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AHHOTaumsA

BBe,qume. B3aVIMO,EI,el7ICTBVIe Harenewn c TPYHTOBbIM OCHOBaHUeEM npencrtaBideTt 6onbLuoi NHTEepec ond cneumn-
aJIMCTOB-reoTeXHMKOB. MeTO,EI, NnoBblLLIEeHNA YCTOVI‘-IVIBOCTVI OMOJI3HEBbLIX CKJIOHOB MPYHTOBbIMU Harejigamum
3apekoMeHaoBa cebs kak OOCTAQTO4YHO yHVIBEpCE]J'IbeII;I N 3KOHOMUYECKN 3¢¢EKTVIBHbIl‘/’I. Oﬂ,HaKO npouecc
pa3pa60TKV| NMPOEKTHbIX peLIJeHI/II;I cnpuMmeHeHnem Harenen BbIMONHAETCS C UCMONIb30BaHMEM IMNNpUYHeCKnx
N NoayamMnnpmn4ecknx MeTonoB, KOTOpPble He YYUTbIBAKOT BJINAHNE OTAEJIbHbIX MapaMeTpoB HArpy3oK npu ycun-
JNNIEHWNW ONONI3HEBbLIX CKJIOHOB HaresgMm Ha oCHOBe pr6‘-IaTbIX BUHTOBbIX LUTAHI Ha UX HECYLLYIO crnocobHocTb
N MPOYHOCTHbIE XapaKTepUCTUKN.

Llenbto pabotsl sBRsieTCa BbluMcneHne Hanbonee abdeKTUBHOMO yria 3an0XkeHUs Harenen B 0TKoce, a Takxke
onpefeneHne xapakTepucTuk nepeMeLLeHns rpyHTa onoa3HEBOro CKI0Ha No NOTEHLMANbHOMW NOBEPXHOCTH
CKOJIbXXEHUS U UX BIUSAHWS Ha HECYLLYI CMOCOBHOCTb Haresis U ero MPOYHOCTHbLIE XapaKTepUCTUKMN.

Matepuansl n MeTogbl. BbinonHeH 0630p ofAMHHAALATM HayYHbIX UCTOYHWKOB MO UCCNEA0BaHUAM BAUSHUS
napaMeTpoB Harpy3oK Npwv yCUAEeHWM ONOA3HEBbLIX CKIOHOB HarefNsiM1 Ha 0CHOBE TPy6YaTbIX BUHTOBbIX LUTAHT
Ha X HEeCYLLLYto CNOCOBHOCTb M NMPOYHOCTHbIE XapakTepucTuku. i aHannsa oTbmpanncb UCToUHUKK, Hanbonee
6nu3kue K TeMe uccnefoBaHus. [pu npoBefeHNK pacyeTa Ucnofb3oBacs nporpaMmHbiin komnneke PLAXIS 2D.

Pe3synbtatsl. [o pe3ynsTaTaM pacyeta U aHanmnsa nutepaTypbl Obinn cienaHbl BolBoAbl 06 onTUManbHOM yrie
3a/10KEHMS Harenen B 0TKOCE, KOTOPbIN COOTBETCTBYET 3HauYeHuMo B Anana3oHe ot 0° go 5° k ropmnsoHTy. Takke
nccnefoBaHue nNokasasno, YTo pa3BUTUe CABUIOBbLIX HAMPsXKeHU BLOJb Hareas NPoUCXoauUT HEPaBHOMEPHO
BO BPEMEHM, @ OMYyLLEHME O MOCTOSHHOM 3HAaYEHMUN CLBUIOBbIX HAMPSXKEHWUIA MO BCEW AIMHE HArens Uiv KOpHs
aHKepa MOXeT MPUBECTU K 3aBblLLIEHWNI0 3HAYEHUS HecyLell CMoCOOHOCTM MO FPYHTY.

BbiBogbl. I'lonyquHble pe3ynbtatbl NOKa3anu, 4To n3yv4eHne BINAHUA NapaMeTpoB HArpy3oK npu ycuneHnm
OMNoON3HEBbIX CKJIOHOB HarendaMumn 4BiqdeTca aKTyaanon TEMOW 1 noareepXxpaet HeobxooMMOCTb ee fanbHen-
wero getajbHOro nccnenoBaHu4.
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Abstract

Introduction. Soil nails are widely used to reinforce landslide slopes and ground-retaining structures in many
countries, including Russia. The interaction of soil nails with the soil base is of high interest to both engineers
and researchers. The method of increasing the stability of landslide slopes with soil nails has proved
to be versatile and cost-effective. However, the process of designing soil nails is usually carried out using
empirical and semi-empirical methods that may ignore a number of important factors.

