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SYi JOPSI S The Medi t er r anean c oas t l i ne of  I s r ael  i s bor der ed by  a l i near  es c ar pment  10 t o 50 m
hei gh,  c ompos ed mai nl y  of  c al c ar eous  c ement ed quar t z  sand depos i t s .  Rec ur r i ng s l i des  ar e common 
al ong a 13 k m l engt h of  t he c l i f f .  Thi s  paper  des c r i bes  an i nv es t i gat i on of  c l i f f  s t abi l i t y ,  whi c h 
c ombi ned geol ogi c ,  soi l  engi neer i ng and geodet i c  s t udi es .  I t  was  f ound t hat  by  c ombi ni ng aeol ogi c al  
mappi ng of  t he pr of i l e,  obs er v at i on of  f i el d s l ope s t abi l i t y  condi t i ons ,  l abor at or y  t es t i na and ana 
l ys i s ,  i t  was  pos s i bl e t o es t i mat e r eas onabl e,  c ons er v at i v e s t r engt h par amet er s  f or  t he uni t s  mak i ng 
up t he c l i f f ,  and so t o dev el op des i gn gui del i nes  f or  s t abi l i t y  anal ys i s .

I NTRODUCTI ON

Par t  of  t he Medi t er r anean c oas t l i ne of  I s r ael  i s 
bor der ed by  a l i near  es c ar pment  10 t o 50 m.  
hei gh.  Thi s  c oas t al  c l i f f  i s c ompos ed of  qua 
t er nar y  f or mat i ons ,  mai nl y  of  c al c ar eous  c emen 
t ed quar t z  sand depos i t s ,  and i s hei ghes t  i n 
t ne c ent r al  par t  of  t l i e c oas t  bet v/ een Tel  Av i v  
and Net anya.  A 13 k m s ec t i on of  t he c l i f f  i n 
t he v i c i ni t y  o £  Net any a has  been s ubj ec t  t o r e 
c ur r i ng s hal l ow s l i des  ( eg.  Fi g.  1)  and r ock -  
f al l s ,  c r eat i ng a s er i ous  pr obl em bot h wi t h 
r es pec t  t o t he ut i l i z at i on of  t he heav i l y  po 
pul at ed beac hes  and t o t he s t abi l i t y  of  v a 
l uabl e pr oper t y  on t he escar pment .

Wi t h a v i ew t o dev el opi ng s t abi l i t y  c r i t er i a f or  
t he t r oubl es ome 13 k m l engt h of  c l i f f ,  an ex t en 
s i ve i nv es t i gat i on was  c ar r i ed out  i nc l udi ng 
geol ogi c al  mappi ng of  t he c l i f f  pr of i l e,  de 
t ai l ed s ur v ey i ng of  a l ar ge number  of  s ec t i ons  
al ong t he c l i f f  and t hei r  i dent i f i c at i on as 
s t abl e or  uns t abl e s l opes ,  s ampl i ng and t es t i ng 
of  t i l e v ar i ous  soi l s  i n t he pr of i l e,  and per 
f or mance of  s t abi l i t y  anal yses .  Thi s  paper  pr e 
sent s  t he r esul t s  of  t he i nv es t i gat i on.

GEOLOGI CAL SETTI NG

The quat er nar y  f or mat i ons  i n t he I s r ael i  c oas t al  
r egi on wer e f or med dur i ng a s er i es  of  i n t er 
c hangi ng i ngr es s i ons  and r egr es s i ons  of  t he Me 
d i t er r anean Sea,  ac c ompani ed by  s edi ment at i on 
cy c l es  of  mar i ne and c ont i nent al  depos i t s .  The 
maj or  por t i on of  t he f or mat i ons ,  c ompr i s i ng t he 
l ower  par t  of  t he pr of i l e,  ar e pl ei s t oc ene 
l ayer s  of  sands  wi t h v ar y i ng degr ees  of  c a l c a 
r eous  c ement at i on ( l ocal l y  c al l ed kur kar )  and 
c l ay ey  sands .  The upper  por t i on of  t he pr of i l e 
i nc l udes  hol oc ene l ayer s  of  har d s ands t one 
ov er l ai n by  f r i abl e sands t one;  t hes e ar e of t en 
c ov er ed by  r ec ent  s and dunes.  The pr of i l e i s 
shown s c hemat i c al l y  i n Fi g.  2 i n whi c h 5 geo l o 
gi c al  uni t s  ar e def i ned.  Al t hough t he f i gur e 
des c r i bes  t he c ompl et e c ol umnar  sec t i on,  one or  
mor e of  t he uni t s  may  not  be pr es ent  at  v ar i ous  
l oc at i ons  al ong t he coas t ,  i n al l  c as es  wher e

