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T E O T E K H H H K A  C B O JC T B A  JIECA  O K O JIH H E  E E O T P A flA

on

C jio čo ^aH a TiopHha*, ro p f la n e  MapKOBHh* h J lac jia  MaKHja*

y  pany cy npHKa3aHH p e 3yjiTaTH o6hmhmx CHCTeMaTCKHX HCTpaiKHBaKba MaKponopo3Hor Jieca nonpy>ija 
B e o rp aaa , h  t o  KaKO naffHHCKor TaKo h  o h o t ca njiaToa. B cjihkh 6poj p e n p e 3eHTaTHBHHx y 3opaKa HcnnraH je 
TpaaKCHjajiHHM KOMnpecHOHHM onHTHMa. ^oSnjeHH p e 3yjiTaTH cy noKa3ajiH s a  Me^aHHHKO noHauiaH>e MaKpo- 
no p o 3Hor Jieca y BejiHKoj Mepn 33bhch oji BejinmiHe K0HC0JiH3aqH0H0r  npHTHCKa, TaKO s a  je  np«  "MajiHM" Hano- 
HHMa KpTO, a npn  "BeJiHKHM" HanoHHMa oho je  nJiacrmHO. T o  je  npHKa3aHO ca nBa XHnep6ojiH'iHa MOffejia: je - 
PtaH je  y  ^OMeHy "Majinx", a jipyrn y noflpy<ijy " bcjihkhx HanoHa". H a  OBaj HanHH cy, no  npBH nyT, HanoHCKO— 
-HecjjopMaiiHjcKe 33b h ch o c th  MaKponopo3Hor Jieca fle^iHHHcaHe h  npHKa3aHe XHnep6ojimHHM MOflejiHMa. 
IIopel)eH>e HymepH1!khx h  eKcnepHMeHTajiHHX p e3yjiTaTa noKa3yje fla npefljioacenH aHajihthmkh nocTynaK ca 
KOHa^HHM ejieMeHTHMa ycnemHO npHKa3yje n o n a m a iie  MaKponopo3Hor Jieca y cjioaceHHM Han0HCK0-fle(J)0p- 
Mai(HjCKHM yCJIOBHMa,

K.i.jibc pera: Jiec, MexaHmKO noH am aite , ^HnepeojnmHH k o h c th t^ th b h h  Mojieji, HejiHHeapHa nanoncKO-Re-
(|)0pMaL(HjcKa aHajiH3a

yB O fl

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

3 6 o r CBoje paciipocTpaiBenocTH h cnei?Hc|)HHHHx KapaKTepncTHKa, jiecHO tjio je 
iipej^MeT cTajiHor ncrrpa>KHBaii>a 6pojHHX ncripa>KHBaTia (Ć orić , 1987.; M ark o v ić , 
1987).

CncTeMaTCKa o6HMHa iicTpaaciiBaiba JiecHor TJia Bprne ce Beh BHine o/j neTHaecT 
lo/iiina Ha KaTe/ipn 3a reoTexHHKy PyflapcKO-reojioniKor cjiaKyjiTeTa y Beorpa/iy (Bo- 
ž in o v ić , 1979; B o ž in o v ić  i d r., 1985.; Ć orić  i d r., 1985.; Ć o rić  i dr., 1986.; M ar- 
k o v ić  i dr., 1990).

y  obom pa/iy npHKa3aheMO Han0HCK0-/iecJi0pMannjcKe KapaKTcpncTiiKe h kohcth- 
TyTHBHe MO^ejie MaKponopo3Hor Jieca h to  KaKO iiaflinicKor TaKO h ca nJiaToa. HaBe- 
flene MOflene yKJF>y'inheMO y nocriynaK HejiHHeapHe aHajiH3e ca Koiia'raiiM ejieMeHTHMa.

*
PyAapcKO-reoJiouiKH (jjaKyjiTeT, ByuiHHa 7, B eorpaa .
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OH3HHKA CBOJCTBA H MEXAHHHKO nOHAlBAH>E

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

TaBejia 1. IIpoce 'iH a (}3H3H'iKa CBojcTBa jieca.
Table 1 . A verange physical p roperties o f  loess.

