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ABSTRACT

T his t h e s i s  rep o r ts  in v e s t ig a t io n s  in to  a  new p i l in g  and anchorage 
con cep t th a t  have taken  p la ce  a t  Im perial C o lleg e  over th e  l a s t  four  
y e a r s . T his new concept -  c a l le d  th e  W edge-Pile -  makes u se  o f  rec en t  
developm ents in  th e  understanding o f  p i l e / s o i l  behaviour in  order to  
improve p i l in g  methods and d e s ig n . The W edge-Pile con cep t in v o lv e s  th e  
r a d ia l expansion  o f  a p i l e  or  anchorage along i t s  le n g th  so  a s  to  
in c r e a se  th e  c a p a c ity  o f  th e  p i l e  in  a  r e l ia b le  and p red ic ta b le  
manner. The W edge-Pile c o n s is t s  e s s e n t ia l l y  o f  two components -  an o u ter  
s h e l l  and an expander mandrel. The p ro cess  c o n s is t s  o f  f i r s t  in s t a l l in g  
th e  o u ter  s h e l l  in  th e  ground and then  expanding th e  o u ter  s h e l l  by 
d r iv in g  through i t  th e  expander mandrel. V arious d i f f e r e n t  embodiments 
o f  W edge-Pile are p o s s ib le ,  but th e  u n derly in g  p r in c ip le  i s  th e  same in  
each ca se: expansion  ta k es  p la ce  l o c a l ly  and p r o g r e s s iv e ly , in  the form 
o f  a  wave moving down th e  ou ter  s h e l l .  The key to  th e  p ro cess  i s  th a t  
th e  fo rce  requ ired  to  expand a p i l e  in  t h i s  way i s  very  much l e s s  than  
th a t  req u ired  to  expand a p i l e  s im u lta n eo u sly  over i t s  whole le n g th .

The purpose o f  th e  research  c a r r ie d  ou t has been to  dem onstrate th e  
e f f e c t iv e n e s s  o f  th e  W edge-Pile p r in c ip le .  I n v e s t ig a t io n s  u sin g  v ariou s  
ty p es  o f  W edge-Pile have taken p la c e  in  th e  f i e l d  w ith  6m and 1.5m long  
p i l e s ,  and in  th e lab ora tory  w ith  sm all s c a le  m odels. A computer model 
has been developed  in  order to  in v e s t ig a te  t h e o r e t i c a l ly  th e  expansion  
p r o c e ss . The r e s u lt s  o f  th e  in v e s t ig a t io n s  have shown th a t  th e load  
carry in g  c a p a c ity  o f  a p i l e  or anchorage can be in crea sed  many tim es by 
expansion . R e la t iv e ly  sm all expansions are requ ired  to  ach ieve  most o f  
th e  g a in s  in  c a p a c ity  p o s s ib le ,  and th e  g a in s  in  c a p a c ity  appear to  be 
permanent w ith  tim e. The la rg e  s c a le  f i e l d  t r i a l s  have dem onstrated th a t  
th e  W edge-Pile p r in c ip le  i s  a  p r a c t ic a l  and e f f i c i e n t  method o f  
producing a h igh  performance p i l e  or  anchorage in  a wide range o f  s o i l s .  
I t  i s  thought th a t the load  carry in g  behaviour o f  W edge-Piles used in  
p r a c t ic e  would be much more p r e d ic ta b le  than fo r  co n v en tio n a l p i l e s .
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CHAPTER 1 
INTRODUCTION

T his t h e s i s  rep o rts  in v e s t ig a t io n s  in to  a new p i l in g  and anchorage 
concept th a t  have taken  p la c e  a t  Im perial C o lleg e  over  th e  l a s t  four  
y ea rs . T h is new concept -  c a l le d  th e  W edge-Pile -  i s  an attem pt to  make 
u se o f  recen t g r e a te r  understanding o f  s o i l  behaviour in  order to  
improve p i l in g  methods and d es ig n . The concept in v o lv e s  th e  r a d ia l  
expansion  o f  a  p i l e  or  anchorage a long i t s  le n g th  in  order to  in cr ea se  
i t s  s h a ft  c a p a c ity  in  a r e l ia b le  and p r e d ic ta b le  manner.

The work reported  forms p art o f  a co n tin u in g , lon g-term  p r o je c t .  The 
even tu a l aim o f  th e  p r o je c t  i s  to  make u se  o f  th e  W edge-Pile concept in  
p r a c t ic e .

In t h i s  in tro d u cto ry  Chapter the b a s ic  con cep ts o f  th e  W edge-Pile 
p ro cess  and th e background s o i l  m echanics th eory  are s e t  down. The 
in v e s t ig a t io n s  th a t  have been ca rr ied  ou t are then  o u t lin e d .

1 .1  B a sic  Concepts

1 .1 .1  G eneral background
The in v e s t ig a t io n s  concern both PILING PROCESS and PILE DESIGN. I t  i s  
im portant to  draw d is t in c t io n s  between th e  two.

P i l in g  p ro cess  i s  d e fin ed  here a s  th e  means by which a load  carry in g  
member i s  in troduced  in to  th e ground. There are  many d if f e r e n t  p i l e  
ty p es and in s t a l la t io n  methods. P i l in g  e x is te d  lon g  b efo re  th e advent o f  
s o i l  m echanics and has evo lved  e s s e n t ia l l y  on a t r i a l  and error  
b a s is .  Even today, improvements in  th e  understanding o f  p i l e  behaviour  
u s u a lly  fo llo w  behind developm ents in  th e p i l in g  p r o cess . Research i s  
t y p ic a l ly  commissioned to  j u s t i f y  e x is t in g  d es ig n  methods, ra th er  than  
to  develop  new p r o c e sse s .

P i le  d e s ig n  i s  la r g e ly  an em p ir ica l p ro cess  and i s  l i k e l y  to  remain 
so . T his i s  because th ere  are to o  many v a r ia b le s  which are not 
under th e  co n tro l o f  th e  d es ig n  en g in eer -  th e  most im portant o f  th e se  
being th e  s o i l  and th e  p i l in g  p ro cess . P i l e - s o i l  in te r a c t io n  behaviour  
i s  com plicated  and d i f f i c u l t  to  understand, even  fo r  homogeneous 
'id e a l*  m a te r ia ls . In r e a l i t y ,  s o i l  d e p o s its  are  h ig h ly  heterogeneous  
and p i l e  d es ig n  must o fte n  be made on th e b a s is  o f  l im ite d  s i t e
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in v e s t ig a t io n  d ata . The p i l in g  p ro cess  i s  g e n e r a lly  in  th e  hands 
o f  th e  p i l in g  co n tra c to r , sometimes i t  i s  in  th e  hands o f  in d iv id u a l  
o p e r a to r s .

D esp ite  th e  fa c t  th a t e x is t in g  p i l in g  tech n iq u es and d e s ig n  methods w i l l  
con tin u e to  be used s u c c e s s fu l ly  in  many ro u tin e  s i t u a t io n s ,  i t  i s  
im portant to  con tin u e th e  development o f  a sound understanding o f  th e  
fundamental mechanisms o f  p i l e - s o i l  behaviour, fo r  two reason s:

(a ) So th a t soundly based d es ig n  procedures can be developed  in  order  
to  e x tr a p o la te  s u c c e s s fu l ly  from e x is t in g  knowledge, when u sin g  
p i l e s  and anchorages in  new ground co n d itio n s  or a t  a p r e v io u s ly  
u n tr ied  s c a le .

(b) So th a t  i t  i s  p o s s ib le  to  innovate s u c c e s s fu l ly ,  both in  th e  
development o f  a p p lic a t io n s  fo r  p i l e s  and anchorages and in  th e  
p i l in g  p rocess i t s e l f .

New p i l in g  p ro cesses  and d esig n  methods based on sound th eory  should  
have much to  o f f e r .  However, th ere  are reasons why th ere  may be 
r e s is ta n c e  to  in trod u cin g  them in  p r a c t ic e .  For example:

C ost: even i f  c o s t  sa v in gs can be made in  th e long  term , th e  tim e 
and c o s t  o f  development work may be p r o h ib it iv e  i f  sh o rt term  
retu rn s are a p r io r it y .  Investm ent might have to  be made in  new 
p i l in g  p la n t , when th ere  i s  a lread y  a b ig  investm ent in  tr a d it io n a l  
p la n t.

N atural conservatism : the argument to  s t ic k  w ith  what has proved
su c c e s s fu l in  the p a st i s  a pow erful one.

-  In the case  o f  p i l e  d es ig n , i f  major v a r ia b le s  remain o u ts id e  th e  
c o n tro l o f  the d es ig n er , s o p h is t ic a te d  th e o r ie s  may be no b e t te r  
than em p irica l methods.

In the ca se  o f  new p i l in g  p r o c e sse s , i t  may not be in  the f in a n c ia l  
in t e r e s t s  o f  the p i l in g  co n tra cto r  (or co n su lta n t)  to  reduce p i l in g  
c o s t s .

1 .1 .2  T h eo re tica l Background
The fu n ctio n  o f  a p i l e  or anchorage i s  to  tr a n s fe r  load  from a s tru ctu re  
in to  th e  ground. Load tr a n s fe r  ta k es p la ce  both along th e  s h a ft  and a t  
th e  b ase . The d is tr ib u t io n  o f  load  between base and s h a ft  w i l l  change 
during p i l e  loa d in g , e s p e c ia l ly  i f  r es id u a l s t r e s s e s  remain a f t e r
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d r iv in g . S h aft r e s is ta n c e  i s  m o b ilised  much more q u ic k ly  than base  
r e s is ta n c e ,  and th e r e fo r e  o f te n  dom inates a t  working lo a d s .

The W edge-Pile i s  concerned w ith  in c r e a sin g  sh a ft  r e s is ta n c e .

The s h a ft  f r i c t io n  xSf a c tin g  lo c a l ly  on th e  fa c e  o f  a  p i l e  a t  f a i lu r e  
i s  g iv en  by th e  b a s ic  f r ic t io n a l  eq u ation

TSf = <j' tan8' + ca' (1 .1 )

where cr' i s  th e  r a d ia l e f f e c t iv e  s t r e s s ,  5' i s  th e  e f f e c t i v e  an g le  o f  
sh earin g  r e s is ta n c e  a t  the p i l e / s o i l  in te r fa c e ,  and c' i s  th e  e f f e c t iv e  
adhesion  in te r c e p t ,  which i s  u s u a lly  n eg le c ted  because o f  th e  lo c a l  
remoulding assumed to  occur during d r iv in g .

8' , a' and hence t w i l l  g e n e r a lly  vary along th e  le n g th  o f  th e  p i l e .  
Average v a lu es  o f  s h a ft  f r ic t io n  are more u se fu l fo r  d es ig n  purposes.

Both 5' and or' w i l l  be in flu en ced  to  a g r e a te r  or  l e s s e r  e x te n t  by

(a) th e  s o i l  type and g e o lo g ic a l h is to r y
(b) th e  type o f  p i l e  and method o f  in s t a l la t io n
(c )  th e  type o f  load in g  p r io r  to  and le a d in g  up to  f a i lu r e .

These fa c to r s  are d iscu sse d  b r ie f ly  in  th e  next two S e c t io n s . Emphasis 
i s  p laced  on the behaviour o f  d riven  p i l e s .

1 .1 .2 .1  F actors in flu e n c in g  6'

(a) S o i l  type and g e o lo g ic a l h is to r y :
The a n g le  o f  sh earin g  r e s is ta n c e  8' i s  a measure o f  th e  f r ic t io n a l  
in te r a c t io n  o f  th e  p i l e  su rface  and th e  s o i l  im m ediately surrounding i t .  
This s o i l  w i l l  have been in te n s e ly  sheared and remoulded during p i l e  
in s t a l la t io n ,  era s in g  any prev ious s t r e s s  h is to r y . Much research  has 
been c a rr ied  out in to  in te r fa c e  sh earin g  -  recen t work a t  Im perial 
C ollege  i s  reported  in  PhD th e se s  by Lemos (1986) and Tika (1 9 8 9 ).

In c la y s ,  the dominant fa c to r  determ ining shear response i s  th e  ex ten t  
to  which the c la y  p a r t ic le s  a lig n . R esearch has shown th a t:

A remoulded sample o f  c la y  sheared s lo w ly  w i l l  e x h ib it  an i n i t i a l  
peak va lu e  o f  shear r e s is ta n c e , and then  a drop to  a  r e s id u a l va lue  
as c la y  p a r t ic le s  a lig n . The r e s id u a l va lu e o f  a n g le  o f  in te r fa c e  
f r ic t io n ,  8' , i s  dependant on th e p r e c ise  type and r a te  o f  shearing
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undergone.

Rapid shear d isp lacem ent can in h ib it  or d isru p t p a r t ic l e  
alignm ent, causing  an in cr ea se  in  shear r e s is ta n c e  compared to  
r e s id u a l v a lu es .

Changes in  shearing  d ir e c t io n  can a ls o  d is tu r b  p a r t ic l e  alignm ent 
and cause in cr ea se s  in  shearing  r e s is ta n c e .

When a  s o i l  i s  sheared a g a in s t  another m a te r ia l, th e  e f f e c t  o f  
in te r fa c e  roughness depends on th e  s i z e  o f  th e  in te r fa c e  a s p e r i t i e s  in  
com parison w ith  th e s i z e  o f  th e  s o i l  p a r t ic l e s .  In c la y s ,  th e  s o i l  
p a r t ic l e  s i z e  i s  sm a ll, and 6" w i l l  be c lo s e  to  th e corresponding an g le  
o f  sh earin g  r e s is ta n c e  0' u n le ss  th e  p i l e  su r fa ce  i s  very  smooth.

In sands, th e  dominant fa c to r  determ ining peak shear r e s is ta n c e  i s  
r e la t iv e  d e n s ity . Dense sands w i l l  e x h ib it  d i la ta n t  s tr e n g th . The 
tendency to  d i la t e  w i l l  be in flu en ced  by s t r e s s  l e v e l .  On continued  
sh ea r in g , the shear response o f  both i n i t i a l l y  lo o s e  and i n i t i a l l y  dense  
sands w i l l  tend to  a con sta n t volume v a lu e , 0'v , which w i l l  a ls o  be 
in flu en ced  by s t r e s s  l e v e l .

When sh earin g  sands a g a in s t  o th er  m a te r ia ls , th e  roughness o f  in te r fa c e  
w i l l  g e n e r a lly  have a g rea te r  in flu e n c e  than in  th e c a se  o f  c la y s  
because o f  th e  g rea ter  s o i l  p a r t ic le  s i z e .  I f  th e  su r fa ce  i s  rough
enough 6' = 0 ';  for  smooth su rfa ces  6' may be a s  low as  0 ' /2  (K ish ida  
and U esugi, 1987).

In sands th ere  i s  not th e  major in f lu en ce  o f  p a r t ic le  alignm ent found in  
c la y s ,  but S' may be a f fe c te d  by p a r t ic le  comminution during d r iv in g .

V alues o f  S' can t y p ic a l ly  range from around 10° fo r  h igh  p l a s t i c i t y
O

c la y s  a t  re s id u a l to  around 40 fo r  granular m a te r ia ls . The 
corresponding fa c to r  o f  v a r ia t io n  o f  tanS' i s  around f iv e  tim es. In  
p r a c t ic e ,  th e  v a r ia tio n  in  6' and tanS' i s  u su a lly  much l e s s  than th ese  
v a lu e s .

(b) P i le  in s t a l la t io n :
In c la y s ,  th e  l im it in g  v a lu e  o f  S' op eratin g  a t  a  g iv en  p o in t a lon g  a  
p i l e  s h a ft  a f t e r  in s t a l la t io n  depends on the e x te n t  to  which remoulding 
and p a r t ic le  alignm ent have occurred during in s t a l la t io n .  For d riven  
p i l e s ,  th ere  w i l l  be in te n se  remoulding in  the v i c in i t y  o f  the t i p  o f  
th e p i l e  fo llow ed  by shear d isp lacem ent o f  the p i l e  s h a ft  a g a in s t  the  
ad jacen t s o i l .  Depending on the r a te  o f  p i l e  in s t a l la t io n ,  th e  l im it in g
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v a lu e  o f  6' a f t e r  in s t a l la t io n  can l i e  between a  peak v a lu e  8p and a  
r e s id u a l v a lu e  8'r . I t  may w e ll vary  a lon g  th e  le n g th  o f  th e  p i l e  s h a f t .

In  san ds, th e  v a lu e  o f  6' op eratin g  a t  a  g iv en  p o in t  a lon g  a p i l e  a f t e r  
in s t a l la t i o n  depends on th e  e x te n t  to  which com paction, lo o se n in g , 
and sh earin g  d isp lacem ent have occurred . Compaction o r  lo o se n in g  w i l l  
dominate near th e  p i l e  t ip .  Shearing e f f e c t s  w i l l  dom inate a long th e  
s h a f t .  The va lu e  o f  6' a c tin g  on th e  p i l e  fa c e  w i l l  tend  to  a con sta n t  
volume v a lu e  a s  continued  sh earin g  occu rs. Changes in  r a d ia l s t r e s s  
during p i l e  in s t a l la t io n  may in flu e n c e  th e  v a lu e  o f  8' o p era tin g  and 8' 
w i l l  g e n e r a lly  vary a long th e  p i l e  s h a f t .

(c )  P i l e  load in g
During p i l e  lo a d in g , th e  s o i l  im m ediately ad jacen t to  th e  s h a ft  o f  a 
d riven  p i l e  w i l l  exp erien ce  s tr a in s  o f  a  b a s ic a l ly  s im ila r  nature to  
th o se  exp erien ced  towards th e  end o f  in s t a l la t io n .  Important d if fe r e n c e s  
may be:

slow er and l e s s  v io le n t  sh earin g  in  th e  ca se  o f  p i l e  lo ad in g

a  r e v e r sa l in  th e  d ir e c t io n  o f  sh earin g  r e la t iv e  to  in s t a l la t io n  in
th e  ca se  o f  t e n s i l e  load in g

com plicated  changes o f  sh earin g  d ir e c t io n  and sh earin g  r a te  in  the
c a se  o f  o th er  load in g  p a tte r n s , such as  c y c l i c  lo a d in g .

In  c la y s ,  load in g  in v o lv in g  th e slow  d isp lacem ent o f  a  p i l e  in  the  
ground w i l l  encourage th e  development o f  r e s id u a l v a lu e s  o f  8' . Rapid 
sh ea r in g , or r e v e r s a ls  in  sh earin g  d ir e c t io n ,  w i l l  g iv e  r i s e  to  v a lu es  
o f  8' g r e a te r  than 8' .

Recent research  a t  Im perial C o llege  (Bond, 1989) has shown th a t the  
r e la t io n s h ip  between th e shearing  mode during in s t a l la t io n  and th a t  
during p i l e  lo ad in g  may determ ine whether th e  p i l e  response i s  d u c t i le  
or b r i t t l e .  I f  p i l e  in s t a l la t io n  was slow , a s  fo r  a p i l e  d riven  to  
r e fu s a l fo r  example, 8' may be a t  r e s id u a l p r io r  to  lo a d in g . In t h is  
ca se  th e  lo ad in g  response w i l l  r i s e  to  a  peak and be m aintained  
(provided  th ere  i s  no change in  r a d ia l s t r e s s  during lo a d in g ) . I f  
in s t a l la t io n  was f a s t ,  or th e p i l e  load in g  in v o lv e s  a r e v e r sa l in  
sh earin g  d ir e c t io n  r e la t iv e  to  in s t a l la t io n ,  th e  load in g  response  
may be b r i t t l e  as 8' shows an i n i t i a l  peak and then  tends to  r e s id u a l  
a s  continued  slow  d isp lacem ent occu rs. Repeated t e s t in g  o f  p i l e s  may 
cause changes in  8' which are u n lik e ly  to  occur during th e  i n i t i a l  
load in g  o f  an in - s e r v ic e  p i l e .
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In sands, th e  in f lu e n c e  o f  shearing  r a te  on 6' w i l l  have l e s s  e f f e c t  
than in  c la y s .  Changes in  r a d ia l s t r e s s  during load in g  may be im portant 
however.

1 .1 .2 .2  F actors in flu e n c in g  o'

(a ) S o i l  typ e and s t r e s s  h is to r y :
In  c o n tr a s t  to  th e  an g le  o f  shearing  r e s is ta n c e  6' , which i s  a measure 
o f  th e  f r ic t io n a l  response o f  th e  s o i l  im m ediately ad jacen t to  the  
p i l e  su r fa c e , th e  r a d ia l e f f e c t i v e  s t r e s s  o' i s  c o n tr o lle d  by the  
behaviour o f  th e  la r g e r  mass o f  s o i l  surrounding th e p i l e ,  and by the  
r a d ia l s t r e s s e s  e x is t in g  in  th e ground b efore in s t a l la t io n  and op eratin g  
a t  d is ta n c e  from th e p i l e  afterw ard s.

In ~ s itu  v a lu es  o f  r a d ia l e f f e c t i v e  s t r e s s  o 'Tq1 expressed  as a p roportion  
o f  th e corresponding in - s i t u  v e r t ic a l  e f f e c t iv e  s t r e s s  o' t can be 
h ig h ly  v a r ia b le  according to  th e g e o lo g ic a l h is to r y  o f  the s o i l .  Values 
o f  o 'o/o q̂ range from about 0 .3  fo r  norm ally co n so lid a ted  d e p o s its  to  
about 4 fo r  h ig h ly  o v erco n so lid a ted  d e p o s its , a fa c to r  o f  v a r ia t io n  o f  
over ten  tim es.

(b) P i le  in s t a l la t io n :
The a c t io n  o f  p i l e  in s t a l la t io n  w i l l  a f f e c t  th e  r a d ia l e f f e c t i v e  s t r e s s  
a c tin g  on th e p i l e  a fterw ard s. I t  i s  g e n e r a lly  agreed th a t volume or  
r a d ia l d isp lacem ent i s  an im portant fa c to r . D isplacem ent p i l e s  are  
l i k e l y  to  in cr ea se  o' , replacem ent p i l e s  are l i k e ly  to  reduce o' . A 
'w ish e d - in -p la c e ’ p i l e  would le a v e  o' unchanged. Only d riven  
disp lacem ent p i l e s  are con sid ered  here.

Research has shown (B a ligh  1985, 1986; Robinsky and M orrison, 1964) th a t  
in  both c la y s  and sands th e  a c t io n  o f  d r iv in g  a p i l e  in v o lv e s  
com plicated  s t r e s s  paths which cause in cr ea se s  in  r a d ia l s t r e s s  in  the  
v ic in i t y  o f  th e  p i l e  t ip ,  w ith  subsequent red u ction s in  r a d ia l s t r e s s  
along th e  s h a ft  due to  s t r e s s  r e v e r sa ls  and s o i l  arching near and around 
th e  p i l e .  Shearing a t  th e  f ix e d  boundary o f  a p i l e  sh a ft  may suppress  
d i la t io n  or c o n tr a c tio n  o f  the s o i l ,  causing  changes in  ra d ia l s t r e s s .  
The in te n s e ly  sheared and remoulded s o i l  ad jacen t to  a p i l e  may respond 
d if f e r e n t ly  to  m ater ia l a t  g rea te r  rad iu s.

The in s t a l la t io n  o f  a d riven  p i l e  i s  l i k e ly  to  be a p a r t ia l ly  drained  
ev en t, but i t  i s  o f te n  con ven ient to  th in k  in  terms o f  undrained 
behaviour fo r  c la y s  and drained behaviour fo r  sands. In c la y s  the 
p rocess o f  in s t a l la t io n  w i l l  in v o lv e  changes in  e f f e c t iv e  ra d ia l
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s t r e s s ,  a' ; t o t a l  r a d ia l s t r e s s ,  cxr ; and pore w ater p r e ssu r e , u . The 
f in a l  v a lu e  o f  <j't a c t in g  a g a in s t  th e  p i l e  fa c e  w i l l  depend on th e  
r e la t iv e  changes o f  ar and u during c o n so lid a t io n .

Measurements o f  r a d ia l s t r e s s e s  a c t in g  on p i l e s  th a t  have been made in  
recen t y ea rs  show th a t  even fo r  la r g e  d isp lacem ent d r iv en  p i l e s ,  v a lu e s  
o f  cr' are  o f te n  n o t much g rea te r  than th e  o r ig in a l  v a lu e  ar'o e x is t in g  
b efore  p i l e  in s t a l la t i o n  (Jard ine and P o t t s ,  1988). T h is i s  thought to  
be due to  th e  s t r e s s  r e l i e f  and arch ing o f  th e  s o i l  th a t  occu rs during  
d r iv in g . The e f f e c t  i s  p a r t ic u la r ly  marked in  sands, and g iv e s  r i s e  to  
th e  phenomenon known as th e  ' c r i t i c a l  depth* (V e s ic , 1967), where 
in crea sed  p i l e  p en e tra tio n  beyond a c e r ta in  depth does not le a d  to  a  
corresponding in c r e a se  in  u n it  s h a ft  c a p a c ity . In  c e r ta in  s i t u a t io n s ,  
n o tab ly  in  th e  c a se  o f  ca lca reo u s sands ( s e e  Chapter 4 ) ,  crr' can be very  
low indeed due to  co n tra cta n t shear behaviour and s o i l  arch ing  e f f e c t s  
caused by th e  p ro cess  o f  in s t a l la t io n .

The in h eren t s tr e n g th  o f  a s o i l ,  by a llo w in g  arching to  occu r, i s  o f te n  
a  fa c to r  working a g a in s t  th e  developm ent o f  p i l e  s h a ft  f r i c t io n .  T his  
su g g e sts  th a t  p i l e  d es ig n  methods c o r r e la t in g  s h a ft  f r i c t io n  w ith  s o i l  
s tren g th  may be m islead in g .

In  c o n tr a s t  to  th e  r e la t iv e ly  low v a lu e s  o f  r a d ia l e f f e c t i v e  s t r e s s  
which have been measured around con ven tio n a l p i l e s ,  la r g e  v a lu e s  o f  
r a d ia l s t r e s s  can be generated  by r a d ia l expansion  in to  th e  s o i l .  T h is  
i s  r e a d ily  dem onstrated by r e s u lt s  from pressurem eter t e s t in g  (Mair and 
Wood, 1987; B agu elin  e t  a l . , 1978). A ty p ic a l  pressurem eter curve i s  
shown in  F igure 1 .1 .  The a v a ila b le  v a lu e  o f  t o t a l  r a d ia l s t r e s s  in  such  
t e s t s ,  even  a t  r e la t iv e ly  sm all r a d ia l s t r a in s ,  i s  in v a r ia b ly  w e ll  in  
e x c e ss  o f  th e  ' l i f t - o f f *  p ressu re , even fo r  pressurem eters which have 
been pushed in to  th e ground, ra th er than s e lf -b o r e d  or  low ered in to  a  
pre-bored  h o le . Follow ing expansion , th e  even tu a l eq u ilib r iu m  v a lu e  o f  
r a d ia l e f f e c t i v e  s t r e s s  w i l l  depend on s t r e s s  changes during  
c o n so lid a t io n , but i t  has been shown th a t  even fo r  c la y s  s u b s ta n t ia l  
in c r e a se s  in  r a d ia l e f f e c t iv e  s t r e s s  over in - s i t u  v a lu es  are p o s s ib le .  
(Randolph e t  a l . ,  1979; Wroth e t  a l . ,  1979; s e e  Chapter 9 ) .

(c )  P i le  lo ad in g :
Changes in  crr' , or , and u may occur during lo a d in g . In  g en era l th e  
magnitude o f  such changes w i l l  depend on how damaging th e  s o i l  sh earin g  
regime during lo a d in g  i s ,  in  comparison to  th a t  during in s t a l la t io n :

S t a t ic  lo a d in g  to  fa i lu r e  w i l l  r e s u lt  in  r e la t iv e ly  sm all changes
in  ct' and u.
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S tr e s s  c o n tr o lle d , one-way c y c lin g  a t  s t r e s s  l e v e l s  below fa i lu r e  
w i l l  have l i t t l e  e f f e c t  in  c la y s  (e g . Ove Arup, 1986). C ycling  a t  
sm all s t r a in s  in  sands may cause a slow  b u ild  up o f  pore
p ressu res  (eg . Bjerrum, 1973). The r e s u lt in g  drop in  r a d ia l
e f f e c t i v e  s t r e s s  i s  o f te n  recoverab le .

S tr a in  c o n tr o lle d  c y c lin g  and two-way c y c lin g  in v o lv in g  r e v e r sa ls  
in  shear d ir e c t io n  are more damaging, in  both c la y s  and sands 
(eg . P ou los, 1989). Such c y c lin g  can cause rap id  g en era tio n  o f  pore 
p ressu r es , and th e  la r g e  s tr a in  r e v e r sa ls  in vo lved  can cause  
rearrangem ents in  s o i l  s tr u c tu r e  ad jacen t to  th e  p i l e  lea d in g  to  
permanent red u ction s in  r a d ia l e f f e c t iv e  s t r e s s .

1 .1 .2 .3  C onclusions on s h a ft  r e s is ta n c e
In co n c lu s io n , both th e an g le  o f  shearing  r e s is ta n c e  6' and th e r a d ia l  
e f f e c t i v e  s t r e s s  o' are in flu en ced  by th e  manner in  which a p i l e  i s
in s t a l le d .  C onsidering a l l  s o i l  ty p e s , th e  p o s s ib le  v a r ia t io n  o f  6' i s
no more than a fa c to r  o f  around f iv e ,  and i s  u su a lly  l e s s .  The p o s s ib le  
v a r ia t io n  o f  cr' i s  a t  l e a s t  a fa c to r  o f  10, and hence o' i s  th e  dominant 
v a r ia b le  in  c o n tr o ll in g  s h a ft  f r ic t io n .  C onventional p i l in g  tech n iq u es  
are not e f f i c i e n t  a t  m o b ilis in g  o' . Much g rea te r  v a lu es  o f  o' can be 
generated  by r a d ia l expansion  in to  th e  ground. In c la y s ,  p i l in g  methods 
which avoid  alignm ent o f  c la y  p a r t ic le s  w i l l  g iv e  in creased  v a lu e s  o f  
6 '  .

1 . 1 . 3  C avity  expansion  th eory
I t  i s  known th a t d isp lacem ent p i l e s  and o th er  p i l in g  methods in v o lv in g  
r a d ia l d isp lacem ent or com paction o f  the ground g iv e  r i s e  to  g rea te r  
r a d ia l e f f e c t iv e  s t r e s s e s  than o th er  tech n iq u es, but such methods are  
la r g e ly  u n co n tro lled  and o f te n  operator dependant. The q u estio n  th a t has 
n ot been addressed i s :

'Can a p i l in g  method fea tu r in g  c o n tr o lle d  r a d ia l expansion be used to  
in cr ea se  p i l e  sh a ft  c a p a c ity ? ’

The la r g e  body o f  a v a ila b le  in form ation  on c a v ity  expansion th eory  can 
be used to  show d if fe r e n c e s  between r a d ia l e f f e c t iv e  s t r e s s e s  a c tin g  
on ty p ic a l  p i l e s  and l im it in g  va lu es  p o te n t ia l ly  a v a ila b le .  The 
s h o r t f a l l s  rep resen t p o te n t ia l  g a in s  in  ca p a c ity  th a t might be a v a ila b le  
i f  a p i l e  were to  be expanded r a d ia l ly  along i t s  le n g th .

Cavity expansion theory is discussed in more detail in Chapter 9. The
body of information on cavity expansion falls into three main
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categories:

(a) s im p le a n a ly t ic a l  th e o r ie s  fo r  id e a l s o i l s

(b) complex num erical s tu d ie s  attem pting  to  model co n v en tio n a l p i l e  
in s t a l la t io n  a s  c y l in d r ic a l  c a v ity  expansion  ( e . g .  Randolph e t  a l . ,  
1979; Wroth e t  a l . ,  1979) .

(c)  d ata  from p ressurem eter and d ila to m e te r  t e s t in g ,  and a s so c ia te d  
developm ents o f  th eory  and a n a ly s is .

A n a ly tic a l th e o r ie s  can be used to  perform sim p le param etric s tu d ie s  on 
id e a l s o i l s ,  to  g iv e  l im it in g  v a lu e s  o f  r a d ia l s t r e s s  a v a ila b le  on 
expansion . An undrained, c u , approach can be used fo r  c la y s  and a  
drained , 0' , approach fo r  sands. By comparing th e se  l imit i n g  v a lu es  
w ith  t y p ic a l  v a lu es  o f  r a d ia l s t r e s s  a c t in g  on con ven tio n a l p i l e s  a t  
f a i lu r e ,  th e  upper bound o f  any in c r e a se s  in  p i l e  c a p a c ity  fo llo w in g  
expansion  can be estim a ted . In  th e  ca se  o f  c la y s ,  assum ptions need to  be 
made regarding any lo s s  o f  r a d ia l s t r e s s  during c o n s o lid a t io n .

Numerical work m odelling  con ven tion a l p i l e  in s t a l la t io n  a s  c a v ity  
expansion  has la r g e ly  proved to  be a fa i lu r e  in  i t s  o r ig in a l  in te n t io n .  
However, t h i s  work i s  now d ir e c t ly  r e le v a n t to  th e  concept o f  an 
expanded p i l e ,  and can be used to  in d ic a te  in c r e a se s  in  p i l e  c a p a c ity  in  
c la y s .

Pressurem eter and d ila to m e te r  d ata  can be used d ir e c t ly  to  e s t im a te  
in c r e a se s  in  p i l e  c a p a c ity  on expansion . T his approach i s  s u ita b le  fo r  
sands, which e x h ib it  near drained  behaviour during expansion  o f  a  
pressurem eter, such th a t upper bound in c r e a se s  in  e f f e c t i v e  r a d ia l  
s t r e s s e s  can be fo r e c a s t  r e l ia b ly .  The approach i s  more com plicated  fo r  
c la y s  because in  t h i s  ca se  expansion o f  a  pressurem eter in v o lv e s  an 
in cr ea se  in  pore p ressu re  th a t  w i l l  not norm ally have d is s ip a te d  by th e  
end o f  th e  t e s t ,  such th a t the long term v a lu e  o f  r a d ia l e f f e c t i v e  
s t r e s s  i s  not known.

A ll th ree  approaches o u t lin e d  above and d e a lt  w ith  in  more d e t a i l  in  
Chapter 9 o f  t h is  t h e s i s  in d ic a te  th a t by expanding a p i l e  r a d ia l ly  in to  
th e  ground la r g e  in c r e a se s  in  p i l e  sh a ft  c a p a c ity  may be a ch ie v a b le .

1 .2  The W edge-Pile

1 . 2 . 1  The P rocess
P ro fe sso r  J .B.  Burland o f  Im perial C o lleg e  has developed  and

9



p aten ted  a sim ple m echanical means o f  expanding a  p i l e  a f t e r  i t  has been  
d riven  or  p laced  in  th e  ground -  th e  W edge-Pile (Borland, 1988) .

