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D A M A GE TO STRUCTURES ON  PRECO N SO LI D A T ED  CLAY
D EGATS CA U SES AUX BATIM EN TS SUR ARGI LES PRECO N SO LI D EES

A. KO M O RN I K,  D .Sc. ,  Se n i o r  Lect u re r  

J.G. ZEI TLEN ,  M .Sc. ,  Pr o f e sso r  of  Soi l  Eng in eer in g  

I sr a e l  I nst i t u t e  of  Technology,  H a i f a ,  I sr a e l

SYNOPSI S Da ma g e  t o  a p a r t me n t  b u i l d i n g s  l o c a t e d  o n  u n s a t u r a t e d  we l l - p r e c o n s o l i d a t e d  c l ay s  

has  a p p e a r e d  a t  a n u mb e r  of  t y p i c a l  s i t e s  i n  I s r ae l .  Fo u n d a t i o n s  we r e  u n d e r r e a me d  c a s t - i n -  

pl ' ace p i l e s  a t  s h a l l o w d ep t h s .  I n s t e a d  Of mo v e me n t s  wh i c h  c a n  be  a t t r i b u t e d  t o  e x p e c t e d  

s we l l i n g  f o r c es ,  i t  a p p e a r s  t h a t  t he  t e n d e n c y  f o r  d i f f e r e n t i a l  s e t t l e me n t  wa s  b a s i c a l l y  
r e s p o n s i b l e  f or  l oad  t r a n s f e r  wi t h i n  t h e  b u i l d i n g s ,  c a u s i n g  c r a c k i n g  a n d  r u p t u r e  of  c o l umns .

I NTRODUCTI ON

Wh e n  f o u n d a t i o n s  a r e  p l a n n e d  i n  c l a y  s o i l s ,  

g o o d  d e s i g n  p r a c t i c e  r e q u i r e s  d e s i g n i n g  t he 

f o o t i n g s  o r  p i l e s  f o r  a s u f f i c i e n t l y  l ow 
p r e s s u r e  s o t h a t  t he  e x p e c t e d  d i f f e r e n t i a l  

s e t t l e me n t s  c a n  b e  a c c o mmo d a t e d  by  t he  s t r u c 

t ur e,  a n d  d e s i g n i n g  t he  s t r u c t u r e  t o  t ak e  

t he  s t r e s s e s  r e s u l t i n g  f r o m l oads  b e i n g  r e a r 

r a n g e d  wi t h i n  t h e  s u p p o r t s  o f  t he  b u i l d i n g .  

Fo r  c o mmo n  t y pes  o f  r e s i d e n t i a l  b u i l d i n g s  

i n  I s r ae l ,  o f  f ou r  s t o r y  he i gh t ,  t he  s t r u c 
t u r e  i s  u s u a l l y  o f  r e i n f o r c e d  c o n c r e t e  wi t h  

b l o c k  wa l l s .  Di f f e r e n t i a l  mo v e me n t s  wh i c h  

c a n  o c c u r  wi t h o u t  d a ma g e  a r e  l i mi t e d  t o  

s e v e r a l  mi l l i me t e r s .  Or d i n a r i l y  t he  s t r u c 

t u r e  ma y  be  d e s i g n e d  wi t h  s u f f i c i e n t  r i g i d i 

t y  as  t o  p r o d u c e  t h e  n e c e s s a r y  l oad  t r a n s f e r  

b e t we e n  t he  f o u n d a t i o n s  wh e n  t he  s u b s o i l  i s  
r e l a t i v e l y  s of t .  I n  t he  c a s e  o f  a s a t u r a t e d  

c l a y  s ubs o i l ,  t he  i n c r e a s e  of  l oad  on  p a r t i 

c u l a r  c o l u mn s  p r o d u c e  s u f f i c i e n t l y  i n c r e a s e d  

s e t t l e me n t  o f  i t s  f o u n d a t i o n  s o t ha t  t he  
s t r u c t u r e  i s  no t  d e f o r me d .  Se t t l e me n t s  and  

l oads  ma y  b e  p r e d i c t e d  wi t h  p r e s e n t  me t h o d s  
of  t h e o r y - a n d  p r a c t i c e  wi t h  a f a i r  d e g r e e  

of  c e r t a i n t y  ( Lambe,  1964;  Seed,  1965) .

