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TlAE SHAl?I' RESI!3I'AWE OF DRIVEN PILES IN CLAY 

BY - 
D,M, FURS and J.P. W4FlTINS 

(Tmperial Colleqe London) 

In recent  years  much research e f f o r t  has  been devoted t o  the  

deveiopnent o f  an e f f e c t i v e  stress a p r o a c h  t o  p i l e  desiqn in c lays .  

X t h o q h  the  oSjec t ives  of  such research a r e  simple the  probim has  

proved t o  be o f  such complexity t h a t  only l imi ted  proqress has been 

made t o  date .  The major problems a r i s e  i n  t he  predict ion of the  
chanqes i n  e f f e c t i v e  s t r e s s e s  *ich occur a s  a r e s u l t  of  both 

i n s t a l l a t i o n  and the  subsequent loadirq.  Much recent  wrk (9. 
Randolph e t . a l .  1979, Kirby and Fsriq 1980) has concentrated on 
predictinq stress changes a r i s i n q  from the i n s t a l i a t i o n  o f ,  and 
suSsequent consol idat ion around, dr iven p i i e s  i n  c lay.  Much p r q r e s s  

has  been made in  t h i s  respect.  However the same a t t e n t i o n  has not  

been given t o  the e f f e c t s  of  ioadinq such p i i e s  a f t e r  i n s t a l l a t i on .  

The s h a f t  r e s i s t ance  of a p i l e  may be determined by in teqra t ion  of 

the  shear s t r e s s e s  a t  f a i i u r e  ac t inq  over its sur face  area in  contact  
with the surroundinq soil. The peak fmaxirnml shear s t r e s s  

"lay 
act ing on the p i l e  s h a f t  may be reLated to  the  e f f e c t i v e  r ad i a l  s t r e s s  
r by the foiiowinq equation, 

r 
1 t t 

C = 0- . t an8  + c 
max r 



where r is the  r a d i a l  s t r e s s  ac t ing  a t  peak shear stress, 
ir represen ts  the  p a k  rnobilised angle of f r i c t i o n  

ajong the  p i l e  s h a f t ,  
and c , t he  e f f e c t i v e  cohesion in te rcep t ;  t h i s  is usual ly  

neglected on account of  t he  remouldinq assumed t o  occur 

during p i l e  i n s t a l l a t i on .  

Thus, i n  order  t o  es t imate  the  maximm shear s t r ep ,  the  design 

engineer must be  a b l e  t o  pred ic t  t he  values  of  both a- and 8 ' act inq 
r 

a t  peak. These values  a r e  l i k e l y  t o  be influenced by, amonq other  

f ac to r s ,  t h e  soil type, its stress h i s to ry ,  the  type of  p i l e ,  t he  
method of p i l e  i n s t a l l a t i o n  and the r a t e  of  loadinq. Clear ly  t h i s  is 

a complex s i t ua t ion .  

In t h i s  paper the  r e s u l t s  of a nunerical  invest iqat ion in to  the 

mobil isat ion of  shear  r e s i s t ance  along the s h a f t  of  a f u l l  

displacement p i l e  a r e  presented. The ana lys i s  has  considered the  

behaviour o f  t he  soil around a sho r t  segment o f  a very long p i l e ,  w e l l  

away from the inf luences  of  both t h e  p i l e  t i p  and the ground. surface.  
The p i l e  is assumed t o  have been in s t a l l ed  by dr iv ing  and only loaded 
a f t e r  any excess pore pressures  have d iss ipa ted .  The stress 
condi t ions  p r w a i l i r q  i n  the soil a f t e r  p i l e  dr ivinq and subsequent 

consol idat ion have been taken from Randolph et .a l .  1979 and Wroth 

et .a l .  (1980) . The n m e r i c a i  ana lys i s  has  been performed using the 

F in i t e  Element method and the  s o i l  has been assuned t o  be an 

e las to-p las t ic  mater ia l  behaving in  accordance with a form of the  

Modified Cam Clay model (Roscoe and Burland, 19158). 

me behaviour of  tw p i l e s ,  one in s t a l l ed  i n  a normally 
consolidated c l a y  and the o ther  in a c l a y  with an o r ig ina l  

overconsoiidation r a t i o  of e igh t ,  w i l l  f i r s t  be discussed. It w i l l  be 

shown t h a t  the  p i l e  hehaviour on load inq is e s s e n t i a l l y  control led by 

the  stress s t a t e  of  t he  soil imnediately adjacent  t o  the  p i l e  shaf t .  

?he r e s u i t s  of  a parametric s t d y  a r e  then b r i e f l y  described. The aim 

of the s tudy was t o  i den t i fy  t he  f ea tu re s  of the  stress s t a t e  around 

the p i l e  a f t e r  d r iv ing  and consol idat ion,  t o  which the  subsequent 

load ing behaviour is most sens i t ive .  



2 FINITE ANALYSIS 
\ 

For the purposes o f  t he  present  analyses  a  t h i n  horizontal  s l i c e  

of s o i l  of considerable l a t e r a l  extent  compared t o  the  p i l e  diameter 

has been considered w i t h  houndary condi t ions  re levant  t o  the  ideal ised ' 

s i t u a t i o n  of  a  lonq p i l e  in  an i n f i n i t e  soil medim, The geometry 

adopted is i l l u s t r a t e d  i n  f iqure  1, and c o n s i s t s  o f  a  hor izontal  d i s c  

of  soii havinq a  thickness  of 5 u n i t s  and an ex te rna l  radius  of 345 . 
un i t s ,  The modelled p i l e  of  7.5 u n i t s  radius  is coaxial  with the  

d i sc .  In f iqure  1 t h i s d i s c  has beendiv ided  in to  20, e igh t  noded, 

isoparametric elements. 'Cmmediateiy adjacent  t o  the  p i l e  s h a f t  t he  

elements have a  width of only 0.25 un i t s ,  
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Figure 1: Finite elenent 