The p ro cess  in v o lv e s  e s s e n t ia l l y  two components (F igure 1 . 2 ) :

(a)  The o u ter  s h e l l
(b) The expander mandrel

The p i l e  components may be o f  s t e e l ,  con cre te  o r  o th er  m a te r ia ls  
depending on th e  a p p lic a t io n . A v a r ie ty  o f  c r o ss  s e c t io n s  can be used .

The p ro cess  c o n s is t s  o f  in s t a l l in g  th e  o u ter  s h e l l  in  th e  ground e i th e r  
by d r iv in g  o r  by p la c in g  i t  in  a  pre-bo red h o le . The expander mandrel i s  
then  passed  through th e  o u ter  s h e l l ,  expanding i t  p r o g r e ss iv e ly  
throughout i t s  le n g th . The expander mandrel may be d riven  or jacked , 
pushed or  p u lle d .

The key to  th e  p ro cess  i s  th a t  th e  outer* s h e l l  i s  expanded LOCALLY and 
PROGRESSIVELY by th e shaped nose o f  th e  expander mandrel. T his i s  
shown d iagram m atically  in  F igure 1 . 3 .  The fo rce  req u ired  to  expand the  
o u ter  s h e l l  in  t h is  way i s  very  much l e s s  than th a t  required  to  expand 
th e  o u ter  s h e l l  s im u ltan eou sly  over i t s  whole le n g th . The expander 
mandrel may be l e f t  in  p la c e  or  removed. I f  i t  i s  removed, a  means o f  
r e ta in in g  th e o u ter  s h e l l  in  i t s  expanded p o s it io n  must be provided.

From a s o i l  mechanics p o in t o f  v iew , th e main p o te n t ia l  advantages o f  
th e  p ro cess  over con ven tion a l methods are as fo l lo w s :

(a) Increased  p i l e  s h a ft  c a p a c ity  due to  th e d e lib e r a te  m o b ilisa tio n  o f  
a v a ila b le  r a d ia l e f f e c t i v e  s t r e s s  by expansion.

(b) P o ss ib le  fu rth er  g a in s  in  ca p a c ity  in  c la y s  a r is in g  from 
in creased  v a lu es  o f  6' caused by remoulding during expansion.

(c )  Because th e  p ro cess  i s  a  c o n tr o lle d  m echanical system , i t  should  
be p o s s ib le  to  p r e d ic t  in c r e a se s  in  p i l e  c a p a c ity  from b a sic  
th eory  o r  from th e r e s u lt s  o f  pressurem eter t e s t in g .  T his le a d s  the  
way to  more r e l ia b le  and l e s s  em p irica l d es ig n  methods.

(d) The a c tu a l carry in g  c a p a c ity  o f  th e  in s t a l le d  p i l e  can be d ir e c t ly  
estim ated  by measuring th e fo r c e s  required  fo r  expansion , i f  the  
f r ic t io n a l  c h a r a c te r is t ic s  o f  the o u ter  s h e l l  and th e  expander 
mandrel are known.
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The W edge-Pile concept has many p o s s ib le  embodiments, and has p o te n t ia l  
a p p lic a t io n s  in  a  wide range o f  foundation  and ground en g in ee r in g  
problem s. There a re , in  a d d itio n  to  th e  p o in ts  l i s t e d  above, advantages  
o f  th e system  from a w ider en g in eerin g  v iew poin t -  th e se  are d isc u sse d  
la t e r  in  t h i s  Chapter.

1 . 2 . 2  Key s o i l  m echanics q u estio n s
The a b i l i t y  to  g en era te  h igh  v a lu e s  o f  r a d ia l e f f e c t i v e  s t r e s s  by r a d ia l  
expansion  in to  th e  ground cannot be q u estion ed . What i s  a t  is s u e  i s  
whether such h igh  v a lu e s  can be generated  by a sim ple m echanical system  
o f  p i l e  d r iv in g , can be su sta in e d  throughout p i l e  lo a d in g , and can be 
m aintained in  th e  long  term.

A key fea tu re  o f  th e  m echanical system  i s  th a t i t  must not a llo w  even  
a s l i g h t  amount o f  r a d ia l c o n tr a c tio n  fo llo w in g  expansion . T his would 
r e s u lt  in  a la r g e  drop in  a' , as dem onstrated by th e  un loading curve o f  
a pressurem eter t e s t  (F igure 1 . 1 ) .

There are q u estio n s  regarding th e change in  d ir e c t io n  o f  sh earin g  during  
p i l e  lo a d in g , r e la t iv e  to  th a t during expansion . Could t h is  cau se a  
s ig n i f ic a n t  drop in  ar' during load ing? In lo o s e  s o i l s ,  would in c r e a se s  
in  a' be m eta -stab le?  Would c y c l ic  load in g  cause th e  p i l e  response to  be 
b r i t t l e ?  The lo s s  o f  any in crea se  in  cr' w ith  tim e, due to  s t r e s s  
r e la x a t io n  or creep  e f f e c t s ,  i s  th e  most s ig n i f ic a n t  q u estio n  o f  a l l .  
Would cr' tend towards th e  o r ig in a l i n - s i t u  va lu e in  th e  long  term?

The answers to  many o f  th e  d e ta ile d  a sp e c ts  o f  th e se  q u estio n s  are  
beyond th e  scope o f  t h is  t h e s is  and must aw ait fu r th e r  resea rch . The 
concern o f  the p resen t research  i s  to  dem onstrate th e  b a s ic  p r in c ip le s  
o f  th e W edge-Pile.

1 . 2 . 3  The W edge-Pile P ro ject
The s ta g e s  in vo lved  in  p u ttin g  the W edge-Pile concept in to  p r a c t ic e  are  
shown in  Figure 1 . 4 .

The UNDERLYING CONCEPT i s  the m echanical p rocess by which a p i l e  i s  
expanded by lo c a l  and p ro g ress iv e  deform ation along i t s  le n g th .

The EMBODIMENT i s  th e  means by which the underlying concept can be put 
to  p r a c t ic a l  u se . The development o f  p r a c t ic a l  embodiments i s  th e  most 
im portant s ta g e  in  the o v e r a ll  p ro cess . Ideas and t e s t in g  w i l l  n a tu r a lly  
be sim ple to  s t a r t  w ith  and ev o lv e  to  in clu d e d e ta i le d  a n a ly s is  and 
p ro cess  d e t a i l s .  In the next S ec tio n  some o f  the id ea s  th a t have been  
con sid ered  so fa r  are s e t  down. Research a t  Im perial C o lleg e  to  d a te  has
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con cen trated  on th e developm ent and t e s t in g  o f  d r iv en , pre-form ed p i l e s  
and te n s io n  p i l e s .

ENGINEERING STUDIES in v o lv e  th e d e ta ile d  a p p ra isa l o f  a v a ila b le  
embodiments and p ro cess  d e t a i l s ,  d esign  and member s iz in g ,  c o s t in g , and 
com parison w ith  o th er  a v a ila b le  methods. Such s tu d ie s  are la r g e ly  beyond 
th e  scope o f  t h is  resea ch .

1 .3  W edge-Pile Embodiments

T his S ec tio n  o u t l in e s  th e main id eas th a t have been con sid ered  in  th e  
a p p lic a t io n  o f  the W edge-Pile concept to  d riven  p i l e s  and te n s io n  p i l e s .  
A ll o f  th e  embodiments fe a tu r e  th e concept o f  lo c a l  and p ro g ress iv e  
expansion  along th e  le n g th  o f  th e  p i l e .  Some o f  th e  embodiments make use  
o f  standard p i l in g  s e c t io n s  and equipment, o th ers  are more in n o v a tiv e .

F ir s t ly ,  the fu n ctio n s  o f  th e  o u ter  s h e l l  and th e expander mandrel are  
co n sid ered , both during in s t a l la t io n ,  and a f t e r  in s t a l la t io n  when a 
w ed g e-p ile  a c ts  a s  a permanent load  carry in g  member. F actors  
in f lu e n c in g  the a c c e p ta b lity , c o s t  and even tu a l c h o ic e  o f  w ed ge-p ile  
embodiment are then co n sid ered .

1 . 3 . 1  Functions o f  p i l e  components during in s t a l la t io n

1.3.1.1 Outer shell
The primary purpose o f  in s t a l l in g  the ou ter  s h e l l  i s  to  in troduce an 
expandable in c lu s io n  in to  the ground. I t  i s  th e  o u ter  s h e l l  which 
determ ines th e c h a r a c te r is t ic s  o f  the m echanical expansion p ro cess . 
W edge-p iles can be c l a s s i f i e d  according to  th e  mode o f  deform ation o f  
th e  o u ter  s h e l l  as i t  i s  expanded lo c a l ly .  The mode o f  deform ation w i l l  
vary according to  the m ater ia l p ro p ertie s  and the arrangement o f  the  
o u ter  s h e l l .  The o u ter  s h e l l  must be a b le  to  r e s i s t  d r iv in g  fo r c e s ,  
in c lu d in g  th ose  during in s t a l la t io n  o f  the expander mandrel.

R esearch a t  Im perial C o lleg e  has focused on th e use o f  an ou ter  s h e l l  
formed from s t e e l .  Some a t te n t io n  has been g iven  to  th e use o f  p la s t ic  
as an a lt e r n a t iv e .

There are a range o f  con ven tion a l pre-form ed s t e e l  p i l e s ,  from sm all 
disp lacem ent *H’ s e c t io n  p i l e s  to  large  d isp lacem ent tubular or box 
s e c t io n s  d riven  w ith  c lo se d  ends. The advantages o f  such s t e e l  
disp lacem ent p i l e s  are w e ll documented. The p i l e  m ateria l can su sta in  
high  d r iv in g  s t r e s s e s  and, when in s t a l le d ,  h igh com pressive and t e n s i l e  
lo a d s . They are r e la t iv e ly  l i g h t  in  w eight fo r  t h e ir  load carry ing
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capaci ty • Also, they are not easily damaged. by rough handling, can be 

inspected before driving and are easily cut down or extended. The two 

main drawbacks of steel piles are the high unit cost of the pile 

material and the effects of corrosion. 

Steel H piles. have addi tional advantages. Due to their small 

cross-sectional area they are easy to drive both to great depth and 
through intermediate hard strata. There is low risk of heave of 

surrounding ground and ease of driving in closely spaced groups. They 

are light to handle and particularly compact to store. How:ever, H piles 

suffer from severe disadvantages. Their small cross-~tional area, 

although making driving easy, gives rise to low end resistance and low 

shaft resistance. tWhipping' during driving may significantly reduce 

shaft resistance. 

The ability to install easily in the ground a load carrying inclusion of 

small cross-sectional area is of particular relevance to the 

Wedge-Pile process. 

Three main systems of wedge-pile incorporating a steel outer shell have 

been considered. These systems have all been given the general term 

tsteel wedge-piles', although the steel outer shell could be expanded by 

an expander mandrel of any appropriate material. The mode of defonnation 

of the outer shell differs for each system, according to the flexural 

properties and configuration of the outer shell. This may have an 

influence on the increases in pile capacity achievable. The three main 

systems are as follows: 

( a) The outer shell could be made up from steel sections temporarily 

held together and driven as one. Standard sections would 

normally be used (Figure 1.5). Appropriate connections would 

include bolts and tack welds. On driving the expander mandrel, the 

temporary connections would split apart and the separated elements 

be displaced radially into the ground. A variety of pile 

cross-sections could be employed, the most obvious being cruciform, 

box and channel. Depending on the configuration and size of the 

outer shell, it could be driven from the top, or from the bottom 

using an internal driving mandrel. Figure 1.6 shows a cruciform 

outer shell being split apart as the expander mandrel is driven. 

This system is defined as a 'multiple-element' outer shell. The 

expansion process involves flexural translation of the elements 

from their initial position to their fully displaced position. 

Depending on the steel sections used, the mode of bending may be 
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t o t a l l y  e l a s t i c  or may in v o lv e  some y ie ld in g  such th a t  con ta in ed  
p la s t i c  flo w  occu rs.

I t  i s  c le a r  from the o u tse t  th a t arrangements o f  t h i s  system  which 
m o b ilise  s o i l  r e s is ta n c e  in  3 or  4 d ir e c t io n s  may be more e f f i c i e n t  
than * 2-w ay’ v e r s io n s .

(b) I f  a  c ir c u la r  s t e e l  tube o u ter  s h e l l  were to  be u sed , one or  more 
weak l i n e s  cou ld  be machined along th e  len g th  o f  th e  tu b e. As the  
expander mandrel was d riven , th e  o u ter  s h e l l  would open up along  
one o f  th e  weak l i n e s .  I f  a  s in g le  weak l i n e  were to  be employed, 
the f u l ly  d isp la c e d  co n fig u ra tio n  o f  th e  o u ter  s h e l l  would in v o lv e  
s u b s ta n t ia l e l a s t i c  bending (F igure 1 . 7 ) .  Further weak l i n e s  could  
be used to  reduce the s tr a in  energy in vo lved  in  th e c a se  o f  the  
s in g le  weak l i n e ,  by promoting th e  form ation o f  p la s t i c  h in ges  
around th e  circum ference o f  th e  o u ter  s h e l l  during expansion . 
However, fu r th er  weak l in e s  would weaken th e o u ter  s h e l l .  A tu b u lar  
s h e l l  system  cou ld  be d riven  from th e  top  or from th e  bottom.

The manner in  which an expanded s in g le  s p l i t  tube m o b ilis e s  s o i l  
r e s is ta n c e  i s  not as c le a r  as in  th e  ca se  o f  th e  m u ltip le -e lem e n t  
system . T his q u estio n  i s  d e a lt  w ith  fu rth er  in  C hapters 7 and 8 .

(c )  A cruciform  shaped ou ter  s h e l l  cou ld  be formed by p a ssin g  a th in  
tubular s e c t io n  through shaping r o l le r s  during th e  in s t a l la t io n  
p ro cess . I t  would then be p u lled  in to  the ground by d r iv in g  from 
the bottom. By d r iv in g  a c ir c u la r  expander mandrel, th e  o u ter  s h e l l  
cou ld  be p l a s t i c a l l y  deformed back in to  a near c ir c u la r  shape.

1 . 3 . 1 . 2  Expander mandrel
The expander mandrel d isp la c e s  the o u ter  s h e l l  r a d ia l ly  in to  th e  ground, 
m o b ilis in g  a v a ila b le  ra d ia l e f f e c t iv e  s t r e s s .  The expander mandrel 
com prises a nose s e c t io n  and a shank s e c t io n .

The expander mandrel nose imparts the n ecessary  r a d ia l fo rce  to  d isp la c e  
the ou ter  s h e l l  in to  the ground. The nose s e c t io n  must be so  shaped to  
e f f e c t  a smooth t r a n s it io n  o f  th e  o u ter  s h e l l  from i t s  unexpanded 
p o s it io n  to  i t s  expanded p o s it io n  (F igure 1 . 3 ) .  In p a r t ic u la r  i t  i s  
im portant th a t no r a d ia l co n tra ctio n  occurs ( S ec tio n  1 . 2 . 2 ) .

The shank s e c t io n  i s  the means by which th e  nose s e c t io n  i s  advanced 
in to  the o u ter  s h e l l .  The shank m aintains th e o u ter  s h e l l  in  i t s  
expanded p o s it io n  a f t e r  d r iv in g , u n le ss  some means i s  provided  o f  
hold ing th e o u ter  s h e l l  apart a f t e r  d r iv in g  the expander mandrel (a
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system  o f  sp acers fo r  exam ple, a s  shown in  F igure 1 . 8 ) .  In  th e  l a t t e r  
c a se  th e  expander mandrel cou ld  be removed.

The expander mandrel can be con sid ered  a s  a  machine which moves a  r a d ia l  
expanding fo r c e  along th e  le n g th  o f  th e  o u te r  s h e l l .  The v e l o c i t y  r a t io  
o f  t h i s  machine i s  u n ity ;  th e  m echanical advantage depends on th e  shape 
o f  th e  nose and th e  f r ic t io n a l  r e s is ta n c e  between th e  o u ter  s h e l l  and 
th e  expander mandrel. I f  th e  shank s e c t io n  o f  th e  expander mandrel i s  
p a r a l le l  s id ed  and remains in  c o n ta c t w ith  th e  o u ter  s h e l l ,  the  
m echanical advantage w i l l  d ecrease  a s  th e  expander mandrel i s  advanced. 
I f  sp acers were to  be provided to  h o ld  th e  expanded o u ter  s h e l l  in  
p la c e , th e  shank cou ld  be o f  reduced s e c t io n  to  e lim in a te  f r i c t io n  
between th e shank and th e  o u ter  s h e l l ,  in  order to  in c r e a se  th e  
e f f ic ie n c y  o f  th e  expansion  p ro cess  (F igure 1 . 8 ) .

The expander mandrel cou ld  be formed from any s u ita b le  m a te r ia l,  
norm ally s t e e l  or  co n cre te . A s t e e l  expander mandrel would be d riven  
in  th e  same manner a s  th e  o u ter  s h e l l .  A co n cre te  expander mandrel would 
probably be in  th e  form o f  sh o rt p r e c a s t  segm ents. These cou ld  be 
in s t a l le d  c o n se c u t iv e ly  by d r iv in g , or  by jack in g  u s in g  th e  in s t a l le d  
o u ter  s h e l l  a s  r e a c tio n .

I f  a  spacer system  were to  be p rovided , th e  expander mandrel cou ld  be 
removed and rep laced  w ith  a permanent p i l e  f i l l i n g .

1 . 3 . 2  S tru ctu ra l fu n ctio n s  o f  p i l e  components a f t e r  in s t a l la t i o n

Upon in s t a l la t io n ,  th e  two main elem ents o f  a  w ed g e-p ile  com prise:

(a ) the o u ter  s h e l l
(b) an 'a s  driven* permanent expander mandrel, a replacem ent 

cem en titio u s  or low grade f i l l e r ,  or  a com bination o f  th e se  two.

The o u ter  s h e l l  i s  th e  in te r fa c e  w ith  th e  ground and se r v e s  to  tran sm it  
v e r t ic a l  load in g  in to  th e s o i l  mass.

I f  a  permanent expander mandrel were to  be employed, i t  would ho ld  th e  
o u ter  s h e l l  in  p la ce  and carry  most o f  th e  bending moments a r is in g  from 
la t e r a l  lo a d s . The o u ter  s h e l l  would be th e  v e r t i c a l  load  carry in g  
member. At th e  top  o f  th e  w ed ge-p ile  th e  two components would norm ally  
be s tr u c tu r a lly  connected  so  as to  a c t  a s  a  s in g le  u n it .

I f  the w ed ge-p ile  were to  be grouted  up on in s t a l la t io n ,  th e  p i l e  
would a c t  a s  a  s in g le  u n it  along i t s  le n g th  and th e  o u ter  s h e l l  would
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not need to carry independently fill the vertical load.

1 . 3 . 3  A c c e p ta b ility  and Cost
The fundamental q u estio n s  th a t must be addressed when d evelop in g  th ese  
new p i l in g  tech n iq u es are:

( i )  W ill th e  foundation  be accep tab le?
( i i ) Can th e  techn ique be implemented more cheap ly  than o th er  e x is t in g  

p i l e  ty p es  ?

The fo llo w in g  fa c to r s  must be taken in to  account when a s s e s s in g  th e  
va r io u s w ed g e-p ile  embodiments th a t have been d escr ib ed  above:

(a ) A c c e p ta b il i ty .

The p i l e  must s a t i s f y  load  carry in g  and s e r v ic e a b i l ty  requirem ents, 
in  both th e long and sh ort term. The load  carry in g  c h a r a c te r is t ic s  
o f  th e  v ariou s embodiments need to  be determ ined. In the f i r s t  
in sta n ce  t h is  must be ach ieved  by th e load  t e s t in g  o f  prototype  
v e r s io n s . E v en tu a lly , performance m onitoring o f  working p i l e s  could  
be c a rr ied  ou t.

The p i l e  i t s e l f  must be durable in  th e lon g  term. As fo r  
con ven tion a l s t e e l  p i l e s ,  a key q u estio n  i s  th e  e f f e c t  o f  
c o rr o sio n . A lso  o f  importance i s  th e  in t e g r i t y  o f  any con n ection  or  
grou tin g  between th e ou ter  s h e l l  and th e expander mandrel.

The p i l in g  techn ique must s a t i s f y  any environm ental impact 
requirem ents, fo r  example re g u la tio n s  and co n tra c tu a l o b lig a t io n s  
regarding n o ise  and v ib r a tio n  c o n tr o l. E f f ic ie n c y  during d r iv in g  
w i l l  lea d  to  th e use o f  l ig h t e r  p la n t , low er n o is e  and v ib r a t io n ,  
and l e s s  gen era l d istu rb an ce . Where competing w ith  bored p i l e s ,  the  
red u ction  o f  handling o f  removed s o i l  would be a b ig  advantage.

( b ) C o st.

The c o s t  o f  implementing the th e W edge-Pile tech n iq u e, in  
comparison w ith  o th er  methods, i s  dependant on:

-  The in cr ea se  in  load  carry ing  ca p a c ity  over e x is t in g  methods, 
en ab lin g  th e  use o f  fewer or sh o rter  p i l e s  to  carry  a g iv en  load . 
T his fa c to r  must be considered  in  con ju n ction  w ith  the c o s t  o f  
in s t a l la t io n .

16



-  The r e l i a b i l i t y  w ith  which any in c r e a se  in  c a p a c ity  can be 
p red ic te d  fo r  d es ig n  purposes. The un derly in g  con cep t o f  th e  
W edge-Pile i s  th a t  in c r e a se s  in  p i l e  c a p a c ity  a re  accompanied by 
improved r e l i a b i l i t y  and hence c o s t  e f f ic ie n c y  o f  d e s ig n . In  
a d d it io n , measurement o f  th e  fo r c e s  in vo lved  in  expanding a  
w ed g e-p ile  cou ld  be used to  e s t im a te  in s t a l le d  c a p a c ity . T his  
in form ation  cou ld  then  be used to  g iv e  assurance o f  requ ired  
c a p a c ity , or  to  p rovid e feedback in to  th e  d es ig n  p r o c e ss . Any 
changes in  d es ig n  thought d e s ir a b le  cou ld  be made 'on th e  s p o t ’ , 
th u s sav in g  c o s t s .

C ost o f  in s t a l la t io n .  The t o t a l  c o s t  o f  in s t a l l i n g  a p i l e  
u lt im a te ly  depends on th e c o s t  o f  th e  p i l e  m a ter ia l;  th e  d r iv in g  
energy requ ired ; th e  in s t a l la t io n  tim e required; to g e th e r  w ith  
th e  requ ired  amount o f  su b s id ia ry  handling o f  p i l e s ,  equipment 
and any removed m a ter ia l.

1 . 3 . 4  C hoice o f  system
Obvious i n i t i a l  o b je c t io n s  to  th e u se  o f  s t e e l  w ed g e-p ile s  th a t need to  
be addressed  are th e  h igh  c o s t  o f  s t e e l ,  th e  in crea sed  in s t a l la t io n  
tim es due to  tw o -sta g e  d r iv in g , and th e e x tr a  prep aration  and handling  
o f  p i l e s  req u ired .

On th e  o th er  hand, th e  tw o -sta g e  in s t a l la t io n  p r o c e ss , w ith  r a d ia l  
s t r e s s  generated  e f f i c i e n t l y  during th e  second s ta g e , opens th e  door to  
p ro cess  d e t a i l s  which may reduce in s t a l la t io n  tim es and d r iv in g  
e n e r g ie s .

The most ap p rop riate c o n fig u ra tio n  o f  w ed g e-p ile  i s  l i k e l y  to  be the  
cruciform . The '4-w ay’ expansion mode i s  l i k e l y  to  maximise in c r e a se s  in  
p i l e  c a p a c ity . The sm all c r o s s - s e c t io n a l  area  o f  th e  o u ter  s h e l l  would 
f a c i l i t a t e  qu ick  and ea sy  in s t a l la t io n  u s in g  r e la t iv e ly  l i g h t  p la n t  and 
equipment. I n s t a l la t io n  o f  the expander mandrel would c r e a te  most o f  the  
volume o f  th e  p i l e ,  in  an energy e f f i c i e n t  manner. A cheap, cem en titio u s  
m ater ia l would be id e a l fo r  f i l l i n g  t h i s  volume. Permanent p r e -c a s t  
con cre te  expander mandrel segments cou ld  be used o r , in  th e  ca se  o f  a 
removable mandrel, th e  v o id  crea ted  by expansion  cou ld  be grouted  up 
a f t e r  w ithdrawal o f  th e  expander mandrel.

The o u ter  s h e l l  o f  th e  cruciform  p i l e  would be th e  v e r t i c a l  load  
carry in g  member. P ro v is io n  o f  c o rr o sio n  p r o te c t io n  would have to  be 
made, p a r t ic u la r ly  near to  th e  ground su r fa c e . T his might have a 
s ig n i f ic a n t  e f f e c t  on p i l e  m ater ia l c o s t s .
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A la r g e  d isp lacem ent box or tube type o u ter  s h e l l  might be o f  b e n e f it  in  
weak or lo o se  ground, as an e f f i c i e n t  method o f  com pacting th e  ground 
b efo re  expansion . In t h i s  ca se  th e  p i l e  cou ld  be grouted  to  form a 
s in g le  u n it ,  and th e  o u ter  s h e l l  need not be load  carry in g ; hence 
c o rr o sio n  o f  th e  o u ter  s h e l l  would not be a problem. A th in -w a lle d  
o u ter  s h e l l ,  d r iven  from th e  bottom, cou ld  be used to  reduce m a ter ia l 
c o s t s .  I t  might prove p o s s ib le  to  u se  an o u ter  s h e l l  o f  p la s t i c  tube to  
reduce m ater ia l c o s t s  fu r th er  s t i l l .

The in s t a l la t io n  energy o f  th e  o u ter  s h e l l  cou ld  be reduced by u sin g  a 
s l i g h t l y  o v ers iz ed  d r iv in g  shoe in  order to  reduce s h a ft  f r i c t io n  during  
in s t a l la t io n  and co n cen tra te  d r iv in g  energy a t  th e  to e  o f  th e  p i l e .  The 
r e s u lt in g  lo s s  o f  r a d ia l e f f e c t i v e  s t r e s s  would be e a s i l y  recouped upon 
d r iv in g  the expander m andrel. The in s t a l la t io n  energy o f  th e  expander 
mandrel cou ld  be reduced by appropriate ch o ic e  o f  su r fa ce  f in i s h ,  and by 
lu b r ic a t io n  between th e  o u ter  s h e l l  and th e  expander mandrel shank. P i le  
c a p a c ity  cou ld  be in creased  by th e use o f  r ib b in g  or co rru g a tio n s on th e  
o u ts id e  o f  th e  o u ter  s h e l l .  Such r ib b in g  might reduce s h a ft  f r ic t io n  
during d r iv in g  ( in  the same manner as th e  o v ers iz ed  d r iv in g  sh o e ) and 
in cr ea se  i t  a f t e r  expansion .

1 .4  O u tlin e  o f  Research

1 . 4 . 1  O b jectiv es
The o v e r a ll  o b je c t iv e s  o f  th e  research  were as fo llo w s:

(a) to  dem onstrate th e  p r in c ip le  o f  th e  W edge-Pile p ro cess

(b) to  in v e s t ig a te  th e  load  carry in g  c h a r a c te r is t ic s  o f  a v a r ie ty  o f  
w ed ge-p ile  embodiments a t  f i e l d  and lab oratory  s c a le

(c )  to  determ ine whether any in cr ea se s  in  p i l e  c a p a c ity  can be 
p red ic ted  by u sin g  c a v ity  expansion theory  or pressurem eter  
t e s t in g ,  or d ir e c t ly  estim ated  by measuring expander mandrel 
in s t a l la t io n  force

(d) to  a s s e s s  th e  p r a c t ic a l i t y  o f  the W edge-Pile system  fo r  c i v i l  
en g in eerin g  u se , and to  con tin u e to  develop  new embodiments and 
e s s e n t ia l  p rocess  d e t a i l s .

Work was undertaken in  th e f i e l d ,  in  th e la b ora tory , and w ith  computer 
m odels. The research  was performed in  s ta g e s ,  w ith  s p e c i f i c  o b je c t iv e s  
a t  each s ta g e . T his i s  summarised in  Table 1 . 1 .
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1.4.2 Structure of thesis

CHAPTER 2 d e sc r ib e s  some sim ple model t e s t s  th a t were performed in  th e  
la b o ra to ry  to  a s s e s s  th e  p o te n t ia l  o f  th e  W edge-Pile id ea .

CHAPTER 3 d e sc r ib e s  th e  development o f  two ty p es  o f  6m lon g  s t e e l  
w e d g e-p ile , and a s so c ia te d  equipment, used  in  la r g e  s c a le  proving  t r i a l s  
a t  two s i t e s .  The la r g e  s c a le  t r i a l s  and a s so c ia te d  pressurem eter  
t e s t in g  were performed a t  a  weathered ch a lk  s i t e  and a bou lder c la y  
s i t e ,  and are d escr ib ed  in  CHAPTER 4 and CHAPTER 5 r e s p e c t iv e ly .

CHAPTER 6 d e sc r ib e s  t e s t s  w ith  1.5m lon g  s t e e l  'm in i - p i le s ’ , c a r r ie d  out 
w ith  th e  purpose o f  augmenting th e la r g e  s c a le  t e s t s  w ith  r e s u l t s  from a  
w ider v a r ie ty  o f  s o i l  ty p e s .

CHAPTER 7 summarises fu rth er  sim ple model t e s t in g  in  th e  la b o ra to ry  
th a t  was undertaken to  in v e s t ig a te  th e  importance o f  th e  mode o f  
expansion , and to  ex p lo re  th e  p o te n t ia l  o f  th e  W edge-Pile in  s o i l  
rein forcem ent p r o c e sse s .

CHAPTER 8 i s  a  summary o f  la r g e  s c a le  commercial t r i a l s  which 
in v e s t ig a te d  th e  p o s s ib le  u se o f  th e  W edge-Pile concept fo r  housing type  
fou n d ation s, and a ls o  fo r  o ffsh o r e  u se .

CHAPTER 9 review s c a v i ty  expansion th eo ry , and d is c u s se s  in c r e a se s  in  
p i l e  s h a ft  c a p a c ity  th a t  might t h e o r e t ic a l ly  be p o s s ib le  by expanding a  
p i l e .

CHAPTER 10 d e sc r ib e s  num erical models th a t  have been developed  and used  
to  perform a p relim in ary  in v e s t ig a t io n  in to  th e  importance o f  th e  shape 
o f  th e  expander mandrel n ose.

The r e s u lt s  from a l l  o f  th e se  in v e s t ig a t io n s  are drawn to g e th e r  and 
d isc u sse d  in  CHAPTER 11. A summary and o v e r a ll  co n c lu s io n s  are  provided  
in  CHAPTER 12.
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Figure 1 .3  The W edge-Pile p r in c ip le :
lo c a l  and p ro g ressiv e  deform ation
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Expander mandrel

Figure 1 .6  ’C ruciform ’ w ed ge-p ile  during expansion
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Figure 1.7 Circular tube type wedge-pile
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Figure 1 .8  Example o f  r e tr a c ta b le  expander mandrel w ith  spacer system



Description of Work Main Objectives

I n i t i a l  model t e s t s -  A ssess  p o te n t ia l  o f  id ea

Large s c a le  f i e l d  t r i a l s -  Demonstrate p r in c ip le  a t  la r g e  s c a le
-  Compare w ith  c a v ity  expansion  theory
-  A ssess  p r a c t ic a l i t y

M in i-p ile  t e s t s -  Extend data  base o f  s o i l  typ es te s te d

Further model t e s t s -  I n v e s t ig a te  e f f e c t iv e n e s s  o f  d if f e r e n t  
modes o f  expansion

-  A ssess  p o te n t ia l  o f  concept fo r  s o i l  
rein forcem ent and n a il in g

CP&F/Conoco t r i a l s -  A ssess  p o te n t ia l o f  concept for  housing  
type foundations

-  A ssess  tubular p i l e  re lev a n t to  use
fo r  o ffsh o r e  s tr u c tu r e s

Table 1 .1  Summary o f  work ca rr ied  out
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CHAPTER 2
PRELIMINARY MODEL TESTS

2 .1  In trod u ction

The f i r s t  s te p  in  th e  W edge-Pile p r o je c t  was to  undertake some 
prelim in ary  model t e s t s  in  th e  lab ora tory  in  order to  a s s e s s  th e  
p o te n t ia l  o f  th e  id ea . These model t e s t s  were th e  su b je c t  o f  an MSc 
p r o je c t  by French (1984) .  A d d ition a l work was su bseq u en tly  performed in  
order to  com plete th e  t e s t  programme. The model t e s t s  were la r g e ly  
q u a l i t a t iv e ,  intended to  gu ide th e  way to  fu r th er  resea rch . The tim e  
a v a ila b le  fo r  lab ora tory  work was lim ite d  and emphasis was p laced  on 
o b ta in in g  a range o f  d a ta  from sim ple t e s t s  ra th er  than lim ite d  
in form ation  from more s o p h is t ic a te d  t e s t in g .

T his Chapter summarises th e  p relim in ary  model t e s t s .  The t e s t  apparatus  
and r e s u lt s  are d escr ib ed  in  more d e t a i l  in  th e  MSc rep ort by French 
( i b i d . ).

2 . 2  D escr ip tio n  o f  Model P i l e s  and Apparatus

2 . 2 . 1  Summary
The t e s t  r ig  i s  shown sc h e m a tic a lly  in  Figure 2 . 1 .

The experim ents were performed on a la rg e  t r ia x i a l  load in g  frame. Model 
w ed g e-p ile s  were fa b r ica te d  in  m ild s t e e l  and c o n s is te d  o f  two 
components: an ou ter  s h e l l  and an expander mandrel. The components 
were cruciform  in  shape, a s  shown in  P la te  2 . 1 .  The p i l e  components 
could  be connected to  a load  c e l l , which was mounted on th e  s ta t io n a r y  
top  ram o f  th e load in g  frame. A c a r e fu l ly  prepared and w etted  sand bed 
in  a c ir c u la r  co n ta in er  was mounted on th e  moving bottom ram o f  the  
load in g  frame.

To form a model w ed g e-p ile , th e  p i l e  components were pushed in to  the  
sand bed by r a is in g  th e bottom ram. F ir s t ,  th e  o u ter  s h e l l  was pushed 
in to  th e  sand. Then i t  was expanded by d r iv in g  through i t  an expander 
mandrel. A fter  expansion , th e  two components were clamped to g e th e r  a t  
th e  top  to  form a s in g le  u n it  -  th e  expanded p i l e .  Both expanded p i l e s  
and in d iv id u a l p i l e  components cou ld  be t e s te d  in  com pression and in  
te n s io n .
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2 .2 .2  Outer s h e l l
The c r o s s - s e c t io n a l  area  o f  th e  o u ter  s h e l l  was made a s  sm all a s  
p o s s ib le  in  order to  m inim ise d r iv in g  energy and to  make th e  o u te r  s h e l l  
as f l e x i b le  a s  p o s s ib le  during expansion . Each o u ter  s h e l l  was made up 
o f  four 250mm lon g  10x10mm a n g les  bent up from 0 .0 0 5 in ch  m ild  s t e e l  shim  
w ith  a  smooth f in i s h .  D e ta ils  o f  th e  o u te r  s h e l l  are g iv en  in  F igure
2 .2 .  A la r g e  number o f  o u ter  s h e l l s  were made up, and a  new o u ter  s h e l l  
was g e n e r a lly  used fo r  each t e s t .

