeM ITOCIIOHHOTO HAIUIABIICHHS TTACTHKO-
Boit Hutr Ha 3D-nprHTepe Flashforge Adventurer 4 (puc. 2).
[TpunTep obecreurBacT BOZMOYKHOCTh H3TOTOBIICHHUS JIe-
Tainei ¢ pazmepamu 200 x 200 x 250 MM co cpeaHei cko-
pocteto ot 10 mo 100 MM/c, Ipr 5TOM TOYHOCTb IEYaATH
neraneit cocrasiusier 10 +0,1 mm. B kauecTBe KOHCTpYK-
IIIOHHOTO MaTepHaa U3eI s UCTIOIb30BaJICs OIUITH-
neHTepeTaIaT-IMKoIb. 111 o0ecredeHuns )KeCTKOCTH
9JIEMEHTOB MPUOOPA MIOTHOCTH 3aIOJHEHHS TUIACTHKOM
3agaBanack 60—75 % B 3aBUCUMOCTU OT Ha3HAYCHUsI Jie-
TaJ, a Hapy>XKHbIC CTCHKH JeTaJicl TONIIHON He MCHEe
1,5 MM BBITIOJTHSTUCEH CIUTONTHBIMA. [locie 3aBepreHus
3D-neyary geTaiu mpruoopa JOMOIHUTEIBHO ILTH(OBAIIH.

Komb110 4 BeIcoTO# 3 Wik 5 cM 1 iuameTpoM 8,6 cMm
W3TOTOBJIEHO U3 OPOH3BI, OONTHI 9 — W3 cTany.

PaboraeT omometp ciemyrontim obpazom. [Tome-
CTHUB 00paser rpyHTa B KOJBIO 4, coduparoT mpubdop
(puc. 3, a). bonTsl 9 cBOOOIHO MPOXOAAT Yepe3 OTBEP-



OAOMETP AAS UCTIbITAHMI TOPa M 3aTOPPOBAHHBIX [PYHTOB

C. 81-87

Puc. 1. KoHCTpyKIHs KOMIIPECCHOHHOTO nprdopa: 1 — kop-
yc; 2 — MOPUCTBINA BKJIAABIII; 3 — KOJbLEBAsl IPOPE3b;
4 — pabouee KOJbIO; 5 — onopHasl IIaCTUHA; 6 — KPBIII-
Ka; 7 — TOJIBIN [ITaMIT; § — 32)KHMHOU XOMYT; 9 — OOMNTBHI;
10 — paruuk nepeMenieHus

Fig. 1. Oedometer design: 1 — base; 2 — perforated disc;
3 — ring slot; 4 — bronze ring; 5 — supporting plate; 6 — cap;
7 — hollow loading plate; 8 — clamping bracket; 9 — bolts;
10 — displacement sensor

CTHS B OTIOPHOM IIacTHe 5 U Kpbiike 6. [aiiku He 3a-
TATUBAIOT BO M30ekaHuMe cxkaTus obOpasma. [Ipubop
pa3MelaT B HArpy304HOW pame U Yepe3 MITOK U IIeH-
TPUPYIOIMINH MAPHUK B KPBIIIKE 6 MEepeIaroT HATpy3Ky
Ha INTaMIT 7 ¥, U3MEPss 0CAIKY, IPOBOIAT HCIIBITAHHS.
W30bITOYHAs TOPOBast Biara 4yepes3 MOPUCThIN BKIIA/IBII 2

10

S

Puc. 2. Jletanu npubopa, u3rotoBieHHbie Ha 3D-npuHTEpe

Fig. 2. Parts manufactured by 3D printing

B Kopmyce | cTekaeT BHH3 B MOJIOCTD IO HUM U Yepes
nepdopanuio B THUMIC MITaMIIa MTOTaaeT B TOJIOCTh
HaJl HAM.

B skcnepuMeHTax HCMOIB30BAIMCH MOTHOCTBIO
aBTOMaTH3MpOBaHHBIE KoMILieKehl pupmbl GEOCOMP
Corporation, npejcrasisiomine co0oil Harpy3ouHble
pambl, OCHAIlIEHHBIE MEXaHU3MaMH Harpy>KeHUsI, JaT4u-
KaMU [IEpEMELICHUI U Harpy3KHu, yCTPOUCTBAMUA MUKDO-
MPOIIECCOPHOTO YTPABICHUS HCIBITAHUEM U COOpOM
MaHHBIX (puc. 4). JlaTauky mepeMerieHui BBITOTHSIOT
n3MepeHus B auana3zone ot 0 10 76 MM C TOUHOCTBIO
+0,001 MM. MakcumanbHOE yCUIIME Ha JAaTYUKU CUIIBI
cocrapiser 11 kH, rounocts m3mepennii 10 +0,025 xH.
Crienuaau3upoBaHHOE MPOrPaMMHOE 00eCTiedeHUe 00-
pabaThIBacT pe3ysIbTaThl U3MEPEHUH U (HOPMHUPYET Ma-
CIIOPT UCTIBITAHUH.

JoKIaBIvCh CTaOMIIM3AIINH OCAIKH, TPUCTYTIAIOT
KO BTOpO# yactu ucnblTanuid. [lpeaBapurensHo mpe-

=

\

\
N\
|

11

Puc. 3. Dranbl npoBeeHNUS UCIIBITAHUNA: ¢ — CTaHIAPTHBIC KOMIIPECCUOHHBIC UCTIBITAHUS; b — ONpPEACICHUE CUII TPCHUS;
obo3naueHus aeraneit 1-10 coBmagarT ¢ 0003HaAYCHUAMHE Ha puc. 1; 11 — omopHoe KoJIbIo

Fig. 3. Stages of testing: a — standard compression tests; b — determination of friction forces; the legend is corresponded to

description on Fig. 1; 11 — support ring
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Puc. 4. IIpubop B Harpy304HoOU pame

Fig. 4. The oedometer is under pressure

JIOTBPATHB Pa3yIUIOTHEHNE 00pasia BpalleHueM Iaek
Ha 6071Tax 9 710 KOHTAKTa C KPBIIIKOH 6, MPUITOAHIMAIOT
puOOp Ha BHICOTY, PABHYIO BBICOTE 00pasiia, i 3aBOIST
10J] OIIOPHYIO IIACTUHY 5 ONOPHOE KOJbLo 11.

[Tocrenenno yBenn4uBasi Harpy3Ky Ha LITamn 7,
JIOOMBAIOTCS €TO MEepeMEIIeHNs] BHU3 OMTOPHOH TIacTH-
HBI 5 BMecTe ¢ 00pasoM U KOPITyCOM | OTHOCHTENBHO
HEeTOJBIKHOTO paboyero xoibua 4. CyMMupys Bec Ha-
3BaHHBIX YacTel nprbopa, Bec odpasiia 1 3HaYCHHE [PH-
JIO)KEHHON Harpy3KH, HaXOAAT yCuine, Heo0Xoanmoe
JUIS IPEOJIONICHHST CHJT TPEHHST 00pasiia 1o IIOBEPXHOCTH
pabovero KoJblia.

IMocne xacanms xoprycoM | cTaHHHBI 0Opas3er] oKa-
3bIBAaeTCsl B MOJIOCTH 3 MO KoibloM (puc. 3, b). Buy-
TPEHHUIA THaMeTp 3TOM MOJIOCTH 3a/1at0T OOJIbIIIE BHY TPEH-
Hero amamerpa koibla 4. COOTHOIICHHE YKa3aHHBIX
JIMaMETPOB B 3aBHCUMOCTH OT HPOTPaMMBbI UCITBITAHUN
M3MEHSIOT IIyTEM 3aMeHbl feTanu 5. Eciau nponomkuTh
UCIIBITAHUS 00pa3Ia MPH NPEKHEH Harpys3Ke, TO 10 UX pe-
3yJibTaraM MyTeM YHCICHHOTO MOJICINPOBAHNUS HCITbITa-
HUI MOXHO TOTy4uTh Kod(durment [Tyaccona uccemy-
€MOT'0 TPyHTa.

WccnenoBanus BBHIMONHSUIM Ha oOpasnax topda
co creneHbio paznokerns 4045 %, oToOpaHHBIX Ha He-

OCBOCHHOM 00JIOTE€ B OKPECTHOCTSIX I. ApXaHIe/IbCKa.
Topd umern ciremyrolre NCXOHBIC CBOUCTBA: TNIOTHOCTh
0,98-1,02 r/em?, Bnaskuocts 861-930 %, kodddumment
nopuctoctu 11,8-14,2.

PE3YJIBTATHBI HCCJIEJOBAHUA

Kaxk ormeuanocs BbIle, KOMIIPECCHOHHBIE HCIIBITa-
HUSI TIPOBOIMITH TIPH Harpy3Kke Ha 00pa3is! 50 u 100 xI1a.
ITo 3aBepIIeHUN KOMIPECCHH MPUCTYTIIIN K OTIpesese-
HUIO CHJI TPCHUS Ha OOKOBOM MOBEPXHOCTH 00PA3IioB.

XapakTepHble TpaUKH 3aBUCUMOCTH CKOPOCTH
nepeMeIeHuss 00pas3IoB OT AABJICHMS IO IITaMIIOM
npescTaBiIeHsl Ha puc. 5. Ha rpadukax BeIIesioTes asa
y4acTKa: JIMHEHHBIN, OTpakaromuil nehopMupoBaHHe
MIPAKTUYECKH C IIOCTOSTHHOM CKOPOCTBIO, U HEJIMHENHBIN
C TIPOrPECCUPYIOLINM HAPACTAHUEM CKOPOCTH TEpeMe-
IICHUS. 3a HCKOMYIO BEJTMYUHY HMPUIOKCHHOTO yCUIINS
MIPUHUMAITH TIPOU3BE/ICHUE IaBJICHUS, COOTBETCTBYIOILIC-
TO MOMEHTY OTKJIOHEHHMsI rpauka OT JIMHEIHOMN 3aBHCH-
MOCTH, Ha IJIOIma b mrammna. [IpenensHoe conpoTrsiie-
HUE C/IBUTY HAaXOAWJIH JEJICHUEM CYMMBbI HaiJICHHOTO
YCHIIMSI ¢ BECOM YKa3aHHBIX BBINIE JAeTaleil mpubopa
Ha TUTOIIalb OOKOBOW MMOBEPXHOCTH 00paslia B MOMEHT
HCIBITAaHUM.

Pesysbrarsl ucnbITaHui 12 00pasiioB ¢ HCXOMHON
BBICOTOH 50 MM TMOKa3aiu, 4TO MPH KOMIIPECCUOHHOM
cxartuu nop Harpyskoil 50 kIla mpenenbHOE compo-
THUBJICHUE CJBUTI'Y Ha OOKOBOH IOBEPXHOCTH 00pasIoB
Topda B cpenaem cocrasuio 6,7 xlla, a mpu Harpyske
100 xITa— 16,0 xI1a. Ha npeononenue cui TpeHust yxo-
10 110 15-20 % ot npunoskeHHOH K 00pasily Harpy3Ku.
OTOT (hakTOp CrIeIyeT yUUTHIBATh IPU pacdeTe XapaKTe-
PHCTHK CKUMAEMOCTH, KOPPEKTUPYSI 3HAYCHUE TaBICHUS
T10J1 OPIIHEM.

[Ipubop maeT BO3MOXHOCTBH ONPEACNSTH ITY
cuty nudepeHIMpoBaHHO TI0 BBICOTE 00pasua, T.e.
M0 Mepe CMEIeHHs 00pa3iia OTHOCHTEIIFHO paboduero
Konblla. B ciyuae, ecitn Harpy3ka NpHKIIagbIBACTCS CTY-
MICHSAMH, BEJIMINHY TPEHUS, KOTOpAsl yCTaHABIMBACTCS
JIMILB P MAaKCUMaJIbHOM BEPTUKAIBHOM Harpyske, cie-
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Puc. 5. Kpussle ciBura npy «cpbise» 110 60KOBOH ITOBEPXHOCTH

Fig. 5. Stress/shear rate curve to failure on sample
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JlyeT CHMKaTh Ha Ka)KJOW CTYIIEHU IIPONOPLIUOHAIBHO
Harpyske.

S3AKJIIOYEHUE U OBCYXJEHUE

IIpeumyiiecTBOM MPECTABICHHOTO OIOMETPA 5B-
JIICTCSL OTPEICICHUE XapaKTePUCTHK CIKUMAECMOCTH,
BKITIO9Ast KOA(PPHUIMESHT KOHCONMUIAINH, C YIETOM II0-

TPEIIHOCTH U3MEPEHUH, BO3HUKAIONIEH U3-3a CHII Tpe-
HUS Ha KOHTaKTe 00pasiia ¢ KOJIbIIOM.

HsroroeneHne reoTexHUYECKUX MpruoopoB Ha 3D-
MPUHTEPE TO3BOJISIET CYIIECTBEHHO COKPATUTD 3aTPaThl
BPEMEHH M CPEICTB, o0erdaer JopadoTKy KOHCTPYKIUH
B XOJI€ UCTIBITAHUH, a TAKXKe YIPOIIAET U3TOTOBICHUE 3a-
MACHBIX JeTajeH.
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Pa3paborka HOBOM KOHCTPYKIMHU CTEHJA B BH/Ie F€OKYII0JIa
JJISl CTATHYECKHUX MCIIBITAHUHM IPYHTOB CBAsIMH
Harpyxenuem a0 1500 kH
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AHHOTALUMA

BBeaeHwue. NpoBeaeHne CTaTUYECKNX UCTILITAHWI TPYHTOB CBasiMU SBMSIeTCSA 0065i3aTenbHbIM YCMOBUEM A5 NPOEeKTUpoBa-
HUS1 cBaViHbIX (byHAameHToB. CyLecTBytoLMe CTeHAbl UMEIOT pPsf HEAOCTATKOB, MaBHbIE 13 KOTOPbIX 3aKMYaTCs B UC-
NosIb30BaHUM MACCUBHbIX KpYMHOrabapuTHbIX 3MIeMEHTOB AN CO34aHWsA rpy30BOI NNatdopMbl Y BbIMOMHEHUM MOHTaXHbIX
onepauui ¢ NpPMBMEYEHNEM TSXKENON rpy30noAbEMHON TEXHUKM, YTO NMPUBOAUT K 3HAYUTENbHOMY YBEMMYEHNIO CTOMMOCTM
1 NPOJOIHKUTENBHOCTU UCNbITAHWUIA. [ANA UCKIOYEHNS AaHHbIX HEAOCTaTKOB NpeanaraeTca pa3paboTaTb HOBbI TUM CTeHAa
Onsa ucnblTaHU B BuAe reokynona. Ero otnnymtensHas ocobeHHoCTb — cHopHO-pa3bopHas Ha 6oNTOBbIX COeANHEHUSIX
KOHCTPYKLMS, paboTatoLlast B OCHOBHOM Ha pacTArneaioLLme younus.

MaTepuanbl u metoabl. OcylLecTBMNEH CPaBHUTENbHBIN aHaNM3 OTEYECTBEHHbIX U 3apybexHbiX CTEHAOB, B TOM 4Yucne
no pe3ynbrataM NaTeHTHOro nomcka. FeomeTpuyecknini pacyeT BbIMOMHEH MO pe3ynbTaTtaM MKOCa3ApPUYEeCcKon anmnpokcnuma-
unn nonycdepsl ¢ ucnonb3oBaHnem Autodesk Inventor. CtaTudeckuii pacdeT NpousBefeH C MOMOLLbIO METOAA KOHEYHbIX
anemeHToB B STARK ES 2023.

Pe3ynbraThl. PaspabotaHa HoBas KOHCTPYKLMS CTEHAA B BUAE reoKyrnona Afs CTaTUYecKUX UCTbITaHWA PYHTOB CBasiMK Harpy-
»eHneMm 1o 1500 kH. Mo pesynsratam OnbITHO-NPOMbILLIEHHBIX UCTIbITAHWIA Aoka3aHa paboTocnocobHOCTL reokynona ans uc-
MbITaHUSi FPYHTOB CBasiMmn ¢ HarpyxeHnnem Ao 1500 kH. OnpeneneHbl ero rmaeHble NpenMyLLEeCTBa: NerkocTs — Npu CoOOCTBEH-
HOM Bece reokyrnorna He 6onee 15 kH MOXHO BbINOMHATL UCMbITAHNUS C HarpyxeHnem Ao 1500 kH; ckopocTe — Anst CoKpaLLeHust
CPOKOB NpoBeAeHNs paboT MOXHO BbIXOANUTb HA OBBLEKT MO UCTIbITAHUAM C HECKOMBbKUMY KOHCTPYKLIMSIMM FeOKYromnoB OfHOBpPe-
MeHHO. C Lienblo YCTaHOBIEHVS HECYLLIEN CMOCOBHOCTH aHKEePOB NPOU3BEAEHD! VX UCTIbITAHWS Ha BblAepruBatoLLyie HarpysKku.
BbiBoabl. Vicnonb3oBaHve reokynorna no3sonuT BbIMOMHUTE UCMbITaHWUSA C MakCcUMarnbHON 3EKTVBHOCTBIO MyTeM COoKpa-
LeHUs A0 75 % AONOMNHUTENMbHBIX (PUHAHCOBLIX 3aTPAT, B TOM YMCIIE 3@ CHET 3HA4YUTENbHOMO CHYDKEHUSI TPAHCMOPTHbLIX pac-
XOLO0B W UCKIIOYEHNS MOHTaXHbIX OnepaLmii No Co3haHuo rpy3oBoi NnatdopMbl, a Takke cokpalleHust obLiero BpemeHu
UcnbITaHUN Ha obbekTe Bnarogapsa Ux NapannenbHOM opraHn3auun.

KNKOYEBBIE CITOBA: cTaTyyeckve MUCMbITaHUsSi TPYHTOB, CTEHA AN UCMbITaHUIA, reofe3nyecknin Kyrnorsl, HaTskHble ane-
MEHTbI, aHKepbl U3 BypOBbIX LUHEKOB, HECYLLAsi CMOCOBHOCTb
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ABSTRACT

Introduction. The performance of static soil tests with piles is a prerequisite for the design of pile foundations. The exist-
ing stands have a number of disadvantages, the main of which are the use of massive large-sized elements for creation
of aload platform and performance of installation operations with the involvement of heavy lifting equipment. A number
of disadvantages leads to a significant increase in the cost and duration of testing. To exclude these disadvantages, it is pro-
posed to develop a new type of test bench in the form of a geodome. Prefabricated and demountable construction on bolted
joints, working mainly on tensile forces will be a distinctive feature of the geodome.

Materials and methods. The comparative analysis of domestic and foreign stands including the results of patent search
is carried out. The geometric calculation was performed according to the results of icosahedral approximation of the hemi-
sphere using Autodesk Inventor. Static calculation was performed using the finite element method in STARK ES 2023.
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Results. A new design of a stand in the form of a geodome for soils static tests with piles loaded up to 1,500 kN is de-
veloped. The performance of the geodome for soils tests by piles with loading up to 1,500 kN was proved according to
the results of practice industrial testing. Its main advantages were identified: lightness — with an empty weight of no more
than 15 kN, the geodome can be used to perform tests with loading up to 1,500 kN; speed — to reduce the time required to
complete the work, several geodome designs can be used for testing. The anchors were tested for pull-out loads to deter-
mine their load-bearing capacity.

Conclusions. The use of geodome will allow to perform tests with maximum efficiency by reducing up to 75 % of additional
financial costs, including due to a significant reduction of transport costs and exclusion of installation operations for the cre-
ation of the load platform, as well as reducing the total time of tests at the site due to their parallel organization.

KEYWORDS: static soil tests, stand of testing, geodesic dome, tensioning elements, anchors from drill screws, bearing
capacity
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BBEJIEHUE

IIpoBeneHue cTaTHYECKUX HUCHBITAHUN TPYHTOB
CBasIMHU SIBIISIETCSl 00513aTEIILHBIM ATAIlOM WH)KEHEPHO-
re0JIOTMYECKUX U3BbICKAaHUH IIPU NPOEKTUPOBAHUM CBAl-
HBIX (yHIaMeHTOB. OT pe3yJabTaToB JaHHBIX HCIIBITa-
HUH OyZIeT 3aBHCETh 0e30MTaCHOCTh BCETO CTPOUTEILCTBA
U TIOCTIEAYIOMIAsl SKCILTyaTalys 3/1aHHs HITH COOpYsKe-
HUA. CyHIeCTBy}OH_II/Ie CTCH/AbI, KOTOPBIC IMPUMCHAIOT
JUISl CTAaTHYECKUX UCTIBITAHUH TPYHTOB CBAsIMU, HMEIOT
pAa HEAOCTATKOB, INTABHLIC U3 KOTOPBIX 3aKJIHOYarOT-
Csl B MCIOJIB30BAHNM MACCHBHBIX KpPYITHOTaOapHUTHBIX
9JIEMEHTOB JIJIsl CO3/IaHMsI IPY30BOH IaT(OPMBI U BbI-
TIOJTHEHNY MOHTQ)KHBIX OTIEpAINii C IPUBIICUYCHUEM TSI-
JKEJIOH TPYy30I0AbeMHOI TeXHUKH. CBSI3aHHBIE C STUMH
HEJJOCTAaTKaMH1 JOTIOJHUTENIbHbIE (PHAHCOBBIC PACXO/IbI
MOTYT JOoCTHraTh 10 75 % OT BceX 3aTpaT Ha HUCIbITa-
Hust. C Henbio Co31aHus TPY30BOi IaTGOPMBI UCTIONH-
3yIOTCSI JIOPO’KHBIE IIJIUTHI, yHaMEHTHBIE OJIOKH, JKe-
JIC300€TOHHBIC TPOTUBOBECHI M 0AJTIACThI OAIICHHBIX
KPaHOB, CTJIGHbIC JIBy TABPOBbIE OAJIKN WITH TIIAT(OPMBL.
J1J1s1 TOro 4TOOBI TOCTABUTHL BCE 3TH BJIEMEHTBI HA CTPOU-
TEIBHYIO TUIOIIAIKy HEOOXO0IMMO HAaHNMATh JUTHHHOMEP-
HBI€ TPY30BbIE aBTOMOOWIN (IONYTIPHULETIBI, IalaH bl
u T.11.). Jlst MOHTaXa 1 JIEMOHTaska 3JIEMEHTOB I'Py30-
BOH M1ar()OpMbl Ha CTPOUTEITLHOM TUIOIIA/IKE TPEOyeTCst
OpPraHU30BbIBATH MOJBE3HBIE TyTH U MECTA CTOSHKU
aBTOMOOMJILHOTO KpaHa. Bpemst ucnbITanuii oiHOHN cBan
P TIOMOIIM CTEH/A C IPy30BOH MmIarhopMoil MOXKET
jpocturars ot 2 10 4 cyrok. [lapannensHoe BEITIONTHEHHE
Cpa3y HECKOJIbKHX HMCIBITAHUI C MPUMEHEHHEM Ipy-
30BOH MIaTGOPMBI, KaK MPaBHUII0, TEXHUUECKH HEBO3-
MOXKHO WJIM CHJIBHO 3aTpy/IHEHO. B cBsi3u ¢ 3TUM cylile-
CTBEHHO yBEIMYMBAETCs 00INAs MPOAOJIKUTEIBHOCTh
OCYIIECTBICHUS padoT 1151 OPOPMIICHUSI HTOTOBOT'O OT-
YeTa 110 HH)KeHEPHO-TCOJIOrMUECKUM M3bICKaHUSIM U, KaK
CJIEJICTBHE, 3aTSTUBAIOTCSI CPOKU ITPOSKTHPOBAHMS.

