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SET T LEM EN T  O F A M ULTI  ST O REY BU I LD I N G  

O N  H ET ERO GEN EO U S CLA Y EY  SOI L

TA SSEM EN T D U N  H A U T ED I FI CE SUR UN  SOL A RG I L EU X  H ET ERO G EN E

A D V O RA K,  D r  i n g  

En g i n e e r i n g  Ge o l o g y ,  Pr a h a ,  C z e c h o s I o v a k i a

SYNOPSI S A mu l t i - s t o r e y  b u i l d i ng  i s  be i ng  c ons t r uc t ed  on  h e t e r o g e n e o u s  c l ay ey  s oi l .  The 
f o u n d a t i o n  c ond i t i on *  wo r s e n e d  du r i ng  an  i n t e r r u p t i o n  o f  c ons t r u c t i o n  wo r k s  a f t e r  e x c a v a ­
t i on.  A s i mpl e  me t h o d  wa s  app l i e d  f o r  t he c a l c u l a t i on  o f  s e t t l emen t  i n a he t e r ogeneous ,  
n o n - l i n e a r  med i um.  The  r es u l t s  enab l ed  a s pr ead  f o u n d a t i o n  o f  r e i n f o r c e d  c onc r e t e  r a f t  t o 
bo us ed  an  t he c a l c u l a t e d  v a l ues  ar e  i n  f a i r e  a g r e emen t  wi t h  d e f o r ma t i o n s  mea s u r e d  r e p e a ­
t edl y .

I NTBODUCTI ON

Fo u n d a t i o n  g r o u n d  on  a s i t e  s e l ec t ed  f o r  a 
50 m h i g h  bu i l d i ng  c ons i s t ed  of  c l ay ey  
s o i l s .  Be f o r e  t he k i nd  o f  f oun d a t i o n  wa s  
dec i ded,  s ev e r a l  bo r eho l es  and  s ha f t s  had 
b een  s unk ,  wh i c h  d i s c o v e r e d  t he bedr oc k  o f  
Si l u r i a n  c l ay ey  s ha l es  wi t h  a di p o f  40°  N.  
The i r  uppe r  pa r t  wa s  we a t h e r e d  t o s t i f f  
c l ay  wi t h  a l ay e r  o f  s of t  c l ay  on t he t op.  
I t  wa s  dec i ded  t o pu t  t he f oun d a t i o n  bas e 
t o a dep t h  of  2 m be l ow t he s ur f ac e  o f  t he 
b ed r o c k  i . e.  whe r e  t he c l ay ey  s ha l es  wou l d  
be l es s  weat her ed .

L OADI NG TESTS

The c o mp r e s s i b i l i t y  o f  s t i f f  c l ay  and 
s ha l es  wa s  p r o v e d  by  a l oad i ng  t es t  i n  a 
s haf t .  St i f f  c l ay  at  t he dep t h  o f  t he 
f o u n d a t i o n  bas e ( 2 m )  wa s  t es t ed  on  t he 
f i r s t  s t andpo i n t .  Fur t her ,  l es s  we a t h e r e d  
c l ay ey  s ha l es  4 .30  m be l ow t he bed r oc k  s u r ­
f ac e  we r e  ex ami ned.  Load i n g  t es t s 9* i t h  a 
s t i f f  s t ee l  p l a t e  706x 708m  i 0 . 5 m ) and  a 
c i r c u l a r  p l a t e  4 3 5 6 «  ( 0 . 1m3 ) we r e  p e r ­
f o r me d  on  e ac h  s t andpo i n t .  St r e s s - s t r a i a  
g r a p h s  ar e d r awn  i n  Fi g. l .  The d e f o r ma t i ons  
ar e o f  s ub l i nea r  c ha r ac t e r  e s pec i a l l y  i n 
s t i f f  c l ay ,  whe r e  t he e x ponen t  o f  p a r a b o l i c  
c our s e  n  e qua l s  1. 0,  n o n l i n e a r i t y  NL  i s  
25 %,  and  p l as t i c i t y  PL equa l s  0 .58  
( e l as t i c i t y  EL  i s  0 .4 2 ) .  Th e s e  pa r ame t e r s  
a r e  ex p l a i ned  i n  a p r e v i o u s  p u b l i c a t i o n  of  
t he a u t ho r  ( 1061) .