B efore assem bly, th e  a n g le s  were thorough ly  c lean ed  w ith  butanone to  
remove g rea se . The a n g le s  were then  sp o t w elded to g e th er  a t  t h e ir  bottom  
o u ts id e  c o m e r s  to  form a s in g le  cruciform  shaped u n it .  F in a l ly ,  s t r ip s  
o f  ad h esive  tap e were wrapped around th e  'arm s’ o f  th e  cru ciform , a t  
th e  t i p  o f  th e  o u ter  s h e l l  and a t  100mm from th e  t i p .  The purpose o f  th e  
bottom ad h esive  tap e  s t r ip s  was to  s to p  sand g ra in s being  fo rced  up 
between th e  a n g le s  a s  th e  o u ter  s h e l l  was pushed in to  th e  sand bed. The 
s t r ip s  p o s it io n e d  near th e  m iddle o f  th e  o u ter  s h e l l  prevented  th e  
a n g le s  bowing apart during d r iv in g . The sp o t w elds h e ld  th e  t i p  o f  th e  
o u ter  s h e l l  to g e th e r .

The o u ter  s h e l l  was pushed in to  th e sand by means o f  a  load  c e l l  
con n ector. T h is com prised a sh ort le n g th  o f  25mm diam eter b ra ss  rod w ith  
s l o t s  in  a  cruciform  shape cu t a t  one end to  r e c e iv e  th e  top  o f  th e  
o u ter  s h e l l .  The s l o t s  were s u f f i c i e n t l y  narrow to  lo c a te  th e  o u ter  
s h e l l  se c u r e ly  a s  i t  was pushed in to  th e  sand bed, but th ere  was enough 
p la y  to  a llo w  th e  connector to  be su b seq u en tly  p u lle d  away from th e  top  
o f  th e  o u ter  s h e l l  w ithout a f r ic t io n a l  fo r c e  develop ing  between th e  
two. In  order to  apply t e n s i l e  load s to  th e  o u ter  s h e l l ,  i t  cou ld  be 
se c u r e ly  f ix e d  w ith in  th e  connector by means o f  r a d ia l screw s. At th e  
top  o f  th e  con n ector a threaded boss a llow ed  con n ection  to  th e  load  
c e l l .

2 .2 .3  Expander mandrel
Four reu sa b le  expander mandrels o f  d i f f e r e n t  fla n g e  s i z e s  were 
fa b r ic a te d , from 1mm, 2ran, 3mm and 4mm m ild  s t e e l  s t r ip  r e s p e c t iv e ly .  
The expander mandrels were d esign ated  'A* to  *D’ r e s p e c t iv e ly ,  and 
in creased  th e  i n i t i a l  w idth o f  th e  o u ter  s h e l l  by 5%, 10%, 15%, and 20% 
r e s p e c t iv e ly .  D e ta i ls  are g iv en  in  F igure 2 .3 .  Each expander mandrel was 
cruciform  shaped to  match th e o u ter  s h e l l  and comprised a  low er nose  
s e c t io n ,  d esign ed  to  ea se  apart th e  o u ter  s h e l l  in  a smooth and 
c o n tr o lle d  manner; a c e n tr a l shank s e c t io n ;  and an upper s e c t io n  to  
a llo w  con n ection  to  th e load  c e l l .  The t o t a l  le n g th  o f  th e  expander 
mandrel was 305mm.
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The load  c e l l  con n ectors fo r  th e  expander mandrels were o f  s im ila r  
c o n str u c tio n  to  th e  connector fo r  th e  o u ter  s h e l l .  They fea tu red  s in g le  
s l o t s  o f  th e  appropriate w idth to  lo c a te  th e  top s o f  th e  expander 
m andrels. The expander mandrels were secured to  th e con n ectors by means 
o f  a  s in g le  b o lt  p a ssin g  through matching h o le s .  T his arrangement 
allow ed  both com pressive and t e n s i l e  lo a d s to  be a p p lied  to  th e  expander 
m andrels.

2 .2 .4  Completed p i l e  arrangement
Each expanded p i l e  com prised an o u ter  s h e l l  d r iv en  to  200mm depth , and 
an expander mandrel d r iven  in to  th e  o u ter  s h e l l  to  a  depth o f  170mm. 
A fter  th e  expander mandrel had been d r iv en , th e  top  o f  th e  o u ter  s h e l l  
was connected to  i t  by means o f  four s p e c ia l ly  fa b r ica te d  clam ps, to  
form th e expanded p i l e .  The expanded p i l e  cou ld  be d riven  fu r th er  in to  
th e  sand bed -  or  p u lle d  ou t -  by pushing or  p u llin g  on th e  expander 
mandrel, which extended above th e top  o f  th e  o u ter  s h e l l .

The c r o s s - s e c t io n a l  areas o f  th e  expanded p i l e s  and th e  v a r io u s p i l e  
components are g iv en  in  Table 2 .1 .

2 .2 .5  Sand bed
An a r t i f i c i a l l y  graded f in e  to  medium quartz sand was used fo r  th e  
stu d y . The grading curve i s  g iven  in  Appendix 2 .1 .

The sand bed was prepared in  a 255mm diam eter, 385mm h igh  c ir c u la r  
p la s t i c  co n ta in er  u sin g  a sim ple sand ra in in g  techn ique (Hanna 1963; 
Chan and Hanna, 1980). Sand beds o f  d if f e r e n t  d e n s i t ie s  cou ld  be 
prepared by vary ing  th e  in t e n s it y  o f  ra in  and th e  h e ig h t o f  drop 
(K olbuszew ski, 1948; Walker, 1964).

The r a t io  o f  th e  co n ta in er  d iam eter to  the p i l e  w idth was approxim ately  
13:1 . This r a t io  i s  low er than v a lu es  reported  fo r  o th er  model p i l e  
s tu d ie s  in  r ig id  boundary co n ta in ers  (e g . Robinsky and M orrison, 
1964; Chan and Hanna, 1980), but was con sid ered  accep ta b le  bearing in  
mind th e  ex p lo ra to ry  nature o f  th e  t e s t s .  The depth o f  the sand bed was 
t y p ic a l ly  270mra. Some p relim in ary  t e s t s  were performed in  which model 
p i l e s  were d riven  very  c lo s e  to  th e bottom o f  th e c o n ta in er , such th a t  
th e r e s u lt in g  in c r e a se  in  base r e s is ta n c e  cou ld  be observed . The depth  
o f  p i l e  p en etra tio n  fo r  th e  t e s t  programme was s e le c te d  such th a t th ere  
were no co n ta in er  base e f f e c t s  apparent.

A fte r  th e t e s t  batch  o f  sand had been d ischarged  in to  th e  sand bed 
co n ta in er , the top  su rfa ce  o f  the sand bed was smoothed f l a t  w ith  a  
s p e c ia l  smoothing d e v ic e . T his gave a l e v e l  datum from which depths o f
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p en e tra tio n  in to  th e sand bed cou ld  be measured, and which allow ed th e  
average d e n s ity  o f  the sand bed to  be c a lc u la te d  to  w ith in  approxim ately  
0.5%. R ep ro d u c ib ility  o f  sand d e n s ity  was checked by perform ing  
id e n t ic a l  in s t a l la t io n  t e s t s  w ith  expander mandrel A. The r e s u lt s  are' 
shown in  Appendix 2 .1 .  The sand d e n s i t ie s  ob ta in ed  u sin g  the sand 
ra in in g  apparatus were con sid ered  to  be s u f f i c i e n t l y  rep rod u cib le  fo r  
th e  model p i l e  t e s t  programme.

In th e  e a r ly  s ta g e s  o f  th e  study dry sand was used , but i t  was found 
th a t dry sand poured through th e gaps crea ted  a s  the four a n g les  o f  the  
ou ter  s h e l l  were opened up ahead o f  the expander mandrel n ose. T his was 
t o t a l l y  u n sa t is fa c to r y , as sand f i l l e d  th e  cen tre  o f  th e  ou ter  s h e l l .  
This problem was overcome by th e use o f  damp sand, which in  any ca se  i s  
a b e t te r  rep resen ta tio n  o f  r e a l l i f e  c o n d it io n s . A sim ple method was 
developed o f  dampening th e sand a f t e r  i t  had been p laced .

The procedure for  preparing a dampened sand bed was as fo llo w s . The sand 
bed co n ta in er  was i t s e l f  con ta in ed  w ith in  a s im ila r  co n ta in er  o f  g rea te r  
diam eter (F igure 2 . 1 ) .  The la r g e r  co n ta in er  was f i t t e d  w ith  a tap  near 
the base to  a llow  d e-a ire d  w ater to  be fed  in to  th e  annulus between the  
two c o n ta in e r s . An overflow  p ipe in  the w a ll o f  the o u ter  con ta in er  
m aintained the maximum w ater le v e l  in  th e  annulus approxim ately 10mm 
below th e  su rfa ce  o f  th e  sand bed. Water en tered  the sand bed con ta in er  
a t th e  bottom v ia  3mm diam eter h o le s  and was allow ed  to  r i s e  by 
c a p il la r y  a c t io n  u n t i l  the sand was com p lete ly  w etted . The annulus was 
then drained  o f  w ater.

2 . 2 . 6  T est r ig
The t r ia x i a l  load in g  frame fea tu red  a motor d riven  bottom ram and a 
s ta t io n a r y  top  ram. The speed o f  the bottom ram could  be ad ju sted  w ith  a 
gear box. Maximum clearan ce  between the rams was 675mm; maximum throw o f  
th e bottom ram was 310mra. A standard 2001bf Im perial C o lleg e  load c e l l  
was used in  con ju n ction  w ith  a d ig i t a l  v o ltm eter .

Depth o f  p en etra tio n  o f  the p i l e  components in to  th e sand bed was 
governed by the movement o f  the bottom ram. Two methods o f  measuring the  
movement o f  the bottom ram were used. When pushing the p i l e  components 
in to  th e  sand bed a v e r t ic a l  s t a f f  was used in  con ju n ction  w ith  a 
p o in ter  clamped to  the bottom o f  the sand bed co n ta in er . During load ing  
t e s t s  on the in s t a l le d  p i l e s  a d ia l  gauge extensom eter was used.

2 .3  Summary o f  R esu lts

In t h i s  S e c tio n , ou ter  s h e l l  and expander mandrel are re ferred  to  as

29



shell* and 'mandrel* respectively.

2 . 3 . 1  In trod u ction
The main o b je c t iv e  o f  th e  model p i l e  t e s t  programme was to  in v e s t ig a te  
the in cr ea se  in  load  carry in g  ca p a c ity  o f  expanded p i l e s  in  comparison  
to  th e corresponding c a p a c it ie s  o f :

(a ) mandrels d riven  a lon e  ( i e .  d riven  in to  a sand bed, ra th er
than in to  a s h e l l )

(b) unexpanded s h e l l s .

Four s u i t e s  o f  t e s t s  were performed -  in  medium-dense sand and in  
medium-loose sand, in  com pression and in  te n s io n . In each s u i t e  o f  t e s t s  
th e four d if f e r e n t ly  s iz e d  expander mandrels were used.

T ests  were performed in  p a ir s ,  w ith  a fre sh  sand bed being prepared fo r  
each t e s t  o f  the p a ir . The sand fo r  each p a ir  o f  t e s t s  was from the same 
sack o f  sand, and th e two prepared sand beds were o f  very  s im ila r  
d e n s ity  (se e  S e c tio n s  2 . 3 . 2 ,  2 . 3 . 3 ) .  In the f i r s t  t e s t  o f  a p a ir , a 
mandrel a lon e was in s t a l le d  and te s te d .  In the second t e s t ,  th e  same 
mandrel was used to  form an expanded p i l e  which was then te s te d .  
Each p a ir  o f  t e s t s  a llow ed  the comparison o f  an expanded p i l e  w ith  a 
'conventional*  p i l e  o f  s l i g h t l y  l e s s  c r o s s - s e c t io n a l  area (se e  Table 
2 . 1 ) .  Each t e s t  c o n s is te d  o f  an in s t a l la t io n  sta g e  and a load  t e s t  
s ta g e . Measurements o f  a p p lied  load  and p i le  d isp lacem ent were made in  
both s ta g e s .  Tension t e s t s  were o f  most in te r e s t  because in  th e se  t e s t s  
base r e s is ta n c e  was e lim in a ted  and any in crease  in  p i l e  c a p a c ity  on 
expansion was due s o le ly  to  an in crea se  in  sh a ft  f r ic t io n .

Because damp sand was used for  the t e s t s ,  i t  was n eccessary  to  
oven-dry the sand b efore reu se . This took a minimum o f  two days and as a 
r e s u lt  seven  sacks o f  sand were required  to  enable t e s t in g  to  take p lace  
every day. Each sack , although co n ta in in g  id e n t ic a l  sand, gave s l i g h t ly  
d i f f e r e n t  d e n s it ie s  u sin g  the sand ra in in g  apparatus because o f  the  
e f f e c t s  o f  the drying p ro cess . C onsequently, t e s t s  u sin g  sand from 
d if f e r e n t  sacks are not e x a c t ly  comparable.

2 . 3 . 2  T ests  in  medium-dense sand
Two s u i t e s  o f  t e s t s  were performed in  medium-dense sand: one s u it e  in  
com pression and one s u i t e  in  te n s io n , w ith  e ig h t t e s t s  in  t o t a l .  The 
sand beds for  the t e s t s  had r e la t iv e  d e n s it ie s  before w ettin g  w ith in  the  
range 58% to  79%. The r e la t iv e  d e n s i t ie s  fo r  any two t e s t s  forming a 
'pair* were w ith in  approxim ately 2% o f  each o th er. A sm all amount o f
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se tt le m e n t o f  th e  sand bed occurred as  a  r e s u l t  o f  th e  w e tt in g  p ro cess  -  
t h i s  was n ot measured. I t  i s  co n sid ered  th a t  th e  b e s t  in d ic a t io n  o f  
d if fe r e n c e s  in  sand d e n s ity  betw een t e s t  p a ir s  i s  g iv e n  by 
d if fe r e n c e s  in  in s t a l la t io n  load s o f  th e  s h e l l s .

In  th e  f i r s t  t e s t  o f  a  p a ir , a mandrel a lo n e  was d r iv en  200mm in to  a  
sand bed and then  t e s t e d .  In th e  second t e s t  o f  a  p a ir  a  s h e l l  was 
d riven  200mm in to  a sand bed and was then  expanded by d r iv in g  through  
i t  t o  a  depth o f  170mm th e  mandrel used in  th e  f i r s t  t e s t .  The p i l e  
components were in s t a l le d  a t  a r a te  o f  16.51mm/minute. The p i l e s  were 
t e s t e d  by pushing or p u ll in g  them a  d is ta n c e  o f  20mm a t  a  r a te  o f  
1. lOmm/minute. T yp ica l r e s u l t s  fo r  a com pression  t e s t  and a te n s io n  t e s t  
are p resen ted  in  F igures 2 .4  and 2 .5  r e s p e c t iv e ly .

The r e s u l t s  from th e  two s u it e s  o f  t e s t s  are summarised in  Table 2 . 2 .  
Included  in  th e  Table are  th e  f in a l  lo a d s  recorded during in s t a l la t io n  
o f  th e  p i l e  components, and th e maximum t e s t  lo a d s  recorded . 
Comparison between lo a d s i s  by means o f  load  r a t io s ,  d e fin e d  in  S e c tio n s
2 . 3 . 2 . 1  t o  2 . 3 . 3 . 2 .

2 . 3 . 2 . 1  Compression t e s t s
In  F igure 2 . 6 ,  th ree  load  r a t io s  are  p lo t te d  a g a in s t  mandrel s iz e :

(a ) mandrel a lo n e  : unexpanded s h e l l
T his load  r a t io  i s  g iven  by d iv id in g  th e  maximum t e s t  load  o f  th e  
mandrel a lon e  by th e  f in a l  in s t a l la t i o n  load  o f  th e  s h e l l .

(b) expanded p i l e  : unexpanded s h e l l
T his load  r a t io  i s  g iven  by d iv id in g  th e  maximum t e s t  load  o f  th e  
expanded p i l e  by th e  f in a l  in s t a l la t i o n  load  o f  th e  s h e l l .

(c )  expanded p i l e  : mandrel a lone
T his load  r a t io  i s  g iven  by d iv id in g  the maximum t e s t  load  o f  the  
expanded p i l e  by th e maximum t e s t  load  o f  th e  mandrel a lo n e .

The load  carry in g  c a p a c it ie s  o f  th e  mandrels a lon e and th e  corresponding  
expanded p i l e s  in cr ea se  w ith  mandrel s i z e ,  in  comparison to  th e  s h e l l  
in s t a l la t io n  lo a d s (lo a d  r a t io s  (a ) and ( b ) ) .  I t  i s  l i k e l y  th a t  most o f  
t h is  in cr ea se  i s  due to  th e  in crea se  in  base r e s is ta n c e  a s so c ia te d  w ith  
th e  in cr ea se  in  p i l e  c r o s s - s e c t io n a l  a rea .

The c a p a c i t ie s  o f  th e  expanded p i l e s  are g r e a te r  than th e  c a p a c i t ie s  o f  
th e  mandrels a lon e  (lo a d  r a t io  ( c ) )  by fa c to r s  o f  over 1.75 fo r
mandrels A and B. The in cr ea se s  in  c a p a c ity  fo r  mandrels C and D are
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l e s s ,  probably because base r e s is ta n c e  forms a  g r e a te r  p rop ortion  o f  
o v e r a l l  p i l e  c a p a c ity  w ith  in crea sin g  p i l e  c r o s s - s e c t io n a l  a rea .

2 . 3 . 2 . 2  Tension t e s t s
In  F igure 2 . 7 ,  th e  r a t io  o f  the c a p a c ity  o f  expanded p i l e s  to  the  
c a p a c ity  o f  mandrels a lon e  i s  p lo t te d . F actors o f  in c r e a se  are in  the  
range 2 . 75  to  4 .73  w ith  maximum in cr ea se  fo r  mandrel B. There appears to  
be a  d ecrea sin g  tren d  in  load  r a t io  fo r  mandrel s i z e s  g r e a te r  than t h i s .  
The lo a d  r a t io  fo r  mandrel A may have been ra th er  low due to  th e  
c h a r a c t e r is t ic s  o f  t h i s  p a r t ic u la r  mandrel ( s e e  S ec tio n  2 . 3 . 3 . 2 ) .

2 . 3 . 3  T ests  in  medium-loose sand
Two s u i t e s  o f  t e s t s  were performed in  medium-loose sand: one s u i t e  in  
com pression and one s u i t e  in  te n s io n , w ith  e ig h t  t e s t s  in  t o t a l .  The 
sand beds fo r  th e  t e s t s  had r e la t iv e  d e n s i t ie s  b efore w e ttin g  w ith in  the  
range 29 to  38%. As b e fo r e , th e  r e la t iv e  d e n s i t ie s  fo r  th e  two t e s t s  
forming a  p a ir  were w ith in  approxim ately 2% o f  each o th er .

The s u i t e  o f  te n s io n  t e s t s  were a l l  performed u sin g  sand from a s in g le  
sack , en ab lin g  th e sand beds fo r  th e se  four t e s t s  to  be prepared w ith  
very  s im ila r  r e la t iv e  d e n s i t ie s  -  between 33% and 38%. T his s e t  o f  t e s t s  
was 'd e f in it iv e *  in  th e  sen se  th a t in s t a l la t io n  lo a d s  and t e s t  load s  
from a l l  th e  t e s t s  cou ld  be compared d ir e c t ly  w ith  reasonable  
con f id e n c e .

T e s ts  were performed in  p a ir s ,  as fo r  th e  t e s t s  in  medium-dense sand. 
The depths o f  p en e tra tio n  o f  the p i l e  components, and th e in s t a l la t io n  
and t e s t in g  r a te s  were th e  same as b e fo re . Load-displacem ent behaviour  
was s im ila r  in  o v e r a ll  form to  th a t fo r  th e  t e s t s  in  medium-dense sand 
shown in  F igures 2 .4  and 2 . 5 ,  excep t th a t o v e r a ll  lo a d s  were low er. 
There was a s l ig h t  change in  procedure fo r  the te n s io n  t e s t s ,  however. 
In th e se  t e s t s  the o u ter  s h e l l s  were d riven  i n i t i a l l y  to  195ram a t  the  
in s t a l la t io n  ra te  o f  16.51nm/minute; then withdrawn 5ram a t  th e t e s t in g  
r a te  o f  1. lOmm/minute; and f in a l l y  d riven  10mm a t  1. lOmm/min to  the  
f in a l  depth o f  200mm. T his enabled th e t e n s i l e  c a p a c ity  o f  th e  s h e l l s  to  
be measured.

The r e s u lt s  from th e  two s u i t e s  o f  t e s t s  are summarised in  Table 2 . 3 .  
The p r e se n ta tio n  o f  th e  data i s  th e  same as  fo r  th e  t e s t s  in  
medium-dense sand.

2 . 3 . 3 . 1  Compression t e s t s
In F igure 2 . 8 ,  th ree  load  r a t io s  are p lo tte d  a g a in st  mandrel s i z e :
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(a)  mandrel a lo n e  : unexpanded s h e l l
(b) expanded p i l e  : unexpanded s h e l l
(c )  expanded p i l e  : mandrel a lon e

The c a lc u la t io n  o f  th e se  r a t io s  i s  a s  g iv e n  in  S e c tio n  2 . 3 . 2 . 1 .

The p a ttern  o f  behaviour o f  th e  model p i l e s  in  com pression i s  shown in  
Figure 2 .8  and i s  th e  same a s  fo r  th e com pression  t e s t s  in  
medium-dense sand (F igure 2 . 6 ) .  The load  carry in g  c a p a c i t ie s  o f  the  
mandrels a lon e  and th e  corresponding expanded p i l e s  in cr ea se  w ith  
mandrel s i z e ,  in  comparison to  th e  s h e l l  in s t a l la t io n  lo a d s , (load  
r a t io s  (a ) and ( b ) ) .  As b efo re , most o f  t h i s  in cr ea se  i s  probably due to  
an in cr ea se  in  base r e s is ta n c e  w ith  mandrel s i z e .

The c a p a c it ie s  o f  th e  expanded p i l e s  in  comparison to  th e  mandrels a lon e  
(lo a d  r a t io  ( c ) )  show a maximum in c r e a se  in  c a p a c ity  o f  j u s t  over two 
tim es in  th e ca se  o f  mandrel A. There i s  a gradual d ecrease  in  load  
r a t io  w ith  mandrel s i z e  th e r e a fte r .

2 . 3 . 3 . 2  Tension t e s t s
In F igure 2 . 9 ,  two load  r a t io s  g iv in g  fa c to r s  o f  in cr ea se  in  c a p a c ity  o f  
th e  expanded p i l e s  are p lo tte d :

(a) expanded p i l e  : mandrel a lon e
T his load  r a t io  i s  g iven  by d iv id in g  the maximum t e s t  load  o f  the  
expanded p i l e  by th e  maximum t e s t  load  o f  th e  mandrel a lo n e .

(b) expanded p i l e  : unexpanded s h e l l
T his load  r a t io  i s  g iven  by d iv id in g  the maximum t e s t  load  o f  the  
expanded p i l e  by the t e n s i l e  c a p a c ity  o f  th e  s h e l l  measured during  
in s t a l la t io n  (S ec tio n  2 . 3 . 3 ) .  T h is load  r a t io  i s  a  d ir e c t  measure 
o f  th e in cr ea se  in  sh a ft  c a p a c ity  ob ta ined  by expanding a p i l e  
a f t e r  d r iv in g .

The fa c to r s  o f  in cr ea se  over mandrels a lon e  (load  r a t io  ( a ) )  are in  th e  
range 3 .06 t o  3 . 77 ,  w ith  the e x c e p tio n  o f  a  la r g e  peak o f  7 .16 fo r  
mandrel B. F actors o f  in crea se  over unexpanded s h e l l s  (lo a d  r a t io  (b) )  
show a gradual in crea se  from 2.57 fo r  mandrel A to  3 .76  fo r  mandrel D.

In Figure 2 . 10  th e  a c tu a l t e n s i l e  t e s t  lo a d s  fo r  t h is  d e f in i t i v e  s u i t e  
o f  t e s t s  are p lo t te d  a g a in st mandrel s i z e .  The in s t a l la t io n  lo a d s  are  
p lo t te d  in  F igure 2 . 11 .  The unexpanded s h e l l  c a p a c i t ie s  l i e  w ith in  a 
f a i r l y  narrow band and expanded p i l e  c a p a c ity  in c r e a se s  w ith  mandrel 
s i z e ,  as might be exp ected . The p a ttern  o f  behaviour fo r  mandrel
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c a p a c i t ie s  i s  ra th er  odd, however. F i r s t ly ,  fo r  th e  most p a r t , th e  
c a p a c i t ie s  o f  th e  mandrels are  below th o se  o f  th e  unexpanded s h e l l s .  As 
th e  s h e l l s  have a sm aller  c r o s s - s e c t io n a l  area  than th e  m andrels, t h i s  
i s  th e  rev e rse  o f  what would be exp ected . Secondly, th e  c a p a c ity  o f  
mandrel A i s  g r e a te r  than th a t  o f  mandrel B -  t h i s  aga in  i s  th e  o p p o s ite  
o f  what would be ex p ected , fo r  th e  same reason  g iv en  above.

The reasons fo r  t h i s  behaviour are thought to  be as fo llo w s . F i r s t ly ,  
th e  shim used to  fa b r ic a te  th e  s h e l l s  had some in h eren t 'spring* -  
enough to  g iv e  a sm all in cr ea se  in  r a d ia l s t r e s s  a long th e  p i l e  s h a ft  
and a consequent in cr ea se  in  p i l e  c a p a c ity . T h is e f f e c t  would have been 
l e s s  marked in  th e  ca se  o f  th e  t e s t s  in  medium-dense sand, where th e  
o v e r a ll  t e s t  lo a d s  were h igh er . Secondly, exam ination showed th a t  th ere  
were s l i g h t  p ertu rb a tio n s in  th e c r o s s - s e c t io n  o f  mandrel A a long i t s  
le n g th , which were not p resen t in  th e  o th er  m andrels. These 
p ertu rb a tio n s were caused during th e  i n i t i a l  fa b r ic a t io n  o f  mandrel A 
and were due to  th e f l e x i b i l i t y  o f  th e  Iran th ic k  m ild s t e e l  s t r ip  used  
to  fa b r ic a te  t h i s  mandrel, in  comparison to  th e  th ic k e r  s t r ip s  used fo r  
th e o th er  m andrels. The fa c t  th a t mandrel A was not e x a c t ly  p a r a l le l  
s id ed  means th a t some p a ss iv e  r e s is ta n c e  would have developed  a long th e  
le n g th  o f  th e  p i l e ,  thereby in cr ea sin g  c a p a c ity .

The above e f f e c t s  should be borne in  mind when co n s id er in g  th e  model 
p i l e  t e s t  r e s u l t s .  In crea ses  in  p i l e  c a p a c ity  o f  expanded p i l e s  in  
comparison to  mandrels a lon e  probably in c lu d e  a sm all elem ent due to  th e  
sp r in g in e ss  o f  th e  s h e l l s .  In creases in  expanded p i l e  c a p a c ity  in  
com parison to  mandrel A would probably have been g r e a te r  had mandrel 
A been p e r fe c t ly  s t r a ig h t  s id ed .

2 . 3 . 4  P i le  e f f ic ie n c y
T his S e c t io n  co n sid ers  the concept o f  p i l e  'e f f ic ie n c y *  -  t h i s  i s  a 
measure o f  th e  return  in  load  carry ing  c a p a c ity  from th e  energy expended 
during in s t a l la t io n  o f  a p i l e .  E ff ic ie n c y  i s  d efin ed  here as:

P i le  t e s t  load  N
Energy expended during in s t a l la t io n  J

T ables 2 .4  and 2 .5  g iv e  d e t a i l s  o f:

(a) e n e r g ie s  expended during in s t a l la t io n  o f  th e  model p i l e s
(b) E f f ic i e n c ie s ,  a s  d e fin ed  above
(c )  in c r e a se s  in  E ff ic ie n c y  o f  expanded p i l e s  in  comparison to  

unexpanded s h e l l s .
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Energy expended during in s t a l la t io n  has been ob ta in ed  by c a lc u la t in g  th e  
area  under th e  in s t a l la t io n  load :d isp lacem en t p lo t  -  in  th e  c a se  o f  
expanded p i l e s  th e  energy a s so c ia te d  w ith  p i l e  expansion  has been added 
to  th e  energy a s so c ia te d  w ith  s h e l l  in s t a l la t io n .

In F igure 2 .12  E ff ic ie n c y  i s  p lo t te d  a g a in s t  mandrel s i z e ,  fo r  th e  
com pression t e s t s  in  medium-dense and m edium -loose sand. V alues o f  
E ff ic ie n c y  are  g rea te r  fo r  expanded p i l e s  in  com parison to  mandrels 
a lo n e . For both expanded p i l e s  and mandrels a lo n e , E f f ic i e n c ie s  are  
g r e a te r  in  medium-dense sand than in  m edium -loose sand.

In  F igure 2 . 13 ,  E f f ic ie n c y  i s  p lo t te d  a g a in s t  mandrel s i z e ,  fo r  th e  
te n s io n  t e s t s  in  medium-dense and m edium -loose sand. As fo r  th e  
com pression t e s t s ,  v a lu es  o f  E f f ic ie n c y  are g rea te r  fo r  expanded p i l e s  
than fo r  mandrels a lon e; and E f f ic ie n c e s  are g r e a te r  fo r  both  expanded 
p i l e s  and m andrels a lon e in  medium-dense sand in  com parison to  
medium-loose sand. In medium -loose sand, expanded p i l e s  show g r e a te r  
E f f ic ie n c ie s  than fo r  s h e l l s .  V alues o f  E f f ic ie n c y  fo r  s h e l l s  in  
medium-loose sand are g rea te r  than th o se  fo r  mandrels a lon e  -  t h i s  i s  
due to  th e  h igh er  t e s t  load s o f  th e  s h e l l s  in  com parison to  th e  
m andrels, as exp la in ed  in  th e p rev io u s S e c tio n .

In F igure 2 . 14 ,  r a t io s  o f  E f f ic ie n c y  fo r  expanded p i l e s  in  com parison  
to  unexpanded p i l e s  are p lo t te d  a g a in s t  mandrel s i z e .  T h is F igure shows 
th a t expanded p i l e s  are more e f f i c i e n t  than unexpanded p i l e s .  The 
maximum in cr ea se  in  E f f ic ie n c y  o f  an expanded p i l e  in  com parison to  an 
unexpanded s h e l l  i s  1 .5  tim es in  th e  ca se  o f  mandrel A.

Expanded p i l e s  are  more e f f i c i e n t  than unexpanded p i l e s ,  p a r t ic u la r ly  a t  
sm all exp an sion s, even though two components are d r iv en  in s te a d  o f  one. 
Apart from th e  in cr ea se  in  c a p a c ity  due to  expansion , th e  reason  fo r  
t h is  g rea te r  e f f ic ie n c y  i s  due to  th e  low in s t a l la t io n  e n e r g ie s  o f  th e  
sm all d isp lacem ent s h e l l s ,  and th e  low expansion e n e r g ie s  a t  sm all 
expansions ( s e e  T ables 2 .4  and 2 . 5 ) .

2 . 4  C onclusions

With due ca u tio n  in  regard to  th e  p relim in ary  nature o f  th e  t e s t s ,  two 
main co n c lu s io n s  can be drawn from th e  t e s t  r e s u lt s :

(a) A ll th e  t e s t  r e s u lt s  in d ic a te  th a t  a  s ig n i f ic a n t  in c r e a se  in  load  
carry in g  c a p a c ity  can be ob ta in ed  by expanding a p i l e  a f t e r  
d r iv in g . R esu lts  from the d e f in i t i v e  s u i t e  o f  t e s t s  in  m edium -loose 
sand show in c r e a se s  in  sh a ft  c a p a c ity  o f  between 2 .5  and 3 .75  tim es
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(b) A ll  o f  th e  t e s t  r e s u lt s  in d ic a te  th a t  an expanded p i l e  appears to  
be more e f f i c i e n t  than a con ven tion a l p i l e  -  l e s s  energy i s  
expended during p i l e  in s t a l la t io n  fo r  u n it  p i l e  c a p a c ity , d e s p ite  
th e  f a c t  th a t two components are d r iv en  in s te a d  o f  one. In  th e  
d e f in i t iv e  s u i t e  o f  t e s t s ,  expanded p i l e s  showed in c r e a se s  in  
E ff ic ie n c y  o f  up to  1 .5  tim es in  com parison to  unexpanded o u ter  
s h e l l s .  Most b e n e f it  in  comparison to  unexpanded p i l e s  was 
ob ta in ed  a t  r e la t iv e ly  low exp an sion s.

