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TH E O R Y  OF P IL E S  IN SW ELLIN G  AN D  SH RINKING  SOILS

T H E O R IE  DES P IE U X  DANS DES SOLS S U JE TS A U  G O N F LE M E N T OU AU R E T R A IT  

TE O P M H  C B A fï B HAByXAlO lUHX 11 Y C A flO IH b lX  T P y H T A X

H .G. PO ULOS & E .H . D A VIS, C iv i l  E ng ineering , U n iv e rs ity  o f  Sydney (A u s tra lia )

SYNOPSI S.  Pi l e s  a r e  f r e q u e n t l y  u s e d  f or  f o u n d a t i o n s  i n s we l l i n g  and  s h r i n k i n g  s o i l s  t o s up ­

p r e s s  s t r u c t u r a l  mov emen t s .  Cu r r e n t  me t h o d s  o f  a n a l y s i n g  s uc h  f o u n d a t i o n s  u s u a l l y  o n l y  c o n ­

s i de r  t he  u l t i ma t e  u p l i f t  o r  d o wn wa r d  l oad  c a p a c i t y  o f  t he p i l e  and  l i t t l e  o r  no c o n s i d e r a t i o n  

i s  g i v en  t o  p r e d i c t i o n  of  t he  p i l e  mov emen t s .  I n t h i s  paper ,  a me t h o d  o f  ana l y s i n g  t he  mo v e ­

me n t  o f  a p i l e  i n s we l l i n g  s o i l  i s  p r es en t ed .  The  ana l y s i s  i s  ba s e d  on  t he  s i mp l i f y i n g  

a s s u mp t i o n  t ha t  t he  s o i l  c an  be  t r e a t e d  as  an e l a s t i c  ma t e r i a l  bu t  mo d i f i c a t i o n s  t o t he  anal ys i s  

ar e  d e s c r i b e d  wh i c h  a l l o w c o n s i d e r a t i o n  o f  s uc h  f ac t o r s  as  n o n - h o mo g e n e i t y , s l i p  at  t he p i l e -  

s o i l  i n t e r f ac e  and  c r u s h i n g  o r  t e n s i l e  f a i l u r e  o f  t he  pi l e.

I n o r d e r  t o  i l l u s t r a t e  t he  ma j o r  f ac t o r s  a f f e c t i n g  p i l e  mov emen t s ,  a n u mb e r  o f  i d ea l i z ed  

t h e o r e t i c a l  s o l u t i o n s  ar e  p r es en t ed .  Co mp a r i s o n s  b e t we e n  t he p r e d i c t e d  c h a r a c t e r i s t i c s  o f  b e ­

h a v i o u r  o f  p i l e s  i n s we l l i n g  s o i l s  s how e n c o u r a g i n g  a g r e e me n t  wi t h  t he  b e h a v i o u r  o b s e r v e d  i n a 

n u mb e r  o f  f u l l - s c a l e  f i e l d  t es t s .

I NTRODUCTI ON

5
»■ Fo u n d a t i o n s  i n e x p a n s i v e  c l ay s  ar e f r e q uen t l y  

s u b j e c t e d  t o  s ev e r e  mo v e me n t s  a r i s i ng  f r om 

mo i s t u r e  c h a n g e s  wi t h i n  t he  c l a y  wi t h  c o n s e ­

q u e n t  c r a c k i n g  and  d amage  d ue  t o d i s t o r t i on .  

Pi l es  h a v e  b e e n  us e d  e x t e n s i v e l y  f or  f o u n d a ­

t i ons  i n  s we l l i n g  s o i l s  i n o r d e r  t o a n c ho r  

t he s t r u c t u r e  d o wn  at  a d e p t h  wh e r e  c h a n g e s  i n 

mo i s t u r e  c o n t e n t  ar e  n e g l i g i b l e ,  so t ha t  mo v e ­

me n t s  o f  t he  s t r u c t u r e  ar e mi n i mi z ed .  However ,  

c o n s i d e r a b l e  u p l i f t  f o r c es  ar e  t hen  i n d uc ed  i n 

s uc h  p i l es  due  t o t he a c t i o n  o f  t he s we l l i ng  

s oi l .  An  a n a l o g o u s  p r o b l e m a r i s es  wi t h  p i l es  

i n s o i l s  u n d e r g o i n g  s h r i n k i n g  o r  c ons ol i dat i on,  

Wh e n  d o wn d r a g  f o r c es  ar e i n d uc ed  i n t he p i l es  

d u e  t o n e g a t i v e  f r i c t i on .  I n t h i s  paper ,  t he 

e f f e c t  o f  s o i l  mo v e me n t s  on  t he b e h a v i o u r  o f  

f l o a t i n g  p i l e s  wi l l  be c ons i de r ed .  Be c a u s e  of  

t he  s i mi l a r i t y  i n a p p r o a c h  b e t we e n  a p i l e  i n 

a s we l l i n g  s o i l  and  a p i l e  i n a c o n s o l i d a t i n g  

o r  s h r i n k i n g  s oi l ,  a t t e n t i o n  wi l l  be  c o n c e n ­

t r a t ed  on t he c as e  o f  a s we l l i n g  s oi l .