Aim. To determine the most optimal angle of soil nail inclination, as well as to analyze the characteristics
of soil movement of a landslide slope along a potential sliding surface and their influence on the bearing
capacity of the soil nail and its strength characteristics.

Materials and methods. A review of scientific publications on the influence of load parameters during landslide
slope reinforcement with soil nails based on self-drilling hollow steel bar on their bearing capacity and
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strength properties was carried out. The review sample included 11 publications most relevant to the topic
under study. Calculations were carried out using the PLAXIS 2D software environment.

Results. The conducted calculations and literature review allowed the optimal angle of soil nail inclination
in the slope to be established, which corresponds to a value ranging from 0° to 5° to the horizon. The study
also showed that the development of shear stresses along the soil nail in time exhibits a non-uniform nature.
Therefore, the assumption of a constant value of shear stresses along the entire length of the nail or anchor
root can lead to an overestimation of the soil bearing capacity.

Conclusions. The obtained results have confirmed the relevance of further research into the influence of load
parameters during the reinforcement of landslide slopes using soil nails.

Keywords: soil nail, soil mass, slope, stability, bearing capacity, ground anchor, reinforcement, pile, micropile,
hollow steel bar, self-drilling rod, soil nails field, numerical modeling
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BBepeHue

[Tpo6nema onon3HeBOi OMAaCHOCTH MIMPOKO pacpoCTpaHeHa BO BceM MUpe. Bricokasi crouMocTb
BO3BEJICHHSI TIOAMIOPHBIX CTEH JUIsl yAepKaHUs OTOJI3HEBBIX CKJIOHOB IPUBEJa K HEOOXOJMMOCTH
pa3paboTKu Ipyrux MeToaoB. OHUM U3 HUX SIBIISIETCS METO/l ApMUPOBAHUS TPYHTOBOTO MacCHBa
CKJIOHOB C ITIOMOIIBIO HATEJIbHBIX MOJIEH.

YCTpOHCTBO TPYHTOBBIX HAreljiei — 3TO METOJ CTAOMIIM3alUU TPYHTA, KOTOPBIH UCIIONB3YeTCS
JUISl YCUJIEHUS] HEYCTOMYMBBIX CKJIOHOB MPUPOTHOTO MITH TEXHOT€HHOTO CIIOKEHHS. DTOT MOXO/ TaK-
K€ UCTIONB3YeTCs JIsl O€30IaCHOT0 YBEIMYEHHUS KPYTH3HBI TPYHTOBOTO MaccuBa CKJIOHOB. [1pu aTom
MeTojie CTa0MIM3ali CKIIOHOB B TPYHTOBBI OTKOC YCTaHABINBACTCSl OTHOCUTEILHO TOHKUI apMu-
pytommii anemMeHT. Harenmi oObI4HO PeCTaBIsOT COO0M CTAIBHBIE CTEP)KHH WITH TPYObI, apMUPYIO-
IIME 2IEMEHTHI N3 KOMITO3UTHBIX MaTepUalioB WM HaHOOJIee YacTo MPUMEHsIEMbIE JKeIe300eTOHHbIC
aneMeHThl. BbIOop Mareprana Npor3BOAMTCS B 3aBUCUMOCTH OT TPpeOOBaHUIA U YCIIOBHI YCTPOMCTBA.

BaxkabiM (hakTOpOM MpH YCTPOMCTBE HATENBHBIX IMOJIEH SBIISIETCS YTON 3aJI0KEHHS Haresl.
CrienyanucThl 10 CUX JUCKYTUPYIOT O BIMSHHUH YIJIa 3aJI0’KEHHS Harellsl Ha ero HeCYIYIO CII0co0-
HOCTb M YCTOHUUBOCTB TpyHTOBOTO MaccuBa [ 1]. Taxske TpeOyeT OLeHKH BOIPOC BIHMSHUS U3rH0a
HareJs 1oJi BO3/IeHCTBUEM ITONIEPEUHBIX CHUJI, BBI3BAHHBIX JIBUYKEHHEM OITOJI3HEBOTO Tena [2].
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CocTosiHue Bonpoca

B cratpe [1] uccinenoBanoch BAUSHUE YITIOB 3aJI0KEHUS Harejae Ha M3MEHEHUE BETUYUH BbI-
JEPTUBAIONINX YCUIINH, BO3HUKAIOIINX B HUX P YCUJICHHH OTIOJI3HEBBIX CKIIOHOB. PacueT ckioHa
OBLT IPOM3BEICH JUISI TPEX YIIIOB oTKoca (45°, 63° 1 80°) ¢ mpuMeHeHHeM yIpyTromiacTu4ecKom
rpyHTOBOH Mojienu Mopa — Kynona. Harenu B pacueTHOi# Mozienu pacronarajiuch B MATh PsIIOB
¢ yrmamu 3anoxkenus 5°, 10°, 15°, 20°, 25°, 30°, 35° k ropu30HTANH.