Fr o m t he r e l a t i ons  f or  an  e l as t i c  s ami -  
i n f i n i t e  body ,  t he mo d u l i  of  de f o r ma t i on  
E.  we r e  der i v ed,  us i ng  t he f i r s t  b r anc h  o f  
t ne s t r e s s - s t r a i n  c ur v e.  Fo r  s t i f f  c l ay  
and  a p r es s u r e  r ange  0 t o 3 k p / em*  E0

e q ua l s  1340 t o 130 k p / c m , wh i c h  p r ov es  t he 
n o n - l i n e a r i t y  of  de f o r ma t i o n s . Fo r  we a t h e r e d  
s ha l e  and  t he s ame p r e s s u r e  r ange E<> i s  
1580  t o 1225 k p / c m .

Af t e r  e x c a v a t i o n  t o t he l ev e l  of  t he 
f o u n d a t i o n  bas e,  t he c ons t r uc t i on  wo r k  was  
i n t e r r u p t e d . To  p r e v e n t  a f u r t he r  wea t h e r i n g  
of  s t i f f  c l ay ,  t he f o u n d a t i o n  bas e was  
c ov e r ed  by  a l ay e r  of  s and  wi t h  g r av e l  1 t o
1 . 5 m t hi c k .  The s ur f ac e  o f  t he f o u n d a t i o n  
Boil wa s  s ec ur ed  by  d r a i ns  aga i ns t  a 
f u r t h e r  s o f t en i ng  by  wat er .

CONDI TI ONS AT THE ( STAGE OF)  REOPENI NG OF 
VOAJt

Af t e r  a 2 y ea r  paus e  c o n s t r uc t i on  wo r k  
s t a r t ed  aga i n  and  t he f oun d a t i o n  bas e was  
u n c o v e r e d  by  s ev er a l  s haf t s .  On t he s ur f ac e 
o f  s t i f f  c l ay  a l ay e r  of  s of t  c l ay  5 t o 20 
c m t h i c k  wa B as c er t a i ned .  Th i s  f ac t  c an be 
e x p l a i n e d  e i t he r  by  an  i mpe r f ec t  r emov a l  of  
t he o r i g i na l  s o f t  l ay e r  o r  by  k n e a d i n g  of  
t he s t i f f  c l ay  by  v eh i c l es  dur i ng  t he 
t r ans por t  o f  s andy  f i l l .  A f a i l u r e  of  
d r a i ns  c ou l d  hav e  a l s o  c on t r i bu t ed  t o t he 
d i s t u r banc e .

I t  h a s  a l s o  been  a s c e r t a i n e d  t hat  t he 
s t r a t u m of  s t i f f  c l ay  enc l os es  i n t e r l ay e r s  
o f  h a r d e r  c l ay ey  l i mes t one .  The  eompr es i -  
b i l i t y  o f  l i mes t one  c an be oompar ed  t o t hat  
o f  we a t h e r e d  s h a l es  ( l oad i ng  t es t s  c and  
d) .  I n t e r l ay e r s  o c c u r e d  p r e v a i l i n g l y  i n  t he 
s ou t h e r n  pa r t  o f  t he s i t e and  f o r med  a 
s andwi c h - l i k e  s oi l  wi t h  t he d a y  t o l i me ­
s t one  r a t i o  appr ox .  3  : 1
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r ig . i  2
St r e a s - s t r a i n  g r aphs  of  l oad i ng  t es t s .  St i f f  c l ay  : a -  c i r c u l a r  p l a t «  0 . 1  a  , b -  
r ec t angu l a r  p l a t «  0 . 5  a 2 . We a t h e r e d  s ha l es  : c -  p l a t e  0 . 1  a  , d -  p l a t e  0 . 5  a 2 .

As  t he de f o r ma t i on  p r o p e r t i e s  of  s t i f f  c l ay  
wer e  k n o wn  i t  was  on l y  n e c e s s a r y  t o ex aa i ne  
t he l ay e r  of  s o f t  c l ay  be t ween  s and and 
s t i f f  c l ay .  The  oedoae t r i c  c oe f f i c i en t  of  
i t s  c ompr es s i b i l i t y  C i s  40  f o r  a p r es s u r e  
r ange 1 t o 2 k p/ c a* .  A g e o l og i c a l  s ec t i on  
i s  g i v en  i n  Fi g . 2.