I n d e s i g n i n g  p i l es  i n s we l l i n g  s o i l s ,  t he r e  

ar e  t h r ee  r e q u i r e me n t s  -

a)  t he p i l e  mu s t  be ab l e  t o  c a r r y  t he s t r u c ­

t u r a l  l oad s a f e l y  i . e.  t her e  mu s t  be a d e ­

qua t e  u l t i ma t e  l oad c apac i t y .

b)  t he p i l e  mus t  ha v e  s u f f i c i e n t  t ens i l e  

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

ed i n t he p i l e  due  t o  u p l i f t  f or c es .

c)  t he  mo v e me n t  o f  t he p i l e s  d ue  t o t he net  

e f f e c t s  o f  u p l i f t  f o r c es  and  t he s t r uc t u r a l  

l oad  mu s t  b e  l es s  t h a n  t he  p r e s c r i b e d  

l i mi t .

At t e n t i o n  i s  f oc u s s e d  o n  t he  l a t t e r  t wo a s ­

p e c t s  s i nc e  f ew p r o b l e ms  ar i s e  i n o b t a i n i n g  

a d e q u a t e  l o a d - c a r r y i n g  c apac i t y  i n ex pa n s i v e  

s o i l s .  An  ana l y s i s  b a s e d  on e l a s t i c  t heo r y  

i s  des c r i bed ,  and t y p i c a l  r e s u l t s  ar e  gi v en.  

Some c o mp a r i s o n s  b e t we e n  t h e o r e t i c a l  and o b ­

s e r v ed  p i l e  b e h a v i o u r  ar e  a l s o  pr es ent ed .

Ex i s t i n g  me t h o d s  o f  ana l y s i s  o f  p i l e s  i n 

s we l l i n g  and s h r i n k i n g  s o i l s  ar e gen e r a l l y  

c o n f i n e d  t o  t he e s t i ma t i o n  o f  t he f or c es  i n ­

du c e d  i n a p i l e  b y  s o i l  mov ement .  Ty p i c a l  of  

s uc h  ap p r o a c h e s  a r e  t hos e  d e s c r i b e d  by  Co l l i ns  

( 1953) ,  Ma r i o t t i  and  Kh a l i d  ( 1969)  and 

Bo z o z u k  ( 1972) ,  wh i c h  i n gene r a l  as s ume t ha t  

f u l l  s l i p  o c c u r s  b e t we e n  p i l e  and s oi l  a l ong  

t he s haf t .  Sahz i n  ( 1968)  has  o b t a i n e d  e x ­

p r e s s i o n s  f or  t he mo v e me n t  o f  a p i l e  i n s we l l ­

i ng s o i l  by  c o n s i d e r i n g  t he wor k  done by  

f r i c t i on  f o r c es  i n t he  u p p e r  po r t i on  o f  t he 

p i l e  t e n d i n g  t o l i f t  t he  p i l e  and t he a p p l i ed  

l oad  and  t he f r i c t i on  f o r c es  i n t he l ower  ha l f  

o f  t he p i l e  t e n d i n g  t o r es i s t  up l i f t .  A mor e  

s a t i s f a c t o r y  ana l y s i s  c an be c a r r i e d  ou t  by  

e mp l o y i n g  e l a s t i c  t heo r y  i n a s i mi l a r  f as h i on  

t o t ha t  d e s c r i b e d  by  Pou l os  and Dav i s  ( 1968)  

f or  p i l e  s e t t l e me n t s  and Po u l o s  and Mat t es

( 1969)  f or  nega t i v e  f r i c t i on  on en d - b e a r i n g  

p i l e s .
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THEORETICAL ANALYSIS 

Ba s i c  An a l y s i s

The p r o b l e m i s  i l l u s t r a t e d  i n  F i g . l , A c i r -  
c u l a r  p i l e , l e n g t h  L,  d i a me t e r  d  a n d  bas e  di ­

ameter dfe, is situated in a soil mass in which, 
away from the pile, a general specified dis­
tribution of movement, S (either swelling or 
shrinking) with depth occurs. The pile is 
divided into n cylindrical elements each with 
a uniform shear stress pj acting on the peri­
phery. In the basic analysis the soil is 
assumed to be homogeneous and linearly elas­
tic and it is assumed that no slip occurs at 
the pile-soil interface.

P„  + I  Pi"d L/n + pbTTdb 2/4 = 0

JL*

w

(a) P ii«

u
Pb

(b) Str e s s as  on 
Pila

TmTtTT

(c) Str e s s as  on
Soil

- H- st

(d) Spacifiad Soil 
Movamant

( 2)

\lso, from equilibrium of the pile,

d ip} = Eg [Is]_ 1 {p-S}

(3)

FIGURE 1 PILE IN SWELLING OR CONSOLIDATING SOIL.

Defining downward soil displacements as Dosi-

t i v e , a n d  s h e a r  s t r e s s e s  p o s i t i v e  as  s h o wn i n  
F i g . 1,  t h e  s o i l  d i s p l a c e me n t s  a l o n g  t he  p i l e  

c a n  be e x p r e s s e d  as

( s r / = - l ,  r i j  { » ) * ( « )  <- >

wh e r e  / I g /  = t h e  ( n+1)  b y  ( n+1)  ma t r i x  of  d i s ­
p l a c e me n t  i n f l u e n c e  f a c t o r s .

Eg = Young s modulus of soil.
{S? = the (n+1 ) vector of soil move­

ments, negative for swelling.
{sp} = the (n+1 ) vector of soil dis­

placements adjacent to pile.
{p } = the (n+1 ) vector of shear stresses 

at the soil-pile interface and 
the base pressure, positive 
directions as in Fig.l.

The elements of [ls] are obtained by double 
integration of the Mindlin equations as des­
cribed by Poulos and Davis (1968). Poisson's 
ratio of the soil vs is not a very important 
parameter of the values of Is.