bot h uni t s  2 and 3 ar e pr esent ,  t hey  ar e s epa 
r at ed by  a c l ear l y  v i s i bl e l ayer  whi c h has  been 
l abel l ed t he r oof  of  uni t  2.  Thi s  l ay er  ser ved 
as an ex c el l ent  mar k er  dur i ng geol oai c al  
mappi ncr ,  hel pi nn t o d i f f er ent i at e bet ween uni t s
2 and 3 ev en i n t hos e c as es  when t hey  wer e v i 
s ual l y  s i mi l ar .

Fi g .

The beac h i s nar r ow,  v ar y i na f r om about  5 t o 
about  30 met er s  i n wi dt h.  The sea r eac hes  t he 
c ] i f f  al mos t  ev er y wher e al ono t he c oas t al  l engt h 
s t udi ed,  t hi s  bei nn ev i denc ed by  t ar  l i nes  and 
dr i f t  mat er i al  obs er v ed al ong t he c l i f f  base.  
Tal l us  f r om l ands l i des  i s r api dl y  was hed away.

GEOTECHNI CAL CHARACTERI STI CS OF TFTE PROFI LE 

Uni t  2

The ex pos ed t hi c k nes s  of  t hi s  uni t  above sea 
l evel  r eac hes  up t o 24 m.  I t  c ons i s t s  of  
c r os s - bedded,  i nt er c hanoi no l ami nat i ons  of  t hi n 
s ands t one pl at es  and l oose monos i z ed sand.  The 
s ands t one pl at es  r ange i n t hi c k nes s  f r om 0. 2 -
2. 0 cm,  and t he s pac i ng bet ween t hem r anges  f r om 
0. 5 -  5. 0 cm.  The s and por t i on of  t he uni t  
mak es  up about  70% of  t he t hi c k nes s ,  and c on 
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s i s t s  mos t l y  of  par t i c l es  of  about  0. 3 mm di ame 
t er .  The i nt er nal  s t r uc t ur e of  t he uni t  i s of  
t he t y pe seen i n Fi g.  3 whi c h s hows  an X- r ay  
phot ogr aph of  a s ampl e of  t he same s oi l  t y pe l o 
c at ed at  a d i f f er ent  s i t e al ong t he c oas t .  The 
dr y  dens i t y  of  bl oc k s  of  mat er i al  was  f ound t o 
be gener al l y  bet ween 1550- 1700 Kg/ m , wi t h some 
oc c as i onal  v al ues  out s i de t hi s  r ange.  Car bonat e 
c ont ent  i s  of  t he or der  of  20% i n, , t he -  40 
f r ac t i on and 40% -  60# i n t he +40 f r ac t i on.  
Spec i mens  f or  l abor at or y  s t r engt h t es t i ng wer e 
obt ai ned by  t ak i ng bl oc k  s ampl es  f r om t he c l i f f ,  
par t i a l l y  s at ur at i ng t hem i n t he l abor at or y ,  
f r eez i ng,  and t hen c or i ng c y l i ndr i c al ,  f r ozen 
s pec i mens .  Thes e s pec i mens  wer e pl ac ed i n t he 
t r i ax i al  cel l ,  s ubj ec t ed t o al l  r ound pr es s ur e 
and t hen al l owed t o t haw;  t hey  wer e t hen s at u 
r a t ed and s hear ed under  f ul l y  dr ai ned c ond i t 

i ons .  Fr y dman et  al  ( 1979)  demons t r at ed t hat  
t hi s  pr oc edur e of  s pec i men pr epar at i on had no 
s i gni f i c ant  det r i ment al  e f f ec t  on t he f r i c t i on 
angl e,  <fi' , of  sand.  Fi g.  4 s hows  s t r es s - s t r ai n 
c ur v es  and Fi g.  5 shows  c or r es pondi no Mohr  
f ai l ur e s t r es s  c i r c l es  and s t r engt h env el ope 
r es ul t i ng f r om one s er i es  of  t es t s ;  t he 
s t r engt h par amet er s  obt ai ned i n t he i nv es t i ga 
t i on wer e c'  ^  kPa,  'v. 37 .

