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I f 2

Dr.sc.techn. CURT F. KOLLERUNNER, Civil Engineer

Zurich

CALCULATION OF SHEET PILE WALLS IN COHESIVE SOIL

I. INTRODUCTION.

In practice the sheet pile walls are 
mostly calculated by the method of Krey 1) 
(linear distribution of stresses) or by the 
parabolic-method built up by 0. Mohr on basis 
of tests executed by Engels. 2)

For the calculation of sheet pile walls in 
cohesive soil the cohesion is considered ac­
cording to Jacoby 3) in such a way that the 
surface of the earth (fig. 1) for the active

the width Ap and the height h),whereby

A p  =  2 C M t q ( 4 5 ° - | )  t 3 )

we receive fiK. 1 b. In the triangle ade of 
fig. 1 b a negative earth pressure is produc­
ed (tension.) , which can only be taken up as 
long as there is a possibility of adherence 
between the soil and the sheet piles. As 
this is not the case with steel sheet piles 
the cleft will enlarge itself continually 
until the entire superior earth pressure 
will be equal to Zero, i.e. that the soil 
is standing free to the depth hv. If we 
reckon on the basis of the earth pressure 
triangle dci instead of the trapezoid of 
earth pressure fgci we have to take into ac­
count a bigger active earth pressure. By re­
ducing the surface of the earth by accord­
ing to fig. 1 we obtain therefore an addit­
ional security.
For the passive earth pressure Jacoby is in­
creasing the earth surface by the same value 
hj. This hypothesis seems to be quite con­
vincing at the first look, but it must be 
pointed out that for bigger angles and ex- 
acter calculations it cannot be adopted. 4) 
According to fig. 2 and fig. 3 we obtain:

'¿p p j- tp  

3. b

Distribution of the active earth pressure without 
and with cohesion.

FIG.1 ab

C .  d

Distribution of the active earth pressure with 
charge p without and with cohesion.

FIG.1 cd

earth pressure is reduced by hJ=hPi/2 

With the average value of the cohesion

C M = i T t q K ! )  u )
we receive An , ^

( 2 )

Hereby is the meaning of:
K : unit weight of the soil 
p : angle of internal friction 

Deducting from the classical triangle of 
earth pressure of fig. 1 a the earth pres­
sure reduced by the cohesion (rectangle with

Passive earth pressure Ep on vertical wall with 

smooth surface. Friction and cohesion.

FIG. 2

a E =k sin (9°°+p) =|< cosp

p sin{po°-(,»+p)J cos(£+p)

_ _ _ _ _ _ _ cosp  ( 4 )

0 0 5 ( 9 0 ° - * ! )  c  os(S+p)

A p  = ^ = _ ^ - - - - - - - - —  ( 5 )

p h s i n , ?  c o s p + p )

The angle for the most dangerous surface of 
sliding on passive earth pressure is:

* = 4 5 ' - £ ’ ( 6 )

Therefore equation (5) is converted into:
CM cosp

sin(45°-%) cos (45°+%) ^  ̂

and after trigonometrical transformations 

^ B = 2 C M t q ^ 5 ° + £ '
l ° ~  \ 9  /  ( 8 )
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p i l e  v a l i
5  =

2 C M t g  (45°+P/2)

F o r c e  p o l y g o n  

c b  

d b

G  -  K -  R

E p  ( w i t h o u t  c o h e s i o n )  

E p  ( w i t h  c o h e s i o n )

( 1 0 )

FIG. 3
C a l c u l a t i n g  P f c  =  ¿ P d  a c c o r d i n g  t o  J  a c o b y

" e  s , t  e k - > h ; v < iW ( 4 5 ” * i )  I ? )

w i t h  e q u a t i o n  ( 1 )  f o l l o w s :

Pk= 2 CM-t(3 ̂ 5°+ f  ) = APpt(32(45°+f

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

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

p l i e d  w i t h  t q 2(45°+%.)

I I .  L I N E A R  S T R E S S  D I S T R I B U T I O N ,

a .  S e l f - s u p p o r t i n s  s h e e t  p i l e  w a l l .

I ' h e  e a r t h  r e s i s t a n c e  o n  t h e  e a r t h  s u r ­

f a c e  i s  s t a r t i n g  a c c o r d i n g  t o  f i g .  4  w i t h  t h e  

o r d i n a t e  A p p  ( e q u a t i o n  ( 8 ) )  i n  f r o n t  o f  t h e  

s h e e t  p i l e s .