Fo r  a r e a s  i n  wh i c h  t he  c l a y s  a r e  we l l  p r e 
c o n s o l i d a t e d ,  a t t e n t i o n  has  b e e n  d i r e c t e d  at  

a v o i d i n g  d a ma g e  f r om s we l l i n g .  Co n s o l i d a 
t i o n  wa s  no t  c o n s i d e r e d  a s e r i o u s  p r ob l em;  

t he a t t i t u d e  of  d e s i g n e r s  a g r e e d  wi t h  t he 
v i e ws  as  e x p r e s s e d  i n  Te r z a g h i  a n d  Pe c k  
( 1967) ,  t h a t  " t he  d i f f e r e n t i a l  s e t t l e me n t s  

of  f o o t i n g  f o u n d a t i o n s  o n  s uc h  c l a y s  s e l d o m 

e x c e e d  t h o s e  of  a d e q u a t e l y  d e s i g n e d  f o o t i n gs  

on  s and" .  I n  I s r ae l ,  f o u n d a t i o n s  on  p r e 

c o n s o l i d a t e d  c l a y s  we r e  mo s t  o f t e n  o f  t he 

s h a l l o w b o r e d  p i l e  t y pe,  a n d  we r e  o r d i n a r i l y  
s u c c es s f u l .  Si t e  i n v e s t i g a t i o n s  we r e  a i me d  

a t  d e t e r mi n i n g  v a r i a b i l i t y  of  s o i l  t y pes ,  
mo i s t u r e  c ond i t i o n s ,  s we l l i n g  b e h a v i o r ,  and  

s t r eng t h .  Be c a u s e  o f  t he  d i f f i c u l t i e s  i n 

v o l v e d  i n  a n y  a c c u r a t e  p r e d i c t i o n  o f  d i f 
f e r e n t i a l  s e t t l e me n t s  of  f o u n d a t i o n s  i n  p r e 

c o n s o l i d a t e d  c l a y  s t r a t a ,  s uc h  a n a l y s e s  we r e  
no t  u s u a l l y  ma d e  f or  n o r ma l  l i g h t  s t r u c t u r es .  

I ns t ead ,  d e s i g n  b e a r i n g  v a l u e s  we r e  s e l e c t e d  

wh i c h  we r e  l es s  t h a n  1/ 3 of  t he  u l t i ma t e  
b e a r i n g  c a p a c i t y  of  t he  s o i l .  Wh e r e  t he 

c l ay  i s  no t  s a t u r a t e d  p r e s e n t  p r a c t i c e  r e 

q u i r e s  t he  f o u n d a t i o n  t o  e x t e n d  b e l o w t he 
e s t i ma t e d  z one  o f  s e a s o n a l  mo i s t u r e  c hanges .  

Th e  a l l o wa b l e  b e a r i n g  v a l u e  i s  r e d u c e d  t o 

a l l o w f or  t he  p o s s i b i l i t y  of  r e d u c e d  s hea r  

s t r e n g t h  i f ,  o n  t he  p e s s i mi s t i c  s i de,  mo i s 

t u r e  i nc r e as es .  I t  i s  no t  c o n s i d e r e d  d e s i 

r a b l e  t o  u s e  t oo  l ow a p r e s s u r e  b e c a u s e  of  
t he  d a n g e r  o f  s we l l i ng .

Th e  p o s s i b i l i t y  o f  s ome d i f f e r e n t i a l  mo v e 

me n t s  b e c a u s e  o f  t he  u n e v e n  s we l l i n g  of  u n 

s a t u r a t e d  c l a y s  i s  t a k e n  i n t o  ac c ou n t ,  c o n s i 

d e r i n g  b o t h  s we l l i n g  a nd  s e t t l emen t .  The  

s u p e r s t r u c t u r e  i s  s t i f f e ne d ,  a n d  v a r i o u s  

s e c t i o n s  s e p a r a t e d  by  e x p a n s i o n  j o i n t s .  

Howev er ,  d e t a i l s  e a s i l y  o v e r l o o k e d  ma y  i n 
p a r t i c u l a r  i n c l u d e  t he  d a n g e r  o f  c o l u mn s  

b e i n g  o v e r l o a d e d  we l l  b e y o n d  t he  o r d i n a r y  
f a c t o r s  o f  s a f e t y  u s e d  i n  s t r u c t u r a l  des i gn .  

As  a r e s u l t ,  a n u mb e r  o f  c a s e s  h a v e  a r i s e n  

wh e r e  s e v e r e  d a ma g e  has  b e e n  c a u s e d  i n 
I s r a e l  t o  s t r u c t u r e s  f o u n d e d  i n  s t i f f ,  h i g h 
l y  p l as t i c ,  p r e c o n s o l i d a t e d ,  c l a y  s t r a t a  

a l t h o u g h  p r e c a u t i o n a r y  me a s u r e s  we r e  t h o u g h t  

t o  ha v e  b e e n  t a k e n  t o  mi n i mi z e  t he  e f f e c t  of  
d i f f e r e n t i a l  mo v e me n t s  o n  t he  s t r u c t u r es .  

