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P r e s s u r e  C u s h i o n s  t o  C o r r e c t  T i l t i n g  o f  H i g h  B u i l d i n g s

C ouss ins  de P ress io n  E v ita n t le P e n c h e m e n t des T o u rs

H .SOM M ER Dr.-lng., Consulting Engineer of Soil M echanics and Foundation Engineering, F.R.G.

S Y N OP S I S  F o r  t h e  f o u n d a t i o n  o f  a  1 3 0  m h i g h - r i s i n g  b u i l d i n g  f o u n d e d  o n  " F r a n k f u r t  

C l a y " ,  a  c e n t r a l  l o a d i n g  o f  t h e  s u b s o i l  c o u l d  o n l y  b e  a c h i e v e d  b y  me a n s  o f  a  v o i d  a r e a  

b e n e a t h  t h e  f o u n d a t i o n  s l a b .  I n  a d d i t i o n ,  p r e s s u r e  c u s h i o n s  h a d  t o  b e  i n s t a l l e d  b e n e a t h  

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

t h e  b u i l d i n g .  22 c u s h i o n s  ma d e  o f  g l u e d  s o f t  r u b b e r  p l a t e s  w e r e  s e l e c t e d ,  w i t h  a n  a r e a  o f

3  x  5  m e a c h .  B y  c h a n g i n g  t h e  p r e s s u r e  o f  t h e  c u s h i o n s  f o r  o n l y  2  % o f  t h e  l o a d  o f  t h e  

b u i l d i n g  i t  wa s  p o s s i b l e  t o  s t o p  t h e  t i l t i n g .  T h e  c e n t r e  o f  g r a v i t y  wa s  d i s p l a c e d  f o r  o n l y

0 , 5  m,  i . e .  0 , 8  % o f  t h e  s l a b  wi d t h .  T h e  r e s u l t  o f  me a s u r e me n t  p r o v e s  t h e  s e n s i t i v e  r e a c t i o n  

o f  c l a y e y  s u b s o i l  t o  e c c e n t r i c a l  l o a d i n g .  I t  a l s o  r e v e a l s ,  h o w e v e r ,  t h a t  c o r r e c t i o n s  o f  

t i l t i n g  ma y  b e  a c h i e v e d  b y  me a n s  o f  mi n o r  a d d i t i o n a l  f o r c e s .  A f t e r  t h e  n o r ma l  i n i t i a l  d i f f i ­

c u l t i e s  a n  u n u s u a l  t e c h n i c a l  s y s t e m h a s  g i v e n  s a t i s f a c t o r y  r e s u l t s .

I N T R OD U C T I ON

I n  t h e  c i t y  o f  F r a n k f u r t  ( F i g .  1 )  a  b a n k  

b u i l d i n g  o f  1 3 0  m h e i g h t  i s  p r e s e n t l y  u n d e r  

c o n s t r u c t i o n .  T h e  l i mi t s  o f  t h e  p r e mi s e s  a s  

we l l  a s  a r c h i t e c t u r a l  a n d  f u n c t i o n a l  a s p e c t s  

o n l y  a l l o w e d  f o r  a n  e c c e n t r i c a l  l o a d i n g  o f  

t h e  s u b s o i l .  T h e  " F r a n k f u r t  C l a y "  r e a c t s  

s e n s i t i v e l y  t o  e c c e n t r i c a l  l o a d i n g  ( F i g .  2 ) .  

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

p a s t .  G.  L e o n h a r d t  ( 1 9 7 2 )  r e p o r t e d  o n  s u b s e ­

q u e n t  c o r r e c t i o n s  o f  s e t t l e me n t s  b y  me a n s  

o f  b a l l a s t .  T h e  f o l l o w i n g  g i v e s  a  s u r v e y  o n  

a  n e w  s y s t e m.

cen tric  foundation

V  per manent  l oad

r
H

100- 160

I

i

- 1 : 6 0 0 0  

00

eccen tric  foundation

V  per manent  l oad

F i g .

S U B S OI L

Rll.
-*Ib I—

-H h-e/0

2  T i l t i n g  o f  h i g h - r i s i n g  b u i l d ­

i n g  i n  F r a n k f u r t / Ma i n

T h e  F r a n k f u r t  C l a y  i s  o v e r c o  

I t s  c o n s i s t e n c y  v a r i e s  f r o m 

t o  s e mi - s o l i d  w i t h  a  w a t e r  ■ 

a  p l a s t i c  l i mi t  o f  ^ 0  % a n d  

o f  7 0  %. I t s  a v e r a g e ? u n c o n f i  

s t r e n g t h  i s  0 , 3  MN / m .  L o c a l  

l i me s t o n e  a r e  e mb e d d e d ,  f o r m 

o f  t h e  l a y e r  d e p t h  s u b j e c t  t  

w h i c h  i n c r e a s e s  t h e  s e n s i t i v  

t i n g .