Without slip the pile displacements, pP = sp. 
For the general case of a compressible pile, 
the pile displacements must be compatible 
with the elastic properties of the pile, and 
the analysis could proceed along the lines 
given in Mattes and Poulos (1969). Here only 
the simple case of an incompressible pile is 
considered and therefore pp = gp = p = con­
stant. It follows that

where PQ = applied downward load on pile top.

Equations (2) and (3) may be solved to obtain 
the displacement p and the distribution of 
shear stress p from which the load in the pile 
P at any depth can be calculated.

The above basic analysis fails to take account 
of several factors which are likely to be im­
portant in real situations. Modifications can 
be made to allow for these factors.

Local Failure Between Pile and Soil

The effects of pile-soil slip along the shaft 
can be allowsd for by specifying a limiting 
value of shear stress, xa , at each element 
along the pile. Ta  will usually be expressed 
in terms of effective stress by the Coulomb 
expression. In addition, a maximum value of 
pase stress pj, can be specified, corresponding 
t o  t h e  u l t i ma t e  b e a r i n g  c a p a c i t y  cf the b a s e  
i f  p x  i s  n e g a t i v e  ( s ee s i g n  d e f i n i t i o n  i n  
Fi g . l )  o r  t o  t h e  u l t i ma t e  u p l i f t  c a p a c i t y  of  
the base (usually taken as zero unless tne 
base is enlarged) if p>, is positive. The solu­
t i o n  i s  r e - c y c l e d  un t i l  t i xe s h e a r  s t r e s s e s  a n d  
b a s e  s t r e s s  d o  n o t  e x c e e d  t h e s e  l i mi t i n g  v a l u e s  
( Pou l os  a n d  Da v i s , 1 9 5 8 ) . I t  s h o u l d  be n o t e d  
t ha t  i f  f u l l  s l i p  o c c u r s  a l o n g  a  p i l e ,  t he  
l o a d  d i s t r i b u t i o n  i n  t he p i l e  wi l l  r e ma i n  c on ­
stant and the movement of the pile subsequent 

t o  f u l l  s l i p  wi l l  be t he s a me  as  t h a t  o f  t he  
s o i l  a d j a c e n t  t o  t h e  p i l e  at  t he  p o i n t  of  s h e a r  
r ev e r s a l .

Compression Failure of Pile

Wh e n  t he s o i l  i s  s h r i n k i n g , a l l o wa n c e  c an be  
ma d e  f o r  c o mp r e s s i o n  f a i l u r e  due t o  d o wn d r a g  
on t he  p i l e  by i n c l u d i n g  i n  the c o mp u t a t i o n  
t h e  r e q u i r e me n t  t h a t , wh e n  t he  l o a d  in a n y  
p i l e  e l e mmt  r e a c h e s  t h e  c o mp r e s s i o n  s t r e n g t h  

of the pile, it remains constant at this value. 5 

Since the load on such a crushed element must S 
be the same at the top as at the bottom of the 
element, the shear stress between this element 
and the soil drops to zero. A redistribution 
of the shear stresses elsewhere at the soil- 
pile interface therefore occurs and there is 
an increase in pile displacement. The pro­
cedure is explained more fully in Poulos and 
Davis (1972).

Tension Failure of Pile

When the tensile load reaches the tensile load 
capacity of the pile, the pile is assumed to 
fracture and in effect becomes two piles. Two 
equilibrium equations now apply:

a) for the upper fractured portion

(4)

where m = number of elements in fractured por­

tion.
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i r db

b)  f o r  t h e  l o we r  p o r t i o n

( 5)

A new variable, the displacement of the frac­
tured portion of the pile, is now introduced 
so that the n+3 equations may now be solved 
for the n unknown shear stresses, the base 
pressure, and the displacements of the upper 
and lower portions of the pile.

Non-Uniform Soil

Approximate allowance for the effect of vari­
ation of the modulus of elasticity of the soil 
with depth can be made by substituting the 
matrix [Is/Es] for [I?]/Es in Eg.(1). By this 
procedure, the soil displacement at a particu­
lar depth will be calculated as if the modulus 
at that particular depth was also the modulus 
at all other depths. This approximation will 
c l e a r l y  be u n s a t i s f a c t o r y  wh e n  t h e  v a r i a t i o n  

of modulus from top to bottom is very large 
or there are sudden major changes.

Va r i a t i on  wi t t t  T i me

For cases in which the soil movements are 
time-dependent and the variation of pile loads 
and displacements with time is required a con­
solidation analysis may be combined with the 
above analysis (Poulos and Davis, 1972). 
Alternatively, appropriate values of soil dis­

p l a c e me n t  S ma y  be i n p u t  a t  e a c h  t i me  c o n s i d ­
er ed,  a n d  t he  s o l u t i o n  c a r r i e d  o u t  as  b e f o r e .

THEORETI CAL  TRENDS I N PI L E BEHAVI OUR

To  i l l u s t r a t e  t he i n f l u e n c e  o f  v a r i o u s  f a c t o r s  
on p i l e  b e h a v i o u r , a  n u mb e r  o f  s o l u t i o n s  f a r  
r e l a t i v e l y  i d e a l i z e d  c a s e s  a r e  ex ami ned .  I n

all cases, the pile is assumed to be incom­
pressible, ten elements have been used to div­
ide the pile, and the soil modulus along the 
pile is uniform, \is being 0.3. Attention is 
concentrated on piles in swelling soils. As 
long as elastic conditions are preserved the 
solutions also holds for shrinking soils ex­
cept for a change in sign but, if failure 
occurs between soil and pile or within the 
pile, the solution for shrinking soil may be 
somewhat or even significantly different. In 
all the cases examined slip between soil and 
pile starts to occur at the top of the pile 
and requires a very small swelling movement 
to initiate it.

