Feoji. aH. BajiK. noji. Beorpas, ,neijeMbap 1995
. 59 413-429
Ann. Geol. Penins. Balk. Belgrade, Decembre 1995

Y ffK 624.131.23(497.11) OpnniHajraH HayTraii pa/j

TEOTEKHHHKA CBOJCTBA JIECA OKOJIHHE EEOTPATIA

on
Cjioco™aHa TiopHha*, ropflane MapKOBHh* h Jlacjia MaKHja*

y pany cy npHKa3aHH pe3yjiTaTH o6hmhmx CHCTeMaTCKHX HCTpaiKHBaKba MaKponopo3Hor Jieca nonpy>ija
Beorpaaa, h to KaKO naffHHCKor TaKo h ohot ca njiaToa. Bcjihkh 6poj penpe3eHTaTHBHHx y3opaKa HcnnraH je
TpaaKCHjajiHHM KOMnpecHOHHM onHTHMa. ~oSnjeHH pe3yjiTaTH cy noKa3ajiH sa Me"aHHHKO noHauiaH>e MaKpo-
nopo3Hor Jieca y BejiHKoj Mepn 33bhch oji BejinmiHe KOHCOJiH3agHOHOr npHTHCKa, TaKO sa je np« "MajiHM" Hano-
HHMa KpTO, a npn "BeJiHKHM" HanoHHMa oho je nJiacrmHO. To je npHKa3aHO ca nBa XHnep6ojiH'iHa MOffejia: je-
PtaH je y “OMeHy "Majinx", a jipyrn y noflpy<ijy "bcjihkhx HanoHa". Ha OBaj HanHH cy, no npBH nyT, HanoHCKO—
-HecjjopMaiiHjcKe 33bhchocth MaKponopo3Hor Jieca fleriHHHcaHe h npHKa3aHe XHnep6ojimHHM MOflejiHMa.
llopel)eH>e HymepHIkhx h eKcnepHMeHTajiHHX pe3yjiTaTa noKa3yje fla npefljioacenH aHajihthmkh nocTynaK ca
KOHa"HHM ejieMeHTHMa ycnemHO npHKa3yje nonamaiie MaKponopo3Hor Jieca y cjioaceHHM HanOHCKO-fle(J)Op-
Mai(HjCKHM yCJIOBHMa,

Kijibc pera: Jiec, MexaHmKO noHamaite, "HnepeojnmHH kohctht "thbhh Mojieji, HejiHHeapHa nanoncKO-Re-
(l)OpMaL (HjcKa aHajiH3a

yBOfl

lloflpv'ije Beorpajia 3acTpTo je JieciraM iioKpiiBageM npoMeiubHBe fle6jtirae. OHa
necTO npejia3H 12-15 m, a na MecTHMa rjje ra epo3Hja, KJiimeibe h/hjih 'lOBeKOBa aK-
THBHOCT HHCy YHHHITHIIH H CBHX 30 m.

360r CBoje paciipocTpaiBenocTH h cnei?Hc)HHHHx KapaKTepncTHKa, jiecHO tjio je
iipej*MeT cTajiHor ncrpa>KHBaii>a 6pojHHX nciipa>KHBaTa (Cori¢, 1987.; Markovié,
1987).

CncTeMaTCKa 0o6HMHa iicTpaaciiBaiba JiecHor TJia Bprne ce Beh BHine o/j neTHaecT
lo/iiina Ha KaTe/ipn 3a reoTexHHKy PyflapcKO-reojioniKor cjiaKyjiTeTa y Beorpal/iy (Bo-
Zinovié, 1979; Bozinovi¢ i dr., 1985.; Cori¢ i dr., 1985.; Cori¢ i dr., 1986.; Mar-
kovic¢ i dr., 1990).

y obom pa/iy npHKa3aheMO HanOHCKO-/iecJiOpMannjcKe KapaKTcpncTiiKe h kohcth-
TyTHBHe MO”ejie MaKponopo3Hor Jieca h to KaKO iiaflinicKor TakKO h ca nliaToa. HaBe-
flene MOflene yKIF>Y'inheMO y nocriynaK HejiHHeapHe aHajiH3e ca Koiia'raiiM ejieMeHTHMa.

*

PyAapcKO-reoJiouiKH (jjaKyjiTeT, ByuiHHa 7, Beorpaa.
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OH3HHKA CBOJCTBA H MEXAHHHKO nOHAIBAH>E

Ilpoccviva c)H3H'iKa CBojcTBa MaKponoposnor Jieca, ojipel)CHa cTaHHap/mnM noc-
Tymi;HMa Ha HenopeMeheHHM - penpe3eHTaTHBHHM vsopnnMa, npHKa3aHa cy y TaSejiH 1.

TaBejia 1. 1lpoce'iHa (J3H3H'iIKa CBojcTBa jieca.
Table 1. Averange physical properties of loess.