Ha puc. 1 npencrasnensl rpaduky pactpeaeneHus BbIIEPrHBAIONINX YCHUIIUHI AJIS1 YeTBEPTOTO
HareJss MpH pa3MyHbIX YIVIax 3aJI0)KEHUS Harejled 1 yriiax oTKoca.

B crarbe [2] npemioskena MmareMaTudeckas MOJIEb 711 MOACIUPOBAHHS MIPOIIeCcca Mepeaadu
Harpy3Kd Ha KOHTaKTe HareJyis U OKpY»KaroIlero IpyHTa.

[IpunsTO, YTO HareaM paboTAIOT IPEUMYILIECTBEHHO Ha PACTSHKEHUE, HO B HUX TAK)KE BOSHUKAIOT
C/IBUTOBBIC YCHJIMS M U3TUO HA TPaHUIIE TOBEPXHOCTHU CKONIbKeHHMs (puc. 2a). B ycnoBusx skeruny-
aranuy U3ruOoM 0ObIYHO MpeHeOperatoT. OgHAKo N0 Mepe NPHOIMKEHNUS K TOTEPe YCTOMUMBOCTH
CKJIOHA BKJIaJ M3rH0a CTAaHOBHUTCS OoJiee 3HAUNTENbHBIM. M3rub Taxke MOXKET BIMATH HA HOP-
MaJIbHOE JIaBJICHNUE 110 JUIMHE Harels U, CJIeZ0BaTeIbHO, Ha COITPOTUBIIEHUE CIBUTY 110 KOHTAKTY
HareJs ¥ rpyHTa. Ha puc. 26 nokazaHo, 4To U3rud Harelst CiocoOCTBYET pa3BUTHIO HOPMaJIbHBIX
Y CIIBUTOBBIX HANPsDKEHUH BOKpyYT Harenst. OTHako BKJIa] M3ruda Hareis B CONPOTUBIICHHE CIIBUTY
10 KOHTAKTY Haress ¥ IpyHTa He uccienoBaics. [IpeanoxeHo oleHnBaTh BIMSHNUE N3rn0a Hares
B TIporiecce pocra nedopMaluii rpyHTa B OTKOCE.

Bq=S5° —dma=]0°——a=15° ——a=20° =5 = 0=10°——a=15"=—0=20°
- 0=25%==a=30° —a=35" =5 8= q=30° =35
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Puc. 1. lpadukn pacnpeneneHuns BolAepruBatoLLmMX yCUANA A1s YeTBEPTOro Harens Npu pasfivyHbIX yriax ero 3aja0XeHus
1 yrnax otkoca
Fig. 1. Plots of pullout force distribution for the fourth soil nail at its different inclination and slope angles
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Puc. 2. XapakTep pa3pyLUeHUs CKJIOHa: @ — CKJIOH, apMUPOBaHHbIA Harensmu;
6 — nokanbHoe pa3spyLleHne Harens B CKIoHe
Fig. 2. Nature of slope failure: a - slope reinforced with soil nails; 6 - local failure of a soil nail in the slope

[Ipunomennan Anchor fixed length
Harpysia Jlmiea KOpHA aHKepa

Y3IIL BAMTS KODES Maxcauanmean ama Kopna

0 Lou dnstrbuhun along !iml amrnr Fixed anchor length mumm 10om

Puc. 3. HepaBHOMepHoe pacnpepeneHne cABUroBbIX HaMPSXXeHWUA BAOb KOPHS aHKepa
Fig. 3. Uneven distribution of shear stresses along the anchor root

B paborte [3] yuensie u3 TexHn4ueckoro yHuBepcuTeTa B bpHO Mcciae0Bany moBeJeHne rpyH-
TOBBIX aHKEPOB B MEJIKO3EPHHUCTHIX MECKAX MOJ JCHCTBUEM HArpy30K U IMEPEMEIICHHUIA.