Taxum oOpa3om, pa3paboTka HOBOTO CTCHIA IS
CTaTUYECKHUX MCIBITAHUH I'PYHTOB CBasIMU B BUJIE T'€0/Ie-
3MYECKOTO KyToua (J1anee — TeOKyIoa), IPIMEHEHHE
KOTOPOTO MO3BOJINT 3HAYUTEIILHO COKPATUTH TPAHCIIOPT-
HBIE PACXOBI M MOJHOCTHIO UCKJIIOYUTh MOHTa)KHBIC
(1eMOHTaXXHBIE) ONepaly C MPUBICUCHHUEM aBTOMO-

OMIBHOTO KpaHa, IPH 3TOM OJHOBPEMEHHO YMEHBIINB
00IIyI0 TPOJOKUTEIBHOCTH BBIOJIHEHUS paboT, —
aKTyaJpHas TeMa uccienoBanuii [1]. JlomonHuTe IbHBIC
MpPEUMYIEeCTBA MCIOIb30BAHMS N€OKYIOJIa COCTOAT
B €r0 TEXHOJIOTUYHOCTH U YHUBEPCATIBHOCTH MPH TIPO-
BE/ICHUH pabOT KaK B CJIOKHBIX TPYHTOBBIX M CTECHECH-
HBIX YCIIOBHSIX, TaK M TPYAHOMOCTYIHBIX OTAAJICHHBIX
paifonax, Omaromaps B TOM YHCJI€ BO3MOXXHOCTH BBI-
MIOJTHEHNSI MOHTQKHBIX OTEpAIii PyYHBIM CIIOCOOOM.
Hcnonb3oBaHue yTEMIEHHOTO TEHTA, HAKPBIBAIOLIETO
TE€OKYIION, IAeT BO3MOXKHOCTB JIOCTATOYHO 3P PEKTHBHO
U TEXHOJIOTUYHO OPraHU30BaTh OTOTPEB IPYHTA B 3UM-
HUH 1eproj] BpEMEHH, a Takke HaJIe)KHO 00eCTIeunBaTh
3aIIUTY AATYUKOB U3MEPEHUsSI IEPEMELEHUI 1 ITPOUETO
000pyI0BaHMS OT BIUSHUSA aTMOC(EPHBIX BO3ICHCTBUN
(mox 1B, CHET, BeTep, CONMHEYHOE U3ITyUCHUE), KOTOPhIC
MOTYT OKa3aTh BIMSHUE HA 3HAUYCHHS TIepeMerneHui [2].

MATEPUAJIBI U METO/JbI

B Hameili crpane UCHoNb3yOTCS CEYIOLINE TEX-
HUYECKUE PEIICHUS IS MCTBITAHUA TPYHTOB CBAasIMU
(puc. 1) [3-9]:

* Tpy30Bas mIaTGopma, COCTOSIAs U3 CTaTbHOU
pambl, Ha KOTOPYIO YKJIaJbIBA€TCsl TAPUPOBAHHBIN TPY3
B BUJIC JOPOXKHBIX IUIUT, (YHIAMEHTHBIX OJIOKOB, XKe-
J1e300€TOHHBIC TPOTUBOBECHI WIIH 0AJIaCThI OANICHHBIX
KPaHOB U T.IL;

* CXEMbI HCTIBITAHUN C CHUCTEMOM HaKpecT Jexa-
X 0aioK, 3aKPEIUICHHBIX aHKepaMU U3 TOTIOTHUATEITh-
HO 3a0HUTHIX JKeIe300€ TOHHBIX CBaii;

* CXEMbI UCIIBITAHUI ¢ 0aJIKOM WM CUCTEMOM Ha-
KpECT JeKanmx 0anokK, 3aKperIeHHBIX aHKEPaMH U3 3a-
KPYYEHHBIX B TPYHT OyPOBBIX IITHEKOB.

B 3apy6exHoli mpakTHKe TOMUMO TPAJAUIIMOHHBIX
CTCHJIOB JIJISl HCTIBITAHUN BCTPEYAIOTCS TaKXKE OPUTH-
HaJbHbIE WHKEHEPHBIE PEIICHUs, OTIMYUTENLHOM 0CO-
OCHHOCTBHIO KOTOPBIX SIBIISIETCS UCIIONB30BAHNE HATSK-
HBIX JIEMEHTOB M TPYHTOBBIX aHKepoB (puc. 2) [10-25].

I'maBHBIN HEZOCTATOK MPUMEHEHUS KaK POCCHIl-
CKHX, TaK U 3apyOCIKHBIX TCXHUYCCKUX PCIICHUH HC-
MBITATETFHBIX CTEHIOB 3aKITFOYaeTCs B MPUMCHCHHH
TSOKETIBIX DJIEMEHTOB B BHJIE TAPUPOBAHHOTO TPy3a B CO-
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Puc. 1. Cxembl ¥ KOHCTPYKIIMHM A7 MPOBEICHUS CTaTHUECKUX UCIIBITAHHUN TPyHTOB cBasiMu B Poccun: a — ¢ TapupoBaHHBIM

rpy30M; b — co crienuaabHON mIarGopmoit; ¢ — ¢ GaaKaMu 1 aHKepaMH 13 JKeJIe300e TOHHBIX CBaif; d — ¢ Oankoil 1 aHkepaMu

13 OypOBBIX IIHEKOB

Fig. 1. Schemes and designs for static soil tests by piles in Russia: « — with a tared load; » — with a special platform; ¢ — with
beams and anchors from reinforced concrete piles; d — with a beam and anchors from drill screws

Puc. 2. PaznuyHbie TEXHUYCCKUE peHICHUS UCHBITATCIIBHBIX CTCHAOB B 3apy6e)KH0171 HNPAKTUKE C IPUMEHCHUCM HATSXKHBIX

3JIEMCHTOB M I'PYHTOBBIX aHKCPOB

Fig. 2. Different technical solutions of test stand in foreign practice with the use of tension elements and ground anchors

CTaBe rPy30BOH IIATGOPMBI HJIH CIICIIHATBHBIX MACCHB-
HBIX CTAIBHBIX SJIEMEHTOB, JOTIOTHUTEIBHO CBA3aHHBIX
C TPYHTOBBIMH aHKepamH. VIcronp30BaHue TaKUX CTEH-
JTOB TIPUBOIUT K YBEITUYCHUIO CTOMMOCTH HCIIBITAHHHA
1o 75 %. Bpemst ucnpiTaHui 0JJHOW CBau MPH TIOMOIIU
CTEH/Ia C TPY30BOH MIaT(GOpPMOI MOXKET TOCTHraTh OT 2
10 4 cytok. I[lapannensHoe IpoBeieHne cpa3y HEeCKOIIb-
KHX UCIIBITAaHUN C IPUMEHCHUEM TPY30BOH TIIAT(hOPMEL,
Kak MpaBIIIO, TEXHUYECKH HEBO3MOXKHO WJIM CHITBHO 3a-
TPYAHEHO. B CBS3M € 3THM 3HAYUTENILHO YBEIMUMBACTCS
0011ast TPOIOIDKUTEIIEHOCTD BBEITIOMHEHNAS PadOT IS
oopMIIEHNST UTOTOBOTO OTYETa MO WHKEHEPHO-TE0II0-
THYECKIM H3BICKaHWSIM U, KaK CJICACTBHUE, 3aTATHBAIOTCS
CPOKH MPOEKTUPOBaHMA. B cBoIO 0o4epennb, ocymiecTnie-
HHE pa0OT CYIIECTBYIONIMMH CTCHIAMH B OTJAJICHHBIX
U TPYAHOJIOCTYIHBIX pallOHaX, CIOXKHBIX TPYHTOBBIX
1 CTECHEHHBIX YCIOBUSX CTPOUTENBCTBA CUIILHO 3aTPYy/I-
HEHO WY MPAKTHYECKU HEBO3MOXKHO.

90

PE3VYJIBTATHI UCCJIEJOBAHUA

o pesynpraram aHai3a HOPMAaTHBHBIX JOKYMEH-
TOB B CTPOMTEIBCTBE, CBSI3aHHBIX C UCIBITAHUSMHU IPYH-
toB, [OCT 56862020 «I'pyHTH. METOABI MOIEBHIX
UCTIBITAaHNH CBasIMI», OB BBITOJIHEH T€OMETPHICCKHIN
pacyer ¢ MCIIOIb30BAaHHEM MKOCAAPHUCCKOH arpok-
cuManuu noiycgeps B mporpaMmioM Komruiekce (ITK)
Autodesk Inventor u pazpaborana KOHCTPYKIIHSI T€OKY-
nona (puc. 3) [1]. B KoHCTpYKIINH reoKymnoia MOKHO BbI-
JICTIMTH TPH OCHOBHBIX MIEMEHTA:

* cOOpHO-pazbopHast Ha OONTOBEIX COCAMHEHUSIX
KOHCTPYKIIHSI T€0/Ie3MYECKOTr0 KyIoja, B COCTaB KOTO-
POI1 BXOIHUT J1Ba THUIIA Pa3MEPOB CTEPKHEW U JBa TUIIA
Pa3MEpOB y3JIOB, IPH 3TOM BCE CTEPKHU U Y3JIbI HUMEIOT
JuHY He Ooree | M 1 Bec He Oomee 20 Krc, 4TO MO3BO-
JSIET UX KOMITAaKTHO CKJIA/IBIBATh TP TPAHCIIOPTHPOBKE
Y BBITIOJHATH MOHTaX (JIEMOHTaK), B TOM YHCJIE PyYHBIM
criocoOom;
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Puc. 3. KoHCTpyKIHS TeOKyIONMa Al CTATHYECKUX UCTIBITAHUH TPYHTOB CBasiMU

Fig. 3. Geodome design for static pile soil testing

* AHKEPBI, IPESCTABIISIONINE CO00M OypOBBIC IIIHE-
KM IIMHOM 110 1,5 M ¢ inametpom jonactu 135 MM u iu-
aMeTpoM CTBoJa 89 MM, HapalllMBaHHE aHKEPOB MO TITy-
OMHE OCYIIECTBJISIETCS IIPH MOMOIIU HIECTUTPAHHBIX
OypoBbIx 3amkoB 11155;

* HATSHKHBIC AJICMEHTHI B BUJIC CTAIBHBIX KAaHATOB
CO CTaJIbHBIM CEPJICYHUKOM.

['maBHBIE TpEeNMyIIECTBA KOHCTPYKIMN TEOKYIIONIA
3aKIJTIOYAIOTCS B CIICTYIOIIEM:

* MakCUMajbHas Harpyska Ha cBato a0 150 tc npu
cOOCTBEHHOM Bece reokymnona He 6onee 1,5 Tc, uTo mMo-
3BOJISIET €T0 CBOOOAHO MEpeMeIarh 1Mo CTPOUTEIbHON
TUTOIIA IKE JTF0O0H CTPOUTENTFHON TeXHUKOU ((PPOHTAIH-
HBIH TIOTPY39HK, MAHUITYJISITOP, SKCKaBaTOp, OaIIeHHBIN
KpaH U T.11.);

* PaBHOY/AJCHHOCTb aHKEPOB OT IIEHTPA CBaH
(TOUKHM TPUIIOKEHUS HATPY3KH) U, KaK CIIEICTBHUE, PaB-
Hasl CTETIeHb MX HarpyXeHus u 6onee 3¢ pexTrBHAs pa-
60Ta Ha BBIIEPTUBAIOIINE HATPY3KH;

* coderaHue (HOpPMbI Ire0Ie3NUECKOr0 KyITolia ¢ yTe-
TIJICHHBIM TCHTOM I103BOJIACT HAACX)KHO 3allIUTUTH JATYNKHU
M3MEpeHUs MepeMelieHHi 1 podee 00opyaoBaHue (Iu-
JIPABIIMYECKHI JIOMKpAT, HACOC, MAHOMET JaBJICHHS 1 1. )
OT BIIMSIHUS COJIHEYHBIX JIyuell U aTMOC(EpHBIX BO3ICH-
CTBHH (IIOKJIb, CHET, BETEp U T.1.), 3PPEKTUBHO U OBICTPO
OTOTPETh TPYHT BO3JIE CBaW B 3MMHEE BPEMSI U TIPOJIOIKATh
MOJIEPKUBATH MOJIOKUTENIBHYIO TEMIIEPaTypy BO3IyXa
BHYTPH KyIlOJIa Ha BECh IIEPHOJ] BPEMEHH UCTIBITAaHHUI;

* cOopHO-pa3boOpHasi KOHCTPYKIHUs Ha OONTO-
BBIX COCIMHEHUSX I'€0JIe3NUECKOr0 KyIoja JaeT BO3-

MOXXHOCTB, C OTHOH CTOPOHBI, BBITIONHATH pabOTHI Kak
B CJIOXHBIX TPYHTOBBIX U CTECHEHHBIX YCIOBHSX, TaK
1 B TPYJHOAOCTYIIHBIX OTIAJICHHBIX PaiiOHaX C OCYIIECT-
BJIGHHEM BCEX MOHTAXHBIX M JIEMOHTAXHBIX OTEpaIii
(ipu HEOOXOAMMOCTH) PYIHBIM CLIOCOOOM, C APYTOI CTO-
POHBI — HEPE TPAHCTIOPTHPOBKON KOMITAKTHO CKIIAJIbl-
BaTh U yNaKOBBIBATh BCE AJIEMEHTBI;

* HCITIOJIb30BAaHHE HATSKHBIX JIEMEHTOB B BHJIE
KaHATOB MO3BOJISIET, C OJHOW CTOPOHBI, (P PEKTUBHO
pacmpenennuTh YCHINA OT THAPAaBINYECKOrO JOMKpara
1O BCell KOHCTPYKLIUH T€0Ie3U4ECKOro Kymosa, ¢ JIpy-
roif — yBenu4yuBaeT paboTy aHKepOB Ha BBIACPTUBa-
IolMe ycunus He MeHee yeM Ha 30 % 3a cder nomos-
HHUTEJIBHOTO OOKOBOTO NPHXKATUSI K CTEHKaM CKBaXKMH
CO CTOPOHBI HATSKEHUS KaHaTa.

Jlyist onpeyienieHyst BHYTPEHHUX YCWIINH, BO3HUKA-
IOLIMX B AJIEMEHTAX I'€0KYII0J1a P Pa3IMyHbIX dTarax
Harpy»xeHus 10 3HadeHus 1500 xH, a Takxke onopHbIX
peakIuii ¥ IIepeMeIleHNIT BEepXHETo y3i1a MPOBE/ICH CTa-
tuueckuii pacuet B [IK STARK ES 2023. Pesynbrarsl
CTaTUYECKOTO pacyeTa CBEACHHI B Ta0II. 1.

PacueTHas cxema, 3HAYCHUS PACTATHBAIOIIMX
1 CKMMAIOIIUX MPOIOIBHBIX YCHUIINH, 3HAYCHUS Iepe-
MEIIEHNH U ONOPHBIX peaKUii IpeIcTaBlIeHbl Ha puc. 4.

C nenpro 000cHOBaHUS YPPEKTUBHOCTH HCITIOIb-
30BaHUS KYTIOJIBHOH cOOPHO-Pa300pHOIl cTaTbHON KOH-
CTPYKIUH JUIs CTAaTHIECKUX MCTIBITAHUH TPYHTOB CBAsIMU
Ha CTPOUTETHHOM IIIomaake B . TIoMeHH ObUTH TIpOBe-
JICHBI CIBITAaHNS C JOCTM)KEHNEM MAKCHMAJIbHOTO 3Ha-
yenust Harpyxerns 1500 xH. /Iy uctibITannst KOHCTPYK-

Taou. 1. Pe3ynbTaTsl CTaTUYECKOrO pacyeTa reokynosa Harpyskeauem 1500 kH

Table 1. Results of static calculation of geodome with 1,500 kN loading

[TpononmbHeie yeuus, kKH
Harpyska, kH B CTEPIKHSAX, paCTsKEHME/ Boiru6, MM Ol'lOprIeH
O B KaHATax, PacTskeHHe peaxiuu, K
500 118/75 48 4,2 50
700 167/106 67 6,0 70
900 214/135 86 7,7 90
1100 261/165 104 9,4 110
1300 309/196 124 11,1 130
1500 357/226 143 12,8 150
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Puc. 4. PacueTHas cxema, 3HaUYCHUS PACTATHBAIOMINX U CKUMAIOLINX MPOIOIBHBIX YCUINH, 3HAYCHUS TIEPEMEIIECHII U OMOp-

HBIX PEaKLuil reoKymnona npu Harpyxxeauu 1500 kH

Fig. 4. Calculation scheme, values of tensile and compressive longitudinal forces, values of displacements and support reactions

of the geodome under loading of 1,500 kN

L[UM T€O0/Ie3UUECKOro KYyIoia ¢ HaTSKHBIMU 2IEMEHTaMU
U aHKEPaMU, PacloI0KEHHbIMU 10 IEPUMETPY OCHOBA-
HUSI KynoJia, BeIOpaHa OypoHaOuBHasI cBasi AMAMETPOM
400 MM muHOM 18 M, ynmuparomascs HIKHUM KOHILIOM
B MECOK cpeAHel muoTHocTH. 1o pe3ynbTaram ucnbITa-
HUI MakCUMAaJIbHOE 3HAUCHUE HAaTPy3KU Ha CBAO COCTa-
Bwio 150 Tc, MakcMalibHOE 3HaYeHHE ocaaku 14,59 mm
(puc. 5).

Jast onipenienienust HeCyIe crrocoOHOCTH aHKEPOB
JUTMHOH 6 M, COOpaHHBIX M3 HapalllBaeMBbIX 110 TITyOHHE
OypOBBIX HIHEKOB JUTMHOW 1,5 M ¢ HIECTUTPaHHBIM 3aM-
KoBBIM coenuHeHueM L1155, npu ux pabore Ha BIIEp-
THBAIOIIHME HATPy3KH BBIOIHEHBI HCIBITaHNs. DHU3NKO-
MEXaHUYECKUE XapaKTEPUCTUKH FPYHTOBOIO OCHOBAHMUS
NIPUBE/ICHBI B TA0I. 2.

CxeMa CTeHJa JUIsl UCIIBITAaHUH aHKEPOB MOKa3aHa
Ha puc. 6. OCHOBHBIMM 3JI€MEHTaMU CTEH/A SBISIOTCA
cTaipHas OajiKka COCTAaBHOTO JIByTABPOBOIO CEUCHMUS, aH-

KepbI-CTOWKH, MHIPABINYCCKHN JOMKpAT ¢ HACOCOM, pe-
HepHasi CUCTEMa C JATYMKAMHU U3MEPEHHUS TePEMEILICHHIN.

[o pe3ynpTaTam cepuu CTATHYSCKUX UCTIBITAHUIT
AHKEPOB Ha BBIJCPTUBAIOIINE HATPY3KH MOCTPOCH rpa-
(MK 3aBUCHMOCTH UX BBIXOJIA U3 TpyHTa. MaKCHMaIbHOS
3HAYCHUE HECYyLICH CIOCOOHOCTH MpH paboTe aHKepa
Ha BblepruBatomue Harpysku cocrasmio 120 kH. Cre-
JIyeT OTMETHTh, YTO B MPOLECCEe MPOBEICHUS HCIIbITA-
HHI aHKEPOB Ha CTEHJIC aHKepa BOCIPHHUMAIIH TOJIBKO
BBIICPTUBAIOIICE 3HAYCHUE HATPY3KH, B OTIIMYHE OT HX
paboThl B cocTaBe cOOPHO-Pa30OpPHON CTAIBHOHN Ky-
NoNbHON KoHeTpykuuu. [Ipu pabote ankepa B cocTase
cOOPHO-Pa30OPHOI CTATBHON KYIMOJIBHONW KOHCTPYKIHN
pacTAruBaroliee yCuine OT KaHaTa PaclpeleNseTcs
Ha BEPTHKAIbHYIO COCTABISIOIIYIO B BUJC BBIACPTH-
BAFOLIETO YCHIJINSI U TOPU3OHTAIBHYIO COCTABISIOIIYIO
B BH/Ie OOKOBOTO MPHKATHUSI TOBEPXHOCTH aHKEePa K CKBa-
JKMHE BO BHYTPECHHIOK CTOPOHY Kyrouna. Takum oOpa-

W0 MO 0 400 500 B0 TOO BOD 8O0 1000 1900 1200 1300 1400 1500 1600

P.kN

crifical load| value

Puc. 5. ®ororpadus craTHyecknX UCTIBITAHUN U TpadUK 3aBUCHMOCTH OCAJIKM OT HAarpy3KH Juisi OypoHaOMBHOM cBau 1ua-

meTrpom 400 MM JunHOM 18 M

Fig. 5. Photo of static tests and graph of dependence of settlement on load for bored pile with a diameter of 400 mm 18 m long

Taou. 2. Du3nuKo-MeXaHUYECKHE XapaKTEPUCTHKH TPYHTOB

Table 2. Physical and mechanical characteristics of soils

Homep UI'D h, M Y, e I, E,MIla | ¢,rpan | C xlla
CyrHOK, Tyromiactiuablit (U 2) 0,4-1,5 | 18,7 | 0,81 | 0,42 9,0 19 27
CyrmuHOK, Tekyderutactiuuanblit (U 3) 1,5-5,5 | 17,9 | 0,98 | 0,81 5,0 15 18
I'muna, nonyteeppas (UI'D 4) 5,5-10,0 | 17,8 | 0,95 | 0,22 10,0 15 35
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Puc. 6. Pe3ynbTaTsl HCIBITAaHUH aHKEPOB Ha BHIICPTUBAIONINE HATPY3KU: a — CTEHJ AJISI HCTIBITAaHUI aHKepoB; b — rpadux

3aBUCUMOCTH BBIXOJIa aHKEPOB OT HArpy3Ku

Fig. 6. Results of anchors testing for pull-out loads: ¢ — anchor test stand; b — graph of dependence anchor yield on load

30M, aHKEp (PaKTHYCCKU BOCIPHHUMACT BBIICPTUBAO-
IIMe HArPY3KH C OJIHOBPEMEHHBIM OOKOBBIM IIPHKATHEM
K OOKOBO#1 IIOBEPXHOCTU CKBAXKUHBI, B PE3YJIBTATE YETO
€ro HecyInasi CioCOOHOCTh JOMOJIHUTEILHO YBEINYNBa-
ercs He MeHee yeM Ha 30 %.