The r e s u l t s  from the prelim in ary  model t e s t s  provided s u f f i c i e n t  
encouragement fo r  a s e r ie s  o f  f u l l  s c a le  w ed g e-p ile  f i e l d  t r i a l s  to  be 
commenced.

by expanding an outer shell.
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Figure 2 .1  Schem atic diagram o f  model p i l e  t e s t  r ig
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Figure 2 .2  Model w ed g e-p ile s:
d e t a i l s  o f  o u ter  s h e l l
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Figure 2 .3  Model w ed g e-p iles:
d e t a i l s  o f  expander mandrel
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Figure 2 .4 T yp ical r e s u lt s :  com pression t e s t  in  medium-dense sand

Figure 2 .5  T yp ica l r e s u lt s :  ten s io n  t e s t  in  medium-dense sand
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Figure 2.6 Load ratios against Mandrel size:
medium-dense sand, compression
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Figure 2.7 Load ratios against Mandrel size:
medium-dense sand, tension
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(a) o Mandrel alone1 •• Outer shell2

(b) •  Expanded pile1: Outer shell2

(c) ■ Expanded pile1 ; Mandrel alone1
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Figure 2.8 Load ratios against Mandrel size:
medium-loose sand, compression
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(a) • Expanded pile1: Unexpanded shell2

(b) ■ Expanded pile1: Mandrel alone1
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Figure 2.9 Load ratios against Mandrel size:
medium-loose sand, tension
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Figure 2.10 Test loads against Mandrel size:
medium-loose sand, tension
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Figure 2.11 Installation loads against Mandrel size:
medium-loose sand, tension
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Figure 2.12 Pile Efficiency against Mandrel size: compression tests
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Figure 2.13 Pile Efficiency against Mandrel size: tension tests
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Loose, Expanded pile : Mandrel alone
Tension

■ Dense,

Mandrel flange thickness: mm

Figure 2 .14  In crease  in  p i l e  E ff ic ie n c y  a g a in st  Mandrel s iz e :  a l l  t e s t s



Mandrel Amount of Nominal X--sect, areas Ratio
expansion Shell MandrelA Mandrel+ShellB B: A

% mm2 mm2 mm2

A 5 10 41 51 1.24
B 10 10 84 94 1.12
C 15 10 129 139 1.08
D 20 10 176 186 1.06

Table 2. 1 Cross-sectional areas of model piles
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Mandrel Amount o f F i n a l i n s t a l l a t i o n lo a d s T e s t lo a d s Rat io R a t i o R a t i o
e x p a n s io n Mandrel Expanded p i l e : M an d re l Expanded B: A C : a C:  B

a lo n e S h e l l A Mandrel a lo n e ® p i l e C
X N N N N H

C o m p re ss io n  t e s t s

A 5 1 3 3 .0 9 9 .7 8 2 .5 1 3 9 .6 2 4 7 .7 1.4 0 2 . 4 8 1.7 7

B 10 1 2 0.2 7 2 .9 1 1 7.7 1 2 7 .3 2 3 4 .2 1 .7 5 3 .2 1 1 .8 4

C 15 1 5 4.1 4 6 . 0 2 0 2 .4 1 8 8 .1 3 0 7 .6 4 .0 9 6 . 6 9 1.6 4

D 20 2 5 4 .8 4 8 .5 2 8 0 .7 3 0 1 .9 4 3 4 .6 6 .2 2 8 .9 6 1 .4 4

T e n s io n t e s t s

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

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

C 15 2 8 0 .0 1 7 9 .3 3 2 9 .7 - 2 0 . 4 - 8 0 . 0 - - 3 .9 2

D 20 2 3 2 .0 7 9 . 3 3 0 7 .3 - 1 9 . 4 - 5 3 . 4 - - 2 .7 5

Table 2 .2  Model p i l e  t e s t  r e s u lt s :  medium-dense sand

M andrel Amount o f F i n a l i n s t a l l a t i o n lo a d s Max. T e s t  lo a d s R a t i o R a t i o R a t i o R a t i o
e x p a n s io n Mandrel Expanded p i l e : O u te r Mandrel Expanded C :A D: A D:C 0: B

a lo n e S h e l l A Mandrel s h e l l ®
P

a lo n e p i l e ®
X N N S N N N

C o m p r e ss io n  t e s t s

A 5 5 5 .4 3 8 .7 4 9 .5 _ 5 4 .9 1 1 0 .2 1 .4 2 2 .8 5 2 .0 1 _

B 10 7 0 .7 4 6 .0 8 3 .2 - 7 9 .8 1 5 1 .7 1 .7 3 3 .3 0 1 .9 0 -
C 15 5 5 .5 2 6 .8 8 0 .3 - 5 7 .1 1 0 7 .1 2 .1 3 4 .0 0 1 .8 8 -
D 20 7 9 .8 3 2 .3 1 4 6.8 - 9 3 .6 1 5 5 .1 2 .9 0 4 . 8 0 1 .6 6 -

T e n s io n t e s t s

A 5 3 6 .2 2 5 .9 3 8 .6 - 1 1 . 3 - 7 . 7 - 2 9 . 0 _ _ 3 .7 7 2 .5 7
B 10 4 8 . 0 2 3 .2 5 1 .1 - 9 . 7 - 4 . 4 - 3 1 . 5 - - 7 .1 6 3 .2 5
C 15 5 6 . 0 2 9 .2 6 5 .7 - 1 0 . 2 - 9 . 1 - 3 2 . 6 - - 3 .5 8 3 .2 0
D 20 8 3 . 9 2 4 .0 1 0 6.3 - 9 . 9 - 1 2 . 2 - 3 7 . 3 - - 3 .0 6 3 .7 6

Table 2 .3  Model p i l e  t e s t  r e s u lt s :  m edium -loose sand
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Mandrel Amount o f I n s t a l l a t i o n  e n e r g ie s Max. T e s t  lo a d s P i l e  e f f i c i e n c i e s B a t i o
exp an sio n Mandrel Expanded p i l e : Mandrel Expanded Mandrel Expanded B: A

a lo n e S h e l l Mandrel a lo n e p i l e a lo n e A p i l e 8
X J J J N N H/J N/J

Compression t e a t s

A 5 14.1 10.6 6.7 139.6 2 4 7.7 9.9 0 14.33 1.45

B 10 1 5 .0 7 .8 8.5 127.3 2 3 4.2 8.46 14.34 1.7 0

C 15 17.0 6 .8 14.5 188.1 3 0 7.6 11.06 14.44 1.31

0 20 2 6 .1 6 .7 22.2 301.9 4 3 4 .6 11.55 15.03 1.30

Te n s io n t e s t s

A 5 1 6 .9 9 .5 6.6 - 1 6 . 0 - 4 9 . 5 0.95 3.07 3 .23

B 10 17.8 10.0 9.4 - 1 2 . 8 - 6 0 . 6 0.72 3.1 3 4 .35

C 15 2 8 .3 18.4 20.6 - 2 0 .4 - 8 0 . 0 0.72 2.05 2.85

D 20 2 4 .6 8 .7 20.0 - 1 9 . 4 - 5 3 .4 0.7 9 1.86 2.35

Table 2 .4  Model p i le  in s ta lla t io n  energies and E ff ic ie n c ie s :  
Medium-dense sand

Mandrel Amount o f I n s t a l l a t i o n e n e r g i e s Max. T e s t lo a d s P i l e e f f i c i e n c i e s B a t i o B a t i o
exp an sio n  Mandrel Expanded p i l e : S h e l l Mandrel Expanded S h e l l A Mandrel Expanded C:A C: B

a lo n e S h e l l Mandrel a lo n e p i l e a lo n e 8 P i l e c
X J J J N N H N/J N/J N/J

Compression t e s t s

A 5 7 .8 5 .1 4 .3 _ 54.9 110.2 _ 7 .0 11.6 _ 1.66
B 10 8 .5 5 .9 6 .6 - 79.8 151.7 - 9 .4 12.2 - 1.30
C 15 7 .7 3 .9 8 .3 - 57.1 107.1 - 7 .4 8 .8 - 1.18
D 20 11 .0 4 .6 13.8 - 93 .6 155.1 - 8 .5 8 .4 - 1.00

Te n s ion t e s t s

A 5 5 .1 4 .2 3 .0 - 1 1 .3 - 7 . 7 - 2 9 . 0 2 .6 8 1.50 4 .0 3 1.5 2 .6 9
B 10 6 .4 3 .3 4 .0 - 9 . 7 - 4 . 4 - 3 1 .5 2 .91 0 .6 9 4.31 1.48 6.2 5
C 15 9 .4 4 .0 6 .6 - 1 0 .2 - 9 . 1 - 3 2 . 6 2 .54 0 .97 3.0 8 1.21 3 .16
D 20 1 1 .0 3 .8 8 .6 - 9 . 9 - 1 2 .2 - 3 7 . 3 2 .6 3 1.11 3 .02 1.15 2 .7 2

Table 2 .5  Model p i le  in s ta lla t io n  energies and E ff ic ie n c ie s :  
Medium-loose sand
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CHAPTER 3
DESCRIPTION OF LARGE-SCALE PILES AND EQUIPMENT

3 .1  In trod u ction

Large s c a le  f i e l d  t r i a l s  o f  th e  W edge-Pile were undertaken u sin g  two 
ty p es  o f  6m long s t e e l  p i l e s .  The p i l e s  were in s t a l le d  and t e s t e d  a t  two 
d if f e r e n t  s i t e s .  T his Chapter d e sc r ib e s  th e  p i l e s  and t e s t in g  equipment 
developed  fo r  th e  f i e l d  t r i a l s .  Chapters 4 and 5 cover th e  
in v e s t ig a t io n s  a t  th e  two s i t e s .

3 . 1 . 1  Background to  f i e l d  t r i a l s
The o v e r a ll  aim o f  th e  f i e l d  t r i a l s  was to  dem onstrate th e  W edge-Pile  
p r in c ip le  a t  la r g e  s c a le .  W ithin t h i s  o v e r a l l  aim, th e  s p e c i f i c  
o b je c t iv e s  were a s  fo llo w s:

(a) to  e s t a b l is h  what g a in s  in  p i l e  c a p a c ity  fo llo w in g  expansion  are  
p o s s ib le  under f i e l d  c o n d it io n s , and whether such g a in s  are  
m aintained w ith  tim e.

(b) to  in v e s t ig a te  whether c a v ity  expansion  th eory  or  pressurem eter  
t e s t  data  can be used to  p r e d ic t  th e  c a p a c ity  o f  an expanded p i l e .

(c )  to  in v e s t ig a te  th e p o s s i b i l i t y  o f  u sin g  expander mandrel 
in s t a l la t io n  energy or  fo rce  a s  a  method o f  p r e d ic t in g  expanded 
p i l e  c a p a c ity .

(d) to  a s s e s s  th e  p r a c t ic a l i t y  o f  th e  system s t e s t e d  and to  con tin u e to  
develop  new w ed ge-p ile  embodiments and p ro cess  d e t a i l s .

A t e s t  programme in v o lv in g  d if f e r e n t  arrangem ents o f  s t e e l  w ed g e-p iles  
in  a range o f  s o i l  p r o f i l e s  was proposed. P r a c t ic a l f e a s i b i l i t y  would 
be a s se sse d  by fa b r ic a tin g  and in s t a l l i n g  th e p i l e s  u sin g  standard  
en g in eerin g  m a ter ia ls  and tech n iq u es. P i le  t e s t in g  would be c a r r ie d  out 
to  a s s e s s  th e  load  carry in g  c h a r a c te r is t ic s  o f  both  unexpanded and 
expanded p i l e s  in  th e  sh ort and in  th e long term. To complement th e  p i l e  
t e s t s ,  i t  was planned th a t pressurem eter t e s t in g  would be performed to  
e s t a b l is h  th e  l im it in g  v a lu es  o f  r a d ia l s t r e s s  a v a ila b le  by expansion  
in to  th e ground.

A p i l e  s i z e  o f  approxim ately 5m embedded le n g th  and 100 to  150mm w idth  
was en visaged  -  rep resen tin g  p i l o t  s c a le  fo r  la r g e  c i v i l  en g in eerin g

53



s tr u c tu r e s  and f u l l  s c a le  fo r  l i g h t  in d u s tr ia l  and dom estic housing u se .  
T his s i z e  o f  p i l e  was s im ila r  to  th e  Im perial C o lleg e  instrum ented  p i l e  
(Jard in e , 1985) .  Comparative t e s t in g  o f  w e d g e -p ile s  and th e  instrum ented  
p i l e  was t e n t a t iv e ly  planned. T his s i z e  o f  p i l e  was a ls o  thought to  be 
about th e  maximum th a t  cou ld  be co n v en ie n tly  handled in  th e  c o l le g e  
workshop.

I t  was hoped th a t  in s t a l la t io n  o f  th e  p i l e s  would be undertaken on 
b e h a lf  o f  Im perial C o llege  by in te r e s te d  c o n tra c to rs  or  o th er
o r g a n isa tio n s  a t  minimal c o s t .  The G eotechnics D iv is io n  o f  th e  B u ild in g  
Research E stab lishm ent (BRE) agreed to  a s s i s t  in  th e  p r o v is io n  and 
development o f  load in g  equipment fo r  th e p i l e  t e s t s .  I t  was d ecid ed  to  
t e s t  th e  p i l e s  in  te n s io n  o n ly . This would e lim in a te  p i l e  base  
r e s is ta n c e ,  making in c r e a se s  in  sh a ft  r e s is ta n c e  e a s ie r  to  in te r p r e t .  
Tension t e s t s  would a ls o  o b v ia te  th e  need fo r  heavy k en tled g e .

3 . 1 . 2  Types o f  p i l e  te s te d
Two typ es o f  w ed g e-p ile  were fa b r ica te d  and te s te d :

(a) la r g e -d isp la cem en t, c losed -en d ed  box s e c t io n  p i l e s
-  i n i t i a l  s i z e  140x140mm, 6m long
-  t e s te d  unexpanded, and expanded by 14% and 21% o f  i n i t i a l  w idth

(b) sm a ll-d isp la cem en t, cruciform  s e c t io n  p i l e s
-  i n i t i a l  s i z e  140x140mm, 6m long
-  te s te d  unexpanded, and expanded by 11% and 21% o f  i n i t i a l  w idth .

The p i l e s  are d escr ib ed  f u l ly  in  S ec tio n s  3 .2  and 3 .3  r e s p e c t iv e ly .  The 
methods o f  in s t a l la t io n ,  t e s t in g ,  and e x tr a c tio n  o f  th e  p i l e s  are  
d escrib ed  in  S e c tio n s  3 .4  to  3 . 9 .

The p i l e s  were fa b r ic a te d  from standard s t e e l  s e c t io n s ,  and were 
designed  to  be ex tra c te d  and reused a t  d if f e r e n t  s i t e s .  The p i l e  le n g th  
o f  6m was a s to ck  le n g th  fo r  the s t e e l  s e c t io n s  and c o n v en ie n tly  gave a 
depth o f  embedment o f  5m. The two p i l e  c o n fig u r a tio n s  chosen were e a s i l y  
made up u sin g  a n g le , box, and f l a t  s e c t io n s .  The p i l e s  were intended to  
rep resen t ty p ic a l  la r g e  and sm all d isp lacem ent p i l e s  used in  p r a c t ic e  
(Weltman and L i t t l e ,  1977) .

The amounts o f  expansion  o f  the p i l e s  were s e le c te d  on th e b a s is  o f  th e  
r e s u lt s  from th e i n i t i a l  model t e s t s  in  the la b o ra to ry , which had 
in d ica te d  an optimum expansion in  th e 10 to  20% range. A lso , the r e s u lt s  
from pressurem eter t e s t s  t y p ic a l ly  e x h ib it  a l im it in g  r a d ia l s t r e s s  in  
t h is  r a d ia l s t r a in  range ( se e  Chapter 9 ) .

54



3 . 1 . 3  C hoice o f  s i t e s
The p i l e s  were in s t a l le d  and te s t e d  a t  two s i t e s :

(a ) a  h ig h ly  w eathered chalk  p r o f i l e  a t  th e  p la n t yard o f  p i l in g  
c o n tra c to r  W. A. Dawson L t d . , Luton, B edfordsh ire

(b) a  medium p l a s t i c i t y  boulder c la y  a t  th e  B u ild in g  R esearch S ta t io n  
(BRS),  G arston, H e r tfo rd sh ir e .

F u ll d e t a i l s  o f  th e  t e s t  programmes a t  th e se  s i t e s  are  provided  in  
Chapters 4 and 5 .

There were two main reasons fo r  s e le c t in g  th e se  p a r t ic u la r  s i t e s .

F ir s t ly ,  th ey  provided  extrem es o f  s o i l  ty p e . R esu lts  from th e  two s i t e s  
would provide an in d ic a t io n  o f  th e  range o f  behaviour l i k e l y  in  o th er  
s o i l  ty p e s . I t  was thought th a t th e  W edge-Pile would be p a r t ic u la r ly  
appropriate fo r  use in  the ch a lk  p r o f i l e ,  w ith  la r g e  in c r e a se s  in  
carry in g  c a p a c ity  exp ected . T his p r o f i l e  was a ls o  r e le v a n t to  o ffsh o r e  
p i l in g  in  carbonate m a te r ia ls , where i t  was f e l t  th a t  th ere  might be 
immediate a p p lic a t io n s  fo r  the W edge-Pile. In c o n tr a s t , th e  W edge-Pile 
was thought to  be ra th er  u n su ited  to  th e  c la y  t i l l  p r o f i l e ,  w ith  sm aller  
in c r e a se s  in  c a p a c ity  exp ected . Another advantage o f  th e  BRS s i t e  was 
th a t v a r io u s  g e o te c h n ic a l t e s t in g  had been performed th ere  in  th e  p a s t .

The second main reason  fo r  s e le c t in g  th e se  two s i t e s  was to  make maximum 
use o f  fr e e  o f f e r s  o f  a s s is ta n c e  from W.A. Dawson and BRE. As w e ll a s  
th e se  o r g a n isa tio n s  p rovid ing  s i t e  f a c i l i t i e s ,  W. A. Dawson a llow ed  th e  
use o f  t h e ir  yard, craneage, and gen era l workshop f a c i l i t i e s ;  w h ile  BRE 
provided co n sid era b le  a s s is ta n c e  w ith  tra n sp o r t, craneage, lab ou r, and 
fa b r ic a t io n .

3 . 1 . 4  R esources and Methods
The methods used to  fa b r ic a te  and i n s t a l l  th e  p i l e s  were in tended  to  be 
r e p r e se n ta tiv e  o f  standard c i v i l  en g in eerin g  p r a c t ic e .  However, the  
system  was not in tended  to  be a 'com m ercial’ p roto typ e.

The p r o je c t  was su b jec t  to  s e v e r e ly  lim ite d  f in a n c ia l  r e so u rces . 
A ccord ingly , th ere  was g rea t r e l ia n c e  on th e a s s is ta n c e  o ffe r e d  by 
BRE and W.A. Dawson, and o th er  in te r e s te d  p a r t ie s .  T his in flu e n c e d  th e  
type o f  equipment developed and th e s i t e  working methods adopted. For 
con ven ience, th e  BRS was g rad u a lly  adopted a s  th e  base fo r  th e  
fa b r ic a t io n  and sto ra g e  o f  p i l e s  and equipm ent. Most o f  th e  fa b r ic a t io n
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was undertaken a t  th e  BRE F ab rica tion s Workshop, when s t a f f  were 
a v a ila b le .  To maximise th e  use o f  t h i s  f a c i l i t y ,  sim ple fa b r ic a t io n  
tech n iq u es were adopted whenever p o s s ib le .  D r il l in g ,  w eld ing , and flam e  
c u tt in g  were r e l ie d  on h e a v ily ,  w ith  machining being kept to  a minimum 
and being  c a rr ied  ou t in  th e  Im perial C o lleg e  workshops. Whenever 
p o s s ib le ,  equipment was designed  to  make u se  o f  m a te r ia ls  a lrea d y  
a v a ila b le .  Most s i t e  o p era tio n s  were organ ised  to  be performed by th e  
author and one o th er  person , w ith  minimum use o f  craneage and o th er  
p la n t in  order to  c u t down on h ir e  c o s t s .

3 .2  Box P i le

3 . 2 . 1  O vera ll arrangement
The o v e r a ll  arrangement o f  th e  box p i l e  i s  shown in  F igure 3 . 1 .  I t  
com prises two main components:

( a ) o u ter  s h e l l
(b ) expander mandrel

The o u ter  s h e l l  was made up from four equal an g le  s e c t io n s ,  h e ld  in  a 
square co n fig u ra tio n  by temporary con n ection s and d riven  as one. I t  was 
c lo se d  a t  the bottom by means o f  a d r iv in g  shoe. The o u ter  s h e l l  was 
d riven  by means o f  an in te r n a l d r iv in g  mandrel a c t in g  a g a in s t  th e  
d r iv in g  shoe.

The expander mandrel was made up from box s e c t io n .  The o u ts id e  
dim ensions o f  th e  expander mandrel were g r e a te r  than th e  in s id e  
dim ensions o f  th e  o u ter  s h e l l ,  such th a t the o u ter  s h e l l  was s p l i t  apart 
and expanded r a d ia l ly  a s  th e  expander mandrel was d riven  in to  i t .  A nose  
s e c t io n  was provided a t  th e  bottom o f  the expander mandrel. The aim o f  
th e  nose was to  g iv e  a smooth tr a n s it io n  o f  th e  o u ter  s h e l l  from i t s  
unexpanded to  i t s  expanded p o s it io n .

The p i l e s  were fa b r ic a te d  from Grade 43A hot r o l le d  s t e e l  s e c t io n s .  
Except in  th e case  o f  one o f  the expander m andrels, th e  s t e e l  s e c t io n s  
were not coated  w ith  m il l  varn ish . The s e le c t io n  o f  s e c t io n  s i z e s  fo r  
th e  va r io u s p i l e  components was dependent upon th e a v a ila b le
com binations o f  an g le  and box s e c t io n  th a t would g iv e  expansions in  the  
10 to  20% range, and a ls o  a llow  an in te r n a l d r iv in g  mandrel to  be used. 
The com bination o f  s t e e l  s e c t io n s  chosen was con sid ered  th e  most 
s u ita b le  amongst a number o f  o th er  p o s s i b i l i t i e s .

Two o u ter  s h e l l s ,  one d r iv in g  mandrel, and two expander mandrels were 
fa b r ic a te d  fo r  use a t  th e  Luton s i t e .  A fter  e x tr a c tio n  a t  th e  end o f
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t e s t in g  a t  t h i s  s i t e  th e  box p i l e s  were refu rb ish ed , and reused  a t  th e  
BRS s i t e .  An a d d it io n a l o u ter  s h e l l  was fa b r ic a te d  fo r  u se  a t  th e  BRS 
s i t e .  P la te  3 .1  i s  an o v e r a ll  v iew  o f  th e  box p i l e  components.

3 . 2 . 2  D e ta i ls  o f  o u ter  s h e l l
Each o u te r  s h e l l  was 6m lo n g , made up from fou r uncoated 70x70x1Omm 
equal a n g le  s e c t io n s  (a n g le s ) .  The a n g le s  were h e ld  in  a 140x140mm 
square c o n fig u r a tio n  by means o f  temporary con n ectio n s a t  lm sp a c in g s . 
The temporary co n n ection s were req u ired  to  be stron g  enough to  hold  th e  
o u ter  s h e l l  to g e th er  p r io r  to  and during in s t a l la t io n ,  but weak enough 
to  be s p l i t  apart when th e  expander mandrel was d r iv e n . D if fe r e n t  
arrangem ents were t r ie d  ( Figure 3 . 2b ,  P la te s  3 . 2 ,  3 . 3 ) .

I n i t i a l l y ,  s t e e l  p la te s  were used . These were b o lte d , p o p -r iv e ted  or  
w elded to  th e a n g le s . I t  was found th a t  t h i s  arrangement was l i a b l e  to  
break ap art when th e p i l e  was handled or tran sp o rted , such th a t  
temporary clamping to g e th er  o f  th e  o u ter  s h e l l  was req u ired  p r io r  to  
d r iv in g . Tack w elding was adopted in s te a d , t h i s  proved to  be qu icker and 
more ro b u st. A l i g h t  ta ck  o f  about 10mm le n g th  was u sed . Both th e  p la te  
co n n ectio n s and th e tack  weld co n n ectio n s performed s a t i s f a c t o r i l y  
during d r iv in g  (S e c tio n s  3 . 4 ,  3 . 5 ) .

The bottom o f  th e  o u ter  s h e l l  was c lo se d  by means o f  a  d r iv in g  shoe, 
d e ta i le d  in  F igure 3 .3  and shown in  P la te  3 . 4 .  The d r iv in g  shoe was 
machined from s o l id  m ild  s t e e l  and com prised a c o n ic a l t i p ,  a  neck  
s e c t io n ,  and an a n v il  b lock . I t  was lo c a te d  and r e ta in e d  in  th e  end o f  
th e  o u ter  s h e l l  by means o f  c o l la r  p ie c e s  welded to  th e  a n g le s , which 
in te r lo c k e d  w ith  th e  neck o f  th e  d r iv in g  sh oe.

Because th e  d r iv in g  shoe was an ex p en siv e  item  to  machine and i t  was 
in tended  to  u se  each p i l e  more than once, th e  fo llo w in g  measures were 
taken to  prevent th e d r iv in g  shoe b ein g  l o s t  when th e  p i l e  was ex tra c te d  
( F igure 3 . 3 ) :

(a)  The dim ensions o f  th e  d r iv in g  shoe neck and a n v il  b lock  were such  
th a t  th e  d r iv in g  shoe was s t i l l  r e ta in e d  by th e  c o l la r  p ie c e s  a f te r  
th e  maximum p o s s ib le  expansion  o f  th e  o u ter  s h e l l .

(b) A c a b le  anchorage p o in t was provided  on th e  d r iv in g  sh oe. T his 
com prised a d r i l le d  and tapped h o le  to  r e c e iv e  an e y e b o lt  (P la te  
3 . 4 ) .  A c a b le , p a ssin g  down through th e  hollow  p i l e  e lem en ts , could  
be secured  to  th e d r iv in g  sh o e . The ca b le  remained in  p la ce  
throughout in s t a l la t io n  and t e s t in g  o f  th e  p i l e ,  and cou ld  be used  
to  p u ll  th e  d r iv in g  shoe from th e  ground in  th e  even t o f  i t
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s l ip p in g  from th e c o l la r  p ie c e s  during p i l e  e x tr a c t io n . The 
c a b le  arrangement was deployed a t  th e  Luton s i t e ,  but i t  was not 
needed.

(c )  At th e  BRS s i t e  th e  bottom 200mm len g th  o f  th e  o u ter  s h e l l  a n g le s , 
e n c lo s in g  th e  d r iv in g  shoe, were welded to g e th er  (P la te  3 . 5 ) .

Shear lu g s , formed from f l a t  s e c t io n ,  were welded to  th e  a n g le s  near the  
top  o f  th e  o u ter  s h e l l  (F igure 3 . 2 a ) .  These formed p a rt o f  th e  te n s io n  
lin k a g e  between th e  th e  o u ter  s h e l l  and th e p i l e  load in g  system ,
d escr ib ed  in  S e c tio n  3 . 6 . 4 .  They a ls o  provided l i f t i n g  s l in g  anchorage
p o in t s .

3 . 2 . 3  D e ta ils  o f  d r iv in g  mandrel
I t  was a n t ic ip a te d  th a t in s t a l la t io n  o f  the la rg e-d isp la cem en t box p i l e s  
would in v o lv e  h igh  d r iv in g  fo r c e s . To avoid  damage to  th e head o f  the  
ou ter  s h e l l ,  th e  box p i l e s  were bottom d riven  by means o f  an in te r n a l  
d r iv in g  mandrel bearing  a g a in s t  th e  d r iv in g  shoe. The d r iv in g  mandrel
comprised a 6m le n g th  o f  100x100x1Oram box s e c t io n . The d r iv in g  mandrel
was con ta in ed  w ith in  th e  o u ter  s h e l l  and impinged a g a in s t  th e  a n v il o f  
th e d r iv in g  shoe. Packing s t r ip s  welded to  the d r iv in g  mandrel kept i t  
c e n tr a l ly  p o s it io n e d  w ith in  the o u ter  s h e l l  (F igu res 3 . 1 ,  3 . 2 c ) .  
Temporary l i f t i n g  lu g s  were welded to  th e d r iv in g  mandrel as requ ired  on 
s i t e .

3 . 2 . 4  D e ta ils  o f  expander mandrel
Two expander mandrels were fa b r ica te d  from box s e c t io n  (box) .  The 
expander mandrels were c l a s s i f i e d  on the b a s is  o f  th e  amount o f  ra d ia l 
expansion th ey  produced, expressed  a s  a  percentage o f  th e  i n i t i a l  ou ter  
s h e l l  w idth .

Expander mandrel *A’ was made up from 140x140x8mm box. T his expanded the  
ou ter  s h e l l  from 140xl40ram to  160x160mm, sin in crea se  o f  14.3%. The s t e e l  
su rface  o f  t h i s  expander mandrel was uncoated.

Expander mandrel 'B* was made up from 150x150x8nm box. T his expanded 
th e o u ter  s h e l l  from 140x140mm to  170x170mm, sin in cr ea se  o f  21.4%. The 
s t e e l  su r fa ce  o f  t h is  expander mandrel was coated  w ith  m il l  v a rn ish .

Each expander mandrel com prised a 5ra long shank s e c t io n  o f  p la in  box and 
a 0.8m long nose s e c t io n  formed from box to  g iv e  a curved p r o f i le  over  
th e bottom 0.7m. The nose s e c t io n  was detachable fo r  easy  fa b r ic a tio n  
and refurb ishm ent, and was connected  to  th e  expander mandrel shank by 
means o f  in te m s il b o lte d  p la te s .
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The s e n s i t i v i t y  o f  w ed ge-p ile  performance on th e  shape o f  th e  expander 
mandrel nose formed an im portant p a rt o f  th e  o v e r a ll  p r o je c t .  The 
i n i t i a l  approach adopted was to  a s s e s s  th e  performance o f  d i f f e r e n t  nose  
p r o f i l e s  fa b r ic a te d  u sin g  sim ple workshop tech n iq u es. A nose le n g th  o f  
0.7m was s e le c t e d  fo r  th e  box p i l e s .

The nose s e c t io n  was fa b r ica te d  a s  shown d iagram m atically  in  F igure 3 .4 .  
A 0.8m le n g th  o f  box (F igure 3 .4 a ) was flame cu t over a le n g th  o f  
0.7m (F igure 3 .4 b ) .  The four c a n t i le v e r  segm ents thus formed were 
d isp la c e d  and clamped in to  p o s it io n  a s  shown in  F igure 3 .4 c , to  g iv e  end 
dim ensions o f  120x120mm -  d esigned  to  f i t  in s id e  th e  top  o f  th e  o u ter
s h e l l . The nose was then welded up (F igure 3 .4d ), and f i n a l l y  smoothed 
w ith  an an g le  gr in d er  ( Figure 3 .4 e ) . F igu res 3 .5  and 3 .9  g iv e  fu r th er  
d e t a i l s  o f  the expander mandrel nose arrangem ents. P la te  3 .6  i s  an 
o v e r a ll  view  o f  th e  nose o f  expander mandrel B.

The expander mandrels cou ld  be top  d r iv e n , or  bottom d riven  by means o f  
th e d r iv in g  mandrel a c t in g  a g a in st  an in te r n a l ly  welded bearing p la te  a t  
th e bottom o f  th e  expander mandrel shank (n o t shown on th e  draw ings). 
V arious lu g s  were welded near th e  top s o f  th e  expander mandrels fo r  
l i f t i n g  and p i l e  load in g  purposes. The lu g s  were s im ila r  to  th e  shear  
lu g s  a t  th e  top s o f  the ou ter  s h e l l s .  The arrangements v a r ied  and are  
not shown on the draw ings.

3 .2 .5  Completed p i l e  arrangement
The in s t a l le d  p i l e  arrangement i s  shown in  F igure 3 .1 .  The o u ter  s h e l l  
o f  each box p i l e  was d riven  to  a depth  o f  p en e tra tio n  o f  between 5.2m  
and 5.3m below ground le v e l .  The expander mandrel was d riven  to  a depth  
o f  p en e tra tio n  such th a t the t ip  o f  th e  expander mandrel nose was 
300mm sh o rt o f  th e  top  o f  th e  d r iv in g  shoe. The le n g th  o f  p i l e  
protruding above ground le v e l  a llow ed  a te n s io n  con n ection  to  e i th e r  the  
o u ter  s h e l l  or th e expander mandrel.

In c i v i l  en g in eerin g  p r a c t ic e , th e  expander mandrel would be d riven  
through to  the bottom o f  the ou ter  s h e l l .  The arrangement adopted fo r  
th e f i e l d  t r i a l s  was designed  to  prevent damage to  th e  expander mandrel 
nose and th e bottom o f  the o u ter  s h e l l ,  and to  make c e r ta in  o f  
r e tr ie v in g  th e d r iv in g  t ip  upon e x tr a c tio n  o f  th e  p i l e .

3 .3  Cruciform P i le

3 .3 .1  O verall arrangement
The o v e r a ll  arrangement o f  the cruciform  p i l e  i s  shown in  F igure 3 .6 .
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As with the box pile, it comprises two main components:

(a ) o u ter  s h e l l
(b ) expander mandrel

The o u ter  s h e l l  was made up from four equal an g le  s e c t io n s ,  h e ld  in  a 
cruciform  c o n fig u r a tio n  and d riven  a s  one. I t  was h eld  to g e th e r  a t  th e  
bottom end by a welded d r iv in g  shoe arrangement.

The expander mandrel was cruciform  shaped, made up from f l a t  s e c t io n s  
welded to g e th e r . The expander mandrel was d riven  in to  th e  o u ter  s h e l l ,  
s p l i t t i n g  i t  apart and expanding i t  r a d ia l ly .  A nose s e c t io n  was 
provided , w ith  th e  aim o f  provid ing a smooth tr a n s it io n  between th e  
unexpanded and th e expanded p o s it io n s  o f  th e  o u ter  s h e l l .

The fa b r ic a t io n  o f  th e  cruciform  p i l e  fo llow ed  the same l i n e s  as th a t  
fo r  th e box p i l e .  As b e fo re , the p i l e  components were fa b r ica te d  from 
Grade 43A hot r o l le d  s t e e l  s e c t io n s . The a n g le s  forming th e o u ter  s h e l l  
were th e same s e c t io n  as fo r  the box p i l e .  The two ty p es  o f  o u ter  s h e l l  
th u s rep resen ted  a lt e r n a t iv e  arrangements o f  th e  same c r o ss  s e c t io n a l  
area  o f  s t e e l .  The f l a t s  forming the expander mandrel were s e le c te d  to  
g iv e  s im ila r  expansions to  th ose  fo r  th e box p i l e  -  in  th e  10 to  20% 
range. The s t e e l  f in is h e s  o f  a l l  the components were not coated  w ith  
m ill  varn ish .

Two o u ter  s h e l l s  and two expander mandrels were fa b r ica te d  fo r  use a t  
th e  Luton s i t e .  A fter  e x tr a c tio n  a t  the end o f  t e s t in g  a t  t h i s  s i t e ,  the  
cruciform  p i l e s  were refu rb ish ed  and reused a t  th e  BRS s i t e .  P la te  3 .7  
i s  a gen era l view  o f  th e  cruciform  p i l e s  a t  th e  Luton s i t e .

3 .3 .2  D e ta ils  o f  o u ter  s h e l l
The o u ter  s h e l l  was 6m lo n g , made up from four uncoated 70x70x10mm 
equal an g le  s e c t io n s  (a n g le s ) . The a n g les  were h eld  back-to-back  in  a 
cruciform  shape by means o f  temporary con n ection s a t  lm sp a c in g s . Tack 
w elds were used . The d e t a i l  was e x a c t ly  th e same as fo r  th e  box p i l e  and 
i s  shown in  Figure 3 .7 a  and P la te  3 .8 .