To model t he  ioadinq of t he  p i l e  a x i a l  dispiacements have heen 

i m p s &  over the  boundary AF. To model the i n f i n i t e  ex ten t  of  the  

d i s c  zero displacement boundary condi t ions  were imposed over the 

boundary reqion m. Parametric s tud ie s  e r e  ~er formed varying the 

element s i z e s ,  t h e  nunber of  elements and the r a d i a l  d i s tance  t o  the  

boundary CD i n  order  t o  v e r i f y  t h a t  the  mesh shown in f  iqure 1 

accura te ly  mcdeiied the problem under consideration.  Aionq the 

boundaries A(: and FD t h e  dispiacements were t i e d ;  t h a t  is t o  say a t  
any radius  r the  dispiacements both v e r t i c a l l y  and r a d i a l l y  a t  

cor respndinq  nodes on AC and FP viere forced t o  be iden t ica l .  ?his 

resui ted in a  v e r t i c a l  l i n e  such a s  FB i n  f i qu re  1 remaininq v e r t l c d l  
during ioading. me magnitudes of  both the  v e r t i c a l  and r ad i a l  

displacements of t h i s  l i n e  a r e  c l e a r l y  unknovm a t  t he  o u t s e t  of  the  

ca lcu la t ion  and a r e  a  r e s u l t  of  the  anaiysis .  ?his tyinq of 



displacements was achieved in the f i n i t e  element ana lys i s  by qivinq 

the same degree of  freedom nunber t o  nodes a t  t h e  same radius  alonq AC 

and m). ?his a l s o  resu l ted  in a smaller s t i f f n e s s  matrix and 

e s s e n t i a l l y  reduced the probiem t o  a one dimensional s i t u a t i o n  in  ' 

which a l l  va r i ab l e s  were a function of rad ius  only. Tn i t i a l  stresses, 
equal t o  the  stresses a f t e r  p i l e  i n s t a l l a t i o n  and subsequent 

consol idat ion,  were spec i f ied  in  the  s o i l  a t  t he  s t a r t  of t he  . 
analysis .  P i l e  displacements were appl i d  incrementally and the 

f i n i t e  element equations solved using an accelerated form of t he  
i n i t i a l  stress approach. W i c a i i y  f i f t y  increments of  p i l e  

displacement were employed with an average of four i t e r a t i o n s  per 

increment. A parametric study was performed to ensure t h a t  t h e  

increment s i z e  was suf f i c  i e n t i y  small t o  provide accurate  predictions.  

3 SOIL MODEL 

?he s o i l  model adopted for  the  f i n i t e  element ca l cu l a t ions  was a 

t !  form of t he  Modified Cam C l a y m d e l  of Roscoe and Ruriand (1958). Tn 
t h i s  model i t  is assuned t h a t  t he  consol idat ion c h a r a c t e r i s t i c s  of t he  

s o i l  may be adequately represented i n  v-ln(p ) space by the  v i rq in  

consol i d a t  ion 1 ine ; 

and the  family of  swelling l i n e s ;  

1 1 1 1 

here   specific volune=l+e, p 1 f we w ) =the mean 
r 

e f f e c t i v e  stress, X is the  s lope of the  v i rq in  consolidation 

l i n e ,  y is the  s lope of  the  s e l l i n g  l i n e s  and v is the  
1 

v i rg in  consol idat ion s p e c i f i c  volune a t  u n i t  pressure. A , r( 
and v a r e  mater ia l  proper t ies .  

1 

Behaviour under increasing deviator  stress is assuned t o  - .  be 

t' 
e l a s t i c  u n t i l  a yie ld  curve of  the  form; 



< .-- .'. 

is reached a t  which p o i n t  s t r a i n  harqeninq/softeninq p l f s t i c  

behaviour occurs .  Tn t h e  above express ion  p is t h e  va lue  o f  p a t  
0 

t h e  i n t e r s e c t i o n  o f  t h e  c u r r e n t  swe l l inq  l i n e  and t h e  v i r q i n  

c o n s o l i d a t i o n  l i n e  and S is def ined  a s ;  

where J t h e  second i n y a r i f n t  o f  ;he y f f e ~ t i v e ~ s t r y s s  t e n s o r  is 
2 2 .  2 2 

def ined  by ,7 =1/5((0- -r ) +(6 u ) + (r3 q ) ) ,  +Lode 
1 2 . 2 3  

a n g l e  (see f i q u r e  2) , and t h e  func t ion  q ( Q )  expresses  t h e  

manner i n  which t h e  y i e l d  s u r f a c e  v a r i e s  w i t h  t h e  M e  angle.  
In t h e  p r e s e n t  s t u d i e s  9 (8)  is taken a s  e i t h e r  :- 

a Pbhr Coulomb hexagon g iven  by; 

l 

and he r e  gi is t h e  Mohr Cnulomb a n q l e  o f  shea r inq  r e s i s t a n c e ,  
or a s  a circle wi th ;  

I 
Figure 2: Yariation of g ( 8 )  in deviatoric p lane  



I 

C Equation 11 ~ i ~ t s  a s  ?n e;; ipse, in terms of r, and .7 a 5 c v ~  each 

srhv.?;;inrr i i n o  qiyren 5v e q i l a t i ~ n  ~ n r !  t.59 m i o r  a ~ i s  of  the  e l l i p s e  is 

a f u n c t i ~ n  of p v h i c h  v~ries w i t h  v in accordance w i t h  equation 2. 
G 

?he in te rsec t ion  of t h e  yield  surface with a d w i a t o r i c  plane produces. 

e i t h e r  a %hr Coulomb hexwon a s  described by equation 5 o r  a circle 
with radius  ~/d. 

The p l a s t i c  s t r a i n  i nc rmen t  vector  is assumed t o  be p rpend icu la r  

t o  a p l a s t i c  p t e n t i a l  sur.€ace which is a l s o  given by equation ( 4 )  . 
However, t he  p l a s t i c  ~ o t e n t i a l  is assumed t o  be independent of  the  
M e  angle 8 havinq ro t a t i ona l  s p n e t r y  a b u t  t he  space diaqonal in 

e f f e c t i v e  stress space. I t  is therefore  obtained from equation 4,by 

replacing the var iaSle  8, used t o  evaluate  St  by t he  parameter @(r \ ,  

t he  Lode anqle a t  the  point  i n  s t r e s s  snace a t  which the  p l a s t i c  

p t e n t i a l  is t o  be employed, t o  evaluate  the  p l a s t i c  s t r a i n  increments. 