Co l u mn s  b e t we e n  t he  p i l e s  and  t he  f l o o r  

bea ms  h a v e  b e e n  c r a c k e d  a n d  r u p t u r e d  , as  
s h o wn  i n  Fi g .  1.  L e v e l  me a s u r e me n t s  o f  t he 

b u i l d i n g s  s h o we d  s e t t l e me n t s  t o  o c c u r  of  

mo r e  t h a n  30 c m.  I n v e s t i g a t i o n s  i n  t h r e e  
l oc a t i o ns ,  wh i c h  we r e  c a r r i e d  o u t  t o  d e t e r 

mi n e  t he  c a u s e s  of  t h e s e  dama ge s ,  a r e  r e p o r 

t ed  her e i n .

St u d i e s  i n c l u d e d  c o n s o l i d a t i o n  an d  s we l l i n g  

t es t s  p e r f o r me d  on  u n d i s t u r b e d  s a mp l e s  t a k e n  

f r o m d i f f e r e n t  d ep t h s ,  d e t e r mi n a t i o n  of
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s eas ona l  mo i s t u r e  v a r i a t i o n s ,  and  v ane  

st i ear  t es t s .  At  one  s i t e,  a l oa d i ng  t es t  
¡ ’as  c a r r i e d  ou t  on  a t y p i c a l  p i l e  of  t he 

t y pe us ed  f or  f o u n d i n g  t he s e  s t r uc t u r es ,  

wi t h  we t t i n g  of  t he s ub s o i l  u n d e r  t he  d e 
s i gn  l oad.

TYPI CAL DESI GN CONDI TI ONS

Col umn f oundat i on des i gns  c al l  f or  under -  
r eamed c as t - i n - s i t u  pi l es  t o a dept h  of  3 t o
4 met er s ,  l oaded t o 20 t o 3 0 t ons ,  wi t h  c on 
t ac t  p r es s ur es  be t ween 2. 5 k g / c m2 and 3. 5 
k g/ c m2 .

Seas onal  mo i s t u r e  v a r i a t i ons  i n t hes e ar e£>s 
hav e been f ound t o be of  t he or der  of  2. 5 m 
i n dept h.  The s hear  s t r engt h  of  t he c l ay s  
t es t ed by  t he v ane s hear  appar at us  i n t he 
f i el d v ar i ed us ua l l y  be t ween 2. 5 k g / c n 2  t o
3 . 5 k g / c m 2 . The c ont ac t  pr es s ur es  us ed f or  
t he pi l e f oundat i ons  wer e  c hos en h i gh enough 
t o c ount er ac t  t he ex pec t ed s wel l i ng f or c es  
f r om t he c l ay  s t r at a,  wi t hout  a l l owi ng t he 
c l ay  t o be ov er s t r es s ed i n shear .  The r e 
s u l t i ng f ac t or  of  s af et y ,  of  about  G,  was  
c ons i der ed t o be adequat e.  The s uper s t r uc 
t ur e o r d i nar i l y  c ons i s t ed of  f our  s t or i es  
bu i l t  on c ol umns ,  wi t h  s us pended f l oor s .
The wal l s  of  t he f i r s t  f l oor  wer e of t en of  
c as t  c onc r et e  f or  g r eat er  r i g i d i t y .  Re i n 
f or c ed f r ame t y pe c ons t r uc t i on  was  us ed f or  
t he ot her  f l oor s ,  wi t h  wal l s  f i l l ed wi t h  
c onc r et e  bl oc k s .

Fi g.  1 Col umn Des t r uc t i on  at  Ex pans i on 
J o i n t  ( Si t e M

SI TE A

Four  s t or y  s t r uc t ur es  wer e  bui l t  dur i ng 
1957- 53 i n gr oups  of  t wo t o f i v e s ec t i ons .  
Eac h s ec t i on v; as about  15 " met er s l ong and
9 . net er s wi de , c omp l e t e l y  s epar at ed f r om t he 
ne i ghbor i ng s ec t i ons  by  j oi nt s  i n t he s uner -  
s t r u c t u r e .

Ko y  A

MOI STURE CONTENT,  %>

0 10 20 30  A0  50 6p 70

*  jcc <
ft: <  x
^  T  o

VANE SHEAR
STRENGTH, Kg/ c m2

1 2 3

O
92.0 
O—-

1027
o-*-

o

8 9.0 
O—.