JTec (Loess) nJiaT O  ( p la te a u ) najjmia (slope)
CyBa 3 an p eM H H C K a T O K im a  

Dry u n i t  w e ig h t
yd=12.5-15.0 kN/m3 yd=13.5-16.0 kN/m3

I l 0 p 0 3 H 0 C T

Porosity
n=45-55% n=42-50%

I I p H p o j iH a  BJiaacHOCT 

Water content
w= 16-20% w=18-22%

CTeneH sacnheiha 
Degree of saturation

S=45-70% S=54-87%

Y H e m h e  ( j)p aK H H je  r jiH H e  

Clay f r a c t i o n  (<0.002 mm)
c=5-10% c=8-10%

Tpamma rre'icii>a 
Liquid limit

w,=30-40% w,=36-44%

M i i ;ic k c  n jia c T H H iio c T H  

Plasticity index
Ip=10-18% Ip= 15-24%

AC K jia c H c jjH K a iiH ja  

AC Classification
CL/CI CL/CI

Kojioiijnra aKTHBHOCT 

Colloidal activity
Kp>1.25 Kp=2-3

BpcTa M H H e p a jia  r jiH H e  

Dominant clay minerals
HJIHTCKO—MOIIMOpHJIOHHTCKa 

illit-montmorillonitic
HJIHTCKO—MOHMOpHJIOHHTCKa 

illit-montmorillonitic
H  HjieKC K o n c i ic T e i in H je  

Consistency index
I c * l Ic=0.9-1.10

M e x a in i '- iK ( )  u o i i a r a a i t e  j i e c a  HcnH TH BaH O  j e  rrp n a K c n ja jiH H M , K O M npecH O H H M , k o h -  

co jiH flO B aH O -flp eH H p aH H M  on H T H M a H a  H e n o p e M e h e H H M  n n JiH H flpH 'iiiH M  y 3 o p u ,H M a n p e > i-  

HHKa 38.0 m m  h  i i h c h i i c  76.0 m m . 3a B p e M e  onHTa M ep eH H  c y  n p n p a m T a jH  B e p T H K a jiH o r  

H a n o H a , a K c i i j a jn i e  h  p a r j n j a j i i i c  ri(ec})opM aii;H je. J J a  6 h  noTnyiiHje ;te f j)H H H c a jiii n o n a m a i t e  

j i e c a ,  o o a B J b e i io  j e  6 a p  n o  j c / m o  p a c T e p e h H B a H b e  h  noHOBHO O H T e p e h im a ib e  y 3 o p a K a .  

P I c i ih th b a iL C  j e  B p m e H O  jjo  n > n x o i io r  n o T n y H o r  JioM a.

JI,o6iijcnH pesyjiTaTH cy noKa3ajiH ;ia je iioHainaii.e jieca HejimieapHO, neejiacTH'mo 
h  H anoH C K H  y c j i 0 BJi>eH 0 . Y  B e3 H  c a  t h m  0 3  n o c e 6 H o r  j e  3 H a n a ja  o;c(pe i)H B aH > e  H > e ro B e

CIICI];H(j)HlI I ie  33BHCHOCTH 0/1 BCJIHHHHe KOHCOJIHJiairMOHOI' npH TH C K a.
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T aK O  c e  J ie c  n j ia T o a  npH  ct'3<100 kPa n o H a in a  K a o  KpT M a T e p n ja ji, a  n p i i  ct'3>200 kPa
H .e r 0 B 0  n o H o m a ib e  j e  iu ia c 'r ii’r i io  ( cji. 1 ) .

C ji . 1. HanoHCKO-^e(})opMaijHjcKe KpHBe Jieca ca nJiaToa joSHjeHe npeiiHpaHHM (CD) TpnaKCHjajiHHM onHTHMa 
(yd= 13.5 kN/m3, w=20%)

3
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'3<75 kPa ilcio bo  iionamaiLe je Kprro, jjok je 3a 
ct'3>100 kPa oho iu ia c T iu iH O  (cji. 2).