Although replacinq 8 by 8(q ) does no t  change the  value of F it does 

change the value of  t he  de r iva t ives  of  F required to  evaluate  the  

s t r a i n  increments. The in te rsec t ion  of  t he  p l a s t i c  p t e n t i a l  with a 

dev ia to r i c  plane produces a circle. A s  the  p i l e  problem under 

invest iqat ion has a zero s t r a i n  cons t r a in t  i n  the  ' 2 '  d i r ec t ion  and a s  
the  p l a s t i c  po ten t ia l  has  ro t a t i ona l  synanetry t h e  stress s t a t e  a t  peak 

0 
load condi t ions  corresponds t o  a b d e  anqle 6=0 , see Fot t s  and Gens 

(1902). h is  condi t ion (8=0°) w i l l  be re fe r red  t o  a s  the  "plane 

s t r a i n n  s i t u a t i o n  throughout the  remainder of  t h i s  paper. In t e n s  of  
t he  nomenclature of  c l a s s i c a l  p l a s t i c i t y  t h e  yield  sur face  and its 

p l a s t i c  p t e n t i a l  a r e  non-associated i f  equation 6 is used t o  def ine  

q (8) , and associated i f  equation 7 is employed. . 

ail Fehaviour under unloadinq and reloadinq of the  e f f e c t i v e  

s t r e s s  p is assumed t o  obey equation 3 which g ives  the  e l a s t i c  bulk 
modulus K a s  ; 

F3 

This expressio? ind ica tes  t h a t  t h e  e l a s t i c  bulk modulus depends on the 

stress iwel p and the s p e c i f i c  volune v. In the  o r i g i n a l  vers ion of  

Modified Cam c l ay  (Roscoe a d  Burland, 1968) e l a s t i c  shear s t r a i n s  

r e  neglected; however, i f  the  model is t o  be i n c o r ~ o r a t e d  in to  an 

e las to-p las t ic  f i n i t e  element formulation neglect  of e l a s t i c  shear 



,'-', 
C s t r a i n s  produces problems when purely e l a s t i c  behaviour is considered. 

To overcome t h i s  d i f f  i c u i t y  a constant  value of  t he  shear modulus <, 
independent of s t r e s s  l e v e l ,  has  been adopted. 

To completely spec i fy  t h e  soil ,model, values  of  t h e  followinq f i v e  

parameters a r e  required: G, Y o r  # , X , K and v . 
1 

4 DRIVEN PILES 

Recently considerable  research e f f o r t  i n t o  the  predict ion of  
l i k e l y  stress chanqes occurrinq in the  soil due t o  p i l e  dr iving and 

subsequent consol idat ion has  been made a t  Cambr idqe University (e.q. 

Randolph et .a l . ,  1979) 

This k is based on c a v i t y  expansion theory i n c o r p r a t i n q  the 
Modified Cam c l a y  model and empioying the f i n i t e  element method t o  

obtain  nuner i c a l  predict ions .  me of  t he  most important p red ic t ions  
M 

f", a r i s i r q  from t h i s  research is t h a t  a f t e r  d r iv inq  and subsequent 

consol idat ion the soil adjacent t o  the  p i l e  is i n  a normally u 

cons01 idated s t a t e ,  i r r e spec t ive  of  its overconsol idat ion r a t i o  p r io r  

t o  p i l e  i n s t a i l a t i on .  The a n a l y s i ~  a l s o  shows t h a t  immediately 

adjacent  t o  the p i l e  s h a f t  cr =KO . and r =a- where KO is the  
r nc z 8 z nc 

" a t  rest" c o e f f i c i e n t  of e a r t h  pressure  associated with a one 

dimensionally nonnaily consolidated c lay .  

In an attempt t o  examine the  l i k e l y  s t r e s s  chanqes t h a t  may a r i s e  
on subsequent p i i e  loading the r e s u l t s  of t\m of t he  analyses 

presented by Randolph eta:. (19791 and Wroth e t . a l .  (laQn1 wre 
used a s  i n i t i a l  condi t ions  i n  numerical ca l cu l a t ions  usinq tho f i n i t e  

element mesh 7iven in f i qu re  1. The tm cases  se lec ted  were t h a t  of a 

p i l e  i n s t a l l ed  in  an i n i t i a l l y  normally consolidated Roston Rlue Clay 

ancl t h a t  of  a p i l e  i n s t a l l ed  in Undon c l a y  having an i n i t i a l  

overconsolidation r a t i o  ~f e igh t .  A s  a form of t he  modified Cam c l ay  

model which had ro t a t i ona l  symmetry in  the  d w i a t o r i c  plane was 
. . 

adopted in  the c a v i t y  expansion ana lys i s ,  t he  model described in  

I sec t ion  3 with g (8)- has Seen used for  the  present caiculat ions .  

'his ensures some form of consistency. 
U' 



i )  Pile Installed in No-iiy Consoiidated Bosbn B l u e  Clay 

The soil parameters for  the  W i f i e d  Cam c l ay  model *re ass igne j  

the f o l l o w i q  values  apparent ly  represen ta t ive  of  Roston Blue c lay ;  

2 
M=1.2, )\ 4.15, 4.03 ,  ~ = 1 2 0 0 0 K N / r n  , v =2.83 

1 
I 1 I 

The va r i a t i on  of t he  principa; e f f e c t i v e  stresses a VZ and cr 
r e 

with r ad i a l  d i s tance  from t h e  p j l e ,  obtained from Randolph e t . a l .  