At th e bottom o f  th e o u ter  s h e l l  a  d r iv in g  shoe arrangement was 
provided  to  hold  th e  a n g les  tog eth er  a s  one and to  prevent m ateria l 
bein g  forced  between th e an g les  during d r iv in g . The d r iv in g  shoe was 
formed by w elding the a n g les  to g e th er  a cro ss  th e bottom o f  the ou ter  
s h e l l ,  and up th e s id e s  fo r  a d ista n ce  o f  150mm. This i s  shown in  Figure 
3 . 7b and P la te  3 .9 .
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The o u ter  s h e l l  was n e c e s s a r ily  to p  d r iv e n . R e la t iv e ly  e a sy  d r iv in g  was 
exp ected  fo r  th e  sm all-d isp lacem en t cruciform  p i l e  and con seq u en tly  
damage to  th e  head o f  th e  o u ter  s h e l l  during d r iv in g  was n o t  
en v isaged  to  be a major problem. However, p reca u tio n s  were taken  
(F igure 3 .7 a ) .  R einforcem ent b lock s were provided , and th e  a n g les  were 
a ls o  b o lte d  to g e th e r  400mm below th e  top  o f  th e  o u ter  s h e l l  to  prevent 
th e  a n g le s  being forced  apart during d r iv in g . Nylon in s e r t  nu ts were 
used  to  prevent lo o se n in g  o f  th e  b o lt s  due to  v ib r a t io n  during d r iv in g .  
The to p s  o f  th e  a n g le s  were chamfered to  form a notch  to  r e c e iv e  th e  t i p  
o f  th e  expander mandrel n ose .

Shear lu g s , formed from f l a t  s e c t io n ,  were w elded to  each a n g le  
(F igure 3 .7 a ) .  These formed p a rt o f  th e  te n s io n  lin k a g e  to  th e p i l e  
lo a d in g  system  d escr ib ed  in  S ec tio n  3 .6 .4 .  They a ls o  provided  l i f t i n g  
s l in g  anchorage p o in ts .

3 .3 .3  D e ta ils  o f  expander mandrel
Two expander m andrels were fa b r ic a te d . Each expander mandrel was 6m 
lo n g , com prised o f  th ree  f l a t  s e c t io n s  ( f l a t s ) ,  made up in to  a  
cruciform . The expander mandrels were c l a s s i f i e d  on th e  b a s is  o f  th e  
amount o f  r a d ia l expansion  th ey  produced, exp ressed  a s  a  percentage o f  
th e  i n i t i a l  o u ter  s h e l l  w idth.

Expander mandrel 'A* was made up from one 150x15mm f l a t  and two 65x15mm 
f l a t s .  T his expander mandrel expanded th e  o u ter  s h e l l  from 140x140mm to  
155x155mm, an expansion  o f  10.7%.

Expander mandrel *B’ was made up from one 160x30mm f l a t  and two 65x30 mm 
f l a t s .  T his expander mandrel expanded th e  o u ter  s h e l l  from 140x140mm to  
170x170mm, an expansion  o f  21.7%.

In  a l l  c a s e s , th e  s t e e l  su r fa ces  o f  th e  f l a t s  were n ot coa ted  w ith  m il l  
v a rn ish . The f l a t s  were h eld  in  a cruciform  shape by means o f  
w elding a t  500mm c e n tr e s . The weld d e t a i l  i s  shown in  F igure 3 .8 .

The expander mandrels were top  d r iv en . The le n g th s  o f  th e  'arms’ o f  th e  
expander mandrel were s l i g h t ly  l e s s  than th o se  o f  the ou ter  s h e l l  
(F igure 3 .6 )  in  order to  reduce f r i c t io n  between th e expander mandrel 
and th e  ground during d r iv in g .

A nose was formed a t  th e  end o f  th e  expander mandrel by flam e c u tt in g  
and a n g le  g r in d in g . Machining was not an a v a ila b le  o p tio n . Because o f  
th e  d i f f i c u l t y  o f  forming a nose p r o f i l e  u sin g  hand h e ld  t o o l s ,  th e  nose  
le n g th s  fo r  th e cruciform  p i l e s  were sh o r te r  than fo r  th e  box p i l e s .  The
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o v e r a l l  nose le n g th s  were approxim ately 200mm fo r  expander mandrel A and 
approxim ately 300mm fo r  expander mandrel B. I t  was n ecessa ry  fo r  each  
nose to  lo c a te  co n v en ie n tly  in  th e r e c e iv in g  notch  a t  th e  top  o f  th e  
o u ter  s h e l l .  T his was ach ieved  by s l i g h t l y  s ta g g er in g  and f la r in g  
th e  nose p r o f i l e ,  and grind in g  to  g iv e  sharp le a d in g  edges (F igure  
3 .8 ) .  V arious lu g s  were welded to  the top  o f  each expander mandrel to  
prov id e l i f t i n g  p o in ts  o r  te n s io n  lin k a g es  to  th e  p i l e  load in g  system . 
D e ta ils  were s im ila r  to  th e shear lu g s  a t  th e  top  o f  th e  o u ter  s h e l l ,  
and are not shown in  th e  F igu res.

Further d e t a i l s  o f  th e  expander mandrel nose p r o f i l e s  fo r  both  th e  
cruciform  and th e  box p i l e s  are g iven  in  F igure 3 .9 .  P la te  3 .1 0  shows 
th e  nose o f  expander mandrel A.

3 .3 .4  Completed p i l e  arrangement
The com pleted p i l e  arrangement i s  shown in  F igure 3 .6 .  The o u ter  s h e l l  
o f  each cruciform  p i l e  was d riven  to  a depth o f  5.2m below ground le v e l .  
The expander mandrel was d riven  to  a depth o f  p en e tra tio n  such th a t  th e  
t i p  o f  th e  expander mandrel nose was approxim ately 200mm sh o rt o f  the  
bottom o f  th e  ou ter  s h e l l .  The len g th  o f  p i l e  protruding above ground 
l e v e l  a llow ed  a te n s io n  con n ection  to  e i th e r  th e  o u ter  s h e l l  or the  
expander mandrel.

As w ith  the box p i l e ,  th e  expander mandrel would in  c i v i l  en g in eerin g  
p r a c t ic e  be d riven  th e  w hole len g th  o f  the o u ter  s h e l l .  A ' c l i p ’ type  
d r iv in g  shoe might be d eveloped , t h is  being pushed o f f  th e  end o f  the  
o u ter  s h e l l  by th e expander mandrel nose. A w elded shoe arrangement was 
adopted in  the f i e l d  t r i a l s  because i t  was im perative th a t  th ere  was no 
p o s s i b i l i t y  o f  th e  o u ter  s h e l l  s p l i t t in g  apart a t  th e  bottom during  
d r iv in g .

3 .4  P i le  I n s t a l la t io n  a t  Luton S ite

In  t h i s  S ec tio n , box p i l e s  and cruciform  p i l e s  are tr e a te d  to g e th er . 
A lso , th e  term ' p i l e ’ i s  used to  r e fe r  both to  o u ter  s h e l l s  and to  
expander mandrels.

At th e  Luton s i t e ,  p i l e s  were supported during d r iv in g  w ith in  a sim ple  
p i l in g  frame and were d r iv en  u sing  a 1 . 5 t  drop hammer w ith  in te g r a l box 
gu id e . Craneage was provided  by W.A. Dawson.

3 . 4 . 1  P i l in g  frame
The p i l in g  frame i s  shown in  P la te  3 .11 .  I t s  purpose was to  support the  
p i l e s  v e r t i c a l ly  during d r iv in g . The p i l in g  frame was 1.8m h igh  and
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com prised la r g e  s t e e l  beams sta ck ed  in  a * n e s t  ’ and ta ck  w elded  
to g e th e r . The p i l e  to  be d riven  was h e ld  a t  th e  to p  o f  th e  p i l in g  frame 
by a  'g a te ’ , formed by l i g h t  s t e e l  s e c t io n s  welded to  th e  la r g e  beams. 
The p i l in g  frame cou ld  be q u ick ly  d ism antled  and moved.

3 . 4 . 2  P i le  in s t a l la t io n  procedure
B efore p itc h in g , th e  p i l e s  were marked o f f  w ith  ch a lk  a t  50ram in t e r v a ls ,  
t o  en ab le d r iv in g  records to  be made. The f in a l  p e n e tr a tio n  l e v e l  was 
a ls o  marked o f f .  When d r iv in g  an o u te r  s h e l l ,  th e s e  marks were used in  
con ju n ctio n  w ith  a  re feren ce  beam clamped a cro ss  th e  p i l in g  frame beams. 
When d r iv in g  an expander mandrel, th e  top  o f  th e  o u ter  s h e l l  was used a s  
th e  r e fe ren ce .

The p i l e s  were lo f t e d  v e r t i c a l l y  during p itc h in g  by means o f  a fa b r ic  
l i f t i n g  s l in g  wrapped around th e  to p  o f  th e  p i l e .  The welded lu g s  a t  
th e  top  o f  th e  p i l e s  prevented th e  l i f t i n g  s l in g  from s l id in g  o f f  th e  
p i l e .  In th e  c a se  o f  th e  box p i l e s ,  th e  d r iv in g  mandrel was in se r te d  
in to  th e  o u ter  s h e l l s  and expander mandrels b e fo re  p itc h in g . T his  
o p era tio n  was performed a t  ground l e v e l ,  w ith  th e  p i l e  components r a ise d  
a t  one end on a t r e s t l e .

The o u ter  s h e l l s  were p itch ed  as fo llo w s:

(a ) The la r g e  beams o f  th e  p i l in g  frame were assem bled and welded  
to g e th e r .

(b) The o u ter  s h e l l  was low ered through th e p i l in g  frame and r e s te d  on 
th e  ground.

(c )  With th e  o u ter  s h e l l  r e s t in g  on th e  ground but s t i l l  being h eld  by 
th e  cran e, i t  was worked in to  a v e r t i c a l  p o s it io n  by hand. 
V e r t ic a l i t y  was checked by u s in g  a s p i r i t  l e v e l .

(d) The o u ter  s h e l l  was h eld  in  t h i s  v e r t i c a l  p o s it io n  by means o f  th e  
welded s t e e l  s e c t io n s  forming th e  'gate* .

(e)  The p i l in g  hammer was low ered onto th e  top  o f  th e  o u ter  s h e l l  or  
d r iv in g  mandrel, ready fo r  d r iv in g .

The ou ter  s h e l l s  were d riven  in  two s ta g e s .  In  th e  f i r s t  s ta g e  th ey  
were supported by th e p i l in g  frame, and d riven  u n t i l  th e  p i l in g  hammer 
gu ide was j u s t  c le a r  o f  th e  top  o f  th e  p i l in g  frame. The p i l in g  frame 
was then q u ick ly  d ism antled  and moved a s id e . In  th e  second s ta g e  th e  
p i l e s  were d r iv en  unsupported to  t h e ir  f in a l  depth o f  p e n e tr a tio n . In
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The procedure fo r  p itc h in g  th e  expander mandrels was s im ila r  to  th a t  
fo r  th e  o u ter  s h e l l s :

(a ) The p i l in g  frame beams were reassem bled around th e d r iv en  o u ter  
s h e l l .

(b) The expander mandrel was low ered through th e p i l in g  frame and the  
nose t i p  was in te r lo c k e d  w ith  th e top  o f  th e  ou ter  s h e l l .

(c )  The expander mandrel was worked in to  a v e r t ic a l  p o s it io n  as b e fo re .

(d) The 'g a t e s ’ were welded in to  p o s it io n  as b efo re , but f i t t e d  more 
lo o s e ly ,  w ith  tim ber packing i f  n ecessa ry , to  a llow  th e  expander 
mandrel to  fo llo w  th e  cou rse o f  the o u ter  s h e l l  during d r iv in g .

(e )  The p i l in g  hammer was low ered onto th e  top  o f  the expander mandrel 
or d r iv in g  mandrel ready fo r  d r iv in g .

The expander mandrels were d riven  in  two s ta g e s  as b e fo re , to  the  
appropriate depth o f  p en e tra tio n  w ith in  th e  ou ter  s h e l l s .  I t  was 
n ecessary  to  weld a lig h tw e ig h t e x ten s io n  p ie c e  to  the top  o f  the  
expander mandrels a t  th e  very  end o f  d r iv in g , to  stop  th e  p i l in g  hammer 
guide fo u lin g  the top o f  th e  o u ter  s h e l l s .

3 . 4 . 3  Hammer arrangement and comments on p i l e  d r iv in g
The p i l e s  were d riven  u sin g  a sim ple 1 . 5 t  drop hammer lo c a te d  on top  o f  
th e  p i l e s  by an in te g r a l box gu id e. The hammer was su p p lied  and operated  
by W.A. Dawson. Hammer o p era tio n  was by 'yard ’ cranes which d id  not 
have p r o v is io n  fo r  th e accu rate  s e t t in g  o f  drop h e ig h t . Reasonable 
co n tr o l was a v a ila b le ,  but a number o f  d if f e r e n t  cranes and d r iv e r s  were 
in vo lved  during the p i l e  in s t a l la t io n  programme, making com parison o f  
d r iv in g  e n erg ie s  d i f f i c u l t .  A lso , because o f  the n o v e lty  o f  th e  system , 
th e  gen era l ph ilosophy during d r iv in g  was to  tap  th e p i l e s  g e n t ly  in to  
th e  ground, ra th er than to  ach iev e  maximum ra te  o f  p en e tra tio n .

The temporary con n ection  system s (S ec tio n s  3 . 2 . 2 ,  3 . 3 . 2 )  performed w e l l . 
The o u ter  s h e l l s  were s u c c e s s fu l ly  held  to g e th er  as one during d r iv in g .  
A few o f  the con n ection s were s p l i t  apart a t  t h is  s ta g e , but t h is  
d id  not appear to  a f f e c t  d r iv in g . As the expander mandrels were d riven  
th e temporary con n ection s appeared to  s p l i t  apart e a s i l y  -  th ere  was no 
ev idence o f  the co n n ection s a f fe c t in g  the p en etra tio n  o f  th e  expander

the case of the box piles, the driving mandrel was removed from the
outer shell at this stage.
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mandrel into the outer shell.

The p i l e s  a t  th e  Luton s i t e  were a l l  d r iven  v e r t i c a l l y  to  w ith in  an 
accuracy o f  approxim ately 1 in  100, based on measurements on th e  
protruding le n g th s  o f  the p i l e s .

3 .5  P i l e  I n s t a l la t io n  a t  BRS S i t e

As in  th e  p rev io u s  S ec tio n , box p i l e s  and cruciform  p i l e s  are  tr e a te d  
here a s  one. O uter s h e l l s  and expander mandrels a re  both  r e fe r r e d  to  a s  
‘p i l e s ’ .

At th e  BRS s i t e  i t  was decided  to  i n s t a l l  th e  p i l e s  w ith  a  d o u b le -a c tin g  
a ir  hammer, t h i s  being th e ch ea p est a v a ila b le  system . I t  was too  
exp en sive  to  h ir e  a crane w ith  a drop hammer arrangem ent, and 
in s t a l la t io n  by jack in g  would have in v o lv ed  heavy k en tled g e  fo r  r e a c tio n  
and a la r g e  ja ck in g  frame. The p i l e s  were supported w ith in  a  p i l in g  
frame r e s t in g  on la r g e  runway beams. The p i l in g  hammer was lo c a te d  on 
the top  o f  th e  p i l e  by le g  g u id es . Craneage was e i t h e r  h ired  in ,  or  
provided by BRE.

P la te  3 .12  i s  a  genera l view  o f  th e  p i l in g  frame during p i l e  d r iv in g  
o p era tio n s .

3 . 5 . 1  P i l in g  frame and runway beams
The t e s t  bed was spanned by two 9m lo n g , 914x419mm runway beams, 
supported c le a r  o f  the ground by tim ber and s t e e l  g r i l la g e s  r e s t in g  on 
3 .0x l .5m  r e in fo r c e d  con crete  spread fo u n d ation s. The runway beams a ls o  
formed p a rt o f  th e  p i l e  t e s t in g  system  (s e e  S e c tio n  3 . 6 ) .

The p i l in g  frame i s  shown in  F igure 3 .1 0 .  The b a s ic  frame was a braced  
double *T’ arrangement, box s e c t io n s  forming th e  base and *1* beams 
forming th e  colum ns. The frame was f i t t e d  w ith  fou r a d ju sta b le  w h eels , 
en ab lin g  i t  to  be r o l le d  along th e  runway beams in to  th e ap p rop riate  
p o s it io n  fo r  p i l e  d r iv in g . The frame having been r o l le d  in to  p o s it io n ,  
the w heels were re tr a c te d  so  th a t th e  base o f  th e  frame r e s te d  on th e  
runway beams. F in a l adjustm ents o f  th e  frame p o s it io n  cou ld  be made by 
pinch ing w ith  a  crowbar. The p i l in g  frame was th en  h e ld  in  p o s it io n  
during p i l e  d r iv in g  by b o lted  clamps bearing a g a in s t  th e  u n dersid e o f  
the runway beams.

The p i l e  was h e ld  in  p o s it io n  during d r iv in g  by two s e t s  o f  a d ju sta b le  
gu id es mounted w ith in  the p i l in g  frame u p r ig h ts . These were made up from 
d r i l le d  and s lo t t e d  angle s e c t io n s  (F igure 3 . 1 1 ) .
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3 . 5 . 2  P i l e  in s t a l la t io n  procedure
The p i l e s  were prepared and handled in  e x a c t ly  th e  same manner a s  a t  the  
Luton s i t e .  The procedure fo r  p itc h in g  th e o u ter  s h e l l s  was a s  fo llo w s:

(a ) The a d ju sta b le  gu id es were lo o s e ly  assem bled w ith in  th e  p i l in g  
frame to  r e c e iv e  th e  o u ter  s h e l l .

(b) The o u ter  s h e l l  was low ered in to  p o s it io n  w ith in  th e  g u id es  and 
brought to  r e s t  on a s t e e l  p la te  a t  ground l e v e l .  The p la te  made 
manoeuvring o f  th e  o u ter  s h e l l  a cross th e  ground su rfa ce  e a s ie r .

(c )  With th e  o u ter  s h e l l  r e s t in g  on the s t e e l  p la te  but s t i l l  being  
h eld  by th e  crane, i t  was worked in to  a v e r t i c a l  p o s it io n  by hand, 
v e r t i c a l i t y  being checked w ith  a s p i r i t  l e v e l .

(d) The gu id es were b o lted  up t ig h t  a g a in st  th e  o u ter  s h e l l  and the  
s t e e l  p la te  was removed.

(e )  The p i l in g  hammer was lowered onto th e  top  o f  th e  o u ter  s h e l l ,  
being guided in to  p o s it io n  by hand.

P rior  to  d r iv in g , one gu ide was p o s it io n ed  a t  th e  bottom o f  the p i l in g  
frame, and one near th e to p . The top guide was lowered once during  
d r iv in g , then  both gu id es were p r o g r e ss iv e ly  removed in  advance o f  the  
hammer. There was a pause in  d r iv in g  each tim e th e se  adjustm ents were 
made. In th e  ca se  o f  the box p i l e s ,  th e  d r iv in g  mandrel was removed 
a f t e r  d r iv in g  the ou ter  s h e l l .

The procedure fo r  p itch in g  th e  expander mandrels was s im ila r  to  th a t fo r  
th e  o u ter  s h e l l :

(a) The a d ju sta b le  gu id es were lo o s e ly  b o lte d  back in  p o s it io n ,  to  
r e c e iv e  the expander mandrel.

(b) The expander mandrel was lowered in to  th e  p i l in g  frame and the  
nose t i p  was in ter lo ck ed  w ith  the top  o f  th e  o u ter  s h e l l .

(c )  With th e expander mandrel r e s t in g  on th e o u ter  s h e l l  i t  was worked 
in to  a v e r t ic a l  p o s tio n  a s  b efore .

(d) The gu id es were tig h ten ed  as b e fo re . However, to  a llo w  the  
expander mandrel to  fo llo w  the course o f  th e  o u ter  s h e l l , the  
gu id es were loosened  during d riv in g  i f  any s ig n s  o f  ‘n ip p in g ’ were

66



seen or heard.

(e )  The p i l in g  hammer was low ered onto th e  top  o f  th e  expander 
mandrel, a s  b efo re .

D riving o f  th e  expander mandrel proceeded in  th e  same manner a s  fo r  the  
o u ter  s h e l l .  P la te  3 .13  shows a box expander mandrel being d r iv en  in to  
an o u ter  s h e l l .

3 . 5 . 3  Hammer arrangements
Two ty p es  o f  d o u b le -a c tin g  a ir  hammer were employed a t  th e  BRS s i t e :

(a) A tlas-C opco FH5, o v e r a ll  w eight 440kg
(b) BSP 500N, o v e r a ll  w eight 1143kg

D e ta ils  o f  th e  hammers are g iv en  in  Appendix 3 . 1 .  The hammers were 
d riven  by standard a ir  compressor u n it s .  To mount th e  p i l in g  hammers 
firm ly  and c e n tr a l ly  over th e  top  o f  th e  p i l e s ,  d r iv in g  caps and 
a d ju sta b le  le g  gu id es were d esigned  and fa b r ic a te d . These were f i t t e d  to  
th e * b a s ic  hammer’ , as su p p lied  by th e  p la n t h ir e  firm . The p i l e  
in s t a l la t io n  programme a t  th e  BRS s i t e  took p la c e  in  th ree  p h ases, with  
th e  PH5 hammer being used fo r  th e  f i r s t  and l a s t  phases, and th e  500N 
hammer b ein g  used fo r  th e m iddle phase.

3 . 5 . 3 . 1  Leg gu ide arrangements: PH5 hammer
The PH5 hammer was used to  d r iv e  one o f  the box o u ter  s h e l l s ,  box 
expander mandrel B, and cruciform  expander mandrel B.

The le g  gu id e arrangements are shown in  F igures 3 .12  and 3 .1 3 .  A two 
p ie c e  d r iv in g  cap, shown in  Figure 3 .12 ,  was used to  p r o te c t  th e  heads 
o f  th e box d r iv in g  mandrel and th e box expander mandrel. The low er part 
o f  th e  d r iv in g  cap was d esigned  to  in te r lo c k  w ith  th e  stub  le g s  o f  the  
hammer. The d r iv in g  cap was not used fo r  th e  cruciform  expander 
mandrel.

The hammer le g s  comprised four lm long an g le  s e c t io n s  b o lted  to  the  
hammer body (F igure 3 . 1 3 ) .  A djustab le b o lt  g r ip s  a t  th e  bottom o f  the  
l e g s ,  a c t in g  in  con ju n ction  w ith  e i th e r  the in te r lo c k e d  d r iv in g  cap or a 
second s e t  o f  b o lt  g r ip s , lo c a te d  the hammer on top  o f  the p i l e .  Lengths 
o f  box s e c t io n  were b o lted  to  th e top  o f  th e  cruciform  expander mandrel 
to  g iv e  a con ven ien t c r o s s - s e c t io n  fo r  th e  b o lt  g r ip s  to  a c t  a g a in s t .

3 . 5 . 3 . 2  Leg gu ide arrangements: 500N hammer
The 500N hammer was used to  d r iv e  both o f  th e  cruciform  o u ter  s h e l l s ,
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one o f  th e  box o u ter  s h e l l s ,  cruciform  expander mandrel A, and box 
expander mandrel A.

The box p i l e  d r iv in g  cap used w ith  the PH5 hammer was r e ta in e d  to  a id  
comparison between th e  perform ances o f  th e  two hammers. A d r iv in g  cap  
was not used fo r  th e  cruciform  p i l e s ,  a s  th e se  were a lrea d y  r e in fo r ced  
fo r  d r iv in g  ( S e c tio n  3 . 3 . 2 ) .  The le g  guide arrangements are  shown in  
Figure 3 .1 4 .  Guides or ‘ in s e r t s ’ , fa b r ic a te d  from a n g le  s e c t io n ,  were 
b o lte d  to  th e  standard a d ju sta b le  in s e r t  h o ld e r s . The in s e r t s  cou ld  be 
b o lted  in  d if f e r e n t  p o s it io n s  according to  th e  s i z e  o f  th e  p i l e  being  
d riv en . Spacer b lock s were welded to  th e  cruciform  p i l e s ;  th e se  were 
used in  con ju n ction  w ith  th e  e x is t in g  welded lu g s  to  g iv e  a  con ven ien t  
c r o ss  s e c t io n  fo r  th e  in s e r t s  to  g r ip  a g a in s t .

3 . 5 . 4  General comments on p i l e  d r iv in g
At th e  BRS s i t e ,  th e  box p i l e s  were d riven  f i r s t .  A fter  d is c u s s io n s  w ith  
p i l in g  hammer s p e c i a l i s t s ,  th e  A tla s  Copco PH5 hammer was s e le c te d  to  
d r iv e  th e  p i l e s  and th e  p i l in g  frame was d esign ed  a cco rd in g ly . The f i r s t  
box o u ter  s h e l l  was in s t a l le d  s u c c e s fu l ly  and th e  p i l in g  frame performed  
e x c e p t io n a lly  w e l l .  However, d r iv in g  was slow  and th e  PH5 hammer 
appeared to  be ra th er  too  l i g h t  fo r  th e p i l e  being d r iv en .

During in s t a l la t io n  o f  th e  second box o u ter  s h e l l  th e  d r iv in g  shoe 
c o l la r  p ie c e s  f a i l e d  during d r iv in g , a f t e r  th e r a te  o f  p i l e  p en etra tio n  
had become very  slow . As a r e s u lt  o f  t h i s  f a i lu r e ,  i t  was n ecessa ry  to  
change to  the n ex t h e a v ie s t  a v a ila b le  hammer -  th e  500N -  in  order to
d r iv e  a replacem ent o u ter  s h e l l .  The 500N was th e r e fo r e  used  during th e  
next phase o f  th e  p i l e  in s t a l la t io n  programme, which in clud ed  both box 
p i l e s  and cruciform  p i l e s .  The 500N, although requ ired  fo r  d r iv in g  th e  
box ou ter  s h e l l s ,  proved to  be u n n e c e ssa r ily  heavy fo r  th e  cruciform  
p i l e s  and th e PH5 was rev erted  to  fo r  th e th ir d  and f in a l  phase o f  p i l e  
in s t a l la t io n .

The temporary con n ection  system s (S ec tio n s  3 . 2 . 2 ,  3 . 3 . 2 )  performed very  
w e ll during p i l e  in s t a l la t io n ,  showing on ly  minor d is t r e s s  a s  th e  o u ter  
s h e l l s  were d riven  but ap p aren tly  s p l i t t in g  apart e a s i l y  when th e  
expander mandrels were d riven .

D riving records were made in  order to  compare d r iv in g  e n e r g ie s  fo r  th e  
v a r io u s p i l e s .  Comparisons were n e c e s s a r ily  q u a l i t a t iv e ,  due to  the  
d if f e r e n t  hammers and a ir  com pressors th a t were used .

The box piles at the BRS site were driven vertically to within an
accuracy of approximately 1 in 100, based on measurements on the exposed
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le n g th s . The v e r t i c a l  d r iv in g  accuracy o f  th e  cruciform  p i l e s  was worse 
-  approxim ately 1 in  50. T h is was due to  th e  heavy 500N hammer 
d is tu rb in g  th e  alignm ent o f  th e  o u ter  s h e l l s  w ith in  th e  p i l in g  frame 
gu id es during th e  e a r ly  s ta g e s  o f  d r iv in g .

3 .6  P i le  T estin g  System

3 . 6 . 1  In tro d u ctio n
A lOOOkN c a p a c ity  p i l e  t e s t in g  system  was developed . I t s  purpose was 
to  en ab le  th e  e s s e n t ia l  t e n s i l e  load  carry in g  c h a r a c te r is t ic s  o f  th e  
unexpanded and expanded p i l e s  to  be e s ta b lis h e d . The system  was d esign ed  
i n i t i a l l y  fo r  u se  a t  th e  Luton s i t e  and was su bseq u en tly  re fu rb ish ed  and 
improved fo r  u se  a t  th e  BRS s i t e .

The load in g  and measuring equipment i s  d escr ib ed  in  S e c t io n s  3 . 6 . 2  t o
3 . 6 . 5 .  The equipment was e s s e n t ia l l y  th e  same fo r  th e  two s i t e s  -  th e  
f in a l  arrangement used a t  th e  BRS s i t e  i s  d escr ib ed , w ith  any 
d if fe r e n c e s  from th e  Luton s i t e  being n oted . S e c tio n  3 .7  d e sc r ib e s  th e  
s e t t in g  up procedures fo r  p i l e  t e s t s ,  w ith  th e  Luton and BRS s i t e s  being  
d e a lt  w ith  s e p a r a te ly . T est co n tr o l procedures are d escr ib ed  in  S e c tio n
3 ,8  and p i l e  e x tr a c tio n  i s  d escr ib ed  in  S e c tio n  3 .9 .

The o v e r a ll  p i l e  t e s t in g  arrangement a t  th e  BRS s i t e  i s  shown in  F igure  
3.15  and P la te  3 .1 4 .  The p r in c ip a l components are:

(a) ja ck in g  frame, mounted on runway beams
(b) ja ck  crosshead  assem bly
(c )  te n s io n  lin k a g e  assem bly
(d) re fe ren ce  beam

An o v e r a ll  v iew  o f  th e  t e s t in g  arrangement a t  th e  Luton s i t e  i s  shown in  
P la te  3 .1 5 .

3 . 6 . 2  Jacking frame
The 4.4m h igh  ja ck in g  frame was a double *T* arrangement -  th e  same 
b a s ic  frame a s  used fo r  th e p i l in g  frame a t  th e  BRS s i t e .  S e ts  o f  
h o le s  a lon g  th e  frame u p righ ts  r ec e iv ed  th e  crosshead .

At th e  Luton s i t e ,  th e  jack in g  frame was mounted on spreader beams 
r e s t in g  on th e  ground su r fa ce . The frame was maneouvred by crane and by 
crowbar p in ch in g . At th e  BRS s i t e ,  th e  jack in g  frame was f i t t e d  w ith  
w heels and mounted on th e  9m lon g  e le v a te d  runway beams (S e c tio n
3 . 5 . 1 ) .  Adjustment o f  th e  frame on th e  runway beams was ach ieved  by 
u sin g  th e  frame w heels and by crowbar p in ch in g . The ja ck in g  frame cou ld
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e a s i l y  be t i l t e d  by screw ing down th e  a d ju sta b le  w heels a s  req u ired . 
Screw ja ck s were f i t t e d  to  hold  th e  frame in  p o s it io n  i f  so  t i l t e d ,  th e  
w heels then being l i f t e d  c le a r  o f  th e  runway beams. Any gaps between th e  
base o f  th e  jack in g  frame and th e  runway beams were packed w ith  m etal 
shim p r io r  to  p i l e  t e s t in g .

A b lock  and ta c k le  was used fo r  l i f t i n g  th e  crossh ead  assem bly and 
te n s io n  lin k a g e . T his was mounted on a  lig h tw e ig h t  e x te n s io n  frame 
b o lte d  to  th e  top  o f  th e  jack in g  frame. The e x te n s io n  frame provided  
s u f f i c i e n t  headroom fo r  th e crosshead  or o th er  equipment to  be l i f t e d  to  
th e  top  o f  th e  jack in g  frame. At the BRS s i t e  a two le v e l  a c c e ss  
s c a f fo ld  was b u i l t  around th e  jack in g  frame -  t h i s  moved w ith  th e  
ja ck in g  frame as i t  was r o l le d  along th e  runway beams.

3 . 6 . 3  Jack crosshead  assem bly
The jack  crosshead  assem bly i s  shown in  F igure 3 .16  and P la te  3 .16 .  I t  
com prises, in  ascending order:

( a ) crosshead
(b) jack  t i l t i n g  p latform
(c )  h yd rau lic  jack
(d) load  c e l l
(e ) bearing washer

A ll o f  the components in c lu d e a c e n tr a l h o le  to  a llo w  the c e n tr a l  
te n s io n  rod to  pass through th e  assem bly.

3 . 6 . 3 . 1  Crosshead
The crosshead  was fa b r ic a te d  from 300x200mm box s e c t io n .  D r il le d  and 
tapped b lock s welded in s id e  th e ends o f  th e  crosshead  enabled  i t  to  be 
b o lte d  to  th e jack in g  frame columns. The crosshead  was in te r n a l ly  
re in fo r c e d  to  a llow  a c e n tr a l 100mm h o le .  L if t in g  p o in ts  were provided .

3 . 6 . 3 . 2  Jack t i l t i n g  p latform
The t i l t i n g  p latform  enabled  th e jack  to  be a lig n e d  c o a x ia l ly  w ith  a 
p i l e  not in  v e r t i c a l  a lignm ent. I t  com prised a bearing p latform  and a 
t i l t i n g  p l a t e ,  as shown in  F igure 3 .17 .

The bearing p latform  c o n s is te d  o f  two main p la t e s ,  separated  by 
s t i f f e n in g  p la te s  a t  each end and by tube rein forcem ent to  a c e n tr a l  
h o le . A djusting b o lt s  a cted  upwards from th e top  p la te .  The t i l t i n g  
p la t e ,  which was b o lte d  to  th e bottom o f  the h yd rau lic  jack , re s ted  
f r e e ly  on th e a d ju stin g  b o lt s .  Both t i l t i n g  movement and h o r iz o n ta l 
movement was thus p o s s ib le .
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3 . 6 . 3 . 3  H ydraulic ja ck
A lOOOkN c a p a c ity  annular shaped d o u b le -a c tin g  h y d ra u lic  ja ck  was 
em ployed. The ja ck  ram tr a v e l  was 250mm. H ydraulic p ressu re  was su p p lied  
e i t h e r  by a hand pump o r  by a  la r g e  c a p a c ity  e l e c t r i c  pump w ith  v a r ia b le  
flo w  c o n tr o l u n it .  The hand pump was used  to  app ly  load  during th e  p i l e  
t e s t s ,  th e  e l e c t r i c  pump was used whenever la r g e  and rap id  movement o f  
th e  ja ck  ram was req u ired  -  during p i l e  e x tr a c t io n , fo r  exam ple.

3 . 6 . 3 . 4  Load c e l l
The a p p lied  load  was measured w ith  a standard lOOOkN c a p a c ity  annular  
shaped NCB/MRE Type 440 load  c e l l  in  con ju n ction  w ith  a 'Peekel*  
m onitoring gauge capab le o f  measuring th e  load  a p p lied  to  th e  load  c e l l  
w ith in  approxim ately 0.25kN. The load  c e l l  was c a lib r a te d  r e g u la r ly  
throughout th e  p eriod  o f  p i l e  t e s t in g  on h yd rau lic  t e s t  machines a t  
Im peria l C o llege  and BRS.

3 . 6 . 3 . 5  Bearing washer
The b earing  washer was a 200mm d iam eter, 60mm th ic k  c ir c u la r  p la te  
d r i l l e d  and threaded to  r e c e iv e  th e  c e n tr a l te n s io n  rod p a ssin g  up 
through th e  crosshead  assem bly. Upward fo r c e  was ap p lied  to  th e  c e n tr a l  
te n s io n  rod by th e  h yd rau lic  jack  ram a c tin g  a g a in s t  th e  bearing  washer, 
v ia  th e  load  c e l l .  The in h eren t f l e x i b i l i t y  w ith in  th e te n s io n  lin k a g e  
ensured even s e a t in g  between load  c e l l / j a c k  ram p la te n /b e a r in g  washer.