JTec (Loess) nJiaTO (plateau) najjmia (slope)
CyBa 3anpeMHHCKa TOKima yd=12.5-15.0 kN/m3 yd=13.5-16.0 kN/m3
Dry unit weight
110po3HOCT n=45-55% n=42-50%
Porosity
IlpHpojiHa BliaacHOCT w=16-20% w=18-22%
Water content
CTeneH sacnheiha S=45-70% S=54-87%
Degree of saturation
YHemhe (j)paKHHje rjiHHe c=5-10% c=810%
Clay fraction (<0.002 mm)
Tpamma re'icii>a w,=30-40% w,=36-44%
Liquid limit
Miisickc njiacTHHiiocTH Ip=10-18% Ip=15-24%
Plasticity index
AC KjiacHcjjHKaiiHja CL/CI CL/CI
AC Classification
Kojioiijnra ak THBHOCT Kp>1.25 Kp=2-3
Colloidal activity
chTa MHHepajia rjiHHe HJIHTCKO—MOIIMOpHJIOHHTCKa HJIIHTCKO—MOHMOpHJIOHHTCKa
Dominant clay minerals illit-montmorillonitic illit-montmorillonitic
H HjieKC KonciicTeiinH je e 1=0.9-1.10

Consistency index

Mexaini'-iK() uoiiaraaite jieca HcnHTHBaHO je mpnaKcnjajiHHM, KOMnpecHOHHM, koh-
cojiHfloBaHO-flpeHHpaHHM onHTHMa Ha HenopeMeheHHM nnlJiHHflpH'iiiHM y3opu,HMa npe>i-
HHKa 38.0 mm h iihchiic 76.0 mm. 3a BpeMe ONHTaA MepeHH cy npnpamTajH BepTHKajiHor
HanoHa, aK ciijajnie h parjnjajiiic i(ec})opMaii;Hje. JJa 6h noTnyiiHje ;tefj)HHHcajiii nonam aite
jieca, ooaBlJbeiio je 6ap no jc/mo pacTepehHBaHbe h noHOBHO OHTepehimaibe y3opaKa.
PlciihthbaiLC je BpmeHO jjo n>nxoiior noTnyHor JioMa.

JI,06iijcnH pesyjiTaTH cy noKa3ajiH ;ia je iioHainaii.e jieca HejimieapHO, neejiacTH'mo
h HanoHCKH ycjiOBli>eHO. Y Be3H ca thm 03 noce6Hor je 3Hanaja o;c(pei)HBaH>e H>eroBe
CIICIJ;H(j)HIIlie 33BHCHOCTH 0/1 BCJIHHHHe KOHCOJIHJiairMOHOI' npHTHCKa.
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TaKO ce Jiec njiaToa npH Ct'3<100 kPa noHaina Kao KpT MaTepnjaji, a npii ct'3>200 kPa
H.erOBO noHomaibe je iuiac'riiriio (cji. 1).

Cji. 1. HanoHCKO-"e(})opMaijHjcKe KpHBe Jieca ca nliaToa joSHjeHe npeiiHpaHHM (CD) TpnaKCHjajiHHM onHTHMVa
(yd=13.5 kN/m3, w=20%) .
Fig. 1. Stress-strain curves for plateau loess obtained by drained triaxal tests (yd=13.5 kN/m , w=20%)

Y cjiyiajy iia/iHHCKor jieca 3a ct'375 kPa i1ciobo iionamailLe je Kprro, jjok je 3a
ct'3>100 kPa oho iviacTiuiHO (cji. 2).

lipeMa HameM MiimjLeH>y OBaKBO nonainaii,e je nocjiejpm,a JiOMa yHyTpamibe
noH Kojn pasjjisaja jiec KapaK'jepncTiuiHor KpTor noHamaiba oji Jieca njiacraHHor noHa-
mana h3hoch 150 kPa 3a Jiec nJiaToa h 87.5 kPa 3a najjmickH Jiec. llaiiejiene BpejjHOCTH
cy ojjpet}ene HHTepnoJianJijoM ilaii0HCKO0-Jiec{)0pManHjcKHX cj)yiiKHHja.

y cjiejj jjejiHMHHiior-JioKajiHor, hjih noTnyHor npeKHjia yHyTpaiiiibHx Be3a, ocjio6o-
iJeHe 'iecTHue ce y3ajaMHO noMepajy - cmh'-iv, poTHpajy, KJiH3ajy, 3rymH>aBajy, ojjhocho
6oji>e naKyjy. llpbo6htho MaKponopo3Ha, KoxepeHTHa cpejjnna, npeTBapa ce, HaKOH H3-
Jiaraita KpiriiuuioM Hanony, y jiofipo cjiojkchv 3pHacTy Macy. llpn tom je HHTaKraa,
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Cji. 2. HanoHCK:o0-nec}>opMaaHjcKe KpiiBe najiHHCKor Jieca noSnjene jjpeHHpaHHM (CD) TpnaKCHjajiHHM onHTHMa
(yd=15.7 kN/m3, w=18%) .
Fig. 2. Stres-strain curves for slope loess obtained by drained triaxal tests (yo=15.7 KN/m , w=18%)
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npiiMapna, Koxe3Hja BeoMa ocjiaSjbena, iipaKTiimo n0TnyHO HcijpnJbeHa, 6ap OHaj ilcii
fleo kojh ycjioBJbaBa neM eirrannja ocTBapeHa H3JiylieiiHM coJiHMa Kap6oHaTa. CjiH'ian je
MeHH.

