
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


15/15

Horizontal load test on free head pile 

Essai de charge horizontale sur pieu à tête libre

F.A.GUEDES DE MELO, Laboratorio Nacional de Engenharia Civil, Lisboa, Portugal 

M.ESTEVES FERREIRA, Laboratorio Nacional de Engenharia Civil, Lisboa, Portugal

SYNOPSIS:  The f o u n d a t i o n  o f  t h e  t wo ma in  p i l e s  o f  t h e  i n t e r n a t i o n a l  b r i d g e  ove r  Guadiana r ive r  c o n s i s t s  
o f  g r o u p s  o f  l a r g e  d i a m e t e r  p i l e s  c r o s s i n g  t he  t h i c k  a l l u v i a l  l a y e r .  In o r d e r  t o  g i v e  s uppor t  to t he  
d e s i g n  s t u d i e s  c o n c e r n i n g  t h e  e f f e c t  o f  h o r i z o n t a l  l o a d s  an in  s i t u  t e s t  was  c a r r i e d  o u t  on a con - 
c r e t e  p i l e ,  0 . 8 0  m d i a m e t e r ,  e x c l u s i v e l y  b u i l t  f o r  t h a t  p u r p o s e .  D e t a i l s  on t h e  t e s t  p e r f o r ma n c e  as  

we l l  a s  on t h e  i n t e r p r e t a t i o n  o f  r e s u l t s  o b t a i n e d  a r e  s u p p l i e d .

1.  INTRODUCTION

The i n t e r n a t i o n a l  b r i d g e  o v e r  t he  Gu a d i a n a  r i v e r  

be t we e n V i l a  Re a l  de  S t ?  An t o n i o  ( P o r t u g a l )  a nd 
Ay a mo nt e  ( S p a i n )  i s  a 660 m l o n g  c a b l e - s t a y e d  
s t r u c t u r e  w i t h  a c e n t r a l  s pa n 32*4 m l o n g ,  t wo l £  
t e r a l ,  a l s o  s u s p e n d e d ,  s p a n s  135 m l o n g  a nd t wo 
s h o r t  s p a n s ,  36 m l o n g ,  in c o n n e c t i o n  w i t h  t h e  
a bu t me n t  s .

The de c k  i s  a c o n t i n u o u s  c o n c r e t e  f r a me  wh i c h  
i s ,  on one  h a n d ,  s u s p e n d e d  by c a b l e s  f r o m t wo 
t o we r s  a nd on t h e  o t h e r  ha nd i s  s u p p o r t e d  on t he  
t owe r  be a ms ,  on p i l l a r s  e x i s t i n g  a t  t h e  e nd o f  
t he  l a t e r a l  s p a n s  a nd  a l s o  on t h e  a b u t m e n t s .

The g e o t e c h n i c a l  c o n d i t i o n s  e x i s t i n g  a t  t he  
f o u n d a t i o n  o f  t h e  t wo t o w e r s , namely the p r e s e n c e  
o f  a t h i c k  l a y e r  o f  an a l l u v i a l  d e p o s i t , compel led 
d e s i g n e r s  t o  a d o p t  a de e p  f o u n d a t i o n  s o l u t i o n .  
Du r i n g  t h e  p r e l i m i n a r y  s t u d i e s  a s e t  o f  t y p e  s o l u  
t i o n s  we r e  a n a l y s e d  i n c l u d i n g  p i e r s ,  p i l e s  oT 
d i f f e r e n t  d i a m e t e r s  a nd  d i a p h r a g m wa l l  e l e m e n t s .  

The f i n a l  o p t i o n  was  a d o p t e d  by a P o r t u g u e s e -  
- S p a n i s h  T e c h n i c a l  Co mmi t t e e  a nd  c o r r e s p o n d s  t o a 
s o l u t i o n  w i t h  1 . 5  m d i a m e t e r  c o n c r e t e  p i l e s .