MOI S T URE  CONT E NT  

WI NT ER o S U MME R  •

SUMMER

WI NTER

PRESSURE.  p,  Kg/ c m2 .

Ty pi c a l  Soi l  Pr of i l e  and Char ac t er i s t i c s  ( Si t e A)
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The s uper s t r uc t u r e  was  bui l t  as  a r e i n f o r 
c ed c onc r et e  f r ame wi t h  t he v/ al l s of  t he 
f i r s t  f l oor  f u l l y  c as t  i n c onc r et e  i n or der  
t o g i v e t he s t r uc t ur e r i g i d i t y  aga i ns t  s mal l  
d i f f e r ent i a l  mo v e n e n t s . The f l oor s  wer e 
s us pended abov e t he gr ound on c o l umns  of  
about  60 c m hei ght .  A por t i on  of  t he 
' ¿r ound f l oor  ' Jai l s f or med t he s i des  of  b u 
r i ed s hel t er s ,  and wer e bu i l t  wi t h  wel l  r e 
i n f or c ed wal l s  of  40 c m t h i c k nes s  i ns t ead 
of  t he us ual  20 cm.

Th .2 v. ' al l s of  t he upper  t hr ee s t or i es  wer e  
bu i l t  of  c onc r et e  b l oc k s  wi t h  ex t r a ho r i z on 
t al  c ont i nuous  s t r uc t ur a l  beams  c as t  abov e 
door  and wi ndow openi ngs  t o g i v e gr eat er  
r i g i d i t y .

The l ower  c ol umns  wer e  20 x 40 t o 30 x 30 c m 
i n d i mens i ons ,  p r oper l y  r e i n f o r c ed wi t h  
l ongi t ud i na l  bar s  and s t i r r ups ,  ac c or di ng 
t o us ual  c ode of  pr ac t i c e  s t andar ds .  As  t he 
f r ee he i ght  of  t he c l oumns  was  r e l a t i v e l y  
smal l ,  t her e was  no c aus e t o ex pec t  any  
buc k l i ng of  t he c o l umns  under  t he des i gned 
l o a d s .

The f oundat i ons  des i gned f or  t hes e s t r uc t u 
r es  wer e under r eamed c as t - i n - s i t u  pi l es  t o 
a dept h of  about  3 t o 4 met er s ,  a met er  be 
l ow t he dept h of  t he s eas onal  mo i s t u r e  v a 
r i at i ons .  Col umn l oadi ngs  wer e  of  t he or der  
of  20 t o 30 t ons ,  wi t h  p i l e s pac i ng us ual l y  
bet ween 2 t o 4 met er s ,  depend i ng  upon l oc a 
t i on.  The us ual  a l l owabl e  end bear i ng p r es 
s ur es  v ar i ed  be t ween 2. 5 k g / c m 2  t o 3. 5 k g / c m 2  

The pi l es  wer e  r e i n f or c ed wi t h  bot h l ong i t u 
d i nal  bar s  ( at  l eas t  4 bar s  of  12 ..'¿n d i ame 
t er )  and s pi r al  s t i r r ups .

I n t he ar ea at  l eas t  17 s t r uc t ur es  s howed 
v ar i ous  degr ees  of  s t r uc t ur a l  damage.  
Di f f e r en t i a l  s et t l ement s  and t i l t i ng of  t he 
v ar i ous  s ec t i ons  oc c ur r ed,  c aus i ng s ome of  
t he c o l umns  near  t he j o i nt s  t o r upt ur e 
( Fi g.  1) .  I n anot her  bui l d i ng i n t hi s  p r o 
j ec t ,  d i f f e r en t i a l  s e t t l ement  of  s ev er al  
i nc hes  oc c ur r ed bet ween ad j ac ent  c o l umns  
and t he bu i l d i ng i t s el f  was  d i s t or t ed 
t h r oughout  i t s  f ul l  hei ght .  A t y p i c al  soi l  
pr o f i l e  of  t hi s  ar ea i s  s hown i n Fi g.  2,