The h e t e r ogene i t y  of  f o u n d a t i o n  s oi l  r a i s ed  
t he q ues t i on  of  d i f f e r en t i a l  s e t t l emen t  and  
i nc l i na t i on  o f  t he bui l d i ng.  I t  wa s  dec i ded  
t o c ons t r uc t  a r e i n f o r c ed  c onc r e t e  r a f t -  
f oun d a t i o n  and  t o l eav e  be l ow i t s  bas e a 
s and l ay e r  1 ■  t h i c k  t o ac c e l e r a t e  t he 
c ons o l i da t i on .  The p o r o s i t y  o f  s and was  
30  % and  a  s er i es  o f  l oad i n g  t es t s  had  
l i nea r  c our s e of  de f o r ma t i o n s  but  t he 
d i f f e r enc es  i n  de f o r ma t i on  mo d u l u s  E0 f r om 
345 t o 530 k p / c a 2 f or  a p r es s u r e  r ange 0 
t o 4 k p / c m2 s ugges t ed  a no n - c o n f o r mi t y  of  
c ompac t i on .

PREL I MI NARY CALCULATI ON OF SETTL EMENT

Two c as es  wer e  d i s t i ngu i s hed  i n  c a l c u l a t i ng  
t he s e t t l emen t  wh i c h  enab l ed  t o es t i ma t e  
i t s  ma x i mu m and mi n i mu a  v al ue.  The  l ay e r s  
o f  s and and  s of t  c l ay  wer e  c ons i de r ed  as  
ho mo g e n e o u s  and  l i near .  For  t he l ay e r  of  
s t i f f  c l ay  t he c oe f f i c i en t  of  c o mp r es s i ­
b i l i t y  s  wa s  appl i ed.  Th i s  c oe f f i c i en t  
i n t r oduc ed  by  t he au t ho r  ( 1961)  g i v e s  t he 
s e t t l s aen t  o f  t he s t anda r d  c i r c u l a r  p l a t e

0 . 1 a  f or  a c on t ac t - p r es s u r e  o f  1 k p / ear  
and  i s  g i v e n  i n  c a^ / k p*

Fi g.  2

Geo l o g i c a l  c o nd i t i ons  a f t e r  r e o p en i ng  of  
wor k s .  1 -  f i l l  o f  s and  wi t h  g r av e l ,  2  -  
s o f t  c l ay ,  3 -  s t i f f  c l ay ,  4 -  i n t e r l ay e r s  
o f  l i aes t on«,  5 -  we a t h e r e d  s hal es .
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The  r e l a t i on  Tor  t ho s e t t l emen t  y  on  a 
l i mi t ed  l ay e r  y  ■ b ( 1 - V* )  /  £  .
He r »  U)  -  depends  on  t he s hape and  a i z e  of  

t he c on t ac t  a r ea  and  t he t h i ok »  
n e a a  of  t he l ay er .

Fa r t h e r  i e p -  t he av e r age  c on t ac t  p r e -  
as ur e

b -  t he wi d t h  of  t he p l a t e  
V -  Po i s s o n ’ a number .

At  t he a t andar d  p l a t e  y  = a. p and  f u r t h e r  
a *  U)Q b ( 1 -  -V ) /  ■  , whe r e  oo ■ JT/ l  * 
= 0, 79.  At  a f o u n d a t i o n  wi t h  ano t ne r  cu 
y  = { UJb/ UJo b0 ) - p. s .

Le t  us  a l s o  t ak e i n t o  ac c oun t  t he n on -  
l i nea r i t y  of  de f o r ma t i ons .  I n t r o duc i ng  t he 
c o mp r es s i b i l i t y  c oe f f i c i en t s  s i ns t ead  
of  d e f o r ma t i on  mo d u l u a  we ob t a i n  t he 
d i s p l ac emen t  of  t he l oad i ng  p l a t e  y # i n  
t h i s  f o r m :

y 0 *  Pi « !  + P2 S2 + p 3* 3 + • • * Pi s i

wh e r e  p^  i s  t he p r es s u r e  r ange f o r  t he 
r e s pec t i v e  c oe f f i c i en t  i i .  For  ou r  c as e 
t he c ompr e s a i b i l i t y  c oe f f i c i en t s  a r e  : 
Pr e s a u r e  r ange k p / c m2  :