( 1979) , were i n p l t  a s  i n i t i a l  stresses and the s o i l  assumed to  be 

everywhere in a normally consolidated condition.  P i l e  loading was 

simulated by app ly im increments of  s h a f t  displacement and the 

ana lys i s  performed f i r s t  under f u l l y  drained conditions.  ?he 

resu l t ing  s t r e s s  path fo r  a s o i l  element adjacent  t o  the  p i l e  sha f t  

predicted by the  ana lys i s  is shown i n  f iqure  3 a s  t he  dashed l i n e  RC 
1. 

t ,, - DRAINFD Lr)Al)lNO - 
,* TOTAL STRFSS P A T H  ,* -- i . 3  I I r i n F m l  r l  u?noriG 

FYrANSnN 

- 

< a  

Figure 3: Stress path for a soil element imnediateiy adjacent to a 

pile installed in normally consolidated Boston Blue clay 

Tnspection of  t h i s  f igure  ind ica tes  t h a t  t h e  e f f e c t i v e  s t r e s s  path 

E o i l o ~ d  dur inq the loadinq t r a v e l s  t o  th? l e f t  with a consequent 

reduction in the ,meanleffect ive stress p . ?he va r i a t i ons  with - p i l e  
dispiacement of cr , C" , crZ , r , $1, 

r Z  and 
fo r  a soil element 

r r z  
arljacent t o  the p i l e  s h a f t  are shown i n  f i q t ~ r e  4 .  d i s  rlctfind a s  

the inc l ina t ion  of  the  maximun pr incipal  s t r e s s  t o  the  z di rec t ion .  
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Figure 4: Variation of stresses adjacent to a pi l e  installed in 
nonaally consolidated Boston Blue clay on drained loading 

In  these p l o t s  t he  stresses have been norrnalised by Cu , t h e  
o i 

undrained shear s t rength  under "plane s t r a i n "  c o p i t i o n s  ) , p r i o r  

t o  p i l e  ioadinq. The very l a r q e  reduction i n  a (about 40%) durinq 
r 

p i l e  ioadinq should be noted. T n i t i a l l y  t h e  p r i n c i p i  s t r e s s e s  

ro ta ted  rap id iy  with p i l e  displacement and a f t e r  RO$ of t he  peak s h a f t  

r e s i s t ance  had been mobil ised , t he  pr inc ipa l  stresses had ro t a t d  
0 0 

through 40  of t he  o v e r a l l  45 . A t  peak the  inc l ina t ion  o f  t he  major 
pr {ncipal s t r~ss  t o  the  , v e r t i c a l  , CX , was 45' indicat ing t h a t  - 1 8 =tan ( s in6  ) , where 6 is the  equivalent  anqle of  shearinq 
res i s tance  a t  peak condi t ions .  

The ana lys i s  was repeated under undra in& condi t ions  and the t o t a l  

stress path fo r  a s o i l  e lenent  adjacent  t o  the p i i e  s h a f t  is sh?m gn 
f  iqure  3. The v a r i a t i o n s  with p i l e  dispiacernent of cr 

r  f rz f r9 f 

P , y r Z f  J ,  u and ot in  t h i s  same soil e ienent  a r e  presented in 
r z  

f i gu re  5. Tn these f i qu re s  u is the  excess pore pressure generated 

during p i i e  loading. Ihe predicted p o r e  pressure d i s t r i b u t i o n  w i t ?  

radius  a t  peak condi t ions  is represented in f i qu re  =. 
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Figure 5: Variation of  stresses adjacent to a pile insbl led in 
normally m l i d a t e d  . --  Boston Blue clay on &rained loading - .- . - - - - 
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Figure 6: &re pressure variation with radius 

t In t h i s  f igure  the pore pressures have been normaiised with 
respect  to the undrained shear strength Cu prior to p i l e  i n s t a l l a t i o n  

0 
and t h e  radial  d i s t a n c e  normal ised wi th  rPspcSct to the pi lo  r a d i t ~ s ,  



and p l o t t e d  on a iocrar i thnic  scaie. Flsr i  i nd ica ted  on t h e  f i q u r e  a r e  

t h e  predic ted  p r e  p r e s s u r e s  genera ted  dur inq p i l e  d r i v i n q  (Randolnh 

et.a:. 19791. f n s w c t i o ~  o f  t h e  f i q u r e  i n d i c a t e s  t h a t  d u r i r q  p i l e  

loadinq t h e  pore p r e s s u r e s  a r e  cons ide rab ly  sma;;er in  maqnitwle an4 

much more 1oca;ised than those  a e n e r a t d  on d r i v i n q .  ?he times for 
compiete d i s s i p t i o n  of pore  p ressures  qenera ted  on loadinq a r e  

t h e r e f o r e  l i k e l y  t o  S e  q u i t e  s h o r t  compared wi th  t h e  "set imn time and 
t h e  ques t ion  a r i s e s  a s  t o  *&ether p i l e  loadinq is, i n  p r a c t i c e ,  a 

d r a  i n 4  o r  an undra in& phenomenon, 

i i l  Pile 1rrsta;;ed in Overconsoiidated London Clay 

me soil m r a m e t e r s  f o r  t h e  Modified Cam r l a y  model were assiqned 
t h e  fol lowinq v a i u s s ;  

7 
M4.545, 4,161, K *.06?, C;=S75O W/m ,v =7,7'i9 

I 
t * I 

'the v a r i a t i o n  of t h e  p r i n c i p a l  e f f e c t i v e  stresses cr 
r '9 and G 

9 
and the '  undrained shea r  stremth a f t e r  p i le  d r i v i m  and subsequent 

consoLidation wre  ob ta ined  f ron r ~ ~ r o t h  et.a;. (1917n). P i l e  loadinq was 
aqa in  simulated by applyin7 increments o f  & a f t  d i s ~ i a c e m e n t  a d  t h e  

a n a l y s i s  performed under f u l l y  d ra ined  cond i t ions .  The pred ic ted  

stress path f o r  a soi; element a d j a c e n t  t o  t h e  p i i e  s h a f t  is s h o w  i n  

f i g u r e  7 a s  tho  d a s h d  i i n e  PC . 

