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MOJEJHNPAIBE ITPOLECA KJIIN3ABA Y YCIOBUMA
INOPEMEREHE CTABUJIHOCTH TJIA

HENEBKO CTOJHAR ! *

' Hnemumym 3a eodonpuspedy "Japocnas Yepnu" , Beozpad, Cpbuja

Caxerak: [J1aBHM IIUJb OBOT UCTPA)XUBAKaA j€ Jla C€ Y BPEMEHCKO] HCTOPUjH NPEICTaBH MEXaHU3a, 00JMKOBamba
TepeHa [aTe MajdHe 3a BPME IIpolieca KJIM3ama, A0 HEroBe HOBe 3aBpiuHe (opme. OBO 3HauM 1a je OCHM
HoMepara MaTepujaia of Kora je u3rpaleHa maanHa y BpeMeHy JielliaBamba Ipoleca HarJlallieHo U CTBapame HOBE
(bopme TepepHa Kao pesyiTaT camor npoieca. OBakaB HAYMH MCTPAXKHBaba ACHHUHUTHBHO OTBApa HOBU MPOCTOP y
NPEeANKIHjH pesbeHUX (OPMH TepeHa 3aBUCHO O KapaKTePUCTHUKA TEPEHA U OYCKUBAHUX BPEMEHCKHX JCIIaBaba.
OBae je aHaJIM3UpaH MpOLEC OCHIIAKAa W KIH3amha TJa Ha je[HO] HEOreHOj MaauHU Kox MecTta Youmm (neo
yp6aHor mpoctopa rpaga CmenepeBa), kKoju je OMO M3a3BaH JbYJCKOM JEJaTHOIIYY (3acelameM MaauHe) U
BPEMEHCKHM yTHI[ajeM, KHIIHH repros. Jla 61 ce mpeacTaBio KOHTHHYHMpPAaHH TOK IIpoleca IoMepamba Tia MaJuHe
KxopuIheH je MpoxyKeHH MEeTOJ Pa3lBOjeHUX eleMeHaTa. JInHuja mpoduiia MOBpIIMHE TepeHa Koja je TOoOHjeHU
HYMEPUYKOM aHAJIM30M C€ BEoMa JI00pO Ciiaxke ca 3aBPIIHOM MPOGHUIHOM JIMHU]jOM MaJWHE Ha KOjOj je AOLUIO 10
pEaHOT OCHIIama U KIM3amba TJia.

Kiby4He peun: HyMepuuKa aHaIM3a, IOMEpame MaTepujaa, U3riie/l 3aBpIIHOT Npoduia

YBoxa

Y oBoM ciydajy OMHAMHYKA aHaM3a Y CMHCIYy MareMaTHYKO MOJelUparba
onpeleHOr TepeHa, 3HaYM aHAIW3y HHETOBOI MOHAIaKka y BPEMEHCKO] MCTOpHjU moj Beh
JnedrHICaHUM yCIIOBMMA Kao HITO Cy TeOMETpHUja, MEXaHHUYKe KapaKTEPUCTUKE, CIIOJbAIlbH
yTUIa] U JpyrH (PAKTOPU KOJU C€ MOTY MaTeMaTHUKHU OJPE/IUTH.

Kunusuiira npunanaj y jeIHoM o MIaBHUX MaJUHCKUX MpoIleca KOjH MEPMaHEHTHO
o0NnKyjy TEepeH y CMHCIy HHXOBE OpOjHE pacmpocTpameHOCTH W Behe WiM Mame
akTUBHOCTH. 300T TOora je mocebaH 3amaraka Koju ce Hamehe KOJI HMCIUTHBama Iporieca
KJIM3aba T4, JUHAMUYKA aHAIM3a CaMoT JIelIaBamba KIH3amba Y BPEMEHCKO] HCTOPH]jH.