S3AKJIIOYEHHUE U OBCYXJAEHUE

ITo pesynbraTaM CpaBHUTEIHLHOTO aHaln3a PoC-
CHICKUX U 3apyO€KHBIX HCITBITaTeIFHBIX CTCHAOB IS
MIPOBE/ICHUS TIOJIEBBIX UCIIBITAHUM IPYHTOB BBISIBICH UX
OCHOBHOM HEIOCTATOK, CBSI3aHHBIA C MCIIOIb30BAaHUEM
TSDKEJBIX DJICMEHTOB B BUJIE TPY30BOH IIIaT(OPMBI HITH
ClielMaIbHBIX CTATBHBIX TUIONIANIOK. B cBOIO ouepenp,
HCTIONTF30BaHME JAHHBIX IEMEHTOB IIPHUBOIUT K YBEIIH-
YCHUIO CTOMMOCTH JIOTIOTHUTEIIFHBIX (PMHAHCOBBIX 3a-
Tpar: pacxojbl Ha TPAHCTIOPT, MOHTAX U JEMOHTAX HC-
MBITaTENFHBIX CTEHIOB, CKIIQJAUPOBAHNUE, OpTraHM3aIHs
MOJIBE3AHBIX MyTEH AJIsl IPOE3/ia K MECTY BBIITOTHEHHSI
paboT aBTOMOOMIILHOTO KpaHa u T.JI. B pe3ynbrare uero
JTOTIOTHATEIIBHBIC 3aTPAThl HA OpTraHU3AIUI0 MCITBITA-
HUW MOTYT IOCTUTaTh 110 75 % OT Bcex 3arpar Ha BbI-
TIOJTHEHHE TIOJIEBBIX MCIIBITAHNI TPYHTOB B 3aBHCUMOCTHU
OT YJJICHHOCTH CTPOUTEJIbHON IJIOUIAJIKU OT LIEHTPaJIb-
HOM 4aCTH rOPOJCKON 3aCTPOUKH U e¢ HH(PPACTPYKTYPBI.
Kpome Toro, maHHBIE JOMTOTHUTEIBHEIC 3aTPAThl HEH3-
0CIKHO MPUBOJAT K CYIICCTBEHHOMY YBEIUYCHHUIO CPO-
KOB BBIIIOJIHCHHUS pa0OT 110 UCTIBITAHKSIM.

PaspaboTan HOBBIH CTEH] AJIs UCIIBITAHUN — T€0-
Kymnon ¢ HarpyxkeHueMm 1o 1500 xkH, B coctaB kotoporo
BXOIHUT COOpHO-pa30opHas Ha OONTOBBIX COSTUHEHHUSIX
KOHCTPYKIIMS T€0/Ie3UYECKOro KyIoJia, aHKepbl U3 Hapa-
HIMBAEMBIX IO TIIyOnMHE OypOBBIX IIHEKOB W HATSKHBIE
ANIEMEHTHI U3 KAHATOB CO CTAIBHBIM cepedHuKoM. [1pu-
MEHEHHE B Ka4eCTBE OCHOBHOM YIOPHOM KOHCTPYKIIUH
JUTS BOCIIPUATHSI PEaKTUBHOTO YCHIIMS OT THAPABIHYE-

CKOTO JIOMKpaTa KyIOJbHOW cOOpHO-pa300pHON KOH-
CTPYKLHUH C HATSDKHBIMH DJIEMEHTaMH 00JIaaeT psiioM
KOHCTPYKTHBHBIX [IPEUMYIIECTB, BEITOIHO OTIMYAOIIHX
JTAHHO€ TEXHUYECKOE pEIIeHHE OT JPYTHX: MO3BOJISET
00ecreYnTh MPOCTPAHCTBEHHYIO YCTOHUMBOCTD HATpy-
JKAIOLICH CHCTEMBI «CBast — JOMKPAT — YIIOPY, BBIOJIHATH
MOHTX M JJEMOHTa)X KOHCTPYKLHHU PYyYHBIM CIIOCOOOM
B CIIOXKHBIX TPYHTOBBIX YCJIOBHSIX (0OIOTHCTAst MECT-
HOCTB), CTCCHCHHBIX YCIIOBHSX (CYIIICCTBYIOIIEE CBaitHOE
ToJIe), OTJAJICHHBIX PErMOHAX CTPOMTENILCTBA, UCKIIIO-
YeHHE W3 PabOTHI M3THOAIOMNX YCHIUN U WX 3aMEHBI
B OOJIBIICH CTEIEHH Ha PAcTATHBAIOLINE YCHIIUS JaeT
BO3MO)KHOCTH CYIIECTBEHHO YMEHBILINTH COOCTBEHHBIN
BEC KOHCTPYKILMH 10 1,5 TC, IpU 9TOM COXpaHHUB BO3-
MOKHOCTh CTaTHYECKOT0 Harpykenus cau 10 1500 xH,
PaBHOYIAJIEHHOCTh aHKEPOB KaK OT LIEHTPa CBaH, TaK
1 MKy COCCIHUMH aHKEPaMH TT03BOJISIET UM d()(PEKTHB-
HO paboTaTh Ha BBICPIUBAIOIIIE HAIPY3KH.

Ilo pesynbraram cTaTHYECKUX UCIIBITAHUM IPYHTOB
Ha CTPOUTENTHHOM TUIOIIa ke B I. TIOMEeHHU Oblia IoKa3aHa
3¢ PEeKTHBHOCTD MCIOIF30BAHMS MHHOBAIIMOHHOW TEXHO-
JIOTMH — T€OKYTIOJIa, TO3BOJISOLICH BBITIONHATD UCIIBITA-
HUS TPYHTOB CBasiMU ¢ Harpyxenuem a0 1500 kH.

[To pesynbraram cepuy CTaTHYECKUX WCIIBITAHHUMA
AQHKEPOB Ha BBIACPTUBAIOLINE HATPY3KH MAaKCUMAJILHOE
3HaUCHHE Hecylled CHOCOOHOCTH aHKepa COCTAaBHIIO
120 xH. Ilpu pabore aHKepa B cocTaBe cOOpHO-pa3dop-
HOM CTaJIbHOH KyIIOJIbHOM KOHCTPYKIMH pacTAruBarolee
YCHUITHE OT KaHaTa pacrpe/ielisieTcs: Ha BEPTUKAIIBHYIO CO-
CTaBJIAIOLIYIO B BU/IC BBIICPTHBAIOIIETO YCHIINS U TOPU-
30HTAJIBHYIO COCTABJISAIOIIYIO B BHIE OOKOBOTO MpHIKa-
THSI TOBEPXHOCTH aHKEpa K CKBaXMHE BO BHYTPEHHIOIO
CTOPOHY KyTIOJIa, UTO MO3BOJIET eMy Oosee 3 (eKTHBHO
BOCHIPpUHMMATh BBIACPIrUBAIOIINE HArpy3KHU, HECYIasd
CIIOCOOHOCTH JOTIONHUTENIBHO YBEIIMYMBACTCSA HE MCHEe
gem Ha 30 %.
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Oco0enHocTn AepopMupoOBaHMS [JIHH MPHU OJTOYHOM CTYIEHYATOM

CTATHYECKOM TPEXOCHOM HArpyKeHUHN
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AHHOTALUA

BeepeHue. [Npy NpoekTMpOBaHMM OCHOBaHUI (DYHAAMEHTOB BO3HUKAIOT BOMPOCHI O AeOPMAaLMOHHbIX XapakTepucTmkax
rPyHTa B YCIOBUSIX CIOXHOIO HAMNpsPKeHHOro COCTOsHMSA. B aToM criydae BONpoC ka4eCTBEHHOro MoAenupoBaHusi B nabo-
PaTOpPHbIX YCNOBUAX PACHETHOMO HanpseHHO-AeOPMUPOBAHHOTO COCTOSIHUSI MaccuBa OCTaeTcs Hanbornee akTyanbHbIM.
OfHVM 13 nyTemn peLLeHns MOXET OblTb U3yYeHne MexaHUYeCcKUX CBOMNCTB FPYHTOB B YCMOBUAX BNOYHOrO TPEXOCHOTo Ha-
TPYXXEHUS C HE3ABUCUMO PEryIMpyeMbIMU BEPTUKaNbHLIMU O, Y FOPU3OHTAlbHLIMU O, = O, HAMNPSHKEHUAMU.

MaTepuanbl n Metoabl. [poBeaeHbl nabopaTopHble TPEXOCHbIE ONOYHbIE PEXMMHBIE UCMLITAHUS TMUHUCTBLIX FPYHTOB
HapyLLEeHHOW CTPYKTYypbl. VIcnonb3oBaHbl peXxumbl C YepeayoLMMUCa MOBbLILLAIOLMMCS U MOHWKaoWmuMes briokamn ae-
BMATOPHOTO Harpy>eHusi, Mpyv 3TOM MakcMmarnbHasi BENWYMHa AeBratopa nepBoro nosbilLatoLlerocst brnoka HarpyxeHus
1 aMnnuTyga pasrpysku Afs BCeX PeXMMoB MpUHATa OAMHAKOBOW. VccnepoBaHus npoBefeHbl Ha obpasuax Kybudeckon
dopmel. MprMeHeH NpUBOP C XECTKUMU rPaHAMMU.

Pe3ynbraTtbl. OCHOBHbBIMY pe3ynbTaTaMi BbiMOMHEHHbIX UCCNefoBaHNi ABNATCA HOBbIe AaHHble 06 n3aMeHeHun gedop-
MaLuii N MPOYHOCTU 06pasLoB B YCNOBUSX BIOYHOrO TPEXOCHOIMO PEXUMHOIO HarpyXeHus B 3aBUCUMOCTW OT BEMUYMHbI
BCECTOPOHHEro 0bxXaTns. BbiNnonHeH aHanna nony4eHHbIX pe3ynbTaTtoB. YCTAHOBMIEHbI HEKOTOPblE 3aKOHOMEPHOCTU MoBe-
[OEHUS IMUHUCTBIX TPYHTOB. [laHo 060CHOBaHME MexaHW3My MPOUCXOASLLMX B 06pa3sLie NpoLeccoB.

BbiBoAbl. YCTaHOBNEHO BMSHME BENUYMHBLI OOKOBOrO AaBneHWs Ha pasBUTUE NMHENHbIX N 0O6beMHbIX AedopmaLmii 06-
pasua, NpeaenbHbIX 3HaYeHNI paspyLuatoLLel Harpysku ¢ y4eToM Hannyumsi 6110KoB NOBTOPHOTO AEBUATOPHOIO HArpy>KeHusi.

KNKOYEBBLIE CIIOBA: rnmuHa, TpexocHoe cxaTtue, BriovyHoe HarpyxeHue, AeBuaTtop, pasrpyska, moayib aedopmauum,
NMPOYHOCTb

bnazodapHocmu. ABTOp GnarogapuT JOKTopa TEXHUYECKMX Hayk, npodeccopa, 3aBeaytoLLero kadeapon 0CHOBaHUM, yH-
[aMEeHTOB, AMHAMUKN COOPYXXEHUI 1 MHXXeHepHOW reonorny KasaHckoro rocyapCTBEHHOTO apXMTEKTYPHO-CTPOUTENBHOIO
yHuBepcuteTa Minusapa TanratoBuda MupcasinoBa 3a COBETbl U KOHCYNbTaLMK, a Takke PeLeH3eHTOB 3a MPOSIBIIEHHBIN
nHTepec k paborte.

ana UWMTUPOBAHUA: Koponesa U.B. OcobeHHOCT AedOpMUPOBAHUS MUH Npu BIIOYHOM CTyneH4aToM CTaTU4eckoM
TPEXocHOM HarpyxxeHuu // CTponTenbcTBO: Hayka n obpasosarue. 2025. T. 15. Buin. 1. Ct. 10. URL: http://nso-journal.ru.
DOI: 10.22227/2305-5502.2025.1.10

Aemop, omeemcmeeHHbIl 3a nepenucky: VipuHa BnagnmumpoBHa Koponesa, 79178711218@yandex.ru.

Deformation of clay under block step-by-step static triaxial
loading

Irina V. Koroleva
Kazan State University of Architecture and Engineering (KSUAE); Kazan, Russian Federation

ABSTRACT

Introduction. When designing foundation bases, questions arise about the deformation characteristics of soil under com-
plex stress conditions. In this case, the issue of qualitative modelling in laboratory conditions of the calculated stress-strain
state of the massif remains the most relevant. One of the solutions may be to study the mechanical properties of soils under
block triaxial loading with independently adjustable vertical o, and horizontal o, = 0, stresses.

Materials and methods. Laboratory triaxial block regime tests of clayey soils with disturbed structure were carried out.
Modes with alternat.ing increasing and decreasing blocks of deviatoric loading were used, with the maximum value of the de-
viator of the first increasing block of loading and the amplitude of unloading for all modes were assumed to be the same.
The studies were carried out on cubic-shaped specimens. A device with rigid edges was used.

Results. The main results of the conducted research are new data on the change in deformations and strength of specimens
under block triaxial mode loading conditions depending on the magnitude of all-round compression. The analysis of the ob-
tained results is performed. Some patterns of clayey soil behaviour are established. The mechanism of processes occurring
in the specimen is substantiated.

Conclusions. The influence of the magnitude of lateral pressure on the development of linear and volumetric deformations
of the specimen, the ultimate values of the destructive load, taking into account the presence of blocks of repeated deviatoric
loading, was established.
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BBEJAEHUE

CoBpeMeHHast TEOTEXHUKA — JMHAMHYHO Pa3BHUBa-
IoIascst o0JIacTh 3HAHMH, TaK KaK BO3BEIACHNE CIIOKHBIX
coopyxeHuit [1-3] i ycTpoiicTBO TITyOOKHX KOTIIOBAaHOB
[4-6] craBar nepen Hell HOBBIE 3aa4u, HAIPUMED, POEK-
THPOBAHNE YHUKAIBHBIX OOBEKTOB TPEOyeT MPHMEHEHUS
HOBBIX PACUETHBIX MojieTiel ocHOBaHUH [7-9] u yrouHe-
Hus ux napameTpos [10—-12], a Takxke ycoBepIIeHCTBOBA-
HHSI METOIOB TIPOBEICHNSI TA00PATOPHBIX MCCIIET0BAaHIN
C TIEJTBIO TTOTYYCHUS JOTIONMHNTENBHBIX JAHHBIX O TPyHTaxX
Hecyuero maccusa [13—15]. CyiecTByioT pa3ianyHble
BU/IbI OJIOYHBIX MCHBITAHUH, HAIPUMEp IHUKIMYECKOE,
JUTHTEeNTbHOE cTarndeckoe [16—18]. Haubomnee yacto BbI-
TIOJTHSTIOTCSL TPEXOCHBIE UCTIBITAHMS, TIOCKOIBKY UMEHHO
OHH TTO3BOJISTIOT JIOCTOBEPHO MOZIEITPOBATh HAIPSKEHHO-
nedopmupoBanroe coctosare (HIC) rpyrTa o dynma-
MEHTOM, YCTPaHBacMOM B IITyOOKOM KoTiioBaHe. B aTom
CllyJae MOBEJCHIE MaJbIX 00pa3IioB MEPEHOCAT Ha TPOo-
THO3 BEJIMYMH OCAZI0K OCHOBAHMH, YUHTHIBAsI OCOOCHHO-
CTH 3arpykeHHUs MaccuBa. VICIIbITaHNe COCTOUT U3 OJIOKOB
BCECTOPOHHETO 00XaTHs M AEBUATOPHOTO HATPYKEHUS,
TIPH 3TOM TIPUHUMAETCS, YTO TEPBBI 3Tl MOACIUPYET
HJC npuponHoro Maccusa, a BTOpoid — JONOJHUTENBHOE
Harpy >keHHe OT COOPYKEHHSI. 3arpy’KeHNE OCYIIECTRIISCT-
Csl OCECHMMETPHYHBIM CHadaja, 3aTeM — JICBUaTOPHBIM
C TIOCTETICHHBIM YBEIIMUCHUEM BEPTUKAIBHOM Harpy3KH.
OnHako, eciy IIIoNIaKa CTPOUTENILCTBA Pa3MEIaeTCs
B CTECHEHHBIX YCIIOBHSIX, OTPHIBACTCS KOTJIOBAH C THO-
KHUMH OTPXKICHUSIMH, TO HANPSKEHHOE COCTOSTHUE OKPY-
JKAIOIIIETO TPYHTOBOTO MACCHBA N3MEHSIETCS M BO3HUKACT
«ucropus 3arpyxkenus» [19-21]. Dror npouece, no MHe-
HHIO aBTOPA, JIy4IlIe BCETO MOJICIMPYETCs] OJTIOUHBIM CTY-
TIEHYATBIM CTAaTHYECKUM TPEXOCHBIM Harpy>KEHHUEM.

Lens mccnenoBanust — MPOBEIECHUE TPEXOCHBIX
UCTIBITAHUH C Pa3HBIMU BEJTMYMHAMH BCECTOPOHHETO 00-
JKaTHs ¥ TIOBTOPHBIM 3arpy>KEHHEM JIEBHATOPOM. YUeT

ocoOeHHOCTEH 1e(hOPMUPOBAHNS IIIMHUCTHIX TPYHTOB
MIpU PEKUMHOM OJIOYHOM TPEXOCHOM HArpy>KCHUH JTaeT
BO3MO)KHOCTB 00J1€€ TOYHO NMPHUOIN3UTH TEOPETHIECKHE
MPOTHO3BI K PEaTbHOMY ITOBEJICHHIO TPYHTOB OCHOBAHHUH
(yHmamMeHToB. B CBsI3M € 9TUM dKCIIEPUMEHTAILHOE U3~
yuenne HJIC mMHHUCTBIX TPYHTOB B HA3BAHHBIX YCIIOBH-
SIX 3arPy’>KEHUsI ABJIIETCS aKTyaJIbHOM 3a7a4ei.

MATEPHWAJIBI U METO/bI

I'muaMCTBIC TPYHTHI 00JIAJAI0T SIPKO BBIPAKEHHBIMU
PEOJIOTMYECKUMH CBOMCTBAMH, TPOSIBISIFOLIMMUCS TIPH
TPEXOCHOM PEKUMHOM Harpy:KeHHH, OTHAKO POJIb OOKO-
BOT'O JIaBJICHHs Ha pa3BUTHE AedOpMaLMii U IPOYHOCTh
00pa31oB HEOCTATOYHO H3ydeHa. [Iist yMEeHBIIEHHS He-
OIIHOPOZHOCTEHN U Ae(EKTOB B BUJIE XaOTHYHO PACIIOIIO-
JKEHHBIX TOp, ITyCTOT W BKIIFOYCHUH MPUHSTO pEIICHUE
WCIIOJIB30BaTh TPYHTHl HAPYIICHHOH CTPYKTyphl. O0-
pasusl umenn Qopmy Kyba ¢ pazmepom pedpa 100 MM
1 OBUTH IIPUTOTOBJICHBI U3 TACTHI TI0 METOAMKE, pa3pa-
OoranHOI1 Ha Kadenpe ocHOBaHMiA, PyHIAMEHTOB, JIUHA-
MHKH COOPYXEHUH 1 MHXKEeHEpHOH reosiornu Kazanckoro
rOCY/IapCTBEHHOTO apXUTEKTYPHO-CTPOUTEIHLHOTO YHH-
Bepcutera. V3MenbueHHbIH BO3IYIIHO-CYXOi IPYHT YB-
JIQXKHSIICS ¥ BBIICP)KUBAIICS B 9KCHKATOpE B TeUeHne 36 4,
3aTeM IMOCJIOHHO OTCHINAJICS B (POPMY M YIUIOTHSUICS.
Jl1sl 4aCTUYHOIO BOCCTAHOBJIEHUS CTPYKTYPHBIX CBSI3€i
B IpyHTE 00pasell Mocie U3roTOBJICHUS BBIICPKUBAJICS
B TePMETUYHOH (hopMe B TeUeHHE 6 U.

OO6pasupl He umenn 1e(HEeKTOB B BHAE KPYITHBIX
BKJIIOUCHHH, TTOP | ITyCTOT, OBUTH OJTHOPOJTHEI ITO COCTABY
Y WJICHTHYHBI 1O (PH3UYECKO-MEXaHNUECKUM XapaKTepH-
CTHKaM JI0 Hayalia MCIbITanust. [ pyHT MOXKHO Kitaccudu-
IIMPOBATH KaK JIETKyIO TIIHA B TBEPAOM cOCTOsIHUM. Ha-
YaJIbHBIEC XapaKTEPUCTUKU 00Pa3I0B ITIMHUCTOTO TPyHTA
HapyLEHHOH CTPYKTYpPbI IIPUBE/ICHBI B TAOIHIIE.