OnpeneiiH npHpauiTaj Bliare, Met)yraM, y6p3aBa pasapaite cTpyKType Jieca jep ce
XHj(paTHcaHe 'iec'raiie rjiHHe y H>eMy unipe. EcjjCKaT panapaita je, Me~yraM, najjaTin Ka-
fla Bliara y rjiHiienoj KOMHOHeHTH hocthi'hc rpaHHi(y 6y6peiba, 6jiHCKy rpaHHIijH njiac-
thhhocth (WS“'Wp). Taj pacnoH Mo>Ke j(oc'ia j(a Bapnpa 36or npoMeHJbHBor yHeraha
cjipaKHiije rjiiHHe ¢ jejuie cTpaHe, h ibeHor HIIHTCKO-MOHMopHJioHHTCKor cacTaBa ¢c npyre
c'ipaiie.
kphthtoh npnparaTaj KOIJiiFiHHe BJiare, Kojn jionpnnocH H>eHOM pa3apaiby, H3Mel)y
2-3%, j(o 5% (Tj. Kajia W j(OCTHnie Wp).

TaJbHM noBehaibeM Bliare, Oj(hOChO HanoHa npeKO kphthhiioi' nanoHCKor cTaiba,
ycnocTaBJba ce noHoBO 0Baj, Xh/jpokojiohj(iih thh Be3a. HO h>hxob ecjjeka'r je cajja 3HaT-
ho jjpvraHiijH. Beh H3MeibeHH, npHMapHO MaKponopo3HH Jiec npe/(CTaBJba KBajiHTeTHO
HOByY, KOxepeHTiiy cpe/(iniy. Iteiio noHaraaibe je H3pa3HTO nliacTH'IHO y HirraBOM oncery
KOHXJiH/(aHHOHHX npHTHcaKa, a TiBpcroha pacTe ca /(y6iiiioM, 0/(hocho ca npHpauiTajem
oiiTepeheii.a. Obo Ba>KH KaKo 3a MaKponopo3HH Jiec ca nJiaToa TaKo h 3a iia/(HHCKii mbk-
ponopo3HH Jiec.

XHINEPBOJIHHHH KOd HIM HHHH MO/IKJI

EKcnepHMeHTajiHo VTBpljene iiaiioncKo-j(ecropMai(HjcKe 3aBHCHOCTH npHKa3ajiH
cmo xanep6ojiHHHHM kohctht thbhhm MO/ejiHMa (Kondner, 1963.; Duncan &
Chang, 1970.; Duncan, 1980). CaraacHO TOMe nanoHCKO-jiecjiopMaiiHjcKe cj3yiiKu;Hjc ce
Mory H3pa3HTH Ha cjie/jehii HaHHH:

i |
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JyHroB Mo”Yyji pacrepcheita h nOHDBHOr oirrepeheiha ojipe})yje ce H3 cjiejjehe jefl-
HanHHe:

03
Eur = Kur* A- (5)

Y jeflHaHHHaMa (1)—5) yBefleiie cy cjie/iehe o3HakKe:
crj', a3 - Behn h Maibii rJiaBHH HanoH
Sj, $3- Beha h M aita rjiaBHa jjetjjopM aipja
c', o - KyjioH-MopoBH napaMeTpn HBpcTohe
Rf, K, n, Kur, G, F, d - HanoiickO-jjecjiopManHjcKH napaM e'ipH
pa- aTMOccjjepcKH npHTHcaK

BpejinocTH lloacoHOBor Koec|)HH,HjeHTa 3a npHMapHO onTepeheite, pacTepeheite h
noHOBHO oinepeheite, Mei)ycoéno cy jejinaKe (cji. 3 h cji. 4).

Cji. 3. HanoHCKO-HetJ)opMaiiHjcKa KpHBa neca
ca njiaToa "oSHjeHa jcpeHHpaHHM TpnaK-
CHjajiHHM OnHTOM. J](eTajb pacTepeheita
h nOHOBHOr onTepeheita ca cjiHKe 1.

Fig. 3. Stress-strain curve for plateau loess
obtained by drained triaxal test. Detail

)> IMENTAL . B .

Qx-ﬁff) of unloading-reloading from Fig. 1.