I I p e M a  HameM MiimjLeH>y OBaKBO n on a in a ii,e  je  nocjiejpm ,a JiOMa yHyTpam ibe 
cTpyKType Jieca, H3a3BaHor ojjpeljeiiiiM  kphthhhhm  c-raii>eM HanoHa. Taj Kpirnurnn Ha- 
noH Kojn pasjjisaja jiec  KapaK'jepncTiuiHor KpTor noH am aiba oji J i e c a  njiacraH H or noHa- 
m a n a  h3hoch 150 kPa 3a Jiec nJiaToa h 87.5 kPa 3a najjmicKH Jiec. I la iie jien e  BpejjHOCTH 
cy ojjpet}ene HHTepnoJianJijoM i!aii0HCK0-Jiec{)0pManHjcKHX cj)yiiKHHja.

y c j i e j j  jjejiHMHHiior-JioKajiHor, hjih noTnyHor npeKHjia yHyTpaiiiibHx B e 3 a , o c jio 6 o -  
i )e H e  'ie c T H u e  c e  y 3 a ja M H 0  noMepajy -  cmh'-iv, poTHpajy, K JiH 3 ajy , 3 ry m H > a B a jy , ojjhocho  
6 o ji> e  n a K y j y .  I Ip b o 6 h th o  M a K p o n o p o 3 H a , K o x e p e H T H a  c p e j j n n a ,  npeTBapa c e ,  HaKOH H3- 

Jiara ita  Kpiri’iuuioM  H anony, y  jiofipo c j i o j k c h v  3 p H a c T y  M a c y . llpn  to m  je  H H T a K ra a ,
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Cji. 2. H anoH C K :o-nec}>opM aaH jcK e K piiBe najiH HCK or J ie c a  n o S n je n e  jjpeHHpaHHM  (CD) TpnaKCHjajiHHM onHTHMa

(yd=15.7 kN/m3, w=18%)
3

Fig. 2. Stres-strain curves for slope loess obtained by drained triaxal tests (yd=15.7 kN/m , w=18%)
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n p i iM a p n a ,  K o x e 3 H ja  B e o M a  o c j i a S j b e n a ,  i i p a K T i i m o  n 0 T n y H 0  H c i jp n J b e H a , 6 a p  O H aj i l c i i  

f l e o  k o jh  y c j io B J b a B a  n e M e i r r a n n j a  o c T B a p e H a  H 3 Jiy l ieiiH M  co JiH M a K a p 6 o H a T a . C j iH 'ia n  j e  

ecJ jeK aT  h  n p e o c T a j i n x  x ii j(p 0 K 0 J i0 H jia j i i iH x  B e 3 a , yKOJiHKO c e  B J iaacH o cT  J i e c a  H e  n p o -  

MeHH.

O n p e ^ e i i H  n p H p a u iT a j  B J ia r e ,  M e t)y ra M , y 6 p 3 a B a  p a s a p a i t e  c T p y K T y p e  J ie c a  j e p  c e  

X H j(p aT H c aH e  'i e c ' r a i i e  r j iH H e  y  H>eMy u n i p e .  E cjjC K aT  p a n a p a i t a  j e ,  M e ^ y rr a M , n a j j a Tin  K a- 

f la  B J ia r a  y  r j iH i i e n o j  KOMHOHeHTH h o c t h i 'h c  rp a H H i(y  6 y 6 p e i b a ,  6 jiH C K y rp a H H ijH  n j i a c -  

t h h h o c t h  (ws~wp). Taj p a c n o H  Mo>Ke j ( o c 'i a  j ( a  B a p n p a  3 6 o r  n p o M e H J b H B o r  y H e r a h a  

c jip a K H iije  r j iH H e  c  j e j u i e  c T p a H e , h  i b e H o r  H JiH TC K O -M O H M opH JioH H TCK or c a c T a B a  c  n p y r e  
c 'i p a i i e .

H M a jy h n  y  B iij(y  c i ie n i ic j i i i 'i i iy  c ip y K T y p y  H cn H T H B aH o r Jieca, n p o n ;e ib y je  c e  / j a  j e  
k p h t h t o h  n p n p a r a T a j  K O JiiF iH H e BJiare, K o jn  j i o n p n n o c H  H>eHOM p a 3 a p a i b y ,  H 3M el)y  