Fi g . 2 Sc hemat i c  Repr es ent at i on of  Pr of i l e 

Roof  of  Uni t  2

A l ay er  of  s i l t y  s and ( 10%- 20% f i nes ) , of  t h i c k 
ness  up t o 1. 5 m c ov er s  uni t  2.  The c ar bonat e 
c ont ent  of  t he l ay er  v ar i es  bet ween 10%- 30%,  
and i t  has  c ons i der abl e appar ent  c ohes i on.

Uni t  3

The ex pos ed t hi c k nes s  of  t hi s  uni t  abov e sea 
l evel  i s up t o 38 m.  Two t ypes  of  i nt er nal  
s t r uc t ur e i nt er c hange wi t hi n t he uni t .  The 
f i r s t  i s s i mi l ar  t o t hat  obs er v ed i n uni t  2,  
c ons i s t i ng of  mor e f r i abl e c ement ed s and l a 
mi nat i ons  of  t hi c k nes s  0. 2 -  1. 5 c m s andwi c hi ng 
l oose sand and s pac ed at  0. 5 -  12 cm.  The l oose 
s and mak es  up about  90% of  t he t ot al  t hi ckness ,  
and has  a c ar bor at e c ont ent  of  about  10% ( com
par ed t o about  20% i n uni t  2) .  The ot her  t ype 
of  i nt er nal  s t r uc t ur e c ons i s t  of  l enses  of  sand 
v ar y i ng i n t hi c k nes s  f r om 0. 5 -  3 m;  t hese l en 
ses  ar e l oc at ed bet ween t he i nt er c hangi ng l a 
mi nat i ons  des c r i bed pr ev i ous l y .  The sand par 
t i c l es  t hr oughout  t he uni t  ar e s i mi l ar  t o t hose 
i n uni t  2.  Dr y  dens i t y  v al ues  wer e obt ai ned 
f r om s and r epl ac ement  t es t s ,  and f ound t o var v

bet ween 1500 -  1650 Kcr / m . At t empt s  t o t ake 
bl oc k s  of  s oi l  f or  l abor at or y  s t r engt h t es t i ng 
wer e UnsUcces- af ul  due t o l ack  of  c ohes i on of  t he 
mat er i al .  I n v i ew of  t hi s  f act ,  t oget her  wi t h 
t he l ar ge s c al e pr es enc e of  c l ean s and l enses ,  
zer o c ohes i on may  be r eas onabl y  as s umed f or  t hi s  
mat er i al .  Bas ed on l abor at or y  t es t  r es ul t s  f r om 
s i mi l ar  s ands  ( eg.  Zol k ov  and Wi s eman ( 1965) ) ,  
t he f r i c t i on angl e,  <f>1 , may  be ex pec t ed t o be 
about  35 -  37 , s i mi l ar  t o t hat  of  t he uni t  2 
ma t e r i a l .

Fi q. 3 X- r ay  Phot ogr aph of  Uni t  2 Mat er i a]

Fi o. 4 Tr i ax i a]  Pt r es s - Pt r ai n Cur v es  -  
Uni t  2

N orm a l S t r e s s ;  C‘ , kPa

Fi g . 5 Mohr  Fai l ur e Ci r c l es  -  Uni t  2 

Uni t  4

The t hi c k nes s  of  t hi s  uni t  i s up t o 6 m,  and i t  
c ons i s t s  of  r eddi s h- br own c l ay ey  s and wi t h  i n 
s i gni f i c ant  c ar bonat e c ont ent ,  hav i ng a l i qui d 
l i mi t  of  about  23% and a pl as t i c i t y  i ndex  of  
about  10%3 The dr y  dens i t y  i s bet ween 1820 -  
1860 Kg/ m . St r engt h t es t s  wer e c ar r i ed out  on
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s pec i mens  pr epar ed f r om bl oc k s  t aken f r om t he 
uni t .  Dr a i ned di r ec t  s hear  t es t s  and c ons ol i 
dat ed.  undr ai ned t r i ax i al  t es t s ,  bot h on s at u 
r at ed s pec i mens ,  y i e l ded s t r engt h par amet er s  
$'  = 3 5  , c'  up t o 10 kPa.

