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N e w  M e th o d s  fo r  D e te rm in in g  B e a r in g  C a p a c ity  

a n d  Settlem ent o f  P iles

No u v e l l e s  m é t h o d e s  p o u r  l a  d é t e r m i n a t i o n  d e s  c h a r g e s  a d mi s s i b l e s  et  d e s  t a s s e me n t s  d e  p i e u x

by Prof. Dr. R. Ha e f e l i, E.T.H. 
and

H. Bu c h e r , Chief-Engineer, AG. H. Hatt-Haller, Zürich (Switzerland)

Summary

O n  a c c o u n t  o f  t h e  d e v e l o p m e n t  o f  l a r g e  d i a m e t e r  cast - in - p l ace  

p i l es ,  t h e  co st s o f  l o a d  t est s  h a v e  i n c r e as e d  c o n s i d e r a b l y .  I t  i s 

t h e r e f o r e  v e r y  v a l u a b l e  t o  b e a b l e  t o  p r e d i c t  an d  c a l c u l a t e  t h e  

b e h a v i o u r  o f  su ch  p i l es  b as ed  o n  e l e m e n t a r y  t est s  in  s i t u .

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

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

b ased  o n  t h e  k n o w l e d g e  o f  t h e  f o l l o w i n g  t w o  v a l u e s :  m o d u l u s  

o f  c o m p r e s s i b i l i t y  E  ( M E ) o f  t h e  s o i l  u n d e r n e a t h  t h e  t o e  o f  t h e  

p i l e ,  an d  t h e  p r o p o r t i o n  o f  l o a d  s u s t a i n ed  b y  t h e  t o e  r e l a t e d  t o  

s k i n  f r i c t i o n  as  a  p e r c e n t ag e  o f  t h e  t o t a l  l o a d  b o r n e  b y  t h e  p i l e.

F o r  t h e  m e a s u r e m e n t  o f  E  at  a n y  d e s i r e d  d e p t h ,  t h e  a u t h o r s  

h a v e  e m p l o y e d  a  s p e c i a l l y  d e v e l o p e d  m o d e l  p i l e  w h i c h  is in se r t e d  

i n t o  a  b o r e h o l e ,  t h e  t o e  b e i n g  d r i v e n  a b o u t  I m . i n t o  t h e  s o i l  

b e l o w  t h e  b o t t o m  o f  t h e  b o r e h o l e  w h i l e  t h e  d r i v i n g  r es i st an ce  

is r e c o r d e d .  A f t e r  c a r r y i n g  o u t  l o a d i n g  t est s  a n d  m e as u r e m e n t s  

o f  s k i n  f r i c t i o n ,  t h e  £ - m o d u l u s  c a n  b e c a l c u l a t e d ,  b as ed  o n  t h e  

a b o v e  t h e o r y .

T h e  p r a c t i c a l  a p p l i c a t i o n  o f  a  m o d e l  p i l e  t e st  i s s h o w n  b y  t h e  

e x a m p l e  o f  a  b o r e d  p i l e .  T h e  b o r i n g  l o g  is c a r r i e d  o u t  i n  su c h  

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

an d  s e r v e s  as  a f u r t h e r  i m p o r t a n t  b as i s  f o r  t h e  c r i t i c a l  e x a m i n a t i o n  

o f  Ih e  b e a r i n g  c a p a c i t y  o f  b o r e d  p i l es . T h e  r esu l t s  o f  a  t est  p i l e  

o f  t h e  “ B e n o l o ”  t y p e ,  l o a d e d  t o  4 5 0  t o n s ,  a r e  d is cu ssed  b y  t h e  

a u t h o r s .

1. Introduction

I n  o r d e r  t o  d e t e r m i n e  t h e  b e a r i n g  c a p a c i t y  o f  a  p i l e ,  t w o  

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

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

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

e x c e e d e d .  I n  e a c h  i n d i v i d u a l  c a s e  i t  m u s t  b e  d e c i d e d  w h i c h  

o f  t h e  t w o  c r i t e r i a  i s  d e c i s i v e .

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

d e p e n d  o n  t h e  s e t t l e m e n t  o f  t h e  i n d i v i d u a l  p i l e ,  b u t  o n  t h e  

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

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

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

u n d e r n e a t h  t h e  t o e  o f  t h e  p i l e  m u s t  b e  k n o w n .  T h e  p r i n c i p a l  

t a s k  o f  t h e  d e s i g n e r  is  t h e r e f o r e  t o  f i n d  a n  a d e q u a t e  a n d  

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

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

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

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

t o  s o l v e  t h i s  p r o b l e m ,  i t  i s  e s s e n t i a l  t o  k n o w  t h e  s h a r e  a n d  

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

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

b y  u s i n g  s i m p l i f i e d  a s s u m p t i o n s .

