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Behaviour of Pile Foundations Submitted to Lateral Loads

L e C o m p o r t e m e n t  d e s  Fo n d a t i o n s su r  Pi eu x  So u m i se s au x  C h a r g e s T r a n sv e r sa u x

I . MANOL I U Ph. D. ,  Assoc.  Prof . ,  Dean,  School  of  Ci vi l ,  I ndust r .  and Agr ,  Bl dg. ,  Ci vi l  Eng.  I nst .

Buchar est ,

E. BOT EA Pr of .  Emer i t us,  Ci vi l  Eng.  I nst .  Buchar est ,

A . CONS T A NT I NE S CU Resear ch Eng. ,  Soi l  Mech.  and Found.  Di v. ,  Hydr aul i c Resear ch I nst . ,  Buchar est ,  Romani a

SYNOPSI S.  I nv e s t i ga t i on s  c a r r i e d  ou t  i n c onn e c t i o n  wi t h  t he f o und a t i o n  of  s ome quay  wa l l s  i n 
Ro ma n i a n  h a r b o u r s  o n  t he l e f t  bank  o r  Da nub e  r i v e r ,  h av e  i nc l uded  a l s o  a p r og r am o f  f i e l d  
t es t s  on  s i ng l e  p i l es  and  p i l e  f o unda t i ons .  Th e  paper  p r e s en t s  t he r es u l t s  o f  t es t s  on  r e i n ­
f o r c e d  c onc r e t e ,  16 i n l ong,  non i ns t r u men t ed ,  d r i v e n  pi l es ,  l oa ded  i nd i v i d ua l l y  or  i n g r oups  
of  2 o r  3 v er t i c a l  o r  b a t t e r  pi l es .

I rJ±  KODUOT I ON

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

l a t e r a l  l o a d s  h a s  b e e n  t h e  o b j e c t  o f  m a n y  

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

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

m e n t a l  c h e c ic 3  h a v e  b e e n  f e w e r  a n d ,  i n  m o s t  

c a s e s ,  o n  s m a l l  s c a l e .

I n  o r d e r  t o  o b t a i n  d e s i g n  d a t a  f o r  q u a y  w a lls  

i n  R o m a n ia n  h a r b o u r s  o n  t h e  l e f t  b a n k  o f  t h e  

D a n u b e  r i v e r ,  f e i l d  t e s t s  h a v e  b e e n  c a r r i e d  

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

¿oi l  c ond i t i ons  ok  Ta b  s i t u

Sev er a l  84* *  bo r i ngs  on  t he s i t e  hav e  s h own  

t he p r e s en c e  o f  r e c e n t  a l l u v i u m depos i t s ,  
as  f o l l ows :  1:  s andy  s i l t s ,  s i l t y  and  c l ay ey  
s i l t s ;  2:  s i l t y  c l ay s  and c l ay ey  s i l t s , s t i f f  

o n  t he upp e r  pa r t  o f  t he l ay er ,  wi t h  l ower  
c on s i s t en c y  on  t he bot t om;  po r o s i t i e s  ar e  
a r o und  50%,  na t u r a l  mo i s t u r e  c on t en t  45%;  5:  
a t h i n  l ay e r  o f  peat ;  4:  f i ne  s ands  and f i ne  
s i l t y  s ands ;  5:  a new t h i n l ay e r  o f  peat ;  6:  
s andy  anu c l ay ey  s i l t s  o f  l ow c ons i s t enc y ;
7:  me d i u m s ands  and s ands  wi t h  gr av el .

SAND SILT CLAY 
<0.05

Fi g.  2
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F i g . l  s h o w s  a  s o i l  p r o f i l e ,  t o g e t h e r  w i t h ,  
t h e  v a r i a t i o n  w i t h  d e p t h  o r  t i i e  ¿ r a i n  s i z e ,  
o f  A t t e r b e r g  l i m i t s  a n d  o f  t h e  n a t u r a l  m o is ­

t u r e  c o n t e n t .  -b‘i g . 2  s h o w s  t h e  v a r i a t i o n  w i t h  
d e p t h  o f  t h e  u n d r a in e d  c o h e s io n  o f  t h e  l a y e r

2, o b t a i n e d  b y  m e a n s  o f  f i e l d  v a n e  t e s t s  a n d  
b y  u n c o n f i n e d  c o m p r e s s io n  a n d  b y  a  d o i l t e s t  

p o c k e t  p e n e t r o m e t e r  i n  t h e  l a b o r a t o r y .