The Effect of Pile length and Base Diameter

For a given soil profile with a linear dis­
tribution of soil swelling from Sp at the sur­
face to zero at a depth of lOd, the variation 
of pile movement and maximum pile force with 
increasing soil movement is shown in Fig.2 
for three different pile lengths. For each 
length, both a uniform diameter pile and a 
pile with a base diameter twice the shaft di­
ameter is considered. The pile-soil interface 
shear strength xa varies linearly from zero at 
the surface to 0.01ES at a depth of 20d, and 
the base bearing capacity is assumed to vary

from 0.36ES for L = 5d to 0.64ES at I = 20d; 
these values correspond approximately to a 
•soil having <(>1 = 30°.

H- oi eJ—
PH« Soi l  Pi l e-Sof l

Movement  St r engt h

- Uni f or m di amet er  pi l e d ^  = 1 

- Enl ar ged base d^ j =2

FI GURE 2 EFFECT OF  PI LE LENGTH AND BASE 
DI AMETER.

Fig.2 shows that as would be expected, the 
pile movement decreases as the pile length in­
creases. iVhen the pile is entirely situated 
in the swelling zone (L=5d),movement of the 
pile continues after full slip has occurred 
aloncf the shaft. For piles founded below the 
zone of swelling a limiting pile movement is 
reached after a certain soil movement occurs. 
The advantage of founding a pile below the 
swelling zone is obvious. The maximum tensile 
load in the pile- generally increases markedly 
as the length increases; relatively small 
loads are developed when the pile is entirely 
within the swelling zone.

The presence of an enlarged base leads to a 
decrease in pile movement although the effect 
is relatively small, especially for L = 5d 
and L = 20d i.e. when the pile is entirely 
in the swelling zone, or anchored well below 
the swelling zone. In the latter case, the 
enlarged base has virtually no effect. The 
corresponding maximum loads are considerably 
greater for the enlarged base piles except for 
the L = 20d pile. It is therefore apparent 
that the enlarged base has the greatest in­
fluence when the pile is situated at or near 
the bottom of the swelling zone, and that the 
most efficient means of reducing pile movements 
is either to use a uniform diameter pile 
founded well below the swelling zone (of 
length about twice the depth of this zone) or 
to use an underreamed pile founded at or just 
below the bottom of the swelling zone.
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Fo r  t he  u n i f o r m d i a me t e r  p i l es  c o n s i d e r e d  i n 

F i g . 2,  t he  l oa d  d i s t r i b u t i o n s  ar e  s hown  i n 

F i g . 3 f or  v a r i ous  v a l u e s  o f  d i me n s i o n l e s s  s o i l  

mo v e me n t  SD/ d.  As  t he p i l e  l eng t h  i nc r eas es ,  

t he l oad  i n t he p i l e  i n c r eas es  and t he  d i s ­

t r i b u t i o n  o f  l oad  a l s o  c hanges ;  t he  r e l a t i v e  

p o s i t i o n  o f  t he  ma x i mu m l oad  mov es  t o wa r ds  t he 

t o p  o f  t he p i l e .  Fo r  t he L =5 d  and  l Od  pi l es ,  

s l i p  o c c u r s  a l ong  t he wh o l e  l eng t h  o f  t he  p i l e  

a t  r e l a t i v e l y  s mal l  s o i l  mov emen t s .  Fo r  t he 

L=2 0 d  p i l e ,  no  c hange  i n l oad  o c c u r s  a f t er  

SQ/ d  r e a c h e s  abou t  0. 12 b u t  s l i p  o n l y  o c c u r s  

a l ong  t he u p p e r  ha l f  o f  t he  p i l e.

i s°

—[OlEsI— 

Pi l e Soi l  Pi l e-Soi l  
Movement  St rengt h

L

0- 5

0 0
S. Val ues of

\  Val ues of z \  Val ues of z

L L V 0 ' 0 8

^ V- ^ 0 0 3 ' 0-5
^ ^ £ > • 0 6

0-5
12

° ' 01) 002)

10 .  .10
l r  ,

- 0 005 
P 

&  
L = 5d

- 0010 0
P

Esd2 

(b) L = i 0d

E, d*  

(c) L = 20d

(b) Ma x im um  Pile  Load 

F IG U RE  4  IN F LU E N CE  O F  P ILE DIAME T ER

FIGURE 3 T YPICAL LOAD DIST RIBUT IONS

The Ef f e c t  o f  Pi l e  Sha f t  Di a me t e r

Fo r  a g i v en  p i l e  l eng t h  and s oi l  s we l l i n g  p r o ­

f i l e,  t he  e f f e c t  o f  p i l e  d i a me t e r  i s  s hown  i n 

Fi g . 4.  As  t he d i a me t e r  i nc r eas es ,  t he  p i l e  

mo v e me n t  d e c r e a s e s  b u t  t he ma x i mu m l oad  i n ­

c r eas es .  Ho we v e r  t he  r a t e  o f  d e c r e a s e  o f  p i l e  

mo v e me n t  i s  a l mos t  n e g l i g i b l e  f or  d i a me t e r s  

g r e a t e r  t han  abou t  0. 0 3L,  and ev en  a s l ender  

p i l e  ( d=0. 01L)  mo v e s  o n l y  abou t  20% mor e  t han 

a r e l a t i v e l y  l a r g e - d i a me t e r  p i l e  ( d=0. 2L) .