2-3% , j(o  5% (T j. K a j ia  w j(0 C T H n ie  wp).
T a Jb H M  n o B e h a ib e M  B J ia r e ,  oj(hocho H a n o H a  n p e K O  kphthhiioi' n a n o H C K o r  c T a ib a ,  

ycnocTaBJba c e  noH O B O  O B aj, xh/jpokojiohj(iih th h  B e 3 a . Ho h>hxob e c jje K a 'r  j e  c a j j a  3H aT - 

ho jjpvraHiijH. Beh H 3M eibeH H , n pH M apH O  M a K p o n o p o 3 H H  Jiec n p e /(C T a B Jb a  K B ajiH TeTH O  

HOBy, K O x e p e H T iiy  c p e / ( in iy .  Iteiio n o H a r a a ib e  j e  H 3pa3H T O  n Jia cT H 'iH O  y  H irraB O M  o n c e r y  

K0HC0JiH/(aHH0HHX npHTHcaKa, a  TiB p c rr o h a  pacTe c a  / (y 6 ii i io M , o/(hocho c a  n p H p a u iT a je M  

o i i T e p e h e i i . a .  O b o  Ba>KH K aK o  3 a  M a K p o n o p o 3 H H  J ie c  c a  n J ia T o a  T a K o  h 3 a  iia/(H H CK ii mbk- 
p o n o p o 3 H H  Jiec.

XHIIEPBOJIHHHH K O d  H IM  HHHH MO/IKJI

E K c n e p H M e H T a jiH o  V T B p lje n e  i ia i io n c K o - j( e c ^ o p M a i(H jc K e  3aBHCHOCTH n p H K a 3 a jiH  

c m o  x a n e p 6 o jiH H H H M  k o h c t h t ^ t h b h h m  M O /je jiH M a (Kondner, 1963.; D uncan & 
Chang, 1970.; Duncan, 1980). C a r a a c H O  TOM e n a n o H C K O -jie c jio p M a iiH jc K e  cj3yiiKu;Hjc c e  

M o r y  H 3pa3H T H  H a  c j i e / j e h i i  HaHHH:

£■1
cri cn

K *  p a
G1

p  a )

£\ * R f  * (1 — sin <p )

2 *  c ' *  co s <p' +  2 *  C73* sin  (p'

(1)

G — F* log
/  \  

G3

\P ‘J
63 =

(1 -  đ* £ i) (2)

/ I i ic J je p e i i i iH p a ib e M  je / ( i i a H in ia  ( 1 )  h  (2) / ( o 6 i i j a jy  c e  J y H ro B  M O /(yji (E) h  E to a c o H O B  

K oecJiH H H jeH T (v ) :

E  = 1 -
Rr* (1 -  sin (p')* (CTi -  <7s) 

2* č*  cos (p' + 2* Os* sin (p'

2
* K* p »

f  \ 
<73

n

(3)
{P’j
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G  -  F *  log

f  , \  
CT3

V Pa /
v = —

d* (<71 -  CT3 )

(4)

U - 1
R f  * (1 -  sin (p' )* (cri -  CT3)

2* c * cos (p +  2* CX3 * sin (p ' _

JyHroB Mo^yji pacrepcheita h n0H0BH0r oirrepeheiha ojipe})yje ce H3 cjiejjehe jefl- 
HanHHe:

* K *  p a  *

(  - > 
C73

n

\ p a  )

E u r  =  K u r *  /A -

0 3
(5)

Y  jeflHaHHHaMa (1)—(5) yBefleiie cy cjie/iehe o3HaKe: 
crj', a 3'  -  B e h n  h  M a ib ii  rJiaBHH HanoH 
Sj, s3 -  B e h a  h  M a i t a  rjiaBHa j j e t j j o p M a i p j a  

c', cp' -  KyjioH-MopoBH n a p a M e T p n  H B p c T o h e  

Rf, K, n, Kur, G, F, d  -  H a n o iic K O -jje c jio p M a n H jc K H  n a p a M e 'ip H  

pa -  aT M O ccjjepcK H  n p H T H caK

BpejinocTH IloacoHOBor Koec|)HH,HjeHTa 3a npHMapHO onTepeheite, pacTepeheite h 
noHOBHO oinepehe ite , Mei)yco6no cy jejinaKe (cji. 3 h cji. 4).

C ji. 3 . H anoH C K O -H etJ)opM aiiH jcK a KpHBa n e c a  
c a  n jia T o a  ^oS H jeH a jcpeHHpaHHM T p n aK - 
CHjajiHHM 0 nH T0 M. J](eTajb p a c T e p e h e i t a  
h  n 0 H0 BH0 r  o n T e p e h e i t a  c a  cjiHKe 1 .