T l id T  1’HOGRAM AND R E b U LT d

T e s t  p i l e s  h a v e  b e e n  l o c a t e d  i n  tw o  z o n e s  
( f i g . 3 ) .  I n  z o n e  I  h a v e  b e e n  t e s t e d  s i n g l e  
p i l e s  1 . . . 6  a n d  g r o u p s  o f  v e r t i c a l  p i l e s  A ,

B , C ;  i n  z o n e  I I ,  g r o u p s  o f  b a t t e r  p i l e s  D 

a n d  E .  P r e c a s t  d r i v e n  n o n in s t r u m e n t e d  p i l e s ,  

r e i n f o r c e d  w i t h  8  b a r s  o f  2 5  urn* d i a m e t e r  a n d  

3 18 0 0  d a i\ i / s q c m .  y i e l d  l i © i t  s t e e l ,  h a v e  b e e n  
t e s t e d .  Y o u n g  m o d u lu s  o f  t h e  r e i n f o r c e d  c o n ­

c r e t e  w a s  2 5 0 , 0 0 0  d a N /s q c m .  L e n g t h  o f  t h e  

p i l e s  w a s  1 7 . 0  m , e m b e d m e n t l e n g t h  1 6 . 0  m . 

A l l  p i l e s  h a v e  b e e n  s q u a r e ,  4 0  cm  s i d e ,  e x ­

c e p t  p i l e s  N o . 5 16 , 9 , 1 0  w h ic h  h a v e  b e e n  r e a -  

t a n g u l a r  3 5 x 4 5  cm .

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

e x c e p t  p i l e s  1  a n d  2 t e s t e d  t o  a x i a l  l o a d .  

B o t h  a x i a l  a n d  l a t e r a l  l o a d s  w e r e  a p p l i e d  b y  

h y d r a u l i c  j a c k s .  D is p la c e m e n t s  h a v e  b e e n  r e ­
c o r d e d  b y  d i a l  g a g e s ,  w i t h  0 . 0 1 mm p r e c i s i o n .  

D is p la c e m e n t s  x  i n  h o r i z o n t a l  d i r e c t i o n  a n d  

s e t t l e m e n t s  , y ,  i n  6  p o i n t s  ( 3  s e c t i o n s )  
h a v e  b e e n  r e c o r d e d  f o r  t h e  g r o u p s  o f  p i l e s ,  

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

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

D e t a i l s  o f  t h e  p i l e  g r o u p s  a r e  g i v e n  i n  f i g .  
4  a n d  6 .  T h e  r e s u l t s  o f  t h e  t e s t s  a r e  s u m ­

m a r iz e d  i n  t a b . l  t o  5 *

COJvii.iLi'iid ON THL 1‘L.j T o  RLoULTd

I n  t a b . 6  a r e  g i v e n  so m e  s i g n i f i c a n t  r e s u l t s .  

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

f r o m  v a r i o u s  g r o u p s ,  v a l u e s  o f  t h e  l a t e r a l  

l o a d s  f o r  a 10  aim d e f l e c t i o n  w e r e  e s t a b l i s h e d  

f r o m  t h e  l o a d - d e f l e c t i o n  d ia g r a m ;  d i v i d i n g  

th e m  t o  t h e  n u m b e r  o f  p i l e s  i n  t h e  g r o u p ,  a

G r ou p  A G r o u p  B G r o u p  C

Fi g.  4
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" t r a n s v e r s e  s t i f f n e s s "  o f  t h e  p i l e ,  s i n g l e  
o r  i n  g r o u p ,  w a s  d e f i n e d .  F i g . 6  s h o w s  t h e  

d ia g r a m " lo a d  p e r  p i l e - d e f l e c t i o n "  f o r  s i n g l e  

p i l e s  a n d  p i l e s  f r o m  v a r i o u s  g r o u p s .  A s  e x ­

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

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

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

L a r g e r  d e f l e c t i o n s  f o r  e q u a l  l o a d s  e x h i b i t e d  
b y  t h e  g r o u p  C ,  h a v i n g  a n  i n t e r - a x i s  d i s ­

t a n c e  b e t w e e n  p i l e s  o f  3 d ( d = p i l e  w i d t h ) , 
c o m p a re d  t o  t h o s e  o f  t h e  g r o u p  A ,  h a v i n g  6 d  

i n t e r - a x i s ,  i s  s e e n  a s  a n  e x p r e s s i o n  o f  t h e  

" g r o u p  e f f e c t "  f o r  t r a n s v e r s e  l o a a s .  D a ta  

g i v e n  i n  t a b . l  t o  5 a s  w e l l  a s  t h e  d ia g r a m s  

i n  f i g . 6  s h o w  t h e  n o n l i n e a r  c h a r a c t e r  o f  t h e  

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

T a b . l

p , P i l e  1 P i l e  2

k N ,y , uim .Y .mm
20 0 0 , 5 8 0 . 4 4

3 0 0 0 . 9 9 0 , 6 9
4 0 0 1 , 4 7 0 , 9 2

50 0 2 , 1 8 1 . 2 4
6 0 0 3 . 1 5 ......... 1, 7 2
7 0 0 4 , 3 0 2 , 3 4
8 0 0 6 , 3 5 3 , 1 3
9 0 0 1 2 . 4 7 3 , 8 8