Sommaire

P a r  s u i t e  d u  d é v e l o p p e m e n t  d e p i e u x  d e  g r o s  c a l i b r e  m o u l és  

d an s  le  s o l ,  les f r a i s  d es  e ssa is  d e  c h a r g e  o n t  f o r t e m e n t  a u g m e n t é  ; 

l ' i n t é r ê t  d e  m é t h o d e s  p e r m e t t a n t  d e  p r é d i r e  et  d e  c a l c u l e r  le c o m ­

p o r t e m e n t  d e  t e l s  p i e u x  au  m o y e n  d ’ essais é l é m e n t a i r e s  in  s i t u  

s ’ es t  d o n c  f o r t e m e n t  a c c r u .

D a n s  ce  b u t ,  le  p r e m i e r  d es d e u x  au t e u r s  a d é v e l o p p é  u n e  

t h é o r i e  g é n é r a l e  p o u r  le c a l c u l  d u  t assem en t  d e  p i e u x  iso l és , 

l a q u e l l e  est  b asée d 'u n e  p a r t  s u r  le c o e f f i c i e n t  d e  c o m p r e s s i b i l i t é  

( £  =  M e ) d u  so l  s i t u é  so u s l a  p o i n t e  d u  p i e u ,  e t ,  d ’ a u t r e  p a r t ,  

s u r  le  t a u x  d e r é p a r t i t i o n  d e l a  c h a r g e  t o t a l e  e n t r e  la p a r t  p r i se  

p a r  l a  r é s i s t an c e  à  l a  p o i n t e  e t  c e l l e  d u e  a u  f r o t t e m e n t  l a t é r a l .

A f i n  d e d é t e r m i n e r  le  c o e f f i c i e n t  d e  c o m p r e s s i b i l i t é  à  u n e  

p r o f o n d e u r  q u e l c o n q u e ,  u n  p i e u  m o d è l e  est  p l a c é  d a n s  le t r o u  

d e  so n d a g e .  Pu i s  o n  le f o n c e  e n v i r o n  1 m  au - d ess o u s d e  l a  b ase  

d u  t r o u  d e  s o n d a g e ,  en  m e s u r a n t  l a  r é s i s t an c e  au  b a t t a g e .  A p r è s  

l ’essa i  d e c h a r g e  d u  p i eu  m o d è l e  e t  l a  m e s u r e  d u  f r o t t e m e n t  l a t é r a l ,  

o n  p e u t  c a l c u l e r  a u  m o y e n  d e  l a  t h é o r i e  su s - m en t i o n n ée ,  le 

co e f f i c i e n t  d e  c o m p r e s s i b i l i t é .  U n e  a p p l i c a t i o n  s u r  u n  p i e u  f o r é  

ser t  d ’e x e m p l e ,  i l l u s t r a n t  c o m m e n t  les essais a v e c  le p i e u  m o d è l e  

so n t  e x écu t é s  e t  e x p l o i t é s .

U n e  a u t r e  b as e  i m p o r t a n t e  p o u r  l a  d é t e r m i n a t i o n  d e la  p o r t a n c e  

d e  p i e u x  f o r és  es t  le  d i a g r a m m e  d e  f o r ag e .  L ' a i r e  d e ce  d i a g r a m m e  

es t  u n e  m e s u r e  d u  t r a v a i l  t o t a l  d e  f o r ag e .  L e s  r é s u l t a t s  d ’ u n  essa i  

d e c h a r g e  d ’ u n  p i e u  d ’essai  (s y s t è m e  « Be n o t o  » )  so u s  4 5 0  t o n n es  

s o n t  d o n n é s  e t  d iscu t és .

2. Theory for the calculation of settlements of cylindrical 
piles

1. Assum ptions fo r  the calculations and  designations.

( a )  T h e  t o t a l  p i l e  l o a d  P  i s  c o m p o s e d  o f  a  p o i n t  l o a d  

P 1 = X P  a n d  t h e  s k i n  f r i c t i o n  P2 =  ( 1 — X ).  P, w h i c h  is 

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

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

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

b u t  c o n s t a n t  s k i n  f r i c t i o n s .

( b )  C o n s t a n t  m o d u l u s  o f  c o m p r e s s i b i l i t y  E (M e ) o v e r  t h e  

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

t o e  o f  t h e  p i l e  S.

( c )  D i s t r i b u t i o n  o f  t h e  a x i a l  s t r e s s  i n  a c c o r d a n c e  w i t h  

B o u s s i n e s q  [ I ] .  T h e  e f f e c t  o f  t h e  o n l y  p a r t l y  r e s t r a i n e d  

t r a n s v e r s e  s t r a i n  u p o n  t h e  s e t t l e m e n t  o f  t h e  p i l e  p o i n t  5  

is  n e g l e c t e d .