The  t h e o r y  t he r e f o r e  s ugges t s  t ha t  s ma l l -  

d i a me t e r  p i l es  f ounded  we l l  b e l o w t he s we l l i ng  

z one,  c an  s a t i s f a c t o r i l y  s upp r es s  u p wa r d  mo v e ­

me n t s  i n s we l l i n g  s o i l s .  Do n a l d s o n  ( 1 9 67a ) , 

has  d e s c r i b e d  t he  s u c c es s f u l  us e o f  s ma l l -  

d i a me t e r  p i l es  t o s u p po r t  c o n v e n t i o n a l  b r i c k  

bu i l d i n g s  on e x p a n s i v e  s o i l s  i n Sou t h  Af r i c a.

The  Ef f e c t  o f  Di s t r i b u t i o n  o f  So i l  Mo v e me n t

The  e f f e c t  o f  t he s hape o f  t he s o i l  s we l l i ng  

p r o f i l e ,  f or  a g i v en  dep t h  o f  mov ement ,  i s  

s hown i n F i g . 5.  Bo t h  t he p i l e  mo v e me n t  and 

t he  ma x i mu m p i l e  l oad  ar e  g r e a t e s t  wh e n  t he 

s o i l  mo v e me n t s  d e c r e a s e  s l o wl y  wi t h  de p t h  near  

t he t op  o f  t he  p i l e  ( case i i i )  and l eas t  when  

t he s oi l  mo v e me n t s  dec r e a s e  r a p i d l y  ( case i i ) .

S t r e n g t h  S w e llin g  w it h  De p th

F I GURE  5  I NF L UENCE OF  SOI L  S WE L L I NG 

PROFI L E.
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The  Ef f e c t  o f  Pi l e - So i l  St r e n g t h  Di s t r i b u t i o n

I n F i g . 6 t he e f f e c t  o f  a u n i f o r m d i s t r i b u t i o n  

o f  s o i l - p i l e  s t r e n g t h  on t he  b e h a v i o u r  o f  a 

p i l e  wi t h  a  l eng t h  t o d i a me t e r  r a t i o  o f  20 i s  

c o mp a r e d  wi t h  t hat  o f  a s t r eng t h  d i s t r i b u t i o n  

wh i c h  i nc r e a s e s  l i ne a r l y  wi t h  d e p t h  b u t  h as  

t he  s ame av e r age  v al ue.  Fo r  a g i v e n  s oi l  

mov ement ,  t he  p i l e  mo v e me n t  and ma x i mu m p i l e  

l oad  ar e  c o n s i d e r a b l y  g r e a t e r  f or  t he u n i f o r m 

c as e.

T

L = 20 d :

' 1

- d  10d| I /
\

I \
0 0 0 5 £ j H -

.O O lEs.1

(i) (ii)

Pi l e Soi l  Pi l e-Soi l  St rengt h
Movement

F I GU R E  6  E F F E C T  O F  P I LE - S OI L  S T R E N G T H  

DI STRI BUTI ON

The  Ef f e c t  o f  Ax i a l  Loa d

The  e f f e c t  o f  ax i a l  l oad  on  t he p i l e  mov e me n t  

i s  s hown i n F i g . 7.  I n t he  c as e  c ons i der ed ,  

t he  d o wn wa r d  mo v e me n t  i n c r eas es  a l mos t  l i n e a r ­

l y  wi t h  i n c r e a s i n g  ax i a l  l oad.  Co mp a r i s o n  o f  

Fi g s . 7 & 2 s hows  t hat  t he ax i a l  l oad r equ i r e d  

t o  p r e v e n t  u p war d  mo v e me n t  i s  on l y  abou t  ha l f  

o f  t he  ma x i mu m t e n s i l e  l oad  d e v e l o p e d  i n t he 

u p l o a d e d  pi l e.  Al s o  s hown i n Fi g . 7 ar e t he 

p i l e  mo v e me n t s  c a l c u l a t e d  on t he as s u mp t i o n  

t hat  t he e f f ec t s  o f  ax i a l  l oad  ( Poul os  and 

Dav i s ,  1968)  and s o i l  s we l l i n g  c an be s u p e r ­

pos ed.  Al t h o u g h  s u p e r p o s i t i o n  i s  n o t  s t r i c t l y  

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

par t  o f  t he p i l e  s haf t ,  i t  n e v e r t h e l e s s  p r o ­

v i des  an a p p r o x i ma t e  e s t i ma t e  o f  p i l e  mov ement .  

Ta k i n g  a c c o u n t  o f  p i l e - s o i l  s l i p  i n t he s o l u ­

t i on  f or  ax i a l  l oad  wo u l d  l ead t o i nc r eas ed  

mo v e me n t s  and c l os e r  c o r r e l a t i o n  wi t h  t he 

c o mp l e t e  s o l ut i on.