9 5 0 4 4 , 4 4
10 0 0 - 6 . 5 9
1 0 5 0 - 1 0 , 4 6

110 0 - 3 3 . 5 2

10 0 0 - 3 3 . 7 0

9 0 0 4 4 , 5 0 -

8 0 0 4 4 , 5 2 3 3 , 7 6

6 o 0 4 4 , 1 3 3 2 , 5 3
4 0 0 4 3 , 4 0 3 2 , 8 3
20 0 4 2 , 2 7 3 1 . 8 0

0 4 0 , 1 6 2 9 . 8 4

G roup D  G r o u p  E

T a b .  2

P i l e  3_________________ P i l e  4

k N  x , iu w  G .1 0 - ^  x ,m m  9 . 1 0 “ ^

20  1 , 1 9  1 , 1 2 9  1 , 5 7  1 , 1 2 9

4 0  4 , 5 3  3 . 3 8 6  6 , 0 7  3 .5 1 4
¿ 0  1 1 , 3 0  6 , 7 8 6  1 4 , 3 2  7 ,5 8 ~ £

7 0  1 3 . 4 9  7 . 1 2 9  1 6 , 7 1  8 , 6 2 9
8 0  1 8 , 5 2  9 . 7 1 4  2 2 , 9 0  1 1 , 6 8 6

9 0  3 2 , 5 2  1 5 , 0 8 6  4 3 , 7 2  2 1 , 4 0 0

7 0  3 1 . 0 7  1 3 . 8 2 9  4 0 . 9 2  2 1 . 1 8 6

5 0  2 8 , 9 1  1 2 , 5 4 3  3 8 , 4 9  1 8 , 4 2 9
3 0  2 2 , 6 7  9 ,4 4 3  3 1 . 1 1  1 4 , 6 8 6

0  1 0 , 9 6  4 , 5 1 4  1 5 . 7 1  7 . 8 1 4

T a b .  3

H ,
kN

P i l e  5 
x ,n im

P i l e  6 
x .m ii i

20 2 , 3 2 1 , 1 1

4 0 5 , 6 1 3 , 1 0
6 0 9 . 6 3 6 , 5 4
8 0 1 7 . 2 4 1 0 , 9 5

10 0 3 0 , 0 6 1 8 , 3 5
12 0 - 2 7 , 4 4

T a b . 4

H G ro u p  A G ro u p  B G ro u p  C

kN x ,u im y 1 miu y2,mn y -p i i im y 2 ,mm x  ,mm y 1 ,mm y 2 ,mm

40 0 , 5 7 - 0 , 0 5 0 , 0 4 0 , 5 5 - 0 , 0 7 - 0 , 0 2 1 , 1 5 - 0 , 0 9 0

8 0 1 , 7 1 - 0 . 1 3 0 , 10 1 , 4 7 - 0 , 1 5 - 0 , 0 5 2 , 4 5 - 0 , 2 6 - 0 , 0 9

12 0 3 , 5 3 - 0 , 2 5 0 , 1 4 2 , 8 9 - 0 , 3 6 - 0 , 0 6 7 . 4 7 - 0 , 5 2 - 0 , 12

1 4 0 4 , 4 2 - O . ' i ' i 0 , 2 8 3 , 5 4 - 0 , 3 9 - 0 , 0 6 12 , 2 1 - 0 , 7 7 - 0 , 1 4
1 6 0 - - - - - - 1 7 , 2 6 - 0 , 9 7 - 0 , 1 6