AXIAI. ST8AIN  S,(5i)

Kao uito ce bhjih, XHiiep6oJiH>iiin Mojiejni jiecjjHHiicaiiH cy ca jjeBeT napaMeTapa: €',
9, Rf, K, n, Ku, G, F, d. Ohh ce ojipei)yjy H3 pe3yjiTaTa CTanjiapjiiiHX TpHaKCiijaJiHHX
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onHTa (CD) y3 Mcpcibc So’ine jjecliopMaipje. Mc”~thm, ~kojihko to yejiOBH Ha TepeHy
3axTeBajy, napaMeTpH MO/ielia ce Mory H3BecTH Ha OCHOBy no”aTaKa H3 TpnaKcnj 3jihhx
onHTa 3aTe3aita, onHTa paBHe jjecjjopMaijHje hjih jjnpeKTHor CVHii;aH>a. O bhm ce 3HaTHo
npomHpyje oncer npHMeHe npejidio»:eHor xnnep6ojiHTnor Mojigjia.

Cji. 4. HanOHCKO-jie(J)OpMai(HjcKa KpnBa
najiHHCKaor Jieca noSnjeHa npenHpaHHM
TpnaKCHjajiHHM oiihtom. ,D(eTarb pacre-
peheH.a h nOHOBHOr onTepeheiia ca
cjiHKe 2.

Fig. 4. Stress-strain curve for slope loess
obtained by drained triaxal test. Detail
of unloading-reloading from Fig. 2.

HaiioHCKo-flecJjopManHjcKe (})yiiKkHHje MaKponopo3Hor Jieca cy, ¢ 063HpoM Ha ibH-
x0oBy cnenHcj)HHiiy 3aBHCHOCT oji Bejin'iikie KOHcojmjiaiiHonor npHTHCKa, jjec])HHHcaiie ca
ABa XHnep6ojiH'ina Mojjeua: jejiaH je 3a jjoMen "Majmx" HanoHa, jjok je j(pyiH y uoji;py'ijy
"BejiHKHX" HanoHa.

napaMeTpn XHnep6ojiHHHHX Mojjejia 6eorpajjcKor MaKponopo3Hor Jieca cy jjaTH y
Ta6ejiaMa 2 h 3.

Ta6ejia 2. napaMeTpH XHnep6ojii«kHor Monejia 3a Jiec ruiaToa
Table 2. Parameters of hyperbolic model for plateau loess
HanoH
Stress
aVv<100 kPa 18 235 0.796 514 0820 874 0.098 0219 214

a,>200 kPa 53 195 0.852 684 0.756 333 0186 0219 421

¢ (kPa ¢ p'O Rf K n K»r G F d

Y Be3H ca Hanpejj hsiicthm hcth'icmo jia npoMeHy npHMapHe cTpyKType, noji; jjej-
ctbom KOHXJiH 6ii;HOHHX npHTHcaKa, jacno nOTBp~yje H QUIICC nOBpaTHOr h hhhd;h-
jajiHor JyHroBor Mojiyjia. HaHMe, BpejjnocT EUE; (Ta6ejie 2 h 3) je 3a

- Jiec HliaToa: KUK=1.7 y oncery "Majinx" HanoHa h Ku/K=4.9 y jjoMeny "BejiH-
khx " HanoHa,

- na™HHCKH Jiec KuK=2.0 y oncery "Majmx" HanoHa h KUK=5.0 y j2OMeny "BenH-
khx ' HanoHa.
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Jlpc;uro>KC[ni xiinep6ojm THH Mojiejrn Mory ycneraHo ;ra npHKaxy McxannTKo noHa-
maH>e MaKponopo3Hor Jieca, jep yBaacaBajy H>eroBO HejiHiieapHO, HanoHCKH vcjioBJbeno
h HeeJdiacTHHHO nonaraaite. Ha OBaj na'nnt, npeMa HaraeM casnaibv, harioHcko-jie(Pop -
ManiijcKe 33BHCHOCTH MaKponopo3Hor Jieca cy, no npBH nyT, npHKa3aHe xiincp6ojiHT-
hhm MojjejitMa. Jlo6njellh pe3yiiTaTH noTBpl)yjy renepajiHH KapaKTep xiiiiep6ojiHTmor
Mojiejia h THMe npomHpyjy nojTpv'ije n.eroiie npiiMene. Y hcto BpeMe, obh mojjcjih cy
iiorojniH 3a yKJLyHHBame y hanoncko - jjeffopMahirjckv ariajinsv KOHa'iiiHM ejieMeHTHMa.
TaSejia 3. IlapaMeTpH XHnep6oJimHor MOjiejia 3a najiHHCKH Jiec.

Table 3. Parameters of hyperbolic model for slope loess.