'maBHU b OBOI KCTPAXKMBama je Ja ce MpPEACTaBH OOIHMKOBame ojpelene
naJiiHe 3a BpeMe Ipolieca Kin3amba TepeHa 0 HheroBor 3aBpIiHor uiriieaa. Kimsumire koje
je xopumheHo 32 OBO HMCIHMTHUBAE JIOTOAMIO C€ YCIIEA 3acellalba HeOreHe TJIMHOBUTE
naauHe y Mecty Youmu (ypbanu meo rpama Cmenepesa). [logamu koju ce omHOCE Ha OBO
knusuinTe gooujenu cy ox "I'eoconme” (1990), reosomke pupme Koja ce OaBuUiIa OBUM
cinydajeM. Heorenu cemuMeHTH Kako y camMoM CMeIepeBy U HErOBOj IHPO] OKOJIMHHU, TAKO

* e-mail:stojnic.nedeljko@gmail.com
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u y nenoj Cpbuju mMajy BENHWKO pacipocTpameme (Anhenkosuh, M., Anhenkosuh, J.,
1989, 1994; Mapkosuh, J. bB., 1967; Munomesuh, M. b., Munusojesuh, M. 2008;
Muomesuh, M. b., Munusojesuh, M., Yammh, J., 2009; Kpctuh, H. 2003; JoBanosuh, I'.
2010). [Topex Tora y OBUM CEIMMEHTHMA CE JICIIaBa BEJIHKH Opoj KIM3HIITa 003HUPOM Ja Cy
HEOI'¢HC TBOPCBUHE UCCTO 1/13rpaljeHe O I'NIMHOBUTHUX U IIECCKOBUTO I'N'TMHOBUTUX CEAUMCHATa
(Milosevi¢, M. B. i Milivojevi¢, M., Calié, J. 2009; Boxwunosuh, JI, Illytuh, J., Jlokus, IT.
(1984); Jerpemonuh, M. (1990); Abolmasov, B. &Stojkov, K. (1994); Orli¢,B., Sunari¢, D.
1994.) [luHamMudka aHanu3a Ipoleca Kim3ama je ypaleHa momohy mpomaykeHor merona
pa3/iBojeHUX eneMeHaTa, Koja oMoryhasa moHamame MearjyMa 3a BpeMe Iporeca KoJjarca
Kao M MOMepama MaTepHjajia Ha Beluka pacrojama. Cumynanuja je ypahena y nse
JTUMCH3H]C.
MeTopnoJiornja HCIUTHBAKA

KonBennmonanan MeTon pa3nBojeHux enemeHata, [IEM je kopumheH y aHamm3u

MEXaHHYKHX MpobjieMa KOju ce OJHOCE Ha CTEHCKe Mace. Y CHMYNAIUjH TpeTypama
CTCHCKHUX CTy0OBa KOJjU Cy OWJIH CKOPO BEPTHKAJIHU IMOCTUTHYTH CY 3aI0BOJbaBajyhu
pesynraru. Merypo u XakyHo (Meguro, K. and Hakuno, M. 1989) cy kopuctuiu 1EM y
CHMYyaJlIMjU aBelamka cTeHckor marepujana. Kacauje je Iwashita (Iwashita, K. and
Hakuno, M. 1990) npoay>xuo oBaj MeTo] yBoljereM MOpHUX omnpyra u3mely eiremeHara na
01 uHKOpHOpupao edekaT MOPHOT MaTepujajia U KOHTUHYUTET Menujyma, u Ha3Bao Tra
MOAM(UKOBaHH METOJ| pa3/IBOjeHHX eileMeHaTa. [lojaM IMpojayKeHH METOJA pa3BOjeHHX
eJieMeHaTa KOpUCTH ce Kao CMHOHMM. Kana mopHe onpyre HUCY HapylleHe marepHjai ce
MOHAlIa Ka0 KOHTHHYYM, Iy KaJa OHE MOYMIY Ja IyLajy MeIujyM IMOCTEICHO TyOu
KOHTHHYHUTET M Ha Kpajy ce MOHAlla Kao MOTMYHO TUCKOHTHHYHPaH MaTepHuaji. Y pa3Bojy
Metoga Meguro u Hakuno (Meguro, K. and Hakuno, M. 1989) cy mame pa3Bumu
KpPHUTEpPHjyMe 3a Nylambe MOPHUX Oompyra. Yamamoto je HCKOPHUCTHO OBaj METOH Y
npoy4yaBamby BYJIKAaHCKE epyliHje W IUCTPHOyLHje pynTypa 3a BpeMe TOKa Marme
(Yamamoto, K. and Hakuno, M. 1991). V cumynanuju nmoHamamy MeInujyMa 3a BpeMe jake
TpelImke HM3a3BaHEe 3€MJbOTPECOM Takohe je KOopHmINeH MpOIy>KEHH METOJ pa3IBOjeHHX
ermemenara (Stojnic, N. and Higashihara, H. 1995).
Menujym y NOpOyIKEHOM METOAY Pa3IBOjEHHX eJIeMeHaTa je MPeaCaTBJbeH KPY)KHUM
eJIEMEHTHMA M MOPHUM omnpyrama u3melly mux. Y cumynanuju ce Kopuctu Voight Tum
Meaujyma. To 3HauM na enacTM4HAa M JAMIMHT CHJA JIENyjy CHUMYJITAHO Ha KOHTaKTy
enemeHara. [locraBibeHe Cy He3aBUCHE jelHAUMHE NIOMepama 3a CBaKH EJIEMEHT, M CBaka ce
peliaBa NPOTPECHBHO KOpak IO KOPaKk y CKJIaay ca BPEMEHCKOM HCTOPHjOM LITO
omoryhapa npalieme KpeaTha CBUX eJIeMeHara.