Uni t s  5,  5 ‘

Uni t  5 c ons i s t s  of  har d,  c al c ar eous  s ands t one,  
and v ar i es  i n t hi c k nes s  up t o 8 m.  Thi s  uni t  i s 
t he onl y  r oc k  l i ke l ayer s  i n t he pr of i l e.  I t  i s 
of t en ov er l a i n by  uni t  5'  c ons i s t i ng of  f r i abl e 
s ands t one of  t hi c k nes s  up t o 1. 5 m.  Due t o i t s 
s mal l er  t hi c k nes s  and l ess  r egul ar  oc c ur r enc e,  
uni t  5'  i s c ons i der ed of  s ec ondar y  i mpor t anc e,  
and i s not  d i s c us s ed f ur t her  her e,  Uni t  5 i s 
f or med f r om c ar bonat e- c ement ed s and par t i c l es  
s i mi l ar  t o t hos e i n uni t s  2 and 3,  t oget her  wi t h 
s ome shel l s .  The c ar bonat e c ont ent  i s of  t he 
or der  of  55%,  c ompar ed t o 30% i n uni t  2.  Dr y  
dens i t y  of  uni t  5 mat er i a l  i s i n t he r ange 
1550 -  1700 Kg/ m , and s hear  s t r engt h t es t s  on 
s at ur at ed,  c or ed spec i mei s  y i el ded c'  = 170 -  
600 kPa,  <(i' 'v, 38 and unc onf i ned c ompr es s i v e 
s t r engt h 2500- 3000 kPa.

ENVI RONMENTAL FEATURES

A number  of  env i r onment al  f eat ur es  hav e an i m
por t ant  e f f ec t  on t he s t abi l i t y  and appear anc e 
of  t he c oas t al  c l i f f .  Sur f ac e f l ow of  r a i n 
wat er s  l eads  t o er os i on,  dev el opment  of  gul l i es  
and l oc al i z ed i ns t abi l i t y .  The per v i ous  nat ur e 
of  t he upper  uni t s  of  t he pr of i l e r esul t s  i n 
wet t i ng of  t he soi l  t o c ons i der abl e dept hs ,  
al t hough t her e i s no ev i denc e of  t he dev el opment  
of  a s ub- s ur f ac e s at ur at ed f l ow r egi me,  or  of  
t he t ype of  s l i p phenomena whi c h woul d be ex 
pec t ed t o be as s oc i at ed wi t h s uc h a r egi me.

Wi nd ac t i on on t he c l i f f  f ace r es ul t s  i n r emov al  
of  s and gr ai ns  f r om bet ween t he s ands t one pl at es  
of  uni t  2.  Fi g.  6 shows  a bl oc k  of  soi l  f r om 
t hi s  uni t ,  bef or e and af t er  i t  has  been s ubj ec 
t ed t o ar t i f i c i al  wi nd ac t i on i n t he l abor at or y .  
Thi s  phenomenon i s us ef ul  i n hel pi ng t o i dent i f y  
f r esh s l i des  i n t he f i el d;  i mmedi at e l y  af t er  a 
s l i de,  t he s l i p s ur f ac e appear s  as a s moot h sand 
s ur f ace,  but  wi t h i n  one season,  s and par t i c l es  
ar e r emov ed l eav i ng an i r r egul ar  s ur f ac e of  
c l ean,  s ands t one pl at es .  Thi s  i s i l l us t r at ed 
i n Fi g.  1 whi c h s hows  t he s andy  s ur f ac e of  a 
f r esh l ands l i de,  adj ac ent  t o an ol der  f ace wher e 
t he s ands t one pl at es  ar e c l ear l y  seen.