Du3UKO-MeXaHUUECKHUE XapaKTEePpUCTUKH 06pa3ua TIIMHUCTOT'O I'PYHTA HapymeHHoﬁ CTPYKTYPBI 10 Ha4daj1a UCIIbITAaHU

Physicomechanical characteristics of the clay soil specimen with a disturbed structure before testing

. Enununa
HaumenoBanue nokasaresnei 0O6o3HaYecHUE 3HaueHue
H3MEpEHHS
3ajaHHas BIKHOCTh w I. €. 0,22
BrnaxxHocTh Ha rpaHUIIe TEKYUECTH w, I.e 0,41
BnaxHocTh Ha rpaHuLe pacKaTbIBaHUS w, I.e. 0,235
Yucno miacTUYHOCTH J, o.e 0,175
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Oxkonuanue maon. / End of the Table

. Enununna
Haunmenosanue nokaszareneit Ob6o3HaueHne 3HaueHue
HU3MepeHHs
Iloxasarens TekydecTu J, a.e —0,03
IInotHOCTB TpYyHTa p r/em? 1,952
Yron BHyTpeHHEro TpeHus npu W 0] rpaj 20,556
VnensHoe cuensenue npu W C klla 67,467
Monyns obuieit nedopmarun npu W E MIla 23,180

HcnbiTanusi BBIIOJIHSIIMCH B IPUOOPE TPEXOCHOTO
CHKaTHSI € YKECTKUMH IITaMITAMH TIPH PA3JIMIHBIX 3HAYCHHU-
X BENTMYUHBI HOPMAITHOTO HAIPSDKEHHS G, , UTO 00eCTIe-
YHBAJIOCh HE3aBHCHMO PETYJIMPYEMbIMU BEPTUKAIBLHBIMU
G, U TOPH3OHTAILHBIMU G, = G, HAIPSHKEHHUSMH, KOTOPBIE
M3MEHSINCH B TIPOLIECCE HATrPy KeHUs 00pasia COracHO
nporpaMme ucnbITanuit (puc. 1). Kaxnoe ucneitanue co-
CTOSUIO M3 ueThIpex O1okoB. K o0Opasiy Ha nepBom Oroke
«BCECTOPOHHEE OOKATHE» MPUKIIAIBIBATIOCH G, = G, = G, =
=0, = 80 klla (pexum 1), 5, =160 xlla (pexum 2) uc, =
=240 kITa (pexxum 3), 3arem ciiezoBai OJIOK JJeBHATOPHO-
r0 Harpyxenus 10 6, = 400 klla, KoTopsIii cMeHsICs 6110-
KoM pasrpy3ku 10 ¢, = 240 xIla, nocsne uero obpasery
CHOBA IOJIBEPTaJICS] CTYTIEHYATOMY BEPTHKAJILHOMY 3arpy-
KeHmio Ac, o paspymenus (puc. 2). Harpyxenue u pas-
Ipy3Ka MPOM3BOJMIIICH CO CKOPOCTBIO 1 CTYNEHb KaXKIible
10 MuH, BcecTopoHHEE 0OKaTHE BBIIEPKUBAIOCH 30 MUH.

C 11e11b10 BBISIBJICHHS BIMSIHUS OJIOKa JIeBUATOPHOM
pasrpy3Kd paccMaTpHBAaeMbIX PEXKUMOB HarpyKCHUs
MPOBEICHO KPAaTKOBPEMEHHOE TPEXOCHOE HarpyXeHHe
o0pasIa 1o cxeMe «pasnaBiuBaHisD (puc. 3). Pesynsra-
THI JAHHOTO UCTIBITAHUSI OBUTH ITPUHSITHI 38 «TAIIOHHBIEY.

PE3VIBTATHBI HCCIEJOBAHUA

[To pe3ynbraram sKCHEpUMEHTAIBHBIX HCCIIEI0Ba-
HHUH TOCTPOCHBI rpauyecKre 3aBUCUMOCTH Pa3BUTHS
BEPTHKAIBHBIX U 00BEMHBIX Je(hopMalrii BO BpeMEHH,
M3MEHEHUS] MOIYIIS AehopMaliiyl Ha KaKIoM OIToKe Ha-
TPYKESHUSL.

Ha rpaduxax BumHO, 9TO THHEWHBIE Ae(pOopMaIin
Pa3BUBAIOTCS HA POTSHKEHUH BCETO MCIBITAHUS (puc. 4).
Hamaue 6mokoB 2 ¥ 3 MPUBOIMT K YBETHUCHUIO BEPTHU-
KaJIbHBIX JIe(hOopMalnii 1o CPaBHEHHIO C STAJIOHHBIMH 00-
pastamu 10 12 %. CremyeT OTMETHTB, YTO YEM MEHbIIE

g, G, o, a, Ag, o, o, o, %
+ - E =
c, o, c, o,
G, iﬂc, icl o, g,
6,=0:=0; G> 0:=C: 01> =0, 0,>0:=0;
Puc. 1. Cxema G109HOTO TPEXOCHOTO HATPYKEHHS
Fig. 1. Block triaxial loading scheme
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Baox 1 g
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- ! :ip‘e'n:n‘r.w'"" ELEE L ﬂﬂ‘e’uﬂ_nuu‘“r T Ly 7 F < lﬂp:w:n:m W B OF &7 BT
a b c

Puc. 2. Pexxumsr Harpyxkenust: 1 (a); 2 (b); 3 (¢); 6ok 1 — BcecTopoHHee obxarue; OJIOK 2 — IeBHATOPHOE HATPYKCHHUE;
0110K 3 — neBHAaTOpHOE pasrpykeHue; OI0k 4 — NeBHATOPHOE HArPYKCHUE 0 Pa3pyLICHHs

Fig. 2. Loading modes: 1 (a); 2 (b); 3 (¢); block 1 — all-round compression; block 2 — deviatoric loading; block 3 — deviatoric

unloading; block 4 — deviatoric loading to failure
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Puc. 3. Pexxumel «3tanonHoro» HarpyxeHus: 1 (a); 2 (b); 3 (¢); 6ok 15 — BcecTopoHHEee oOkarue; OI0K 23 — NeBHATOPHOE

Harpy>keHue 10 pa3pylIeHHs

Fig. 3. “Reference” loading modes: 1 (a); 2 (b); 3 (c); block 1e — all-round compression; block 2e — deviatoric loading until

failure
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Bpemsi,MuH.

—— BepTukanbHble gecdopmaumnmn Pexum 1
--+-- BepTukanbHoe HanpsikeHne Pexum 2
—e— BepTukanbHble gecdopmaumm Pexum 3

--=-- bokoBble gecdopmauum Pexum 1
—— BokoBoe HanpshkeHue Pexum 2

--=-- bokoBble agedopmaumu Pexum 3

Puc. 4. CoxubIi rpadyk pa3BUTHS TMHEHHBIX Je(opMaIyii B Iporecce GII0YHOr0 PeXMMHOTO TPEXOCHOTO HArPyKEHHS

Fig. 4. Summary graph of the development of linear deformations during block triaxial loading

BEJIMYMHA OOKOBBIX HAMPSDKEHUI, TeM OOJIbIIee YBEIHU-
YeHHE POYHOCTH ITPOUCXOAUT B CIIydae HAJIMYHS OJIOKOB
pas3rpy3KH ¥ HOBTOPHOTO HarpyskeHus. IIpu Bemmunne
c, = %40 kl1a (pexxum 3) pa3Hulia B BEJIMYUHE pa3pylia-
IOIIEH HAarpy3KH MEX]y STaJOHHBIM M PEKUMHBIM Ha-
TPY’KEHHAMH COCTaBIsIeT MeHee 5 %. 3adukcupoBaHHOE
YIIPOYHEHUE OOBSICHIETCS IOBOPOTOM ILIOIIAJIOK TVIaB-
HBIX HalPsDKEHUI Ha aTare pa3rpy3ku o0pasa, a 3aTeM ux
BO3BpAIL[CHHEM K IIEPBOHAYAIILHOMY MOJIOKEHHIO Ha OJ10-
Ke 3 peKUMHOT0 HarpykeHus. Kpome Toro, Ha 3ToM 9Ta-
e HaOJFOAeTCs IEPEKOMIIOHOBKA YaCTHI B COOTBET-
CTBYIOIIIMX HAIIPABJICHUSIX, YTO BBI3BIBACT CXJIOIIBIBAHHE
00pa30BaBIINXCsl MUKPOTPEIINH B 30HE 4 (puc. 5).
Monys TMHEHHBIX TeopMaliii Ha 3Tare IIOBTOp-
Horo Harpyxenus (6;10k 4 no Bemmannbl 6, = 400 lla)

100

JUIS peKruMa 3 MEHbIIIEe MOYIIs 11 6JI0Ka 2 Ha 3TOM Ke
MHTEpBaJe HANPsHKEHHH B 1,3 paza, XOTs A1t KOMIIPECCH-
OHHBIX HCITBITAHNH MOJTYJIb TI0 BTOPOI BETBU HATPY>KCHHS
BCET/Ia BhIIIE. BBIICH3IOKEHHOE TIOKA3bIBALT, YTO BIIMS-
HHE BEJIMYMHbBI OOKOBBIX JIaBJICHUI Ha pa3BuTHe Jiedop-
MaIMi ¥ IPOYHOCTH 00PA3OB HEAOCTATOYHO U3y UCHBI.
OObemHBIE 1edopManii 00pasia yBeINIHBAIOTCS
Ha Bcex Oyokax HarpyxeHusi. Ha Gioke BcecTopoHHEro
00KaTHs IPH YBEIMUCHUH CPETHET0 HAMPSLKEHUS B 2 pasa
no ¢, = 160 xIla o6vemHBIE medopMaluu yBEIHYH-
nucs B 1,067 paza, a ipu 6, = 240 klla — B 1,98 paza.
Ha nepBoM 0110Ke 71€BUaTOPHOTO HATPY>KEHUsI IPUPOCT
00beMHBIX aehopmariuii coctaBui 44, 25 u 6 % 1o cpas-
HEHHIO ¢ 00BEeMHBIMHU Ae(POpMaIUAMHU IPH BCECTOPOH-
HeM OOXKaTHH ISl PeXKUMOB 1, 2 1 3 COOTBETCTBEHHO.
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Puc. 5. CBonHBIi TpaduK pa3BUTHS BEPTUKAIBHBIX JIMHEHHBIX AedopManuii B mpomecce GI0YHOTO PEKHMHOTO TPEXOCHOTO

Harpy>KEeHus U 3TaJIOHHBIX 06p83HOB

Fig. 5. Summary graph of the development of vertical linear deformations during block triaxial loading and reference specimens

OT0 00BSICHSIETCS MPOMOJDKAIOIIMMUCS MPOLECCaMU
YIUIOTHEHUS TPyHTa B 00pasiie, HaYaBIIMMUCS Ha 3Tare
BCECTOPOHHETO 00XKaTHs, U AadbHEHIIMM (popMUpoBa-
HUEM YIUIOTHEHHBIX 30H y TpaHel (puc. 6). Hesnaun-

Puc. 6. 30HbI pa3IIIHON ITIOTHOCTH B 00pasie: 1 — BepTHKaIb-
HBIC YIUIOTHEHHBIC TUPAMUJIBI; 2 — YIUIOTHEHHBIE TIHPaMUIBI
y GOKOBBIX I'paHeif; 3 — 30Ha PEAETEHOTO COCTOSIHIS; 4 — 30HA
JTANaTaHCHN

Fig. 6. Different density local zone layout under triaxial test: 1 —
vertical consolidated pyramids; 2 — fide sides consolidated pyra-
mids; 3 — uniformed deflected state zone; 4 — dilatancy zone

TeNbHBIA IpUpoCT 6, = o, = 240 kITa 0ObACHAETCA MasIOH
BEJIMYMHON JieBHaTopa. biiok nesmaTopHON pasrpy3ku
BBI3BAJI HE3HAYMTEIBHOE YMEHBIIEHUE BEPTHKAIBHBIX
nedopmanuii 1 yBeanueHne G0KOBBIX, UTO B CyMMe IPH-
BEJIO K MPUPOCTY OOBEMHBIX Ae]opmanuii o cpaBHe-
HUIO C IpeApIAyIIuM OokoM Ha 4,8 % mist pexuma 1,
0,5 % nna pexuma 2 u 0,4 % nns pexuma 3.

Hannume yruioTHEHHBIX TUpaMu B 00pasiie ycra-
HOBJICHO 110 pe3yJbTaTaM 0Toopa npod rpyHTa U3 Xapax-
TEpHBIX 30H (puc. 6).

3AKJIOYEHHWE U OBCYXIAEHHUE

CornacHo pe3ynbTaTaM UCCIEJOBaHUS MOXKHO CJie-
JIaTh HEKOTOPHIC BBHIBOJIBI.

[Ipu onpeneneHnn MEXaHUUECKUX XapaKTEPUCTHK
rpyHTa cieayet yuurtsiBate HJIC B MaccuBe 0OCHOBaHUs
Kak B IPUPOJHOM COCTOSTHUH, TaK U B IPOIECCE CTPOU-
TENbCTBA U SKCILTyaTalUN.

[TpuOopbI TPEXOCHOTO CHKATHSI C HE3aBUCHMBIM Ha-
Ipy’KeHHEM Hanbojee JOCTOBEPHO ITO3BOJIIOT CO3IaTh
cioxxnoe HJIC B 1abopaTopHbIX yCIOBHSX.

Bnusiaue BemmurHBI OOKOBBIX HAIPSUKEHUH Ha Jie-
(hopMHpOBaHye rpyHTa N3Y4EHO HEAOCTATOUHO U TPeOy-
eT JaNIbHEeHIIeH popadoTKy.

BorsiBneHs! rpaduueckne 3aBUCHMOCTH pa3BUTHS
JedopMarnuii rpyHTa B IPOLECCe TPEXOCHOTO OJIOYHOTO
PEXKMMHOTO Harpy>KCHUsL.
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AHHOTALUMNA

BBeaeHue. YnnoTtHeHVWe ropoacKkor 3acTPOWKM BbI3biBAeT HEOOXOAMMOCTb B CTPOUTENbLCTBE 34aHUIN C Pas3BUTbIM MOA-
3eMHbIM 06bemomM. Mpu aTom Ha BpoBke rMy6oKOro KOTnoBaHa HaxXoA4ATCs PyHAAMEHTbI CYLLECTBYOLINX 3AaHuni. 3adada
Mo OLeHKe BMUSHMSA CTPOUTENBbCTBA rMy60oKNX hyHOAMEHTOB Ha OKPY>KatOLLYHO 3aCTPOWKY SBMSIETCA akTyanbHOW. BeinonHeH
aHanu3 AaHHbIX No ocagkaM yHaaMeHToB BONM3n 6GopTOB ry0oKMX KOTIIOBAHOB MO pe3yrbrataM YMCEeHHOro Mogenupo-
BaHUS N reOTEXHUYECKOrO MOHUTOPMHIA B UCCINEefOBaHMAX POCCUMINCKMX U 3apyDexXHbIX aBTOPOB.

Martepuansbi u metoabl. [Insi oueHKV AONONMHUTENBHBIX 0CaAoK hyHAAMEHTOB 34aHUA BOMM3N rryOoKMX KOTNOBAHOB Mpo-
BeeHO uccrnefoBaHue HanpsxeHHo-gedopmMupoBaHHoro coctosiHua (HOC) ocHoBanusa BG6MM3M rmyGoKoro KoTroBaHa
Ha MoAenu, Co3AaHHON B NabopaTopHbIX YCIOBUSAX B NMIOCKOM JIOTKE C MPO3payHbIMK CTEHKaMU. 3HaYEeHNS NepeMeLLeHniA
OTMeYanucb ¢ NOMOLLbIO BUAEOMMKCALMM U 3MIEKTPOHHBIX AaTYMKOB, 3aTeM obpabaTbiBanuchk.

PesynbraTtbl. Pe3ynbraTthl 9KCnepuMeHTa COrnacoBbIBalOTCA C pe3ynsTataMu OpyrMx aBTopoB. OnpegeneHa 3akoHOMep-
HOCTb pacnpegeneHuns ropu3oHTanbHbIX HANPSKEHUI U NEpeMELLEHMIN B MAcCMBE IpyHTa 3a npegenamn Mogenm riyookoro
KoTnoBaHa. Ha 6a3e BbISIBNEHHbIX 3aKOHOMEPHOCTEN NPEeAIOXKEH METO/ pacyeTa 0calok OCHOBaHU yHAAMEHTOB BOMM3n
rny6oKMX KOTNOBaHOB C y4eToM uaMmeHeHust HOC B okpy>katoLem rpyHTOBOM MaccuBe.

BbiBoAbl. YCTaHOBNEHa 3aKOHOMEPHOCTb HepaBHOMEPHOro nameHeHnss HOC rpyHTOB B OCHOBaHWM byHOAMEHTOB 34a-
HUI Ha BPOBKe KOTMNOBaHOB. [ledhopMMpoBaHUE rpyHTOBOrO MaccvBa B OCHOBaAHUMN (DYHAAMEHTOB 34aHWUIA, PaCnoNOXEHHbIX
B Npu3me 00OpyLUEHNSs, MPOUCXOAUT HEMMHENHO U HEPABHOMEPHO. YCTPOMCTBO FyOOKMX KOTITIOBAaHOB NMPUBOAUT K M3MEHE-
Huto HOC rpyHTOBOro Maccrea OCHOBaHMst OyHOAAMEHTOB, PacnonoXeHHbIX Ha BpOBKe KOTnoBaHa. OTO BEAET K U3MEHEHUIO
COOTHOLLEHMS BEPTMKASIBbHbBIX U TOPU3OHTaNbHbIX HAMPSDKEHWI, YTO BbI3bIBAET M3MEHEHME AedOPMaLMOHHBIX XapaKTepu-
CTUK rpyHTa, BCNELACTBME YEro NPOUCXOAMNT YBEMMYEHNE OCaKU.

KIMKOYEBBLIE CJIOBA: kotnoBaH, ocagku, dyHAaMeHT, OCHOBaHWE, MMUHUCTLIV TPYHT, orpaXKgeHue KOTnoBaHa, B3aumo-
BNUsiHUE

onAa UMTUPOBAHUA: Mupcasinos U.T., Aticud H.H. MogenvpoBaHue paboTbl rpyHTOBOro OCHOBaHUsi oyHAaMeHTa 3aa-
HKs BONM3n rmy6okoro kotnosaHa // CTpouTensbCcTBO: Hayka u obpasoBaHue. 2025. T. 15. Buin. 1. Ct. 11. URL: http://nso-
journal.ru. DOI: 10.22227/2305-5502.2025.1.11

Asmop, omeemcmeeHHbIl 3a nepenucky: inuzap TanratoBuy Mupcasinos, mirsayapov1@mail.ru.

Modelling of the soil base of a building foundation near
a deep excavation

Ilizar T. Mirsayapov, Niyaz N. Aysin
Kazan State University of Architecture and Engineering (KSUAE),
Kazan, Republic of Tatarstan, Russian Federation

ABSTRACT

Introduction. The densification of urban development necessitates the construction of buildings with a developed under-
ground volume. At the same time, the foundations of existing buildings are located on the edge of the deep excavation.
The task of assessing the impact of the construction of deep foundations on the surrounding buildings is important and
relevant. The analysis of data on foundation settlements near the sides of deep excavations was carried out based on the re-
sults of numerical modelling and geotechnical monitoring in the studies of Russian and foreign authors.

Materials and methods. To assess additional settlements of building foundations near deep excavations, research
of the stress-strain state of the foundation near a deep excavation was carried out using a model created in laboratory in
a flat tray with transparent walls. The displacement values were recorded using video recording and electronic sensors, then
processed.

Results. The results of the experiment are consistent with the results of other authors. A law was established for the distribu-
tion of horizontal stresses and displacements in the soil mass outside the deep excavation model. Based on the identified
patterns, a method was proposed for calculating the settlement of foundations near deep excavations, taking into account
changes in the stress-strain state in the surrounding soil.
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Conclusions. Based on the results of the study, a pattern of uneven changes in the stress-strain state of soils at the base
of building foundations on the edge of excavations was established. The deformation of the soil mass at the base of the foun-
dations of buildings located in the collapse prism occurs nonlinearly and unevenly. The construction of deep excavations
leads to a change in the stress-strain state of the soil mass of the base of the foundations located on the edge of the ex-
cavation. This leads to a change in the ratio of vertical and horizontal stresses, which causes a change in the deformation
characteristics of the soil, resulting in an increase in settlement.

KEYWORDS: excavation, settlements, foundation, base, clay soil, excavation shoring, mutual influence
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BBEJIEHUE

VII0THEHUE TOPOJICKON 3aCTPONKU BbI3BIBAET HeE-
00XOIMMOCTh B CTPOMTENBCTBE 37aHUI C Pa3BUTHIM
MOA3eMHBIM 00beMoM. [Ipu 3TOM Ha OpOBKE TITyOOKOTO
KOTJIOBaHA HAaXOIATCSA (PYHAAMEHTHI CyIIECTBYIOIINX
3nannid. OTieHKa BIHUSHHUS CTPOUTEIHCTBA TIIYyOOKHUX
(hyHIITaMEHTOB Ha OKPY’KaOLIYIO 3aCTPOHKY — aKTyallb-
Has 3aj1a4a.

Hanpsoxenno-ngedopmupoBantoe cocrosiaue (HIC)
IPYHTOBOTO OCHOBaHMS (hyH/IaMEHTa 37aHni BOIM3K O0p-
TOB KOTJIOBaHA SIBIICTCS YPE3BBIYAIHO CIOKHBIM. B Ta-
KOM OCHOBaHHH TIPOUCXOIUT Ae(OpMHpPOBaHHE TPYHTA
B 3aBHCHMOCTH OT BO3JCHCTBUSI ie)opMalliy OrpaxkIaro-
11ei KOHCTPYKIMU KOTJIOBaHa, Ae(heKTOB U TOBPEIKICHUIA
B TPYHTE, BO3HUKAIOIIUX B IIPOIIECCE YCTPOHCTBA OTpaXK-
Jlatoled KOHCTPYKIMK, U DKCKaBaIusl TPyHTa U3 KOT-
joBaHa [1]. 3HaUUTENBHOE BIMSHUE OKA3bIBAET TAKKE
paccrosiHEEe OT (DyHIaMEHTa 3AaHUS O Orpakaaroniei
KOHCTPYKIIMU KOTJIOBaHA, BUJI U )KCCTKOCTh (DYHIaMCHT-
HOHM KOHCTPYKIMH U 3[aHUS B IIEJIOM, CyMMapHasi Harpys3-
Ka OT 3[JaHHs Ha TPYHTOBOE OCHOBAHKE.

B pabote Jiang 1 coaBT. [2] 0TMEUaeTCs, 4TO TIPH OT-
KOITKe KOTJIOBaHa ITyOWHOU 18 M MakcHManbHBIE Oca-
KH TIOBEPXHOCTH TPYHTA HAOIIONAINCH HA PACCTOSHUH
8 M ¥ paBHSIIHCH 9,5 MM MPU MaKCHMAJILHOM CMEIICHUU
orpaxkacHus komroBana Ha 13,9 mm. [Ipu 3TOM KO3(]-
(GUIHEHT, XapaKTePHU3YIOIINA MaKCUMAIBHYIO OCAJKy
3a MpejieNiaMy KOTJIOBaHa Smax, OTHECEHHYIO K TIIyOuHe
xorioBana H, paen f, =s_ /H - 100 % = 0,05 %. B uc-
cienoBanmsax Dong u coaBrt. [3] mpu nryOHHE KOTIIOBaHA
12 M MakcHUMaITbHBIE OCAIKH TOYKH Ha paccTostHUH 10 M
OT Kpasi KOTJIOBaHA Ha [IOBEPXHOCTH PaBHBI 7,5 MM, rOpu-
30HTAJIBHBIC MIEPEMCIICHUS — 5,6 MM IPH MaKCUMAJTh-
HOM cMetieHnn creHkn 14 mm. [pu sTom f1 =0,075 %.