T hr o ug h  t h e  g e o t e c h n i c a l  c h a r a c t e r i z a t i o n  o f  
t he  l o c a l  c o n d i t i o n s  t h e  d e f i n i t i o n  o f  t he  d e s i g n  
v a l u e s  o f  t h e  p a r a m e t e r s  was  a c h i e v e d .  Eve n so i t  
was c o n s i d e r e d  a d v a n t a g e o u s  t o  ba s e  t he  d e s i g n  
a n a l y s i s  c o n c e r n i n g  t h e  b e h a v i o u r  o f  t h e  p i l e s  
un d e r  h o r i z o n t a l  f o r c e s  on e x p e r i m e n t a l  r e s u l t s  
o b t a i n e d  t h r o u g h  an in  s i t u  p i l e  t e s t .  Wi t h  t h i s  
o b j e c t i v e  a p i l e  was  e s p e c i a l l y  b u i l t  n e a r  t he  
s i t e  o f  one  o f  t h e  t wo t o w e r s .

In t he  p r e s e n t  p a p e r  s ome  d e t a i l s  c o n c e r n i n g  
t he  l o c a l  g e o t e c h n i c a l  c o n d i t i o n s ,  t h e  p i l e  c h £ 
r a c t e r i s t i  cs  a nd t h e  t y p e  o f  i n s t r u m e n t a t i o n  used 
a r e  p r e s e n t e d .  Al s o  s ome  a s p e c t s  r e l a t e d  t o  t h e  
i n t e r p r e t a t i o n  o f  r e s u l t s  a r e  e m p h a s i z e d .

2.  GEOLOGICAL CONDITIONS

From t h e  g e o l o g i c a l  p o i n t  o f  v i e w t h e  s i t e  o f  
Gu a d i a n a  b r i d g e  i s  an a l l u v i a l  v a l l e y  e x c a v a t e d  
i n t o  a r o c k  f o r m a t i o n  o f  s c h i s t  a nd g r a y wa c k e  
a c t u a l l y  f i l l e d  w i t h  a r e c e n t  a l l u v i a l  d e p o s i t  
o f  mud,  s a n d y  mud a nd s i l t y  s a n d y  mud,  w i t h  a 
maximum t h i c k n e s s  o f  a b o u t  70 m.

To p r o v i d e  a d e q u a t e  k n o wl e d g e  o f  t h e  s i t e  s u b ­
s u r f a c e  c o n d i t i o n s  an e x p l o r a t i o n  p r o g r a m was  
p e r f o r me d ,  g i v i n g  p a r t i c u l a r  a t t e n t i o n  t o  t h e

c h a r a c t e r i z a t i o n  o f  t h e  a l l u v i a l  b e h a v i o u r .  T h is  
p r o g r a m i n c l u d e d :  s e i s m i c  e x p I o r a t i o n  , bo r e  ho 1e s , 
SPT a nd  CPT t e s t s ,  v a ne  t e s t s  a nd a l s o  l a b o r a t o r y  

t e s t s .
The i n t e r p r e t a t i o n  o f  t h e  wh o le  i n f o r m a t i o n  

c o n c e r n i n g  t he  p a r t i c u l a r  zone  o f  t h e  P o r t u g u e s e

F i g u r e  I .  G e o l o g i c a l - g e o t e c h n i c a l  mode l  a t  t he  

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

t o w e r ,  whe r e  i t  was  d e c i d e d  t o  p e r f o r m t he  t e s t ,  
l e d  t o  t h e  g e o t e c h n i c a l  de s ign mode l  p r e s e n t e d  in 
f i g u r e  1.
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3.  P ILE CHARACTERISTICS