0 - 0 . 5  0 . 5 - 1  1 -  1 . 5 

St i f f  c l ay  s i  :
0 . 018  0 . 0 5 4  0 . 102

We a t h e r e d  s ha l e  s 2 :
0 . 016  0 . 0 2 1 0 . 0 2 1 

St i f f  c l ay  wi t h  l i mes t one  13  :
0 . 018  0 . 0 4 6  0 . 082

The c o e f f i c i en t s  f o r  t he s a ndwi c h  l ay e r  was  
a p p r o x i ma t e l y  de t e r mi n e d  f r o m t he c l ay -  
l i mes t o n e  r a t i o  8 3 “  Os ^  + S2 >/ 4 . The 
t h i c k nes s  of  t he s andwi c h  l ay e r  wa s  e s t i ­
ma t e d  at  4  m as  a ma x i mu m and 2  m as  a 
mi n i mum.  A c oe f f i c i en t  o f  no n - u n i f o r mi t y
1 . 5  wa s  i n t r oduc ed  wi t h  r ega r d  t o t he 
l i mi t e d  n u mb e r  o f  l oad i n g  t es t s .  The ma x i ­
mu m s e t t l emen t  wa s  c a l c u l a t ed  at  34 . 5  mm,  
mi n i mu m at  18 . 9  mm.  Theae v a l ues  and  t he 
d i f f e r en t i a l  ae t t l emen t  15 . 6  mm ar e a l l o w­
abl e.

ACTUAL Y MEASURED SETTLEMENTS

The s e t t l emen t s  wer e  me a s u r e d  on  40 c on t r o l -  
p o i n t s  us i ng  a  p r ec i s e  l ev e l l i ng .  The c our s e 
of  d i s p l ac emen t B i s  d r awn  i n  Fi g . 3.  A c on ­
s i de r ab l e  s e t t l emen t  up t o 7 mm wa s  obs e r v ed  
at  an  av e r age  a t r es s  0 . 3 k p / c m2  ( Fi g. 3- a)  
wh i c h  r ouaed  s us p i c i on  t hat  t he r ea l  de f o r ­
ma t i o n s  c ou l d  be t wi c e as  l ar ge aa c a l c u ­
l a t ed.  The aut hor ,  howev er ,  c onc l uded  t hat  
t hes e i n i t i a l  d i s p l ac emen t s  had  o r i g i na t ed  
owi ng  t o t he l oos en i ng  o f  t he s and s ur f ac e  
c aus ed  by  c ons t r uc t i on  wor k s .  Th i s  op i n i on  
wa s  c on f i r med  by  f u r t he r  me a s u r e me n t s  at  
wh i c h  t he d e f o r ma t i ons  we r e  n ea r l y  s t a b i ­
l i z ed  ( Fi g. 3- b , c ) .  A l a r ge r  i nc r eas e  of  
s e t t l emen t  a p pea r ed  aga i n  when  t he s t r es s  
on  t he s ur f ac e o f  a t i f f  c l ay  ex c eeded  0. 5 
k p / c m ( c ompar e g r a p h a  1- b  and  3- d) .  The 
av e r a g e  s t r es s  nowaday s  has  r eac hed  appr ox .
1 . 5 k p / c m2 . The ae t t l emen t  i a  ma x . 24  mm,  
mi n.  11  m.

Fi g.  3
Se t t l e me n t  o f  t he bui l d i ng .  Upper  pa r t  ; 
Long i t u d i n a l  s ec t i on  wi t h  l ev e l s  of  
s u oc es s i v e  c on t ac t  s t r es s es  i n  f oun d a t i o n  
bas e  ( k p/ c m2)  : a -  0. 30,  b -  0. 45,  c -
0. 80,  d -  1. 20,  e -  1. 50.  Lower  par t  : 
Co r r e s p o n d i n g  s e t t l emen t  f or  t he mos t  un ­
f av o r ab l e  l i ne  of  obs e r v ed  poi nt s .
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A « a l l  i n c l i na t i on  t o t he nor t h ,  i . e.  i n  
t he d i r ec t i on  o f  t he d i p  o f  s t r a t a  i s  
c aus ed  by  t he a n i s o t r opy  o f  t he s andwi c h  
l ay e r  as  s hown  p r e v i o u s l y  by  t he au t ho r  
( 1966) .  The  f i na l  s e t t l emen t  f o r  a s t r es s  
o f  a . ® kp/ cmf  de r i v ed  f r o m p r es en t  s e t t l e ­
men t  i s  32 ■  max .  and  15 ■  mi n.  wh i c h  i s  
i n  ag r eemen t  wi t h  t he p r e l i mi na r y  c a l c u ­
l a t i on.  I t  i s  ev i den t  t hat  t he s e t t l ement  
c an be de t e r mi ned  wi t h  a  s a t i s f ac t o r y  
a c c u r ac y  ev en  by  s i mpl e  me t h o d s  i f  t he 
i n i t i a l  p a r a me t e r s  ar e c o r r ec t l y  c hos en.
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