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M3BoA: VicTpaskmBakba Koja Cy NprKasaHa y 0BOM pady M3BpLueHa cy 36or aeduHucara Kpute-
pvjyma 3a HacTaHaK Aerpajalmje Kog NecHor 3em/buLTa. AHaM3Mpakbe epo3noHe CTaduiHo-
CTU KOZ, OBOT 3eM/byMLLUTa M3BpLUKhE Ce Ha OCHOBY HEroBUX GU3NYKO-MEXAHMUKMX KapaKTepu-
CTUKa. Y pagy je nomohy dopmupaHmx maTeMaTUUYKUX MOAEN]A, HA OCHOBY eKCNepuMeHTasIHO
£0dmjeHnx pesyntaTta PU3NYKO-MEXaHUUYKMX KapaKTEPUCTMKA 3eM/bULLTA, NMPUKa3aHa ycnocTa-
B/b€HA 3aBUCHOCT M3MeRy nojegMHMNX napamertapa fiecHor 3em/buwTa. Ha 6asm npukasaHamx
reoTexHUUYKMX pesy/iTata UCMUTMBakba, MaTEMATUUKMX MOZENa M yCnocTaB/beHe GyHKLMOHe
Be3e Mamehy BOAHOr pexkrMma 1 OTNOPHUX KapaKTEPUCTMKA NeCHOT 3emM/bUuWwTa, AedUHUCAHK
Cy MoKasaTe/by 1 MexaHuW3aM HaCTaHKa yHyTpalltbe epo3uje, U carnedaHu cy ebekTv npakTny-
He NpumeHe f0dujeHuxX pesynTaTa.

KsbyuHe peuun: fiecHO 3em/buLLTE, d)MBVIKa 3eM/bULLTA, MaTeMATUYKO Mmoaesinpare, reo-crtatm-

CTUKa, NOKasaTe/bu U MeXaHN3aM HaCTaHKa epo3nOHUX npoueca

YBOA

McTpaxkuBarba Koja cy NpeTxoguna aHanusm
Koja he 6MTU NpMKasaHa y 0BOM pasy ypaheHa cy
Ha y30puMMa 3emM/bMLITa Ca MOApPYyYja MO3HaTOr
Kao ,,CTMwka gonnHa“ feo-ctaTMcTMykom odpa-
[OM pe3ynTaTa 0BUX UCTpaXkuBarba geduHUCaHU
Cy NapameTpwu o4, KOjUX 3aBUCU UHTEH3UTET epo-
3MOHMX Npoueca. [NoKkasaTes/bM HACTaHKA U UHTEH-
3uTeTa epo3nMOHUX NpoLeca Kog NIeCHOr 3eMJ/bU-
WTa Cy napameTpu OTMOPHOCTU Ha CMULAHbE,
Yyrao yHyTpallker Tpera U Koxesuja y dyHKLMju
BNIAXHOCTW, U NOKa3aTe/bu AedopmaduaHocTu y
bYHKUM]U CyBUX 3anpemUHCKUX TexkuHa (Milja-
novic I., Gaji¢ G., 2011).

OCHOBHU LM/b UCTPaXKMBatba je geduHucare
bU3NYKO-MexaHUUYKMX 0CcodMHA Ko NnecHor 3e-
Mm/bUuWTa. Mopea ncnutneara GU3nNUKO-mexaHuY-
KMX 0COOMHA 3emsbuLLITa, UCMUTaHa je U gedop-

MadUNHOCT, Kao MOKas3aTesbM HacTaHKa M pa3Bsoja
MexaHM3Ma epo3uje 3emsbuliTa. MexaHusam Ha-
CTaHKa epo3uje YC/0B/beH je PasANYUTUM YNHUO-
LMMa Koju Zenyjy Ha NPOMEHY: HanOHCKOr CTakba,
OU3NYKO-MEXAHUUYKNX KapaKTEPUCTMKA U BOAHOT
peXxunma, eposnjom aHraxoBaHor semsbuwTa, (7o-
dorovi¢ T.; Gaji¢ G., 1997). Y 3aBUCHOCTU 0Z, Npo-
MeHa 0BUX NapameTapa, 3aBMCK CTeMeH U 00NK
epo3suje Koga neca.

MATEPHUJAA 1 METOA PAAA

MopeKkno marepujana

JlecHO 3em/bulITe KOje je aHa/N3MPaAHO Yy
0BOM pagy je ca noapydja Moxapesua n Kocron-
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Lua, nosHator nofg Hasusom “CTulLKa A0NMHA".
JlecHM nnaTo y OBOM MOApPYYjy CayMmbaBa came
odane 1 WKnpoKe peyHe Tepace peke [lyHaBa u
Mnase, nma dnaro 3atanacaHy NOBPLUMHY Ynje ce
anconyTHe KoTe Kpehy og 70 m.n.m. Ha odanama
OyHasa n Mnase, go 170 m.n.m. Ha JlewTapy.
JOoMWHAHTHM 06/1MUM epo3uje 3eM/buLLITaA Ha 3a-
paBHMMa PeYHUX Tepaca Cy YHyTpallkbM epo3uno-
HW nNpouecu, AoK cy Ha NaguHama JlewrTapa, no-
pen yHyTpawmMuX, MNPUCYTHU W WUHTEH3UBHWU
MOBPLUMHCKM 0dmum eposuje. Mopes onucaHux,
Ha OBMM MpPOCTOPMMA CY KapaKTEPUCTUYHWU WU
odnvum gerpagaumje peyHmx odana U KocuHa no-
BPLUIMHCKMX MCKOMa Koju cy Takohe Hactanum u/
unn dopmupanm y necy. CradunHoct, u odana n
KOCMHa Takohe cy ycnoB/beHU GU3NUKO-MeXaHWY-
KMM NpomeHama npu Bogo3acuherby U AenoBakby
OUNTPALMOHMX CUNa y NecHoj cpeauHu, (Vujic S.
et.all 2011).