Fig. 3. Stress-strain curve for plateau loess 
obtained by drained triaxal test. Detail 
of unloading-reloading from Fig. 1.

AX1AI. ST8AIN S,(5i)

)>Xr)jRIMENTALo,-25fc(’o

Kao uito  ce bhjih, XHiiep6oJiH>iiin Mojiejni jiecjjHHiicaiiH cy ca jjeBeT napaMeTapa: e', 
9', Rf, K, n, Kur, G, F, d. Ohh ce ojipei)yjy H3 pe3yjiTaTa CTanjiapjiiiHX TpHaKCiijaJiHHX
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onHTa (CD) y3 Mcpcibc So’ine jjecJiopMaipje. M c^thm , ^kojihko to  yejiOBH Ha TepeHy 
3axTeBajy, napaMeTpH MO/ieJia ce Mory H3BecTH Ha 0CH0By no^aTaKa H3 TpnaKcnj 3jihhx 
onHTa 3aTe3aita, onHTa paBHe jjecjjopMaijHje hjih jjnpeKTHor CMHii;aH>a. O bhm ce 3HaTHo 
npomHpyje oncer npHMeHe npejiJio»:eHor xnnep6ojiHTinor Mojiejia.

C ji. 4. Han0HCK0-jie(J)0pMai(HjcKa KpnBa 
najiHHCKor Jieca noSnjeHa npenHpaHHM 
TpnaKCHjajiHHM oiihtom. ,D(eTa.rb p ac re -  
peheH.a h n0H0BH0r o n T epeheiia  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 (})yiiKHHje MaKponopo3Hor Jieca cy, c o63HpoM Ha ibH- 
xoBy cnenHcj)HHiiy 3aBHCH0CT oji Bejin'ii«ie 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.

n a p a M e T p n  XHnep6ojiHHHHX M ojje jia  6 e o r p a j jc K o r  M a K p o n o p o 3 H o r  J ie c a  c y  jjaTH y  
T a 6 e jia M a  2 h 3.
Ta6ejia 2. napaMeTpH XHnep6ojii«Hor Monejia 3a Jiec ruiaToa 
Table 2. Param eters o f hyperbolic m odel for plateau loess

H anoH
Stress

c' (kPa cp'O Rf K n K»r G F d

aV<100 kPa 18 23.5 0.796 514 0.820 874 0.098 0.219 21.4
a,'>200 kPa 53 19.5 0.852 68.4 0.756 333 0.186 0.219 4.21

Y  Be3H ca Hanpejj hsiicthm hcth'icmo jia npoMeHy npHMapHe cTpyKType, noji; jjej- 
ctbom K0HC0JiHĵ aii;H0HHX npHTHcaKa, jacno nOTBp^yje H OJJIIOC nOBpaTHOr h hhhd;h- 
jajiHor JyHroBor Mojiyjia. HaHMe, BpejjnocT Eu/E ; (Ta6ejie 2 h 3) je 3a

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

-  nâ HHCKH Jiec Ku/K=2.0 y oncery "Majmx" HanoHa h Ku/K=5.0 y j?OMeny "BenH- 
khx " HanoHa.



4 2 0 C. TLopHh, r. M apK O BH h H JI. H aK H

J Ipc;uro>KC[ni x iin ep 6o jm TiHH Mojiejrn Mory ycneraH o ;ra npH K axy M cxannTiKo noHa- 
maH>e MaKponopo3Hor Jieca, je p  yBaacaBajy H>eroBO HejiHiieapHO, HanoHCKH vcjioBJbeno 
h HeeJiacTHHHO n o n a ra a ite . H a  OBaj n a 'n n t, npeM a HaraeM casnaibv, harioHck o- jie(|)o p- 
ManiijcKe 33BHCHOCTH M aKponopo3Hor Jieca cy, no  npBH nyT, npHKa3aHe x iincp6ojiHTi- 
hhm MojjejiHMa. JIo6 njeIIh p e 3yiiTaTH noTBpl)yjy renepajiHH KapaKTep xiiiiep6ojiHTmor' 
Mojiejia h THMe npom H pyjy nojTpv'ije n .ero iie  npiiM ene. Y  hcto BpeMe, obh mojjcjih cy 
iiorojniH  3a yKJLyHHBame y h an o n ck o - j je f})opM ahirjck v  ariajinsv KOHa'iiiHM ejieMeHTHMa.