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

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

o v e r l y i n g  s o i l  l a y e r s  ( F i g .  1 ).
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Designations used (Fig. 1) :

Fig. 1 M ethod of action of a  pile.
M ode d’action d’un pieu (schéma).

o f  the  cylindrical 
pile

M  =  active m antle  surface, 

y  — settlem ent o f  the tip  o f  the pile S ,

C j, C> & C 3 =  in tegration  constants.

2. M ethod o f  calculation.

The settlem ent y  o f  the tip  o f  the  pile is com posed o f  tw o 
parts  :

y  =  yA  +  y n , 

w herein

y a  =  settlem ent due to  poin t load (circular load X< r0 )  in  A , 

yB  =  settlem ent due to  pile shaft load (skin friction  t) .  

The ca lcula tion  o f  yA  is know n (F ig. 1) :
F o r  a  thickness o f  the layers fixed by the angles {3j and  

¡33 we ob ta in  [2, 3] (1) :

yA  =  -  J^sin (3(2 +  cos2 (3) — co tg  ¡3(1 — cos3 [3)J

• • • .0# (2)

r° r Pi =  \ ; 3s =  OyM =  ■ D,

for 3 j =  j ; p3 =  0:>>,i =  Ct ■ ^ 2  ■ D  ; q  =  0-384 
6 £

F o r the ca lcu la tion  o f  y n y the skin fric tions, effective upon  
a  c ircu lar strip  o f  the pile shaft surface, has been replaced 
by a  respective c ircu lar vertical load q , therefore :

T  A z

i  =  2 Z ‘ °
(3)

com pare F ig. 2.

=  radius
=  d iam eter, I

=  active length, \

=  half apertu re  angle o f  the po in t, \ 
=  r 2 • t z =  cross section,

_  L

”  5 ’

=  =  part o f  the  tip load P1 from  the  to ta l load P

=  depth  u ndernea th  the  base p lane o f the  p o in t (tip),

=  equivalent effective height o f  an ideal concen trated  
load P  which is theoretically  crea ting  the  sam e set­
tlem ent as  the  p ile  under P,

z
=  _ =  ra tio  (relative depth), 

r

=  equ ivalen t d iam eter o f  an  ideal circu lar p la te  a t  A  
w hich, a t the  sam e load , is sub jec t to  the  sam e set­
tlem ent as  the  pile,

— m odulus o f  com pressib ility  =  M e ,

— vertical ax ial stress a t  a depth z, 

p
=  -^  =  uniform ly  d istributed  load over the  cross sec­

tion  o f  the to p  o f  the pile, 

t =  m axim um  soil pressure a t  the  toe o f  the  piles (reference 

stress), ,

=  specific skin fric tion  =  —  =  (1  — X )  • —
M  M

T= -¿j- (1 - A ) (So

Fig. 2  Lateral friction is replaced by normal stresses.
Le frottement latéral est remplacé par des contraintes 

normales.
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The integration gives [3] :

(4)

0 C =  À • Cj +  (I — X) (C2 “p C3) =  C2 +  C 3 -f  M Q - Q - C , )  

Cx =  sin [̂ (2 -I- c o s 2 f j j )  — c o t g  I — c o s 3 ^ )

r  r \  « sin’ P T * ,

; for Zo =  co : C , =  -  • — • ln[ 1 -f  —
3 3 4 L '

(b) Calculation o f  the equivalent diam eter B  : 

A fter equ. (3) we ob ta in  :

B  =  D  - 0 C =  D[C2 +  C3 4- A(Cj -  C2 -  C3)] 

"1-1137 0-2624 X ,
5  =  8- 0-

D

B  =  1 - 3761 4-  1 * 6 9 6  • X (c m )  for  z 3  =  o o  

0 C =  0 - 1 7 2  +  0 - 2 1 2  • X  for  D  =  8 c m

+  - (0 - 3 8 4 - 8  -  1 - 1 1 3 7 - 0 - 2 6 2 4 ) |  

. . . .  (5 )

(c) Calculation o f  the settlement y  o f  the pile po in t :

y  =  B  =  ^ - ( 1 - 3 7 6  +  1 - 6 9 6 - X )  (6 )

T he in tegration  fo r C2 takes place graphically  an d  com prises 
the  range from  z Y to  z2 =  25« (n  =  25).

3. Application to the model p ile  1959.

A schem atic representation  o f  the testing procedure is 
given in F ig. 3.