1 8 0 f a , 7 8 - 0 , 6 3 0 , 4 2 6 , 2 4 - 0 , 5 2 - 0 , 0 2 - - -

20 0 1 1 . 5 7 - 0 , 8 4 0 , 4 2 7 , 7 1 - 0 , 6 4 - 0 , 0 5 - - -

220 1 5 , 5 5 - 1 , 0 9 0 , 6 0 9 . 8 8 - 0 , 7 0 - 0 , 12 - - -

2 4 0 1 9 , 7 0 - 1 , 2 9 0 , 6 3 1 2 , 1 7 - 0 , 8 9 - 0 , 2 2 - - -

2 6 0 2 3 , 1 9 - 1 , 5 0 o . a y 1 3 , 8 9 - 0 , 9 6 - 0 , 2 4 - - -

220 2 3 . 1 8 - 1, 5 0 - 1 3 , 8 6 - 0 , 9 4 - 0 , 2 4 - - -

1 6 0 2 2 . 4 3 - 1 , 3 8 - 1 2 , 9 5 - 0 , 8 6 - 0 , 1 9 - - -

12 0 2 0 , 5 4 - 1 . 1 4 - 1 1 . 3 2 .... - 0 , 7 1 - 0 , 1 4 1 6 , 8 5 - 0 , 9 1 - 0 , 1 4
8 0 1 7 . 8 7 - 0 , 8 9 - 9 , 2 8 - 0 ,  5 5 - 0 , 0 8 1 4 , 7 2 - 0 , 6 5 - 0 , 0 4

4 0 1 5 , 0 0 - 0 , 6 2 - 7 , 2 4 - 0 , 3 8 - 0 , 0 6 1 0 , 9 6 - 0 . 3 0 + 0 , 1 2

0 1 0 , 8 2 - 0 , 2 4 - 4 ,3 1 - 0 , 2 4 —0 , 0 2 6 , 1 0 - 0 , 0 2 + 0 , 2 5
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Tab.  3

H , G r o u p  D G ro u p  E

tcN x , ¡urn
* 1

, mui y 2 ,, nini X ,mm ,111111

40 0 ,, 2 2 - 0 ,0 2 0 ,,0 5 0 .,¿ 5 o , ,0 8 0

8 0 0 , 5 8 - 0 ,1 7 0 .,1 9 0 ,5 6 o , ,1 7 0 ,0 2

12 0 1 ,20 - 0 , 3 0 o ,4 1 1 ,0 2
o , ,1 4 0 ,,0 5

1 6 0 2 ,2 5 - 0 .,6 0 0 ,,7 6 1 , 7 0 - 0 ,,0 6 U , , 2 1
20 0 3 ., 86 -0 ,8 5 1 .,4 5 2 ,,5 6 - 0 ,,2 5 0 ,

2 4 0 7 , 20 - 1 ,2 5 3 .,0 7 ?■ ,6 8 - 0 ,, 4 1 o , , 6 0

2 6 0 1 0 , 1 9 - 2 , 1 7 4 , 4 1

2 8 0 l i , 5 4 - 3 , 1 9 5 . , 3 9 5 , 6 0 - 0 ,, 4 3 0 , , 8 4
3 0 0 2 1 . 0 2 - 4 . ,2 7 7 ' ,3 2
3 2 0 2 5 , 6 7 - 4 ,3 2 io,,1 3 9 , 6 2 - 1 , , 0 0 2 , 0 0

2 8 0 ¿5 , 68 - 4 , ,6 3 10,, 12
2 4 0 2 5 ,3 1 - 4 ,6 2 10,, 1 0

20 0 2 5 , 0 7 - 4 ,6 8 1 0 , , 0 6

1 6 0 2 3 ,8 1 - 4 , 5 7 9,, 7 7

12 0 2 2 , 6 0 - 4 . ,3 7 9,,40
80 21 ,11 -4.,13 fa,,85
4 0 l a ,55 -3.,69 ,00
0 13 ,84 -3 ,50 6,,47

A t h o r o ugh  p r e s e n t a t i o n  o f  t he r e s u l t s  o f  
t he a n a l y t i c a l  c hec k s  o f  t he r e s u l t s  of  f i el d 
t es t s  o n  p i l e  g r o ups  i s  bey ond  t he s c ope of  
t h i s  paper .  Howev er ,  s ome o b s e r v a t i o ns  c an  
be made  o n  t he c ompu t a t i ons  pe r f o r med  wh i c h  

hav e  t ak en  i n t o  a c c ou n t  t he p i l e - s o i l  i n t e r ­
ac t i on ,  c o ns i d e r i n g  p i l es  as  f i x e d  i n  a r i ­
g i d  c ap  and embedded  i n a Wi n k l e r - t y pe  s oi l ,  
c h a r a c t e r i z e d  by  a modu l u s  o f  s ubgr ade  r e a c ­
t i on  v a r y i n g  l i nea r l y  wi t h  dep t h  Kh ~n h* z  •
Fo r  v a r i ou s  p i l e  g r oups ,  v a l u es  o f  n h  l e a d i n g  