Ca oBor noapyyja je yset 47 HenopemeheHu
y30paK NecHor 3em/buLUTa. Y30pLUM Cy UCIUTAHU
y nadopatopmjckMm ycioBumMa npema nponuca-
HUM cTaHgapauma us rpynaumje CPMC - Y.B1., Ha
KaTeApw 3a NPOTUBEPO3MOHY reoTexHuKy Ha LLy-
Mapckom dakynteTy y beorpaay.

MeTopa paga

MeTogae paga npv U3yyaBatby SIECHOT 3eMJ/bU-
LITa Cy TEPEHCKM UCTPAXKHW pasioBu 1 nadopaTto-
pWjCcKO NcnuTUBakbe. TEPEHCKM UCTPAXKHW PagoBu
cy odyxBatuau yaumatrbe HenopemeheHux ysopa-
Ka. JTabopaTopujcKUm UcNUTUBarbMMa Y3eTUX He-
nopemeheHux ysopaka cy ogpeheHun ¢usnuko-
MeXaHW4Yku u gedopmaduntu napametpu. Metoz
KOju je MpuMerbeH MMa 33 LUW/b A3 Ce KpPo3 aHa-
N3y podujeHnx pesyntata gohe A0 KBaHTUTATUB-
HWX NMOKa3zaTes/ba YTULLAja GUSUUKO-MEXAHUYKUX U
AedopmadunHmx napameTapa 3eM/buLLTA Ha Ha-
CTaHakK v pa3Boj eposuje, (Gaji¢ G., 2000). AHanu-
3uparbe eposnoHe ctadunHoctn usspwuhe ce

Tabena 1. (u3Bop ayTop)

ynopeaHOM aHa/IM30M UHAEKCA TOHEeHa U CyBUX
3aNPEMUHCKUX TEXNHA Ca aHA/IM3OM B/IAXKHOCTU
Y napameTapa OTNOPHOCTU NeCHOr 3eM/bULLTa.

Tun ncnuTnBara U pesynTaTu
MCNUTMBAHUX NapameTapa 3eM/bULLTa

Ucnutuearba 1 oapehusara BpeaHocTn ¢u-
3MYKO-MEXaHUYKMX NapameTapa u gepopmadun-
HUX NMOKa3aTe/ba KOZ NeCHOT 3eM/bULLITA, U3BPLLE-
Ha Cy Ha CBMM y3eTUm y3opuuma, (ykynHo 47).
BpeaHoCTN PU3NYKO-MEXaHMUKMX NapameTapa cy
AedurHMCaHe Kpo3: CafiprKaj BoAe Y 3eM/bULLTY,
3anpemMUHCKe TEXWHE, MOPO3HOCT, rpaHy/IoMe-
TPWjCKM CacTaB, yrao yHyTpallHer Tpera U Koxe-
3ujy, AOK je aedopmaduaHocT geduHUcaHa Kpo3
MOZAYN CTULL/bUBOCTM U UHAEKC Tokerba (Gajic G.,
2005.qa).

CapgpKaj BoAe y 3eM/bULLTY - Y MOMEHTY Y3U-
MaHba y30paKa, MaKpomnopo3He 30He fieca ce Kpe-
hy y rpaHuuama og 6,5%, 35,3%, ca cpegtom
BpegHowhy og W = 22,5%.

3anpeMuHCKe TeXUHEe - Ko, IeCHOr 3eM/bU-
WwTa OMTaH NokasaTte/b NpoMmeHe GU3UYKUX OCO-
OMHa cy 3anpemuHCKe TexuHe. BpegHoctu npu-
POOHO BRAXKHUX 3aNPEMUHCKUX TEXMHA, KoL
JIeCHOr 3eM/bMLUITA Cy Yy pacnoHy oa y=15,8+21,0
kN/m? (18,5), 0AHOCHO CyBe 3aNpPeMMHCKE TEXMNHE
yd=11,8+16,2 kN/m?, noK je cpeara BpemHOCT
cBux gobujeHnx pesyntarta 14,14 kN/m?.

FpaHynomeTpujcku cacras - Yyewhe nojeau-
HUX PpaKuMja ce 3HATHO Merba KaKo Y XOPU30H-
Ta/IHOM, TaKO M Yy BEPTUKaZHOM npoduay, WTo je
nocneauua NpMMapHMX ycioBa Tanoxeka, (jauu-
He 1 NpaBLia AyBakba BETPA), U AejcTBA CeKyHaap-
HUX npoueca AyOuHcKe eposuje (cydosuje, npe-
CTPYKTYMparba YecTuua U pyluera CTPYKType).
MepoaaBHM pacnoHW npoueHTyanHor y4yewha
nojegmHux ¢pakumnja MakponoposHor neca npu-
KasaHu cy y wabenu 1.