®opmyaanmja

JennaunHa KpeTama 3a POU3BOJbAH EIEMEHAT je

mi+Ci+F =0 (1)
Ip+Dg+M =0 )
rae cy:

m wmaca enementa; I MomeHT unepuuje enementa; [, M pesynranthe cune u MomeHTH
koju nenyjy Ha enemenatr;  C, D namnunr xoeduimjentH; X, BEKTOpH MOMepama U
YraoHO IOMEPALE.
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Tpu ycioBa 3a IIPOLIEHY J1a JIM CY eJIEMEHTH , [ U j , y KOHTaKTy

ntr 2R 3)
e je:
R, Z\/((x_/ -x) +(z; -z)) )

JluHuja Koja craja IeHTpe eneMeHara [ M j ce cMarpa Jia je HOPMAJHH [PaBla KOHTAKTa.
Ca enementom [ kao 6a30M, yrao KOju OBa JHHHja 3aKiama ca OCOM X je obesexeH ca

a; (mo3uTHBaH y CyIpOTHOM CMepy O KazaJbKe Ha caty) (ciuka 1.).

wiy +  clockwise

z o
{ K_;__// counter-
-

X

Cuanka 1. EneMeHT i ¥ ] y KOHTaKTY

CuHyc 1 KOCHHYC yria (f; Cy 1aTH Y bopmynama
cosa, =——" )
(6)

Kaga ce mperrocTaBy fa Cy KOOpAMHATE LIeHTapa eneMenata iu j (X,,Z,) u (X 22 ),

Ja Cy HXOBH Pajujycd 7; W7;, KPHTCPH]yM 3a IOCTaBJbake IOPHAX ONpyra je xat

u3pazom

(r,+7,)-DCR1> R, @)
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Cinka 2. Pe1aTHBHO nmomMepame BeKTOPAa MOPHUX ONPYra
PenaTrBHa MO3MIMja BEKTOpa eleMeHaTa I M J Kala Cy MOCTaBJbeHEe MOPHE OmpyTe (Bpeme

0y t) cy o3HaueHe momohy c_j u Z; (Cnuka 2.).

Kana wu3nyxeme mnopHe ompyre y BpemeHy [ mpeBasule crnenuduyHd OJHOC CBOT
TIPUPOJTHOT U3YKEHa, 1031 JI0 Iyllamka MopHe onpyre. Taga ce KOpUCTH penanuja:

|b| >|d|- DCR2 (8)

[Tyname y nopHoM MartepHjaiy ce jemana 300r TCH3HOHUX CHJla y HOPMaJIHOM IIpaBIly Kaja
je HUCIymeH yCIoB 3a Kujaame. Tajga ce y3uma Ja Ccy MoIlylaje MOpHpEe Onpyre u y

HOPMAaJIHOM H TaHT'CHIIMjaJHOM TPaBILy.
Kputepujym 3a mymame NOpHHX Ompyra y TaHTeHIWjamHOM TmpaBmy je Coulomb’s

KpUTEpHjyM 3a cMuayhe ¢ppakrype.

T, =c+o-tang )
I'ne je 7. oTHOpHOCT Ha cMuLlake, O j€ HOPMAlHA CHJA HA IOBPIIMHU CMHIAKa , C je

KoXe3uja ) yrao yHyTpAIIbEr TPerba.

MogaeJ 3a cumyaaumjy

Mogen 3a HyMepwduKy CHMyNalnmjy je ypaleH Ha OCHOBY mpodmia peamHo oroleHor

ClIydaja Tpe HEero IITO je TOIUIO 10 Kiu3ama Tia. (cinuka 3).
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Canka 3. Peasiun npodua nagune y YOuJInuma npe Hero To je novyeso Kin3ame, ca odesie;keHuM
JeJI0M NaanHe Koiu ie nckopumhen 3a cTBapame HYMEPHYKOT MOZIeIa.