3 . 6 . 4  Tension lin k a g e  assem bly
The te n s io n  lin k a g e  assem bly enabled  t e n s i l e  lo a d s  to  be a p p lied  to  th e  
p i l e  heads. An a d ju sta b le  system  was req u ired , in  order to  d ea l w ith  the  
v a r io u s  p i l e  c o n fig u r a tio n s .

The system  adopted a p p lied  lo a d s to  shear lu g s  welded to  th e  p i l e  
components to  be t e s t e d .  In t h i s  way load  cou ld  co n v en ie n tly  be a p p lied  
to  both  box and cruciform  p i l e s ,  in  any o f  th e  fo llo w in g  c a se s :

(a ) Unexpanded o u ter  s h e l l :  load  was a p p lied  to  th e  to p s o f  th e  four
a n g le  s e c t io n s  forming th e  o u ter  s h e l l .

(b ) Expanded p i l e :  load  was a p p lied  to  th e  to p s o f  th e  four separated  
a n g le  s e c t io n s  o f  th e  expanded o u ter  s h e l l ,  th e  a n g les  c o n s t itu t in g  
th e  v e r t i c a l  load  carry in g  elem ents o f  th e  p i l e .

(c )  Expander mandrel: load  was a p p lied  to  th e  top  o f  th e  expander 
mandrel. The measurement o f  th e  fo rce  req u ired  to  ja ck  th e  expander 
mandrel r e la t iv e  to  th e  o u ter  s h e l l  can provide u se fu l in form ation
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regarding th e  h o r iz o n ta l fo r c e s  generated  on expansion  o f  th e  p i l e .  
The a b i l i t y  to  ja ck  out th e  expander mandrel from th e  o u ter  s h e l l  
a ls o  enabled  expander mandrels to  be ex tra c te d  and then  swopped 
between o u ter  s h e l l s .

The shear lu g s  w elded a t  th e  top s o f  th e  p i l e  components were 
d escr ib ed  in  S e c tio n s  3 .2  and 3 . 3 .  The te n s io n  lin k a g e  assem bly i s  
shown in  F igure 3 .18 .  I t  com prises:

(a ) c e n tr a l te n s io n  rod
(b) load in g  box, fe a tu r in g  b o lted  load in g  b lock s

3 . 6 . 4 . 1  C entral te n s io n  rod
The c e n tr a l te n s io n  rod was a 50mm diam eter h igh  t e n s i l e  s t e e l  rod, 1.8m 
long and threaded a t  both ends. I t  connected  th e  load in g  box to  th e  
bearing washer o f  th e  jack  crosshead assem bly.

3 . 6 . 4 . 2  Loading box
Figure 3.18  shows an iso m etr ic  view  o f  th e  lo a d in g  box which was 
co n stru cted  from 300x200mm box s e c t io n ,  th e  in te r n a l dim ensions o f  t h is  
s e c t io n  being s u f f i c i e n t  to  c le a r  th e la r g e s t  expanded p i l e .  A b lock , 
c e n tr a l ly  d r i l le d  and threaded, was welded in to  th e  top  o f  the load in g  
box. T his b lock  rec e iv ed  th e  c e n tr a l te n s io n  rod.

At th e bottom o f  th e  load ing box were two b o lte d  load in g  b lock  
a sse m b lies . These c o n s is te d  o f  d r i l l e d  and threaded rectan gu lar  b lock s  
mounted on p la t e s .  The p la te s  were b o lted  a g a in st  th e  s id e  o f  th e  
load in g  box, the rec ta n g u la r  b lock s p assin g  through matching s l o t s .  The 
b o lted  l i f t i n g  b lock s overlapped beneath th e  shear lu g s  welded to  th e  
o u ter  s h e l l s  o f  the p i l e s  -  or to  th e expander mandrels -  and provided  
th e te n s io n  lin k a g e  to  the p i l e  when th e load in g  box was jacked  
upwards. D i f f e r e n t l y  s iz e d  b lock s and packing p ie c e s  were used to  d ea l 
w ith  the v a r io u s ly  s iz e d  unexpanded and expanded p i l e s .

D e ta ils  o f  the load in g  box are shown in  F igure 3 .19 .  The procedures fo r  
mounting th e load in g  box on the p i l e  are d escr ib ed  in  S e c tio n  3 .7 .

3 . 6 . 5  R eference beam arrangement
The referen ce  beam arrangement i s  shown in  Figure 3 .2 0 .  The referen ce  
beam comprised a 5m long tu b u lar s t e e l  s e c t io n  supported by 2m long  
tu b ular s t e e l  p i l e s  d r iven  1.5m in to  th e ground. One end o f  the beam was 
mounted w ith in  a channel gu ide to  perm it fr e e  expansion  and c o n tr a c tio n .  
The re feren ce  beam supports were p o s it io n e d  a t  l e a s t  2m from the p i l e  
being te s te d  (Weltman, 1980).
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P i le  d e f le c t io n  was measured by lon g  tr a v e l  d ia l  gauge ex ten so m eters . 
Two gauges were used , c a n t ile v e r e d  from th e  re fe ren ce  beam u sin g  
lig h tw e ig h t  e x te n s io n s  and f ix e d  so  th a t  th e  p lu n gers were p a r a l l e l  to  
th e  p i l e  a x is .  The d ia l  gauge p lu n gers impinged onto s t e e l  r e fe r e n c e  
p la te s  ta ck  welded to  two d ia m e tr ic a lly  opposed o u ter  s h e l l  a n g le s . The 
p la te s  were mounted perpend icu lar to  th e  p i l e  a x is  and th e  d ia l  gauge 
p lu n gers were s e t  e q u id is ta n t  from th e  p i l e  (P la te  3 . 1 7 ) .  The d ia l  
gauges were graduated a t  0.01mm in te r v a ls ;  one r e v o lu tio n  o f  th e  gauge 
rep resen ted  1mm movement. The re fe r e n c e  beam system  was p ro tec ted  
a g a in s t  th e  d ir e c t  in f lu e n c e  o f  s u n lig h t ,  wind and ra in  by th e  p resen ce  
o f  th e  runway beams and jack in g  frame, and by ta r p a u lin  c o v e r s .

In some o f  th e  e a r ly  t e s t s  a t  th e  Luton s i t e ,  an e le v a te d  r e fe ren ce  beam 
was u sed , th e  d ia l  gauges im pinging a g a in s t  th e  top  o f  th e  p i l e  load in g  
box (P la te  3 . 1 5 ) .

3 .7  S e t t in g  Up fo r  P i le  T ests

T his S e c t io n  b r ie f ly  d e sc r ib e s  th e  procedures fo r  s e t t in g  up th e  ja ck in g  
system  and te n s io n  lin k a g e  p r io r  to  p i l e  t e s t in g .  There were two 
requirem ents to  be met:

(a) th e  p i l e ,  te n s io n  lin k a g e , and ja ck  to  be a lig n e d  c o a x ia l ly
(b) th e  l i f t i n g  b lock s to  bear ev en ly  a g a in s t  th e  shear lu g s .

The e a se  w ith  which th e  jack in g  system  cou ld  be s e t  up s u c c e s fu l ly  
depended on th e  v e r t i c a l i t y  o f  th e  p i l e  to  be t e s te d  and th e  in h eren t  
f l e x i b i l i t y  o f  th e  t e s t in g  system .

3 . 7 . 1  Procedure a t  Luton s i t e
At th e Luton s i t e ,  a l l  the p i l e s  were d riven  v e r t i c a l l y  to  w ith in  an 
accuracy o f  approxim ately 1 in  100. For the purposes o f  p i l e  t e s t in g ,  
th e  p i l e s  and the jack in g  frame were assumed to  a c t  v e r t i c a l l y .  
F l e x ib i l i t y  w ith in  th e  jack in g  system  was r e la t iv e ly  h igh , w ith  th e  
spreader beams fr e e  to  rea d ju st s l i g h t l y  under lo a d , and s o i l - p i l e  
s t i f f n e s s  being r e la t iv e ly  low. The p i l e s  were being used fo r  th e  
f i r s t  tim e -  during fa b r ic a t io n  o f  th e  o u ter  s h e l l s  th e  four sh ear lu g s  
were c o r r e c t ly  a lig n e d  and welded a f t e r  th e  ou ter  s h e l l  had been f ix e d  
to g e th e r  as one.

The procedure fo r  s e t t in g  up was a s  fo llo w s  (r e fe r  to  F igures 3 .15  -
3 .1 9 ) :
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(a) The load in g  box was lowered to  r e s t  on top  o f  th e  p i l e  to  be 
t e s t e d .

(b) The appropriate l i f t i n g  b lock s were b o lted  in  p o s it io n .

(c )  The jack in g  frame, w ith  crosshead  and ja ck , was l i f t e d  in to  
p o s it io n  on th e  spreader beams, above the p i l e  to  be te s te d .  The 
t i l t i n g  p latform  was not used.

(d) The jack in g  frame was pinched in to  p o s it io n  c e n tr a l ly  over the p i l e  
and load ing  box. The c e n tr a l te n s io n  rod was passed  down through  
th e  jack  and crosshead  and screwed in to  th e load in g  box.

(e )  The load  c e l l  was mounted c e n tr a l ly  on top  o f  th e  jack  ram p la te n .

( f ) The bearing washer was screwed in to  p la ce  on the upstanding c e n tr a l  
te n s io n  rod.

(g) S lack  in  the system  was taken up by r a is in g  th e jack,  with the  
te n s io n  lin k age suspended, u n t i l  th e  l i f t i n g  b lock s and shear lu g s  
were w ith in  a few m illim e tr e s  o f  each o th er .

(h) F in a l adjustm ents were made by p inch ing the jack in g  frame u n t i l  the  
load in g  box was c e n tr a l over the p i l e .  The jack in g  system  was then  
ready fo r  u se .

3 . 7 . 2  Procedure a t  BRS s i t e
The box p i l e s  a t  th e  BRS s i t e  were d riven  v e r t i c a l ly  to  w ith in  an 
accuracy o f  approxim ately 1 in  100, the cruciform  p i l e s  to w i th in  an 
accuracy o f  approxim ately 1 in  50. At the BRS s i t e ,  f l e x i b i l i t y  w ith in  
th e  t e s t in g  system  was low er than a t  th e  Luton s i t e ,  with  the runway 
beams r e s t in g  on s t i f f  foundation  pads and s o i l - p i l e  s t i f f n e s s  being  
r e la t iv e ly  h igh . There were in e v ita b ly  s l i g h t  m isalignm ents o f  the shear  
lu g s  on th e ou ter s h e l l s ,  a r is in g  from p i l e  reassem bly.

At f i r s t ,  the same s e t t in g  up procedure as a t  the Luton s i t e  was 
adopted. Problems were encountered in  s e t t in g  up the load in g  box 
c o a x ia l ly  and g e t t in g  th e  l i f t i n g  b lock s to  a c t  ev en ly , p a r t ic u la r ly  in  
the ca se  o f  the cruciform  p i l e s .  These problems were d e a lt  with  by means 
o f  the jack  t i l t i n g  p latform , and by a change in  procedure. The new 
s e t t in g  up procedure th a t was adopted i s  d escrib ed  below ( r e f e r  to  
F igures 3.15 to  3 . 1 9 ) .
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Jack ing frame:
(a ) A mounting sp in d le  assem bly was f ix e d  c e n tr a l ly  on top  o f  th e  p i l e  

to  be t e s t e d  (F igure 3 . 2 1 ) .  The sp in d le  f i t t e d  c l o s e l y  w ith in  th e  
c e n tr a l threaded h o le  a t  th e  top  o f  th e  load in g  box.

(b) The load in g  box was lowered on to  th e  top  o f  th e  p i l e ,  being h eld  
c e n t r a l ly  by th e  mounting sp in d le .

(c )  The l i f t i n g  b lock s were b o lted  in to  p o s it io n .

(d) With th e  lo a d in g  box h eld  c o a x ia l ly  by th e  mounting sp in d le , th e  
lo a d in g  box was l i f t e d  u n t i l  th e  l i f t i n g  b lock s and shear lu g s  
engaged. The se a t in g  between th e  two cou ld  be observed through  
o b serv a tio n  h o le s .  Any gaps between th e  shear lu g s  and th e  l i f t i n g  
b lo ck s were packed w ith  s t e e l  shim.

(e )  The load in g  box was h eld  t i g h t ly  in  p o s it io n  w ith  ta ck  welded an g le  
s e c t io n  (F igure 3 .19 ,  P la te  3 . 1 7 ) ,  and the sp in d le  was removed.

T ension lin k age:
(a ) The jack in g  frame, w ith  crosshead  and t i l t i n g  p latform  in  p o s it io n ,  

was r o l le d / j a c k e d / t i l t e d  in to  p o s it io n  above th e  p i l e  to  be t e s te d  
such th a t th e  requ ired  f in a l  adjustm ent o f  ja ck  alignm ent was 
w ith in  th e  adjustm ent to le r a n c e  o f  th e  t i l t i n g  p la tform .

(b) The c e n tr a l te n s io n  rod was p assed  down through th e  c lea ra n ce  h o le  
in  th e  crosshead  and t i l t i n g  p la tform  and screwed in to  th e  c e n tr a l  
h o le  in  th e top  o f  the load in g  box.

(c )  The h yd rau lic  jack  was lowered onto th e  upstanding c e n tr a l te n s io n  
rod. The t i l t i n g  p latform  was then  used to  a l ig n  th e  ja ck  c o a x ia l ly  
w ith  th e rod. There was s u f f i c i e n t  c lea ra n ce  between th e  rod and 
th e  h o le  to  be ab le  to  do t h is  by ey e .

(d) The load  c e l l  was mounted c e n tr a l ly  on top o f  th e  ja ck  ram p la te n .

(e )  The bearing washer was screwed in to  p o s it io n .

( f ) S lack  in  th e  system  was taken up by r a is in g  th e  ja ck  ram u n t i l  th e  
load  c e l l  was w ith in  a few m illim e tr e s  o f  th e  b earing  w asher. The 
ja ck in g  system  was then ready fo r  u se .
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3.8 Tesl C onsol

W  r ;\e  u s ^ o j  -Ha€  h g d k o u l lc  '^ d <  Oo,s  ccUieueW 
by means o f  th e  hand pump. Time, lo a d , and d isp lacem ent o f  th e  p i l e  were 
recorded by hand.

The t e s t  c o n tr o l system  was e s s e n t ia l ly  th e  same a s  th a t  used fo r  the  
Im perial C o lleg e  instrum ented p i l e  t e s te d  a t  th e  BRE London C lay t e s t  
s i t e  a t  Canons Park, M iddlesex (Bond, 1989).  In th e se  t e s t s ,  p i l e  load  
and d e f le c t io n  were a ls o  co n tin u o u sly  logged  by means o f  e l e c t r i c a l  
tran sd u cers and a computer lo g g in g  system . P i l e  t e s t  lo g g in g  d ata  from 
th e  Canons Park programme are shown in  Appendix 3 . 2 ,  to  in d ic a te  the  
t y p ic a l  accuracy o f  t e s t  c o n tr o l u sin g  th e hand jack .

3 .9  P i le  E xtraction

P i le s  were e x tr a c te d  in  two s ta g e s  -  i n i t i a l l y  by ja ck in g , and then  by 
l i f t i n g  w ith  a  crane. Expanded p i l e s  were u su a lly  e x tr a c te d  as one by 
p u llin g  on th e  o u ter  s h e l l .  Unexpanded p i l e s  were ex tr a c te d  in  th e  same 
way. I t  was a ls o  p o s s ib le  to  e x tr a c t  an expander mandrel from w ith in  an 
ou ter  s h e l l  i f  req u ired . The e x tr a c tio n  procedures are o u t lin e d  below.

(a) Jacking:
The p i l e  ja ck in g  system  was used (S e c tio n  3 . 6 . 3 . 3 )  The h yd rau lic  
ja ck  was connected  to  th e  e l e c t r i c  pump to  en ab le e x tr a c tio n  to  
take p la ce  q u ick ly  and e a s i ly .

The p i l e  was e x tr a c te d  in  a s e r ie s  o f  jack  'p u sh es’ , th e  jack  
crosshead  assem bly being advanced fo r  each push. The jack  ram was 
f u l ly  extended a t  each push and was then  r e tr a c te d , a llo w in g  the  
crosshead  assem bly to  be moved up to  th e  next s e t  o f  mounting h o le s  
ready fo r  th e n ex t push. The maximum ap p lied  load  during each push 
was recorded.

Jacking continued  u n t i l  th e  ap p lied  load  was s a f e ly  w ith in  the  
c a p a c ity  o f  th e  crane being used . The crosshead was g e n e r a lly  near 
th e  top  o f  th e  ja ck in g  frame a t  t h is  s ta g e .

(b) L if t in g  c le a r  by crane:
The crosshead  assem bly and ex ten s io n  frame were removed. L i f t i n g  
s l in g s  were a ttach ed  to  th e  p i l e ,  and i t  was p u lled  from th e ground 
and l i f t e d  c le a r .
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OUTER SHELL/DRIVING MANDREL
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Figure 3.1 Box pile: general arrangement
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(a) TOP OF OUTER SHELL

(c) DRIVING MANDREL 

PACKING STRIPS

Figure 3.2 Box pile: details of outer shell
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Figure 3.3 Box pile: details of driving shoe
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Figure 3.4 Box pile: expander mandrel nose fabrication
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(a) OVERALL ARRANGEMENT

(b) INTERNAL CONNECTION
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Figure 3.5 Box pile: details of expander mandrel nose
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top of angles chamfered
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Figure 3.7 Cruciform pile: details of outer shell
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Figure 3.8 Cruciform pile: details of expander mandrel

84



Box segments bent elastically to 
give approximately cubic profile
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down to give approximately parabolic profile

Figure 3 .9  D e ta ils  o f  expander mandrel nose p r o f i le s
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PLAN VIEW

EXPLODED VIEW

s t u d s  l o c a t e  
in l a r g e  h o l e s

Figure 3.11 BRS piling frame: details of angle guides

87



Two-piece 
driving cap

spigot locates inside 
driving mandrel

angle sections welded 
to lower plate locate 
inside expander mandrel

EXPLODED VIEW

expander mandrel

driving mandrel

driving

Figure 3.12 Details of pile driving helmets
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SECTION 1-1

ARRANGEMENT FOR BOX PILE

(outer shell shown)

driving cap interlocks  
with hammer body 
stub legs

SECTION 2-2

legs formed from 
angle section

20mm dia. bol ts 
with nylon insert nuts

ARRANGEMENT FOR 

CRUCIFORM 

EXPANDER MANDREL

09m long box sections 
bolted to pile

driving cap not used

second set of bolt grips 
used at top of legs

Figure 3.13 Details of PH5 hammer leg guides



hammer body

driving cap

guides,bolted to 
guide holder plate

hammer leg

pile

ARRANGEMENT FOR BOX PILE  

(outer shell shown)

SECTION 1-1

guides bolted 
to holder plates

guides formed from 
a n g le / f la t  section

ARRANGEMENT FOR 

CRUCIFORM PILE

(outer shell shown)

spacer blocKs 
welded to pile

driving cap 
not used

Figure 3.14 Details of 500N hammer leg guides
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Figure 3.15 Pile testing arrangement at BRS site
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Figure 3.16 Jack crosshead: general arrangement
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Figure
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.17 D e ta ils  o f  t i l t i n g  p latform
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Figure 3.18 Tension linkage: overall arrangement
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central tension rod

TOP-VIEW - 
BOX PILE

Figure 3.19 Details of loading box

TOP VIEW- 
CRUCIFORM PILE
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H ---- Cruciform pile

Dial gauges 
cantilevered from 
reference beam on 
lightweight extensions

o

Channel guide to permit 
fred expansion and contraction

Reference beam supports 
driven 1.5m into ground

Figure 3 .20  R eference beam arrangement



BOX WEDGE-PILE

plate welded 
centrally at top of 
expander mandrel

expander mandrel

CRUCIFORM WEDGE-PILE

Figure 3.21 Details of centering spindles
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CHAPTER 4
INVESTIGATIONS AT LUTON SITE

4 .1  In trod u ction

T his Chapter rep o rts  in v e s t ig a t io n s  undertaken in  a h ig h ly  w eathered  
ch a lk  p r o f i l e  a t  a  s i t e  near* Luton in  B ed ford sh ire . The in v e s t ig a t io n s  
were cen tred  on a programme o f  t e s t s  on expanded and unexpanded s t e e l  
w e d g e -p ile s , c a rr ied  ou t over a p eriod  o f  n ea r ly  a year. The p i l e s  have 
been d escr ib ed  in  Chapter 3 . In  con ju n ction  w ith  th e  p i l e  t e s t s ,  i n - s i t u  
s o i l  t e s t s  were performed w ith  a v a r ie ty  o f  in stru m en ts. These in clud ed  
t e s t s  w ith  pressurem eter type d e v ic e s , made in  order to  in v e s t ig a te  th e  
l im it in g  r a d ia l s t r e s s e s  a v a ila b le  upon expansion  in to  th e ch a lk . 
Shearbox t e s t s  were performed in  order to  determ ine th e l i k e l y  
f r ic t io n a l  behaviour between th e  p i l e s  and th e  ch a lk .

Chalk e x h ib it s  ra th er  unusual en g in eerin g  p r o p e r t ie s . In S e c tio n  4 .2  
some background i s  g iv en  to  th e  behaviour o f  d riven  p i l e s  in  ch a lk  and 
th e behaviour o f  carbonate sed im ents in  g en era l.

General d e t a i l s  o f  th e  t e s t  s i t e  are g iv en  in  S ec tio n  4 .3 .  In S ec tio n  
4 .4 ,  th e  r e s u lt s  o f  th e  i n - s i t u  t e s t s  and shearbox t e s t s  are p resen ted . 
D e ta ils  o f  th e  c o n fig u r a tio n s  o f  th e  p i l e s  t e s te d  a t  th e  Luton s i t e  are  
g iven  in  S ec tio n  4 .5 .  D riv ing  in form ation  i s  d e a lt  w ith  in  S e c tio n  4 .6 .  
The r e s u l t s  o f  th e  p i l e  t e s t in g  programme are g iv en  in  S ec tio n  4 .7 ,  w ith  
th e  main p o in ts  o f  in t e r e s t  being  summarised in  S e c tio n  4 .8 .

The r e s u l t s  o f  th e  in v e s t ig a t io n s  a t  th e  Luton s i t e  are d isc u sse d  in  
Chapter 11.

4 .2  D riven P i le s  in  Chalk: Background 

4 .2 .1  Com position o f  ch alk
E n glish  chalk  was d ep o sited  in  a calm, warm, open sea  environm ent. I t  i s  
composed alm ost e n t ir e ly  o f  th e  remains o f  animal and p la n t  l i f e .  
The c o n s t itu e n t  p a r t ic le s  o f  ty p ic a l  ch a lk s c o n s is t  alm ost e x c lu s iv e ly  
o f  c a l c i t e  ( rhombohedral ca lcium  carbonate -  CaC03 ).

For typical soft white chalks, particle size analyses generally show a
marked separation into a finer and a coarser fraction (Higginbottom,
1965; Clayton, 1983).
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The f in e r  m atrix  m a ter ia l i s  formed from c o c c o l i t h s .  These are  
m inute ca lca reo u s  b od ies th a t  formed p art o f  th e  sk e le to n  o f  th e  
p la n k to n ic  marine a lg a e  Haptophyceae. T his m atrix  m a ter ia l commonly 
accou n ts fo r  70% or more o f  a  t y p ic a l  sample and l i e s  w ith in  th e  
p a r t ic l e  s i z e  range 0 .5  to  4 m icron. The m atrix  m a ter ia l was th u s  
d e p o s ite d  a s  a  f in e  lim e mud, now g e n e r a lly  r e fe r r e d  to  a s  m ic r ite  -  a  
c o n tr a c tio n  o f  m ic r o c r y s ta llin e  c a l c i t e  (Fookes, 1988). The c o c c o lith s  
th em selves are  composed o f  a  la r g e  number o f  overlap p ing  c a l c i t e  
c r y s t a ls .  A fte r  d is in te g r a t io n  o f  th e  c o c c o l ith ,  th e se  c r y s t a ls  appear 
to  form th e  f in e s t  m a ter ia l norm ally  p resen t.

The co a rser  f r a c t io n , t y p ic a l ly  form ing 20 to  30% o f  th e  m a ter ia l 
p r e se n t , i s  m ainly w ith in  th e  range 10 to  100 m icron, e q u iv a le n t to  a  
co a rse  s i l t .  I t  co n ta in s  m a ter ia l from th e  s k e le to n s  o f  m icro-organism s  
o f  th e  order Foram inifera and s h e l l  d eb r is  d er iv ed  from o th er  se a  
c r e a tu r e s .

In  B r ita in  th e  Chalk has been d iv id ed  by g e o lo g is t s  in to  th ree  broad 
d iv is io n s  by means o f  w e ll-d e f in e d  marker h o r iz o n s . These broad 
d iv is io n s  are termed Upper, M iddle, and Lower Chalk. These d iv is io n s  are  
fu r th er  su b -d iv id ed  on th e  b a s is  o f  d i s t in c t iv e  f o s s i l s .  Hobbs (1976) 
d is t in g u is h e s  f iv e  typ es o f  ch a lk , w ith in  th e  th ree  main d iv is io n s ,  
based on t h e ir  d if f e r e n t  en g in eer in g  p r o p e r tie s .

The most unusual fea tu re  o f  E n g lish  Chalks i s  t h e ir  g e n e r a lly  h igh  
p o r o s ity ,  o f  up to  50% (C layton , 1983). T his i s  a s so c ia te d  w ith  a la ck  
o f  r e o r g a n isa tio n  o f  th e  c o n s t itu e n t  p a r t ic l e s  and an absence o f  
s tr u c tu r e s  su g g estin g  dew atering o r  com pression. These c h a r a c te r is t ic s  
are g e n e r a lly  a ttr ib u te d  to  h igh  i n i t i a l  p o r o s ity  during d e p o s it io n ,  
fo llo w ed  by e a r ly  cem enting. T h is i s  supported by th e  f a c t  th a t s o f t  
ch a lk s can be found w ith  n a tu ra l w ater co n ten ts  in  e x c e ss  o f  t h e ir  
remoulded l iq u id  l im it s .  Uncemented, such a s tr u c tu r e  cou ld  not have 
su rv ived  even modest overburden p ressu r es .

The in terg ra n u la r  sp aces o f  ch a lk  have not norm ally been f i l l e d  w ith  any 
cem enting medium. I t  seems l i k e l y  th a t on ly  m inute q u a n t it ie s  o f  cement 
are p resen t ( i b i d . ) .

Superimposed on th e  e f f e c t s  o f  d ia g e n e s is  are th e  e f f e c t s  o f  w eathering . 
The main e f f e c t  i s  a  d ecrease  in  s t i f f n e s s  and str e n g th  o f  th e  ch a lk  
mass due to  an in cr ea se  in  th e  number and openness o f  f i s s u r e s  and 
fr a c tu r e s  (Ward e t  a l , 1968). T h is e f f e c t  in c r e a se s  w ith  prox im ity  to  
th e  ground su r fa ce , t h i s  being g e n e r a lly  a ttr ib u te d  to  ic e  a c t io n . Near
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th e su r fa c e , sev ere  f r o s t  sh a tte r in g  can occu r, due to  th e  
s u s c e p t ib i l i t y  o f  ch alk  to  f r o s t  heave. Apart from th e  in - s i t u  products  
o f  ic e  a c t io n , tran sported  products o f  t h i s  p ro cess  have accum ulated by 
s o l i f l u c t io n  (H igginbottom , 1965).

Ward e t  a l  (1968 ), in  con n ection  w ith  in v e s t ig a t io n s  fo r  th e  proposed  
CERN s i t e  a t  Mundford, N orfo lk , made am en g in eer in g  c l a s s i f i c a t i o n  o f  
th e  ch alk  a t  t h i s  s i t e  based on th e  fr a c tu re  o r  f is s u r e  c h a r a c te r is t ic s  
and th e  s tren g th  o f  th e  in ta c t  ch a lk . T his scheme i s  now used g e n e r a lly  
as th e b a s is  fo r  d e sc r ip t io n  o f  ch a lk , and fo r  c o r r e la t in g  the r e s u l t s  
o f  i n - s i t u  t e s t s  such as  th e  SPT and CPT.

Because th e n a tu ra l m oisture co n ten t o f  ch a lk  w i l l  norm ally l i e  h igh  in  
th e  p la s t i c  range, remoulding can cause th e  form ation o f  a ch alk  s lu r r y ,  
o fte n  r e fe rred  to  as 'putty* ch a lk . The behaviour o f  such m ater ia l i s  
s im ila r  in  some r e sp e c ts  to  th a t o f  'quick* c la y s ,  a s  remoulding le a d s  
to  an alm ost t o t a l  lo s s  o f  s tr e n g th . Remoulding can be caused by n a tu ra l 
m echanical d istu rb an ce , a s in  w eathering and s o l i f l u c t io n  p ro cesse s ; or  
a r t i f i c i a l l y ,  as in  b orin g , sam pling and p i l e  d r iv in g .

4 .2 .2  D riven p i l e s  in  chalk
The behaviour o f  p i l e s  in s t a l le d  in  chalk  i s  e x te n s iv e ly  reported  in  
CIRIA P i l in g  Development Group Report SP12 'P i l in g  in  c h a lk ’ (Hobbs and 
H ealy, 1979) and in  th e  p roceedings o f  two ICE symposia -  'Chalk in  
earthworks and fo u n d a tio n s’ (1965) and 'P i le s  in  weak ro ck ’ (1 9 7 6 ).

These sou rces o f  in form ation  are based on work on land , in  England. They 
predate th e  e x te n s iv e  recen t research  on carbonate s o i l s  o u tlin e d  in  th e  
next S e c t io n . They are im portant, however, because th ey  co n ta in  a la r g e  
amount o f  w e ll documented p i l e  t e s t  d a ta , h ig h lig h t  th e p a r t i c u l a r  

problems o f  variou s typ es o f  p i l e s  in  ch a lk , and s e t  out the beginn ings  
o f  an e f f e c t i v e  s t r e s s  d es ig n  approach.

C onventional d riven  p i l e s  in  ch alk  are c h a ra c te r ised  by u n p red ictab le  
behaviour and g e n e r a lly  low s h a ft  r e s is ta n c e s ,  in  comparison to  p i l e s  in  
oth er  s o i l s .  The reason fo r  t h i s  i s  g e n e r a lly  agreed to  be the  
s e n s i t i v i t y  o f  such p i l e s  to  in s t a l la t io n  e f f e c t s  (Tom linson, 1976). 
I n s t a l la t io n  e f f e c t s  a s so c ia te d  w ith  p i l e s  in s t a l le d  in  ch alk  are 
d iscu sse d  below.

P i le  t e s t  r e s u lt s  reported  by Hobbs and Healy (1979) fo r  pre-form ed  
p i l e s  o f  d if f e r e n t  ty p es in s t a l le d  in  chalk  su g g est th a t th e  dominant 
fa c to r  in  determ ining u lt im a te  s h a ft  r e s is ta n c e  i s  th e  r a d ia l e f f e c t iv e  
s t r e s s  generated  by in s t a l la t io n  o f  th e  p i l e .  The r a d ia l e f f e c t iv e

100



s t r e s s  gen erated  i s  a fu n c tio n  o f  th e  vo lu m etr ic  d isp lacem ent o f  th e  
p i l e ,  and th e  response o f  th e  s o i l .

I t  i s  g e n e r a lly  accep ted  th a t  d r iv in g  a  pre-form ed p i l e  in to  in ta c t  
ch a lk , in  w hich th e  w ater co n ten t i s  g e n e r a lly  near to  th e  l iq u id  l i m i t ,  
produces a s le e v e  o f  crushed and remoulded ch a lk  around th e  p i l e  during  
d r iv in g . T h is zone o f  m a ter ia l has a  dominant in f lu e n c e  on th e  
f r ic t io n a l  resp on se o f  th e  p i l e  s h a ft  under lo a d . A key fe a tu r e  i s  th e  
a b i l i t y  o f  th e  ch a lk  mass surrounding th e  p i l e  to  arch  around t h i s  zone, 
such th a t in - s i t u  s t r e s s e s  are n ot tran sm itted  through i t  on to  th e  
p i l e .  C onsequently, s h a ft  r e s is ta n c e s  fo r  pre-form ed p i l e s  are  o f te n  not 
very  s e n s i t iv e  to  ch a lk  depth  or  grade (Lord 1976). I t  i s  thought th a t  
p i l e s  d r iven  in to  weathered ch a lk  may behave d i f f e r e n t ly .  During 
d r iv in g , th e  weathered ch a lk  might a llo w  passage o f  th e  p i l e  by a c t in g  
a s  a granular m a te r ia l, or  open f i s s u r e s  might a llo w  freedom fo r  la t e r a l  
movement (Hobbs and H ealy, 1979; M allard, 1980).

I t  i s  a ls o  g e n e r a lly  accep ted  th a t  th e  crush ing  a c t io n  caused by dynamic 
p i l e  d r iv in g  g en era te s  p o s i t iv e  pore w ater p ressu r es  which co n sid era b ly  
reduce s h a ft  f r i c t io n  during d r iv in g . Evidence fo r  pore p ressu re  
g en era tion  i s  e s s e n t ia l l y  from p i l e  d r iv in g  reco rd s. Pauses in  p i l e  
d r iv in g  in  ch a lk  have been found to  cause temporary in c r e a se s  in  d r iv in g  
r e s is ta n c e , commonly known as ' s o i l  s e t -u p ’ or  'p i l e  f r e e z e ’ ( E l l i s ,  
1965; F r y e tt , 1976; V ijay v erg iy a  e t  a l  1977, 1978). The p o s i t iv e  pore
p ressu res  generated  during d r iv in g  are d is s ip a te d  ra p id ly  (Hobbs and 
H ealy, 1979). Palmer (1965) rep o rts  a  ca se  o f  a  German bomb which  
managed to  p en etra te  more than 50 f e e t  in to  ch a lk , but which  
subsequently  req u ired  e x te n s iv e  work w ith  pneumatic t o o ls  over th e  whole 
o f  t h is  le n g th  to  e x tr a c t .  In c o n tr a s t  to  d riven  p i l e s ,  Hodges and 
Pink (1971 ), in v e s t ig a t in g  p i l e s  s lo w ly  jacked  in to  weak ch a lk , reported  
low er sh a ft  lo a d s  under t e s t  than jack in g  load s recorded during  
in s t a l la t i o n .

Hobbs and H ealy (1979) rep ort s h a ft  r e s is ta n c e s  fo r  v a r io u s p i l e  ty p es  
in  ch alk . C onsiderab ly  h igh er s h a ft  r e s is ta n c e s  are reported  fo r  d riven  
c a s t -  in -p la c e  p i l e s  o f  the F ra n k ip ile  type than fo r  pre-form ed d riven  
p i l e s .  These h igh  s h a ft  r e s is ta n c e s  are a ttr ib u te d  m ainly to  th e  
compacting a c t io n  o f  th e  p i l e  in s t a l la t io n  method e x e r tin g  p ressu re  on 
th e  ch alk . S h aft r e s is ta n c e s  reported  fo r  la r g e  d isp lacem ent d riven  
p i l e s  are h ig h er  than th o se  fo r  sm all d isp lacem ent d riven  p i l e s .