(d) Determ ination o f  the m odulus o f  com pressibility E (M e ) :

Based upon the m easured values o f  y  an d  X, the m odulus 
E  can  be calculated as  follows (equ. (6)) :

E  =  — • B  =  — • (1-376 +  1*696 • X ) 

y y
F o r a  change o f load A g 0 follows analogously

(6a)

E  ——  • B  ~  co tg  a  • £?,
A y

w herein :

a  =  inclination o f  the  secan t o f  the load settlem ent curve.

(e) Calculation o f  the reference stress a zm :

As E  changes w ith the stress (conso lidation  pressure), the 
reference stress is defined as the vertical stress a t  the  toe 
o f  the m odel pile and  is ca lcula ted  a s  follows : .

g z a  =  X • <j0(I — cos3 (3) =  0-35 • X • g 0  fo r (3 =  -  =  30°
6

3 r  I . sin3fl I021 
j  (* -  W -  • o 0 1 sin P ------- —

=  1  ( ]  _  X ) i  • n „  • 0 - 3 3  =  i ( |  -  X )  • <j0

=  J  (0 - 8 3  -  0 - 8 3  • X )

- -e ,*  - f  =  ^ ( 0 - 8 3  +  2 - 6 7 - X ) (7)

Fig. 3 Sketch showing the working principle o f a  model pile. 
Esquisse de principe pour le pieu-modèle.

(a) D im ensions :

L
D  =  8 cm  ; L  =  24 cm  ; N  =  — =  3 ; 3, =  30°

D  11

F  =  50 sq. cm  ; M  =  D  • t z  • L  ~  8 • 24 ~  600 sq. cm.

fo r X =  0  : G z m  =  0-083 - <70 (skin fric tion only), 

for X =  1 : G zm  =  0-350 * cr0 (n o  sk in  friction).

(f) Calculation o f  the equivalent effective height z0 ;

T he settlem ent o f  the po in t 5 , d u t to  an  ideal concentrated  
load P i n a  d istance z0 abo v e  S ,  is ca lcula ted  as  follows [4] :

3 ‘ P
y  =  z-------- ¿ r—  for z3 = o o  (F ig . 1)

2 • 7i • E  • z0

On the o ther hand , according  to  equ. 5 :

<*o » p
y  =  —  • B ; Gq  =  - —

E  r 3  • t z
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By equalizing the  tw o expressions we ob ta in  :

3 r 2 3 D  3

T he representative diagram s a re  show n in Fig. 4.

p >= p, + p2

Fig. 4 Diagram showing how to determine E  (M E) with the 
help o f a model pile.

Diagramme perm ettant de déterminer le module E  (M e ) 
à l’aide du pieu-modèle.

4. Application to the cylindrical pile.

F or the cast-in-place pile it is assum ed th a t the  pile te r­
m inates in to  a p lane (F ig. 5).

(a) D im ensions :

N 0 C (see Fig. 5) 0 C for  =  1-0

20 0-0747 +  0-9253- X 1-0
30 0-0549 +  0-9451- X 1-0
40 0-0437 +  0-9563- X 1-0
50 0-0366 +  0-9634- X 1-0
70 0-0262 +  0-9738- X 1-0

100 0-0210 +  0-9790- X 1-0

Settlement of the tip of the  pile

(<zo •* "ff- ¡n versus À

L

"d ; rA 2'

Fig. 5 D iagram for determining the settlement o f cylindrical 
piles.

Diagramme servant à déterminer le tassem ent de pieux 
cylindriques.

(c) Settlement :

y  =  aS -  B  =  ^  ■ D ' 0 C ; E  =  M e  
E  E  °

(b) Calculation o f  the equivalent diam eter B  (see Fig. 5) :

B  =  D  0 c  =  D[C2 +  C3 +  X • ( Q  -  C2 -  C3)]

C1 =- 1-0,

C2 =  is established in tabu lated  form  o r by  p lanim etering,

3 rr l0B-(,+£H 4 -|0g‘('+z9

(d) M odulus o f  com pressibility :

E  =  —  • D ' 0  c — M e

(e) Reference stress :

(see Fig. 5) (9)
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5. Fundam ental remarks.