Jlerenna: 1. [muna, 2. [leckoBura rinuHa,

O01MK HYMEpHUYKOT MojieNa

3. MeCKOB. TTIMHA U IUbYHAK, 4, JIalmopoBUTA TJIAHA
)160 npod)mla HYMEPHYKOTr MOJI€JIa ITPE ACIIaBamka Kiin3dama Tiia

Tabesa 1. BpeaHocTH MeaXHUYKHX NapaMeaTpa Koju cykopuiiheHy 3a cUMYyJIanujy KIM3UIITA

I'nuna
Clay

Bpeanoct napamerapa
Parameter values

I'ycruna enemenata
Element density

1.8x10° (kg/m®)

KoeduumjeHT enacTUIHOCT eieMeHTa
Element springs

HOPMAJIHH TIpaBail
normal direction

2.7x10° (N/m)

TaHTEHIMjAJIHY TIPABAIl
shear direction

1.4x10* (N/m)

KoncranTa npurymema
Damping constant

HOPMAJIHH TIpaBail
normal direction

7.5%10° (N/m)

TaHTeHLHjAJTHU [IpaBail
shear direction

1.8x10° (N/m)

Koedummjent Tpema u3mely enemenara
Coefficient of friction between elements

0.25

Kpyroct mopuux ompyra
Stiffness of pore springs

HOPMAJIHH TIpaBaif
normal direction

1.4x10* (N/m)

TaHTeHIMjaJIHHU [PaBall
shear direction

6.7x10° (N/m)

KoncranTa npuryiiesma ImopHOT MaTeprjaia

HOpMaJIHU ITpaBall

Pore damping constant normal direction 0.0 (N/m)
TaHTCHIMjAJHH TIPaBaLl
shear direction 0.0 (Ny/m)
Kpurepujym 3a ycrocraBibame MOPHUX OIpyra (a)
Criterion for setting up pore springsKriterijum za 1.3
uspostavqawe porne opruge (a)
Kpurepujym 3a kuname nopue onpyre () 1.004
VTepanyiony BpeMEHCKH HHTEPBAJ CHUMYJIaIHje 8.0x10 5(s)

JumeHns3uje 1 00NMK HyMEpUYKOI MoOJela KOjU je y3eT 3a HyMEpUYKy aHaIu3y,
ONIrOBapajy peasHoM eny maauHe (00enekeHO MCIPEKHUAaHOM JHHHJOM ca TadyKHIama).
[Mapamerpu marepujaia Koju Cy KOpHIIheHH Y HyMEHPUYKO] CUMYyHJIALUjH J00UjeHH Cy Ha
OCHOBY PEaJHUX KapaKTEPUCTHKA TJa U KiacuyHuX (opmyia (Tabena 1). 3a Bpeme mporieca
CHMYJIallije BPeJHOCTH MapamMmeTapa ce HUCY MeHalle.
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[omTo je jemaH ox HHWJbEBA y OBOM HCTPaXMBamy OHMO Ja Ce MOKaXKe YTHUIA]
MIPOMEHJBPUBOCTH BpeMeHa (CyB u BiaxkaH nepuon)(OKuskosuh, H., Anhenkosuy, I'. 2004;
Pakuhieuh, JI. T. 1987) Ha akTuBHpame MaJUHCKOT Mpolieca, KopuinheHa je TiuHa ca
pasITUYUTUM BpEAHOCTHMA Koxe3uje Tina. Y ciydajy cyse riuuse (30% Bnare) kopuinheHa je

koxesuja ox1 25 kPa , nox je y ciyuajy naxkue riaune (80% Biare) kopumheHa Koxesuja oj1
15kPa .

Jleo mamyiHe ca CBOjUM JMMEH3MjaMa M HyMEPHYKH MOJEI ca MOPHUM OIpyrama 1
KpPY>KHUM eJIeMEHTHMa Cy IpUKa3aHH Ha (Cauu 4) .
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Cauka 4. [leo peajHe najuHe (a), HyMEPUYKHU MOJIeJI €a KPY:KHUM ejleMeHTHMa (0) 1 MOpHUM onpyarma (B).