Fi g . 6 Ef f ec t  of  Wi nd Ac t i on on Uni t  2 
Mat er i al

Wav e ac t i on at  t he bas e of  t he c l i f f  r es ul t s  i n 
under c ut t i ng and as s oc i at ed i ns t abi l i t y .  I n 
cases  wher e uni t  3 i s at  t he bas e of  t he c l i f f ,  
and s ubj ec t  t o wav e ac t i on,  no s t abl e,  un 
s uppor t ed under c ut  can s t and,  and t he c l i f f  
s l ope adapt s  i t s el f  t o t he er os i v e wav e ac t i on.  
I n t he c as e of  uni t  2,  howev er ,  t he c ohes i on 
of  t he mat er i a l  enabl es  f or mat i on of  an un 
s uppor t ed under c ut  whi c h i nc r eas es  i n d i men 
s i ons  wi t h t i me unt i l  c ol l aps e oc c ur s ,  s omet i mes  
l eav i ng an ov er hangi na upper  s ec t i on whi c h i t 
s el f  i s met as t abl e and may  ev ent ual l y  col l apse.  
The s t abl e s i ze of  t he under c ut  i nc r eas es  wi t h 
i nc r eas i na c ohes i v e s t r ennt h of  t he soi l  at  t he 
bas e of  t he c l i f f .  Onc e c ol l aps e has  oc c ur r ed,  
t he pr oc es s  begi ns  anew,  ex c ept  at  t hos e l oc a 
t i ons  wher e er os i v e wav e ef f ec t s  ar e pr ev ent ed 
by  t he pr es enc e of  man made or  nat ur al  pr o t ec 
t i v e f eat ur es ;  i t  i s  not  unc ommon f or  l ar ae 
r ock  mas s es  of  uni t  5,  whi c h hav e c ol l aps ed 
f r om t he c l i f f  f ace,  t o pr ot ec t  t he adj ac ent  
c l i f f  bas e agai ns t  f ur t her  wav e act i on.

The pr obl em of  under c ut t i ng i s bei ng e f f ec t i v e 
l y s ol v ed by  t he c ons t r uc t i on of  pr ot ec t i v e 
s t r uc t ur es  al ong t he coast .  Howev er  s hal l ow 
s l i ps  hav e c ont i nued t o oc c ur  ev en at  l oc at i ons  
wher e such pr ev ent at i v e ac t i on has  been t aken,  
i ndi c at i ng t he i nher ent  i ns t abi l i t y  of  some 
s ec t i ons  of  t he c l i f f  due t o t hei r  geomet r y  and 
soi l  pr oper t i es .  I t  i s t hi s  c l as s i c al  s l ope 
s t abi l i t y  pr obl em whi c h has  r ec ei v ed t he br unt  
of  t he ef f or t  of  t he pr es ent  i nv es t i gat i on.
Ot her  i ns t abi l i t y  phenomena such as r oc k f al l s  
f r om uni t  5,  r es ul t i ng f r om c ol l aps e of  s ec 
t i ons  of  t hi s  uni t  l ef t  c ant i l ev er ed f ol l owi ng 
s l i p or  er os i on of  t he l ower  por t i on of  t he 
pr of i l e,  ar e not  c ons i der ed i n t hi s  paper .

CHOI CE OF FI FLD OPFPATI VE SOI L STPJWGTH 
PARAMETERS

Wi t h a v i ew t o dev el opi ng a r at i onal  bas i s  f or  
anal yzi ncr  t he s t abi l i t y  c ondi t i ons  of  any  par t i 
c ul ar  s ec t i on of  t he c l i f f ,  and f or  des i ani no 
s af e enai neer i nc  s ol ut i ons  f or  uns t abl e s ec 
t i ons ,  f ur t her  e f f or t  was  made t o v er i f v  t he 
appl i c abi l i t y  of  t he s t r engt h par amet er s  mea 
s ur ed i n t he l abor at or y  t o ac t ual  f i el d c on 
di t i ons .  The f i r s t  s t ep i n t hi s  pr oc es s  c on 
s i s t ed of  det ai l ed geol ogi c al  mappi ng and 
geodet i c  s ur v ey i ng of  a l ar ge number  of  s ec 
t i ons  al onn t he c l i f f  f ace.  Tabl e I  pr es ent  a 
s ummar y  of  c l i f f  c har ac t er i s t i c s  at  87 sec t i ons .  
I t  i s seen t hat  uni t s  2 and 3 c ons t i t ut e t he 
maj or  por t i on of  t he c l i f f  pr of i l e,  and may  be 
ex pec t ed t o hav e a pr edomi nant  ef f ec t  on t he 
c l i f f  s l ope s t abi l i t y  ov er  mos t  of  i t s  l engt h.  
Uni t  2 appear s  t o pr es ent  t he mos t  unc er t ai nt y  
wi t h r egar ds  c hoi c e of  r el ev ant  s t r engt h pr o 
per t i es .  Uni t  3,  whi c h c l ear l y  l acks  s i gni 
f i cant  c ohes i on,  can c onf i dent l y  ^ e c har ac t e 
r i z ed by  c'  = o and 4 1 = 35 -  37 . These 
s t r engt h par amet er s  ar e c ons i s t ent  wi t h t he 
dat a l i s t ed i n Tabl e I  i ndi c at i ng t hat  al mos t  
al l  s l opes  of  uni t  3 wi t h an i nc l i nat i on of  
gr eat er  t han 35 wer e uns t abl e.  Uni t  4 i s ge 
ner al l y  of  l i mi t t ed ex t ent  and t hi c k nes s ,  and 
i ndependent  t es t s  per f or med on mat er i al  s ampl ed 
f r om d i f f er ent  l oc at i ons  hav e s hown t he c ohes i on 
v al ue t o be of  t he or der  of  10 kPa,  and <t>1 of  
t he or der  of  35 ■. Uni t  5 i s gener al l y  of  hi gh 
s t r engt h,  and l ands l i des  ( as oppos ed t o r oc k 
f al l s)  t hr ough t hi s  uni t  ar e unl i kel y .
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TABLE I