Pe3ynbTaThl MOHUTOPUHTA, IPUBEICHHBIC B TPY-
ne H.C. Hukudoposoii [4], moKa3bIBarOT, 4YTO BOIU3H
komroBaHa Ha 00bekTe TPK «OxoTHBIH psa» B T. Mo-
CKBE MaKCHMaJbHBIE OCAJKH NOCTUTAIM 3HAYCHUM
13 MM npu miyOune xotiaosaHa 16 M. I'opuzoHTaNb-
HBIC TIEPEMEIIEHHS 3TOH YK€ TOUKU COCTABIUTH 10 MM.
ITpu stom £, = 0,2 %.

B uccnenoanmsix 3.1 Tep-MaprupocsiHa 1 coasr. [5]
MaKCHUMallbHas ocaaka GpyHIaMeHTa BOIHM3H ITyOOKO-
ro KOTJIOBaHA MpPH HeAe(HOPMHUPYEeMOM OTpakICHUU
paBHa 44 MM 1ipu TiTyOmHE KoTioBaHa 15 m. IIpu aTom
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J, = 0,29 %. B ny6mukanuu M.I. 3epuanosa u CoaBT.
[6] mpu mTyOuHE KOTIOBaHa 9 M MakcHMallbHas OCajKa
MOBEPXHOCTH T'pyHTa Ha pacctossHuu 0,5 OT Kpasi KOT-
JoBaHa cocrassia 16 MM, Torna f, = 0,18 %. Onnaxo
ko3(unuent f; naxonures B rpezenax ot 0,1 1o 10,1 %
u B cpenHem cocrapisier 1,1 % [7].

q
R EEREERERERREES

|

CornacHo padore H.C. Hukudoposoii u coasr. [§],
B MH)KEHEPHO-TEOJOTMYECKHX YCIOBUSAX I. MOCKBBI
JUTS CHIDKCHMS JIOTIOJTHUTENBHBIX OCalOK (yHIaMEH-
TOB 3[AHUN OKPY’KAIOLLEH 3aCTPOMKHU 10 HOPMATUBHBIX
HEJJOCTaTOYHO MPUMEHEHHUSI OTCEYHOTO dKpaHa 0e3 10-
[OJHUTEJIBHBIX MEPONpUATUil. B apyrux uccnenosanu-
ax (B.A. UnpnueB u coasr. [9, 10], H.C. Hukudoposa
u coasr. [11], B.A. lumkun u coasrt. [12]) npu cTpou-
TENBCTBE B KOTIIOBaHAX m1yOmHOM 10-20 M B ycioBHsX
Mockssl u CankT-IletepOypra oTceqHbIe SKPaHbI, BBITTON-
HEeHHbIE 13 OYpOMHBEKIIMOHHBIX CBaii, HE Bceraa obec-
MEYNBAIN JOCTATOYHYIO 3aIIUTY TPYHTOB OCHOBaHWH
3/IaHUN OKpYy>Karolen 3actpoiiku [13].

OOBeKT UCCIeNoBaHNs — OCHOBaHHS (yHIaMEH-
TOB 3JJaHUH BOJNM3M TIyOOKHX KOTIIOBAaHOB HA TIIMHU-
cTeIX rpyHTax. [Ipenmer uccnenosanns — HJIC rm-
HUCTBIX TPYHTOB B OCHOBaHHU (byH[[aMeHTOB SHaHHﬁ,
pacrosioKeHHBIX Ha OpoBKe KoToBaHa. Llens nceneno-
BaHUs — MOJIENIMPOBaHue e(hOpMUPOBaHUS OCHOBAHHS
(hyHmameHTa 31aHUS, PacloNoXEHHOTO Ha OPOBKE KOT-
JIOBaHa, ISl OIICHKH JIOMOJIHUTEIHBIX 0CaJI0K OCHOBA-
HUH QyHIaMeHTOB. 3a1auK MCCIIeJOBAHMSL:

* aHAIN3 COCTOSHMA BONPOCA B HAyYHOH JIUTEpa-
Type;

* MOJeNMpoBaHyue B TaboparopHbix ycraosusx HJC
IIMHHUCTBIX TPYHTOB B OCHOBaHUM (pyH/IaMEHTOB 3/[aHHI
Ha OpOBKe KOTJIOBaHA;

* 00paboTKa pe3yJIbTATOB UCCIICIOBAHUIA,



MoaeanpoBaHme paboTbl rpyHTOBOI0 OCHOBaHUS QyHAGMEHTa 3AaHMS

C. 105-114
B6AM3U IAyOOKOro KOTAOBaHa

* pa3zpaboTKa METOAMKHU pacueTa 0CaJIoK OCHOBA-
HUit ¢ yaetom mmereHns HJIC rpyHTa ocHOBaHUS (yH-
JTAMEHTA 3/1aHusI BOIM3U [TyOOKOr0 KOTJIOBaHA.

MATEPHUAJIBI U METO/JbI

[Ipu ompenenennn nedopmaruii (BepTHKaIbHBIX
U TOPU30HTANILHBIX) TPYHTA OCHOBaHUH (DyHIaMEHTOB
37aHMH, PacIIONIOKEeHHBIX Ha OPOBKE KOTJIOBaHA, B OCHOB-
HOM paccMatpuBaeTcs Teopus Kymona. Ona ocHoBaHa
Ha psijie IOy ICHUH:

1. Cucrema paccMaTpuBaeTcs B COCTOSIHUU IIpe-
JIETTEHOTO paBHOBeCHS (pHC. 1), T.e. B TOT MOMEHT, KOT/Ia
Ha4YUHACTCA MEPEMCIIEHNUC CTCHBI U OIOJI3aHUC ITPU3MbI
pa3pymeHus.

2. Tlpu3ma 0OpyIICHHS OMOJI3ACT MO MPSIMOJIAHCH-
HOM IJIOCKOCTH CKOJIBKEHUS 10 TPYHTY M 3aJHEH Io-
BEPXHOCTHU OTPAXKIAIOIEH KOHCTPYKIIHU.

3. Ilpu3ma oOpymIeHHsT IPHHUMAETCS a0COTIOTHO
TBEP/IBIM TEJIOM.

4. B knaccuyeckoit Teopun KymoHa paccMoTpeH
TOJIbKO HACBITHOW TPYHT.

IIpu nedopmanuax orpaxaaronieil KOHCTPYKIIUU
JIaBJICHHE TIepepacIIpe/IeNseTCsl, YMEHBIIAsACh B 30HE MaK-

»
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Puc. 1. IIpenensHoe cocTosHue Mo Teopuu Kymona

Fig. 1. Limit state according to Coulomb theory
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Puc. 2. Cxema ucnbITaHus U PacCIioJIOKECHUE pacCMaTpuBa-
CMBIX TOYCK

Fig. 2. Test scheme and location of points under consideration

CHUMAJIbHBIX TepPEeMENIEeHHH, BO3pacTaeT B MECTe YCTpOii-
CTBa aHKEPHOM OMOPBI, a TAKXKE HIDKE JHA KOTJIOBaHA.

Pe3ynbrarel 9KCIepUMEHTANBHBIX HCCIEI0BAHUMI
TOKA3BIBAIOT, YTO TPYHT B MIPEIENIaX MPU3MBI OOPYIIICHHS
neopMupyeTCs, BOSHUKAIOT TOPH30HTAIBHBIC U BEPTH-
KanbHBIe Aedopmannu. [ ycTaHOBIEHUS 3aKOHOMEP-
HOCTH 1e(OPMHUPOBAHKS IPYHTA B MpPEIC/iaX MPU3MBI
00pYIICHHUS IPOBEACHBI YHCICHHBIC U YKCIICPUMEHTAIb-
HBIC UCCIICIOBAHMS.

MogenupoBaHrue OCHOBaHHS MPOBOIMIOCH B TLIO-
CKOM JIOTKE € MPO3paYHbIMU BEPTUKAIbHBIMU CTEHKAMH
ACHC 0.7.1. npoussoactsa HIIII «I'eorexk». Cxema uc-
MIBITAHWS TIPHBEICHA Ha PUC. 2.

PE3VJIBTATHBI HCCIEJOBAHUA

BrimonHnenHbie OKCTIEPUMEHTAJIIbHBIC Y YN CJICHHBIC
WCCIIE/IOBAHMS TTIOBE/ICHHSI TPYHTOBOTO OCHOBaHUS (DyH-
JTAMEHTOB 3/IaHUSI, PACIIOIOKEHHBIX HA OPOBKE KOTIIO-
BaHa, MTOKa3bIBAIOT HEPABHOMEPHOCTh paclpe/eseHNs
TOPU30HTAITFHBIX HAMPSDKCHUH U AeopMaliii, a TakKe
BEPTHKAJBHBIX JeopMaIuii (0CaIoK) Ha YIACTKE MEXK-
JTy KOTJIOBAaHOM ¥ (pyHIAMEHTOM 3/1aHHS B 3aBUCHMOCTH
OT ’KE€CTKOCTH OTpakIaroNiell KOHCTPYKIUH (puc. 3).

MaxkcumanbHas BeIuuuHa BCPTHUKAJIBHBIX U TOPU-
30HTAJILHBIX MEPEMEILCHUI HaOIOIaeTCsl y Orpakiaro-
IIeH KOHCTPYKLUH, U OHU PaBHSIOTCS IPYT APYTY. 3areM
0 Mepe yJaJeHHs1 OT OPOBKH KOTJIOBaHA yMEHBIIAIOTCS
KaK TOPHU30HTAJIBHBIE, TAK U BEPTHKAJIBHBIC IEPEMETIICHHS.

Ha puc. 4, 5 mpencrasiens! rpaduku pa3BUTHS Bep-
TUKAJTBHBIX MepeMeIIeHuil (0caok), TOPU30HTATIBHBIX
MepEeMEICHUH, TIOyYeHHbIE C TOMOIIBI0 AKCIIEPUMEH-
TaJIbHbIX U YHUCJICHHBIX HCCHC}IOBaHHﬁ.

AHanm3 MoJTy4eHHBIX pe3yJIbTaToB MI03BOJISIET yCTa-
HOBHTH 3aKOHOMEPHOCTH H3MEHEHHSI KITIOUEBBIX TTapame-
tpoB HJIC rpyHTOBOTO OCHOBaHUS (PyHIAMCHTOB 3/a-
HUSI, PaCIIOJIOKEHHOTO HA OPOBKE KOTIOBAHA.

Ha ocHoBaHUH IPUBECHHBIX TPA(QUKOB MOYKHO 3a-
KITFOYUTD, YTO TIPOUCXOANUT YMEHBIICHHE TOPU30HTAIb-
HBIX HAIPsDKEHWW U, KaK ciejcTBHe, Kod((UIeHTa
OOKOBOTO JaBJICHUsI TPYHTa B MpejeiaX paccMarprBa-
emoro maccuBa. ClejoBaresibHO, B 30HE BIHMSIHUS KOT-
JIOBaHA OTMEYAETCsl YMEHBIICHHE TPOYHOCTH M MOJY-
751 nehopMaIiy rTpyHTa U yBEIWYEHUE BEPTUKAIBHBIX
nmedopMaIiii TpyHTa U, KaK CIIEICTBHE, OOIMINX 0CaT0K
C Y9IETOM BIMSIHUS CIIBUTOBBIX W BEPTHKAIBHBIX J1eop-
Malui.

Jnst ycTaHOBNIEHUS JOMOJHUTEIBHBIX TOPU30H-
TAJIBHBIX IIEPEMEUICHUN I'PYHTa B IIpeleax IPU3MbL
AKTHBHOTO JIaBJICHHsI TPYHTA MOCTYNaeM CIIeTyIOIHM
obpazomM:

1. Onpezensitorcst KpaeBble 3HAYEHHS TOPU30HTAIIb-
HBIX TICPEMEIICHUH y OrpaKIeHHs KoTlIoBaHa A (puc. 6):

A=A +A +A, (1)
rje A, — cMelleHHe CEeYEHHs CTEHBI y JHa KOTIOBaHa;
A, — cmelenne, 06pasyronieecs BCIIEICTBUE MOBOPOTa
CEYEHHs CTEHBI y JIHA KOTJIOBaHa; A, — MPOTHO CTEHBI
Ha ydJacTKe CBOOOTHOH IUTHHBI, IPU TparerieuIaIbHON
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Puc. 3. PaccmarpuBaemoe 31anne Ha OpoBKe KoTiioBaHa (a); cxema 00pa30oBaHMs TPELIMH B OETOHHOM MOJTy MOJBAJIa 3MaHUs
Ha MOMEHT Havana oOcnenoBanus (b); cxema oOpa3oBaHMs M Pa3BUTHS TPELIMH B OSTOHHOM IOJY MMOJBaa 3AaHUs Yepe3
TPH Mecsilla C MOMEHTa Hadasa o0ciae10BaHus (¢)

Fig. 3. The building in question is on the edge of the excavation (@); scheme of the formation of cracks in the concrete floor
of the basement of the building at the time of the start of the survey (b); scheme of the formation and development of cracks in
the concrete floor of the basement of the building three months from the start of the survey (c)
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Puc. 4. Ocanxu paccMaTpUBaeMBIX TOUEK 110 PE3yIIbTaTaM JIAOOPATOPHBIX UCHBITAHUH (@); TOPH30HTAIBHBIC TIEPEMEIICHUS
TOYEK I10 pe3yJIbTaTaM JIAOOPAaTOPHEIX UCTIBITAHUH (b)

Fig. 4. Settlement of the points under consideration according to the results of laboratory tests (a); horizontal movements
of the points under consideration according to the results of laboratory tests (b)
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Puc. 5. Cmemenns paccMaTpuBaeMbIX TOYEK IO pe3yiIbTaTaM J1abOpaTOPHBIX MCHBITAaHWH HAa OTHOCHTENEHOW ITyOnHE

z/H = 0,56 npu nanenun 14,68 u 21,15 klla: a — ropusoHTanbHbBIC; b — BEPTUKAIBHBIC

Fig. 5. Displacements of the points under consideration according to the results of laboratory tests at a relative depth of z/H = 0.56
at a pressure of 14.68 and 21.15 kPa: ¢ — horizontal; b — vertical

SIIOpPE HArpy3KW MU [TyOHMHE KOTiIoBaHa H ¢ BepxHen
OpJMHATOM SMIOPBI G, ¥ HIXKHEU G ,, [IPH JKECTKOCTH
orpaxkaeHus £/ paseH:

4

A =——(11l6,, + 40
1 hl 2 )
120E7 ( “ “ )
2. Hcxons w3 rpauKoB, MPUBEICHHBIX HA puc. 4,
YCTaHaBIMBAIOTCA JIONOIHUTEIbHBIE 3HAUEHUSI TOPU30H-
TAIBHBIX TIEPEMEICHNI MEX/Ty KOTJIIOBAHOM M (yH/Ia-

MCHTOM.

3. Ha ocHOBe pe3y/ibTaToB KCIICPUMEHTATBHBIX
HCCIICIOBAHMH BBISBISICTCS. HEPABHOMEPHOCTD pacripe-
JICTICHUSI a0COJIFOTHBIX TOPU30HTAIIBHBIX TIEPEMEIICHUI
Axi N OTHOCHUTECJBbHBIX T'OPHU3OHTAJIBHBIX MEPEMEIC-
HUH € B TIpe/iesiaX MPU3MbI AKTHBHOTO JaBJICHHs TPYHTa
L (puc. 7):

L=k-H- tan(45°—%} @)
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4. B mpenenax JUIMHBI IPU3MBI aKTHBHOTO J1aBJIe-
HUS B Pa3HBIX 30HAX CKUMAEMOM TOJIIH ONpPEENAeTCs
N3MEHEHHE TOPH30HTAILHOTO JaBJICHHUS 10 (hopmyie:

Acxi =&y EO; (3)
€yi = - (4)

Torna BeMYMHa MOJHOTO TOPU3OHTAIBLHOIO JaBiie-
HUS paBHa:

Gyi =0y — Acxi; (5)
i _ O i _ Gy — Acxi
M= T g (6)
O O
rae SYl — FOPpU30OHTAJIBHOC JAaBJICHHUEC B I'PYHTEC OCHOBA-

HUS TIOCIE TIPHIIOKEHHS HarPy3KH.

5. OmnpepensieTcs 3HaYeHUE BEPTHKAJIBLHOIO Ha-
MIPSDKEHMST OT IEHCTBUS COOCTBEHHOTO Beca TIIMHUCTOTO
TpyHTa o =7, h.

6. BHemHss Harpy3ka Ha OCHOBaHUE P Jenurcs
HA CTYTICHH, YIUTHIBACTCSI BPEMS M JUTUTEIIFHOCTH €€ TPH-
JIOXKCHUSL.

7. BpicoTa coxMMaeMoOM TOJIIU yCTaHABIUBAETCA
o CI122.13330.2016:

Hg =27 czp:0,5~czg, (7)

e Hg— MOIIHOCTb C)KMMAeMOH TOJIIH, TPHHAMAE-
MOii Ha IIyOuHe Z; 6 — BEPTHKAIBHOC HOPMAIbHOE
HaInpspKeHHe Ha DIyOHHE Z OT IOTIONHHUTENFHOM HArpy3-
K{ Ha OCHOBAHUE 110 BEPTHKAJIBHOM OCH COOPYKCHHS;
G, — BEPTHKAILHOE HOPMATLHOC HANPSIKEHHE OT co0-
CTBEHHOT'0 Beca TPyHTa OCHOBaHHMS Ha TITyOHUHE Z.

8. AKTUBHAs 30HA CHKATHUS JCITUTCS 110 TITyOHHE OC-
HOBaHUS Ha OT/IENEHBIC CIIOM C YIETOM TPYHTOBBIX Ha-
J1aCTOBAHUM.

9. Onpenensercs MPUPOTHOE HANPSIKEHHOE CO-
CTOSIHHE OT JICHCTBUSI COOCTBEHHOTO Beca IIIMHUCTOTO
rpyHra. Ha ypoBHe mojomBsl GpyHaaMeHTa U B cepeiu-
HE KQKIOTO CII0S1 HIKE YPOBHS MTOAOIIBEI BRIYUCIIIOTCS
BEPTHKANLHBIC G, M TOPU3OHTAIIHBIC HATPSUKCHUA G,
o, OT COOCTBEHHOTO Beca TpyHTa. Bemmunaa 60KOBOTO
J@BJICHUA O M G COCTABISICT oMo § 1 & OT Benn-
YHHBI BEPTHKAIBHOIO JIaBJICHUSA G_, COOTBETCTBEHHO.
3uauennst & M § TPUHATHI PABHBIMU APYT APYTY W 4HC-
JieHHo pasHsI 0,25.

10. JlonoiHUTENNbHBIE BEPTUKATIbHbIE HAIPSYKEHUS
C_,, YCTaHABIHUBAIOTCS C HCIIONB30BAHMEM MOJICITH OCHO-
BaHMA B BUJIC IMHEHHO-1E(OPMUPYEMOTO OTHOPOTHOTO
M30TPOIHOTO IOJTYIPOCTPAaHCTBA 0, = P~ 0, T1e o —
KO3 PUIIUCHT pacCeHBaHMs HAIPSKCHHH.

11. JlonoJHUTENbHbIE TOPU30HTATIbHbBIE HAMPSIAKE-
HUA G 1 O ONpPEENSIOTCS U3 yCIOBHS OJHOMEPHO-
TO YIJIOTHEHHUS ¢ KOA(PPHUINESHTOM OOKOBOTO JTaBIICHHS
£=0,5.

12. BBlUuCIAIOTCS CyMMapHbIe 3HAUCHNS HaIpsKe-
HUH OT COOCTBEHHOTO Beca IPyHTa U JIOTIOJTHUTEIbHON

Harpys3k Ha OCHOBaHHeE (pHC. §):

O = ngi + cSzpi; (8)
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Puc. 6. Cxema k pacuery nedopmaruii KOHCOJIBHOW CTEHBI

Fig. 6. Scheme for calculating the deformations of a cantile-
ver wall

xi xgi xpi AGXI-; (9)

(10)
13. Beraucnsaiorcs cpenHee HopMajIbHOE HapsKe-
HHE 1 MTHTEHCUBHOCTH HAIPSHKCHUIH:

0, =00 + 0y, — AC ;.

O+ 0y + 0
o=—"———"";

3

1 2 2
0,-:5 (cxi—cyi) +(cyi—czi) +

2 2 2 2
\/+(Gx,-—ozi) +6(Txy+sz+sz)-

14. Tlpu coBnazeHnu ocell MIaBHBIX HANPSKECHUIN
u e opManuii ¢ IEHTPAIBLHOM 0ChIO (PyHIaMEHTa ycTa-
HaBIIMBAIOTCS 3HAUYCHHSI OOBEMHBIX Aedopmannii U UH-
TEHCHBHOCTH JIe()OpMarLHii:

(11)

(12)

€, =& + &)+ £33 (13)
Ae, (1) = Ag; + Ag, + Agg;
& =3 (e~ e); (14)
L L=k*H*tan(45-¢/2) u,,
1
1T
L Il
11
TpeniHHsI B 30He 4
PACTSDKEHHS 411 H K H

Puc. 7. CxeMa K ONpeNeIeHUu 0 0Ca0K U TOPU30HTAIBHBIX
nepeMenicHuil GyHIaMEHTOB BOJIH3H KOTJIOBAaHOB

Fig. 7. Scheme for determining settlements and horizontal
movements of foundations near excavations
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Puc. 8. Cxema HanpspkeHHO-Ie()OPMHUPOBAHHOTO COCTOSIHUS I'PTa TOJ MOA0IIBON (yHIaMeHTa (a); cXeMa HarpshKeHHO-ehop-

MHUPOBAaHHOTO COCTOSTHHS B 3JIEMEHTAPHOM 00BbeMe TpyHTa ()

Fig. 8. Scheme of the stress-strain state of the soil under the base of the foundation (a); scheme of the stress-strain state in

an elementary volume of soil (b)

A, :é(A% - Agy).