MOISTURE CONTENT %

X  TEST BEFORE W ETTING 

o TEST AFTER W ETTING

Fi g.  3  Load i ng  Tes t  Ar r angement  and Mo i s t u r e  Pr of i l es
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and c an be des c r i bed as  f ol l ows :  t he upper  
l ay er  ( 8 met er s  t hi ck )  i s a des i c c a t ed  
hi ghl y  p l as t i c  s t i f f  c l ay ,  ma i n l y  mont mor i l -  
l oni t e,  ov er l y i ng a bedr oc k  of  c ha l k  and 
mar l y  c hal k  l ayer s .  Wat er  t abl e i s  us ua l l y  
f ound at  an e l ev a t i on  of  about  +1. 0 m whi l e  
t he ar ea i s  at  abov e +12 m el ev at i on.  The 
c l ay  has  a l i qui d l i mi t  v ar y i ng bet ween 109 
t o 64 and p l as t i c i t y  i ndex  of  75 t o 42.  The 
s hr i nk age l i mi t  v ar i es  bet ween 10 t o 13.  
Moi s t ur e  s t udi es  i n t hi s  ar ea i ndi c at ed t he 
maj or  s eas onal  v ar i a t i ons  t o oc c ur  i n t he 
upper  2. 5 m of  s oi l  wi t h  mo i s t u r es  v ar y i ng 
f r om 16 t o 36 per  cent .  At  gr ea t er  dept hs  
v ar i a t i ons  wer e r e l a t i v e l y  s mal l  and t he 
moi s t u r e  c ont ent  i s  about  5% h i gher  t han t he 
p l as t i c  l i mi t ,  wh i c h  v ar i es  bet ween 28 t o 22 
per c ent .  The v ane s hear  s t r engt h  of  t he 
c l ay  t es t ed bo t h  i n wi n t e r  and i n s ummer  
v ar i es  f r om 2 k g / c m2 t o 4 k g / c m2 , wi t h  mos t  
of  t he r es ul t s  mor e  t han 3 k g / c m2 f or  dept hs  

be l ow t hr ee met er s .

Und i s t u r bed s ampl es  wer e  t ak en at  t he end of  
s ummer  ( dr y season)  f r om 4 met er s  and 6 me 
t er s  dept hs  f or  s wel l i ng pr es s ur e  and c ons o 
l i dat i on.  Ty p i c a l  s wel l i ng pr es s ur e  r es ul t s  
meas ur ed  wer e  1 .4  0 k g /cm 2 at  4 met er s  dept h  
and 1 . 1  k g /cm 2 at  6 met er s  dept h.

A c ons o l i da t i on  t es t  i s  s hown i n Fi g.  2 f or  
a s ampl e t es t ed at  i t s  nat ur a l  mo i s t u r e  
c ont ent  and wet t ed  on l y  at  20 k g / c m2 p r es 
sur e.  I t  s houl d be not ed t hat  t he add i t i on 
of  wat er  at  a hi gh pr es s ur e  c aus ed an i mme 
d i at e i nc r eas e of  s e t t l e me n t ( " s l ump"  pheno 
mena)  . Thi s  t y pe of  phenomena had been 
al s o f ound i n s i mi l ar  c l ay s  t es t ed under  
l ower  p r es s ur es  but  at  l oads  h i gher  t han 
t he p r ec ons o l i da t i on  pr es s ur e.

Dur i ng i nv es t i gat i ons  at  a s i t e,  A' ,  a d j a 
c ent  t o A,  t he i n f l uenc e of  wet t i ng  was  
s t udi ed i n t he c our s e of  a l oadi ng t es t  on 
a t y p i c al  bor ed pi l e,  3 met er s  deep,  wi t h  
an under r eamed bel l  d i amet er  of  1 met er .
The s oi l  ar ound t he pi l e  was  we t t ed  by  s a 
t ur at i on we l l s  ex t end i ng  t o 2 met er s  dept h  
( Fi g.  3) ,  The t ot al  s e t t l ement  i nc r eas ed 
f r om 5 mm t o 23 mm dur i ng  s i x  day s  under  a 
c ons t ant  l oad of  2 5 t ons  ( Fi g.  4) .  
Det er mi na t i on  of  t he mo i s t u r e  c ont ent  p r o 
f i l e,  bef or e and af t er  s at ur at i on,  s howed no 
c hange i n t he v a l ue of  abqut  32 pe r c ent  at  
t he dept hs  of  t he pi l e  t i p,  The i nc r eas ed 
s et t l ement  was  pr obab l y  due par t l y  t o d e 
c r eas ed r es i s t anc e of  t he upper  c l ay  ar ound 
t he s t em,  as  we l l  as  t o dec r eas ed s hear  r e 
s i s t anc e of  t he p i l e  end.  The wet t i ng  
ac t i on of  t he wel l s  may  hav e c aus ed d e c r e a 
sed s uc t i on i n t he por es  of  t he l ower  bea 
r i ng c l ay ,  not  ac c ompan i ed  by  a not i c eab l e  

wat er  c ont ent  i nc r eas e.