W i t h  A p p = Y s ( A p - A a )  ^

w e  r e c e i v e  t h e  s t a r t i n g  h e i g h t  s  a b o v e  t h e  

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

,  ‘12)
o r ,  a f t e r  i n t r o d u c t i o n  o f  t h e  v a l u e  h K = h k / 2  

a n a  e q u a t i o n  ( 1 )  *

T h e  v a l u e s  x j , ,  x  a n d  c r  o f  f l u .  4  r e s u l t  f r o m  

t h e  e q u i l i b r i u m  c o n d i t i o n s  t o :

H e r e b y  a r e :

k (4 t  + 6 ó) + 2 s 2(t - s )

Xl=  t 2- 2 k - s2 

_  k (4 t + 6 6 ) +

2 t x 1 - x I2 - 2 k - s 2

H
k = — : - - - - - - - - - r —

y ( A p - A a ) b

v=‘4 45"+f

( 1 4 )

( 1 5 )

( 1 6 )

w i d t h  o f  t h e  s h e e t  p i l e  w a l l

A a = t 9 \

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

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

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

w h i c h  w e  c o n s i d e r  i n c r e a s e d  b y  h £  t h e  h y d r o -  

s t a t i c a l  p r e s s u r e  l i n e  y h  ( p r e s s u r e  l i n e  w i t h  

A  -  1 ,  i . e .  p  =  0 ) ,  a n d  b r i n g  t h i s  l i n e  w i t h  

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

c o r d i n g  t o  f i K .  4  w e  r e c e i v e :  _ . . u x
A p p - y n k  u ? )

a s  w e l l  a s :  A P p = y s ( A p - A e i )

o r

s= -

A p  A ^
i . e .  e q u a t i o n  ( 1 3 )

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

w i t h  t h e  o r d i n a t e  A p p  a c c o r d i n g  t o  e q u a t i o n  

( 8 )  i n  t h e  h e i g h t  o f  t h e  e f f e c t i v e  e a r t h  s u r ­

f a c e  ( f i g .  4 )  f i r s t l y  a c c o r d i n g  t o  t h e  l i n e  

o f  t h e  b i g g e s t  p o s s i b l e  p a s s i v e  e a r t h  p r e s ­

s u r e  (  A p  -  l i n e ;  t o  t h e  d e p t h  h £  b e n e a t h  t h e  

e a r t h  s u r f a c e .  D u e  t o  t h e  f a c t  t h a t  f r o m  t h i s  

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

o n  t h e  r i g h t  h a n d  s i d e  o f  t h e  w a l l ,  t h e  l i n e  

u n d e r n e a t h  h *  w i l l  b e  s t e e p e r ,  i . e .  p a r a l l e l  

w i t h  t h e  ( A p - A j J  -  l i n e  u p  t o  d e p t h  x i  b e n e a t h  

t h e  s t a r t i n g  h e i g h t  s  .

T h e  f u r t h e r  d e v e l o p m e n t  i s  t h e  s a m e  a s  f o r  

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

s i d e r a t i o n s  d u e  t o  e q u i l i b r i u m  c o n d i t i o n s .

I f  t h e  s h e e t  p i l e  w a l l  i s  c h a r g e d  w i t h  a c t i v e  

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

c o r d i n g  t o  f i n .  5 .  T h e  s t a r t i n g  h e i g h t  s  m u s t  

b e  i n t r o d u c e d  a c c o r d i n g  t o  e q u a t i o n  ( 1 2 ) .

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

d e t e r m i n a t i o n  o f  A p p  i s  o n l y  v a l i d  w h e n  c j j  

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

p i l e  w a l l  w i l l  b e  c o n s i d e r e d  a s  e q u a l .

O f  c o u r s e ,  c m b e n e a t h  t h e  b o t t o m  o f  t h e  f o u n d ­

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

p i l e  w a l l ,  f i g .  5 )  i s  o f t e n  c o n s i d e r a b l y  b i g ­

g e r  t h a n  c m  a t  t h e  r i g h t  h a n d  s i d e  o f  t h e  
w a l l  ( r e c k o n e d  f r o m  t h e  o r i g i n a l  e a r t h  s u r ­
f a c e ) .  W h e n  t h e  a v e r a g e  v a l u e  o f  t h e  c o h e s i o n  

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

h y d r o s t a h c  l i n e  ( f / ¡ )

ft (Xp-Aa)

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

c h a r g e d  b y  a  s i n g u l a r  f o r c e  H .

FIG. 4

s t a r t i n g  h e ig h t
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A c t i v e  a n d  p a s s i v e  e a r t h  p r e s s u r e .  b  S u m m a t i o n  o f  t h e  p r e s s u r e s .

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

c h a r g e d  b y  e a r t h  p r e s s u r e .