Pe3yaratn Hymepuuke aHajIu3e

[IpBo je cumynupaHO NOHaNIake MaJMHE Yy YCIOBMMA CYBOT BpeMEHa, OJTHOCHO ce Behom
spennomhy koxesuje, 25 kPa . Kao mTo je BuapuBo u3 pesynrata, HakoH 13,00 cexynmm
CHUMYJIallMje HUje OUI0 HUKAKBC MPOMEHE Ha ITaIHHH.

ITopue onpyre / pore spring KpyxHu esemenTn / particles

time = 0,00 s time = 0,00 s

time = 13,00 s time = 13,00 s

Cauka 5. Pesynratu EDEM Hymepuuke cumyJianuje 3a CyBy IVIMHY, KPY’KHHU €JIEMEHTH U MIOPHe onpyre.

VY TOKy KHMIIHOT NEepHoja INIMHA je NPOMEHHMJIAa CBOje MeXaHMYKe KapaKTepPHUCTHKE LITO je
TIPe/ICaTB/hEHO CMAEeM BPEJHOCTH MeHe Koxesuje, 15 kPa . Ha (comumm 6.) Buam ce
MOYETAaK aKTHBUPamke MAJUHCKOT Mpolieca Ha UCIIUTHBAHOM TepeHy. IIpBo je moveo mpouec
nyliamba Ha HajCTPMH]jOj HOBPILIMHY Mpoduiia U oJatie HacTaBho npema naauHu. [lomro je
TJIMHOBUTH MaTepHjal joIl yBeK OO YBPCT, HUje OWIO HHUKakBe Behe MyKOTHHE y Telry
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MaJnHe Jajke OJ cCaMOT MecCTa 3acelama koja OM ce pa3Bmia W OWiIa OKHIA4 3a BEIHUKO
oMeparme Mace.

Ha ocHOBy mpocTtupama NyKOTHHA y TNy MajrHe MOXKE Ce BHJETH Ja MPOILeC OTKUaha
MaTepHajia uje Mo Kpy>KHOj JIMHUJH KOja je TUIMYHA 32 CaM MpOIIeC.

TIOpPHe ompyre / pore springs

time =025 s

time = 0,50 s

KPY7/KHH eJIEMeHTH / particles

time = 0,00 s

time = 1,00 s

time = 2,50 s

time = 1,00 s

time = 2,50 s

time = 5,50 s

e

time =13,00 s

time = 6,50 s

time = 13,00 s
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Caunka 6. Pezynratu EDEM Hymepuuke cuMyJialuje 3a BJaKHY IJIMHY, KPY’KHM eJleMeHTH U IIOPHe onpyre

Y oBom cnyuajy je HakoH 13,00 cexkyHau cUMylanyje AONUIO O 3HAYAJHUX
npomeHa Ha najauHy. [loBpiirHa 3aceka je HecTalia JIOK je MaTepujall Koju ce ToMepao Moj
JICJCTBOM CHJIC TPABHUTAIM]C UCITYHHO CKOPO YMTAaB IIPETXOHO HAMpPaBJHCH 3aCEK. 3aBpIlIHA
JIuHHja pesbeda ce OUIMKYje 3aTallacaHOM IMOBPIIMHOM KOja je TUIUYHA 33 OBAaKaB BUJ
oMEpama Marepujaia. 3arajacaHa MOBPIIMHA Tia je MHIMKATOP 3a 00JIACTH KOje Cy
3axBalieHe MPOLIECOM KITH3amba.

VYnopehyjyhu kpajibu u3rinen cuMyIannoHOT MOJIENa ca peajHuM ciiydajeM (cnuka 7)
KOjU ce JIecuo Ha maguau Y Oowmnwm, Moryhe je ma ce Halje MyHO CIMYHOCTH KaKo Kpajeber
u3rie/a MOBPIINHE MaJNHE TAKO M PACIPOCTPAbEha MaTeprajia.

150 051015m

160

150

140 4

130

Cauka 7. 3aBpIIHH 00/1MK nafguHe YOH/IIH, HAKOH 3aBPIIEHOT Mpolleca KJIN3amba TJa.