. r n Mecak Mecak Mecak LWbyHak
[PAHYAOMETPU|CHA fmna PR cuTaH cpearbu KpynaH cuTaH
aHanmsa
0.000+0.002 0.002+0.02 0.02+0.2 0.2+1.0 1.0+2.0 2.0+30
MepogaasHu 2+19 . 1+15 0+5 0+2 0+1
pacnoHu (8) P (28 (7.35) (1.3) (0.35) (0.2)
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Mopo3HocT - YKynHa NOPO3HOCT UCMUTUBAHOT
neca ce kpehe y rpaHuMuama of 36%+53,3%
(45,1), pok je KoeduLUMjeHT NOPO3HOCTU
0,50+1,05, ca cpegrom BpegHowhy oz 0,80.

BoponponycmbuBOCT - IeCHOT 3eM/bULLITA, Y
OVPEKTHO] je 3aBUCHOCTM 0f, CONCTBEHUX PUUYKMX
KapaKTepPUCTUKA, BUCKO3UTETA TEUHOCTU U APYruX
xnMapodur3nYKMX NokasaTesba. Ogpehumsarbe Bogo-
NpMycT/bMBOCTU KOZ y30paKa 3eM/buLITa ypaheHo
je nadopatopujcknum noctynkom. [lodujeHu cy Ko-
eduumjentn duntpaumje og Kf =1,9°+1,2% cm/s,
[OK je cpearba BpeaHocT 2,23%, cm/s.

OTnopHe KapaKTepucCTUKe - jefaH Of HajBa-
XKHUjUX MeXaHMYKUX MapameTapa 3eMm/buLITa je
yBpctoha Ha cmuuarbe. EnemeHTV yHyTpawmber
OTNopa 3eM/bULLTA CY Yrao YHyTpaLUHber Tpeka U
Koxe3uja. Ha BpegHocTK napameTpa OTNOPHOCTU
Ha CMULAHbE, KO NEeCHOT 3eM/bULLTA, YTUYY XeTe-
pOreHOCT cacTaBa, Cagp¥Kaj ruHe W npallunHe,
NopPO3HOCT M 3dMjeHOCT, Kao M caap:kaj soge. C
0631pom aa ce y ycnosrma nosehaHe BaXKHOCTU
1 Bogo3acuhera MOry O4eKMBaTU NPOMEHE Y Ha-
BeAeHUM GU3UYKMM ocodMHama, 0/1asu U Ao
npomeHe napameTapa OTNOPHOCTU Ha CMULAHE,
a NoroToso Yy ycnoBuMa Bogo3sacuherba 1 geno-
Batba GMNTpaUMOHO cTpyjHOr Toka. Koa neca cy
nodujeHe BpeAHOCTU yrnia yHyTpalmer Tpema
p=8°:24° (17), n Koxesmje ¢=9,0+26,1 kN/m?
(16,53). MpomeHe yrna yHyTpaltber Tpeka M Ko-
Xe3nje Ko, neca cy npukasaHe Ha cavum 1 m 2.

DedopmadunHa cBojcTsa - [loKkasaTe/bu mexa-
HUYKMX CBOjcTaBa yTBphHeHM Cy W MpeKo onuTta
8edopmMadUIHOCTM Ha penpe3eHTaTUBHUM Yy30p-
LMMa 13 CBUX €BUAEHTMPAHUX CpeauHa MaKpono-
pO3HOr SIecHOr KomnJekca. Pesyntati nokasyjy
OMPEKTHY 3aBUCHOCT aedopMaduaHUX KapakTte-

pUCTUKA Of, CTPYKTYPHUX U GU3UYKMX CBOjCcTaBa.
MOBPLUMHCKM HMBOM NIECHOT KOMMJIEKCA KapaKTe-
PUCTUYHM CYy MO M3Yy3eTHOj CTULW/bMBOCTU. Mepo-
[ABHW pacnoHu noKasaTtesba AedpopmaduiHo-
CTM MAKpOMOPO3HOr U KOMAncUdUAHOT NecHor
3eM/bULLITA U3PAXKEHU KPO3 MOAYN CTULLI/bUBO-
cTn cy Ms=2200+5400 kN/m?, 0A4HOCHO Y YC/0BU-
Ma nposnaxkaBarba Ms=1800+4000 kN/m?, npu
yemy ce MHAEKC TOorera KPeTao y pacrnoHy
Im=0,0066+0,028.

PE3YATATH

NpomeHa napameTapa OTNOPHOCTU Y
dYHKUMUjU npomeHe BNaXKHOCTU

Kako cy yrao yHyTpaller Tpera U Koxesuja
jenaH oA, OCHOBHMX MOKa3aTesba OTNOPHOCTU 3e-
M/bULLTA M3BPLIEHA Cy eKCNepuMMEeHTasIHa UCMKU-
TUBaArba NPOMeEHe 0BMX MapameTapa y GyHKLUMjK
NPOMeHe BAAXHOCTU. McnuTaHo je yKkynHo 47
y30pakKa a pe3yaTaTtu cy NpuKasaHu Ha canum 1 um
2. Ha ocHoBy godujeHux pesyntata dopmupaHm
Cy MaTemMeTUyKM mozenu u ytepheHa je dyHKUM-
oHa Be3a ¢ = f(w), kao i ¢ = f(w). PerpecuoHe jea-
HauMHe MONMHOMA Koju Aajy GYHKLMOHY Besy
yrna yHyTpalmer Tpeka, Koxesuje 1 cagpaja
BOZE Y 3eMJ/bULLTY, KO IECHOT 3eM/bULLTA, UMAjy
cnepehu nspas:

Yrao yHyTpawmer Tpema: ¢ = 12,91 + 2,16:w
- 0,181-w? + 0,005-w? - 5,14-10°-w*

Ca CTaTUCTUUYKMM NoKasaTesbuma: Koedbuum-
jeHT meTtepmuHaumje R? = 0,731, KoebuumjeHT
kopenaumje R = -0,82, ctaHaapAHa rpeLwka 2,39.
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Cnuka 1. (u3Bop: ayTtop)

Cnuka 2. (u3Bop: ayTtop)
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Koxesuja: ¢ = 17,29 - 0,085-w + 0,1197-w? -
0,1194-w3 + 3,75-10*w*- 3,83-10°w°

Ca CTaTUCTUUYKMM MOKaszaTe/buma: Koeduum-
jeHT getepmuHaumje R? = 0,607, koeduumjeHT
Kopenaunje R = -0,73, cTaHAapAHa rpeLka 2,68.

Ha ocHoBYy ycnocTaB/beHMX KOpenaunoHux
Be3a ¢ = f(w) n ¢ = f(w) moxe ce 3ak/byunT aa
Nlec Npu cagpxKajy BnaxkHoctn og w = 10% poctu-
YKe MaKCMMaHy BPeAHOCT yI/la YHYTpaLkber Tpe-
Ha o4 ¢ = 21° oOK ce MMHMMaNHA BPeAHOCT yria
YHYTpallkber Tpera o4 ¢ = 9° NoCTUKe Npu caap-
»Kajy BNaXkHoCTu oa w = 34%. MakcumanHa spea-
HOCT Koxesuje og, ¢ = 20,5 kN/m?, ce nocTuKe npwu
BIaXXHOCTM o, w = 10,9%, MUHMMaNHa BpeAHOCT
Koxesuje og ¢ = 11,5 kN/m? je npu BNaXKHOCTH o4,
w = 30%. WHTepecaHTHO je uctahu M nopgarak,
eBuaeHTaH npaherem TOKa pa3Boja perpecroHe
KpU1BE, a TO je Aa ce U NPU MakbMM BpPeaHOCTUMA
BNAXKHOCTM oa w = 10% npumehyje onaaare
BPeAHOCTM YIa yHyTpallher Tpeka. Beoma nae-
HTUYHA CUTyaLMja je U KoL perpecuoHe Kpuse
BE3aHe 3a KoXe3ujy, C TUM LUTO BPEeAHOCT KOXesu-
je nounrbe ga onaga NpuM CMakberby cagprkaja
BNa*KHOCTK og w < 10,9%.

MpomeHa gedpopmadunHoctn y GyHKLMUjU
nNpomeHe CyBUX 3anNpPeMUHCKUX TEXKUHA

OedopmadunHu napameTpu Kao nokasaTesbu
HACTaHKa epo3MOHUX Mpoueca aHaAN3UPaHU Y
OBOM pajy Cy BPeAHOCTU MHAEKCA TOHEeHa Y
bYHKUMjM NpomeHe noKasaTtes/ba GU3NYKMX OCo-
OWHa NnecHor 3em/bumLLUTa, OLHOCHO CYBMX 3amnpe-
MWHCKMX TeKmHa (y, ).

EKCNeprMMeHTasIHO UCMIUTUBAE je U3BPLUEHO
Ha 47 y30paka MaKpOMopO3HOr IeCHOT 3eM/bU-
WITA @ pe3ynTaTi cy NpuKasaHu Ha camum 3. Mo
bopmuparby MaTeMaTUUYKUX MOAENa Ha OCHOBY
eKcnepumeHTanHo AodujeHnx BpeaHoCcTn Imun y,
ytephena je pyHKumMoHa Besa Im = f(y ). Niuneap-
Ha jefiHaYMHa Koja Aaje GyHKUMOHY Be3y MHAEKCa
TOHEHA U CYBUX 3aNPEMUHCKUX TEXKUHA, KOA, Ne-
CHOT 3em/buWTa, MMa cnegehu nspas:

Im = 0,078 - 0,0044y,

Ca CcTaTUCTUUYKMM NOKaszaTe/buma: Koedpuuu-
jeHT getepmuHaumje R? = 0,991, koeduumjeHT
kopenaunje R=-0,99, ctangapaHa rpewka 0,0005
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Ha ocHoBy ycnocTaB/beHe KopenaumoHe Bese
Im = f{y,) Moxe ce 3aK/byunTV fa Nec Npu cysoj
3anNpeMWHCKO]j TeXUHW o, y, = 12 kN/m’ noctuxe
MaKCMManHy BPeAHOCT MHAEKCa TOokera of
Im = 0,026, AOK ce MMHUMAIHA BPeAHOCT UHAEK-
ca Torberba og Im = 0,005 noctuxke npu cysoj
3anNpeMWHCKOj TeXknHW og, 7, = 16,7 kN/m>. MNpa-
Tehn pesyntate oBUX UCMUTUBAHA MOXKE Ce 3a-
K/bYYMTW [ je OCeT/bUBOCT SIeCHOT 3eM/bULLTA Ha
KO/Ianc Npu CyBUM 3aMPeMUHCKUM TEXMHaMa [0
7, < 15,6 kN/m>.

AUCKYCHJA

KonancndunHoct necHor 3emsbMwTa ycao-
B/bEHA je M3mehy OoCTanor CTPYKTypHUM pasapa-
HbeM ycnen AenoBaka yHyTpalhe eposuje M
XMAPOANHAMUYKE KOHCONNZAUNje TepeHa.