WMy yCTaHOBIICHO, YTO Pa3BUTUE CIIBUTOBBIX HAIIPSDKEHUH BI0JIb KOPHS TPYHTOBBIX aHKEPOB
MIPOUCXOUT HEPABHOMEPHO BO BpeMeHHU. Ha mepBhIx 3Tanax HarpyKeHUs HallpsDKEHUS CIIBUTA,
BO3HUKAIOIINE HA KOHTAKTE «IPYHT — aHKEP», KOHIICHTPUPYIOTCS B HAuaJIbHON YaCTH KOPHS aH-
kepa. [locie mocTrkeHUs] TMKOBOTO 3HAYCHUS HANIPSDKEHHE CIBUra MOCIIeI0BAaTeIbHO YMEHbIIA-
€TCsl 10 0CTAaTOUHOro 3HaueHus. [IMKkoBoe cIBUTOBOE HANpsKEHHE ITepeMelaeTcsl BA0JIb aHKepa,
KaK CXeMaTU4HO Moka3aHo Ha puc. 3. [logoOHoe nmukoBoe pacrpeneneHne HanpsHKeHUs CABUTA
B/IOJIb aHKEpa OBbLIO SKCIEPUMEHTAIILHO MOJITBEPKIICHO HECKOIBKHMHU aBTopaMu: OcTtepmaiiep
[4], Leene [5], bapau [6], Byac u bapkxopaapu [7]. OnurcanHoe siBIEHHE OKa3bIBaCT CEPhe3-
HOE BJIMSIHUE HA MPEJCIIbHOE COMPOTHBIICHUE TPYHTOBBIX aHKEPOB M Ha TPapUKH 3aBUCUMOCTH
nepemelleHus oT Harpy3ku. IIpenenbHas Hecymasi cnocoOHOCTh aHKEpa M0 IPYHTY HE MPSIMO
MPONOPIIMOHANBHA JJIMHE KOPHS aHKepa.

[TockonbKy MakCUMaIbHOE HANPSKEHNE CABHUTA JIOCTUTAETCS TONBKO Ha HEOOJIBIIOM Y4acTKe
KOpHS aHKepa, TO aHKePhI ¢ JUTMHOMN KopHst Oosiee 8 M HeaddexTurHb! (bapiu [8]). HonymeHue
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0 TIOCTOSTHHOM 3HAUEHHUU CBUTOBBIX HAMIPSKEHUI 10 BCEH AJTMHE KOPHS aHKepa MOXKET MPUBECTU
K 3aBBIIICHUIO 3HAYCHUS HECYIIICH CITIOCOOHOCTH.

PacyeTHas oueHka YCTOﬁHMBOCTM CKJIOHQ, YCUJIEHHOr 0 HareaamMm

B Hacrosiee Bpemsi ycTpoicTBO Harenei MpHu yCHJIEHHWH OTIOJI3HEBBIX CKIIOHOB SIBIISETCS
JIOCTATOYHO pacHpOCTPaHEeHHBIM MeTOI0M. [Ipu 3TOM MHOTHE BONIPOCH! U apaMeTpPhl OCTAIOTCS
3a paMKaMU NpoeKTupoBanus. [ist oneHKH KodQPUIUEHTOB YCTOMYMBOCTH CKIIOHA JI0 U TIOCTIe
YCHJICHHUS HareJsiIMU ObUT BBITIOIIHEH pacyeT B mporpaMMHoM Komriekce PLAXIS 2D.

B xauecTBe pacyeTHOI MOjIeNTH OBLT IPUHST CKJIOH C YIJIOM OTKOca, paBHbIM 40° (puc. 4). Pac-
YeThbl IPOU3BOAMIINCH C IPUMEHEHUEM YIIPYTOIIacTHYeCKOi IpyHTOBOM Mozienu Mopa — Kynona.
Bbui mpuHATH clieaylomye pacyeTHble (PU3NKO-MEXaHUYECKHE XapaKTePUCTHKH ISl TPyHTa:
v =2,66 t/em®; C = 0,002 MIla; ¢ = 38°; E= 20,5 MIla; v=0,29.

[Tpu mpoBeaeHnN pacdeToB ObUIO MPUHATO MATH PAJOB Harened AnuHoi 10 M u quaMeTpom
120 MM co chaenyromuMy BapuaHTaMy yIjia 3ai10xKeHus (puc. 5):

[ — yron 3anmoxkenus Bcex Hareneit — 30° K TOPU30HTY;

IT — ropU30HTANILHOE TIOJI0KEHUE BCEX HArellei;

III — xka>k b1 U3 IIATH HAreJIe pacIIoIOKEH IIEPIEHANKYIISIPHO OTEHIIMAIIEHOM IOBEPXHOCTH
CKOJIb)KEHHUSI.