Jlerenna:1. I'nuna, 2. [leckoButa rmuHa, 3. [leckoBuTa riiMHa U IUbYHaK, 4. JlanopoBuTa rimHa
Jleo npoduiia HyMEpUYKOT MOJIEa TIPe JICIIaBamba KIn3amba Tiia
OO01MK HYMEpHUYKOT Mojieia

3akipyuak

VY cknamy ca Jg0OMjeHMM pe3yliTaTHMa CHUMYyJaldje KiIu3ama 3aceyaHe IMajuHe,
MPOAYKEHU METOJI Pa3/IBOjCHUX €JeMEHATa je MO0Ka3ao CBOjy €(pUKACHOCT y aHAIM3UPAY
OBaKBHX (heHOMEHa.

Buio je moryhe nma ce mparti Hpolec KiH3amba W HhEroB MEXaHH3aM Y BPEMEHCKO)]
ucropuju. Ha oBaj HaumH je moryhe 30He koje Mory na Oyay yrposkeHe o]l CTpaHe mporeca
KJIM3aha, ITO j¢ BEOMa Ba)KHO Ca CTAHOBHINITA ypOAaHNU3Ma U MPOIICHE PU3HKA.

AHanu3upameM MaJUHCKOr Tpolleca Ha OBaj HaYyMH OMOryhaBa HCIHTHBAIGE KaKO
BPEIHOCTH Mapamerapa Tja ¥ l/bHX0Ba MPOMEHA YTHIY Ha JICIIaBamke MauHCKOT Ipoleca.

Pesynrati cumynanyje Mmokasyjy Ja y clydajy MajuHe ca BHUCOKOM BpeIHOIIny

xoxesnje rimue, 25kPa, nanuma octaje Hemopemehena. MelhyTum, y ciydajy Mame

Koxe3ujoM TimHe, 15 kPa , nonasu 1o HacTaHKa MaJMHCKOT MPOIeca. 3a BpeMe CHMyIaIyje
6wo je moryhe a ce mpaTH HETOKYIaH MPOoIeC KIM3ama Off MOYeTKa KoJjarca MmajgiuHe ma
JI0 Kpaja 1 cMHpHBama Mojena. [Ipoiec konarca je modeo ca cTBapameM IyKOTHHA IIpH
BPXY 3aCeUeHe MaJuHe U IIOMEpPay OJBOjCHOT MaTepHjaia HU3 3aCeUeHy MauHy U MPUTOM
nokpuBajyhu Xxopu3oHTainHu jeo 3aceka. Kpajmu npoduin HacTao ca 3aBpliaBambeM Ipoleca
KJM3ama je W3rie]l NaJuHe KOju je J00MjeH HyMEpHUYKOM CHMYJIAlMjoM HpOIYKEHHM
METOJIOM Pa3]IBOjCHUX elieMeHaTa. Y mopeljemy ca peaqHo A0roljeHUM ciydajeM KoOju ce
Jecno y Yomnmuma (ciwka 7.) BHIM ce jgocta a00po TMokiamame u3Mel)y peanrHor u
cUMyIHMpaHor ciay4aja. Ha oBaj HaumH je Moryhe na ce npensuau o6nmk npenena nmomohy
HYMEpHYKE CUMYJIaLHje.
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OF DISTURBED SOIL STABILITY
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Abstract: Main goal of this investigation is to present a mechanism, teraine shaping of a certain slope during the
sliding process, in time history, up to its final form. It means that except slope material movement what is the slope
composed, in time of slope occurrence is emphasized becoming of a new terrain form as a result of the process
itself, too. This way of investigation definitively opens a new approach in a terrain relief form prediction depends
on terrain characteristics and expecting weather occurrence. Here is analyzed a process of land crumbing and
sliding on a Neogene slope at Ubilci place (part of urban area of Smederevo city), which was triggered by humane
activities (undercutting of slope) and weather influence (rainy period). To present continuity flow of the slope
material movement, it is used extended distinct element method. Profile line of the terrain surface which is obtained
by numerical analyzes is in very good agreement with the finale profile line of the slope where a real case of
crumbing and soil sliding has occurred.

Key words: numerical analysis, material movement, finale profile shape

Introduction

In this case, dynamic analysis in sense of mathematical modeling of the certain
terrain mean its behavior in time history under already defined conditions as geometry,
mechanical characteristics, outside influence and other factors which can be defined
mathematically.

Landslides belong to one of the main slope processes which permanently shaping
terrain in sense of their distribution and more or less activation. Because of that, one of the
special scopes impose in sliding processes investigation, is a dynamical analyzes of
landslide occurrence itself in time history.