HanoH ¢(kPagg0 Rf K n K1 G F d
Stress

0./<75 kPa 135 47 0729 617 0234 1234 0.0964 0.189 184
a,>100 kPa 395 26 0811 248 0133 1364 0.180 0.149 547

HEJIHHEAPHA HAIIOHCKO-JIEAJOPMAHH.ICKA AHAJIH3A

HaiioHCKO-jjecJjopMarjHjcKO noiiamaiLe MaKponopo3Hor Jieca jjecJjniiHcajiH cmo jeji-
HOCTaBHHM H tipak T11MHHM aHHIIHTHHKHM nOCTynKOM. O h Ce 3HCHHBa Ha HHKpeMeH Taji-
hom 06jiHKy XyKOBOr 3aKOHa h iipcjuio/KeiioM xnnep6ojiH'iiioM kohcthtAthbhom mojic-
jiy. y nHi>y H.eroBe erjiiikacHC npHMeHe, cliopMiipajin cmo HejiHHeapHH KoMnjyTepckH
nporpaM ca Kona'iiiHM ejieMeHTHMa h ycneraHo ra yKJbyHHJiH Y iiaBejieiiH nocTynaK npo-
paTiyna. NPpN TOMe, HaiioncKO-,rjec}jopMaijHjcKe 3aBHCHOCTH Y jjoMeny Npe JiOMa H3paaca-
BaMO JyHroBHM mojjvjiom (jejiii. 3 h 5) h noacoHOBHM KoecfniijnjeiiTOM (jejm. 4). 3a CTa-
n>e nocjie JioMa, ycBO0jeHO0 je jjaje mojivii CcMHijarta jejjnak HyjiH h jja Mojjyji KOMiipecnje
HMa KOHCTaHTHy BpCJJIIOCT.

ff-
Cji. 5. llpHKa3 KOHaHHHM ejieMeHTHMa Mone-
Jia TeMelJta Ha Jiecy.
,=15.7kN/m3 . . .
y 41.6% Fig. 5. Finite element representation of
a= 0% .
W=18% model footing on loess.
S=67.9%
\V,=44%,
1=24%
AC-»CJ

=1k

OBaj nporpaM cmo npHMeHHJIH 3a iipopanvn cjierarta Mojjelia KpyTor TeMejba 06-
jiHKa rpaKe, ocjiomeHor Ha najjHHCKii jiec (cji. 5).
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Mpe>ica KOHagHHX ejieMenaTa Koja je KopHriihena y oBoj aHajiH3H hm 163 npa»o-
yraoHa ejieMeHTa h 191 'iBop. JILy>K 6ohiihx ipaiinna HBopoBH ce noMepajy eaMO BepTH-
KaJiHO, jjok cy na flotfcoj rpanHii,H HenoKpeTim (cji. 5).

TeMejL je onTepehiiBaH y HiiKpcMCin'HMa je/jnakKO noAejteHHM OHTepeheiieM. Yc-
Bojeno je 7 HHKpeMeHaTa. ripBa flBa cy no 50 kPa, a ocTajiH cy no 100 kPa. Ha noTeTKy
CBaKor HiiKpeMeiiTa ()/ipc})eiiH cy, carjiacHO nanoncKOM CTaii,y y cpejpnn CBaKor ene-
MeHTa, JyHroB Mop;yji (jen. 3) h lloaconoB KoecliHipijeHT 4). OBy anajiH3y BpuiHJiH
cmo KopHinheiijCM napaMeTapa KojH cy "aTH y Ta6ejin 3.

HyMepHTKe lipe/mocTH BepTHKajiiiHX noMepaita TeMejta vnopejinjm cmo ca eKcne-
pHMeHTajiHHM noj*arjHMa, flo6HjeHHM MepciiaiMa cjieraita na repeHy noMohy yrn6o-
Mepa. Mepeiia cy HSBpmeHa Ha naflHHCKOM Jiecy y MnpHjeBy, jeji;HOM oj* 6eorpaHCKHXx
npej?rpat)a, hctohiio oj* rpajjcicor ijeirrpa. Jl,06HjeHH pe3yjiTaTH noKa3yjy Bpjio jjo6po
cjiaraiie. Ha ocnoBy Tora MO>Ke ce 3aKJbywra jja npejNioaceHH nocTynaK npopa'ivna ca
KOiiaHHHM ejieMeHTHMa, KojH ce 6asnpa Ha HiiKpeMeHTajiHOM 06jiHKy XyKO0BOr 3aKona h
ycB0jeHOM xmiep60JiHHHOM kohctht*thbiiom MQji;eliy TJia, ycneuiiio npHKasyje nona-
inaiLC MaKponopo3Hor Jieca y cjiokciihm nanoHCKO—jjecj*opMarpijcKHM ycjioBHMa.