Y XOpPU30HTMMA Ca O4YYyBAHOM MPUMAPHOM
CTPYKTYPOM, M3pasuTtom noposHowhy u manum
CYBMM 3amNpPeMUHCKMM TeXMHama, y yCAoBUMA
npoBnakaBakba (NpucycTBa BoAe), A0/1a3u A0 py-
Wekra, OAHOCHO C/IoMa CTPYKType, (Harnm cKok
KOMMNpPecuoHe KpuBe), CIMKa 4, LWTO 3HATHO yTuYe
Ha OTMOPHA CBOjCTBA MAKPOMOPO3HUX JIECHUX 3€e-
M/bULITA.

OceT/bMBOCT /IeCHE CTPYKType U3parkeHa je
npeko KoeduumjeHTa Torera Im, Koju ce kpehe
oz 0,02 + 0,006. MHAMKaTOp OCET/bUBOCTU CTPYK-
Type NecHOr 3eM/bULUITa Ha NPOB/aXKaBakbe, CNo-
Ma OAHOCHO KoJanca jecte cyBa 3anpeMMHCKa
TEXMHa.

Ko, oceT/bMBOCTM CTPYKTYpe Ha NpoBaakaBa-
e Ba)KaH YMHMANAL je M cTeneH 3acuheHocTy,
OAHOCHO 3acuMheHOCT neca Bogom. YTBpheHo je
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npoBnaxerbe y3opka

KOSCPHLEHT NoposHoCT &

BEPTVKAIIH HAMOH O

Cnuka 4. (u3Bop: ayTtop)

ha je y |I-Xxopu30oHTy neca 1 “norpedeHe 3emsbe”
cTeneH 3acMheHOCTU HeyjefHaYeH U penaTUBHO
HUM3aK. YKONMKO je BnaxkHocT nucnog, 20%, nHaekc
TOHEHA j& O/IMKM rOpH0j FPaHmLM, 40K 33 C/YYaj
Behe Bna*KHOCTU, of 20%, TEXM A0H0j FPaHULM.

CBM MCNUTMBAHM y30pLM U3 MaKpPOMNOpPO3He
30HE MOKasanu cy mane moayse CTULL/bUBOCTH,
opHocHo nosehaHy gepopmaduaHocT, a nocedHo
y yCnoBMMa NpoBfakaBakba.

Y ycnosuma Bopo3sacuherba ieCHOr 3eM/bu-
WTa foMasu A0 onajarba BPeAHOCTU Koxesuje u
yrna yHyTpallher Tpera, Koju A0oBoAe A0 nojaBe
CMMLAHA LITO 3aCUTYPHO MMA 33 Nociegumuy Ha-
cTaHak dpasam, japyra, NacTUYHOr Tevera, Kau-
3ULWTa AN OAPOHA Ha TepeHMMa ca Harnbom. Ha
3apaBHMMaA aHA/IM3UPAHUX PEYHUX Tepaca BOAO-
3acuheroe [0BOAM A0 CNOMA CTPYKTYpe, Koje ce
Ha MOBPLUMHU MaHUPECTYjy Marbum Uan sehum
ynerHyhuma. MpomeHa pesbeda Ha 0Baj HAUUH,
omoryhaBa 3aJprkaBarbe BOoAe Yy yBajsama, LITO
fosoau no nosehawa ysane wro y cnenehoj
dasn moxe ga Aoseae A0 NojaBe cCMULabba (Kau-
3uwTa) y 060aHUM Aenosuma yBane.

Y patoj cutyaumju, ycnes sehux nagasuHa,
[0Nasn [0 3ajeHUYKOr AenoBakba c/adsbera
OTMOPHUX KapaKTepucTuka u gedpopmadunHmx
0CcodVHa IeCHOT 3eM/bULLTA, WITO BOAM Ka HacTaH-
KY M MHTEH3MBHOM Pa3BOjy €pO3MOHUX npoLeca.

EdeKkte napameTapa OTNOPHOCTM Ha CMULAHE
1 nedopmadnnHNX KapaKkTepucTMKa Ha gerpaja-
LMjy NecHOr 3eM/buLUTa Yy BE/IMKO] MEPU MOXKe
y&naxkutu npucycteo seretaumja (Gaji¢ G. at all
2013.). NpasunaH opadup BpcTa Koju omoryhasa
apMuparbe 3eM/bMLLITa KOPEHOBMM CUCTEMOM, Ha
BULLE HMBOA MO AyOMHU Npoduna, 3HaYajHO yTUUY

Ha oTnopHe U aedbopmaduiHe KapaKTEpUCTUKe
neca. NMpucycTBO KOPEHOBOT CUCTEMA, Y MaKpOMo-
pPO3HMM 30Hama fleca AOBOAM A0 CMakbeHa Mo-
po3HocTK, noseharba 3anNpPeMUHCKUX TEXMHA a
cammm TUm go noseharba napamertapa OTNOPHO-
CTU Ha CMUUAHbE U CMatberseM aedopmadunHo-
ct1 (Gaji¢ G. 2005.b). CBe HaBeLeHO MOKe AoBe-
CTK [0 cnpeYaBakba UAM CMakberba NOBPLLUMHCKMX
M YHYTPaLWHKUX epO3NOHUX MpoLieca.