FIG. 5
o f  t h e  s h e e t  p i l e  w a l l  i s  i n t r o d u c e d ,  w e  r e ­

c e i v e  a n  a d d i t i o n a l  s e c u r i t y ,  b e c a u s e  A p „  i s  

t a k e n  i n t o  a c c o u n t  s m a l l e r  t h a n  i n  r e a l i t y .

A c c o r d i n g  t o  f i g .  5  b  t h e r e  m u s t  b e :

< T + p o S  y t l A p + A p p - y ( t r - h k ) A a

f r o m  t h e

( 1 9 )

( 1 8 )

b .  S i m p l e  p r o p e d  s h e e t  p i l e  w a l l .

T h e  c o h e s i o n  i s  c o n s i d e r e d  i n  t h e  s a m e  w a y  

a s  m e n t i o n e d  a b o v e ,  i . e .  f o r  t h e  a c t i v e  e a r t h  

p r e s s u r e  w e  d e c r e a s e  t h e  e a r t h  s u r f a c e  b y  h *  

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

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

( 8 ) ,  o r  c o n s t r u c t  A p p  g r a p h i c a l l y  a s  s h o w n  
a b o v e .

T h e  s h e e t  p i l e  w a l l  b e i n g  c h a r g e d  w i t h  a c t i v e  

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

6 a  t h e  m i n i m a l  r a m m i n g  d e p t h  t  . 

c o n d i t i o n
E a ^  =  E p a E p

I n c r e a s i n g  t h e  r a m m i n g  d e p t h  b y A t ,  E a  i s  
g r o w i n g  t o  E ’ -a  a n d  t h e  m i n i m a l  r a m m i n g  d e p t h  

^ m i r  U P  t 0  ^ ' m i n *  t h i s  d e p t h  t h e  s t r e s s

d i s t r i b u t i o n  i s  c o n s i d e r e d  a s  t o  b e  i n c r e a s i n g  
i n  l i n e a r  l i n e .  T h e  p o s i t i o n  o f  p o i n t  z e r o  
( f i g . 6 b 1)  w i l l  b e  f o u n d  f r o m  t h e  r e l a t i o n s

Ela l = Era r  ( 2 0 )
T h e  s u m m a t i o n  o f  t h e  p r e s s u r e  f i g u r e s  i s  

s h o w n  i n  f i g .  6  c .  T h e  c o n d i t i o n  o f  s a f e t y  

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

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

T h e  i n f l u e n c e  o f  t h e  c o h e s i o n  r e s u l t s  i n  t h e  
f o l l o w i n g :

At * At - (tmm t-mln)

FIG. 6
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1 )  T h e  m i n i m a l  r a m m i n g  d e p t h  w i l l  h e  s m a l l e r .

2 )  G r a p h i c a l l y  c a n  b e  p r o v e d  t h a t ,  w h e n  t h e  

s h e e t  p i l e  w a l l  i s  r a m m e d  d e e p e r  t h a n  t m ^ n

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

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

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

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

a l l y  b i g g e r  t h a n  w i t h  c o h e s i o n l e s s  s o i l .

I I I .  P A R A B O L I C A L  S T R E S S  D I S T R I B U T I O N .

S u p p o s i n g  t h a t  t h e  r e s i s t a n c e  W  1 b  i n ­

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

i n g  e q u a t i o n  w i l l  b e  v a l i d  a c c o r d i n g  t o  f i g . 7 :  
W = W 0 ^ a h  =  d h a  ( 2 1 )

T h e  s h e e t  p i l e  w a l l  c h a r g e d  w i t h  a  l i n e a r  

f o r c e  H ,  a c c o r d i n g  t o  f i g .  7  i s  r e s i s t i n g  a s

<r3s; APp ( 2 7 )

FIG. 7
l o n g  a s  t h e  f o l l o w i n g  c o n d i t i o n s  w i l l  b e  f u l ­

f i l l e d :  ,  / u ,

c ^ * i V Y ^ V ^ y - s - ^ ) ( V M  ( 2 2 )

( 2 3 )

<r3 £  A P p ( 2 4 )

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

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

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

8 .  ( E x c e p t i o n s  a r e  p o s s i b l e  w i t h  l o w e r  s h e e t  

p i l e s  a n d  a  v e r y  h i g h  h j ) .  T h e  s h e e t  p i l e  w a l l  
i s  r e s i s t i n g  a s  l o n g  a s  t h e  f o l l o w i n g  c o n d i t ­

i o n s  a r e  f u l f i l l e d :

o ï ë A p p + y ( - j - s ) ( A p - A a )  ( 2 5 )

p c + < r 2  é  A P p + y t ^ ^ t - h ^  ( 2 6 )

I V .  P K M A B K - R  T O  T H E  D I S T R I B U T I O N  O F  E A R T H  

P R E S S U R E .