Set t l ement  meas ur ement s  of  t hes e s t r uc t ur es  
wer e t ak en af t er  t he damage t o t he s t r uc 
t ur es  bec ame obv i ous ,  f r om 1961 t o 1963.  
Res ul t s  of  t hes e l ev el  meas ur ement s  ar e 
g i v en i n Fi g.  5 f or  t wo s t r uc t ur es .
The c ur v es  f or  t he s et t l ement  of  eac h po i n t  
wi t h  t i me s how a c l ear  t endenc y  f or  t he 
pi l es  t o s et t l e i n s ummer  ( dur i ng t he dr y

s pel l )  and t o l ev el  up  and ev en t o s wel l  a 
l i t t l e bi t  dur i ng  t he wi n t e r  per i od ( r ai ny  
s e a s o n ) . Thi s  phenomena r epeat ed  i t s el f  i n 
t he ot her  s t r uc t ur es  when  de t a i l ed  l ev el l i ng 
was  per f or med.  Thi s  c an be ex p l a i ned by  t he 
f ac t  t hat  dur i ng  t he s ummer ,  c r ac k s  f or m i n 
t he c l ay ,  r e l i ev i ng  t he^ l a t e r a l  s uppor t  on 
t he s t ems  of  t he p i l es  and a l l owi ng  f ul l  
t r ans f er  of  l oad t o t he p i l e  bul b.
I n wi nt er ,  due t o t he s wel l i ng of  t he soi l ,  
t he c l ay  " gr i ps "  t he s i de of  t he p i l e  and 
t ends  t o r a i s e  i t .  The t ot a l  s et t l ement  
i nc r eas ed wi t h  ev er y  s eas on and v ar i ed  b e 
t ween 3 c m t o 10 c m dur i ng  t he per i od  of  
meas ur ement s .  Di f f e r en t i a l  mov ement  of  t he 
v ar i ous  b l oc k s  at  d i f f e r en t  t i mes  s how up 
c l ear l y  i n t he pl ot s  on  t he r i ght  s i de of  
Fi g.  5.  I t  s hou l d  be not ed t hat  i n s ev er al  
s t r uc t ur es  one or  t wo c o l umns  t ended t o 
s et t l e  mor e  t han t he r es t  of  t he s t r uc t ur e,  
as  was  ev i denc ed by  mi nor  c r ac k i ng  i n t he 
wa l l s .

Cor r ec t i v e  meas ur es  f or  t he ma i n  por t i on  of  
t he bui l d i ngs  t o dat e  hav e ma i n l y  i nc l uded 
r ep l ac i ng  t he br ok en  c ol umns .  Per f o r manc e 
s i nc e has  been s at i s f ac t or y .
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Fi g .  5 L e v e l  Me a s u r e me n t s  o f  Ty p i c a l  St r u c t u r e  ( Si t e A)

SI TE B

I n a n o t h e r  a r e a  s e v e n  a p a r t me n t  b u i l d i n g s  

' / er e e r ec t ed ,  u s i n g  s i mi l a r  d e s i g n  p r o c e 
du r e s  i n  a s i mi l a r  s o i l  p r o f i l e .  Ho wev er ,  

t he  f our  d we l l i n g  s t o r i e s  we r e  b u i l t  a bou t

2- 1 / 2  me t e r s  a b o v e  g r ound ,  u s i n g  c o l umns ,  

s o t ha t  t he  s h e l t e r s  we r e  no t  bu r i ed .  Th e  
heads  of  t he  p i l e s  we r e  t he n  c o n n e c t e d  by  

r e i n f o r c e d  c o n c r e t e  b e a ms  35 x  20 c m,  f o r  

l a t e r a l  s uppor t .

Th e  f o u n d a t i on s ,  as  i n  t he  f i r s t  s i t e,  we r e  

u n d e r r e a me d  p i l e s  a t  a d e p t h  o f  3 me t e r s  
wi t h  c o n t a c t  p r e s s u r e s  v a r y i n g  f r o m 2. 3 

k g / c m2 t o  3. 1 k g / c m2 f o r  l oads  b e t we e n  34 

t ons ,  t o  23 t ons ,  e x c e p t  f or  3 s ma l l  p i l e s  
un d e r  t he  s h e l t e r  wa l l s ,  c a r r y i n g  10 t on  

l oads ,  wh i c h  we r e  d e s i g n e d  f or  h i g h e r  p r e s 

s u r e s  .