4 .2 .3  Recent advances in  th e  understanding o f  carbonate s o i l s
In th e l a s t  few y ears very  e x te n s iv e  research  has le d  to  much g r e a te r
understanding o f  th e  behaviour o f  carbonate s o i l s .  T his has come about
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because o f  problems a s so c ia te d  w ith  o ffsh o r e  o i l  and gas p la tform  
foundations co n stru cted  in  such m a te r ia ls . The surge in  resea rch  
a c t iv i t y  culm inated in  an in te r n a t io n a l con ference in  P erth , A u s tr a lia ,  
devoted  e n t ir e ly  to  th e  su b je c t:  'E ngineering fo r  C alcareous Sed im ents’ 
(J ew e ll and Andrews, 1988). The proceed in gs o f  t h i s  con feren ce  rep resen t  
th e  s t a t e - o f -  th e -a r t  on carbonate s o i l s .

Carbonate sed im ents in  o ffsh o r e  d es ig n  and c o n str u c tio n  were f i r s t  
encountered in  th e Arabian G ulf in  the 1960’s .  The f i r s t  awakening to  
unusual behaviour was when p i l e s  were observed to  ' f r e e - f a l l ’ during  
d r iv in g  (s im ila r  behaviour to  th a t  o f  th e  bomb mentioned e a r l i e r ) .  
Further problems w ith  f r e e - f a l l in g  p i l e s  and very  low s h a ft  c a p a c i t ie s  
in  comparison w ith  d es ig n  p r e d ic t io n s  occurred during p r o je c ts  o f f  
A u str a lia , P h ilip p in e s  and B r a z i l .  These problems were g e n e r a lly  
overcome by em ploying exp en sive  d r i l l e d  and grouted p i l e  system s, or by 
making use o f  h igh  end bearing when a v a ila b le  (M cC lelland, 1988).

The in s t a l la t io n  o f  th e  North Rankin stru c tu re  on th e  Northwest S h e lf  
o f  A u str a lia  added a new dim ension to  th e  problem. D esp ite  e x te n s iv e  
s i t e  in v e s t ig a t io n  beforehand, when in s t a l le d  th e  la r g e  72inch  diam eter  
d riven  p i l e s  f a i l e d  to  meet d esig n  requirem ents fo r  a x ia l  load  carry in g  
c a p a c ity . The problems on t h i s  p r o je c t  in  p a r t ic u la r  prompted th e huge 
amount o f  recen t research  which has in vo lved  g e o lo g is t s  and carbonate  
sed im e n to lo g is ts  as w e ll a s s o i l s  en g in eers  ( i b i d . ) .

A b r ie f  summary o f  some o f  th e  im portant a sp e c ts  o f  carbonate s o i l  
behaviour i s  g iv en  below.

By d e f in it io n ,  carbonate s o i l s  com prise over 50% carbonate m in era ls . The 
most common m ineral i s  calcium  carbonate CaC03 , which i s  th e  p r in c ip a l  
component o f  lim esto n e . Because o f  t h i s ,  the d e sc r ip to r  'c a lc a r e o u s ’ i s  
o fte n  used to  d e scr ib e  carbonate s o i l s .  T his i s  not s t r i c t l y  co r r e c t  
(Fookes, 1988).

Carbonate sed im ents are formed in  many marine environm ents. The lo c a t io n  
o f  th e ir  g r e a te s t  abundance i s  on th e  f lo o r  o f  tr o p ic a l  marine s e a s .  
Carbonate m inerals p r e c ip ita te  from carbonate r ic h  seaw ater by 
b io lo g ic a l  or chem ical p r o c e sse s , and accum ulate in  many ways, fo r  
example by s k e le t a l  remains or in organ ic  growths th a t  n u c lea te  on d eb r is  
( i b i d . )

The c h a r a c te r is t ic s  o f  carbonate s o i l  s tru c tu re  can be d iv id ed  in to  the  
fo llo w in g  c a te g o r ie s  (a f t e r  C e le s t in o  and M itc h e ll, 1983):
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(a ) Grain hardness and in tra g ra n u la r  p o r o s ity  -
The inherant s o f tn e s s  o f  th e  c a l c i t e  m ineral (Moh hardness 3 in  
comparison to  7 fo r  th e  quartz m in era l) , and o f te n  th e  p resen ce  o f  
in tra g ra n u la r  v o id s , cau ses  th e  s o i l  p a r t ic l e s  to  crush  e a s i l y ,  
p a r t ic u la r ly  when sheared .

(b) S o i l  fa b r ic  -
In carbonate s o i l s ,  th e  s o i l  p a r t ic l e s  are o f te n  angu lar or 
in t r ic a t e  in  shape. T his le a d s  to  h igh  v o id s  r a t io s  during  
d e p o s it io n , and low mean cru sh in g  p ressu res  due to  th e  low  number 
o f  co n ta c t p o in ts  between p a r t ic l e s .

(c ) Cem entation -
T his i s  perhaps th e  most d is t in g u is h in g  fea tu re  o f  carbonate s o i l s .  
Cem entation o fte n  occurs very  e a r ly  in  th e  l i f e  o f  th e  sedim ent, 
p reserv in g  th e open, h igh  v o id s  r a t io  s tru c tu re  a r is in g  during  
d e p o s it io n . Carbonate s o i l s  are o fte n  o n ly  p a r t ly  o r  weakly  
cem ented.

These c h a r a c te r is t ic s  o f  carbonate s o i l  s tru c tu re  g iv e  r i s e  to  a  number 
o f  im portant fe a tu r e s  o f  m echanical behaviour (M cC lelland, 1988; 
Randolph, 1988):

Carbonate s o i l s  show high  c o m p r e s s ib il ity . T his i s  a t tr ib u te d  to  a 
com bination o f  p a r t ic le  crush ing and sk e le to n  c o l la p s e .  The p resen ce o f  
l i g h t  cem entation  a t  p a r t ic le  co n ta c t p o in ts  w i l l  g iv e  r i s e  to  h igh  vo id  
r a t io s  and th e  c a p a c ity  fo r  la r g e  volume changes once th e  cem entation  i s  
d estroyed . During sh earin g , th e  com bination o f  p a r t ic le  cru sh in g  and 
sk e le to n  c o l la p s e  le a d s  to  markedly co n tra cta n t behaviour.

The p resen ce o f  cem entation  may produce in creased  str e n g th  a t  low  
s t r e s s e s ,  but i t  o f te n  g iv e s  r i s e  to  b r i t t l e  behaviour. Carbonate s o i l s  
c h a r a c t e r is t ic a l ly  e x h ib it  y ie ld  p o in ts  a t  sm all s t r a in s ,  a f t e r  which 
s t i f f n e s s  i s  d ra m a tica lly  reduced and s tr a in s  are la r g e ly  ir r e c o v e r a b le .

Carbonate s o i l s  e x h ib it  g e n e r a lly  h igh  f r ic t io n  a n g le s  in  com parison to  
s i l i c a  s o i l s .  T his i s  a t tr ib u te d  to  th e  angular nature o f  carbonate s o i l  
p a r t ic l e s .  These h igh  f r ic t io n  a n g les  are not u s u a lly  a f fe c te d  by 
crushing or by la r g e  s tr a in s  (Noorany, 1985; M orrison e t  a l ,  1988). In 
co n tra st  to  s i l i c a  s o i l s ,  however, th e  tendency fo r  cru sh in g  and 
sk e le to n  c o l la p s e  in  carbonate s o i l s  means th a t  th ey  do n ot have a 
r e l ia b le  tendency to  d i la t e  (H ull e t  a l ,  1988).

P i l e s ,  p a r t ic u la r ly  d riven  p i l e s ,  p laced  in  carbonate s o i l s  u s u a lly  g iv e

103



in f e r io r  c a p a c it ie s  to  th o se  in  non-carbonate s o i l s  (M cC lelland, 
1974). I t  i s  g e n e r a lly  accep ted  th a t t h is  i s  not due to  low a n g le s  o f  
p i l e / s o i l  in te r fa c e  f r i c t io n ,  but to  low r a d ia l s t r e s s e s  a c t in g  on such  
p i l e s .  The low r a d ia l s t r e s s e s  are con sid ered  to  be due to  th e  
com p ressib le , co n tra cta n t nature o f  carbonate s o i l s .  When a p i l e  i s  
d riven  in to  a carbonate m a te r ia l, a zone o f  crushed and remoulded s o i l  
i s  produced around th e  p i l e .  C ontraction  in  th e remoulded zone w i l l  
cause a zone o f  r a d ia l s t r e s s  r e l i e f  to  form around th e  p i l e .  I t  i s  th e  
mechanism o f  tr a n s fe r  o f  r a d ia l s t r e s s e s  through t h i s  zone which 
determ ines p i l e  sk in  f r ic t io n .  The h igh  f r ic t io n  a n g les  and p resen ce o f  
cem entation  which are c h a r a c te r is t ic  o f  carbonate s o i l s  are u s u a lly  
a sso c ia te d  w ith  arching around th e  p i l e ,  fo llo w in g  shear induced volume 
red u ctio n  and s t r e s s  r e l i e f .  The com bination o f  th e se  e f f e c t s  can lead  
to  very  low r a d ia l s t r e s s e s  a c t in g  a g a in s t  th e  p i l e .  Skin f r ic t io n  may 
w e ll d ecrease  w ith  in crea sed  s o i l  s tren g th  (Lu, 1988).

R ecent research  on p i l e s  in  carbonate s o i l s  has shown th a t th ey  are  very  
prone to  s ig n i f ic a n t  red u ction  in  c a p a c ity  due to  c y c l ic  load in g  (J ew ell  
and Andrews, 1988). I t  has been found th a t  s tren g th  degradation  i s  a 
fu n c tio n  o f  c y c l ic  d isp lacem en ts (P oulos and Chan, 1988). S tr e s s  c y c lin g  
which does not cause la r g e  s tr a in s  w i l l  not u su a lly  g iv e  r i s e  to  sev ere  
red u ctio n s in  c a p a c ity . However, s ig n i f ic a n t  pore p ressu res  can b u ild  up 
a t  n e g l ig ib le  permanent s t r a in s  (Fahey, 1988a).

There i s  w idespread concern regarding d riven  p i l e s  in  carbonate s o i l s .  
The p referred  a lte r n a t iv e  s o lu t io n  a t  th e  p resen t tim e i s  the use o f  
d r i l le d  and grouted p i l e s .  T ests  have shown th e se  to  g iv e  h igh  sh a ft  
f r i c t io n s ,  but a ls o  to  be prone to  sev ere  s t r a in  so f te n in g , p a r t ic u la r ly  
under c y c l ic  loa d in g . D r il le d  and grouted p i l e s  are very  c o s t ly  
and req u ire c a r e fu l and exp en sive  su p e rv is io n  and m onitoring during  
c o n str u c tio n . M cClelland (1988) concludes 'th ere  i s  an obvious need fo r  
o th er  a l t e r n a t iv e s ’ .

4 .3  T est S it e

The t e s t  s i t e  was a t  th e  yard o f  W.A. Dawson L td ., s itu a te d  a t  Leagrave, 
near Luton, B edfordfordsh ire (Grid re feren ce  TL 055248). The lo c a t io n  o f  
the s i t e  i s  shown on F igure 4 . 1 .

The geo logy  o f  the area in  which th e  t e s t  s i t e  i s  lo c a te d  com prises  
Lower Chalk, o v e r la in  by g la c ia l  sands and g r a v e ls  o f  v a r ia b le  
th ic k n e s s . A prelim in ary  in sp e c t io n  o f  th e  t e s t  s i t e ,  by means o f  a hand 
augered borehole and a ls o  a p i t  co n v en ien tly  being dug nearby, in d ica te d  
h ig h ly  weathered ch alk  e x is t in g  near ground l e v e l .  The background
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geo lo g y  in d ic a te d  th a t  th e  ch a lk  extended below th e  embedment d epth  o f  
th e  p i l e s  to  be in s t a l le d .

4 .4  S o i l  T estin g

4 . 4 . 1  Scope
Because o f  l im ite d  reso u rces , s o i l  t e s t in g  was focu sed  on:

(a ) I n - s i t u  t e s t in g ;  in  p a r t ic u la r  th e  d eterm ination  o f  th e  l im it in g  
r a d ia l  e f f e c t i v e  s t r e s s  a v a ila b le  in  th e  ch a lk  upon expansion  o f  
pressurem eter type d e v ic e s .

(b) The la b o ra to ry  d eterm in ation  o f  sim ple f r i c t io n a l  s tr e n g th  
param eters r e le v a n t to  th e  p i l e  t e s t s .

The s o i l  t e s t in g  was undertaken w e ll a f t e r  th e  p i l e  t e s t s  were 
com pleted. Because o f  la ck  o f  space a t  th e  p i l e  t e s t  s i t e ,  th e  i n - s i t u  
t e s t s  were made approxim ately 30m away.

T ests  were performed w ith  th e  fo llo w in g  instrum ents:

standard cone penetrom eter  
p iezocon e
M archetti d ila to m eter
f u l l  d isp lacem ent pressurem eter.

The la y o u t o f  th e  in - s i t u  t e s t s  i s  shown in  F igure 4 . 2 .  To p rov id e a  
r e fe r e n c e , one cone p en e tra tio n  t e s t  (CPT 1) was performed a t  th e  p i l e  
t e s t  s i t e  (F igure 4 . 1 7 ) .  The in - s i t u  t e s t s  were performed between 3 . 6 . 8 8  
and 5 . 7 . 8 8  by Fugro-M cClelland Ltd.;  and by Cambridge I n - s i t u ,  who 
performed th e  pressurem eter t e s t s .

4 . 4 . 2  Borehole
In con ju n ctio n  w ith  CPT 1, a  hand-augered borehole was opened up to  a  
depth o f  2.8m a t  th e  p i l e  t e s t  s i t e .  The s o i l  c o l le c t e d  from t h is  
borehole was used in  th e  shearbox t e s t s  d escr ib ed  in  S e c tio n  4 . 4 . 7 .  
V isu a l in sp e c t io n  o f  th e  ch alk  was made by means o f  38mm and 76mm
p u sh -in  tube sam ples a t  reg u la r  in te r v a ls .  I n ta c t  p ie c e s  o f  ch a lk  
obta ined  from th e  sam pling tu b es were used to  determ ine m oisture  
c o n te n ts . The m oisture con ten t p r o f i l e  i s  shown in  F igure 4 . 3 .  The ch a lk
m oisture co n ten t o f  approxim ately 28% a t  th e  bottom o f  th e  b oreh o le
corresponds to  a p o r o s ity  o f  43%, assuming f u l l  sa tu r a t io n  and a  
s p e c i f i c  g r a v ity  fo r  th e ch a lk  o f  2 . 7 .  The b oreh o le  rev ea led
approxim ately 0.5m o f  made ground e x is t in g  a t  ground l e v e l .
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The w ater ta b le  (J u ly  1988) was observed  to  be 2.7m below ground l e v e l  
in  th e  open b oreh o les l e f t  by e x tr a c tio n  o f  th e  t e s t  p i l e s .  Water l e v e l s  
in  th e  box p i l e s ,  recorded between O ctober 1985 and A p r il 1986, v a r ied  
between 2 . 6m and 3 . lm below ground l e v e l .

4 . 4 . 3  Standard cone t e s t s
Three standard cone p en e tra tio n  t e s t s  were performed as  a re feren ce  fo r  
th e o th er  i n - s i t u  t e s t s .  A 10cm2 cone was used , advanced a t  a r a te  o f  
20mm/sec. The r e s u l t s  are shown in  F igure 4 .4  -  th e  th ree  tr a c e s  are
very s im ila r . Between approxim ately 2m and 5m depth , cone and s le e v e  
r e s is ta n c e s  are reasonably s tea d y . The cone r e s is ta n c e  v a lu es  o f  2 to  
4MPa over t h i s  depth range correspond to  a ch a lk  grade o f  VI u sin g  th e  
c l a s s i f i c a t io n s  o f  Power (1982) .  The h igh er cone r e s is ta n c e s  
experienced  above 2m depth are probably due to  th e presen ce o f  n atu ra l 
g ra v e ls  and /or made ground, or p o s s ib ly  to  d e s ic c a t io n  e f f e c t s  in  th e  
chalk  above th e  w ater ta b le .

4 . 4 . 4  P iezocone t e s t s
One p iezocone t e s t  was perform ed. A 10cm2 Fugro cone was used , w ith  th e  
pore p ressu re  elem ent being lo c a te d  on th e  fa ce  o f  th e  t i p .  The 
piezocone was advanced a t  a r a te  o f  20mm/sec. D is s ip a t io n  t e s t s  were 
made a t  lm in te r v a ls  below th e  w ater ta b le .  In th e se  t e s t s ,  p en etra tio n  
o f  the p iezocon e was stopped and e x c e ss  pore p ressu res  were allow ed to  
d is s ip a te  b efore p en etra tio n  was resumed.

The p iezocone p r o f i l e  i s  shown in  Appendix 4 . 1 .  P o s it iv e  pore p ressu res  
in  e x c e ss  o f  IMPa were generated  during in s e r t io n  o f  th e  probe. The 
r e s u lt s  o f  a  ty p ic a l  d is s ip a t io n  t e s t ,  performed a t  5m depth , are g iv en  
in  F igure 4 . 5 .  These show th e  chalk  to  be r e la t iv e ly  fr e e  d ra in in g , 
ex ce ss  pore p ressu res  d is s ip a t in g  to  v a lu es  approaching h y d ro sta tic  
w ith in  a few m inutes.

4 . 4 . 5  M archetti d ila to m eter  t e s t
The M archetti f la t -b la d e  d ila to m e te r  (DMT) i s  a r e la t iv e ly  new
instrum ent, developed  in  I t a ly  in  th e la t e  1970’s  by M archetti
(M archetti, 1980).  I t  i s  a sim ple and robust in - s i t u  t e s t in g  d ev ice  
which can be ra p id ly  deployed and advanced, making i t  p o t e n t ia l ly  a very  
powerful p r o f i l in g  to o l  (Pow ell and Uglow, 1986; 1988a; 1988b). The
instrum ent i s  cu r r e n tly  the su b je c t  o f  much research  and development 
( L uttenegger, 1988 ).

The DMT i s  a  s t a in le s s  s t e e l  b lade 250mm lo n g , 94mm wide and 14mm th ic k  
w ith  a t i p  an g le  o f  about 16°.  One fa ce  o f  th e  blade i s  r ec essed  to  take  
a 60mm diam eter s t a in le s s  s t e e l  membrane which l i e s  f lu s h  w ith  the fa ce
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o f  th e  b lade (F igure 4 . 6 ) .  T e s ts  are performed ev ery  200mm down a  
p r o f i l e  w ith  th e  b lade being advanced a t  20mm/sec between t e s t s  u s in g  
con ven tio n a l CPT equipment. Each t e s t  in v o lv e s  removing th e  d r iv in g  load  
and in f la t in g  th e  membrane u sin g  gas p ressu re . E le c t r ic a l  sen so r s  behind  
th e  membrane in d ic a te  th e  s t a r t  o f  movement and 1mm d isp lacem en t, when 
th e  gas p ressu res  pQ ( ' l i f t - o f f ' )  and P1 are recorded . Three standard  
index param eters can be d erived  from th e  t e s t :  M ateria l Index I D,
H orizon ta l S tr e s s  Index KD, and D ila tom eter  Modulus ED. These param eters 
can be used e m p ir ic a lly  to  e s t im a te  v a r io u s s o i l  p r o p e r t ie s .

A DMT p r o f i l e  was performed u sin g  th e  standard procedure. Of most 
in t e r e s t  are th e  p ressu res  pQ and p1 a g a in s t  depth , which are p lo t te d  in  
Figure 4 . 7 .  The v a r ia t io n s  o f  th e  deduced index param eters ID, KD and ED 
w ith  depth are  p resen ted  in  F igure 4 . 8 .

The DMT p r o f i l e  i s  s im ila r  in  p a tte r n  to  CPT’s  2 and 3, w ith  reason ab ly  
stea d y  read ings between 2m and 5m. T yp ica l v a lu es  o f  pQ in  t h i s  zone o f  
between 100 to  200kPa are in  good agreement w ith  f r i c t io n  v a lu e s  o f  50 
to  lOOkPa a t  th e se  depths in  CPT's 2 and 3, bearing in  mind th e  smooth 
su rfa ce  f in i s h  o f  th e  f r ic t io n  s le e v e  ( s p e c if ie d  C entre Line Average 
(CLA) roughness <0,5 micron (ISSMFE, 1977; Lemos, 1986) ) .

4 . 4 . 6  F u ll d isp lacem ent pressurem eter t e s t in g

4 . 4 . 6 . 1  D e ta i ls  o f  instrum ent
The Fugro F u ll D isplacem ent Pressurem eter (FDPM) i s  a recen t  
developm ent. I t  has been developed  p r im a rily  fo r  o ffsh o r e  u se , and i s  
d esign ed  to  be used in  com bination w ith  continuous p iezocon e p r o f i l in g .  
The instrum ent fo llo w s  behind a standard Fugro p iezo co n e .

The instrum ent employed a t  th e  Luton s i t e  was th e  p roto typ e FDPM 
d escrib ed  by W ithers e t  a l  (1986) .  The gen era l arrangement o f  th e  FDPM 
i s  shown in  F igure 4 . 9 .  O vera ll membrane le n g th  i s  450mm; th e o u ts id e  
diam eter i s  43.7mm -  the same as th a t  o f  th e  15cm2 cone. The len g th :  
diam eter r a t io  i s  10 .3 .  The p roto typ e FDPM has a  d i f f e r e n t ia l  p ressu re  
c a p a b il i ty  o f  lOMPa and a r a d ia l expansion  l im it  o f  50%.

The d e ta i le d  d es ig n  and manufacture o f  th e  Fugro FDPM i s  undertaken by 
Cambridge I n - s i t u .  The gen era l form o f  th e instrum ent and i t s  c o n tr o l  
system  i s  based on th e S e lf  Boring Pressurem eter (SBP) (Mair and Wood, 
1987).

4 . 4 . 6 .2 T estin g  a t  Luton s i t e
The FDPM was employed a t  th e  Luton s i t e  w ith  a dummy cone arrangement
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( F igure 4 . 1 0 ) .  The d is ta n c e  between th e  ce n tr e  o f  th e  membrane and th e  
cone t i p  was 750mm. The FDPM was in s t a l le d  a t  a  s in g le  lo c a t io n  and 
th ree  t e s t s  were made; a t  instrum ent depths o f  3.5m, 5.5m and 7.0m. 
These are d es ig n a ted  T ests  1, 2 , and 3 r e s p e c t iv e ly .  The t e s t s  and 
instrum ent c a l ib r a t io n s  were performed by Cambridge I n - s i t u .  The 
instrum ent and c o n tr o l system  being p ro to ty p es , th e  t e s t s  should  be 
regarded as  experim ental in  comparison to  th e o th er  in - s i t u  t e s t s .

The FDPM i s  computer c o n tr o lle d . The s t r a in  r a te  fo r  lo a d in g  and 
unloading was s e le c te d  a s  2.5% per m inute, w ith  lo ad in g  during th e  
i n i t i a l  s ta g e s  o f  th e  t e s t s  g e n e r a lly  being by means o f  s t r e s s  
increm ents a p p lied  a t  a con sta n t r a te . I t  was o r ig in a l ly  in tended to  
perform t e s t s  a t  a number o f  d if f e r e n t  s t r a in  r a te s ,  but t h i s  d id  not 
prove p o s s ib le .  A key fea tu re  o f  the co n tr o l system  was th e  fh o ld ’ mode 
-  d esigned  to  m aintain  r a d ia l s t r a in  a t  a  ta r g e t  v a lu e . T his fea tu re  was 
used to  'steady* t e s t s  b efore  perform ing u n lo a d /re lo a d  lo o p s; and to  
perform h o ld in g  t e s t s ,  in  which i t  was th e  aim to  m aintain  r a d ia l  
s tr a in  a t  a  co n sta n t va lu e  w h ile  m onitoring changes in  t o t a l  r a d ia l  
s t r e s s .

There were problems w ith  the FDPM membranes, which s p l i t  whenever 
unload ings were attem pted from s tr a in s  in  e x c e ss  o f  about 30%. As a  
r e s u l t ,  no f u l l  unloading d ata  were ob ta in ed  from any o f  th e  t e s t s ,  
although  u n load /re load  loop s were performed in  each t e s t .

The t e s t s  are p resen ted  in  F igures 4 .11  t o  4 .1 3 .  Time, instrum ent 
p ressu re  p, and average s tr a in  ec are p lo t te d  a g a in s t  each o th e r . ec i s  
g iv en  by th e  change in  rad iu s o f  th e  instrum ent, exp ressed  as a  
percentage o f  th e  o r ig in a l  ra d iu s. The average o f  th e  v a lu e s  from th e  
th ree  s t r a in  measuring arms has been taken and data  in  th e s tr a in  range 
0 to  20% are p lo t te d . No u se fu l data beyond t h i s  s t r a in  range were 
obtained  because o f  the membrane problems.

D iscu ss io n  i s  cen tred  on th ese  b a sic  d ata . In g en era l, d e r iv a tio n  o f  
s o i l  param eters from the r e s u lt s  has not been attem pted because the t e s t  
procedures employed were not standard.

4 . 4 . 6 . 3  L im iting  t o t a l  r a d ia l s t r e s s
In t h is  S e c t io n , instrum ent p ressure p i s  con sid ered  as t o t a l  r a d ia l  
s t r e s s  a c t in g  on th e s o i l ,  ar .

crr appears to  approach a l im it in g  value a t  th e  end o f  a l l  th ree  t e s t s :  
approxim ately 600kPa in  T est 1, and approxim ately HOOkPa in  T ests  2 
and 3 . The s t r e s s : s tr a in  curves fo r  T ests  2 and 3 are very  s im ila r . The
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l im it in g  v a lu e s  o f  c r in  T ests  1 and 2 are in  ex a c t agreement w ith  th e  
v a lu es  o f  pi ob ta in ed  in  th e  DMT t e s t  ( F igure 4 . 7 ) .

At th e  s t r a in  r a te  o f  2.5%/minute adopted in  th e  t e s t s ,  expansion  was 
l i k e l y  to  have been p a r t ia l ly  drained , g iv en  th e  d is s ip a t io n  
c h a r a c te r is t ic s  in d ic a te d  by th e  p iezocon e r e s u l t s .  C onsequently, 
c o n so lid a t io n  would have taken p la c e  during th e  h o ld in g  p er io d s  o f  th e  
t e s t s .  Changes in  crr and ec during th e  h o ld in g  p er io d s  in  T e s ts  2 and 3 
are shown in  more d e t a i l  in  F igures 4 .14  and 4 .1 5 .

When th e  FDPM h old  mode i s  s e le c t e d  (P o in t A ), instrum ent p ressu re  i s  
s lo w ly  reduced. ec con tin u es to  in c r e a se , a t  a  d ecrea sin g  r a te ,  a s  cr. 
red u ces. C o n so lid a tio n  w i l l  be occu rrin g  during t h i s  p er io d , as th e  
instrum ent s lo w ly  expands to  a maximum v a lu e  o f  ec (P o in t B ). In  T est 2, 
a drop in  oj. o f  68kPa during 220 seconds occurred during t h is  p er io d . In  
T est 3 a drop in  crr o f  135kPa occurred during 90 secon d s. I f  su b s ta n t ia l  
c o n so lid a t io n  during th ese  p er io d s  i s  assumed, i t  su g g e sts  e f f e c t i v e  
r a d ia l s t r e s s e s  a f t e r  c o n so lid a tio n  o f  about 10% l e s s  than th e  l im it in g  
p ressu res  ob ta in ed  during expansion  o f  th e  FDPM. Further t e s t s  making 
u se o f  slow er s t r a in  r a te s  and /or lon ger h o ld in g  p er io d s would be 
requ ired  to  e s t a b l is h  t h is  a c c u r a te ly .

4 . 4 . 6 .4 C onstant r a d ia l s t r a in  t e s t s
These are shown in  F igures 4 .14  and 4 .1 5 .  As can been seen , a f t e r  a 
maximum va lu e  o f  ec i s  reached a t  P o in t B , e. i s  not h e ld  a t  a con sta n t  
v a lu e . R ather, u n co n tro lled  unloading and re lo a d in g  o ccu rs . The
reason  fo r  t h i s  phenomenom during s tr a in  c o n tr o lle d  p ressurem eter t e s t s  
i s  due to  ec oversh ootin g  th e  * t a r g e t ’ v a lu e . I f  t h i s  occu rs, th e  
computer c o n tr o l system  unloads th e  instrum ent a cco r d in g ly . S im ilar  
ex p er ien ces  are reported  by Fahey (1988b).

R eductions in  or during th e  h o ld in g  p eriod s appear to  be due s o le ly  to  
red u ction s in  ec . The v a lu es  o f  07 e x is t in g  a t  th e  p o in ts  o f  maximum ec 
p r io r  to  unloading are alm ost f u l l y  recovered  when ec retu rn s to  th ese  
v a lu es  (P o in ts  B, C ). This would appear to  in d ic a te  th a t th e unloading  
and re load in g  during the h o ld in g  p er io d s were la r g e ly  drained e v e n ts .

4 . 4 . 6 .5 Shear Moduli
V alues o f  shear moduli Gur ob tained  by the standard method o f  b is e c t in g  
th e u n loa d /re lo a d  loop s (Mair and Wood, 1987) are g iv en  in  Table 4 . 1 .  As 
would be ex p ected , Gur in c r e a se s  w ith  depth and d ecre a se s  w ith  th e  s t r e s s  
range o f  th e  u n load /re load  loop .
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4 . 4 . 6 .6  L i f t - o f f  p ressu r es
The behaviour o f  a l l  th ree  s t r a in  arms during th e  i n i t i a l  s ta g e s  o f  th e  
t e s t s  was stu d ied  in  d e t a i l  but no c le a r  p a ttern  emerged. V alues o f  p 
a t  l i f t - o f f  ranged between OkPa and 500kPa. The t e s t  in  th e  weaker 
ch alk  a t  3.5m depth e x h ib ite d  a 'spongy* l i f t - o f f  in  com parison to  th e  
o th er  two t e s t s .

4 . 4 . 7  Shearbox t e s t in g
D rained, 60x60mm d ir e c t  shearbox t e s t s  were undertaken u sin g  
r e c o n s t itu te d  sam ples o f  ch a lk  ob ta ined  from th e  auger h o le  opened a t  
th e  p i l e  t e s t  s i t e .  General procedures fo r  th e  t e s t s  were a s  s e t  ou t by 
Head (1982) .  The m ajo r ity  o f  th e  t e s t s  were performed f u l ly  sa tu r a te d . 
In  a d d itio n  to  standard shearbox t e s t s ,  in te r fa c e  t e s t s  were c a r r ie d  out 
in  which th e ch a lk  was sheared a g a in s t  s t e e l  in te r fa c e s  in ten d ed  to  
rep resen t th e su r fa ce  o f  th e  s t e e l  p i l e s  in s t a l le d  a t  th e  s i t e .

4 . 4 . 7 . 1  Sample p rep aration
A t e s t  batch o f  ch a lk  w ith  a dry w eight o f  about 10kg was made up from a  
s e le c t io n  o f  sam ples taken a t  depths o f  between 1 . 8m and 2 . 8m from the  
auger h o le  a t  th e  p i l e  t e s t  s i t e  (S ec tio n  4 . 4 . 2 ) .  The t e s t  batch  was 
thoroughly d r ied , and then ground in  sm aller  b atch es fo r  2 m inutes u sin g  
a m echanical g r in d er . The grin d in g  was broadly  intended to  s im u la te  th e  
crush ing o f  chalk  during p i l e  d r iv in g . The gr in d in g  tim e was r e s t r ic t e d ,  
to  prevent e x c e s s iv e  comminution o f  th e  ch a lk  p a r t ic l e s  (a lth ou gh  
C layton (1983) rep o rts  th a t  th e  method o f  crush ing does n ot seem to  
a f f e c t  the p a r t ic le  s i z e  d is tr ib u t io n  o f  c h a lk s ) . The crushed m a ter ia l  
was then passed through a 1.18mm aperture s ie v e  to  remove s to n e s , and 
la r g e r  lumps o f  ch a lk  which cou ld  then be ground down fo r  a fu r th er  
sh o rt period  o f  tim e.

Four shearboxes were used fo r  each s u it e  o f  t e s t s .  The t e s t  batch  o f  
ch alk  was reduced to  an appropriate s i z e  fo r  each s u i t e .  D i s t i l l e d  
w ater was then added to  g iv e  a m oisture co n ten t o f  between 27 to  28%, 
th e approximate in - s i t u  m oisture co n ten t. The ch alk  was then  thoroughly  
mixed, to  a p u t ty - l ik e  c o n s is te n c y . The sam ples were then l i g h t l y  rammed 
in to  the shearbox moulds u sin g  a 15x15mm hardwood rammer. Samples fo r  
m oisture con ten t d eterm in ation s were taken from th e t e s t  batch .

4 . 4 . 7 . 2  C on so lid a tion
A fter  the sam ples had been p laced  in  th e shearbox moulds th ey  were 
inundated w ith  w ater and a llow ed  to  e q u a lis e  fo r  15 to  20 m inutes b efore  
normal load s were a p p lied . Normal s t r e s s e s  adopted fo r  th e t e s t s  were in  
th e  range 60 to  493kPa. A fte r  app ly ing  the normal load , th e  sam ples were 
l e f t  to  c o n so lid a te  fo r  a t  l e a s t  90 m inutes (H utchinson, 1971).
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4 . 4 . 7 . 3  Shearing
The sam ples were t e s te d  w ith  a  s in g le  run o f  th e  shearbox. The r a te  o f  
d isp lacem ent o f  th e  low er h a lf  o f  th e  shearbox was in  g en era l 0.033mm/ 
m inute. Shearing a t  f a s t e r  and slow er r a te s  was c a r r ie d  ou t during  some 
o f  th e  t e s t s  to  check th a t  th e  standard r a te  gave f u l l y  drained  
c o n d it io n s  ( i b i d . ) .  Unloading and re lo a d in g  t e s t s  were a ls o  perform ed. 
A fte r  sh ea r in g , th e  shearbox was q u ick ly  drained  o f  w ater and th e  sample 
unloaded. The whole sample was then  used fo r  a  m oisture co n ten t  
d eterm in a tio n .