3AKMYYIAK

Ha ocHOBY npuKasaHWX eKcnepumeHTasIHUX
NCNUTMBaAKbA PU3NUYKO-MEXaHUUYKUX KapaKTepu-
CTMKa, @ NOCedHO OTMOPHMX KapaKTEPUCTUKA -
MHUUMjaNHe epo3unje MaKpOnOpPO3HOr NecHOor 3e-
M/bULLITA, U HWUXOBOM 00PaZoM MaTEMATUUKUM
mMeTofaMa reoCTaTUCTUKE MOXKe Ce 3aK/byuyuTu
cnepehe:

OTnopHe KapaKTepucTuke (yrao yHyTpaliHer
Tpera U Koxesuja), UMajy CHUMKeHe BPeaHOCTH, Y
yCN0BMMa MOBMLLIEHE BAAXHOCTU U Bogo3acuhe-
Hba, O4HOCHO Naf, Of BPLUHE HA pe3nayasnHy YBp-
ctohy 3a oKo ABa nyTa.

Pe3yntatn ecnepuMmeHTanHUX UCNIUTUBAHA
noyvyeTHe - MHUUMjaHE epo3unje JOBELEHU CY Y
GYHKLMOHY Be3y ca CYBUM 3aMPEMUHCKUM TeXMU-
Hama y3 BUCOK CTerneH KopenaumoHe 3aBUCKOCTH.

YcnocTtas/beHe KopenalMoHe 3aBUCHOCTU: OT-
NOPHUX KapaKTEPUCTUKA U BAAXKHOCTM, Kao M 3a-
BMCHOCTM MHAEKCA TOEHa U CYBUX 3anpemuH-
CKMUX TexMHa omoryhaBajy pauMoHanHocT y
MCTPaXKMBakby M UCNUTUBAkbY HACTaHKa, MeXaHu-
3Ma M AMHaMWKe pasBoja epo3uje y OKBUPY Ma-
KPOMOPO3HUX NECHUX Hacnara.

HanomeHa: NcTparknsarba Koja cy nocny>una
Kao OCHOB 3a KOHLLeNT M3J/10)KeH Yy OBOM pajy pe-
3ynTat cy npojekta NPTR 33044 ,,MOHUTOPUHT 1
a[anTUBHO ynpaB/batbe PU3NLMMA Y NOBPLUMH-
CKOj eKcnioaTtaumju MMHepasHUX CUPOBMHA" KojK
duHaHcupa MuUHUCTapCTBO MpocBeTe, HayKke M
TexHonowkKor passoja Penydanke Cpduje, a Koju
peanusyje TUM CTpyYraKka PyaapcKo-reonowkor
dakrynteta YHuBep3uTeta y beorpaay, ®akynteta
OpraHuM3auMoHmMx Hayka YHuBep3uTeTa y beorpa-
ay, Wymapckor dakynTteta YHusepsuTeta y beo-
rpaay v MHoBauuoHor LeHTpa MalwnHcKkor dakyn-
TeTa YHuBep3uTeTa y beorpaay.
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Abstract: Studies that are presented in this paper were carried out to define the formation
criteria of loess soil degradation. Erosion stability analysis of this soil type will be carried out
on the basis of its physical and mechanical characteristics. To describe the established rela-
tionships between the individual parameters of loess soil, the study uses mathematical model,
that is based on experimentally obtained results of soils’ physical and mechanical character-
istics, From the presented results of geotechnical tests, mathematical models and functional
relations between water regime and loess soils’ resistant characteristics; indicators of internal
erosion were defined as well as the mechanism of this process. Effects of the practical applica-
tion of found results are also analyzed in this paper.
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mechanism of internal erosion processes.

INTRODUCTION AND OBJECTIVE

Studies that preceded the analysis that will be
presented in this paper were carried out on soil
samples from the area known as “StiSka Valley”.
Geo-statistical analysis of the results of these
studies defined the parameters of which depends
the intensity of erosion processes. Parameters of
the occurrence and intensity of erosion processes
in loess soil are parameters of shear strength,
internal friction angle and cohesion in the
function of humidity and deformability indicators
in the function of dry bulk density (Miljanovic I.,
Gaji¢ G., 2011).

The main objective of the research is to define
the physical and mechanical properties of loess
soil. In addition to tests of physical and mechanical
soil properties, deformability was tested as well,
as one of the indicators of the origin and
development of the soil erosion mechanism. The
origin mechanism of erosion is caused by a variety
of factors that are affecting the change of: stress
state, physical and mechanical properties and
water regime, in the erosion engaged soil
(Todorovic¢ T .; Gajic G., 1997). Degree and form
of loess soil erosions is dependent on the
variation of these factors.

DATA ACQUISITION AND WORKING
METHODS

Data acquisition

Loess soil that is analyzed in this paper is orig-
inated from the area of Pozarevac and Kostolac,
known as the “Stiska Valley”. The loess plateau in
this area is a part of the coast and the wide river
terraces of rivers Danube (Dunav) and Mlava
(Mlava). Plateau has a slightly wavy surface whose
absolute elevations are ranging from 70 meters
above sea level on the banks of the Danube and
Mlava rivers to 170 masl on Lestari. The dominant
forms of soil erosion on the river plain terraces
are internal erosion processes, while on the
slopes of Lestari, in addition to the internal pro-
cesses there are intensive forms of surface ero-
sion as well. This region is also known for typical
forms of degradation of river banks and surface
excavation slopes also formed in loess. Stability of
banks and slopes are also conditioned by the
physical and mechanical changes in water satura-
tion and by the filtration forces in loess soil (Vujic
S. etall 2011).