The t e s t e d  p i l e  was  a c a s  t - i n - p  I a c e  e le ment  c r o s s  
Ing  a l l  t h e  a l l u v i a l  t h i c k n e s s ,  wh i c h  g i v e s  7  
t o t a l  l e n g t h  o f  a b o u t  42 m. As t h e p i l e  d i a m e t e r  
f o r e s e e n  by t h e  d e s i g n  t e a m was  1 . 5  m t h i s  was  
n a t u r a l l y  t h e  mos t  a p p r o p r i a t e  v a l u e  a l s o  f o r t h e  
t e s t  p i l e  d i a m e t e r .  Howe ve r  due  t o  t h e  h i g h  c o s t  
i n v o l v e d  In s e t t i n g  o u t  an a d e q u a t e  s i t e  t o  b u i l d  
o n l y  one  p i l e  o f  s uc h  a l a r g e  d i a m e t e r ,  i t  was  
d e c i d e d  t o  p e r f o r m  t h e  t e s t  on a 0.80 m diame t e r  
pile.

The r e i n f o r c e m e n t  o f  t h e  p i l e  was  6 0 20 mm + 
+ 6 0 1 6  mm.

4.  LOADING DEVICE

The l o a d i n g  d e v i c e  i n c l u d e d  a s e c o n d  p i l e  o n l y  

f o r  r e a c t i o n  p u r p o s e s  a nd a m e t a l l i c  frame i n v o l v  
Ing  t h e  t wo p i l e s  whos e  a x e s  we r e  2 . 4  m d i s t a n t .  
At  t h e  c e n t r a l  p a r t  o f  t h i s  m e t a l l i c  s t r u c t u r e  
t h e r e  was  a 32 mm s t e e l  b a r  c r os s ing n o t  o n l y  t h e  
t r a n s v e r s e  f r a me  e l e me n t s  b u t  a l s o  t h e  t wo p i l e s .  
The h o r i z o n t a l  f o r c e s  a r e  a p p l i e d  by a j a c k  e x i s t  
in g  a t  t he  e nd o f  t h i s  s t e e l  b a r .

5 .  PILE MON I TORING

The t h e o r e t i c a l  a n a l y s i s  o f  t h e  e x p e c t e d  p i l e  
b e h a v i o u r  on a c c o u n t  o f  t h e  a l l u v i a l  s o i l  c ha  - 
r a c t e r i s t l c s  l e a d s  t o  t h e  c o n c l u s i o n  t h a t  i t  wi l l  

p r a c t i c a l l y  be w i t h o u t  b e n d i n g s  f o r  d e p t h s  la r ge r  
t h a n  12 m. So i t  was  c o n s i d e r e d  s u f f i c i e n t  m o n i ­
t o r i n g  o n l y  t he  f i r s t  20 m o f  t he  p i l e  l e n g t h .

The p u r p o s e  o f  m o n i t o r i n g  was  t o  me a s u r e  t he  
h o r i z o n t a l  d i s p l a c e m e n t s ,  r o t a t i o n s  a nd  s t r a i n s .

The h o r i z o n t a l  d i s p l a c e m e n t s  we r e  me a s u r e d  
by an e l e c t r i c a l  i n c l i n o m e t e r  o p e r a t i n g  i n s i d e  a 

m e t a l l i c  t u b e  embedded i n t o  t h e  c o n c r e t e  o f  t h e  
p i l e .  The p i l e  he a d d i s p l a c e m e n t s  we r e  a l s o  s i  - 
m u l t a n e o u s l y  me a s ur e d  by t o p o g r a p h i c  me t h o d s .