P R OB L E M U N D E R  C ON S I D E R A T I ON

n s o l i d a t e d . 

s t i f f - p l a s t i c  

o n t e n t  o f  3 5  %, 

a  l i q u i d - l i mi t  

n e d  c o mp r e s s i v e  

l y ,  b a n k s  o f  

i n g  u p  t o  1 0  % 

s e t t l e me n t s  

e n e s s  f o r  t i l -

F i g .  1 H i g h - r i s i n g  b u i l d i n g E x p e r i e n c e  b e i n g  p r e s e n t l y  o n  h a n d  n e c e s s i -
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t a t e d  t h e  d e v e l o p me n t  o f  a  s y s t e m t o  c e n t e r  

t h e  l o a d s  o f  t h e  h i g h - r i s i n g  b u i l d i n g .  C o u n ­

t e r w e i g h t s  c o u l d  n o t  b e  c o n s i d e r e d  d u e  t o  

t h e  g r e a t  l o a d  o f  1 7 0 0  MN.  I n  a d d i t i o n ,  a  

f o u n d a t i o n  w i t h  o n e  s i d e  b e i n g  s u s p e n d e d  o r  

j o i n t s  w e r e  n o t  p r a c t i c a b l e  b e c a u s e  o f  

s t r u c t u r a l  a n d  u t i l i z a t i o n  p u r p o s e s .  T h e r e ­

f o r e ,  a  v o i d  b e t w e e n  4 m t h i c k  f o u n d a t i o n  

s l a b  a n d  t h e  s u b s o i l  wa s  c h o s e n  ( F i g .  3 ) .

T h e  e c c e n t r i c i t y  wa s  e l i mi n a t e d  b y  me a n s  o f  

a  d i a g o n a l  v o i d  a r e a  o f  3 3 0  m ,  i . e .  a b o u t

1 0  % o f  t h e  t o t a l  f o u n d a t i o n  a r e a .  Ho w e v e r ,  

d u r i n g  t h e  c o n s t r u c t i o n a l  p h a s e  o f  t h e  h i g h -  

r i s i n g  b u i l d i n g ,  l o a d  e c c e n t r i c i t i e s  o c c u r ­

r e d  i n  t h e  d i r e c t i o n  o f  t h e  v o i d  a r e a .  I n  

o r d e r  t o  a v o i d  t i l t i n g  a l s o  i n  t h i s  p h a s e ,  

p r e s s u r e  c u s h i o n s  w e r e  i n s t a l l e d  u n d e r  t h e  

a r e a  ( F i g -  4 ) ,  t h e  p r e s s u r e  o f  t h e  c u s h i o n s  

b e i n g  a d j u s t e d  a c c o r d i n g  t o  t h e  p r o g r e s s  i n  

c o n s t r u c t i o n .  L a t e r  t h e  c u s h i o n s  w i l l  h a v e  

l o s t  t h e i r  f u n c t i o n .  T h e  f o l l o w i n g  g i v e s  a  

r e p o r t  o n  t h e  p r e l i mi n a r y  i n v e s t i g a t i o n s  o f  

t h e  p r e s s u r e  c u s h i o n s ,  t h e i r  i n s t a l l a t i o n  

i n  s i t u  a n d  t h e i r  e f f e c t s  o n  t h e  c o n s t r u c ­

t i o n .  F . G.  Gr a v e r t  ( 1 9 7 5 )  u n d  H.  S o mme r  

( 1 9 7 6 )  a l r e a d y  r e p o r t e d  s o me  d e t a i l s  o f  t h i s  

s y s t e m.