Cl i f f  Char ac t er i s t i c s  at  87 Sec t i ons

I n t he case of  uni t  2,  t he l ar ge v ar i abi l i t y  
obs er v ed i n t he degr ee of  c ement at i on wi t hi n t he 
mat er i al  r ai ses  doubt s  as t o t he gener al i t y  of  
t he par amet er  c ‘ = 30 k Pa meas ur ed i n t he l abo 
r at or y .  As  t he l abor at or y  t es t s  wer e onl y  
car r i ed out  on bl oc k s  of  mat er i al  s t r ong enough 
t o al l ow s ampl i ng,  t r ans por t at i on and handl i na,  
i t  i s qui t e f eas i bl e t hat  t hi s  v al ue does  not  
c ons er v at i v el y  r ef l ec t  t he ov er al l  oper at i v e 
s t r engt h of  t he uni t  i n t he f i el d.  On t he bas i s  
of  t he dat a pr es ent ed i n Tabl e I ,  Fi g.  7 was  
pr epar ed,  t he poi nt s  i ndi c at i ng t he hei ght  of  
uni t  2 as a f unc t i on of  t he f ace s l ope of  uni t  
2;  a d i s t i nc t i on i s s hown bet ween cases  i n whi c h 
uni t  2 was  s t abl e and uns t abl e.  I n mos t  cases,  
uni t  2 i s ov er l ai n by addi t i onal  uni t s ,  i n par 
t i c ul ar  uni t  3.  Howev er  s i nce uni t  3 i s gene- Q 
r al l y  i nc l i ned at  a l ow s l ope ( t he or der  of  35 
i n t he s t abl e c ondi t i on) ,  and s l i ps ,  i f  t hey  
devel op,  ar e gener al l y  s hal l ow due t o t he gr a 
nul ar  nat ur e of  t he pr of i l e,  t he mat er i a l  ov er -  
l y i ng uni t  2 gener al l y  has  l i t t l e ef f ec t  on t he 
s t abi l i t y  of  a pot ent i al  s l i p s ur f ac e t hr ough 
uni t  2.  I n s pec i f i c  s ec t i ons ,  wher e t he i nc l i 
nat i on of  uni t  3 i s s i mi l ar  t o t hat  of  uni t  2,  
t he hei ght  s hown i n Fi g.  7 i s t hat  of  t he bot h 
uni t s  c ombi ned,  s i nce i t  i s c l ear  t hat  uni t  2 
woul d be at  l eas t  equi v al ent  i n s t abi l i t y  t o t hi s  
c ombi nat i on.  Super i mpos ed on Fi g.  7 ar e cur ves  
obt ai ned f r om Tay l or ' s  s t abi l i t y  c har t s  s howi ng 
t he s t abl e hei ght  of  a homogeneous  soi l  s l ope 
wi t h a hor i z ont al  upper  s ur f ac e as a f unc t i on 
of  s l ope angl e f or  a soi l  wi t h a s at ur at ed den 
s i t y ,  Y/  of  2000 Kg/ m , $ 1 = 3 5  and c'  v a 
r y i ng f r om 10 t o 30 kPa.  I t  i s not ed t hat  
us i ng Tay l or ' s  c har t s  as a f i r s t  appr ox i mat i on 
f or  anal y s i s  of  t he f i el d c ondi t i ons ,  a c ohes i on 
val ue,  c 1 , of  bet ween 10 t o 20 k Pa woul d pr o-  . 
v i de a r eas onabl e l ower  bound t o t he poi nt s  
r epr es ent i ng i ns t abi l i t y  wi t hi n uni t  2.