B uHBIX ciydasx UCHOIb3yeM yCIOBUE COOCHOCTH
TEH30POB MIPUpAIICHIN HANPsHKEHUH U 1ehOopMariiii:

A= AL, ;

Ale, — &) _ Ae
A(cz - cx) - Ac; -

3HaveHus €, €,, €, MPUHUMAIOTCSA 10 PE3yNbTaTaM
71a00paTOPHBIX UCIBITAHUH, KOTOPhIE COOTBETCTBYIOT
HaNpsKEHUSIM B TPYHTE B KaXKJ10i TOYKE 10 MACIOPTY
TPYHTA U NACIOPTy MOA3Y4ECTH.

15. OnpenensitoTcsi yCIOBHBIE MTHOBEHHBIE MO-
nyma: K, — o0beMHBIMOAYIIb M G, — MOJLYJIb C/IBHTA,
XapaKTEPHU3YIOILHUE TIEPEXO]] U3 IIPUPOAHOTO COCTOSHUS
OCHOBAHHS B COCTOSIHUE IOCIJIE TMPUIIOKEHHSI MECTHOU
Harpy3ku. Mruosenubie Mofymu K, u G, yaUTBIBAIOT
HEepexol B MOMEHT MPUIOKEHHS JOIOIHUTEIBHOM Bep-
TUKAJIbHOM Harpy3Ku:

Ac
MOt
Ac;
Gy (1)= % (16)

3(Ae; + A, (1))
16. Ipupamenue oceBoit gedopmanuu i-ro cios

MOCJIe TOPU30HTAIBHOTO NIepeMeIlIeHHs TPYHTA B TIpe/ie-
JIaX IPU3MBI OOPYIIEHHS PACCUUTBIBACTCS 110 (hopMyIIe:

Age °: (t) — Ac
zi T G
4 (t)

3Ky (1) _GV(t).

w0 G0

17. Ocaaxa oCHOBaHUS, pa3AEICHHOTO Ha PaBHBIC
CJION /10 YCIIOBHOH ITyOMHBI CKMMaeMOH TOJIIH, B MO-
MEHT BPEMEHH ¢ BBIYHCILIETCS CIICAYFOLIUM 00pa3oM:

S = Zn:(gzo +E, + AE,; ) A, (18)

i=1

IJie 71 — KOJIMYECTBO CIIOEB; £, — MPHUPAIIECHUE OCE-
BOH AeopManyuy B MOMEHT INPHJIOKCHHS BHEIIHEH
HATPY3KH; €, — NPUPALICHHE OCEBOH JAedopmarun
BCIIE/ICTBUE TION3YYECTH; A — MPHUPALIEHHE OCEBOH
nedopmariy i-ro cios ¢ y4eToM TOPU30HTAIBHOTO TIepe-
MEIIICHUS TPYHTA B MpeJiesiaX MPH3Mbl aKTHBHOTO JIaBJie-
HHS TPYHTA; &, — TOJIIMHA i-I0 CJIOS.

3AKJTIOYEHHUE U OBCYXJIEHHUE

o pesynsTaTaM HccIenOBaHNs YCTaHOBIIEHA 3aKO0-
HOMEPHOCTb HepaBHOMepHoro u3Menenus HJIC rpynros
B OCHOBaHHMH (pyHJIAMEHTOB 3/1aHMI Ha OPOBKE KOTJIOBA-
HOB. /leopmMupoBaHre TPYHTOBOTO MacCHBa B OCHOBA-
HUM (DYHIAAMEHTOB 371aHUMH, PACIIOIIOKEHHBIX B IPU3ME
00pYIIEHHSI, TPOUCXOUT HEJMHEWHO 1 HEPABHOMEPHO.
YeTpoicTBO TITyOOKHX KOTJIOBAaHOB IMPUBOJMT K U3Me-
Hennto H/IC rpyHTOBOrO MaccuBa ocHoBaHus (pyH/a-
MEHTOB, PacIlOJIOKEHHBIX Ha OpOBKE KOTIOBaHA. JTO
BEJIET K N3MEHEHHUIO COOTHOUIEHUS] BEPTHUKAIBHBIX H TO-
PHU30HTAIBHBIX HANPSKEHUH, YTO BBI3BIBAET H3MEHEHUE
JeOpMAIIOHHBIX XapaKTEPUCTHK I'PYHTA, BCICACTBHE
Yero MPOMCXOAUT YBETUUCHUE OCAIKH.

B pa6orax JI.P. Caduna u coasr. [14], JI.M. Hy-
pueBa u coasr. [15] Takke oTMedaeTcs, 4TO Ha onpese-
JIEHHBIX y4acTKaX B TPYHTE 3a MpelenaMy KOTJIOBaHa
IIPOUCXOIUT HEPABHOMEPHOE PACIpPENEICHHE OTIOI-
HUTEJbHBIX TOPU30HTAIbHBIX HANPSDKEHUM. Xapakrep
Pa3BUTHUS TOPU3OHTAIBHBIX MEPEMEIICHUN B MacCHUBe
rpyHTa BOJIM3M KOTJIOBaHA B TpyAe Y. Sangiang u co-
aBT. [16] comacyercs ¢ pe3yjabTaTaMu IPOBEJECHHOIO
71a00paTOPHOTO 3KCIEPUMEHTA, OTHAKO aBTOPHI CJIeIa-
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JIM BBIBOJ| O TOM, 4TO MOJIEJb J1e(hOPMUPOBAHUS HYXK-
HO CO3[aBaTh HE HAIPSMYIO 10 pe3yJIbTaTaM MOHUTO-
pUHIa, a 10 pe3ybraTaM YUCIEHHOTO MOJEIUPOBAHUS,
KOTOPBIM B CBOIO O4EpEb KOPPEKTUPYETCS COITIACHO
JIaHHBIM MOHUTOpPHUHTIA. B ciyyae NIMHUCTBIX IPYHTOB,

KOTOPBIC SIPKO MPOSIBIISIOT PEOJOTHYECKUE CBOWCTBA,
B JaJibHEHIIIEM HEOOXOMUMO YUUTHIBATh (haKTOp BpeMe-
HH, OKa3bIBAIOIIUI CYIIECTBCHHOE BIMSHKIE HA Ae(Op-
MAaIMOHHBIC ¥ MPOYHOCTHBIC XaPaKTEPUCTUKU IPYHTOB
(1.B. Koponesa [17], M.J. llakupos [18]).
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ABSTRACT

Introduction. This is the first investigation of the behaviour of precast concrete joint piles utilized in challenging soil condi-
tions on a construction site in Kazakhstan.

Materials and methods. The following techniques were applied: evaluation of the bearing capacity of SCLT using field test
data interpretation techniques and the ASTM’s dynamic DLT method for driving precast concrete joint piles.

Results. Only 7 % separated the dynamic DLT-PDA approach from the static approach. This implies that, in comparison to
other current methods, the alternative dynamic DLT-PDA method is highly precise and effective. Dynamic tests were conducted
by PDA (Pile Dynamic Analyzer) and static tests by the requirements of the American Society for Testing Materials (ASTM).
Conclusions. According to the test results have been made design changes in the pile foundation. Static tests (SLT) were
carried out on 16-meter piles and precast concrete joint piles with a total length of 25.5 and 27.5 m cross-section 40 x 40 cm.
SCLT is a highly accurate and robust system that enables you to monitor static pile tests whilst also ensuring the safety of
site operatives. Featuring a cable, users are able to monitor safely and accurately from distance, eliminating the need for
personnel to enter potentially dangerous testing zones. This study examined joint piles with a 400 x 400 mm cross section
and a pin-joined connection, as well as their relationship with the soil of Western Kazakhstan will be analyzed.
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Hecymasi cnocoOHOCTB 3ar1y0/JIeHHBIX COOPHBIX KeJ1e300€TOHHBIX
CBAMHBIX (PyHIAMEHTOB, IPOTHO3MPYyeMasi ¢ MOMOIIbIO
AUHAMUYECKUX U CTATHYECKUX HATPY30YHbIX HCIIBITAHUM
10 METOANKEe AMEPUKAHCKOI0 001eCTBA UCNIBITAHUA MAaTEPHUAJIOB

Aoayana PaxmeroBuu Omapos', Ackap Karnmaposuy ’Kycynoexos'
! Egpasutickuti Hayuonaiwuolil ynueepcumem umenu JLH. I'ymunesa; e. Acmana, Kazaxcman;

2 Hayuonanvhulil ucciedosamensckuil Mockosckutl 20Cy0apcmeeHHblil Cmpoumeibhblil
yrusepcumem (HUY MI'CY); . Mockea, Poccus

AHHOTALUMNA

BBepgeHue. 370 nepBoe UccrefoBaHNe COOPHbIX KENE30GETOHHbLIX CBal B CIIOXHbLIX IPYHTOBbIX YCIOBUAX CTPOUTENLHOW
nnowaaku B KasaxcraHe.

Marepuanbi u MeToAbl. [pYMeHeHbI criegytoLiMe METOb!: OLieHKa HEeCYLLEn CNOCOBGHOCTU METOAOM CTaTUYECKOro CXKaThs
C MCMonb30BaHMEM METOL0B MHTEPNPETALMM AaHHbIX NMOMEBbIX UCTbITAHUA 1 METOA, AVHAMUYECKOTO Harpy>XeHus npu 3a-
6VBaHWK roTOBbIX >Kene306eTOHHbIX CBa.

PesynkTaThbl. Pe3ynbraTbl MeToda AMHAMUYECKOTO HAarpy>KeHWst OTNNYAKTCS OT pPe3yrbTaToB METOAA CTaTUYECKOro CxKaThs
BCero Ha 7 %. 3TO 03Ha4aeT, YTO MO CPABHEHMIO C APYrMMU CYLLECTBYIOLLMMU METOAAMMN arbTEPHATUBHbIV METOA, AMHAMW-
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YECKOro Harpy>eHusi SiBNsieTCs BbICOKOTOYHbIM U 3ppeKTUBHBLIM. [UHaMMYecKme UCTbITaHUsi MPOBOAUIIMCH C UCMOSb30Ba-
HVeM aHanusaTopa 3abvBku cBaii, CTaTUMeCckne — B COOTBETCTBUM C TpeboBaHMsMM AMepUKaHCKoro obLuecTBa ucnbiTa-
HVS1 MaTepuarnos.

BbiBoAbl. Mo ntoram ncnbitaHuii Gbinv BHECEHbI KOHCTPYKTUBHbBIE U3MEHEHUS B CBalHbI (pyHAameHT. CTaTuyeckue ncnbl-
TaHWS BbINOMHSANNCL HA 16-METPOBbLIX CBasiX M COCTaBHbIX »Kene306eTOHHbIX cBasix obLen annHon 25,5 n 27,5 m ceveHmem
40 x 40 cm. MeTop, cTaTUYECKOro CxxaTusi — 3TO BbICOKOTOYHAsI HA[leXKHas cUCTEMa, KOoTopasi MO3BOMSIET KOHTPONMPOBaTh
cTaTnyeckme ncnbiTaHus ceaii, obecneunsas npu aTom 6e3onacHOCTb NepcoHana Ha cTponnnowaake. bnarogaps Hanuumo
kabens nonb3oBaTeny MOryT OCyLLEeCTBNSATb 6e30MacHbIi M TOYHbIN MOHUTOPUHI Ha paccTosHUM 6e3 HeobXxoauMOoCTH BXO-
OWTb B NOTEHUMAsbHO ONacHble 30Hbl UCMbITaHWIA. B JaHHOM nccnefoBaHMM paccMOTPEHbI COCTaBHbIE CBau C CEYEHUEM
400 x 400 MM ¥ LUAPHUPHBIM COEMHEHMEM, TaKXKe NpoaHanM3MpoBaHa nx NPUMMEHUMOCTb Ha rpyHTax 3anagHoro KaszaxctaHa.

KIMKOYEBBIE CITIOBA: aHanu3atop AVHAMUWKWU CBal, METOL CTATUYECKOrO CXaTusl, METOA AMHAMUYECKOTO HarpyXeHus,
cOopHble ene3obeToHHbIe CBaun

BrnaeodapHocmu. [laHHoe vccrnepoBaHue rHaHcposanocs Komutetom Hayk MUHMUCTEPCTBa Hayku U BbicLLero obpaso-
BaHus Pecny6nuvkm Kasaxctan (AP13268718).

OnA UWUTUPOBAHUA: Omapos A.P, XKycynbekos A.)K. Hecyliasi cnoco6HOCTb 3arnybneHHbIX COOpHbIX Kene3ob6eToHHbIX
CBaViHbIX (PyHAAMEHTOB, NPOrHO3Npyemasi C MOMOLLbI AMHAMUYECKNX U CTAaTUHECKMX HArpy304HbIX UCMbITaHWA No MeTo-
avke AmepukaHckoro obLuecTBa uUcnblTaHus Matepuanos // CTpoutenbcTBo: Hayka n obpasoBaHue. 2025. T. 15. Boin. 1.

Cr. 12. URL: http://nso-journal.ru. DOI: 10.22227/2305-5502.2025.1.12

Aemop, omeemcmeeHHbIl 3a nepenucky: Abgynna PaxmetoBuy OmapoBs, omarov_01@bk.ru.

INTRODUCTION

In Kazakhstan, pile foundations are currently
the most crucial component of large-scale construction
progress, particularly in Astana, the country’s relatively
new capital, where high-rise construction is moving quick-
ly forward. The viability of pile foundations is explained
by the need to provide great bearing capacity for high-rise
buildings and structures. Because they enable data to be
gathered on the relationship between the stress-strain state
and the pile’s bearing capacity, field methods of soil test-
ing with piles are pertinent in this context. When design
modifications are made in response to the data, these data
are especially crucial in the initial phases of construction.
One of the primary approaches to optimizing the choice
of pile length and diameter in the pertinent engineering
and geological conditions is a preliminary joint experi-
mental and theoretical study, including analytical and nu-
merical methods, of the interaction of long piles with sur-
rounding and underlying soils. It should be kept in mind
that the interaction of the pile with the surrounding and
underlying soil is one of the trickiest problems in applied
soil mechanics and structure. Significant contribution to
pile foundation construction was made by: M.Y. Abelev,
P.A. Abbasov, A.A. Bartolomei, N.M. Gersevanov,
B.I. Dalmatov, R.A. Mangushev, E.A. Sotnikov, Z.G. Ter-

Martirosyan, S.B. Ukhov, A.B. Fadeev, N.A. Tsytovich,
C. Terzaghi, A.J. Zhussupbekov, T.M. Baitasov, B.A. Ba-
zarov, R.K. Bazilov, S.B. Yenkebaev, R.E. Lukpanov,
E. Ashkey, R. Frank and many others [1-10]. The bearing
capacity of precast concrete joint pile foundations embed-
ded in a layer is a crucial topic in geotechnical engineer-
ing, particularly when assessing their performance under
dynamic and static loads. The analysis and prediction
of this bearing capacity are typically approached using
both dynamic and static load tests. Here’s a general outline
of how these tests and methods might be used to evaluate
such foundations (Fig. 1).

1. Static Load Test (SLT). This is a common method
used to determine the ultimate bearing capacity of piles. It
involves applying a gradually increasing load to the pile
until it reaches a predefined settlement or failure point.
The test provides direct measurements of pile settlement
and load capacity. Procedure: A static load is applied to
the pile, and the resulting settlements are recorded. This
helps in determining the pile’s load-settlement behaviour.
Data Analysis: The results are used to assess the ultimate
bearing capacity, settlement under design loads, and
the load distribution along the pile shaft and tip [11-20].

2. Dynamic Load Test (DLT). This method evaluates
the behaviour of piles under dynamic loads, such as those

Pile Testing

Methods

Static
Method

l Kentledge | l i ' Bi- | l PDA | l RLT ' Statnamic |
Blocks ROl ALS Directional Method Method Method

Dynamic
Method

Fig. 1. Pile testing methods
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caused by construction activities or seismic events. Dy-
namic load tests can provide information about the pile’s
ability to withstand short-term, high-intensity loads. Pro-
cedure: A dynamic load is applied to the pile, typically
using a drop hammer or a similar device. The response
of the pile to this dynamic load is measured. Data Analy-
sis: Dynamic load tests use principles such as the case
method or wave equation analysis to estimate pile capac-
ity and analyze dynamic behaviour [20-25].

3. Combined Analysis. Using both dynamic and
static load tests can provide a more comprehensive un-
derstanding of the pile’s performance. The dynamic tests
might be used to estimate the pile’s behaviour under rap-
id loading conditions, while static tests provide insight
into its performance under sustained loads. Prediction
of Bearing Capacity: Static load tests generally provide
more reliable estimates of the ultimate bearing capacity.
Dynamic tests are useful for understanding the pile’s re-
sponse to dynamic loads and validating the results ob-
tained from static tests. In research literature, studies of-
ten combine these testing methods to improve accuracy
and reliability in predicting the bearing capacity of pre-
cast concrete joint pile foundations.

Precast joint piles are multi-section reinforced
concrete structures consisting of several connecting el-
ements. Such piles make it possible to create supports
of maximum length (up to 36 m), which is impossible to
do with solid piles due to the limited capacity of the pile
driving equipment. Any reinforced concrete piles used
to support the foundation must be deepened to the level
of high-density soils. If the bottom of the pile is in soil
with insufficient bearing capacity, the house foundation
will not have the necessary stability, causing it to shrink
under the weight of the building. The need to use com-
posite piles arises when the top layer of unstable soil
on the construction site is thicker than the maximum
length of solid reinforced concrete piles. Precast Con-
crete Joint Piles: These piles are designed with specific
joints that can affect their load-bearing behaviour. Both
static and dynamic tests help in understanding how these
joints influence overall performance. Embedded Lay-
er: The bearing capacity can be influenced by the soil
or rock layer into which the pile is embedded. The inter-
action between the pile and the layer is crucial for accu-
rate bearing capacity predictions. “Dynamic Testing and
Static Analysis of Pile Foundations™: This paper would
discuss methodologies and findings related to combining
dynamic and static testing approaches [25-29].

MATERIALS AND METHODS

SCLT testing of precast concrete piles

Due to the widespread use of pile foundations in soft
soil conditions, as well as with the increase in the number
of stories in construction, it becomes necessary to install
composite piles longer than 12 m. There are many ways
to connect piles, and it is difficult to determine which
method is the most effective. Fig. 2 shows a structural
diagram of the work performed using the technology for

constructing composite pile foundations. It is obvious
that the processes of engineering and geological surveys
of the construction site and the design of pile foundations
are practically independent of the manufacture of com-
posite piles and their delivery to construction sites. This
indicates that a flexible technological process has been
obtained, where independent stages of work are carried
out aimed at obtaining a single final product. Manufac-
turing plants, regardless of the design solutions for pile
foundations of a specific facility, and taking into account
the plan for the release of reinforced concrete products,
can manufacture composite piles and have a certain stock
of products. A contractor to obtain the required volume
of composite piles, indicating their specific dimensions
and curing the product until it gains the strength speci-
fied in the project. With the new technology of erecting
pile foundations, in addition to the above-described ad-
vantages, their design is significantly simplified. Factory
technology for the manufacture of prefabricated piles
can be carried out using automated technological lines,
and special vehicles equipped with equipment for load-
ing and unloading operations can be used to deliver them
to construction sites. The use of prefabricated piles for
the construction of pile foundations will improve labor
safety and ensure compliance with technical require-
ments for delivery, storage and execution of works [5—8].

Static and dynamic tests were carried out on precast
reinforced concrete composite piles with a total length
of 27.5 m. They consist of two sections with a cross-
section 0of 40 x 40 cm: a lower section 16.0 m long and up-
per sections 9.5 to 11.5 m long (Fig. 2). When construct-
ing a pile foundation, each driven pile can be subject to
control, which provides very valuable information that,
in our opinion, must be used from calculation, design
and ending with the production of pile work. In addition,
to obtain an effective type of pile foundation, as noted
repeatedly, it is necessary to strive for maximum use
of the bearing capacity of the piles on the soil, bringing it
closer to the bearing capacity of the piles on the material.
Static compression tests were performed on precast con-
crete composite piles No. TP-03, No. TP-02, No. TP-01.5,
and No. K-3, which are moved under the control
of the cargo unloading facility (COF) area with a depth
of 23 and 26.75 m, and pre-drilled with an auger with
a diameter of 330 m, depth of 11.40 m. The platform is
made of steel, which consists of a metal beam and two
platforms located at equal distances from the center
of the main beams (Fig. 3).

Concrete blocks are used for platforms, and one plat-
form can accommodate a total weight of 200-205 tons.
The vertical loading is created by a DG500 G250 hy-
draulic jack. The pressure in the jack was created using
an NER-1.6A40T1 electrohydraulic pump with a manual
distributor. For the support beams, two H-shaped beams
with a height of # = 20 cm and a length of 5.3 m were
used, which were fastened with bolts with a BAU 114 x
x 4 x 2,000 clamp. During the tests, the benchmarks and
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Fig. 2. SCLT static load testing of precast concrete joint piles
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Fig. 3. Equipment for loading precast concrete joint piles
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deflection gauges were protected from the effects of wind,
temperature and other negative effects (Fig. 2, 3).

For composite pile No. K-3, the load was 1,639 kN
(this is equal to 125 %), and for other piles, the maximum
load was 3,278 kN (this is equal to 250 %) of the work-
ing load [6-14].

Testing of precast concrete piles using the PDA method

Despite its name, this test using an oscillographic
pile driving analyzer (PDA) can be performed on any
type of deep foundation. Dynamic pile testing is based
on the theory of stress wave propagation on piles and in-
cludes the following:

* installation of accelerometers and stress sensors
on the pile or bored column;

* recording and transmission to the PDA of ac-
celeration and stress signals at each impact of the ram
or hammer on the pile;

» computer processing, reproduction and storage
of signals, as well as performing automatic calculations.

118

Pile dynamic tests were performed on precast con-
crete piles No. TR-1.02, No. TR-1.03, No. TR-1.05 and
No. TR-02. The piles were tested using a PDA (Pile
Driving Analyzer — Model PAX) using a JUNTTAN
PM25LC hammer with a 9 ton HHK-9A hydraulic ham-
mer and a 990 kg head attachment. The sensors are con-
nected to the analyzer (PDA) which internally performs
all the necessary signal conditioning and processing to
obtain output results during the drive for each hammer
blow and an immediate display on the screen of the mea-
sured force on the pile head (me(l)) and the speed
of the pile head movement (v__ ) as a function of time
[6-14].

The test results obtained by this method, when pro-
cessed using the wave theory of impact, make it possible to
approximately estimate the effective resistance of the soil
along the lateral surface and the heel of the pile, and to
model the “load — settlement” relationship.