DRAINED 
' LOADIPIGS 

Figure 7 :  Stress path for a soil element adjacent to a pile installed 
in over mnrmlidated Iondon clay 



1 I t 

Tne v a r i a t i o n s  o f  6 toz to; ,  t 
'rzt f r z  

, CL and J f o r  a so i l  element 
r 

a d j a c e n t  t o  t h e  p i l e  s h a f t ,  wi th  p i l e  d i s p i a c m e n t ,  a r e  shown i n  

f i g u r e  q ,  t h e  e a r l y  r ap id  r o t a t i o n  o f  p r i n c i p a l  stresses and t h e  f a c t  
0 

t h a t  a t  f a i l u r e  oC =45 should be noted,  

Slress -- 
cui 

Pil c displacemcnf 

Figure 8 :  Variation of s tresses  adjacent to a pile installed in 
overconsol idated Ionkn clay on drained ioading . 

Harlal dlslonce from pile c ~ ~ l r e  l ~ r i r  ( In pile rod11 ) 

Figure 9: Variation of shear strain with  radius 



In f iqure  9 the  predicted va r i a t i ons  of  shear s t r a i n  with r ad i a l  
r z  

d i s tance  from the p i l e  s h a f t  a r e  shown fo r  var ious  s t aqes  of ioadinq. 

Rom t h i s  f i gu re  it is evident t h a t  a s  peak condi t ions  a r e  approached, 

extremely high shear  s t r a i n s  a r e  predicted in  the  immediate v i c i n i t y  

of  the  p i l e .  If  t he  s o i l  model were t o  i n c o r p r a t e  even very qradual 

s t r a i n  softeninq then progressive f a i l u r e  m u i d  be predicted , 

iiil Shmlified S tres s  CMditiorr; 

'MI fur ther  analyses  were then performed iqnorinc~ the r a d i a l  

va r i a t i on  of stresses following p i l e  i n s t a l l a t i o n  a s  predicted by 

Randolph e t  .a1. (1979) , and Wroth e t . a l .  (1980) . Instead the i n i t i a l  

s t r e s s e s  were everywhere set t o  the  values  appropria te  t o  the  s o i l  

immediately adjacent  t o  the  p i l e  sha f t .  The predicted stress path for  
an element adjacent  t o  a p i l e  dr iven and then loaded in  n o n a i l y  

consolidated Boston Blue Clay, is shown a s  t h e  dotted l i n e  W in  
7 

f igure  3. Inspection of  t h i s  f i gu re  ind ica tes  t h a t  there is very 

c lo se  agreement between t h i s  stress path and that obtained from the 

previous ana lys i s  using the ' cor rec t '  i n i t i a l  stress d i s t r i b u t i o n  in  

the  soil. 

The predicted stress path from a s imi la r  ana lys i s  of  a p i l e  in 
overconsolidated London Clay is shorn a s  t he  dot ted l i n e  RC i n  f i qu re  

7 
7. me c lose  correspondence between t h i s  stress path and t h a t  
obtained using the  ' co r r ec t '  i n i t i a l  stress d i s t r i b u t i o n  is not  a s  

good a s  t h a t  fo r  the  p i l e  i n s t a l l ed  i n  norma;ly'consolidated mater ia l  

but still i l l u s t r a t e s  t he  dominating influence of t he  mater ia l  c lo ses t  

to the p i l e .  me approximate ana lys i s  predicted a stress path t o  the  

l e f t  of  t he  ' co r r ec t '  one and is therefore  on the conservative side.  

In the  cases  of  the  p i l e  i n s t a l l ed  in both the  normally and 

o * . ~ ~ ~ c o n s o l i d a t e d  mater ia l ,  t he  va r i a t i ons  of  CT , ,a6 , rrz, 
r z  Yrzf OC 

and J f o r  the  s o i l  element adjacent  t o  the  p i l e  s h a f t ,  with p i l e  

displacement, precl ic ted usinq the simp1 i f i ed  i n i t i a l  stresses, were 
a l s o  i n  good agreement with the  corresponding analyses employiw the 

'correct' stresses, It  should he noted t h a t  in  both cases  considered 
the  soil i m e d i a t e l y  adjacent  t o  the  p i l e  was taken t o  be n o n a i l y  

consolidated; see Randolph et.31. (1979). 



C iv) Undrained Behaviour 

Anaiyses mployinq the  s impli f ied stress condi t ions  were p e r f o n d  

enforcinq undrained conditions.  'The r e s u l t s  were comwred with those 

obtained a b v e  f ~ r  the  case of  t h e  undrainsd ioadinq of a p i l e  driven 

in to  n o n a l l y  conso:idated Poston Riue Clay (employinq the ' cor rec t '  

red i a l  va r i a t i on  of wst i n s t a l l a t i o n  stresses) . ?he main conclusions' 

were that:- 

i )  the  stress s t a t e  in the  element i k e d i a t e l y  adjacent  t o  the  

p i l e  sha f t  con t ro l s  t he  p i l e  behaviour on loadinq. 

i i )  a t  peak condi t ions ,  :- 
a)CT = C T  = c  

r o F I  z 
b) =A7 

I -1 
c) d = tan ( s in4  

' 1  
PS 

i i i )  a s  the ioadinq is undeainerl , =Cu , t h e  unrlrained 
max i 

shear s t rength i n  "plane s t r a i n "  p r io r  t o  p i l e  loadinq. 

Tf t he  conc;usion from !7andolph et.al.(lQ79!, t h a t  the  mater ia l  
adjacent t o  a dr iven p i ie  i s  a;ways norma;ly consolidated is adopted 

in conjunction with t he  abovel observations then the fol:owirw 

expression fo r  the  reduction of  cr on p i l e  loadina nay 5e derived:- 
r 

l'his r e i a t i o n s h i ~ ~  ind ica tes  t h a t  the  chanqe in the  r ad i a i  
e f f e c t i v e  stress cr , is a function of  its i n i t i a i  value a f t e r  

* 
L 

i n s t a i l a t i o n  (T ) , t he  maqnitt.de of KO , and the vaiue of  s lG) 
r i  n': 

pr ior  to  l o a d i m  (adjacent  t o  the  p i l e  corlrlitions correswnd t o  
0 

t r iax ia ;  compression (9=-3rl ) ) , 'The vaiue of q (R) may be de te rmind  

from equations 5 or  ?. 