TaSejia 3. IlapaMeTpH XHnep6oJimHor MOjiejia 3a najiHHCKH Jiec.
Table 3. Parameters of hyperbolic model for slope loess.

H anoH
Stress

c' (kPa cp' 0 Rf K n K„r G F d

o./<75 kPa 13.5 47 0.729 617 0.234 1234 0.0964 0.189 18.4
a ,'>100 kPa 39.5 26 0.811 248 0.133 1364 0.180 0.149 5.47

HEJIHHEAPHA HAIIOHCKO-JlEdJOPMAHH.ICKA AHAJIH3A

H a iio H C K O -jje c J jo p M a rjH jc K O  n o i i a m a i L e  M a K p o n o p o 3 H o r  J ie c a  jje c J jn iiH c a jiH  c m o  j e j i -  

HOCTaBHHM H Iip aK T IITIHHM aHHJIHTHHKHM nOCTynKOM . O h  Ce 3HCHHBa Ha H H K peM eH T aji- 

h o m  o6jiHKy XyK0B0r 3aKOHa h  iip c ju iO /K e iio M  x n n e p 6 o j iH 'i i i o M  k o h c t h t ^ t h b h o m  m o jic -  

jiy. y  n;HJi>y H .e ro B e  e rjiiiK a cH C  npHMeHe, c J io p M iip a jin  c m o  HejiHHeapHH K O M njyT epcK H  

nporpaM c a  K o n a 'ii iH M  e jieM eH T H M a h y c n e r a H o  r a  yK JbyH H JiH  y i ia B e jie i iH  nocTynaK npo- 
p a Tiy n a .  n p n  T O M e, H a iio n c K O -,r je c } jo p M a ijH jc K e  3aBHCHOCTH y j jo M e n y  npe JiOMa H3paaca- 
BaMO JyHroBHM m o jjv j io m  ( je j i i i .  3 h  5) h  n o a c o H O B H M  K o e c fn iijn je iiT O M  ( je jm .  4). 3 a  C T a- 

n>e nocjie JioMa, y c B 0 je H 0  je  jja j e  m o jiv ji  cMHijarta je j jn a K  H yjiH  h  jja Mojjyji KOMiipecnje 
HMa KOHCTaHTHy BpCJJIIO CT.

f f -

y ,= 15 .7kN /m 3 

a = 4 1 .6%  
w = 18%
S =6 7 .9 % 
\V,=4 4 %. 

1 = 2 4 % 

A C-»CJ 
1=1.0«

C ji. 5. IIpH K a3  KOHaHHHM ejieM eH TH M a M o n e- 
Jia TeMeJta Ha Jiecy.

Fig. 5. Finite element representation of 
model footing on loess.

OBaj nporpaM  c m o  npHMeHHJiH 3a iipopanvn  c j ie ra r ta  MojjeJia K p y T o r  TeMejba 06- 
jiHKa rr p a K e ,  ocjiom eH or Ha najjH H C K ii jiec ( c ji . 5).
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Mpe>ica KOHaqHHX ejieM enaTa Koja je  KopHriihena y oBoj aHajiH3H hm 163 npa»o- 
yraoH a ejieMeHTa h  191 'iBop. JI,y>K 6ohiihx ip a iin n a  HBopoBH ce noM epajy eaMO BepTH- 
KaJiHO, j j o k  cy n a  flotfcoj rpanHii,H HenoKpeTim (cji. 5).

TeMejL je  onTepehiiBaH y HiiKpcMCin'HMa je/jnaKO noAejteHHM OHTepeheiieM. Y c- 
Bojeno je  7 HHKpeMeHaTa. ripB a flBa cy no 50 kPa, a  ocTajiH cy no  100 kPa. H a  noTeTKy 
CBaKor HiiKpeMeiiTa ()/ipc})eiiH cy, carjiacHO nanoncKOM CTaii,y y c p e jp n n  CBaKor ene- 
MeHTa, JyHroB Mop;yji (jen. 3) h IIoaconoB  KoecJiHipijeHT 4). OBy anajiH3y BpuiHJiH
cmo KopHinheiijCM napaM eTapa KojH cy ^aTH y T a 6ejin  3 .