Determining the specified values over time dur-
ing the impact allows plotting graphs of the dependence

meas(t)



Bearing capacity of precast concrete joint pile foundations embedded layer predicted using

dynamic and static load test by ASTM P. 115123

of the pile settlement on the dynamic forces acting in it,
which can be recalculated for the corresponding static
loads.

Signals from the sensors are transmitted to the mea-
suring computer using a cable. Signals from the sensors
must be recorded in digital form on a hard disk.

Determination of the bearing capacity of a pile
on the soil is carried out using specialized software de-
veloped based on the principles of the wave theory of im-
pact [25].

When using wave calculation to determine the re-
sistance of single piles working to press the piles into
the soil, the reliability of the calculation must be con-
firmed by the available positive results of static tests
of piles of the same cross-section in similar soil condi-
tions.

The results we obtain are as follows:

* load-settlement graph (Pile Top);

* total bearing capacity of the pile;

* bearing capacity along the lateral surface
of the pile;

* bearing capacity across four piles;

* load-settlement graph four piles (Bottom);

» presence of any significant discontinuities in
the shaft.

Load,kN
1400 2100 2800 3500

0 700

RESULTS OF THE RESEARCH

Results of field tests using the SCLT method

Fig. 4 shows the results of testing by the SCLT meth-
od. According to the results of composite piles No. TR-03,
No. TR-02 and No. TR-01.5, the curved line in the “settle-
ment— load” graph shows that the convergence of the graphs
is observed only at the initial stage of loading, and then there
is a change in the trajectory of the curve of composite piles
No. TR-02 and No. TR-03, charac-teristic of the stage of re-
sistance to creeping soil, while the curve of composite pile
No. TR-01.5 (at this stage of loading) is more characteristic
of the elastic resistance of the soil [9—11].

The Davisson Limit Value (Ultimate Load) Method
offers the advantage of allowing the engineer, when check-
ing a pile for a given allowable load, to determine in ad-
vance the maximum allowable displacement for that load,
given the pile length and size. Pile section area, 4 =0.16 m?;
Pile diameter approximation, D = 45.0 cm; Load,
P = 3,000 kN; Pile number TR-02; Pile length L =
=26.75 m; Young’s modulus (B40), £ = 45,000,000 kPa;
Elastic line= (P - L)/(A - £)=0.011 m = 11 mm; Da-
visson line (ASTM): A = D/120 + 0.4 = 0.78 cm =
= 7.8 mm; the ultimate pile capacity (pile number TR-02)
Fu=2480 (Fig. 5).

Settlement
)
(=]

25PN,

-35 .

A\ 1—o—TP-03
\ —0—TP-02

""'"--..__& ) A -
““%\ —A—TP-01.5
—/

: 1—<—K-3
L S —— )

30k \"‘—-—.:_._____D_______\E i
[ — —_— | 2

Fig. 4. Load calculation graphs from SCLT methods
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Fig. 5. Load-settlement graph for pile No. TR-02
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The main advantage of this method is that the actual
limit line can be drawn on the load flow diagram before
the test begins. The limit load displacement criterion is
primarily intended for the interpretation of fast testing
methods, but it can also be used to interpret the results
of slow methods [9-11].

The ultimate bearing capacity of the pile (pile
No. TR-02) Fu = 2,450 kN (Fig. 4). In Kazakhstan,
the safety factor for static tests of piles is 1.2. Therefore,
the calculated value of the permissible pile capacity,
0, was estimated as O, = 2,480/1.2 = 2,067 kN (pile
No. TR-02) and 2,450/1.2 = 2,042 kN (pile No. TR-03).

KGS-Astana LLP - PDIPLOTZ Ver 2016.1,5.3 - Case Method & ICAP® Results
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TCO-CaTRo - TP-01.2 - COF AREA, SEG-1, pre-augering (L=12.3m, dia. 330mm) HHK-9A

Results of field tests using PDA and DLT methods

When constructing a pile foundation, each driven
pile can be subject to control, which provides very valu-
able information that, as we believe, must be used start-
ing from calculation, design and ending with the produc-
tion of pile works. In addition, to obtain an effective type
of pile foundation, as noted repeatedly, it is necessary to
strive for maximum use of the bearing capacity of piles
on the soil, bringing it closer to the bearing capacity
of piles on the material.

Fig. 6, 7 show the results obtained by the PDA
method when driving precast concrete joint piles [9-11].
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Fig. 6. Graphic results of driving precast concrete joint piles using the PDA method, TR-01.2, depth from the beginning

of driving to 14.8 m
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Fig. 7. Graphic results of driving precast concrete joint piles using the PDA method, TR-01.2, Depth from 14.8 to 24.3 m
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According to DLT methodology, the pile is driven
into the ground until it reaches the value of the pile’s pli-
ability parameter in the ground from one impact of the pile
driving equipment, corresponding to the value of the effec-
tive load carried by the pile. In cases where it is impracti-
cal to take the pile’s load-bearing capacity in the soil equal
to the load-bearing capacity in the material (due to the de-
sign features of the pile foundation), the effective load
carried by one pile is determined by means of technical
and economic calculations. It must not exceed the design
resistance of the pile material to axial compression [9—11].

Fig. 8, 9 show the results obtained by the DLT
method after resting the composite piles.

2,067 + 2,042 +2,333
3
= 2,148 kN = 104 %;

SCLT,,, (ASTM) =

2,859 + 2,235 + 2,245
3
=2,447 kN =119 %;

PDA,,, (ASTM) =

121

(GG) L ONSSI'GL'ION Surenuaacg S



Science :ﬁlt:lnftll::glii':::l: Vol. 15. Issue 1 (53]

Abdulla R. Omarov, Askar Zh. Zhussupbekov

DLT, . (ASTM) - 2,400 + 2,485 :2,236 +1,952 _

=2,366 KN =111 %;

DLT,, (ASTM)- SCLT,,, (ASTM) =

=2,366 KN—-2,148 kN =218 kN =7 %;

PDA,,, (ASTM)~- SCLT,,, (ASTM) =
= 2,447 KN —2,148 kKN = 299 kN =15 %.

CONCLUSION AND DISCUSSION

In this paper, according to the analysis, it is pos-
sible to observe the similarity of the obtained data from
the SCLT and DLT methods (after CAPWAP inter-

pretation). Minor deviations from SCLT equal to 7 %
(218 kN) depending on the DLT method are revealed.
The Davisson limit method was used as a determinant
of the maximum bearing capacity.

In this section, the calculation of the pile bearing ca-
pacity is made based on the results of PDA tests of com-
posite piles (40 x 40 cm cross-section and lengths from
23 t0 26.75 m) and the bearing capacity of the piles was
2,447 kN, according to the results of SCLT data interpre-
tation, the bearing capacity of the piles on average was
2,148 kN.

The simulation of static load tests with CAPWAP
(DLT method) does not include long-term effects such as
creep or long-term calculations. According to this reason,
in almost all cases the CAPWARP load curve is slightly
higher than the static load curve in the static load test,
especially for higher loads.
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ABSTRACT

Introduction. The effects of low-rise building mat on liquefiable site were investigated in this study.

Materials and methods. One-dimensional ground response analyses of a layered sand model profile were conducted using
Midas. The UBCS and soil model was used.

Results. The excess pore water pressure and the stress/strain time histories as well as the ground deformation of the nu-
merical model were examined.

Conclusions. With the comparison of the free-field solutions, if the liquefaction occurred, the mat can cause the subsoils
to settle more and push the side soils to move laterally, which will yield sway motions of the mat. The deeper embedment
of the mat sometimes would help to minimize such phenomenon.
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Biausinue nJuT OCHOBAHUM MAaJIOITAKHBIX 31aHUHI
HA Pa3KUKAEeMOCTb T'PYHTOB
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AHHOTALUMNA

BBeaeHue. /3yyaeTcs BMMSHME NAUT OCHOBAHUI Mano3TaXHbIX 34aHUNA Ha Pa3XmKaeMOoCTb rPyHTOB.

Matepuansbi u metoabl. C nomouubo MO Midas npoBeaeH ogHOMEPHBI aHanM3 peakuuy CrioncTon necyaHon Mogenu.
Mcnonb3oBanuck mogens UBCS n mogens rpyHTa.

PesynbtaThl. ViccnenoBaHbl M3bbITOYHOE AaBreHe MOPOBOV BOAbI, BPEMEHHbIE 3aBUCHMOCTY HaMnpsbKkeHun n gedopma-
uni, a Takke gedopManum rpyHTa B yCNOBUSAX YNCTIEHHOW MOAENN.

BeiBoabl. [pn cpaBHEHWUM pelleHuii B CBOGOAHOM NPOCTPAHCTBE B Cry4ae PasXmxeHns Hanumyue nnuTel OCHOBaHUS MO-
XET NpUBECTU K BonbLUEMY OCEAAHMI0 FPYHTOB OCHOBaHMUSi U GOKOBOMY CMELLEHNIO, YTO NMPUBEAET K packa4ynBaHWio OCHOBa-
Husi. bonee rnmy6okoe 3arny6neHne OCHOBaHWS MHOIAA NOMOraeT MYHUMKU3VMPOBATL 3TO SIBIEHME.

KINOYEBBIE CITOBA: manoataxHoe 3faHue, NNUTHbIM yHAaMeHT, cBOOOAHOE NPOCTPaHCTBO, CITIOUCTLIN NECOK, Pa3)u-
XaemocCTb rpyHTa
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INTRODUCTION

This study is a pilot study for investigations
of the influences of foundation type in liquefiable sites.
It aims to understand the impact of liquefied ground
on the mat foundation of low-rise building. The study
uses two-dimensional finite element analysis to simulate
the response of free-site ground and the same site with
the existence of mat under the shakings of one-dimen-
sional horizontal earthquakes. The changes of the shear
stress and strain, the excess pore water pressure and
the permanent displacement under the earthquakes af-
fected by the seismic intensities, the design geometry
of the mat as well as the dead load applied onto the mat
will be discussed [1-5].

MATERIALS AND METHODS

Numerical model and seismic concerns

In this study, the finite element software MIDAS-GTS
NX (Midas, 2014) was used to simulate the seismic be-
havior of the soil-raft foundation, whereas the UBCS
and model (Byrne et al., 2004) was used to simulate
the possible liquefaction of the sands. For comparison,
the free-field solution was obtained first, and the analy-
sis of the mat at the same site was monitored. The study
was following the site example revealed at the National
Science Council’s joint research project, and then taking
the soil parameters as the basis. The numerical model
was planned as a layered sand profile, which has a depth

Ground surface
-
2m SPI-N= S5 Sand ~
8m SPI-N= 8 Sand
3
10m SPI-N= 12 Sand
10m SPT-N= 15 Sand
20m SPTI-N= 19 Sand
T Bedrock

Fig. 1. Layout of the numerical model of layered sands
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Fig. 2. Record from TAP0O3 station in Chi Chi earthquake
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Table 1. Material parameters of the numerical model

Taou. 1. ITapameTpsl MaTepuaa YMCICHHON MOJEIH

Deoth (m :ki&’) (k]l‘::'::ﬁ (::;) N (M)so ("a) (kgs) (k]E’a) !
02 18 b} 144 5 (] I8 JE000 | 99000 0.3
210 15 0 165 L 10 30 S5000 | 155000 | 0.4
10-20 18 pil} 186 12 12 n TIO0O | 199000 | 04
20~30 18 1] P 15 12 3 B2000 | 230000 | 04
30-50 18 0 215 19 12 35 4000 | 264000 | 0.4

Table 2. Model parameters of UBCSand model
Taou. 2. [Tapamerpst monenin UBCSand

Midas

| et | (Byrne, 1998)

Pavameter

Elastic (Power Law)

Elasticshear modulus

KE K& = 21.7 = 20.0 = (N,)2F33
number
Elasticshear modulus
ne 0.5
exponent
Plastic/Shear
@y = Oy + (N1doo/
Peak Friction Angle [

10.0+max (0.0, Falee=iZ)

Constant Volume

D 30" < O, < 34°
Friction Angle
Plastic shear modulus
KE KE = KE(N,)i, x 0.003 + 100.0
Flastic shear modulus
np 0.4

exponent

Ry = 1.1 x (N;)38%%

Failure ratio R,
0.7-0.98 (< 1)

Fost Liquefaction
Calibration Factor
Soil Densification
Calibration Factor

o.1

Faens 045

of 50 m. Fig. 1 and Table 1 illustrate the numerical model.
In order to include the influence of seismic forces,
the seismic record during 1999 Chi-Chi earthquake in
zone-1 of Taipei basin was adopted. The record was se-
lected and examined to ensure that its main frequency
is similar to the natural frequency of the site (Fig. 2).
The original earthquake records are calibrated through
the scaling method for the target motion, and the base-
line correction was used to eliminates the source error.
The peak ground acceleration (PGA) used in the study is
corresponding to the levels of seismic intensity at IV, V-,
V*and VI issued by the Central Weather Administration
in Taiwan, which is 0.08, 0.11, 0.195 and 0.25 g respec-
tively. The UBCS and mode parameters are organized
as shown in Table 2. The mat foundations were mainly
assumed with the embedment depths of 2 and 5 m, and
the width of the foundation was 20 and 30 m. The load
applied at the mat was 30 and 60 kPa to simulate the low-
rise building weights. The boundary conditions on both
sides of the finite element model are set to Free Field, in
which the infinite boundary condition is set up on the XY
plane to eliminate the reflected waves from the boundar-
ied. The bottom node of the model is set as the hinge sup-
port to simulate the rigid base of the underlain bedrock.
From the examination of the stability of the solutions,
the overall analysis width of the model was set to 300 m.

Interface element

In the MIDAS-GTS NX program, the interface
elements are defined using the Coulomb friction meth-
od. The stresses at the interface elements are mainly
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Fig. 4. Layout of the FE Mesh used in this study
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the friction between the concrete and the soils. Accord-
ing to such type of mechanism, the interface element
parameters will be dominated by the weaker mate-
rial which is the soil. With the suggestions from Midas
Manual, the spring coefficient £ in the normal direction
and the spring coefficient k, in the shearing direction at
the contact face were set to 10 £ (Young’s coefficient
of the soil) and E respectively, and the ultimate shear
stress T is computed as ctand, where & is the friction
angle between the two materials (taking as 2/3 of the fric-
tion angle ¢ of sand), and o is the normal stress acting
upon the contact plane.
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Fig. 5. Shear stress time-histories at the free-field site
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Elements and mesh

Four-node supralateral elements were adopted in
this study. The finite element mesh was determined with
the concern that the aspect ratio of element length-width
should be 1:1. Since the main observation in the study
is the physical quantities at the centre part of the soil
profile and the mat with the nearby soils around the mat
(which can be taken with a spacing distance of 1B from
the centre line) as shown in Fig. 3, the elements close to
the centre were kept smaller, whereas the farther out ele-
ments were expanded with larger aspect ratios to reduce
the computation time. Fig. 4 shows an example of foun-
dation mesh.

RESULTS

Free-field observations

1. The shear stress of the soil layer will increase
with the increase of earthquake intensity, and the deeper
the depth, the greater the shear stress; the shear stress
will be eliminated by the generation of EPWP.

2. The permanent shear strain of the soil layer in-
creases with the earthquake intensity. At the intensities
studied, the maximum shear strain of the soil layer can
reach 2.5 %.

3. The permanent ground displacement also in-
creases with the earthquake intensity. When PGA =
=0.195 g, the permanent horizontal and vertical ground
displacements are 18 and 25 cm; when PGA = 0.25 g,
the permanent horizontal and vertical ground displace-
ments reach 27 and 47 cm. Fig. 5-7 show the changes in
shear stress, shear strain, and excess pore water pressure
of the model site with depth when PGA =0.195 g. Fig. 8
shows the surface horizontal and vertical displacement
time histories of the site.

4. The soil liquefaction will become more severe
as the earthquake intensity increases. Comparing with
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Fig. 6. Shear starin time-histories at the free-field site
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Fig. 7. Time histories of the ratios of excess pore water pres-
sures at the free-field site
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Fig. 8. Horizontal and vertical displacement time histories at
the free-field ground surface
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the empirical analysis of the liquefaction potential as-
sessment suggested in Taiwan, the results showed that if
PGA <0.195 g, the safety factor suggested by the empiri-
cal method would be higher; if PGA > 0.195 g, the safety
factor of the empirical method can approximate the re-
sults of 1D ground response analysis.

5. By computing the ground settlement from
the empirical methods and treating the vertical strain
of the soils as 1/3 of the volumetric strain or 1/2
of the volumetric strain (assuming v = 0.5), the settle-
ments were compared with those obtained from the FE
analyses. It was found that the results from Tokimatsu
and Seed (1987) are higher than FE solutions; while
those from Ishihara and Yoshimine (1992) are smaller
than FE solutions when PGA < 0.195 g and higher than
FE when PGA >0.195 g.

Mat foundation

1. Comparing with the free-field responses, the mat
will increase the shear stress and decrease the shear
strain of the soils underneath it, however the side soils
will be pushed out by the mat. The mat will decrease
the liquefaction potential of the soils underneath it due

to the influences of overburden pressures, however if
the surrounding soils were tending to liquefy during
the ground shaking, the mat will easily trigger unbal-
anced ground motions which could cause the mat to sway
during the seismic impact. The mat could also accelerate
the EPWP dissipations during the excitations. Fig. 9-11
depict the comparison of mat foundation and free field
responses when PGA =0.195 g.

2. When the PGA remains unchanged, reducing
the size of mat will reduce the shear stress increment of the un-
derlying soil layer (compared with the free field one),
and the soil strain remains similar to the free field. The hori-
zontal displacements of the soils below the foundation
were suppressed and similar to the free field, and the verti-
cal displacements were larger than the free field. The soils
aside the smaller size mat had less displacements com-
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Fig. 9. Effects of the mat to shear strain time histories
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Fig. 10. Effects of the mat to Ru time histories
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Fig. 11. Effects of the mat to the surface ground displacement time histories
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Fig. 12. Effects of embedment depth at 5 m to the surface ground displacement time histories

Puc. 12. BiusHue niyOUHBI 3aJI0)KEHUS HAa 5 M Ha BPEMEHHbIE 3aBUCMOCTHU CMEIIEHUH TPyHTa Ha IOBEPXHOCTU

pared to those found at larger size, but much larger than
those found at the free field site.

3. By putting the low-rise building mat deeper
will increase the maximum shear stress of the soil layer.
The increase in embedment depth of the mat (2~5 m from
the ground surface) will push the side soils move outwards
during the earthquake, which will cause easily the foun-
dation to tilt and collapse. Although the seismic resis-
tance of mat increases with depth, the possible destruc-
tiveness of the low rise building mat foundation may be
intensified. This deserves the engineer’s attention. Fig. 12
shows the impact of increase the embedment depth.

4. The increase in foundation load will increase
the maximum shear stress of the shallow soil layer;
the permanent shear strain of the soil layer will decrease.
Comparing the duration of the excess pore water pres-
sure ratio, it can be found that the excess pore water

pressure ratio under the foundation is suppressed and
the dissipation situation becomes more obvious.

5. The effects of shear stress, shear strain, excess
pore water pressure ratio, and horizontal and vertical dis-
placements with respect to the mat width, embedment
depth, and load of foundation are summarized in Table 3.

More details of the observations and discussions
can be found in Lian (2024).

CONCLUSIONS

Free-field response

The study focuses on layered sand profile where
low to medium strength parameters were selected to
yield conservative results for the liquefaction influenc-
es on low-rise building mat foundation. The study was
mainly conducted using 2D Midas analysis. Each case
study can be accomplished within three hours. The re-

Table 3. The effects on mat on the measures affected by soil liquefaction

Taou. 3. BiusHue nokasaresneii, 3aTpOHYTHIX Pa3KIDKeHUEM I'PYHTa, Ha IUIUTY OCHOBaHUSA

Influence factors Increase B Increase D Increase load
Measures (20~30 m) (2~5m) (30~60 kPa)
Max. shear stress Increased Increased Increased
Max. shear strain Increased Increased Increased
Max. Ru Decreased Increased Decreased
U, atfdt. centre Decreased Decreased Increased
U, atfdt. centre Decreased Decreased Increased
U, outsides fdt. Increased Increased Increased
U, outsides fdt. Decreased Increased Increased
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sults were compared with those from empirical liquefac-
tion potential analysis and the seismic settlement predic-
tion methods. The study found that seismic intensities
PGA at 0.08 and 0.11 g will not induce the soil liquefac-
tion, while intensity PGA larger than 0.195 g will cause
the soil liquefaction to occur especially for the sand lay-
ers at shallower depth from the ground surface.

Mat foundation response
The analysis of the mat at the same profile re-
veals that the mechanism became quite complex when

the foundation exists. The liquefaction potentials
of the soils right below the mat can be reduced, but
the corresponding influences in the side soils around
the mat may cause the foundation to tilt and sway.
The embedment depth indeed provides the advantage
to resist the liquefaction induced damages. However,
for low rise building foundation, the embedment depth
of the mat is maximum up to 5 m. Therefore, the mat
foundation for low-rise building has its limited strength
to overcome the soil liquefaction induced damages.
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ABSTRACT

Introduction. Designing and constructing highways in difficult soil conditions is a significant engineering objective that
requires a comprehensive approach. Traditional design and construction methods may not be effective in unstable or het-
erogeneous soils, such as subsidence soils. This article discusses key aspects of highway design in complex soil conditions,
including geotechnical analysis methods, material selection and application, and soil reinforcement techniques.

Materials and methods. Plate load tests and static pile tests of soils have provided a detailed assessment of soils’ mechanical
characteristics and bearing capacity in the project area. These tests provide accurate data on the resistance coefficient and de-
formation properties, facilitating the adjustment of design solutions and selecting optimal strengthening and stabilization methods.
Results. The test results showed that the soil-bearing capacity of the pile is sufficient to support the maximum indentation
design load. The authors also discuss a modern stabilization method, such as the use of geosynthetics, which was applied
in the study and improves the bearing capacity and durability of the roadway.

Conclusions. An analysis of successful case studies of projects in difficult soil conditions highlights effective strategies
and methods that can be adapted for different geological conditions. The results of the study emphasize the importance
of a multidisciplinary approach and the application of modern technologies to ensure the stability and reliability of roadways
in difficult soil conditions.