From this study area, 47 undisturbed loess
soil samples were taken. The samples were tested
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Table 1. (source: author)

Granulometric Clay Dust Sand small  Sand medium  Sand coarse  Gravel small
analysis 0.000+0.002 0.002+0.02  0.02+0.2 0.2+1.0 1.0+2.0 2.0+30
Relevant 2+19 73 +91 1+15 0+5 0+2 0+1

ranges (8) (82.6) (7.35) (1.3) (0.35) (0.2)

in laboratory conditions in accordance with pre-
scribed standards SRPS - U.B1, at laboratories of
the Chair of Anti-erosion Geotechnics of Faculty
of Forestry in Belgrade.

Working methods

Field research and laboratory testing are
working methods in the study of loess soils. Field
investigations include taking undisturbed soil
samples. Physical-mechanical and deformable pa-
rameters were determined by testing undisturbed
soil samples in the laboratory. Applied method,
trough analysis of retrieved results, derives the
guantitative indicators of the physical- mechanical
and deformable parameters that create and de-
velop erosion processes (Gaji¢ G., 2000). Erosion
stability will be carried out by comparative anal-
ysis of sinking index and dry bulk density with the
analysis of moisture and loess soil shere strength
parameters.

Type of tests and the results of examined
soil parameters

Tests and value determination of the physi-
cal-mechanical parameters and deformable indi-
cators in the loess soil were conducted on all
collected samples (total of 47). The values of
physical and mechanical parameters are defined
through: water content in the soil, bulk density,
porosity, granulometric composition, internal fric-
tion angle and cohesion, while deformability is
defined through the modulus of compressibility
and sinking index. (Gajic G., 2005.q).

Water content in the soil at the time of sam-
pling, loess soil macro-porous zone ranges from
6.5% to the 35.3%, with a mean value of W=22.5%.

Bulk densities - at loess soil they are an es-
sential indicator of changes in the soils’ physical

properties. Naturally moist bulk density values,
for loess soils, are in the range of y=15,8+21,0 kN/
m? (18.5) and dry bulk density values ranges are
7,=11,8+16,2 kN/m3, whereas the mean value of
all obtained results is 14,14 kN/m?>.

Granulometric analysis - participation of some
fractions can significantly change both in the hori-
zontal and the vertical profile, which is due to pri-
mary settling conditions (intensity and direction of
the wind), and the effects of secondary deep ero-
sion processes (suffosion, restructuring of the par-
ticles and demolition of structures). The relevant
ranges of percentage share of certain loess soils’
macro-porous fractions are shown in Table 1.

Porosity - total porosity of the tested soil
samples ranges from 36% to 53.3% (45.1), while
the porosity coefficient range is 0,50+1,05, with
an average value of 0.80.

Water permeability of loess soil - directly de-
pends on its own physical characteristics, fluid
viscosity and other hydro-physical indicators. De-
termination of water permeability of taken soil
samples was done by laboratory method. Ob-
tained coefficients of filtration range: Kf =1,9 +
1,2° cm/s, while the mean value is 2,23, cm/s.

Resistant characteristics - shear strength is
one of the most important mechanical parameters
of the soil. Elements of the internal resistance are
internal friction angle and cohesion. Shear resist-
ance parameters of loess soil are influenced by:
heterogeneity of the soil composition, the content
of clay and dust, porosity and compaction, as well
as the water content. Considering that in condi-
tions of increased humidity and water saturation
changes could be expected in mentioned physical
properties, change in the parameters of shear re-
sistance, especially in terms of water saturation
and function of the water filtration current. Values
of internal friction angle of loess soil: ¢p=8°+-24°
(17) and cohesion: ¢=9,0+26,1 kN/m? (16,53).
Changes of the loess internal friction angle and
cohesion are shown in Figures 1 and 2.
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Deformable properties - indicators of me-
chanical properties are determined by deforma-
bility experiment on representative samples from
all registered areas of macro-porous loess com-
plex. The results show direct dependence of
deformable characteristic from the structural and
physical properties. Loess complex surface levels
are specific because of their exceptional com-
pressibility. The relevant ranges of deformability
indicators for macro-porous and collapsible loess
soils expressed through the compressibility mod-
ule Ms=2200 + 5400 kN/m?, and in terms of wet-
ted conditions Ms=1800 + 4000 kN/m?, with the
range of sinking index: Im=0.0066+0.028.

RESULTS

Influence of humidity change on
resistance parameters

Experimental tests were carried out to exam-
ine the influence of humidity change on internal
friction angle and cohesion. A total of 47 samples
were tested and the results are displayed in Fig-
ures 1 and 2. Based on obtained results mathe-
matical models were formed and ¢ = f(w) func-
tionality links were established as well as ¢ = f(w)
. Regression polynomial equations that give func-
tional link between internal friction angle, cohe-
sion and soil water content of the loess soil, have
the following expression:

Internal friction angle:

¢ =12,91+2,16'w - 0,181-w? + 0,005-w? -

5,14-105-w*

With statistical indicators: determination coef-
ficient R? = 0.731, correlation coefficient R = -0.82,
standard deviation 2.39

Cohesion: ¢ = 17,29 - 0,085'w + 0,1197-w? -
0,1194-w? + 3,75-10*w*- 3,83-10°%w°

With statistical indicators: determination coef-
ficient R? = 0.607, correlation coefficient R =-0.73,
standard deviation 2,68.