voi d
ar ea

e  /  0  e  = 0

F i g .  3  C e n t e r i n g  o f  t h e  f o u n d a t i o n  b y  

me a n s  o f  a  v o i d  b e n e a t h  t h e  

f o u n d a t i o n  s l a b

F i g .  4 C o n s t r u c t i o n a l  d e s i g n  o f  t h e  v o i d  

a r e a

T h e  d e s i g n  o f  t h e  p r e s s u r e  c u s h i o n s  wa s  

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

s i n g l e  c u s h i o n s  w o u l d  n o t  a f f e c t  t h e  p e r ­

f o r ma n c e  o f  t h e  e n t i r e  p r e s s u r e  c u s h i o n  

s y s t e m.  F o r  t h e  r e q u i r e d  v o i d  a r e a  s i n g l e  

c u s h i o n s  o f  a p p r o x .  3  x  5  m p r o v e d  t o  b e  

a d e q u a t e .  As  t h e r e  h a d  b e e n  n o  e x p e r i e n c e s  

a v a i l a b l e  c o n c e r n i n g  t h e  r e l i a b i l i t y  o f  t h e  

c u s h i o n s ,  6  t r i a l  c u s h i o n s  w e r e  t e s t e d  i n  

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

p u r p o s e  a t  t h e  Ma t e r i a l s  T e s t i n g  I n s t i t u t e  

o f  t h e  T e c h n i c a l  U n i v e r s i t y  o f  D a r ms t a d t  

( F i g .  5 ) -  C u s h i o n s  o f  a b o u t  h a l f  t h e  s i z e  

o f  t h e  r e q u i r e d  f i n a l  c u s h i o n s  w e r e  c h o s e n ,  

i . e .  a p p r o x .  1 , 5  x  2 , 0  m.  I f  l a r g e r  c u s h i o n s  

h a d  b e e n  s e l e c t e d ,  t h e  s c h e d u l e d  t e s t  p r e s ­

s u r e  o f  u p  t o  0 , 7 5  MN / m^  -  w h i c h  me a n s  a n  

a p p r o x i ma t e  s a f e t y  f a c t o r  b e t w e e n  3  a n d  4 

i n  c o mp a r i s o n  w i t h  t h e  f i n a l  w o r k i n g  l o a d  -  

wo u l d  h a v e  e n t a i l e d  u n e c o n o mi c  t e s t  e q u i p ­

me n t  .

As  a  ma t e r i a l  f o r  t h e  c u s h i o n s  s o f t  r u b b e r  

p l a t e s  o f  a  t h i c k n e s s  o f  3  mm,  a  s h o r e  h a r d ­

n e s s  o f  5 0  a n d  a n  u l t i ma t e  s t r a i n  o f  6 0 0  t o  

650 % w e r e  c h o s e n .  T h e  p l a t e s  w e r e  r e c t a n ­

g u l a r  w i t h  r o u n d e d - o f f  c o r n e r s .  T h e y  w e r e  

g l u e d  t o g e t h e r ,  t h e  t h i c k n e s s  o f  t h e  j o i n t s  

b e i n g  6  c m.  I n s i d e ,  a  r e i n f o r c i n g  t a p e  o f

1 0  c m w i d t h  w a s  g l u e d .  I n  t h e  mi d d l e ,  a  

t w i n - w a l l e d  f i l l i n g  a n d  v e n t i n g  s t u d  o f  2 "  

d i a me t e r  w a s  g l u e d .  A s  a  s a f e g u a r d  a g a i n s t  

me c h a n i c a l  d a ma g e  a  h i g h l y  e x p a n d a b l e  c o a ­

t i n g  ( Me y c o p r e n )  o f  7  mm t h i c k n e s s  wa s  

s p r a y e d  o n  t h e  c u s h i o n s .

DEVELOPMENT OF THE PRESSURE CUSHI ONS

F i g .  5 T r i a l  c e l l  f o r  t e s t i n g  t h e  

p r e s s u r e  c u s h i o n s

S i mi l a r  t o  t h e  w o r k i n g  p r i n c i p l e  o f  a  c a r  

t i r e  w i t h  i n n e r  t u b e ,  t h e  c u s h i o n s  ( i n n e r  

t u b e )  o n l y  h a d  t h e  f u n c t i o n  t o  r e ma i n  i m­

p e r me a b l e .  T h e  i n n e r  p r e s s u r e  w a s  d i r e c t l y  

i mp o s e d  u p o n  t h e  c e l l  w a l l  ( t i r e ) .  A ma t e ­

r i a l  s u i t a b l e  t o  f i l l  t h e  s p a c e  b e t w e e n  t h e  

r e c t a n g u l a r  c e l l  a n d  t h e  r o u n d e d - o f f  c u s h i o n  