t o a c o mpu t ed  d e f l e c t i o n  equa l  t o t he me a ­
s u r ed one,  f o r  e ac h  l oad ,  h a v e  been  s ought .  
Di a g r ams  nh f u n c t i o n  o f  x ,  i n g ood  ag r ee men t  
t o t he o nes  g i v e n  e l s ewh e r e  ( Manol i u,  1975)  
hav e  been ob t a i ned.  Thus ,  f or  a 10  mm dei l ec-  
t i on,  n h  v a l u es  wer e  o f  o r d e r  o f  0 . 6 . . . 0 . 7  
d a N/ c u . c m f o r  g r oup s  A, B, D, E,  wi t h  wi de l y  

s pac ed  pi l es  and  0. 3  d a N/ c u . c m f o r  g r o u p  C 
wi t h  c l os e l y  s pac ed  pi l es .  Fo r  5 mm d e f l e c ­
t i on,  n h  v a l u es  wer e  i n t he r ang e  o f  0. 8. . .

Fi e l d  t es t s  on  5 p i l e  g r o u p s  hav e  f u r n i s h e d  
i n t e r e s t i n g  da t a  on  t he be hav i o u r  o f  pi l e  

f o un d a t i o n s  s ub mi t t ed  t o l a t e r a l  l oads .
Us ua l  me t h o d s  f o r  t he a n a l y s i s  o f  p i l e  gr oups,  
as  f o r  i ns t anc e  t hos e  wh i c h  c o n s i de r  t he 

s o i l  as  a Wi nk l e r - t y p e  med i um,  c an  l ead  t o 
r es u l t s  i n  g oo d  a g r e emen t  wi t h  ex per i ment s ,  
p r o v i d ed  a p p r o p r i a t e  pa r ame t e r s  o f  t he pi l e-  
s o i l  i n t e r a c t i o n  a r e  a c c o u n t e d  f or .

T a b . 6

L o a d e d  e le m e n t
P i l e

c h a r a c t e r i s t i c s

N o . o f  

p i l e s
H

m a x ,

k N

X
m a x ,

mm

H f o r  

x = 10  mm

H f o r  

1  p i l e

S i n g l e  p i l e s
4 0 x 4 0

3 5 x 4 5

1

1

9 0

10 0 - 12 0
3 2 , 5 - 4 3 , 7

3 0 . 0 - 2 7 , 4

4 9 . . . 5 6

6 1 . . . 7 6

4 9 . . . 5 6

6 1 . . . 7 6
G r o u p s  o f

v e r t i c a l

p i l e s

A

B

C

4 0 x 4 0 ,  

3 5 x 4 5 ,  
4 0 x 4 0 ,

d = 2 , 4 0  

d = 2 , 4 0  

d - 1 , 20

2

2

2

26 0

2 6 0

16 0

2 3 , 2

1 3 , 9

1 7 , 3

1 8 8

2 0 3

1 3 1

9 4
10 2

66
G r o u p s  o f

D 4 0 x 4 0
1  b a t t e r - 4 : 1

2 3 2 0 2 5 , 7 258 1 2 9b a t t e r 1 b a t t e r + 4 : 1
p i l e s

E 40 x 40
1 b a t t e r - 4 : 1

3 320 9 , 6 3 2 0 1 0 8
2 b a t t e r +6 : 1

1 . 2  daN/ c u . c m.  Thus ,  i t  a ppe a r s  t ha t  by  an  
a p p r o p r i a t e  s e l e c t i on  o f  t he pa r ame t e r  nh  
i n  f u n c t i o n  o f  t he de f l ec t i on ,  a n on - l i n e a r  
l oad- i i ei ' l ec t i on r e l a t i o n s h i p  c ou l d  be p r e ­
d i c t e d  u n a l y t i c a l l y , a t  l e as t  i n t he do ma i n  
o f  def l ec t a. ons  up  t o 10  mm,  c ons i d e r e d  us  

be i ng  t o l e r ab l e  f o r  t he s t r uc t u r e .

RüFEK¿,NCE6

Ma no l i u , ! .  ( 1975)  " La t e r al  Bea r i ng  Capac i t y  
o f  Pr c c as t  Dr i v e n  Pi l es " .  Pr o c ee d i n gs  of  
t h e  V l - t h  Eu r o p e a n  Con f e r e n c e  o n  ¿o i l  M e ch a ­

n i c s  and Fo u n d u t i u n  Eng i nee r i n g ,  Vo l . 2,  
Vi enna,  1975,  p . 515- 518.
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