The  Ef f e c t  of  Te n s i l e  Fa i l u r e  o f  t he Pi l e

An e x a mp l e  of  t he e f f ec t  o f  t ens i l e  f a i l u r e  

on  p i l e  mo v e me n t  i s  s hown i n F i g . 8,  wh e r e  

p i l e  mo v e me n t  i s  p l o t t ed  a g a i ns t  s o i l  s u r f ac e  

mo v e me n t  f or  t wo t e n s i l e  s t r eng t hs .  Wh e n  

t ens i l e  f a i l u r e  oc c ur s ,  t he  uppe r  p o r t i o n  mov es

F IGU RE  7 E F F E CT  O F  AXIAL LOAC ON P ILE  

MOVEMENT

u p wa r d  mo r e  r a p i d l y  t h a n  b e f o r e  f a i l ur e,  wh i l e  

t he l o we r  par t ,  a c c o r d i n g  t o t he ana l y s i s ,  

s u f f e r s  a s mal l  d o wn wa r d  mo v e me n t  at  f a i l u r e  

and  t han  an u p wa r d  mo v e me n t  as  t he s oi l  mo v e ­

me n t  i nc r eas es .  As  t he t e n s i l e  s t r e n g t h  i n ­

c r eas es ,  t he s o i l  mo v e me n t  r e q u i r e d  t o c aus e  

t e n s i l e  f a i l u r e  i nc r e a s e  al s o.  I n t h i s  ex ampl e ,  

t he  ma x i mu m t e n s i l e  l oad  d e v e l o p e d  i n t he p i l e  

i s  0 . 393 Esd 2 so t ha t  t e n s i l e  f a i l u r e  wi l l  no t  

oc c u r  i f  t he  t e n s i l e  s t r eng t h  e x c e e d s  t h i s  

v al ue.

<°> Ve, a* ■0 2 <w 3

FI GURE 8 EFFECT OF TENSI LE FAI LURE OF PI LE,

I t  s hou l d  be n o t e d  t hat  t he a c c u r a c y  o f  s o l u ­

t i ons  i n wh i c h  t e n s i l e  f a i l u r e  o c c u r s  depends  

t o a l a r ge  e x t en t  o n  t he p r ev i o u s  h i s t o r y  of  

t he  p i l e ,  s i nc e,  onc e  f a i l u r e  has  oc c u r r e d  

and t he  p i l e  has  s epar a t ed ,  i t  r e ma i ns  s e p a r ­

at ed.  I f  t oo l a r ge  an i nc r e me n t  i n s oi l  mo v e ­

me n t  i s  t ak en ,  t he po i n t  o f  s e p a r a t i on  ma y  be 

i n a c c u r a t e l y  c omput ed ;  t hus ,  s mal l  i nc r ement s  

a r e  d e s i r a b l e  f or  ac c ur ac y .
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APPLI CATI ON OF THEORETI CAL ANALYSI S TO 

Pr ac t i c a l  p r ob l ems

I n a p p l y i n g  t he t h e o r e t i c a l  ana l y s i s  des c r i bed  

i n t he p r ev i o u s  s ec t i ons  t o p r ac t i c a l  pr obl ems ,  

e s t i ma t e s  ar e r equ i r e d  o f  t he f o l l owi ng  q u a n t ­

i t i es  :

( i )  t he  s oi l  mo v e me n t  p r o f i l e  

( i i )  t he  p i l e - s o i l  i n t e r f ac e  s t r eng t h  

( i i i )  t he s o i l  modu l us .

Pr e d i c t i o n  o f  Soi l  Mo v e me n t  Pr o f i l e

Two  c as es  ma y  be c ons i der ed :

( a)  mo v e me n t  i n s a t u r a t e d  s o i l s

( b)  mo v e me n t s  i n u n s a t u r a t e d  soi l s .

The  f i r s t  c as e a p p l i es  t o ma n y  p r ob l e ms  i n v o l ­

v i n g  c o n s o l i d a t i n g  s o i l s  and s o i l  mov e me n t s  

ma y  be  p r e d i c t e d  at  v a r i o u s  dep t hs  b y  c o n v e n ­

t i ona l  me t h o d s  o f  s e t t l e me n t  ana l y s i s .  Me t h o d s  

f or  p r e d i c t i n g  mo v e me n t s  i n un s a t u r a t e d  s o i l s  

ar e  n o t  as  we l l  es t ab l i s hed ,  and a v a r i e t y  o f  

app r oac hes  h as  be e n  s ugg e s t e d  e. g.  Sa l as  and 

Se r r a t o s a  ( 1957) ,  Bl i g h t  ( 1965) ,  De Br u i j n  

( 1961) .  Van  d e r  Me r we  ( 1964) .  Ap p r o x i ma t e  

me t h o d s  f or  e s t i ma t i n g  v a r i a t i o n s  o f  por e  

s uc t i on,  and he n c e  s o i l  mov ement s ,  due  t o 

mo i s t u r e  c h a n g e s  hav e  been  d e s c r i b e d  by  

Ri c ha r d s  ( 1965)  and Bl i g h t  ( 1965) .

Pi l e - So i l  I n t e r f ac e  St r e n g t h

I t  i s  c o mmo n l y  as s umed  t ha t  t he s hear  - s t r engt h 

be t we e n  s oi l  and  p i l e  i nc r e a s e s  wi t h  dept h ,  

a p p r o x i ma t e l y  i n p r o p o r t i o n  t o t he  o v e r b u r d e n  

pr es s ur e .  I n s i t u a t i ons  wh e r e  t he s o i l  i s  

no r ma l l y  c o n s o l i d a t e d  and i s  go i ng  t o  r ei f t ai n 

s a t u r a t e d  ( z er o a i r  v o i ds  bu t  no t  n e c e s s a r i l y  

pos i t i v e  po r e  wa t e r  p r e s s u r e ) , t he l i mi t ed  

ex p e r i e n c e  f r om me a s u r e me n t s  o f  n e g a t i v e  f r i c ­