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

t e s t e d ,  n o t  o n l y  t h e  v a r i a t i o n  o f  t h e  p r e s ­

s u r e s  b u t  a l s o  t h e  a l t e r a t i o n  o f  t h e  c e l l  

h e i g h t  g a v e  s a t i s f a c t o r y  t e s t  r e s u l t s  wh e n  

l o o s e l y  f i l l e d - i n  s a n d  w i t h  b e v e l s  a t  t h e

7 3 6
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F i g .  6  S a n d  l a y e r  a b o v e  t h e  p r e s s u r e  

c u s h i o n s  i n  t h e  t r i a l  c e l l

c o r n e r s .  F i g .  6  s h o ws  t h e  s a n d  l a y e r  a b o v e  

a n d  a s i d e  t h e  c u s h i o n s  b e f o r e  t h e  l i d  wa s  

p l a c e d .  I n  a d d i t i o n  t o  s h o r t - p e r i o d  t e s t s  

w i t h  v a r y i n g  p r e s s u r e s  a n d  c e l l  h e i g h t s ,  a  

c u s h i o n  wa s  t e s t e d  o v e r  a  p e r i o d  o f  6 we e k s ,  

a p p l y i n g  a  p r e s s u r e  o f  0 , 7 5  MN / m2 . T h e  

c h a n g i n g  i n n e r  p r e s s u r e s  o f  t h e  c u s h i o n s  a s  

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

we r e  n e c e s s a r y  t o  i mi t a t e  t h e  e x p e c t e d  s e t ­

t l e me n t s  o f  t h e  h i g h - r i s i n g  b u i l d i n g  a n d  t h e  

s c h e d u l e d  d e c r e a s e  o f  t h e  p r e s s u r e s .

I N S T A L L A T I ON  I N S I T U

2 2  c u s h i o n s  we r e  i n s t a l l e d .  B e c a u s e  o f  t h e  

n e c e s s a r y  h e a v y  c o u n t e r w e i g h t s ,  n o  r e ma r ­

k a b l e  t r i a l  p r e s s u r e  c o u l d  b e  i mp o s e d  t o  

d e t e r mi n e  t h e  i mp e r me a b i l i t y  p r i o r  t o  p l a ­

c i n g  t h e  c u s h i o n s .  I n  s p i t e  o f  t h i s ,  s e v e r a l  

l e a k a g e s  o f  t h e  g l u e d  j o i n t s  we r e  o b s e r v e d  

a n d  e l i mi n a t e d .  F i g .  7  s h o ws  a  c h e c k  o f  

i mp e r me a b i l i t y  b y  me a n s  o f  a i r  p r e s s u r e .

F i g .  7 T r i a l  f i l l i n g  o f  t h e  c u s h i o n s  

b y  me a n s  o f  a i r  p r e s s u r e

E a c h  c u s h i o n  w a s  p l a c e d  i n  a  s i n g l e  c e l l  o f  

s t e e l  c o n c r e t e  a n d  s e p a r a t e d  o n  t h e  s i d e s  

b y  me a n s  o f  s t e e l  p l a t e s  ( F i g .  8 ) .  Du e  t o  

t h e  s l i g h t  s l o p e ,  t h e  u n h a n d i n e s s  a n d  t h e  

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

t i o n  p r o v e d  t o  b e  d i f f i c u l t  a n d  a  c a r e f u l  

s c h e d u l i n g  o f  t h e  o p e r a t i o n a l  p r o c e d u r e  vta s

F i g .  8  P r e p a r a t i o n  o f  t h e  c e l l s  i n  t h e  

s  i  h  p

F i g .  9  P l a c e me n t  o f  t h e  c u s h i o n s  i n  t h e  

c e l l s

n e c e s s a r y .  F i g .  9  s h o ws  t h e  p l a c e me n t  o f  a  

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

s i d e ) .  F i g .  1 0  d e mo n s t r a t e s  t h e  mo u n t e d  f o r m 

w o r k  o f  t h e  c a n t i l e v e r  a r m c o n s t r u c t i o n  

a b o v e  t h e  c u s h i o n s .  I n  f r o n t ,  t h e  s u b c o n ­

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

s l a b  wa s  a l r e a d y  c o n c r e t e d .