Main goal of this investigation is to present a terrain shaping flow of the certain
slope during the process of landslide up to finale form. Case of landslide, used in this
investigation, has occurred due to slope undercutting composed of Neogene clay sediments
at Ubilci place (urban area of Smederevo). Data related to this landslide are obtained from
>’Geosonda’’(1990) company, which investigated it. Neogene sediments are very common
and wide spread in Smederevo city and its adjacency, but in all Serbia have wide
expanding (Anhenkouh, M., Anhenkosuh, J., 1989, 1994; Mapkosuh, J. B., 1967;
Munomesuh, M. b., Munusojesuh, M. 2008; Mmmomesuh, M. b., MmmmBojesuh, M.,
Yamuh, J., 2009; Krsti¢, N. 2003; Jovanovi¢, G. 2010). Additionally, in these sediments
occurred a lot of landslides because the Neogene sediments are commonly composed of
clay and sandy clay material (Milosevic, M. B. i Milivojevi¢, M., Cali¢, J. 2009;
Boxunosuh, JI, ytuh, J., Jlokun, I1. (1984); Jespemonuh, . (1990); Abolmasov, B.
&Stojkov, K. (1994); Orli¢,B., Sunari¢, D. 1994.) Dynamic analyzes of the sliding process
has made by extended distinct element method, which provide medium behavior simulation
process of collapse has occurred. The simulation has been done in two-dimension.

* e-mail: stojnic.nedeljko@gmail.com
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Methodology of investigation

The conventional Distinct Element Method (DEM), is used to analyze discrete rock
mechanical problems. In simulation of rock blocs toppling which were nearly vertical a
good results had been obtained. Merypo naang Xaxyrno (Meguro, K. and Hakuno, M. 1989)
used DEM to simulate rock avalanche. Later, Iwashita (Iwashita, K. and Hakuno, M. 1990)
is extended this method by introducing pore-spring between elements to incorporate effect
of pore material and continuity of media, and named the new method Modified Distinct
Element Method. The term Extended Distinct Element Method also used synonymously.
When the pore springs are intact, the model behaves as continuous medium, but when they
are destroying it gradually loses continuity and finally behaves like a perfect discrete
medium. In the method developing, Meguro and Hakuno (Meguro, K. and Hakuno, M.
1989 ) introduced a criterion on breaking pore springs. Later Yamamoto (Yamamoto, K. and
Hakuno, M. 1991) used this method to study volcanic eruption and distribution of failures
due to magma flow. In simulation of medium behavior during strong ground motion caused
by earthquake occurrence, it was also used EDEM (Stojnic, N. and Higashihara, H. 1995).
Medium in EDEM is presented by circular elements and pore springs between them. In
simulation is used Voight type of medium. It means that elastic and damping force acts
simultaneously at the contact of the elements. An independent equations of motion for each
element are established and each is solved progressively step-by-step according to the time
history, thus allowing the motion of the elements to be followed.

Formulation

The equation of motion for an arbitrary element is

mX+Cx+F =0 (D)
lg+Dg+M =0 2

where:

M is element mass; | is moment of element inertia; F, M are resultant force and

moment acting on the element;  C, D are damping coefficients; X, ¢ are displacement
vector and angular displacement, respectively.

Thee condition for judging whether elements, i and | , are in contact is expressed by
n+r 2R €)

where:

R, =X =%)? +(z; - 2)") )

The line connecting the centers of elements i and | is considered to be the normal direction
of contact. With element | as the bases, the angle that this line makes with the X -axes is

denoted by a;; (positive counterclockwise) (figure. 1.).

Figurel. Element i and j in contact

The sine and cosine of ¢; are given by
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)

sing, =—— (6)

When it is assumed that the coordinates of the centers of elements | and | are (X,Z)and
(X i»Zj ) respectively, and their radii I, and ri, the criterion for setting up pore springs is

expressed by
(r;+1,)-DCRI > R; ™
Figure 2. Relative displacement vector of the pore springs

The relative position vectors of element | and | when the pore springs are set up (times 0 at

t) are denoted by dand b (Figure 2.)

When elongation of a pore spring at time texceeds a specific ratio to its natural
length, the pore spring breaks down. The ratio at that time, DCR is used:

|b|>|d|- DCR2 ®)

Cracking takes place in the pore material because of the tensile strain in the normal direction
but when the criterion is realized, the pore springs in both the normal and shear direction are
considered broken.

As the criterion for breakdown of a pore springs in the shear direction, we used Coulomb’s
criterion for shearing fracture.