PesynbTarel pacueToB npencTaBiIeHbl Ha puc. 6—8 1 B TabnuIe.

Ilo npeacTaBIeHHBIM pe3ylbTaTaM pacyeToB MOYKHO C/I€JIaTh BHIBOI, UTO BEJINYMHA BBIJEPIH-
BAIOLINX YCWJINH, BOZHUKAIOIINX B Haressx, MMeeT HauMEeHbIIIee 3HaYeHNE TP yIJIe 3aJI0KEHU S,
paBHOM HyII0, a Hanbobee — npu yriie 30°. [IpoBepky conpoTuBIIEHHsI Haresel o MaTepuary
HEOOXOIMMO BBITIOJHATH HAa COBMeCTHOE aeiictBue N, M u Q.

T Rt L

Puc. 4. lprMep pacyeTHON Mogenu C yrinoM 3anoxeHus Harenei, pasHbiM 30°
Fig. 4. Example of a calculation model with a nail installation angle of 30°
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Puc. 5. Pe3aynbTaTbl pacyeTa ycTOMYMBOCTY A15: @ — CKJIOHA B MPUPOAHOM COCTOSIHWUM; 6 — CKJIOHA, apMUPOBAHHOTO
HarensMu no | BapuaHTy; B — CKJIOHA, apMUPOBAHHOrO HarensMu no |l BapuaHTy; r - cknoHa, apMUPOBAHHOTO HarensMu
no Il BapuaHTy
Fig. 5. Results of stability calculations for: a - a slope in natural state; 6 - a slope reinforced with soil nails according
to variant |; B - a slope reinforced with soil nails according to variant Il; r - a slope reinforced with soil nails according
to variant lll

Puc. 6. Mzrnbatolyin MOMeHT B Harensix (Tpu BapuaHTa yrna 3anoxeHus)
Fig. 6. Bending moment in soil nails (three variants of installation angle)

Puc. 7. MpogonbHble ycunus 8 Harensx (Tpy BapuaHTa yrna 3anoxexus)
Fig. 7. Longitudinal forces in soil nails (three variants of installation angle)
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AS

Puc. 8. MonepeyHble cunbl B Harensx (Tpu BapuaHTa yrna 3anoxeHus)
Fig. 8. Transverse forces in soil nails (three variants of installation angle)

Tabnnya
PesynbTaThbl pacueToB
Table
Calculation results
CKJOH B NpUpPOJHOM o
BapuaHT yrna COCTOSHUN CKINOH, apMUPOBaHHbIii HarenaMmn
3anoxenns MaKCUManbHble 3HaYeHUs YCUui
Harenemn K03 PULMEHT YyCTOMYMBOCTH y

M, KHM N, kH/M Q, kH/m

| (30°) 1,249 -0,017 0,369 -0,054

11 {0°) 0,9584 1,327 -0,021 0,159 -0,067

I (nep.) 1,168 -0,018 0,366 -0,057

3aknyeHue

Ha ocnoBanum aHanmuza u JAaHHBIX HAYYHbIX MCTOYHHMKOB M BBIIIOJIHCHHOI'O pacye€Ta MOXKXHO
c/IeNaTh CIEAYIONINE BHIBOIBI.

1. ITo pe3ynbraTam pacuera HauboJiee BHICOKOE 3HAUCHUE KOAPPUIUEHTA YCTOHYMBOCTH
TPYHTOBOI'O MacCcCHBa, YCUJIICHHOI'O HarejsiMu, COOTBETCTBYCT YITIY UX 3aJIOKCHHA B JUAIIA30HC
ot 0° 10 5° K TOPUBOHTY.

2. Pa3Burue CABHUI'OBBIX HaHp}DKCHI/Iﬁ BJOJIb HAreJjs MpoucxoauT HEPaBHOMEPHO BO BPEMCHU.

3. Jlomy1ienue o MOCTOSTHHOM 3HAYE€HUU CIBUTOBBIX HAPSHKCHUI 110 BCEH UTMHE KOPHS aHKepa
MOKET MPHUBECTH K 3aBBIILICHHUIO 3HAUCHHS HECYILEl ClTOCOOHOCTH 10 TPYHTY.
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