The  r o t a t i o n s  a l o n g  t h e  p i l e  we r e  measured a l s o  
by t he  I n c l i n o m e t e r  b u t  t h o s e  c o r r e s p o n d i n g  t o

o f  e l e c t r i c a l  s t r a i n  g a g e s  g l u e d  d i r e c t l y  to the 
b a r s  o f  t h e  r e i n f o r c e m e n t .  Two s t e e l  b a r s  w i t h  
s t r a i n  g a g e s  (20 s t r a i n  g a g e s ,  I m a p a r t  on e a c h  
b a r )  we r e  i n s t a l l e d  a t  p o s i t i o n s  a t  d i a m e t r i c a l l y  
o p p o s i t e  on t h e  p l a n e  o f  t h e  a c t i n g  f o r c e s .  As 

dummy g a ge  o f  e a c h  We a t h s t o n e  b r i d g e  40 o t h e r  
s t r a i n  g a ge s  we r e  g l u e d  on a ba r  p l a c e d  i n t o  a 

m e t a l l i c  t u b e  a l s o  embedded in  t h e  c o n c r e t e o f t h e  
pile.

F i g u r e  He ad p i l e  r o t a t i o n s  u s i n g  c l i n o m e t e r s  
a nd I n c l i n o m e t e r s

6 . TEST PROGRAM

Succe s s ive  l o a d i n g  a nd  u n l o a d i n g  c y c l e s we r e  a pp l ie d  
t o the head of  t he  p i l e s  ma k i n g  them move in o p p o s i t e  
d i r e c t i o n s .  The  numbe r  o f  l o a d  s t e p s  was  38 a nd 
t he  maximum l o a d  a p p l i e d  was  2500  KN.

7.  ANALYSIS AND INTERPRETATION OF RESULTS

The a n a l y s i s  o f  t h e  r e s u l t s  s howe d t ha t  t h e v a l u e s  
o f  t h e  p i l e  he a d hor izont a l  dis place me nt s  and r ot a t ions ,  
whe n me a s u r e d  w i t h  an i n c l i n o m e t e r ,  we r e  v e r y

MSHACCMCNTS (mm)

F i g u r e  2.  H o r i z o n t a l  he a d p i l e  dis place me nt s  u s i n g  
t o p o g r a p h i c  me t h o d s  a nd i n c l i n o m e t e r s

t he  p i l e  he a d we r e  s i m u l t a n e o u s l y  me a s u r e d  w i t h  

h i q h  a c c u r a t e  c l i n o m e t e r s .
An a t t e m p t  was  made  t o  me a s u r e  s t r a ins  by me ans

F i g u r e  4 .  H o r i z o n t a l  p i l e  d i s p l a c e m e n t s  u s i n g  in -  

c I i n o n e t e r s

c l o s e  t o  t h o s e  o b t a i n e d  by t o p o g r a p h i c a l  me t h o d s  
and c l i n o m e t e r s  r e s p e c t i v e l y ,  as  we ca n s e e  in 
f i g u r e s  2 a nd 3-  T h i s  f a c t  was  v e r y  i m p o r t a n t
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f o r  t h e  i n t e r p r e t a t i o n  o f  t h e  t e s t  r e s ul t s  b e c a u s e  
onc e  t h e  r e l i a b i l i t y  o f  t h e  p i l e  head v a l u e s  was  
o b t a i n e d  t h e r e  wo u l d  be  a good s u p p o r t  f o r  a s s um 
ing  t h e  s ame  r e l i a b i l i t y  f o r  a l l  t h e  s e c t i o n s  
a 1ong  t h e  p i l e .

The h o r i z o n t a l  d i s p l a c e m e n t s  a t  e a c h  a p p l i e d  
lo a d  s t e p  a r e  p r e s e n t e d  in  f i g u r e  b .

Ac c o r d i n g  t o  f i g u r e s  2 a nd 3 f o r  l o a d  s t e p s  up

F i g u r e  5 .  T h e o r e t i c a l  a nd me a s u r e d  h o r i z o n t a l  
d i s p l a c e m e n t s  a l o n g  t h e  p i l e