7, =C+o-tang )

Where 7_is shearing strength, 0 is normal stress on a slip surface, C is adhesion and @ is

the angle of friction
Simulation model

The model for numerical simulation is composed based on the real slope profile taken
before the slope process started. (figure 3).

Figure 3. Real slope profile of Ubilci place before landslide occurrence, with specified shape of the numerical
model form.
Legend : 1. Clay, 2. Sandy slay, 3. Sandy clay and gravel, 4. Marl clay

----------- Part of the numerical model profile line before landslide occurrence

""""""" Numerical model shape

Dimensions and shape of the numerical model which are taken into the numerical
analysis are the same as a real part of the slope (denoted by interrupt dot line). Material
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parameters used for numerical model are obtained based on classical formulas (table 1.).
During the process of simulation, all parameters keep the same values. As one of goals in
this investigation is to show influence of changeable (dry and wet) weather period
(Zivkovié, N., Andelkovié, G. 2004; Raki¢evié, L. . 1987) on the slope process activity, it is
used different clay cohesion values. In case of dry clay (30% of moisture) it is used clay

cohesion of 25 kPa and in case of wet clay (80% of moisture) it is used clay cohesion of

15 kPa.

Table 1. Values of mechanical parameterswhich are used for landslide process simulation

A part of the slope with its dimensions and numerical model with circular elements
and pore springs are shown below (Figure 4.).

Figure4. A part of thereal slope (a), numerical model with circular elements (b) and pore springs (c).

Results of numerical simulation

First, it was simulated slope behavior during dry weather, what means higher value
of the clay cohesion (C = 25kPa). As it is visible from the result of simulation after 13,
00 seconds of simulation there was no any change on the slope.

Figure5. Resultsof EDEM numerical simulation for dry clay, particlesand pore springs

In rainy period, clay material changes its mechanical characteristics what is
presented with decreasing of cohesion parameter values, C=15kPa. From (figure 6.) it is
visible how the slope process activation at the investigated terrain has started. First starts
cracking process at the profile most steep surface and from that, it continues up toward the
slope. As the clay material still was stiff, there was no any bigger failure farther from the
slope cut surface which one could develop and trigger a big mass movement. Based on the
crack propagation in the slope body we can see that the destruction process keep the typical
circular way of failures.

Figure 6. Resultsof EDEM numerical simulation far the wet clay, particlesand pore springs

In this case after 13,00 seconds of simulation the slope changed significantly. The
slope cut surface has vanished while moving material under gravity force filed up almost all
previously made excavation. Finally, relief surface has got a wave form, what is typical for
this kind of material movement. Waved land surface is an indicator for the areas taken by
sliding processes. Comparing finale shape of the simulation model with real case (figure 7.)
that occurred at Ubilci slope, it is possible to fined a lot of similarity as final surface shape
and material distribution as well.

Figure7. Finale shape of the Ubilci dope, after diding process has finished.

Legend: 1. Clay, 2. Sandy slay, 3. Sandy clay and gravel, 4. Marl clay
Part of the numerical model profile line before landslide occurrence
Finale shape of moved material
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Conclusion

According to the obtained simulation results of undercut clayey slope sliding, the
extended distinct element method has shown its efficiency in such kind problems analyzing.

It was possible to follow sliding process and its mechanism in time history. In this
way, it is possible to predict a zone, which could be endangered by sliding process what is
vary important from the aspect of urbanization and the risk assessment. This way of the
slope process analysis, makes investigation how soil parameters values and their change
have influence on the slope process occurrence possible. In this simulation, only clay
cohesion among the other parameters, is considered changeable because of possibility to see
its influence on the slope instability.

The simulation results show that in case of the slope with high value of clay

cohesion, 25 KPa, the slope remained stabile, without developing of any sort of the slope

processes. However, in case with low clay cohesion, 15KPa, the sliding process has
occurred. During simulation, it was possible to follow all sliding process from the start of
slope collapse to its finish and the model rest. The slope collapse started with cracking at
the top of the undercut surface and moving of split material down the undercut surface,
covering the horizontal undercut slope area. Cracking process from the top of undercut
surface continue toward the slope body. A finale profile became with the slope process
finishing is a slope shape which is obtained by numerical simulation using extended distinct
element method. Comparing with real case, which occurred at place Ubilci (figure 7.) it is
visible that there is a good agreement between real and simulated case.
In this way, it is possible to predict landscape shape by using numerical simulation.
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