I 

In f i qu re  10 t h e  va r i a t i on  of  c is p i o t t d  aqainst  KO 
r nc 

empioyinq the p r a m e t e r s  fo r  London Clay used above, - and a - Mohr 

Couiomb hexagon for  q (9). For valves  of  KO in  the  ranqe of  i n t e r e s t  
nc 

( 0 . 5  t o  0.75) , t he  reduction in cr - is about 60%. See sec t ion  q i i  fo r  
L 

s fur ther  discussion of the  e f f e c t s  of  t he  maqnitude of  KO . 
nc ..- 



'*r----- -7 
----- 

VALUE REFORE LOADING 

= I - sin. q 1  
I 

Figure 10: Variation of radial stress on loading as a function of Ko 
nc 

It  is therefore p s s i b l e  t o  determine the undrained fa i lu re  

c o d  i t i o n s  without performinq a nuner i ca l  analysis and the undra in& 
case therefore becomes t r i v i a l  . However , the behaviour under dra ined 

conditions is much more complex, and no such s ivp ie  re la t ions  have 

been found to  determine tho cowfitions a t  peak. Tn t h e  remainder of 

t h i s  paper, a t tent ion  is therefore concentrated on drained behaviour. 

In pract ice p i l e  loadinq w i l l  probably be a p a r t i a l l y  drained 

menomenon and the actual  hehaviour m u l d  be expected to  l i e  between 

the bounds of f u l l y  drained and undrained conditions. 

Apart from the assumptions incorporated i n  the s o i l  (nee1 and the 

values assigned to  the prameters  necessary t o  define it ,  the above 

c ~ i z u i a t i o n s  are  dependent on the s t r e s s  s t a t e  within the s o i l  pr ior  
to  p i l e  ioadinq. These s t r e s ses  havirq been taken d i r e c t l y  from the 

resu l t s  of cavi ty  expansion analyses. Tn an attempt t o  investiqate 

the infiuence of mail p r t u r b a t i o n s  t o  these values on t h e  p i l e  

behaviour on loadimj, a l inited parametric study has been completed. 
In part icular  the e f f e c t s  of the  shape of the yield curve in the 
d w i a t o r i c  plane, the  value of KO and s t a t e  of consolidation 

nc 



,:-', 

i m m d  i a t e l y  adjacent  t o  the  p i l e  p r io r  t o  p i l e  loadins  have been - ., 
considered. For the  p i i r p s e s  of t h i s  s tudy t h e  ideal ised s i t ua t ion  in . r 

which the i n i t i a l  s t r e s s e s  do not vary with radius  has  heen employed, 

A br ie f  discussion of  t h e  r e s u l t s  of  t h i s  s tudy w i l ;  now be qiven. 

i )  Shape of the Y i e L d  Surface in the Deviatoric Plane 

In  order  t o  maintain campatibil  i t y  with t he  cav i ty  expansion 

analyses,  t he  ca l cu l a t ions  per formed in  the previous sec t ions  have 

adopted s sur face  of  revolut ion for  the  yield  surface in  the  

dev ia to r i c  plane. Howver, it shouid be noted t h a t  t he  use of such an 

assunption l eads  t o  a va r i a t i on  of t he  angle ?f shearinq res i s tance  d 
0 

with Lode anqle. For example i f  a value o f ,$  of 25 is spec i f ied  fo r  
0 0 

triaxia: compression (3-30 ) a value of  g5 = 34.5 is obtained in  
0 0 

"plane s t r a i n "  ( 8 4  ) . 4 i t e rna t ive ly  i f  $=25 is spec i f ied  a t  "plane 
0 

s t r a i n w  a value of  d=19 is obtained in t r i a x i a i  compression, h k i t h e j  
of these two s i t u a t i o n s  is r e a l i s t i c  and the major i ty  o f  c l ays  have $ 

f '  0 
values  which vary l i f t l e  with Lode anqle,  havinq, perhaps on ly  a 1 o r  
7' va r i a t i on  of  6 betwen t r i a x i a l  compress io~  and "plane s t r a i n n  

ccncl i t ions. 

Tn order  t o  demonstrate the  e f f e c t  of t he  shape of the  yield  
sur face  on the predicted p i i e  hehaviour the  r ~ s u l t s  of t h ree  ~ n a l y s e s  
a r e  presented. A l l  three analyses had the same s t a r t i n g  s t r e s s e s  and 

s o i l  conditions.  'MI of the analyses have adopted a surface of 
revolution (SR) for  t h e  yie ld  surface (circle in the d w i a t o r i r  plane! 

having Y values  of  0.73 and O.QQ respect ively.  These M values  q ive  $ 
0 0 0 

values i n  t r i a x i a l  corllpression (a=-?O ? of 10 an3 75 and a t  "plane 
0 0 0 

s t r a i n "  (O=O 1 of 25 and 7 A . 5  resnect iveiy.  Tn the t h i r ?  ~ n a l y s i s  a 

Fbhr C~uiomh hexaqon has  been &opt& fo r  the shqw of tFle yielc' 

surface in the dev ia to r i c  plane (see sec t ion  7 \ ,  and d has been set 
0 

t o  2= . Ihe r e s u l t i r q  stress paths obtained from these analyses a r e  , 
presented in f i s u r e  11 and the  p r d i ~ t e d  rei?uction in r in f iqure  

r 0 
17. Tn a l l  cases ,  a s  with the previous analyses ,  t he  Lode snqie  a,c) * 9 I 

and a =cr =a a t  peak o conditions.  fansiderinq the tm 
r z 9  

analyses in  which a sur face  of  revolution was a+opted (curves a and h 

in f i qu re s  11 and 12)  t h e  followinq p i n t s  should he noted. 



i) n7e predicted values  of  J a t  peak condi t ions  a r e  markedly 

d i f f e r e n t .  Howver, t h e  values  of p a r e  s i n i l a r .  ?his 

r e s u l t s  i n  the peak value of J being d i r e c t l y  p r o p r t i o n a l  t o  
0 

the  M values  adopted i n  the analysis .  A s  oC =45 a t  peak 

condi t ions  i n  b t h  cases  the  maximm s h a f t  r e s i s t ance  of the  

p i l e  Z is a l s o  proporttonal t o  Y. 
rz 

ii) The va r i a t i ons  of  o- with p i l e  displacement a r e  very 
r 

s imi la r  fo r  both analyses.  They a r e  not ,  therefore ,  s t ronqly  
influenced by w. - 