A f ur t her  oppor t uni t y  t o c hec k  t he f i el d ope 
r at i v e s t r engt h par amet er s  i n uni t  2 was  pr o 
v i ded by  t he oc c ur anc e,  dur i ng t he i nv es t i ga 
t i on,  of  a wel l  def i ned s l i de i n t hi s  uni t  at  
Bei t  Yanai ,  about  6 k m nor t h of  Net anya.

Fi g.  7

S lo p e  o f U n it 2  (D e g re e s )

Hei aht  v er s us  Pl ope -  Uni t  2

The det ai l ed t opogr aphy  of  t he s l i p r egi on was 
es t abl i s hed us i ng phot o- t heodol i t e r eas ur ement s ,  
whi l e t he s l one o f  t he c l i f f  pr ec edi ng t he s l i de 
was  k nown t o c or r es pond mor e or  l ess  t o t hat  of  
t he s t abl e mat er i al  at  i t s  s i des .  f i g.  8 shows  
a s ec t i on t hr ough t he mi ddl e of  t he s l i p r egi on 
bot h pr i or  t o,  and af t er  t he s l i de.  St abi l i t y  
anal y s es  by  t he s i mpl i f i ed Bi s hop met hod wer e 
c ar r i ed out  f or  t he ac t ual  s l i p s ur f ace,  us i ng 
di f f er ent  s t r engt h par amet er s  and i t  was  f ound 
t hat  f or  s t r engt h par amet er s  c'  = 20 kPa,
<f>' = 3 0  , a f ac t or  of  s af et y  of  0. 99 was  ob 
t ai ned.  Us i ng t hes e s t r enot h par amet er s ,  a 
l ar ge number  of  pos s i bl e s l i p s ur f ac es  wer e 
c hecked,  and t he r es ul t i ng f ac t or s  of  s af et y  
ar e s hown i n Fi g.  9.  I t  was  f ound t hat  of  al l  
t he pos s i b l e s ur f ac es  pas s i ng t hr ouoh t he bas e 
of  t he s l ope,  t he ac t ual  s l i p s ur f ac e was  t he 
s hal l owes t  one whi c h pr ov i ded a f ac t or  of  saf et y  
o'  l ess  t han 1.  T?o s ur f ac es  anal y z ed whi c h cut
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t he s l ope f ace abov e i t s  base,  y i el ded f ac t or s  
of  s af et y  bel ow 1.  The f ac t  t hat  s l i p ac t ual l y  
oc c ur r ed on t he mos t  s hal l ow s ur f ac e hav i ng a 
f ac t or  of  s af et y  bel ow 1 and not  on deeper  s ur 
f aces  whi c h y i e l ded l ower  f ac t or s  of  s af et y  
s ugges t ed t hat  t he c ohes i on i nc r eas es  wi t h d i s 
t anc e i nt o t he c l i f f  pr of i l e away  f r om t he f ace,  
pos s i bl y  as a r es ul t  of  dec r eas ed wet t i ng and 
er os i v e ef f ec t s .

Fi g . 9 Sl i p Sur f ac es  Anal y s ed at  Bei t  Yanai

I t  may  be c onc l uded on t he bas i s  o f  l abor at or y  
t es t  r esul t s ,  modi f i ed by  obs er v at i on and ana 
l ys i s  of  f i el d behav i our ,  t hat  uni t  2 may  be 
r epr es ent ed by  oper at i v e s t r engt h par amet er s  
c'  = 20 k Pa , <j>' = 35° .

DEVELOPMENT OF DESI GN CURVES

Des i gn c ur v es  hav e been dev el oped f or  c l i f f s  
c ompr i s i ng uni t  2 ov er l ai n by uni t  3.  I t  i s 
c ons i der ed t hat  t hes e c ur v es  c oul d be used c on 
s er v at i v el y  al s o f or  c as es  i n whi c h l ayer s  of  
uni t  4 ov er l y  t he pr of i l e,  s i nc e t hi s  uni t  
has  a s i mi l ar  ij>' v al ue t o t hat  of  uni t  3,  but  an 
addi t i onal  smal l  c ohes i on v al ue of  about  10 kPa.  
Uni t  5,  due t o i t s  hi gh s t r engt h,  does  not  nor 
mal l y  t ake par t  i n l ands l i de phenomena,  and 
of t en r emai ns ,  ov er hangi ng,  when s l i ps  oc c ur  
bel ow i t .  I n some cases ,  however ,  uni t  5 i s 
c r acked,  and i n t hes e c as es  i t  may  be c ons er v a 
t i v el y  r epr es ent ed by  a c'  = o mat er i al ,  whos e 
c ont r i but i on t o s t abi l i t y ,  bei ng on t he t op of  
t he pr of i l e,  i s al mos t  i ns i gni f i c ant .