A s  i t  i s  k n o w n  f r o m  p u b l i c a t i o n s  o f  

K o t t e r  5 ) «  R e j s s n e r  6 ) ,  T e r z a g h i  7 ) ,  

S p l l l k e r  8 ) ,  O h d e  9 ) ,  K l e n n e r  1 0 ) , L e h m a n n

1 1 ) ,  D o r r  1 2 ) ,  a . s . o .  t h e  d i s t r i b u t i o n  o f  

e a r t h  p r e s s u r e  i s  c o n s i d e r a b l y  m o r e  c o m p l i c ­

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

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

F r o m  t h e  p u b l i c a t i o n  o f  O h d e  9 )  w e  l e a r n  t h a t  

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

r o u n d  a  l o w e r  p o i n t ,  c a n  b e  d e t e r m i n e d  w i t h  

a n  e a r t h  p r e s s u r e  d i s t r i b u t e d  t r i a n g u l a r l y  

o v e r  t h e  h e i g h t  o f  t h e  s h e e t  p i l e  w a l l .  T h e  

c l a s s i c a l  t h e o r y  o f  C o u l o m b ,  i n  s p i t e  o f  

t h e i r  s i m p l i f y i n g  s u p p o s i t i o n s ,  i s  t h e r e f o r e  

l e a d i n g  t o  q u i t e  s a t i s f a c t o r y  r e s u l t s .  H o w ­

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

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

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

W i t h  p a s s i v e  e a r t h  p r e s s u r e  t h e  c o h e r e n c e  b e ­

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

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

s i m i l a r  t o  t h a t  w i t h  a c t i v e  e a r t h  p r e s s u r e .  

T h e  p a s s i v e  d i s t r i b u t i o n  o f  e a r t h  p r e s s u r e  

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

a c c o r d i n g  t o  O h d e  s h o w n  i n  f i g .  9 .

FIG. 8

P a s s i v e  e a r t h  p r e s s u r e  a c c o r d i n g  t o  O h d e .

FIG. 9

U n t i l  t h e r e  w i l l  b e  a v a i l a b l e  f u r t h e r  f u n d a ­

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

i n g  s h e e t  p i l e s  c a n  b e  d e t e r m i n e d  b y  m e a n s  

o f  t h e  a b o v e  m e n t i o n e d  e q u a t i o n s .  F o r  p r o p e d  

s h e e t  p i l e s  t h e  c a l c u l a t i o n s  m u s t  b e  b a s e d  

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

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

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

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

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

F o r  t h e  m i n i m a l  r a m m i n g  d e p t h  t T t l- n  t h e  a c t i v e

a n d  p a s s i v e  e a r t h  p r e s s u r e  a r e  d r a w n  i n  f i g .  

1 0 .  F o r  t h e  e n l a r g e m e n t  o f  t h e  m i n i m a l  r a m m ­
i n g  d e p t h  b y  A t  w e  d r a w  y o u r  a t t e n t i o n  t o  
t h e  a b o v e  m e n t i o n e d  r e m a r k s .

V  .  S U M M A R Y .

T h e  t h e o r y  b u i l t  u p  b y  J a c o b y  w i t h  r e ­

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

i n  c o h e s i v e  s o i l  h a s  b e e n  c o r r e c t e d .  W i t h  

t h e  n e w  t h e o r y  i t  w i l l  b e  p o s s i b l e  t o  t a k e  
i n t o  a c c o u n t  t h e  c o h e s i o n  m a t h e m a t i c a l l y  o r -  
g r a p h i c a l l y
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SUB-SECTION I g
STRESS DISTRIBUTION.

APPROXIMATIVE CALCULATIONS OF THE STRBSS-DISTRIBUTTONS 

DUE TO CONCENTRATED VERTICAL LOADS

IR. G.A. OOSTERHOLT 

Technical University, Delft, Holland

In the Netherlands, Prof.dr.ir. F.K.Th. 
van Iterson was the first author , who tried 
to study this problem by means of approximative 
calculations 1). He computed the stress distri­
bution, arising in a homogeneous isotropic ma­
terial, if a smooth semi-sphere is pressed 
into it (fig. 1). If .i denotes the vertical 
settlement of the sphere, the radial displace­
ment of a point, located on the sphere in the 
direction© , will amount to i.cosQ . Supposing

that the radial stress _p© spreads linear in the 
material, the radial displacement of the point 
considered will also be proportional to_Pe .In 
consequence of this, the stress distribution 
can be written,

V ^ d x c o s e  ( * )

which is the same as Bousinesq’s equation. 
Further 3  P

i > - = 2 ^ C O S 9  ( 2 )