t o  60 KN t h e  p i l e  s o i l  b e h a v i o u r  was  appr oximat e ly 
e l a s t i c .  In f i g u r e  5 ,  whe r e  t he  e v o l u t i o n  o f  t he  
d i s p l a c e m e n t s  u n d e r  u n i t  f o r c e  ( d / F )  a l o n g  t h e  
p i l e  i s  p r e s e n t e d ,  t he  zo n e  c o r r e s p o n d i n g  to F<60 
KN is  c l e a r l y  s ho wn.  In t h e  s ame  f igur e  t h e  t h e o ­
r e t i c a l  d i a g r a ms  c o r r e s p o n d i n g  t o  Wi n k l e r  mode l 
s o l u t i o n  a r e  p r e s e n t e d ,  e a c h  d i a g r a m  c o r r e s p o n d ­
ing  t o  a p a r t i c u l a r  r e a c t i o n  mo d u l u s  K. The va lue s  
o f  K we r e  o b t a i n e d  by m u l t i p l y i n g  t h e  e l a s t i c i t y  
mo d ulus  ( p r e v i o u s l y  d e f i n e d  f o r  t h e  d i f f e r e n t  
g e o l o g i c a l  f o r m a t i o n s  i d e n t i f i e d  t h r o u g h  t h ge o - 
t e c h n i c a l  s t u d i e s )  by a p a r a me t e r  a  (K = oc E ) . As

J » O T / r ( r o d / k M . 1 0 *

we c a n  s e e  t he  c u r v e  o b t a i n e d  f o r  a  “ I . 10 l i e s  

a p p r o x i m a t e l y  a t  t h e  c e n t e r  o f  t h e  zo ne  c o r r e s ­

p o n d i n g  t o  l o a d s  a t  60 KN, m a i n l y  a t  t h e  upper  pa r t  

o f  t he  p i l e .

A s i m i l a r  a n a l y s i s  f o r  t h e  r o t a t  i on va 1 ues , 
i s  p r e s e n t e d  in f i g u r e  6 .  In t h i s  c a s e  t he
a p p r o a c h  i s  a l s o  q u i t e  good t h o u g h  o n l y  a t  t he  

u p p e r  p a r t .
The h o r i z o n t a l  d i s p l a c e m e n t s  a nd r o t a t ions  s how 

t h a t  t he  p i l e  b e h a v i o u r  i s  p r a c t i c a l l y  w i t h o u t  

b e n d i n g s  f o r  a d e p t h  o v e r  a b o u t  13 m, e ve n  f o r  

t h e  h i g h e s t  s t e p s  o f  l o a d  a p p l i e d  ( f i g u r e  *4) .
The s t r a i n s  o b t a i n e d  f r o m t h e  e l e c t r i c  s t r a i n  

g a g e s  d i d  n o t  p e r m i t  an a d q u a t e l y  ba s e d  i n t e r  -  

p r e t a t i o n .  The r e a s o n  i s  n o t  we l l  e s t a bl is he d but  

an i m p o r t a n t  r o l e  may be p l a y e d  by p r o b l e ms  r e l a t  

ed w i t h  t h e  p a r t i c u l a r  t e c h n i q u e  used for  g l u i n g  

a nd i s o l a t i n g  t he  s t r a i n  g a ge s  a nd  by t h e  I n f l u ­
e nc e  o f  t h e  bad we a t h e r  c o n d i t i o n s  on t h e  d a t a  

a c q u i s i t i o n  s y s t e m u s e d .

8 . CONCLUSIONS

The mos t  i m p o r t a n t  c o n c l u s i o n s  d e r i v e d  f r o m t he  

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

a )  S u i t a b l e  d e s i g n  o f  t he  l o a d  s y s t e m,  s h o win g  

v e r y  good p e r f o r ma n c e  t h r o u g h o u t  t h e  t e s t .
b) Re ma r k a b l e  q u a l i t y  o f  t h e  I n c l i n o m e t e r  I n ­
f o r m a t i o n ,  as  was  c o n f i r m e d  by v a l u e s  o f  the d i ­
r e c t  me a s u r e me n t  o f  h o r i z o n t a l  d I s p I  a c e me n t s o f  