T he so lu tions given above are  valid on ly  for the special 
case o f  an  infinite thickness o f  the layer z3(z3 =  oo)*. A ccord­
ing to  Figs. 4 and  5, show ing the required values o f  both  
the m odel pile and  the  cylindrical pile as a function  o f  X, 
follows :

T he equivalent diam eter ( B ), the settlem ent o f  the toe 
o f  the pile 0 0 , and  the reference stress (<7zm) increase in 
p ropo rtion  w ith X. T he effect o f  X upon  these three values 
is the m ore pronounced  the slim m er the p i le ; e.g. the h igher 
the value N . It is ev ident from  this th a t in the case o f  positive 
skin fric tion, it is alw ays im portan t to  tran sfer as large a 
p ropo rtion  o f  the load as possible by  m eans o f  skin friction 
in to  the  soil, in o rder to  crea te  on ly  slight settlem ents and 
sm all concen trations o f  stresses.
M ecanique des sols 9 tim es su r 19. B. 230, f. 2911. D ebrevi 
A rt. 3B/H aefeli

T he assum ption  m ade under 2/1. (d) is n o t alw ays entirely  
fulfilled, particu larly  in the case o f  m odel piles. In  highly 
cohesive m aterial, o r  with heavy overburden loads, part 
o f  the  load  P  m ay  rad ia te  upw ards, thereby  relieving the 
low er half-space. In  this case som ew hat excessive E -values 
have been ob ta ined , because the load on the low er h a lf 
space is sm aller than  assum ed in the norm al calcu lation  o f  
cr0. T his d isturb ing  effect increases w ith the sk in  friction.

3 .  M o d e l  p i l e  t e s t s  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  m o d u l u s  o f  

c o m p r e s s i b i l i t y  E  ( M e )

T he m odel pile used fo r testing was provided  above the 
toe w ith a  cy lindrical en largem ent (friction cylinder) o f 
length 3D, w hich transfers the en tire  skin fric tion  in to  the 
soil (F ig. 3). T here are  several m ethods availab le fo r eli­
m inating  the  d isturbance caused by  the use o f  a driv ing  rod , 
e.g. th is can  be achieved by the use o f  a casing which in 
th is case is provided  by the  casing o f  the bored pile [4],

1. Preparation o f  the tests :

A fter the  sinking o f  the casing (System  Benoto, 88 cm 
d iam eter) to  23*3 m below  foundation  level (27 m  below 
ground  level), the m odel pile was driven 95 cm  below  the 
bo ttom  o f  the  bore hole , and (sim ilar to  the s tandard  pene­
tra tio n  test) the specific driving resistance w in kg per sq. 
cm  m easured (F ig. 3). T he driving record  (Fig. 7, left) shows 
th a t the  subsoil has to  be considered as disturbed  to  a  depth 
o f  a t least 50 cm  below  the bo ttom  o f  the borehole. A  soil 
sam ple (m oraine) ex tracted  in the proxim ity and  exam ined 
by the  V A W E had the follow ing properties : N o. 11 048 : 
grey, light clayey silt w ith  sand  and  a  sm all p rop o rtio n  o f  
gravel (C L-M L).

M oisture con ten t : 13-0 per cent. D ensity  (saturated) 
=  2-23 tons per cub. m.

Consistency : L i, =  15-5 per ce n t; Pi. =  11 1 per c e n t; 
P j  =  4-2 per cent.

G rain-size d istribu tion  : <  0*002 m m  =  8 9  per c e n t; 
<  0-02 mm =  35-7 per c e n t ; <  0-2 mm =  88-4 per cent.

M odulus o f  com pressibility  : A e =  1*22 per c e n t ; A e =  0*25 
per cent.

P erm eability  : k  ( to r  a  =  4 kg. pe r sq. c m ) ~  10-7 cm /sec.

(f) Equivalent effective height :

*  I f  t h is assu m p t i o n  is n o l  f u l l f i l l ed ,  t h e ab o ve  t h eo r y  can  cesa Iy  

b e m o d i f i ed , in t r o d u ci n g  a r ed u c t io n  f ac t o r  (<  I )  i n  eq u . 2  f o r  t h e 

p a r t i a l  set t lem en t  yA.

Im m ediately after the model pile had been driven  the 
specific skin friction (boundary  value) w as established by 
to rsion  a t  O'50 kg per sq. cm . A fter an  interval o f  I hours, 
this boundary  value w as increased to  0-74 kg per sq. cm. 
U nder the  assum ption  o f  a  friction coefficient o f  0-4 between 
steel and  soil, a  relief o f  the pore pressure in the con tac t 
zone o f  0  6 kg per sq. cm  w ould correspond to  retention  
by suction  o f  the m odel pile.

T he m odel pile was subsequently  loaded  in stages by 
m eans o f  a hydraulic  jacks (Figs. 6 & 7). Each increase o f  250 kg

2. Execution of the tests.

Fi g ,  6  T e s t i n g  d e v i c e  o f  t h e  m o d e l  p i l e .

D i s p o s i t i o n  d e  m i s e  en  p r e s s io n  d u  p ie u - m o d è le .