t i on  on  p i l es  i n s o f t  n o r ma l l y  c ons o l i d a t e d  

c l ay s  ( f or  e x a mp l e  J o h a n n e s s e n  and Bj er r um,  

1965)  may  be  t ak en  t o be r e a s o n a b l y  a p p l i c ab l e  

t o t he c as e  wh e n  t he  p i l e  i s  a f f ec t ed  by  

s h r i n k i n g  o r  c o n s o l i d a t i o n  o f  t he  s oi l .  Th i s  

e x p e r i e n c e  s ugges t s  t hat ,  i n t he equa t i o n

y/ her e c a ' = adhes i on

4>a ' = e f f e c t i v e  p i l e - s o i l  f r i c t i on  ang l e  

a v ' = e f f e c t i v e  o v e r b u r d e n  s t r es s  

Ks = a c o e f f i c i e n t  o f  h o r i z o n t a l  ear t h  

p r e s s u r e ,

t he c o mb i n e d  t e r m Ks t an <t>a ' u s u a l l y  l i es  wi t h ­

i n t he  r ange 0. 2 t o 0. 3 and t ha t  c a ' c an  be 

neg l ec t ed .  For  <J)_1 “  20°  t h i s  c o r r e s p o n d s  t o 

a r ange i n Ks o f  0. 5 t o 0. 8,  i . e.  s omewha t  

g r e a t e r  t han  t he c o e f f i c i e n t  o f  ea r t h  p r e s ­

s u r e  at  r e s t  KQ.

Fo r  s we l l i ng  s i t ua t i ons ,  e s p e c i a l l y  whe n  s we l l ­

i ng o c c u r s  f r om r e l a t i v e l y  a r i d  c ond i t i ons ,  t he 

s o i l  mus t  be i n an o v e r c o n s o l i d a t e d  s t a t e  and,  

c o r r e s p o n d i n g  t o t he h i g h e r  v a l ues  o f  K0 f or  

o v e r c o n s o l i d a t e d  s oi l s ,  a h i g h e r  v a l ue  o f  Ks 

may  be  ex pec t ed .  Sout h  Af r i c a n  ex pe r i enc e  

( Col l i ns ,  1953;  Ba i k o f f  and Bur k e ,  1965;  

Dona l ds on ,  1967b)  appea r s  t o  s ugges t  a r ange

i n Ks o f  1. 0 t o 1. 5 i n s uc h  s i t ua t i ons .  The 

c ohe s i o n  t e r m i s  a l s o  no t  n e c e s s a r i l y  n e g l i g ­

i bl e.  For  s o i l s  s we l l i n g  f r o m an i n i t i a l l y  

un s a t u r a t e d  c o n d i t i o n  t he  e f f e c t i v e  s t r es s  

c o n c ep t  i s  o f  d o u b t f u l  v a l i d i t y  and,  as  a 

p r a c t i c a l  a p p r o a c h  i t  ma y  be  b e t t e r  t o  us e t he 

t o t a l  i ns t ead  o f  t he e f f ec t i v e  ov e r b u r d e n  

6 t r es s  i n e q . ( 6)  and a p p r o p r i a t e l y  de t e r mi n e d  

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

angl e.  I f  t he  s o i l  i s  s ev e r e l y  c r a c k ed  be f o r e  

s we l l i ng  s t ar t s ,  t he  h i g h  v a l ues  o f  Ks g i v en  

abov e  ma y  n o t  be  a t t a i n e d  i n t he e a r l i e r  

s t ages  o f  s wel l i ng ,  but ,  f or  d e s i g n  pur pos es ,  

i t  wo u l d  be u n wi s e  t o r e l y  on  t he r e duc t i on  i n 

up wa r d  f o r c e  o n  t he p i l e  t h i s  i mpl i es .

So i l  Mo d u l u s

The  mo s t  s a t i s f a c t o r y  me a n s  o f  e s t i ma t i o n  i s  

t o b a c k f i g u r e  Es f r o m a p i l e  l oad  t es t  i n - s i t u ,  

u s i ng  t he  t h e o r e t i c a l  s o l u t i ons  f or  an ax i a l l y -  

l oaded  pi l e.  I f  s uc h  a l oad  t e s t  i s  no t  p o s ­

s i b l e ,  a r ough  e s t i ma t e  ma y  be ma d e  b y  us i ng  

t he c o r r e l a t i o n s  b e t we e n  Es and t he und r a i n e d  

c ohe s i o n  c „  o f  t he  c l a y  pr oj bosed b y  Pou l os  

( 1971) .  The  v a l u e  o f  c u  s hou l d  be t ha t  a p p r o ­

p r i a t e  t o  t he  f i na l  mo i s t u r e  c o n t en t  o f  t he 

soi l .

COMPARI SONS BETWEEN OBSERVED AND THEORETI CAL  

BEHAVI OUR

An e x t e n s i v e  s e r i es  o f  o b s e r v a t i o n s  on  t he 

mo v e me n t s  o f  t h i r t y - s e v e n  h ous es  i n Sou t h  

Af r i c a  f ounded  o n  e x p a n s i v e  s o i l s  was  p r e s e n t ­

ed  b y  Co l l i n s  ( 1958) ,  t we n t y - f o u r  o f  t hes e  

be i n c  f o u nded  on under r eaj ned p i l es .  The 

h o u s e s  we r e  d i v i ded  i n t o  t wo gr oups ,  o n e  i n 

wh i c h  t he a v e r age  l oad  pe r  p i l e  was  5 t ons  and 

t he  o t h a r  i n.  wh i c h  t he  a v e r a g e  l oad  was  10 t ons ,  

and ea c h  hous e  wa s  f ounded  on  p i l es  t ak en  on  a 

s pec i f i c  dept h .  I t  i s  i n t e r e s t i n g  t o no t e  t ha t  

t he  b o u s e s  on pi l es,  f o u n d e d  a t  30 f t .  de p t h  

s howed  a g r e a t e r  mo v e me n t  t h a n  t hos e  at  20 o r  

25 f t .  I t  wa s  s u b s e q u e n t l y  f ound t ha t  t ne  30 

f t .  p i l e s  h ad  f a i l ed  i n t ens i on .  Co n s i d e r a b l y  

s ma l l e r  mo v e me n t s  we r e  e x p e r i e n c e d  wi t h  t he 

p i l es  c a r r y i n g  16 t on  l oads .  Th e o r e t i c a l  p r e ­

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

L e e u h o f  s i t e  we r e  mad e  us i n g  t he me a s u r e d  soi l  

mo v e me n t  p r o f i l e ,  t he  d r a i n e d  s t r eng t hs  t o ^

es t i ma t e  t he  d i s t r i b u t i o n  o f  p i l e - s o i l  s t r eng t h  