KEYWORDS: road, pavement, design, strength, soil, test
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IIpoexkTHpPOBaHUE M CTPOUTEILCTBO JIOPOT B CI0KHBIX TPYHTOBBIX
YCJIOBUSAIX: MPAKTHYECKHE PEKOMEHIANH

Acenpb CepuxoBHa Tyne6exoBa', Ackap ’Karnaposuu ’Kycynéexos'?,
Aiixan Kypaiibimena Kankuna', Jlana I'a6nyanueBna bakuposa', AMuna Uiarodaepa'
! Espasutickutl Hayuonaiwholll yuueepcumem umenu JLH. ['vvmunesa; o. Acmana, Kazaxcman,

2 Hayuonanvhulil uccieoosamenvckuil Mockosckuil 20Cy0apcmeeHulii Cmpoumebhblil
yuugepcumem (HUY MI'CY); . Mockea, Poccus

AHHOTALUMNA

BeepeHue. [poeKkTMpoBaHME 1N CTPOUTENBLCTBO aBTOMOBUBHBIX 4OPOr B CMIOXHbBIX TPYHTOBbLIX YCIOBUSAX — BaXHas MHXe-
HepHasi 3agadya, TpebytoLas KOMMNeKkCcHoOro noaxoda. TpaauUMOHHbIE METOAbl NMPOEKTUPOBAaHNSA Y CTPOUTENBCTBA MOTyT
okasaTbCsl HeaEKTUBHBIMU B YCNIOBUSIX HECTAOUMBHOCTA UNU HEOQHOPOAHOCTU TPYHTOB, HaNpumMep Npu NPoOcCagoYHbIX
rpyHTax. PaccmaTpuBaroTcs krntoyeBble acnekTbl MPOEKTUPOBaHNS aBTOMOOWITbHbBIX AOPOT B CIIOXHBIX TPYHTOBbLIX YCIOBUSIX,
BKITHOYAsi METOAbl FEOTEXHUYECKOrO aHanmaa, BbiIoop U NpMMEHeHNe MaTeprarnoB, a Takke METOAbl YKPENIEHWS rpyHTa.
MaTepuansi 1 meToabl. LLITamnoBble 1 cTaTU4eckMe CBalHbIE UCTbITAHUSI TPYHTOB MO3BOMNMMN NOAPOGHO OLEHUTb UX Me-
XaHUYEeCKMe XapakTEPUCTUKN U HECYLLYIO CMOCOBHOCTL B YCNOBUSIX CTPOMNIIOWaaKu. Takme UcrblTaHust 4atT BO3MOXHOCTb
MOMNY4YNUTb TOYHbIE AAHHBIE 0 KO3 DULIMEHTE CONPOTUBNEHMUS 1 AePOPMaLIMOHHBLIX CBOMCTBAX, YTO 0breryaeT KOppeKkTUpoB-
Ky NPOEKTHbIX PeLLUEHNA 1 BbIGOp ONTUMarnbHbIX METOAOB YKPENMeHUst 1 cTabunmsauum.

Pesynbrartbl. Pe3ynbraThl UCMbITaHUA NOKa3anu, YTo HecyLlas CnoCoBHOCTb AOCTaToMHa ANst BOCNPUATUS MakCMManbHOM
pac4eTHOWN Harpy3ku Npu BAaBnMBaHUn. ABTOpbI Takke 06CyKaatoT Tako COBPEMEHHbI MeToz cTabununsaumm, kak Ucrnosb-
30BaHNE re0OCUHTETUYECKMX MaTepMarnoB, KOTOPbIN NPUMEHEH B UCCnefoBaHum. [JaHHbI METOA TakKe NOBbLILLAET HECYLLYIO
CrnocobHOCTb U A0NTOBEYHOCTb AOPOXHOMO MOKPLITHS.
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BbiBoabl. AHanus yCnewHbIX NpumMepoB peann3auny NPpoeKToB B CIIOXHbIX FPYHTOBbIX YCITOBUAX MO3BOSIAET BblAENUTb
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nccnefoBaHnst NOAYEPKMBAIOT BAXHOCTb MEXAMUCLMMAMHAPHOIO NOAX04a U MPUMEHEHUSI COBPEMEHHbIX TEXHOMOrNIN Ans
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INTRODUCTION

The distribution of loess rocks occupies a con-
siderable part of the land, in Kazakhstan, loess, and
loess rocks are distributed mainly in the south and east
of the country, which were formed under the influence
of cryogenesis processes in the periglacial conditions
of the mountain glaciations of the Tien Shan and Pamir
[1]. A distinctive feature of collapsible soils is their
ability when stressed by their weight or the foundation’s
external load, to give additional settlements, called
collapses, when moisture increases — soaking [2].
Collapsible soils include loess, loess-like sand—clays,
loams, and clays, some types of head loams and sand—
clays, as well as, in some cases, fine and dusty sands
with high structural strength, bulk clay soils, industrial
wastes (grate dust, ash, ash deposits, etc.) [3]. Indirect
methods [4] of determining collapsibility are used at
the earliest stages of the investigation of loess soils in
the territory under study to determine the propensity
of soils to collapse. Based on their assessment
of the choice of methods of further research of soils and
justification of appointments of field and laboratory tests
[5], the approximate evaluation of the volume of work
unlike direct methods, doesn’t allow for estimating
the numerical collapsibility value of loess soils.

The indirect methods of investigation of collapsibility
use the so-called “visual indicators” and indirect indicators.
Visual indicators include the following already mentioned
signs: climate and topography, thickness of loess rocks,
and depth of occurrence of ground waters [6], loess
rocks also have characteristic mineral and granulometric
composition and appearance of rocks. The indirect
indicators include calculated indicators [7]. The main
ones are the coefficient of soil porosity, the dry density
of the soil, water saturation ratio, and collapsing index,
as well as the reduction coefficient of structural strength
when wetting, macroporosity index, moisture deficit ratio,
and collapsing index [8]. In difficult soil conditions before
constructing structures, it is necessary to apply various
methods to increase collapsible soil’s bearing capacity and
stability [9]. The bearing capacity of such soils is low, so
before making foundations on them, applying different
soil stabilization methods is necessary. Three groups
of methods are used for the improvement of soil bases:
constructive methods of base improvement; compaction
of soil bases; and consolidation of soil bases [10].

132

Today the practice shows different methods and
ways of eliminating subsidence properties of soils by
their compaction or consolidation; the device of soil
cushions is used. To consolidate the subsidence soils,
use the methods of one-solution silicification or thermal
firing [11-13]. The device of ground cushions creates
a layer of non-subsidence soil in the foundation base.
Another practice presented the construction of fixed
soil columns and piles in weak dusty-clayey soils
when combinations of jetting and boring methods
or combination of jetting technology with the immersion
of ready-reinforced concrete elements are also promising
[14]. Also, one of the effective methods of designing
structures on subsidence soils is the reinforcement
of foundation soils. One of the basic concepts of soil
reinforcement is reduced to the scheme when the weak
soil mass is reinforced with high-strength elements and
diaphragms placed in the ground [15]. In this case, both
vertical and horizontal reinforcement is possible, which
in each case has a different effect on the stress-strain state
of foundation soils and the operation of foundations.
The improvement of ground and soil base reinforcement
is directly related to the materials used for reinforcement
[16, 17].

MATERIALS AND METHODS

The projected section of the highway is in Almaty
region [18]. The “Zero end of the survey” is located
on the western side of Almaty city. The road is designed for
traffic speeds up to 150 km/h [19]. Geomorphologically,
the development site is located within a sloping plain
in the foothills, extending northward from the foot
of the Zailiyskiy Alatau. The climate of the district is
sharply continental. The climate features of the district
are determined by the latitude of orographic elements
on its surface. The combination of climate-forming
factors leads to the prevalence of hot, dry weather with
sharp seasonal and daily fluctuations in air temperature.
Summers are hot, winters are moderately cold and mild
[20]. It rains in spring and summer.

The Tien-Shan region is a complex mountainous
country formed because of repeated changes in
the tectonic regime. The oldest geosynclinal period
of tectonic development extended from the Archean
to the Ordovician. From the orographic point of view,
the region is represented by a complex system of ridges
and depressions. The Tien Shan region is formed by
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the structure of Precambrian and Caledonian folds.
The Alpine folding began in the Upper Cretaceous and
continues to this day with interruptions.

The relief was formed because of the active activity
of debris flows and river waters and represents a weak
hilly plain with river valleys, where remnants of floodplain
terraces [ and II are observed. There is a general northward
slope of the relief.

Hydrographically, the study area is located between
the Kaskelen and Talgar rivers, through which the project
route passes.

The project road directly crosses a network of water-
courses. Because the route of the projected road passes
through these watercourses, they will have a direct impact
on the formation of engineering and geological conditions
of the projected object.

The geological structure of the area involves fri-
able Quaternary sediments overlying the basic rocks
of the Paleozoic era. Local deposits are represented
by granitoid, granodiorite, and porphyry intrusions in
the river basins crossing the Zailiyskiy Alatau ridge.
These rocks do not have a determining influence
on the engineering-geological conditions of construction,
so a detailed description of the bedrock is not given.
Loose sediments of the middle and modern Quaternary
periods form a complex of alluvial-pluvial rocks.

For detailed determination of the geological
and lithological cross-section along the route axis 51
exploration boreholes with a depth of up to 6.0 m, totaling
1.0 m, were drilled. Absolute marks of the boreholes are
631.59-680.70 m. The section of the route is represented
by a soil and vegetation layer from the surface
of the Earth, with a thickness of 0.2 m. Below lie loams
with a thickness of up to 6.0 m, uncovered from hard-
liquid consistency, as well as hard sandy loam with
a thickness of up to 1.5 m. Below are layers of medium-
coarse and coarse sand with a thickness of 0.6 m.

Table 1. Physical and mechanical properties of soil [18]

Tab.1. 1. Duszuko-MexaHu4ecKre CBOMCTBa MOUBHI [ 18]

Embankment occurs on existing highways where
soil has been cross-cut. It is represented by a semi-
hard loam containing crushed stone. The maximum
exposed thickness is 3.2 meters. During the study
period, groundwater was opened at a depth of 1.0-7.8 m.
Physical and mechanical properties of soil are given in
Table 1, 2.

Calculated values of soil characteristics are given
considering the soil reliability coefficient. According to
the degree of frost hazard, the soils are hard loam, semi-hard
and hard sandy loam — not granular, medium coarse sand,
coarse sand — slightly granular, dense plastic loam —
moderately granular, soft plastic and liquid plastic loam —
strongly granular. During search wells up to 6.0 m,
groundwater was uncovered at a depth of 1.0-7.8 m
seasonal amplitude of age fluctuations +1.0—1.5 m.
Groundwater-fresh water to slightly brackish, bicarbonate,
sodium-calcium. The degree of sulfate-aggressive
impact of groundwater on concrete according to
the permeability of Portland cement W4 is non-aggressive
and very aggressive. The degree of aggressive impact
of groundwater on the reinforcement of reinforced
concrete structures (by chloride content) under periodic
wetting is slightly aggressive.

Investigation of the bearing capacity of the foundation
soil under the overpass was carried out at 3 points
of plate loading tests [21]. Tests were carried out at air
temperature +8 °C. Values of Eu, U, and Ks are defined
because of the cameral processing of sizes of loadings
and deposits corresponding to them received during static
plate tests. Plate-bearing tests are the most reliable method
of the deformation module definition, module of elasticity,
coefficient of soil bed, natural bases, and constructive
layers of pavement surfacing [18]. The plate installation
with the rotary console operating by the balance beam
principle was used for tests.

To determine the bearing capacity and deforming capa-
city of piles in the ground with the establishment of the pile

Parameter name EGE-2a EGE-2b EGE-2v EGE-2d EGE-3a EGE-4v EGE-4g

Liquid limit, % 26.9 26.3 27.1 273 20.7 - -
Plastic limit, % 18.8 18.7 18.9 19.0 16.9 - -
Plasticity index, % 8.1 7.6 8.2 8.3 3.8 - -
Index of liquidity, % <0 0.38 0.62 0.94 <0 - -
Natural humidity, % 12.2 21.6 24.0 26.7 4.6 - -
Soil particles density, g/sm? 2.71 2.70 2.71 2.71 2.69 - -
Soil density, g/sm? 1.61 1.91 1.94 1.84 1.61 1.62 1.88
Dry soil density, g/sm? 1.45 1.57 1.57 1.45 1.54 - -
Void ratio 0.86 0.72 0.73 0.87 0.74 - -
Degree of humidity - - - 0.97 - - -
Coefficient of permeability, m/d - - - - - 7.4 -
The natural angle of slope in B 3 3 B B 35 38
the dry state, deg.

Soil resistance, kPa 318.0 145 98 98 294 400 500
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Table 2. Normative and calculated values of soil characteristics

Taou. 2. HopmatuBHbIEe U pacueTHbIE 3HAUCHUS XapaKTEPUCTHK [10YBbI

GE Unit weight of soil, kN/m Intercept cohesion, kPa Angle of internal friction, deg. Modulus of
norm PII PI norm CII CI norm yll vl deformation, MPa
1 2 3 4 5 6 7 8 9 10 11
22.0 22.0 15.0 22.0 22.0 19.0 13.7
2a 1.6l 161 1.58 16.0* 16.0* 11.0% 16.0* 16.0* 14.0* 7.8%
*
2b 1.91 1.91 1.87 25.0 25.0 17.0 21.0 21.0 18.0 };2*
13.0%*
2v 1.94 1.94 1.90 21.0 21.0 14.0 18.0 18.0 16.0 12.0%
2d 20.3 20.3 20.1 13.0 13.0 8.7 5.0 5.0 43 7.7
13.0 13.0 9.0 24.0 24.0 21.0 10.6
3a 1.6l 161 1.58 11.0* 11.0* 7.0* 21.0* 21.0%* 18.0%* 7.0%
4v 1.62 1.62 1.59 1.0 1.0 0.7 35.0 35.0 32.0 30.0
4g 1.88 1.88 1.84 1.0 1.0 0.7 38.0 38.0 34.0 30.0

Note: * — the denominator shows the characteristics of soils in the water-saturated state.
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Fig. 1. Hydraulic pump with pressure gauge for pressure monitoring

Puc. 1. I'uapanrueckuii HaCOC ¢ MAHOMETPOM JIJIsl KOHTPOJIS 1aBIeHUs

Fig. 2. System of experimental and anchor piles

Puc. 2. Cucrema SKCIICPUMCHTAJIbHBIX U aHKEPHBIX cBait

134




Design and construction of roads in difficult soil conditions: practical recommendations

P. 131-140

motion dependence in the ground, static tests [22] were
carried out with a backward load of the bored pile No. 3
of the support No. 3 of the track bridge (Fig. 1, 2). Loading
device and measuring instruments consist of a power
stand, jack DG200P250, hydraulic pump, deflection
meters 6PAO-0.01, tape measure, WIKA monometer.
Ateach stage of pile loading calculations were obtained
on all devices with an interval of the first hour 15 min, with
a further interval of 30 min until the weakening of di-
splacement (shrinkage) of the pile, which is called conditional
stabilization. For conditional stabilization of the pile
by the pile design, the rate of displacement (shrinkage)
of the pile in the soil, according to GOST 5686-2012
[23, 24], not more than 0.1 mm for the last 60-minute
observations at this stage of loading was adopted.
The zero readout was obtained from the instruments
before loading the pile. The first readout was taken

Table 3. Plate-bearing test results

TabJ1. 3. Pe3ysbTarhl IITAMIIOBBIX UCIIBITAHUN

immediately after the load was applied. The dwell time for
cach stage, from the first to the eighth stage, was 120 mi-
nutes for each pressurized stage. In the ninth stage, time
amounted to 270 minutes.

RESULTS OF THE RESEARCH

The results of the plate-bearing tests are shown in
Table 3 and Fig. 3.

The following conclusions can be drawn based
on the results of tests carried out on km P 1 on the study
of the bearing capacity of the artificial soil of the base
under the pipe:

* the average modulus of deformation of the structure
at 3 test points makes the following: £, = 16.43 MPa;

* the average modulus of elasticity of the structure
atall 3 test points is: £, = 60.68 MPa;

Location Soil Deformation modulus £, , MPa | Elastic modulus £, , MPa Coefficient of compaction K

Point 1 11.4 57.0 ~0.88

P1 Point 2 16.5 65.4 ~0.92
Point 3 214 59.64 ~0.96
Point 1 27.54 58.50 ~0.98

P2 Point 2 22.85 70,76 ~0.95
Point 3 11.70 - <0.9
Point 1 30.4 116.65 0.94-0.98

P3 Point 2 18.34 84.77 <0.94
Point 3 20.38 85.35 0.945-0.95

Note: * — characteristics are given for soil at a water-saturated state.

Pressure, kgflcm?
g 2 3 4 5 6
0,00
1,00
200
3,00
4,00

Settlement, mm

500
6,00
7,00

£.00

deformation

Pressure, kgf/cm?
0 1 2 3 4 5 6
0,00

1,00
2,00
3,00
4,00

5,00

Settlement, mm

6,00
7.00

= General deformation == Elastic deformation

b

Pressure, kgffem?

Settlement, mm

g General deformation

3 4 ] 6

== Elastic deformation

C

Fig. 3. Plate-bearing test results: « — point 1; 5 — point 2; ¢ — point 3

Puc. 3. Pe3ynbrarsl ITaMITOBBIX UCIIBITAHUNA: @ — TOYKa 1; b — Touka 2; ¢ — To4Ka 3
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* the compaction factor of artificial base layers
ranges from K =~ 0.88-0.99.

The following conclusions can be drawn based
on the results of the tests carried out on km P 2 in
the study of the bearing capacity of the artificial soil
of the base under the pipe.

About the 1st and 2nd points:

* the average modulus of deformation of the structure
at 2 test points is the following: £, = 25.20 MPa;

* the average modulus of elasticity of the structure
for 2 test points is the following: E, = 64.63 MPa;

» the average compaction factor of the structure for
the 2nd test point follows K ~ 0.97.

About the 3rd point:

* structural deformation modulus £ = 11.70 MPa.

The modulus of structure elasticity is not considered
correctly in the 3rd point due to extremely small elastic
deformations and accumulation of residual deformations.
During the tests, it was seen that the 3rd point is in the local
depression area with standing water, respectively, due to
the presence of standing water, friction forces and inter-
locking between crushed stone particles do not occur. This
leads to a low compaction factor of the artificial base K <0.9,
extremely low elastic deformations, and an accumulation
of residual deformations under the plate during testing.

The following conclusions can be drawn based on
the results of the test for (km P 2) on the study of the be-
aring capacity of the artificial base soil under the pipe:

* the average compaction factor of the natural base
at 3 points varies within the range: at a depth of about
10-30 cm from the surface of the K plate of the soil =
~ (0.956 — at a depth of more than 40 cm from the plate
surface, where K soil is < 0.945;

* the average modulus of structure deformation at
3 test points is the following: £, = 23.04 MPa;

* the average modulus of structure elasticity for all
3 test points is £, = 95.57 MPa.

The following conclusions can be drawn based
on the results of the tests performed (km P 3) on the study
of the bearing capacity of the artificial base soil under
the pipe:

* the average compaction factor of the natural base
at 3 points varies within the following: at a depth of about

Table 4. Design loading scheme

Taou. 4. PacueTHas cxema HarpyKeHus

10-30 cm from the surface of the K plate of the soil =
~0.955 — at a depth of more than 40 cm from the plate’s
surface, where K soil is < 0.945;

* the average modulus of structure deformation at
3 test points is the following: £, = 23.04 MPa;

* the average modulus of the structure elasticity for
all 3 test points is £, = 95.57 MPa.

The test results showed that the load-carrying
capacity of pile No. 3 at support No. 3 is sufficient to take
the design load with maximum soil pressure. The test
results are presented in Table 4 and Fig. 4. Unloading
was carried out in stages of 212, 159, 106, 53 t.

The maximum displacement of the pile when
reaching the ninth stage of loading, when averaging
the indicators (GOST 5686) control devices deflection
meters when reaching the load — 239.0 tons,
at the 9th stage of loading on the tested pile was
1.48 mm. The number of control devices for
the analysis of settlement — 2, which meets the minimum
requirements of standard GOST 5686. The test results
showed that the bearing capacity of pile No. 3 at support
No. 3, on soil is sufficient to support the maximum
indentation design load.

The design of road pavement structures consists
of two sequentially performed stages — design and
calculation, which are interrelated and should not be
opposed to each other. The design of the pavement
consists of the selection of the most suitable materials
based on local resources and the organization of the work,
in the appropriate dimensioning of the individual layers
and their placement in depth. Construction solutions for
the embankment are presented in Fig. 5. The drainage
layer by the principle of volumetric absorption is built in
a situation where water, which will enter the layer, will
be able to be placed in its pores at full volume. In this
case, no release is made from these layers, and the layers
are placed only under the road pavement.

Water in the drainage layer with some reserve in its
thickness for the height of capillary rise does not harm
the road surface. The choice of drainage design should be
selected based on a technical and economic comparison
of options. Geogrid provides a strong mattress foundation
that significantly increases the stability of the soil.

Location Load No. Pile No. Maximum load, t Average settlement, mm

1 3 27 0.00
2 3 53 0.04
3 3 80 0.05
4 3 106 0.09

P1 5 3 133 0.15
6 3 159 0.26
7 3 186 0.49
8 3 212 0.78
9 3 239 1.47
10 3 265 -
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Fig. 4. Results of static load test

Puc. 4. Pe3ynbrarsl HCHIBITAHUS CTATUUECKONW HATPy3KOM
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Fig. 5. General design solution

Puc. 5. O0miee mpoeKTHOE pelIeHue

The effect of geogrid generated in the embankment body
and the geogrid layer.

CONCLUSION AND DISCUSSION

The study presents the features of the design
of structures in difficult soil conditions and when
designing roads, it is necessary to:

1. When designing structures on collapsing soils,
the possibility of increasing their moisture content due to
soaking the soil from external sources (rainwater, meltwater)
from above should be considered. It is necessary to provide
a set of measures, including the elimination of collapsible
properties (water protection and structural measures).

2. Provide measures to prevent the penetration
of surface and anthropogenic water into the foundations.

3. Provide runoff and channel-regulating structures
and measures to prevent flooding adjacent to unregulated

medium and small rivers and protect crossings under
highways.

4. It is necessary to apply to the pavement “capping
layer” structure in areas where the groundwater level
is close to the bottom of the embankment for a more
rigid resistance to loads from the above structure. It also
reduces the chance of differential settlement in the slab by
supporting it more homogeneously than an unimproved
subgrade. It is also much easier to compact a subbase
on a capping layer than on saturated clay, meaning that
by installing a capping layer, delays in constructing
the subbase due to wet weather can be reduced.

5. To determine the bearing capacity of the soil
foundations of the road highway under construction, one
should rely on the results of the field tests.

6. Application of a comprehensive approach to
improving soil bases.
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