HyMepHTKe lipe/mocTH BepTHKajiiiHX noM epaita TeMejta vnopejinjm  cmo ca eKcne- 
pHMeHTajiHHM noj^arjHMa, flo6HjeHHM MepciiaiMa c jie ra ita  na rrepeHy noMohy yrn6o- 
Mepa. M ep e iia  cy HSBpmeHa Ha naflHHCKOM Jiecy y MnpHjeBy, jeji;HOM oj  ̂ 6eorpaHCKHx 
npej?rpat)a, hc toh iio  oj  ̂ rpajjcicor ijeirrpa. JI,o6HjeHH pe3yjiTaTH noKa3yjy Bpjio jjo6po 
c jia ra iie . H a ocnoBy Tora MO>Ke ce 3aK Jbyw ra jja npej^JioaceHH nocTynaK npopa'ivna ca 
KOiiaHHHM ejieMeHTHMa, KojH ce 6asnpa Ha HiiKpeMeHTajiHOM o6jiHKy XyK0B0r 3aKona h 
ycB0jeH0M xm iep60JiHHH0M kohcth t^ thb iiom  MOji;eJiy TJia, ycneuiiio npHKasyje nona- 
inaiLC MaKponopo3Hor Jieca y cjiokciihm  nanoHCKO—jjecj^opMarpijcKHM ycjioBHMa.

3AKJbyHAK

H hjij oboi" pajia je  j^a jiecjinimnie MexainiTiKO noH am aiie GeorpajjcKor MaKponopo3- 
H or Jieca, h to  KaKO naj^HHCKor TaKo h 0H0r ca njiaToa. Y  cKJia^y ca thm , cHCTeMaTCKa 
HCTpaxHBaH>a h anajiH3e Koje cy om icaHe y npejjxojiiiHM noi'JiaiuiaiMa, noK a3aJie cy:

1 . M c x a i iH TiKO n o n a m a i t e  M a K p o n o p o s H o r  J i e c a  j e  H e j im ie a p H O , H anoH C K H  y c j io B -  

J te H O  h  H eenacT H H H O . Y  B e3H c a  t h m  o j j  n o e e 6Hor snaH aja j e  i b c r o i i a  cneii;H cj)iF-iH a 3a- 
b h c h o c t  ojj B enH H H H e K0 HC0 JiHj^au;H0 H0 r  npH T H C K a. TaKO je  y c j i y n a j y  "MajiHX" H a n o i-ia  

i i . e r o n o  n o i i a i i i a i L e  K pTO , a  npn " BejiHK HM " n a n o H H M a  o h o  je  H Jia c T H 'iiio . O B aK B O  n o H a -  

m a m e  j e  n o c j ie j iH H a  JiO M a y H y rr p a m i i . e  C T p y K T y p e  J ie c a ,  H3a 3B a H o r  o j ip e ^ e m iM .  k p h t h h -  

h h m  C T aib eM  n a n o i i a .
2 . I J a n 0HCK0 -jje(})0pMannjcKe 3aBHCH0 CTH 6eorpajjc,Kor M aKponoposHor Jieea, jje- 

(f)HHHcaHe ey ca ji;Ba xn iiep 6ojiH'iHa MojieJia. Jejiair je  y jjom chv "MajiHx", a jip y rn  y noji- 
p y i jy  "BejiHKHX" nano iia . H a  Taj naHini cy, no  npBH nyx, nanohcko-jiccjjopM aiin jckc 
33BHCHOCTH M aKponopo3Hor jieca  jiecliHHHcane h iipHKasane xHiiep6ojiii'iiiHM MoaejiiiMa. 
/ I o 6HjeiiH p e 3yjiTaTH ey iio'nipjiHJiii renepajiH H  KapaKTep x n n e p 6o ji 'in o i- MOjjejia h  THMe 
npomiipiiJiH nojipvHje ite ro B e  npHMene.