Based on these correlations ¢ = f(w) and ¢ =
f(w) it can be concluded that the loess moisture
content of w = 10% reaches the maximum value
of the internal friction angle of ¢ = 21° and the
minimum value of the internal friction angle of ¢
= 9° is achieved when the content of humidity is
w = 34%. The maximum value of cohesion ¢ = 20,5
kN/m? is achieved when the humidity is w = 10,9%,
the minimum value of the cohesion ¢ = 11,5 kN/
m? , is achieved when the humidity is w = 30%. It
is interesting to point out information, which is
obvious by monitoring the development of the
regression curve that even at lower humidity val-
ues of w = 10% decline of the internal friction
angle value is noticeable. The situation is similar
with the regression curve related to cohesion, ex-
cept that the value of cohesion starts to decrease
after the moisture content reduction of w < 10,9%.

Deformability change in the function of
dry bulk density changes

Deformable parameters as indicators of the
occurrence of erosion processes analyzed in this
paper are value of the sinking index as a function
of changes in the indicators of physical properties
of loess soil, respectively dry volume weight (y,).
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Figure 2. (source: author)
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Experimental testing was performed on 47
samples of macro-porous loess soil and the results
are shown in Figure 3. After formation of mathe-
matical models based on experimentally obtained
values Im and y, functionality connection was
found Im = f{y ). The linear equation which gives
the function relationship of sinking index and dry
bulk density, gives the following expression:

Im = 0,078 - 0,0044y,

With statistical indicators: determination coef-
ficient R?2 = 0.991, correlation coefficient R = -0.99,
standard deviation 0.0005

Based on the established correlation relation-
ship Im = f{y ) it can be concluded that loess in
the dry bulk density of y, = 12 kN/m? reaches
maximal sinking index of Im = 0,026, while the
minimum value of the sinking index of Im = 0,005
is reached when the dry bulk density is y, = 16,7
kN/m?. Following the results of these tests it can
be concluded that the loess soils are susceptibili-
ty to collapse when the dry bulk density is y, <
15,6 kN/m?>.

DISCUSSION

Collapsibility of loess soil is conditioned by
structural destruction caused by the internal ero-
sion process and hydrodynamic field consolidation.

In horizons with preserved primary structure,
small dry bulk density and distinct porosity flood-
ing conditions (wetted conditions, high presence
of water) cause demolition or collapse of struc-
tures (sudden jump of compression curve), Figure
4. This significantly affects the resistant properties
of macro-porous loess soils.

Loess structure sensitivity is expressed with
sinking coefficients Im, which ranges from 0.02 to
0,006. Dry bulk density is an indicator of loess
structure sensitivity to flooding conditions, dem-
olition or collapse of structures.

When we are referring to sensitivity of the
structure to the wetted conditions important fac-
tor to consider is the degree of saturation, or
saturation of the loess with water. It was found
that the I-horizon of loess and of “fossil soil” has
uneven and relatively low degree of saturation.
Sinking index is closer to the upper limit if the
humidity is below 20%, in case of humidity great-
er than 20%, the sinking index is closer to the
lower limit.

All of the samples from the macro-porous
zone showed increased deformability, especially
under the wetted conditions (flooding samples).

Loess soil in water saturated conditions leads
to decline of cohesion and internal friction angle
values. This causes decrease of shear strength
which has the effect on the formation of furrows,
gullies, landslides or avalanches on sloped terrain.
On the analyzed river terrace plains water satura-
tion leads to the collapse of the structure, this is
manifested on the surface with smaller or larger
dents. Change of relief in this way allows the re-
tention of water in the dents, which leads to an
increase of the dent. This could lead to the ap-
pearance of shear and creation of the landslide in
the peripheral parts of the widened dent.

In the given situation, due to higher precipita-
tion, there is a joint action of weakening resist-
ance characteristics and deformable properties of
loess soil, which leads to the creation and devel-
opment of intensive erosion processes.
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Figure 4. (source: author)
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Loess soil degradation could be mitigated with
vegetation and the effects of shear resistance pa-
rameters and deformable characteristics would be
lessened (Gaji¢ G.at all in 2013). Proper species
selection that allows the reinforcement of the soil
with root system, on multiple levels throughout
the profile, significantly affects the resistance and
deformable characteristics of loess soil. The pres-
ence of the root system in the loess macro-po-
rous zones leads to a decrease in porosity, in-
crease of the dry bulk density, increase of the
shear strength parameters and a decrease of
deformability (Gaji¢ G. 2005.b). All of this could
lead to the prevention or reduction of surface and
internal erosion processes.

CONCLUSION

Based on the executed experimental testing
of physical-mechanical properties, especially re-
sistance characteristics - initial macro-porous
loess soil erosion, and their processing with geo-
statistics mathematical methods, the following
could be concluded:

Resistant characteristics (internal friction an-
gle and cohesion), have lower values in conditions
of high humidity and water saturation, decline
from the peak to the residual strength (the values
doped, approximately, by half). Experimental test
results of initial erosion were brought into func-
tional connection with dry bulk density with a
high degree of correlation dependency.

Established correlations: resistance character-
istics and humidity, as well as the dependence of
the sinking index and dry bulk density ensure ra-
tionality in researching and examining the origin,
mechanism and dynamics of the erosion develop-
ment within the macro-porous loess deposits.
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