7 3 7
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A f te r  hav ing  concre ted  the  c a n t i le v e r  arm 
o f  the fo u n d a tio n  s la b  w ith  th e  p ressu re  
cush ions beneath, the  assembly lo c ks  o f  the  
c e l l  were loosened. Now -  a cco rd ing  to  sche­
d u le  -  th e  c o n ta c t between the  c a n t i le v e r  
arm and the  s u b s o il was on ly  e ffe c te d  by the  
w a te r - f i l le d  cush ions. Leakages occured a f ­
t e r  the  w a te r p ressure  in s id e  th e  cush ions 
had reached the  programmed v a lue  o f  0 ,15 
MN/m^. These leakages are  supposed to  o r i ­
g in a te  from  the  g lued c on nec tion s . The g lu ­
in g  work w i l l  have to  be improved in  the  
fu tu re .  Subsequent e f f o r t s  to  se a l these 
leakages d id  no t success w ith  la rg e r  le a ks . 
By in c re a s in g  the  p re s su re , however, the  
ne ig hbo u ring  cush ions were a b le  to  compen­
sate  the  f a i l i n g  ones.

F ig . 10 S h u tte r in g  f o r  the  c o n s tru c t io n  
o f  the  c a n t i le v e r  arm, in s t a l la ­
t io n  o f  the  f i l l i n g  studs

the  fa s t  re a c t io n  o f  the F ra n k fu r t  s u b s o il 
to  e c c e n tr ic a l lo a d in g , i t  a ls o  dem onstra­
te s ,  however, how l i t t l e  a d d it io n a l fo rc e  
is  re q u ire d  to  c o r re c t  t i l t i n g .

At p re s e n t, the  t o t a l  t i l t  o f  1:8000 o f the  
h ig h - r is in g  b u ild in g  in  s e c tio n  a -a  is  
p r a c t ic a l ly  in s ig n i f ic a n t  and ra th e r  low 
f o r  the  c o n d it io n s  in  F ra n k fu r t .

130m

90m
Febr76 aK: -16,2MN = 2% V

¿e= 0.5m s 0,8 % B
ém= 0.29 MN/m2 
V = 900 MN

—r~~ K = +18.9,1 + 2.7 MN
n « j changing of
Rfl +K tilting pressure ¡in cushions aK

as  [ mm]  I
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F ig . 11 P ressures o f  the  cush io ns , 
re a c t io n  o f  the  c la y

C ON C L U S I ON S

By a p p ly in g  the  p ressu re  cush ion  system , a 
p o s s ib i l i t y  has been te s te d  to  c o n tro l 
a r is in g  t i l t i n g  o f a h ig h - r is in g  b u ild in g  
founded on c la y .  A f te r  hav ing  passed the  
te s ts  in  a t r i a l  c e l l ,  th e  w a te r - f i l le d  
p ressu re  cush ions made o f  ru bbe r cou ld  be 
approved f o r  in s t a l la t io n  in  s i t u .  In  s p ite  
o f  i n i t i a l  d i f f i c u l t i e s  w ith  the  in s t a l l a ­
t io n  and in  s p ite  o f  leakages i t  may be 
s ta te d  th a t  the  new p ressu re  cush ion  system 
stood the  t e s t .

SOIL MECHANIC EVALUATION

The cush ion pressures were re g u la te d  in  such 
a way th a t no e c c e n tr ic a l lo a d in g  occurred 
d u rin g  the  c o n s tru c t io n  o f  the  h ig h - r is in g  
b u ild in g .  Thus t i l t i n g s  d id  no t occu r. The 
su cc e s s fu l perform ance o f  the  system , how­
e v e r, and the  d ir e c t  re a c t io n  o f  the  c la y  to  
e c c e n tr ic a l lo a d in g  cou ld  be observed d u r in g  
an in te rm e d ia te  s tag e . A p ressure  be ing  tem­
p o r a r i ly  too  h igh  re s u lte d  in  a t i l t  in  the  
d ir e c t io n  o p p o s ite  to  the  cush io ns . A s l ig h t  
a n gu la r tu rn  o f  1:4200 o f  the basement s to ­
reys  arose from  a s e tt le m e n t be ing  m a in ly  
c e n tra l a t f i r s t  (F ig . 1 1 ). By means o f  r e ­
duc ing  the  cush ion p ressu re  by 16,2 MN, i . e .  
2 % o f  the  b u ild in g  load a t t h is  phase, the  
tendency to  t i l t  was te m p o ra r ily  stopped. 
Th is  caused a s h i f t in g  o f  the  c e n tre  o f 
g r a v ity  amounted to  e = 0 ,5  m, which is  o n ly
0 ,8  % o f  the  w id th  o f  the  fo u n d a tio n  s la b . 
Th is  r e s u l t  o f  measurement once more proves
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