Cur v es  wer e dev el oped f or  t he s t abl e hei ght  of  
uni t  2 when ov er l ai n by  uni t  3 i nc l i ned at  30 . 
Thi s  l at t er  i nc l i nat i on r epr es ent s  a f ac t or  of

s af et y  of  1. 2 agai ns t  s l i di ng wi t h i n uni t  3.  
St abi l i t y  anal y s es  wer e c ar r i ed out  us i ng t he 
s i mpl i f i ed Bi s hop met hod,  t o check  t he s t abl e 
hei ght  of  c l i f f s  wi t h i nc l i nat i on of  uni t  2 va-  
r y i no f r om 60 t o 90 . A l ar ge number  of  
pos s i bl e s l i p s ur f ac es  wer e anal y z ed f or  each 
c l i f f  geomet r y ,  and t hat  s ur f ac e wi t h  a f ac t or  
of  s af et y  of  l ess t han 1. 0,  cut t i ncr  t he c l i f f  
f ace at  t he hei ghes t  el ev at i on,  was  t aken as 
t he c r i t i c al  s ur f ac e,  l eadi no t o an es t i mat e of  
s t abl e c l i f f  hei ght .  Fi g.  10 s hows  c ur v es  f or  
ov er al l  f ac t or s  of  saf et y ,  F,  of  1. 0 and ] . 5.
'’’he c ur v e cor r esnondi ncr  t o a f ac t or  of  s af et y  
of  F = 1. 0 i s s hown i n Fi cr .  11 s uper i mpos ed on 
t he f i el d dat a pr es ent ed pr ev i ous l y  i n Fi g.  7.  
The f i gur e al s o i nc l udes  t he c ur v e obt ai ned us i ng 
Tay l or ' s  c har t s  ( i . e.  f or  a hor i z ont al  t op s ur 
f ace t o uni t  2)  wi t h  c'  = 20 k Pa and = 35° .
I t  i s seen t hat  onl y  one poi nt  r epr es ent i nn an 
uns t abl e s l ope i n t he f i el d l i es s i cr ni f i cant l y  
bel ow t he des i gn cur ve,  and i t  apDears t o c on 
s er v at i v el y  r epr es ent  ov er al l  f i el d obs er v a 
t i ons.  Obv i ous l y ,  des i nn of  saf e s l opes  i n t he 
f i el d woul d r ak e use of  des i gn c ur v es  i nc or oo-  
r at i na a f ac t or  of  saf et y ,  and t he c ur v e c or r es 
pondi ng t o F = 1. 5 i n Fi g.  10 woul d be mor e 
s ui t abl e f or  t hi s  pur pose.

Fi a. 10 Des i gn Cur v es  f or  Sl ope St abi l i t y  
An a l y s i s .

Fi g.  11 Desi cr n Cur v e Compar ed t o Fi el d 
Obs er v at i ons
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CONCLUSI ONS

The s uc c es s  of  t he i nv es t i gat i on des c r i bed i n 
t hi s  paper  was  made pos s i bl e onl y  by  t he c oope 
r at i on of  engi neer i ng,  geol ogi s t  and geodet i c  
per s onel ,  mak i ng use of  f i el d obs er v at i ons  and 
meas ur ement s ,  l abor at or y  t es t i ng and anal ys i s .  
Due t o t he ex t r emel y  het er ogeneous  nat ur e of  
t he pr of i l es  enc ount er ed,  es t i mat i on of  r eas o 
nabl e,  f i el d oper at i v e s t r engt h par amet er s  
c oul d not  c onf i dent l y  be made on t he bas i s  of  
l abor at or y  t es t s  al one.  Thes e t es t s ,  t oget her  
wi t h  c ar ef ul  meas ur ement  and obs er v at i on of  
f i el d c ondi t i ons ,  and bac k  anal y s i s  of  s t abl e 
and uns t abl e s l opes ,  pr ov i ded a f r amewor k  f or  
a r at i onal  c hoi c e of  s ui t abl e s t r engt h par ame 
t er s.  The met hodol ogy  us ed i n t he i nv es t i gat i on 
c oul d be appl i ed t o ot her  s i t es  wher e s i mi l ar  
pr obl ems  ex i s t .
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