(5 kg per sq. cm ) lasted 8 m inutes. T he ex terio r load  was 
increased as  high as fmax =  5 -0 1, respectively cr0 max =  100 kg 
per sq. cm  w ithou t reaching the u ltim ate bearing  capacity . 
T hereafter the ex trac tion  test was carried  o u t, and  the  pile 
lifted ab o u t 20 m m , by increasing the pull in  stages. T he 
m odel pile was subsequently  loaded once m ore fo r com pres­
sion. A t th e  beginning on ly  sk in  fric tion  did operate , be­
cause a  hollow  space had been created below the pile toe 
by lifting the  penetrom eter. This m ade it possible to  m ea­
sure the  sk in  fric tion as a  function  o f  the displacem ent dis­
tance separately  from  the resistance o f  the toe o f  the pile. 
A t the  end  o f  a  series o f  tests lasting  ab o u t 6 hou rs , the 
to rsion  test gave a  final b oundary  value fo r skin friction  
o f  0-77 kg per sq. cm.

3. Q ualitative results.

The load-settlement curve A -G , represented in  Fig. 7, shows 
a  steady increase up  to  the final specified load o f  <r0 =  100kg 
per sq. cm . T he rem arkab ly  steep position o f  the tw o hys­
teresis loops (shaded) which have been obta ined  b y  the 
tw o un loadings and  reloadings, is caused  by the relatively 
high p a r t o f  the elastic defo rm ation  o f the pile shaft.

T he pull-lift d iagram  A - J  shows a sharp  angle a t the 
true  zero  p o in t (0) o f  the  load (pull Z  =  dead w eight o f  
penetrom eter). T he load-settlem ent curve O -A -K -L  was
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obtained  by reloading. F rom  the po in t K  onw ards the toe 
resistance is aga in  becom ing gradually  ev iden t in  addition  
to  skin friction.

The steep d ro p  o f  the settlem ent cu rve  A -K  (w ithout toe 
resistance) indicates th a t skin fric tion  increases on ly  slightly 
after exceeding a  certain  m ovem ent (abou t 2  mm ). The 
percentage o f  the  p ro p o rtio n  (1 —  X) o f the  skin fric tion 
o f  the to ta l load P  therefore decreases with increased load [5].

4. Q uantitative evaluation.

T he p ro p o rtio n  o f  the skin fric tion to  to tal load is show n 
in Fig. 7 b y  the  curve (1 — X) as a  function  o f  P \  th e  dead 
w eight o f  the  penetrom eter has been neglected. T he design 
o f  the  curve is based upon  the assum ption , tha t w ith identical 
settlem ents o f  the  pile tip  (w ith and w ithou t p o in t resis­
tance), identical sk in  fric tion  will be occuring. e.g. if  the 
share o f the skin fric tion  has to  be established for P  — 2  000 kg 
(g0 =  40 kg  per sq. cm ), a  parallel line to  A -A ' (elastic de­
fo rm ation  o f  the  pile rod ) is draw n th rough  the  po in t C , 
thu s  obta in ing  the  p o in t C" w ith P2 =  520 kg. F rom w hich 
follow s : (1 —  X) =  520 : 2 000 =  0*26 (po in t C'"). F ig. 7 
shows th a t fo r an  increase o f  the load from  500 kg to  5 000 kg 
(w ithou t dead w eight o f  the pile) respectively o f  cr0 from

10 to  100 kg per sq. cm , the  share o f  sk in  fric tion  (1 —-X) 
is decreasing from  ab o u t 50 per cen t ab o u t 14 per cent.

K now ing the  value o f  X as a function  o f  P , th e  cu rve  o f  
the equ ivalen t diam eters B  (cm ) can  be p lo tted  (F ig. 7) by 
using Fig. 4. T hanks to  the relatively sm all pile shaft a rea 
o f  the  m odel pile, th e  variation  o f  B  is on ly  small. A n app ro x i­
m ate  determ ination  o f  X fo r the  given load in terval is 
sufficient.

The required  ¿ ’-values and  the respective reference stresses 
are  then  ob ta ined , based  upon  theory  and  Fig. 7 a s  follows :

Stage o f  load 
a 0 in  kg/cm2

A a0
kg/cm2

Ay
cm

X
B

cm
(equ.5)

M e  E  
(equ. 6a) 
kg/cm2

azm 
(equ.7) 
kg/cm2

Primary (B— E ) 
20-70 50 0-315 0-76 2-67 425

Oom= 50

14
Secondary (L —M ) 

20-70 50 0-160 - - 840 14

F o r the range A -B  o f  the settlem ent cu rve  the  soil seem s 
to  be preconsolidated .