3AKJbyHAK

H hjij oboi" pajia je j"a jiecjinimnie MexainiTKO noHamaiie GeorpajjcKor MaKponopo3-
Hor Jieca, h to KaKO naj*"HHCKor TaKo h OHOr ca njiaToa. Y cKlia®y ca thm, cHCTeMaTCKa
HCTpaxHBaH>a h anajiH3e Koje cy omicaHe y npejjxojiiiHM noi'JiaiuiaiMa, noKa3alie cy:

1. McxaiiHTKO nonam aite MaKponoposHor Jieca je HejimieapHO, HanoHCKH ycjioB-
JteHO h HeenacTHHHO. Y Be3H ca thm ojj noee6Hor snaHaja je ibcroiia cneii;Hcj)iF-iHa 3a-
bhchoct 0jj BenHHHHe KOHCOJiHj*au;HOHOr npHTHCKa. TaKO je Y cjiynajy "MajiHX" Hanoi-ia
ii.erono noiiaiiiaiLe KpTO, a Npn "BejiHKHM" nanoHHMa oho je HliacTH'iiio. OBaKBO noHa-
mame je nocjiejiHHa JiOMa yHyrpamii.e CTpyKType Jieca, H3a3BaHor ojipe®emiM. kphthh-
hhm CTaibeM nanoiia.

2. 1JanOHCKO-jje(})OpMannjcKe 3aBHCHOCTH 6eorpajjc,Kor MaKponoposHor Jieea, jje-
()]HHHcaHe ey ca ji;Ba xniiep60ojiH'iHa Mojiedia. Jejiair je y jjomchv "MajiHx", a jipyrn y noji-
pyijy "BejiHKHX" nanoiia. Ha Taj naHini cy, no npBH nyx, nanohcko-jiccjjopMaiinjckc
/1o 6HjeiiH pe3yjiTaTH ey iio'nipjiHJiii renepajiHH KapaKTep xnnep6oji'inoi- MOjjejia h THMe
npomiipiiJiH nojipvHje iteroBe npHMene.

3. Xiinep6ojm'iHH MOflejiH ey -lecjnniHcaHH ca jjeBeT napaMeTapa: c', cp, Rf, K, n,

jihko to ycjioBH Ha Tepeny 3axTeBajy, obh iiapaMe'rpn ee Mory H3BecTH H3 TpnaKcnjaji -
hhx oriHTa 3aTesaiba, onHTa paBHe necjjopManHje hjih jinpeKTiior CMiinaiba.

Y hcto BpeMe, XHiiep6oJiHTiiH mojicjin cy noroji;HH 3a yKloyHHBaH>e y HanoHCKO—
-j"ec}3opMeaL (HjcKy aHajui3dy ca KonaMiiHM elieMeiiTHMa.

4. | Ipejjjio‘aceiiH HejiHHeapHH nocTynaK npopa'ivna ca KOHa'iHHM ejieMeHTHMa, Kojn
ce 3acHHBa Ha HHKpeMeHTajiHOM XyKOBOM 3aKOHy h ycB0jeHOM XHnep6ojiH'inoM
kohctht*"thbhom Mojieliv, mojkc ycneiiiHO jja npHKaace noiiamaibe MaKponopo3Hor Jieca
y cjio>KeHHM HaiioiicKO-jiecjjopManHjcKHM ycjiOBHMa. | laBejjeiiH nocTynaK Kao h ojiro-
Bapajyhn KOMnjyTepcKH nporpaM ycnemHO cmo npHMeHHJiH 3a npoBepy cneraiba Mojielia
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KpyTor TOMJr>a. Ha Taj na™nni cmo UOKa'igj'in /ia npeflJiojKeim aHajihthhkh nocTynaK
npy>Ka cojniTiiiv 0OCHOBY 3a jiajhc npov'iaBaiLc Mexaiin’iKor noHainan,a MaKponopo3Hor
jieca, KaKO Yy iipHpoj.iiniM, npHMapHHM ycjioBHMa, TaKO n y caﬂechBV ca Beiirra'ikKHM
0CjeKTOM.

Obo HManoce6aH SHa™aj, jep je MaKponopo3HH NEC BeoMa pacnpocTpaiieH, h to He
caMO Yy no,ijpyHjy Beorpajja, Hero h Yy MHorHM flpyrHM KpajeBHMa JyrocjiaBHje Kao h
cycejiHiix 3eM aiba.
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GEOTECHNICAL PROPERTIES OF LOESS
OF THE BELGRADE SURROUNDINGS

by
Slobodan Cori¢ , Gordana Markovié* and Laslo Caki*

The results of systematic, extensive investigations of Belgrade's loess, both from plateaus and slopes,
are presented. A large number of triaxial compression (CD) tests, have been performed ox representative
samples. Tiie results obtained showv that the mechanical behaviour of macroporous loess highly depends on
the value of the consolidation pressure. So, in a case of "low" stresses its behaviour is stiff, while for
"high" ones it behaves like a plastic material. In order to represent it we used two hyperbolic models: one
is over a range of "low" and the other of "high" stresses. In that way, for the first time, stress—strain rela-
tionships of macroporous loess are determined and presented by hyperbolic models. The comparison of
numerical and experimental results shown that the proposed finite element procedure can accurately repre-
sent the behaviour of macroporous loess under complex stress—strain conditions.

Key words: loess, mechanical behaviour, hyperbolic constitutive model, nonlinear stress—strain analysis.
INTRODUCTION

Loess soil of different thickness spread over the entire territory of Belgrade. It is
more than 12-15, sometimes even 30 m thick, in places where erosion, landsliding and/or
human activities have not destroyed it.