I n  o n e  of  t h e s e  b u i l d i n g s ,  t he  u n d e r r e a mi n g  

v/ as no t  p r o p e r l y  e x ec u t ed ,  t hus  c a u s i n g  
o v e r s t r e s s i n g  o f  t he  c l a y  l ay e r  and  g i v i n g  

r i s e  t o  l a r ge  s e t t l e me n t s  ( be t ween  a t  l eas t
10 el l  t o  30 cm)  and  t i l t i n g  of  t he  s e c t i o n s  

" i n o r  d a ma g e  o c c u r r e d  t o  t h e  s u p e r s t r u c t u r e

Ot h e r  s t r u c t u r e s  i n  t h i s  a r e a  h a v e  s e t t l e d  
mu c h  l es s  ( s ev er a l  c e n t i me t e r s )  b u t  s e r i o us  

c r a c k i n g  of  c o l u mn s  has  o c c u r r e d .  Th e  
c o l u mn s  we r e  30 x 30 c m i n  s i z e  and  2. 5 me 
t e r s  i n h e i g h t  ( be t ween t h e  t on  o f  t he  

f o u n d a t i o n  b e a m an d  t he  f i r s t  f l o o r ) .

Le v e l  me a s u r e me n t s  we r e  i n i t i a t e d  a f t e r  l a r ge  

d i f f e r e n t i a l  s e t t l e me n t s  we r e  o bs e r v e d .  

Re s u l t s  a r e  s h o wn  i n  Fi g .  6.

Fi g.  7 s ho ws  t h e  s o i l  p r o f i l e  a t  t h i s  s i t e,  

wi t h  mo i s t u r e  c on t en t ,  s he a r  s t r e n g t h  and  

At t e r b e r g  l i mi t  v a r i a t i o n s  wi t h  d e p t h  and  

s e a s o n s .

Co n s o l i d a t i o n  a n d  s we l l i n g  t e s t s  we r e  p e r 

f o r med  o n  u n d i s t u r b e d  s a mp l e s  t a k e n  a t  t he 

f o u n d a t i o n  d e p t h  o f  3 . 0  me t e r s .  A s p e c i me n  

f r o m t h i s  d e p t h  e v i d e n c e d  a s we l l i n g  p r e s 

s u r e  o f  4 . 9  k g / c m2 . Th e  b u i l d i n g  h a v i n g  

e x c e s s i v e  s e t t l e me n t  i s  a b o u t  t o  be  u n d e r 
p i n n e d  on  n e w b o r e d  s t r a i g h t  p i l e s  f ou n d e d  
on  t op  o f  t he  r o c k  l ay e r  a t  a d e p t h  o f  7 me 

t e r s .  Th e  d a ma g e d  c o l u mn s  h a v e  b e e n  a l r e a d y  

e n c a s e d  i n  a c o v e r  o f  a d d i t i o n a l  r e i n f o r c e d  

c onc r e t e .

SI TE C

A f ou r  s t o r y  a p a r t me n t  b u i l d i n g  o f  d i me n 
s i ons  11 x  30 m wa s  e r e c t e d  i n  t wo  s ec t i ons ,  

us i n g  t y p i c a l  r e i n f o r c e d  c o n c r e t e  f r ame  
c o n s t r u c t i o n  a n d  s h a l l o w u n d e r r e a me d  b o r e d  

p i l es .  Th e  p i l e s  we r e  f o u n d e d  i n  s a n d y  c l ay ,  

a t  a b o u t  1 . 5  t o  3 me t e r s  dep t h ,  wi t h  de-  j  
s i gn ed  b e a r i n g  p r e s s u r e s  o f  2 . 5  t o  3 . 5 k g / c m.
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Fi g.  6 Ve r t i c a l  Mo v e me n t s  o f  Bu i l d i n g  ( Si t e B)

Dur i n g  t he  f i na l  wo r k  on  t he  b u i l d i n g  a l 

mo s t  t he wh o l e  of  one  s e c t i o n  s u d d e n l y  s e t 
t l ed  a b o u t  30 c m,  f o l l o wi n g  a l ong  r a i n y  p e 
r i od  ( Fi g.  8) .  I n v e s t i g a t i o n s  t o d a t e  i n d i 

c a t e  t ha t  t he  f o u n d a t i o n s  t h e ms e l v e s  d i d  no t  
s e t t l e  ap p r e c i a b l y ,  b u t  t ha t  t he  s e t t l e me n t  

was  d u e  t o  c o l l a p s e  of  20 x  40 c m s ho r t  

c o l u mn s  u n d e r  t he s ec t i on .