70



4 . T h e  b o r i n g  d i a g r a m  a s  a  c r i t e r i o n  f o r  t h e  r e q u i r e d  l e n g t h  

o f  b o r e d  p i l e s

] .  General principles.

A boring  log is a d iagram  o f  the ideal boring  resis­
tance Bw(t) in  the direction o f  the borehole as a  function  
o f  the  boring  dep th  (m ). T he area o f  the d iagram  represents 
the to ta l boring  energy A (m t)  (F ig. 8). Inside the lim ited

400  800  1200 1600 2000 2400

between A 0 an d  P 0, w hich is regarded as  crite rion  fo r the 
required pile length (depth  o f  pene tration) :

X 0 =  —  in m tjm  =  m  
P  n

(10)

F o r an  ad jacen t bored pile the safe load o f  which shou ld  
be Pzul> th e  to ta l boring  energy A er/, as  m easured  from  theerfy
boring  d iagram , m ust fulfill the following cond ition  : 

A erf '■ A o =  P z u l: P0

= />£!i 
■ rf p  

r  n
• A n =  P r,

(11)

The bored  pile m ust then be bored to  such a  dep th  th a t 
the cond ition  (11) has been fulfilled, independent o f  its 
diam eter. U neven settlem ents which depend on the hete­
rogeneity  o f  the  subsoil, can  thus be reduced. Because X 0 
represents the necessary boring  energy  in  m l  for a perm is­
sible load o f  one ton , the subsoil cond itions o f  a  certain  
co n struc tion  site a re  thus  the m ore favourab le, the sm aller 
X 0, th e  valid ity  o f  which is locally limited.

2. Determ ination o f  the boring diagram  with the System  
“  Be noto”.

W ith the  B enoto pile, the  partia l boring  energy A  A  for 
a  sinking  o f  the  casing ov er a d istance A z  can  be com puted  
as follows (F ig. 8) :

A  =  n - P s - r G ' A z  . . . .  (12)

n =  num ber o f  stokes during  the tu rn ing  o f  the p ipe , 
P  =  m easured m ean value o f  the p iston  pressure, 
s =  path  o f  the p iston  per stroke,
G =  dead  w eight o f  the equipm ent w hich is ac ting  upon  

the  boring  bit.

F o r  the  specific boring  energy Bl0 we ob ta in  :

•P '
■ +  [G] (1 3 )

Fig. 8 Boring diagram o f the test pile 0  67 cm.

Diagramme de perforation d ’un pieu moulé dans le sol 
de 0  67 cm.

construction  site o f  a  given sequence o f  geological layers, 
bu t w ith variable thickness o f  these layers, the  ad justm ent 
o f  pile lengths to the  local soil cond itions can  take  place 
as follows :

(a) F o r  po in t bearing p iles , w here the  po in t resistance is 
the m ost im p o rtan t pa rt, w hile the sk in  friction m ay becom e 
negative in  relatively  so ft layers above a  solid  s tra tum  the 
position  o f  the la tte r  and the necessary pile length, can  be 
established from  the sudden increase o f  boring  resistance. 
T he area  o f  the  boring  d iagram  w hich has been obta ined  
during  pene tration  in to  the so lid  layer gives a  criterion  for 
the required dep th  o f  penetration .

(b) In  the case o f  fr ic tion  piles, the skin fric tion , acting 
between the soil layer and  the pile, is larger in  p ropo rtion  
to  the  boring  resistance. The a rea  o f  the boring  d iagram  
(to tal boring energy  A ,)  therefore gives a  relative value for 
to ta l skin fric tion (sum  o f  the sk in  fric tion  o f  a ll layers 
penetrated). I f  now , w ith a test pile o f  an  active length L 0 
(depth o f  penetration), o f  w hich the test has given a certain  
bearing capacity  P0, an d  fo r which a  to ta l boring  energy 
A 0 has been m easured, we ob ta in  a  certain  p ropo rtion  X u(m)

A s G is subject only  to  sm all varia tion , fo r com parison  
purposes, it can  be neglected. F o r  the to ta l boring energy  
we ob ta in  : r  z

A  =  E A A  =  Z B w - A z  (14)
o o 

(area o f  the boring  diagram ).
Fig. 8 show s the boring  d iagram  belonging to  test pile 

( 0  67 cm ) as  described below. T he value X 0 am ounted  
hereby to  a b o u t 100 m etre tons  per ton  o f  perm issible load.