3. Xiinep6ojm'iHH MOflejiH ey -lecjnniHcaHH ca jjeBeT napaMeTapa: c ', cp', Rf, K, n, 
Kur, G, F, d, Kojn ce jio6njajy H3 'ip h aKCiijajiiihx KOMnpecHOHHX oiiH'ra. MeijVTiiM, yKO- 
jihko  to  ycjioBH Ha Tepeny 3axTeBajy, obh iiapaMe'rpn ee Mory H3BecTH H3 TpnaKcnjaji - 
hhx  oriHTa 3aTesaiba, onHTa paBHe necjjopManHje h jih  jinpeKTiior CMiinaiba.

y  hcto BpeMe, XHiiep6oJiHTiiiH mojicjih cy noroji;HH 3a yKJbyHHBaH>e y HanoHCKO— 
-ĵ ec}3opMaL(HjcKy aHajui3y ca KonaMiiHM eJieMeiiTHMa.

4. I Ipejjjio'aceiiH HejiHHeapHH nocTynaK npopa'ivna ca KOHa'iHHM ejieMeHTHMa, Kojn 
ce 3acHHBa Ha HHKpeMeHTajiHOM XyKOBOM 3aKOHy h ycB0jeH0M XHnep6ojiH'inoM 
k o h c th t^ th b h o m  MojieJiv, mojkc ycneiiiHO jja npHKaace noiiam aibe MaKponopo3Hor Jieca 
y cjio>KeHHM HaiioiicKO-jiecjjopManHjcKHM ycjiOBHMa. I laBejjeiiH nocTynaK Kao h  ojiro- 
Bapajyhn KOMnjyTepcKH nporpaM ycnemHO cmo npHMeHHJiH 3a npoBepy cneraiba MojieJia



422 C . ’R o p a h .  r :  M apK O BH h h  JI. H aK H

KpyTor TCMCjr>a. Ha Taj na^nni c m o  uoKa'iaj'in /ia npeflJiojKeim aHajih t h h k h  nocTynaK 
n py> K a c o j n i T i i i v  0C H 0B y 3 a  j i a j h c  n p o v 'i a B a iL c  M e x a i in ’iK o r  n o H a i n a n ,a  M a K p o n o p o 3 H o r  

j i e c a ,  KaKO y i ip H p o j.iin iM , npH M apH H M  y c jio B H M a , TaKO h  y caflejcTBV ca Beiirra'iKHM 
OČjeKTOM .

O b o  H M a n o c e 6 a H  SHa^aj, jep je M a K p o n o p o 3 H H  nec B e o M a  p a c n p o c T p a i i e H ,  h  t o  H e 

caM O  y no,ijpyHjy Beorpajja, H e r o  h  y M H orH M  flp y rH M  K p a jeB H M a JyrocjiaBHje K a o  h  

c y c e jiH iix  3 e M a ib a .
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GEOTECHNICAL PROPERTIES OF LOESS 
OF THE BELGRADE SURROUNDINGS

by

Slobodan Ćorić , Gordana M arković* and Laslo Čaki*

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 0x1 representative 
samples. Tiie results obtained shovv 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 (Ć orić, 1987, M arković, 
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 (Božinović, 1979; Božinović et a l., 1985; Ćorić et a l., 1985; Ćorić et al., 
1986; M arković et a l., 1990).

Faculty of Mining and Geology, Djušina 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 a 3'<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 a 3'<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; D uncan, 1980; K ondner, 1963). Ac- 
cording to the model the stress-strain functions may be expressed as:

(J\ — 03 — 1

K* pa*

£1
6i* Rr*{\ -  sin (p')

2* c * cos (p + 2* (Ts* sin (p'

\ p j (1)
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£ 3

/  \  
(73

\ P ‘ J _
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The Young modulus and Poisson ratio m i be obtained by differentiating equations 
(1) and (2) as:
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The unloading and reloading Young modulus is determined from following equation:

E u r  —  K u r *  p .

f  V 
0 3

\P a /
(5)

The meaning of the symbols are as follows:
CJj', a 3' -  major and minor prineipal stress 
s ] ; e3 -  major and minor prineipal strain 
e', (p' -  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, Kur, 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 Eu/Ej 
(Tables 2 and 3) is for

plateau loess: KUI7K=1.7 for the range of "low" stresses and KUI/K=4.9 for the "high"
ones

slope loess: Kur/K=2.0 for the range of "low" stresses and Kur/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, Kur, 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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