Because of its extension and distinct characteristics, the loess soil is the subject
matter constantly dealt with by a number of research workers (Cori¢, 1987, Markovi¢,
1987).

Systematic and comprehensive investigations have been carried out at the Belgrade
Faculty of Mining and Geology, Department of Geotechnics, in the last fifteen years pe-
riod (Bozinovié, 1979; Bozinovi¢ et al., 1985, Cori¢ et al., 1985; Corié¢ et al.,
1986; Markovi¢ et al., 1990).

Faculty of Mining and Geology, Djusina 7, 11000 Belgrade, Yugoslavia.
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In this paper the stress-strain characteristics and analytical constitutive models of
maeroporous loess, both from plateaus and slopes, will be presented. These models will
be incorporated in the nonlinear fmite element analysis.

PHYSICAL PROPERTIES AND MECHANICAL BEHAVIOUR

The average physical properties of macroporous loess soil in Belgrade, determined
on undisturbed, representative samples by usual methods, are shown in Table 1.

Mechanical behaviour of loess soil was investigated by triaxial compression tests.
Consolidated drained tests were performed on undisturbed eylindrical samples dia 38.0
mm, height 76.0 mm. During the tests increments of vertical stress, axial and radial de-
formations were measured. In order to defme properly their behaviour, each specimen was
subjected at least to one eycle of unloading and reloading. All tests continued until the
samples have been broken.

The results so far obtained have shown nonlinear, stress dependent, nonelastic behav-
iour of loess soil. In connection with that, a high degree of specific dependence on con-
solidation pressure, is of a particular importanee.

So, in case of plateau loess for a3<100 kPa it behaves like a stiff material, while
for a 3>200 kPa its behaviour is plastic (Fig. 1).

In case of slope loess for a3<75 kPa it behaves like a stiff material, while for
a 3>100 kPa its behaviour is plastic (Fig. 2).

According to our experience, such behaviour is the consequence of failure in the in-
temal loess structure exposed to a corresponding eritical stress state. That critical stress
separating the two "loesses"”, stiff and plastic, is 150 kPa for plateau loess and 87.5 kPa
for slope loess. There values were determined by interpolating stress-strain triaxial
curves.

Due to a partial-local, or complete break of intemal links, the detached particles
move away from each other-sliding, rolling, rotating and better arranging themselves,
densifying thus the entire mass. The original macroporous, coherent medium, after having
been subjected to the critical stress state, changes into a well arranged granular mass.
Under these conditions the inherent, primary cohesion is highly weakened, practically ex-
hausted - at least that part of rigid links conditioned by hardened carbonate salts. A
similar effect has the remaining part of links, namely the hydrocolloidal ones, if the water
content in loess has not changed.

However, only a small increase of moisture quickens the destruction of the loess
structure as the hydrated clay particles expand. Their most powerful effect happens when
the moisture content approaches the swelling limit, closely above the plastic one (ws-wp).
This amount could vary depending on one side, on the quantity of clay particles and, on
the other, on their predominant mineralogical composition illit or montmorillonitic.

Considering the speeific structure of loess investigated, it is estimated that the criti
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cal moisture increase, contributing to its failure, amounts from 2 or 3%, up to 5% (i.e. w
approaching to w ).

By a further increase of moisture content, as well as of the stress state over the
critical one, the hydrocolloidal links are restored again. But thcir effect is completely dif-
ferent now. Altered in this way loess represents a qualitatively new coherent medium. Its
behaviour is markedly plastic, through the entire range of consolidation pressures, and the
strength grows up with the depth, i.e. with the loading intensity. The same conclusion
was made both for plateau and slope macroporous loess.

HYPERBOLIC CONSTITUTIVE MODELS

The experimental obtained stress-strain relationships were defined by hyperbolic
constitutive models (Duncan & Chang, 1970; Duncan, 1980; Kondner, 1963). Ac-
cording to the model the stress-strain functions may be expressed as:
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The Young modulus and Poisson ratio mi be obtained by differentiating equations
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The unloading and reloading Young modulus is determined from following equation:

f Vv

03

Eur — Kur* p. (5)
\Pa/

The meaning of the symbols are as follows:
CJj, a3 - major and minor prineipal stress
s]; e3- major and minor prineipal strain
e', (0 - Mohr-Coulomb strength parameters
Rf, K, n, Kur, G, F, d - stress-strain parameters
pa - atmospheric pressure

The values of Poisson ratio for unloading and reloading are the same as for primary
loading (Fig. 3 and Fig. 4).

As it may be seen, hyperbolic models are defmed with nine parameters: c', (p', Rf,
K, n, Ku, G, F, d. They are derived from the results of routine triaxial tests (CD) with
radial strain measurements. However, depending on in situ conditions, these parameters
may be derived from triaxial extension tests, plain strain tests or direct shear tests. In this
way the range of application of proposed hyperbolic model is fairly expanded.