On e  c o r n e r  was  o n  an  i mp r o p e r l y  e x e c u t e d  
p i l e ,  wh i c h  d i d  no t  h a v e  u n d e r - r e a mi n g  as  

des i g ne d ,  i n an  a r e a  wh e r e  a s e p t i c  t an k  had  

s oak e d  t he g r ound .  I t  i s  b e l i e v e d  t h a t  t he

we a k n e s s  of  t he  c or ne r ,  c o mp o u n d e d  by  t he 
r a i n  a n d  s o f t e n i n g  o f  a d j a c e n t  f ou nd a t i o ns ,  

k e p t  t r a n s f e r r i n g  l oad  o n t o  o t h e r  c o l u mn s  

un t i l  o n e  f a i l ed ,  s t a r t i n g  a " domi no"  

ac t i on .  Fa i l u r e  d i d  n o t  o c c u r  a t  t he  end  
of  t h e  s e c t i o n  n e a r  t h e  c e n t e r  o f  t he 
b u i l d i n g ,  b e c a u s e  of  a s h e l t e r  c o n s t r u c t i o n  

ab l e  t o  t ak e  t he  l oad i ng s .  Th e  o t h e r  s e c 
t i o n  of  t he  b u i l d i n g  wa s  u n d a ma ge d ,  s i n c e  i t  

wa s  d e s i g n e d  wi t h  g r a d e  b e a ms  r e s t i n g  o n  

t he  p i l e  c aps .
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Fi g.  7 Ty p i c a l  So i l  Pr o f i l e  and  Ch a r a c t e r i s t i c s  ( Si t e B)

r i g .  3 Du i l d i n g  a t  Si t e  C,  Sh o wi n g  
Se t t l e me n t  o f  3 0 era i n Ri g h t  

Hand  Po r t i o n  of  Bu i l d i n g

CONCL USI ONS

Th e  d a n g e r  o f  d i f f e r e n t i a l  s e t t l e me n t s  o c 

c u r r i n g  i n  u n s a t u r a t e d  p r e c o n s o l i d a t e d  c Lay s  

ap p e a r s  t o  h av e  r e c e i v e d  i n s u f f i c i e n t  a t t e n 
t i on  t o dat e .  Us e  of  r e l a t i v e l y  h i g h  b e a 

r i ng  l oads  t o  r e s i s t  p o s s i b l e  s we l l i n g  f o r 

c es  r e s u l t s  i n  t he  p o s s i b i l i t y  of  s ome f o u n d 
a t i o n s  t en d i n g  t o  s e t t l e  mo r e  t h a n  o t h e r s  

under  t he  p l a n n e d  l oad  wh e n  t he  c l ay  i s  we t 
t ed,  t h r o wi n g  e x c e s s  l oad i ng  o n  t o  a d j a c e n t  
s u p p o r t s  .

So i l s  i n v e s t i g a t i o n s  s h o u l d  i nc l u d e  s t ud y  of  
t he p r e d i c t e d  s e t t l e me n t  o c c u r r i n g  wh e n  t he 
c l a y  i s  we t t e d  a t  d i f f e r e n t  p r e s s u r e s .

Th e  s t r u c t u r a l  d e s i g n  an d  e x e c u t i o n  mu s t  

t ak e  i n t o  a c c o u n t  t he  p o s s i b i l i t i e s  of  t hes e  
e x t r a  l oa d i ng s  on  i n d i v i d u a l  me mb er s ,  p a r t i 

c u l a r l y  f r ee  s t a n d i n g  c o l u mn s .  ' . Then a p o r 
t i on  of  t he b u i l d i n g  i s  r e l i e v e d  o f  l oad,  
t he c o l u mn s  r e s t i n g  on  r e l a t i v e l y  s t i f f ,  u n 
we t t e d  s o i l  ma y  e a s i l y  r e c e i v e  t wi c e  t he d e 

s i gn  l oad i ng ,  t hus  d r a s t i c a l l y  r e d u c i n g  
t he i r  f ac t o r  o f  s a f e t y ,  t i her e t he s t r u c t u 
r a l  a r r a n g e me n t  i s  s uc h  t ha t  i n d i v i d u a l
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c o l umns ,  i f  o v e r l o a d e d ,  c a n n o t  f u r t h e r  

t r a n s f e r  l oads  wi t h o u t  r up t u r e ,  i t  i s  r e c o m

me n d e d  t ha t  t he  u s u a l  f a c t o r  o f  s a f e t y  be 

d o u b l e d .
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