xa and t he  u n d r a i n e d  s t r e n g t h  t o es t i ma t e  t he 

d i s t r i b u t i o n  o f  s o i l  mo d u l u s  Es . A s u mmar y  o f  

t he me a s u r e d  and p r e d i c t e d  p i l e  mo v e me n t s  i s  

s hown i n Fi g . 9,  t o g e t h e r  wi t h  t he c h os en  p a r a ­

me t e r s  f or  t he  ana l y s i s .  The  a g r e e me n t  i s  good 

f or  t he p i l es  wi t h  5 t on  l oads  b u t  f or  t he  10 

t on  l oads ,  t he t h e o r y  s omewha t  o v e r - e s t i ma t e s  

t he heav e.  I t  i s  s i g n i f i c a n t  t o  no t e  t ha t  t he 

t h e o r y  p r ed i c t s  t ha t  t e n s i l e  f a i l u r e  o c c u r s  

f or  t he  30 f t .  p i l es ,  r e s u l t i n g  i n l a r ge r  p i l e  

mov ement s .  Th i s  p r e d i c t i o n  i s  s ubs t a n t i a t e d  

b y  t he obs er v a t i ons .

Do n a l d s o n  ( 1967b)  has  d e s c r i b e d  an i ns t r u me n t e d  

t es t  p i l e  wh i c h  was  a l s o  i ns t a l l e d  a t  L e e uho f  

Sou t h  Af r i c a  and  i n wh i c h  t he d e v e l o p me n t  o f  

t e n s i l e  f o r c e  wi t h  t i me was  meas ur ed .  The 

p i l e  was  a 9 i n.  d i a me t e r  c onc r e t e  p i l e ,  34 f t .  

l ong,  wi t h  a c en t r a l  s t ee l  p i pe  c or e  c on t a i n i n g  

s t r a i n  gauges  and a c t i n g  a l s o  as  t ens i l e  r e-

174



4/ 29

(b) Pi l es wi t h 5 t on (c) Pi l es wi t h 10 t on
Loads.  Loads.

- - - - - Theoret i cal
o Measur ed (Col t i ns,  1958)

F IGURE 9  C OM P ARIS ON S  BET WEEN MEASURED AND 

P REDICT ED PILE MOVEMENT S

inforcement.Heave of the Bail around the 
pile was accelerated by filling,with water, 
four holes of 4 in.diameter,drilled to 
depths of 1 5  ft. at 3  ft. radius from the 
pile, and hence flooding the site. The ten­
sile force was found bo increase significan 
tly as the heave increased.A theoretical cal­
culation was carried out for the latest load 
distribution above the test pile, using soil 

JJ data similar to that used for Collins' tests, 
fc The soil surface movement remote from the pile 
teas assumed to be 9 mm. A comparison between 
the theoretical and measured load distributions 
Is shown in Fig.10. Within the obvious limi­
tations imposed by the uncertain soil data, 
the agreement is satisfactory.

CONCLUSIONS

An analysis has been presented for the move­
ment of, and load distribution in, a pile in 
a swelling or shrinking soil. The analysis 
is based on elastic theory, but can be modi­
fied to take account of such factors as pile- 
soil slip and tensile or compressive failure 
of the pile. From typical solutions obtained 
for idealized cases, the following main con­
clusions have been drawn:

(i) in many cases, there is little differ­
ence between the behaviour of a pile in 
a swelling or a shrinking soil, apart 
from a change of sign in stresses and 
displacements.

(ii) the most efficient means of suppressing 
pile movements is either to use a uni­
form diameter pile founded well below 

the swelling zone or an underreamed

Tensi l e For ce ( Ki ps)
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FI GURE 10 COMPARI SON BET WEEN

MEASURED AND PREDI CTED 

F ORCE I N PI LE.

pile founded just below the swelling 
z one.

( i i i )  s ma l l - d i a me t e r  p i l e s  f o u n d e d  we l l  b e l o w 
t h e  s we l l i n g  z o n e  a r e  a s  e f f e c t i v e  i n  
s u p p r e s s i n g  u p wa r d  mo v e me n t s  a s  l a r g e r  

d i a me t e r  p i l e s .

( i v )  an  a p p l i e d  a x i a l  l o a d  of  a b o u t  h a l f  t he  
ma x i mu m d e v e l o p e d  t e n s i l e  l o a d  i s  r e ­
q u i r e d  t o  p r e v e n t  u p wa r d  mo v e me n t  o f  t he  

p i l e .

(v) tensile failure of a pile leads to an
increased rate of upward movement if the 
soil movement continues to increase.

Some suggestions have been made regarding the 
estimation of the input data required for the 
analysis of practical cases. Reasonable agree­
ment between theoretical and observed behaviour 
has been found in some reported field cases.
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