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

o f  t h e  r o t a t i o n s  u s i n g  h i g h  a c c u r a c y  clinome t e r s .
c )  Ve r y  p o o r  r e s u l t s  o b t a i n e d  w i t h  t h e  e l e c t r i c  

s t r a i n  ga ge s  wh i c h  d i d  n o t  p e r m i t  a ny  p r a c t l  -  

c a 1 i n t e r p r e t a t i o n .
d) In wha t  c o n c e r n s  t he  ove r a l l  I n t e r p r e t a t i o n ,  

e mp h a s i s  mus t  be  l a i d  upon t h e  good c o m p a t i b i ­
l i t y  b e t we e n  t he  g e o t e c h n i c a l  I n f o r m a t i o n  o b ­
t a i n e d  t h r o u g h  t h e  u s u a l  t e s t  a nd t h e  p i l e  t e s t  

r e s u l t s .  T h i s  po int s  t o  a r e ma r k a b l e  r e l i a b i l i t y  

o f  t h e  d e s i g n  p a r a me t e r  v a l u e s  t h a t  had be e n  

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

o f  t h e  g e o t e c h n i c a l  t e s t s .
e )  In s p i t e  o f  t he  g r e a t  v a l u e  o f  t he  I n f o r m a ­
t i o n  o b t a i n e d  t h r o u g h  t he  p i l e  t e s t  a nd I t s  

i mp o r t a n c e  f o r  t he  d e s i g n  o f  t he  b r i d g e  f o u n d £  

t i o n , we mus t  r e c o g n i z e  t h a t  t h i s  i n f o r m a t i o n  

wo u l d  ha ve  be e n much mor e  Im p o r t a n t  i f  the  s t r a in 

ga ge  me a s u r e me n t  s y s t e m had wo r ke d  w e l l .
The s o l l - p i l e  d e f o r m a t i o n  p r o c e s s  ca n o n l y  

be w e l l  c o n t r o l l e d  I f  a v e r y  a c c u r a t e  s y s t e m 

o f  me a s u r e me n t s  i s  u s e d .  In wha t  c o n c e r n s  t he  

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

s e c t i o n  i t  i s  p o s s i b l e  t o  us e  h i g h l y  r e l i a b l e  

a l t e r n a t i v e s .  Howe ve r  f o r  o t h e r  s e c t i o n s  a l o n g  

t he  p i l e  t h o s e  a l t e r n a t i v e s  a r e  u s u a l l y  Impr a c  

t i c a b l e  a nd s o t he  us e  o f  s t r a i n  g a ge s  s ee ms  

t o  be  a v e r y  p r o m i s i n g  way n a me l y  f o r  s t u d y i n g  

t he  p i l e - g r o u p  e f f e c t .  For  t h e s e  r e a s o n s  LNEC 

ha s  imp r o v e d  t h e  s t r a i n  g a ug e  me a s u r e me n t  t e c h ­
n o l o g y  f o r  p l i e s ,  u s i n g  e l e c t r i c a l  s t r a i n  g a u ­
ge s  g l u e d  i n s i d e  a s t e e l  t u b e  s i m i l a r  t o  t he  

b a r s  o f  t he  r e i n f o r c e m e n t  a nd d e s i g n i n g  a new 

d a t a  a c q u i s i t i o n  s y s t e m.  T h i s  new t e c h n o l o g y  

was  v e r y  r e c e n t l y  us e d  w i t h  good r e s u l t s  In a 

p i l e  t e s t  p e r f o r me d  f o r  t he  p u r p o s e  o f d e s 1gn - 

i n g  a b r i d g e  f o u n d a t i o n .  D e t a i l e d  i n f o r m a t i o n  

on t he  m a t t e r  w i l l  be  f u r n i s h e d  in a f u t u r e  

p a p e r .

Fi g u r e  6 .  T h e o r e t i c a l  and m ea su r e d  r o t a t i o n s al ong

t he p i l e
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