Figure 11: Stress paths as  a function of the shape of the yield cunre 

.- . in -. - - .- the - - . -. dwiatoric  - - - - - - plane ., . . .- 

4 7 r  

? Figure 12: Variation o f  the radial stress a s  a function of the shape 

-. of the yield surface in the deviatoric plane 

1 7  



'Iho r e s u l t s  of t he  ana lys i s  usinq the mhr Coulomh hexagon a r c  

indicated by t h e  l i n e s ,  l abe l led  c, i n  f i qu re s  11 and 12. Inspection 
of  f igure  11 ind ica t e s  t h a t  a t  peak t h e  value of  J, and hence , is 

r z  
l e s s  than predicted uqinq a sur face  of revolut ion f o r  t h e  shape of  the  

y i ~ l d  sur face  in the  dev ia to r i c  plane. A s l i g h t l y  l a r q e r  reduction in  
6 is a l s o  predicted,  s e e  f iqure 13. These observations ind ica te  

r 
t h a t  analyses based on a sail model involving ro t a t i ona l  symmetry 

about the  space diaqonal in e f f e c t i v e  stress space may lead t o  

sl iqh t ly  unconservative predictions.  However, it should be nofed t h a t  
0 

the  d i f fe rences  between the  two analyses with t he  s a m e  d =25 a t  

"plane s t r a i n n ,  i,e. curves b and c, a r e  a t  the  most on ly  10% and 

therefore  within the  uncer ta inty a r i s i n q  from the se lec t ion  o f  

mater ia l  parameters. Use of a sur face  of  revolut ion fo r  the  shape of 
the  yield  sur face  therefore  appears a reasonable approximation a s  ionq 

a s  the  predicted s h a f t  c a p a c i t i e s  a r e  ad just& t o  g ive  the a p p r o p r i a t ~  

M value a t  "plane s t r a i n n  (d). ?he predicted reduction in  m 
r 

needs  no such adjustment. 

i i )  Initial  Stress Ratio 

One of  the  major conclusions a r i s i n q  from the  wrk of  Randol* 

e t . a l .  (1979) is t h a t  i m e d i a t e i y  adjacent  t o  the  piAe s h a f t  the  s o i l  

is i n  a normally consolidated condi t ion a f t e r  dr ivinq and subsequent 

p T e  pressyre d i s s ipa t ion ,  t h e  stresses 5einq such t h a t  r = 
2 % =KO .a , where KO is the  " a t  r e s t n  ear th  pressure  c o e f f i c i e n t  

nc r nc 
appropria te  t o  normally consolidated clay.  For the  s i t u a t i o n  of t h e  

p i l e  i n s t a l l ed  in London c l a y  discussed previously a KO of 0,715 has 
nc 

been predicted. While t h i s  value is appropria te  t o  t h e  Modified C? 

c l a y  ade; it  is no t  in  aqreement with Jaky 's  formula, Y =1-sin6 , 
0 

which pred ic t s  a value of 0.5774. To inves t iqa te  the  l i k e l y  e f f e c t  of 

the maqnitMe of KO on subsequent p i l e  loadinq severa: analyses 
nc 

varyinq the value of t h i s  wrameter  have been prformed.  Tn a l l  czses  
a %hr Coulomb hexagon has been ?rloptecl for  the sham of the  yield  
sur face  in the dev ia to r i c  plane (d =7?) , and the undrained shear 

s t renqth  i n  plane s t r a i n  Clu. pr io r  t o  p i l e  loadinq has been set t o  a 
1 

connnGn value. Values of  Yo of 0.715, 0.5774, and 0. G254 have been 
nc 



,/- -\ adopted. The f i r s t  o f  t5ese corresponds  t o  the s i t u a t i o n  p red ic t& by 

Randoim ef  a 1  (197Q1, where a s  tho  second is 5ased on ,7aky1s formulae 
0 

with a , d  =25 . The t h i r d  va lue  is a l s o  based on .la?y's formulae hut 
0 0 

with a d =22 anri r e p r e s e n t s  t h e  s i t u a t i o n  i n  which 6 =32 i n  triaxi.3; 
0 

compression and 75 a t  "pian9 s t r a i n " .  

Figure 13: Stress paths as  a function o f  in i t i a l  stress ratio 

Radial stress 
cui 

. . 

Figure 14: Variation of  radial stress a s  a function of  in i t ia l  stress 
ratio 



'The predict? stress paths a r e  presented in  f igure  13 and t h e  ?T-, 

reductions of u with p i l e  displacement a r e  shown i n  f igure  14. 
r . . 

,' 

Inspection of these p l o t s  ind ica te  t h a t  t he  predicted value of J a t  
peak (and therefore  s h a f t  f r i c t i o n  T ) , and the chanqes i n  a a r c  

r z  r 
a l l  very s imi l a r .  ?his c l e a r l y  i nd ica t e s  t h a t  t he  pred ic t ions  a r e  not 

g r e a t l y  a f fec ted  by the  nunericai  value of  KO , a t  l e a s t  over the 
nc 

range considered. 

iiil Initial Over Consolidation Ratio Adjacent to the Pile 

A s  s t a t e d  previously the  c a v i t y  expansion theory pred ic t s  t h a t  t h e  

s o i l  inmediately adjacent  t o  the  p i l e  s h a f t  wi; l  always be in  a 

normally conso; idated c o d  it ion a f t e r  d r  ivinq and subsequent mre 
pressure  d i s s ipa t ion  i r r e spec t ive  o f  t he  overconsolidation r a t i o  in  

the  soil p r io r  t o  p i l e  i n s t a i l a t i on .  In order  t o  inves t iqa te  t he  

inf iuence on loadinq of devia t ions  from normal consol i da t  ion 

imnediately a d j s c ~ n t  t o  t3e  p i l e  tw analyses with CCR's of  1.5 and 2 

(defined as  p /p ) have been performed. The r e s u l t s  of  these 
0 

ca lcu la t ions ,  in  the form of s t r e s s  p t h s  and the reduction of cr 
r 

with p i l e  d i sp i acmen t ,  a r e  compared with t he  normaily consolidated 

s i t u a t i o n  in f i qu re s  15 and 15 (so l id  l i n e s )  . 