5 .  R e s u l t s  o f  a  t e s t  p i l e

Fig. 9 show s the  load-settlem ent d iagram  o f  a test pile 
o f  B enoto  type  having  a  d iam eter o f  67 cm and  driven  to  
a depth  o f  30-2 m , com pared  w ith the calculated deform a­
tion  o f  the  pile (boring  d iagram , see Fig. 8). F o r  calculating 
the defo rm ation  o f  the pile, the follow ing deform ation  m oduli, 
measured by E M  P A  o n  concre te  sam ples o f  the sam e cu r­
ing tim e, have been em ployed : 

cr =  0-50 kg per sq. cm ,
Va  =  412 000 kg per sq. cm , 

a  =  50-100 kg per sq. cm ,
Vn =  312 000 kg  per sq. cm .

T he con trac tions o f  the pile, as  ca lcula ted  fo r the various 
values o f  X (X =  P1 : P)  are  show n in Fig. 9 as a  function 
o f  the pile load  P. The com parison  between the calculated 
defo rm ations o f  the pile and  the m easured settlem ents leads 
to  the follow ing conclusions :

1. F o r  P ^  100 tons the m easured settlem ents o f  the pile 
head are sm aller than  the ca lcu la ted  con trac tions o f  the pile 
fo r X — 0  (friction pile only). F rom  th is it follows tha t sm all
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loads P  are already  com pensated  by the skin fric tion  in the 
upper parts  o f  the pile, so tha t the  low er p a r t rem ains prac­
tically  unstressed.

2. F o r  h igher values o f P  the determ ining  £ -values o f  the 
subsoil o f  the pile can  be ca lcula ted  from  the  difference 
between the m easured settlem ent and the ca lcula ted  con trac­
tion  o f  the  pile. T he skin fric tion is supposed to  be evenly  
d istributed  a long the to ta l active length o f the pile (C hap. II) 
F o r  P — 360 tons (cr0 =  103 kg per sq. cm ) we ob ta in  the 
follow ing values fo r the described test pile :

p

X =  0 0-1 0*2 0-3 X =  — ,
P

M e  =  £  =  840 3 150 6 730 10 300 kg per sq. cm.
F ro m  o ther tests it m ay  be concluded th a t the value E  

o f  the subsoil (preconsolidated , lean , m orainic clay) w ill 
n o t be h igher th a n  3 000 kg per sq. cm  and X ^  0*1 (friction 
pile). T he bearing capacity  o f  the  tip  o f the pile has to  be 
regarded  as supplem entary  reserve. I t will becom e effective 
on ly  in case o f  bigger settlem ents and h igher loads.

3. In  case o f  sm aller rem ovals o f  the  pile load , the pile 
head will show  very sm all o r even hard ly  an y  rises because 
considerable negative sk in  fric tion  is created. A t the  final 
rem oval o f  load  from  the te st p ile  which had  been loaded 
to  Pmax =  450 tons  this negative skin fric tion becam e ap ­
parent during  alm ost the en tire  un load ing  procedure.

6. C o n c l u s i o n s

1. T he approx im ate  determ ination  o f  the m odu li E  o r 
M e  can  be d one  by m eans o f  a  model pile even if the  soil 
has been p reconsolidated  an d  the m easuring  po in t is sub­
m erged in  groundw ater.

2. T he larger the share o f  the fric tion  o f  the  to ta l load, 
the sm aller will be the  settlem ent. T he w ell know n dow n­
w ard cu rv a tu re  o f  the  load-settlem ent d iagram  o f  th e  test 
pile can  a t  least partly  be explained  by  the fact th a t w ith 
the  increase o f  the  pile load , the p ropo rtion  o f  skin fric tion  
becom es sm aller.

3. E ven in  the  case o f  relatively  good bearing  capacity  
o f  the pile toe , due to  the settlem ent, those piling system s 
a re  the best w hich have the highest possible p rop o rtio n  o f

skin friction. In  th e  case o f  bo red  piles the skin fric tion 
can  be increased by increasing the  horizontal pile shaft 
pressure during  concreting.

O n  the  o ther han d , in the  case o f  negative sk in  fric tion, 
piling system s w ith  sm all skin friction  a re  to  be preferred.

4 .  T h e  use o f  th e  to ta l boring  energy  as a  criterion  for 
the bearing  capacity  o f  fric tion piles m akes it possible to  
ad ju st the  pile lengths according  to  locally  changing  soil 
conditions. T he m ethod  is conclusive on ly  in  those cases 
w here the  relationsh ip  between the boring  energy  a n d  the 
perm issible load  o f  the pile has been previously established 
by m eans o f  a  test pile.

5 .  T h e  m odel pile test can  be used to  estim ate u ltim ate 
bearing  capacity , sim ilar to  the D utch  cone penetration  
test [ 6  and  7 ] .  O n the  o ther hand, tests o f  long du ra tio n  
enab le the  secondary  tim e effect to  be investigated, which 
shou ld  be considered  in all settlem ent ca lcula tions [8].
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