As regards the specific dependence on value of consolidation pressure, the stress-
-strain relationships of macroporous loess soil are defmed with two hyperbolic models:
one is over range of "low" stresses, while the other is over a range of "high" ones.

Parameters of hyperbolic models for macroporous loess in Belgrade are shown in
Tables 2 and 3.

In connections with above mentioned, it is worth saying, that changes of primary
structure, under the action of consolidation pressure, are strongly confirmed by the ration
of unloading-reloading modulus and initial Young modulus. Namely the value of EUE]
(Tables 2 and 3) is for

plateau loess: KW/K=1.7 for the range of "low" stresses and KWK=4.9 for the "high"
ones

slope loess: Ku/K=2.0 for the range of "low" stresses and Ku/K=5.0 for the "high"
ones.

The proposed hyperbolic models can aceurately represent the mechanical behaviour
of macroporous loess soil since they include their nonlinear, stress dependent and none-
lastic behaviour. In that way, for the first time, as far as we know, stress-strain relation-
ships of macroporous loess are determined and presented by hyperbolic models. The re-
sults obtained have eonfirmed the general character of the hyperbolic model and thereby
expanded the range of its application.

In addition, the models are suitable for use in fmite element stress-stain analysis.
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NONLINEAR STRESS-STRAIN ANALYSIS

A simple, practical procedure for representing stress-strain behaviour of macroporous
loess soil is developed. It is based on incremental Hook's law and the proposed hyper-
bolic constitutive model. In order to be more effective in application, the nonlinear finite
element computer program was developed and so far successfully used in the proposed
procedure. Conceming the stress-strain relations, in the analysis we used Young modulus
(eq. 3 and 5) and Poisson ratio (eq. 4) before the failure, and zero shear modulus with
constant bulk modulus after it.

This program was used for the analysis of the settlement of a rigid strip model
footing on slope loess soil (Fig. 5).

The finite element mesh used in this analysis contains 163 rectangular elements and
191 nodal points. The nodal points along the centre line beneath the footing and those on
the right vertical boundary were constrained to vertical movements, while those along the
bottom boundary were fixed (Fig. 5).

A uniform loading was applied to the model footing in seven increments. The first
and the second were of 50 kPa and the others of 100 kPa. In the beginning of each in-
crement Young modulus (eq. 3) and Poisson ratio (eq. 4) were determined, according to
the stress state in the middle of each element.

The analysis was performed using the parameters shown in Table 3.

The calculated settlement of the model footing was compared with the experimental
values obtained by deflectometers on the site. These measurements were performed on
slope loess at Mirijevo, one of the Belgrade suburbs, east of city centre.

The comparison of numerical and experimental results has shown excellent agree-
ment.

So it can be concluded, that proposed nonlinear finite element procedure, based on
the incremental Hook's law and the developed hyperbolic constitutive model,can accu-
rately represent the behaviour of macroporous loess under complex stress-strain condi-
tions.

CONCLUSIONS

The objective of this paper is to defme mechanical behaviour of Belgrade's macro-
porous loess soil, both from plateaus and slopes. Accordingly, systematic investigations
and analyses, which are described in the previous sections, have shown that:

1 Mechanical behaviour of macroporous loess is nonlinear, stress dependent and
nonelastic. Its specific dependence on value of consolidation pressure is of a particular
importance. So, in a case of "low" stress its behaviour is stiff, while for "high" ones it
behaves like a plastic material. Such behaviour is the consequence of failure in the inter-
nal loess structure exposed to a corresponding critical stress state.
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2. Stress-strain relationships of Belgrade's macroporous loess, are defmed with two
hyperbolic models. One is over a range of "low" stresses and the other is over a range of
"high" ones. In that way, for the firsi time, stress-strain relationships of macroporous
loess are determined and presented by hyperbolic models. The results obtained have con-
firmed the general character of the hyperbolic model and thereby expanded the range of
its application.

3. Hyperbolic eonstitutive models are determined by nine parameters: e', cp, Rf, K,
n, Ku, G, F, d. They are derived from results obtained by triaxial compression tests.
However, depending on in situ conditions, these parameters may be determined from
triaxial extension tests, plain strain tests or direct shear tests.

In addition, hyperbolic models are suitable for use in finite element stress-strain
analysis.

4. The proposed nonlinear finite element procedure, based on incremental Hook's law
and the developed hyperbolic constitutive model, can accurately represent the behaviour of
macroporous loess under complex stress-strain conditions. This proeedure and the appro-
priate computer program were successfully used for the settlement analysis of a rigid strip
model footing.

In that way, has shown that presented analytic procedure provide a solid base for
further study of mechanical behaviour of macroporous loess soil, either in natural - pri-
mary conditions, or in interaction with artificial structure.

This is of particular interest, because macroporous loess is widespread, not only in
Belgrade's region, but in many others in Yugoslavia and neighbouring countries, too.

Translated by the authors
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