Figure 15: Stress paths as ftPlction of the over collsolidation ratio 

adjacent to the pile 



Figure 16: Variat ion of r a d i a l  stress as  a €-ion of the over 
a m s o l i d a t i o n  ratio ad jacent  to  the pile 

While there  ? r e  c l e a r l y  d i f f e r ences  in  these predict ions ,  t he  

values  of  J and a a t  peak loading a r e  very s imi l a r  f o r  a l l  cases. 
r 

The stress condi t ions  ac t ing  on the  p i l e  s h a f t  a t  peak a r e  therefore  

l i t t l e  af fec ted  by the  ac tua l  OCR a s  l o w  a s  t he  c o r r e c t  undrained 
s t rength  a f t e r  p i l e  d r iv inq  and pore pressure  d i s s ipa t ion  Su has been 

i 
def in&. Correspond ing resu l  ts from analyses adopting a su r  face of  

revolut iyn f o r  the  shape of  t he  yield  function in  the  d w i a t o r i c  plane 
0 

with a 6 value of 25 in  "plane s t r a i n n  a r e  shown a s  dot ted l i n e s  i n  
f i gu re  15 Eor comparison. 

6 AND CZMCUST(3NS 

A nunerical  study of  the  behaviour of dr iven p i l e s  on a x i a l  

load inq has been pe r foned  , employing a m r k  hardening/softeninq 

e l a s t o p l a s t i c  c o n s t i t u t i v e  law f o r  the s o i i .  The stress c o n d i t i o ~ s  

induced around the p i l e  a s  a r e s u l t  o f  i n s t a l l a t i o n  were taken from 

predict ions  based on c a v i t y  expansion theory. ?he e f f e c t s  of  

dev ia t ions  from these condi t ions  were then examined with t he  aim of 

hiqhl iqht inq the  f ea tu re s  o f  t he  m s t - i n s t a i l a t i o n  stress s t a t e  which 

need t o  be determined with t he  g r e a t e s t  confidence. 



C ' It has  been shom t h a t  the  capaci ty  o f  a p i l e  loaded under drained ,,f--tL 

condi t ions  seldom exceeds t h a t  of  one l o a d d  uncler undrained .2-z 

condi t ions  by more than about ten per-cent. A s i q n i f i c a n t  reduction. 

in  the  r ad i a l  e f f e c t i v e  stress on loadinq is predicted in both drained 

and undrained condi t ions;  t he  peak mobilized anqie of  s h a f t  f r i c t i o n  

9 s  shom t? ,be independant o f  t h e  i n i t i a l  stress condi t ions  
-1 

(6 =tan ( s in  P) ) ) . 
It  was demonstrated t h a t  t h e . s t r e s s  s t a t e  in  t he  soil c l o s e s t  t o  

the p i l e  has an over-ridinq influence on the  Loadirq behaviour , and 

t h a t  t he  condi t ions  i n  the  soil fur ther  away a r e  r e l a t i ve ly ,  

unimportant and therefore  need not be predicted with q r e a t  precision.  

To obta in  the stress condi t ions  inmediately adjacent  t o  the  p i l e  s h a f t  

from the c a v i t y  expansion ca l cu l a t ions  ex t rapola t ion  is necessary, see 
Rancfolw et .a l .  (1979). A s  the  stresses have highly varyirq  

g rad ien t s  i n  t h i s  v i c i n i t y  such ex t rapola t ion  w i l l  be subjec t  t o  

e r ro r .  Care must the re fo re  be exercised when obtaininq the i n i t i a l  

stress condi t ions  from the r e s u i t s  of  c a v i t y  expansion calculat ions .  

A parametric s tudy showed t h a t  provided the  post i n s t a l l a t i o n  
M r a i n e d  shear s t renqth  i n  the s o i l  adjacent t o  t he  p i l e  is c o r r e c t l y  

predicted,  then the p i l e  capac i ty  is r e l a t i v e l y  i n sens i t i ve  t o  the  

r a t i o  of stresses, t h e  s h a p  of the yield sur face  in t he  d w i a t o r i c  

plane, o r  the  l o c a l  overconsol ida t ion  r a t i o .  

An approach commonly adopted in p rac t i ce  fo r  the design of p i l e s  

is t o  r e l a t e  the  un i t  s h a f t  res i s tance  t o  the  &rained shear s t renqth  

o f  t he  soil Cu pr io r  to p i l e  i n s t a i l a t i o n  using the followinq 
0 

m p i  r ica; equation; 

where is an empirical  constant.  As the  drained c a p c i t y  is always 

predicted t o  be of the  same order  a s  the  undrained capaci ty ,  values  o f  - 
o~ i n  excess of  un i ty  a r e  predicted from the  analyses presented in  

t h i s  paper. This a r i s e s  because the c a v i t y  expansion ca lcu la t ions  

used pred ic t  t h a t  t he  undrained s t rength  post  p i l e  i n s t a l l a t i o n  is 

g rea t e r  than t h a t  before i n s t a l l a t i o n .  Tn prac t ice ,  values  of a r e  
seldom above uni ty  and it is Selieved t h a t  aithouqh the re  a r e  many 



c o n t r i h u t i n q  f a c t o r s ,  a q a i o r  reason f o r  t h e  d iscrepancy is t h e  

f a i l u r e  t~ t 8 k e  account  o f  t h e  severe  f a b r i c  d i s t u r 5 a n c e  t h a t  must 

occur  around a p i l e  on d r i v i n q .  mis is p a r t i c u ; ~ r i y  a p p l i c 8 5 l e  t o  

soiLs with a h iqh  p l a s t i c i t y  index. hbrk a t  Trnreria; Colleqe is 

c u r r e n t i y  i n  p roqress  t o  a u a n t i f y  t h e  e f f e c t s  o f  such f a b r i c  

d i s tu rbance  . 
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