4 . 4 . 7 . 4  In te r fa c e  T ests
S u ite s  o f  t e s t s  on two s e t s  o f  s t e e l  in te r fa c e s  were perform ed. The 
roughnesses o f  th e  in te r fa c e s  were intended  to  be upper and low er bounds 
to  th e  roughness o f  th e  su r fa c e s  o f  th e  p i l e s  a t  th e  Luton s i t e .  The 
in te r fa c e s  comprised f l a t  b lock s o f  s t e e l  f i t t e d  t i g h t ly  in s id e  th e  
shearboxes, w ith  th e  top  fa c e  o f  th e  b lock  a lig n e d  e x a c t ly  w ith  th e  
s p l i t  between th e  upper and low er h a lv es  o f  th e  boxes. The t e s t  
procedure fo r  th e  in te r fa c e  t e s t s  was e x a c t ly  th e  same a s  fo r  th e  
standard t e s t s  excep t th a t o n ly  th e  top  h a lf  o f  th e  sh ear box was f i l l e d  
w ith  ch a lk .

One s e t  o f  in te r fa c e s  was o f  standard c o ld  f in is h e d  machining s t e e l ,  
smoother than th e hot f in is h e d  s t e e l  s e c t io n s  used to  fa b r ic a te  th e  
p i l e s .  The o th er  s e t  o f  in te r fa c e s  was o f  id e n t ic a l  b lock s o f  s t e e l ,  but 
w ith  th e  sh earin g  su r fa ces  g r i t  b la s te d  to  rep resen t a  ru sted  s t e e l  
su r fa c e . E x a ctly  th e  same technique has been found by Bond (1989)
and Tika (1989) to  g iv e  CLA roughness v a lu es  o f  approxim ately 9
m icron. T his i s  in  good agreement w ith  v a lu es  measured on a s e le c t io n  o f  
ru sted  s t e e l  p i l e s ,  in c lu d in g  one o f  th e  w ed g e-p ile s  used a t  th e  BRS 
s i t e .

The in te r fa c e s  were c a r e fu l ly  degreased  w ith  butanone b efore each  t e s t .

4 . 4 . 7 . 5  T e s ts  on dry ch alk
A s u i t e  o f  t e s t s  on dry ch a lk  was performed. The t e s t  procedure was 
e x a c t ly  th e  same as fo r  th e  standard shearbox t e s t s  on sa tu ra ted  ch a lk , 
excep t th a t  th e  ch alk  was p laced  dry and th e porous s to n e s  o f  th e  shear  
box were not used .

4 . 2 . 7 . 6  R esu lts
R esu lts  from th e  t e s t s  are p resen ted  in  Appendix 4 . 2 .  The fo llo w in g  
behaviour during shear was observed:

111



although th e  shearbox was on ly  g iv en  one run, shear response showed 
l i t t l e  or  no tendency to  f a l l  from th e  peak v a lu e

th ere  was l i t t l e  apparent d if fe r e n c e  in  sh ear response fo r  
s tr a in  r a te s  vary ing  between 0.0065 and 1 . 2mm/minute

-  shear response was markedly s t i f f e r  on re load in g  

th e  sam ples co n tra cted  during shear

-  th e  m oisture co n ten t o f  th e  ch a lk  a f t e r  sh earin g  was between 23.9% 
and 24.5%.

The peak s tren g th  en velop es fo r  the i n i t i a l  lo a d in g s  are shown in  F igure
O

4 .1 6 .  An e f f e c t i v e  an g le  o f  f r i c t io n  0' o f  approxim ately 36 fo r
O

ch a lk :ch a lk  sh earin g  i s  in d ic a te d , w ith  a red u ction  o f  up to  5 fo r  
ch a lk  sheared a g a in s t  a  s t e e l  in te r fa c e . S l ig h t ly  low er v a lu es  o f  0' fo r  
remoulded ch a lk s are  quoted by C layton (1989).

4 .5  D e ta ils  o f  P i le  C on figu ration s

4 . 5 . 1  Dimensions and d riven  l e v e l s
Four s t e e l  w ed g e-p ile s  were in s t a l le d  a t  th e  Luton s i t e  -  two box p i l e s  
and two cruciform  p i l e s .  D e ta ils  o f  th e  p i l e s  have been g iven  in  Chapter 
3. The four p i l e s  were d r iv en  a t  sp acin gs o f  1 .2  to  1.5m. The two box 
p i le s  were numbered 1 and 2; and th e  two cruciform  p i l e s  were numbered 3 
and 4 . The p i l e s  were d riven  in to  300mm deep p itc h in g  h o le s ,  dug in  
order to  remove hard core e x is t in g  a t  ground l e v e l .  F igure 4 .17  shows 
th e  lay o u t o f  th e  d riven  p i l e s ,  and th e  gen era l p o s it io n in g  o f  th e  
load in g  frame spreader beams and th e  referen ce  beam during t e s t in g .

In d iv id u a l p i l e s  were g e n e r a lly  t e s te d  in  more than one c o n fig u r a tio n . 
The p i l e  co n fig u r a tio n  i s  d esign ated  by th e  l e t t e r  'U1 (unexpanded 
p i l e ) ,  'A’ ( p i l e  expanded by expander mandrel A ), or *B’ ( p i l e  e x p a n d e d  

by expander mandrel B).

The dim ensions and d riven  l e v e l s  o f  th e  box p i l e  and cruciform  p i l e  
co n fig u r a tio n s  are summarised in  F igures 4 .18  and 4 .19  r e s p e c t iv e ly .  
Dates o f  in s t a l la t io n  are in clu d ed . D e ta ils  o f  d r iv in g  are d e a lt  w ith  in  
S ec tio n  4 . 6 ,  but a sh o rt summary i s  g iven  below.

The o u ter  s h e l l  o f  Box P i le  1 was d riven  and i n i t i a l l y  te s te d  
unexpanded ( p i l e  c o n fig u r a tio n  1U). I t  was then  expanded by 14.3% o f  
i t s  w idth u sin g  expander mandrel A ( p i l e  c o n fig u ra tio n  1A), and
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r e te s te d .

The o u ter  s h e l l  o f  Box P i le  2 was d r iv en  and then  expanded by 14.3% o f  
i t s  w idth  u s in g  expander mandrel A ( p i l e  c o n fig u r a tio n  2A). A fter  
t e s t in g  o f  t h i s  c o n fig u r a tio n  was com p lete , expander mandrel A was 
e x tr a c te d . The o u ter  s h e l l  was th en  expanded by 21.4% o f  i t s  o r ig in a l  
w idth u s in g  expander mandrel B ( p i l e  c o n fig u r a tio n  2B). The p i l e  was 
then r e te s te d .

F igure 4 .1 8  g iv e s  th e  d riven  l e v e l s  o f  th e  bottom o f  th e  c o n ic a l  t i p  o f  
th e  d r iv in g  sh oe , th e  bottom o f  th e  o u ter  s h e l l  a n g le s , th e  bottom o f  
th e expander mandrel n ose , and th e  top  o f  th e  expander mandrel n o se . The 
sm all amount o f  dragdown o f  th e  o u ter  s h e l l s  which occurred  a s  the  
expander mandrels were d riven  ( t y p ic a l ly  20 to  30mm) has been ignored  
(s e e  S e c tio n  4 . 5 . 2 ) .

The o u ter  s h e l l  o f  Cruciform P i le  3 was d riven  and i n i t i a l l y  t e s te d  
unexpanded ( p i l e  c o n fig u r a tio n  3U). I t  was then  expanded by 21.4% o f  i t s  
w idth u s in g  expander mandrel B ( p i l e  c o n fig u r a tio n  3B), and r e te s te d .

The o u ter  s h e l l  o f  Cruciform P i le  4 was d riven  and then  expanded by 
10.7% o f  i t s  w idth  u sin g  expander mandrel A ( p i l e  c o n fig u r a tio n  4A). I t  
was then  t e s t e d .

Figure 4 .1 9  g iv e s  th e  d riven  l e v e l s  o f  th e  bottom o f  th e  o u te r  s h e l l  
a n g le s , th e  bottom o f  th e  expander mandrel n ose , and th e  to p  o f  th e  
expander mandrel n ose . A lso  ta b u la ted  in  F igures 4 .1 8  and 4 .1 9  are p i l e  
c r o s s - s e c t io n a l  d im ensions, p i l e  w e ig h ts , and th e  percen tage amounts o f  
expansion o f  th e  va r io u s p i l e  c o n fig u r a tio n s .

S im p lifie d  e f f e c t i v e  p i l e  p erim eters and c r o s s - s e c t io n a l  a rea s have been  
assumed. These are in d ica te d  by th e  ch a in  l i n e s  in  F igu res 4 .1 8  and 
4 .19 ,  and are shown in  more d e t a i l  in  F igure 4 .2 0 .  In  th e  c a se  o f  the  
cruciform  p i l e s ,  th e  f a i lu r e  su r fa ce  i s  assumed to  j o in  th e  t ip s  o f  th e  
cruciform  arms. This assum ption i s  based on ev id en ce ob ta in ed  during  
p i l e  e x tr a c t io n  ( se e  S ec tio n  4 . 7 . 9 ) .  The assumed p i l e  p erim eters have 
been used a s  th e  b a s is  fo r  c a lc u la t in g  th e  p i l e  s h a ft  su r fa c e  areas  
g iven  in  th e  n ext S e c t io n .

Two methods have been used to  ex p ress  th e  percentage amount o f  expansion  
o f  the p i l e  c o n fig u r a tio n s . In th e  f i r s t  method, th e  amount o f  expansion  
i s  exp ressed  a s  th e  percentage in c r e a se  in  p i l e  w idth compared to  th e  
o r ig in a l w idth  o f  th e  o u ter  s h e l l .  In th e  second method, th e  amount o f  
expansion i s  exp ressed  a s  th e  percen tage in cr ea se  in  th e  assumed p i l e
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c r o s s - s e c t io n a l  area  compared to  th e o r ig in a l  assumed c r o s s - s e c t io n a l  
area  o f  th e  p i l e .

4 . 5 . 2  S h aft su rfa ce  areas
P i le  s h a ft  su rfa ce  a rea s are g iv en  in  F igures 4 .21  and 4 . 2 2 .  Four 
d if f e r e n t  su rfa ce  a rea s  are con sid ered  -  th e  reason ing  behind t h i s  i s  
g iv e n  below .

The l im it in g  sh a ft  f r i c t io n ,  xSf a c t in g  lo c a l ly  on th e  s id e s  o f  s t e e l  
w ed g e-p ile s  o f  th e  ty p es  d escr ib ed  in  t h i s  Chapter i s  l i k e l y  to  vary , 
both around th e p erim eter  o f  th e  p i l e  and along th e  le n g th  o f  th e  p i l e .

Around th e  p erim eter o f  th e  p i l e  th e  an g le  s e c t io n s  w i l l  a t t r a c t  most 
o f  the e f f e c t iv e  r a d ia l s t r e s s  crr' a c tin g  a g a in s t  th e  p i l e ,  'dead* areas  
being l i k e l y  to  occur in  th e  v i c in i t y  o f  th e  gaps opened up between th e  
a n g les  on expansion .

Along th e le n g th  o f  th e  p i l e ,  o' fo r  a g iven  v e r t i c a l  e f f e c t i v e  s t r e s s  
i s  l i k e ly  to  be a f fe c te d  both by over-expansion  during in s t a l la t i o n  o f  
th e  expander mandrel, and by th e e f f e c t s  o f  p i l e  ta p er in g . Over
expansion  may cause a  l o s s  o f  o' over th e  le n g th  o f  th e  expander mandrel 
shank. T his p o s s i b i l i t y  has been mentioned in  Chapter 1 and i s  
con sid ered  fu rth er  in  Chapters 10 and 11. The e f f e c t  o f  th e  ta p er  o f  th e  
p i l e  from i t s  expanded to  i t s  unexpanded dim ensions i s  l i k e l y  to  cause a 
red u ction  in  o' in  th e  reg io n  o f  th e  expander mandrel n ose , i f  upward 
p i l e  d isp lacem ents occu r. T his i s  d iscu sse d  fu rth er  in  Chapter 11.

Because o f  th ese  p o s s ib le  v a r ia t io n s  in  o' , ca u tio n  must be adopted when 
a sc r ib in g  an o v e r a ll  'a c t ive*  s h a ft  area to  an expanded p i l e  fo r  th e  
purposes o f  computing average sh a ft  f r ic t io n s .  The approach adopted here  
i s  to  s e t  bounds to  th e  a c t iv e  sh a ft  su rfa ce  area  by d e f in in g  four  
d if f e r e n t  su rface  a rea s , corresponding to  d if f e r e n t  p o s s ib le  modes o f  
s h a ft  load  m o b ilisa t io n .

Two d if f e r e n t  p i l e  p erim eters and two d if f e r e n t  p i l e  le n g th s  have been 
considered:

F u ll p erim eter. T his i s  d efin ed  as the f u l l  s im p lif ie d  p erim eter  o f  
th e  p i l e ,  a s in d ic a te d  by the chain  l i n e s  in  F igures 4 .18  to  
4 .2 2 .  For th e expanded p i l e s ,  sh a ft  su rfa ce  a reas based on the  
f u l l  perim eter correspond to  th e assum ption o f  uniform  s h a ft  
r e s is ta n c e  around th e  p erim eter o f  th e  p i l e ,  in c lu d in g  th e  areas o f  
expander mandrel exposed by th e s p l i t  ou ter  s h e l l .
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Reduced p erim eter . T his in c lu d es  o n ly  th o se  p o r tio n s  o f  th e  
s im p lif ie d  p erim eter  running a lon g  th e  outward fa c in g  ed ges o f  th e  
a n g le  s e c t io n s .  These p o r tio n s  are in d ic a te d  by shading in  F igure  
4 . 2 0 .  S h aft su r fa ce  a reas based on th e  reduced perim eter  correspond  
to  th e  assum ption o f  a l l  s h a ft  load  being  taken by th e  an g le  
s e c t io n s  a lo n e .

Embedded le n g th . T h is i s  d e fin ed  a s  th e  le n g th  between th e  bottom  
o f  th e  p itc h in g  h o le  dug a t  ground l e v e l ,  and th e  bottom o f  th e  
o u ter  s h e l l  a n g le s . S h aft a reas based on th e  embedded le n g th  
correspond to  th e  assum ption th a t  th e  tapered  p o r tio n  o f  th e  o u ter  
s h e l l  c o n tr ib u te s  to  s h a ft  r e s is ta n c e .  In  th e  c a se  o f  th e  box 
p i l e s ,  th e  c o n ic a l p i l e  t i p  i s  assumed n ot to  co n tr ib u te  to  s h a ft  
r e s is t a n c e .

Expanded le n g th . T h is i s  d e fin ed  a s  th e  le n g th  between th e  bottom  
o f  th e  p itc h in g  h o le  and th e  l e v e l  o f  th e  top  o f  th e  expander 
mandrel n o se . S h a ft a reas based on th e  expanded le n g th  correspond  
to  th e  assum ption th a t  th e  tapered  p o r tio n  o f  th e  expanded p i l e  
does not co n tr ib u te  to  s h a ft  r e s is ta n c e .

The fou r d if f e r e n t  s h a ft  su r fa ce  areas based on th e se  p i l e  le n g th s  and 
p erim eters are  d es ig n a ted  by th e l e t t e r s  A to  D. F igures 4 .21  and 4 .22  
g iv e  th e  computed s h a ft  su rfa ce  areas fo r  th e  box p i l e s  and cruciform  
p i l e s  r e s p e c t iv e ly .  The changes in  p i l e  embedment le n g th  due to  downward 
d isp lacem ent during expander mandrel in s t a l la t io n  and to  upward 
d isp lacem ent during p i l e  t e s t in g  correspond to  changes in  s h a ft  su r fa ce  
areas o f  l e s s  than 1.5% and th e se  have been ignored .

4 .6  P i l e  I n s t a l la t io n

D e ta ils  o f  p i l e  in s t a l la t io n  procedures have been g iven  in  Chapter 3. 
The in s t a l la t io n  p ro cess  was not con tin u ou s, being in terru p ted  by the  
need to  rearrange and a d ju st  th e  d r iv in g  frame. The o v e r a ll  
in s t a l la t i o n  tim e fo r  each p i l e  component was t y p ic a l ly  about 1 hour. 
Further in form ation  on th e  in s t a l la t io n  o f  th e  p i l e s  a t  th e  Luton s i t e  
i s  g iv en  in  th e  n ext th ree  S e c tio n s . The p i l e  p en e tra tio n s  quoted r e fe r  
to  p e n e tr a tio n s  o f  th e  bottom o f  th e  p i l e  component bein g  d riven  
( in c lu d in g  any d r iv in g  shoe) below ground l e v e l .

4 . 6 . 1  I n s t a l la t io n  o f  box p i l e s
The box p i l e s  were tran sp orted  to  th e  Luton s i t e  from th e  BRS workshops 
ju s t  p r io r  to  in s t a l la t io n .  The c o n d it io n  o f  th e  p i l e  su r fa c e s  was 
s im ila r  to  th e  workshop c o n d it io n  shown in  P la te s  3 .1  to  3 . 6 .
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D riving  o f  th e  o u ter  s h e l l  o f  Box P i le  1 commenced on th e  a ftern oon  o f
2 6 . 3 .8 5 .  A fter  45 m inutes d r iv in g , p i l e  p en e tra tio n  had reached 3.82m 
below ground l e v e l .  D riv ing  was then stopped fo r  the n ig h t and 
recommenced 21 hours la t e r  on 2 7 . 3 .8 5 .  A fter  20 m inutes d r iv in g  th e  
f in a l  p en etra tio n  o f  5.18m was ach ieved .

The o u ter  s h e l l  o f  Box P i le  1 was expanded w ith  expander mandrel A on
1 7 .4 .8 5 .  21 days a f t e r  th e  o u ter  s h e l l  was d riven  (expander mandrel A 
having p r e v io u s ly  been ex tra c te d  from Box P i le  2 ) .

D riving o f  th e  o u ter  s h e l l  o f  Box P i le  2 commenced on th e  a ftern oon  o f
2 7 . 3 .8 5 .  A fter  15 m inutes o f  d r iv in g , p i l e  p en etra tio n  had reached 3.44m 
below ground l e v e l .  D riv ing  was then  stopped fo r  th e  n ig h t . D riving  
recommenced 18 hours la t e r  on 2 8 .3 .8 5 .  A fter  30 m inutes d r iv in g  th e  
f in a l  p en etra tio n  o f  5.26m was ach ieved . The o u ter  s h e l l  was then  
expanded w ith  expander mandrel A, t h is  op era tion  commencing w ith in  30 
m inutes o f  th e  com pletion  o f  d r iv in g  o f  th e  o u ter  s h e l l . The 
expander mandrel in s t a l la t io n  tim e was approxim ately 1 hour. Dragdown o f  
th e  o u ter  s h e l l  a s  th e  expander mandrel was d riven  was approxim ately  
25mm.

On 16 .4 .85  expander mandrel A was ex tra c ted  from Box P i le  2 ( see  
S ec tio n  4 . 7 . 8 )  to  be rep laced  by expander mandrel B. D riving o f  expander 
mandrel B commenced th e  same day, being stopped fo r  the n ig h t a t  a 
p en etra tio n  o f  4.25m. On th e  fo llo w in g  day, 1 7 .4 .8 5 ,  expander mandrel B 
was d riven  to  f in a l  l e v e l .  Dragdown o f  the ou ter  s h e l l  during expansion  
was approxim ately 20mm.

4 . 6 . 2  I n s t a l la t io n  o f  cruciform  p i l e s
The cruciform  p i l e s  were tran sported  to  th e Luton s i t e  from the BRS 
workshops se v e r a l weeks b efo re  in s t a l la t io n .  At th e  s i t e ,  th e  p i l e s  were 
sto red  in  the open where l i g h t  co rro sio n  occurred. The c o n d itio n  o f  the  
p i l e  su r fa ces  p r io r  to  in s t a l la t io n  can be observed in  P la te s  3 .7  and 
3 .11 .

The o u ter  s h e l l s  o f  Cruciform P i le s  3 and 4 were in s t a l le d  on 4 .1 0 .8 5 .  
Cruciform P i le  4 was expanded w ith  expander mandrel A on 7 .1 0 .8 5 ,  3 days 
a f t e r  the o u ter  s h e l l  was in s t a l le d .  Cruciform o u ter  s h e l l  3 was 
expanded w ith  expander mandrel B on 20 .11 .85 ,  47 days a f t e r  th e  ou ter  
s h e l l  was d riven .
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4 . 6 . 3  D riv ing  records
During p i l e  in s t a l la t io n ,  record s were taken  o f  p i l e  p en e tra tio n  a g a in s t  
number o f  hammer b low s. The d ata  must be con sid ered  to  be h ig h ly  
q u a l i ta t iv e  because o f  th e  l im ita t io n s  o f  th e  p i l e  d r iv in g  system  
d escr ib ed  in  S e c tio n  3 . 4 .  The p i l e  d r iv in g  data  are  summarised in  F igure  
4 .2 3 .  P i le  p en e tra tio n  i s  p lo t te d  a g a in s t  cum ulative drop h e ig h t . A 
f r e e - f a l l  hammer drop i s  assumed, w ith  drop h e ig h t th u s p ro p o rtio n a l to  
blow energy.

The d r iv in g  d a ta , a lthough q u a l i t a t iv e ,  appear to  show some c o n s is te n c y .  
There i s  l e s s  d r iv in g  r e s is ta n c e  in  th e  ca se  o f  th e  cruciform  p i l e s  than  
fo r  th e  box p i l e s .  The d r iv in g  r e s is ta n c e  fo r  th e  expander mandrel 
d riven  in to  Box P i l e  2A (very  soon a f t e r  th e  o u ter  s h e l l  was d riven ) i s  
l e s s  than fo r  th e  box expander mandrels d r iven  a f t e r  lon ger  p er io d s o f  
c o n so lid a t io n  subsequent to  o u ter  s h e l l  d r iv in g  (Box P i le s  1A, 2B).

The in s t a l la t io n  data are d isc u sse d  fu r th er  in  Chapter 11.

4 .7  P i le  T estin g

4 . 7 . 1  R atio n a le
In  accordance with th e  o v e r a ll  o b je c t iv e  o f  determ ining whether 
s ig n i f ic a n t  g a in s  in  p i l e  s h a ft  c a p a c ity  can be ach ieved  by means o f  
expansion  a f t e r  d r iv in g , p i l e  t e s t in g  a t  the Luton s i t e  was focused  on 
th e  d eterm ination  o f  u ltim a te  s h a ft  r e s is ta n c e s  (S e c t io n  3 . 1 ) .  Tension  
o n ly  t e s t s  were adopted in  order to  e lim in a te  base r e s is ta n c e .  The 
ca p a c ity  o f  expanded p i l e s  was compared w ith  th a t  o f  unexpanded p i l e s .

In  order to  maximise the amount o f  in form ation  th a t  cou ld  be ob tained  
from each p i l e  p o s it io n , each p i l e  was g e n e r a lly  t e s t e d  in  more than one 
c o n fig u r a tio n . In a d d itio n , repeated  t e s t in g  o f  each  p i l e  c o n fig u ra tio n  
was performed in  order to  in v e s t ig a te  some d i f f e r e n t  a sp e c ts  o f  p i l e  
behaviour, and to  m onitor changes in  u lt im a te  s h a ft  c a p a c ity  w ith  tim e. 
A shortcom ing o f  t h is  approach was the p o s s ib le  e f f e c t s  o f  s o i l  
degradation  around the p i l e s  due to  repeated  s o i l  d istu rb a n ce . T his i s  
d is c u s s e d .in  Chapter 11.

For th e bulk o f  the t e s t in g  programme th e C onstant Rate o f  E x tra ctio n  
(CRE) t e s t  was adopted (W hitaker, 1963; Weltman, 1980).  T his  
disp lacem ent c o n tr o lle d  method o f  t e s t in g  p rov id es  a qu ick  and 
conven ient method o f  determ ining u lt im a te  sh a ft  c a p a c ity .

A d isp lacem ent ra te  o f  lmm/minute was adopted fo r  the CRE t e s t s  
( i b i d ) .  Given th e p iezocone r e s u l t s ,  t h i s  r a te  o f  d isp lacem ent i s  l i k e l y
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to  have g iv en  r i s e  to  near drained  co n d itio n s  around th e  p i l e  during  
t e s t in g .  Upward p i l e  d isp lacem ent was m aintained approxim ately a t  th e  
lmm/minute r a te  by hand pumping th e  hyd rau lic  jack  to  ‘pace* one o f  th e  
p i l e  d e f le c t io n  gauges ( s c a le  lm m /revolution) w ith  th e  sweep second hand 
o f  a  c lo c k . The p i l e  d isp lacem ent r a te  was u su a lly  l e s s  than th e  ta r g e t  
r a te  during th e  e a r ly  s ta g e s  o f  a  t e s t  due to  f a s t  r a te s  o f  hand pumping 
b ein g  req u ired  to  overcome s t i f f  p i l e  resp o n ses. Measurements o f  load  
and d isp lacem ent were taken  a t  l e a s t  two tim es per m inute. P ost peak  
d isp lacem en ts were m inim ised to  prevent e x c e s s iv e  damage to  th e  s o i l  
fa b r ic  around th e  p i l e .

In  th e  la t e r  s ta g e s  o f  th e  t e s t in g  programme a t  th e  Luton s i t e ,  an 
increm ental system  o f  p i l e  load in g  (IL) was introduced  in  which load in g  
was by means o f  d is c r e te  increm ents o f  load  h eld  over a s e r ie s  o f  
increm ents o f  tim e ( i b i d . ) .  T his method o f  t e s t in g  was in troduced  in  
order to  in v e s t ig a te  s e tt le m e n ts  and creep  behaviour under su sta in ed  
lo a d , and to  provide g r e a te r  t e s t  co n tro l during th e  i n i t i a l  p eriod  o f  
s t i f f  p i l e  resp on se . Each increm ent o f  load  was h eld  u n t i l  p i l e  
disp lacem ent was reasonab ly  co n sta n t. Hold tim es v a r ied , becoming lon ger  
towards th e end o f  a t e s t  -  p er io d s  o f  up to  32 m inutes were employed. A 
CRE sta g e  was included  a t  th e  end o f  each increm ental load in g  t e s t  in  
order to  determ ine u lt im a te  lo a d . The increm ental load in g  s ta g e  was 
g e n e r a lly  stopped when th e  creep  r a te  approached th e lmm/minute CRE 
disp lacem ent r a te . There was u su a lly  a pause between th e two s ta g e s  when 
th e  load in g  pump was allow ed  to  r e la x . This o fte n  caused a drop in  load  
which can be observed on th e  load  d isp lacem ent p l o t s .

C y c lic  load in g  t e s t s  were c a rr ied  ou t. The c y c l ic  load s a p p lied  were 
intended to  enab le an o v e r a ll  assessm ent o f  th e  e f f e c t  o f  repeated  
lo a d in g , ra th er  than to  reproduce a s p e c i f i c  load in g  p a ttern . Tension  
o n ly  c y c le s  were a p p lied ; c y c lin g  from near zero load  to  h a lf  the  
u ltim a te  load  in  th e  p rev iou s s t a t i c  t e s t  was con sid ered  appropriate  
(Tom linson, 1977).  C ycle d u ration  was made as sh ort as p o s s ib le ,  in  
order to  maximise th e  number o f  c y c le s  th a t cou ld  be a p p lied  in  the  
t e s t in g  tim e a v a ila b le .  The tim e taken to  apply a c y c le  ranged from 0 .5  
minute to  1 .5  m inutes, depending on th e magnitudes o f  th e  load s a p p lied .

4 . 7 . 2  Arrangement o f  re fe ren ce  beam and spreader beams
In the e a r l ie r  s ta g e s  o f  th e  t e s t in g  programme a t  th e  Luton s i t e  the  
referen ce  beam arrangement was not f u l ly  s a t is fa c to r y .  For conven ience, 
an e le v a te d  referen ce  beam arrangement was used with  the d e f le c t io n  
gauges a c t in g  a g a in st  the top  o f  th e  load in g  box (S ec tio n  3 . 6 . 5 ) .  
T his system  gave r i s e  to  ' f a l s e  z e r o s ’ on the load :d isp lacem ent p lo t s ,  
and d id  not a llo w  p i l e  d isp lacem ent during unloading to  be a c cu ra te ly
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measured. A lso , th e  support system  fo r  th e  e le v a te d  r e fe r e n c e  beam was 
s u s c e p t ib le  to  v ib r a t io n s  from heavy goods t r a in s  running on th e  ra ilw ay  
a lo n g s id e  th e  t e s t  s i t e .  Cumulative movements o f  th e  r e fe r e n c e  beam 
caused  by th e se  t r a in s  were o f  s ig n if ic a n c e  in  th e  c a se  o f  lon g  d u ration  
c y c l i c  lo a d in g  t e s t s .

The shortcom ings o f  th e  re feren ce  beam system  were overcome fo r  th e  
l a t e r  s ta g e s  o f  th e  t e s t in g  programme by means o f  th e  arrangement 
d escr ib ed  in  S ecton  3 . 6 . 5 ,  w ith  th e  d e f le c t io n  gauges a c t in g  a g a in s t  
re fe r e n c e  p la te s  welded to  th e  p i l e s .  The arrangement o f  th e  spreader  
beams and r e fe ren ce  beam were such th a t in te r a c t io n  e f f e c t s  are not 
con sid ered  to  have s e r io u s ly  a f fe c te d  th e  r e s u l t s  o f  th e  p i l e  t e s t s  
g iv en  in  th e  fo llo w in g  S e c tio n s .

4 . 7 . 3  Summary o f  p i l e  t e s t in g
The load :d isp lacem en t h is t o r ie s  o f  th e  four p i l e s  are summarised in  
F igures 4 .24  t o  4 .2 7 .  F igure 4 .28  i s  a  ca len d er h is to r y  o f  th e  t e s t in g  
programme. P i l e  t e s t s  are r e fe rred  to  by means o f  th e  p i l e  
c o n fig u r a tio n , fo llo w ed  by a p i l e  t e s t  number.

In d iv id u a l t e s t s  are d escr ib ed  in  th e fo llo w in g  fou r S e c t io n s . The 
d e s c r ip t io n s  have been organ ised  a s  t e s t in g  h is t o r ie s  fo r  each p i l e  
p o s it io n .  In order to  provide a com plete d e s c r ip t io n , some in form ation  
regarding p i l e  in s t a l la t io n  has been repeated . The t e s t  r e s u l t s  are  
p resen ted  in  F igures 4 .29  to  4 .5 8 .  The standard p lo t  i s  o f  upward 
d isp lacem ent o f  th e  p i l e  head a g a in s t  ap p lied  t e n s i l e  head lo a d . A lso  
p resen ted  are creep  p lo ts  showing d isp lacem ents during th e  ho ld in g  
p er io d s o f  th e  increm ental t e s t s ,  and p lo t s  showing behaviour during  
c y c l i c  lo a d in g . Upward d isp lacem ent o f  th e  p i l e  i s  taken  as  th e  average  
o f  th e  measurements made u sing  th e  two d ia l  gauges. Agreement between  
th e  two gauges was very  good. T yp ica l behaviour i s  shown in  Appendix
4 . 3 .

In th e  ca se  o f  T ests  1U.1 to  1A.5 and T ests  2A.1 t o  2B.5 th e  p o s it io n  o f  
th e  v e r t i c a l  a x is  has been ad ju sted  by eye to  d ea l w ith  f a l s e  z e r o s .  
Data p o in ts  in  the reg ion  o f  th e  f a ls e  zero are in d ic a te d  by open 
c i r c l e s .  There i s  no unloading in form ation  fo r  th e se  t e s t s  (S e c tio n
4 . 7 . 2 ) .

The load :d isp lacem en t p lo t s  are accompanied by summary ta b le s  fea tu r in g  
key data  from th e  t e s t s .  Shaft f r ic t io n s  c a lc u la te d  on th e  b a s is  o f  th e  
fou r s h a ft  su r fa ce  areas A to  D and n et fa i lu r e  lo a d s  are g iv e n . 
Inform ation from th e se  summary ta b le s  i s  brought to g e th e r  fo r  each  
p i l e  c o n fig u r a tio n  in  T ables 4 .2  to  4 . 8 .  Included on the

119



load :d isp lacem en t p lo t s  i s  th e  l i k e l y  range o f  d isp lacem ent due to  
e l a s t i c  ex te n s io n  o f  th e  p i l e s  under load . The b a s is  fo r  th e c a lc u la t io n  
o f  th e se  e l a s t i c  d isp lacem ents i s  d escr ib ed  in  S e c tio n  4 . 7 . 1 0 .

In  order to  compare p i l e  c a p a c i t ie s  on a sy ste m a tic  b a s is ,  d if fe r e n c e s  
in  c a p a c ity  are d efin ed  in  term s o f  fa c to r s .  For example, an in cr ea se  in  
c a p a c ity  from 100 to  350kN i s  d escr ib ed  as a fa c to r  o f  in crea se  o f  3 . 5 .

4 . 7 . 4  T estin g  h is to r y :  Box P i le  1

P i le  C onfigu ration  1U
The o u ter  s h e l l  o f  Box P i l e  1 was d riven  on 2 7 .3 .8 5  and was i n i t i a l l y  
t e s te d  unexpanded.

T est 1U.1 Date: 2 . 4 .8 5  Type: CRE F igure 4 .29
T est 1U.1 was performed 6 days a f t e r  d r iv in g . In t h is  t e s t ,  the  f i r s t  
a t  th e  Luton s i t e ,  co n tr o l o f  th e  load ing jack  was by means o f  an 
e l e c t r i c a l l y  d riven  h yd rau lic  pump (S ec tio n  3 . 6 . 3 ) .  At an ap p lied  load  
o f  52.2kN, co n tro l o f  th e  load in g  jack  was l o s t  due to  an error  in  
op era tin g  th e  pump. The p i l e  f a i l e d  and was su b jec ted  to  a sudden 
disp lacem ent o f  over 8mm. When co n tro l was rega in ed , the recorded load  
was 52.6kN.

T est 1U.2 Date: 2 .4 .8 5  Type: CRE Figure 4 .30
T est 1U.2 was performed im m ediately a f te r  T est 1U.1. Follow ing th e lo s s  
o f  c o n tr o l in  the p rev iou s t e s t ,  the e l e c t r i c a l l y  driven  pump was 
rep laced  by a hand operated  pump. Maximum recorded load  was 66.4kN, a t  
1.8mm d isp lacem ent. Further d isp lacem ent to  2.7mm gave a drop in  load  to  
6 4 . 3kN.

T est 1U.3 Date: 1 6 .4 .85  Type: CRE Figure 4.31
T est 1U.3 was performed 20 days a f t e r  d r iv in g  (14 days a f t e r  th e  
prev ious t e s t ) .  Maximum recorded load  was 79.1kN, a t  2.1mm
d isp lacem ent, rep resen tin g  a fa c to r  o f  in cr ea se  o f  1.19  over the  
p rev iou s t e s t .  Further d isp lacem ent to  4.2mra gave a drop in  load  to  
6 7 . 7kN.

P i le  C onfigu ration  1A
Box P i l e  1 was expanded by 14.3% on 1 7 .4 .8 5 ,  21 days a f t e r  the o u ter
s h e l l  was d riven .

T est 1A.1 Date: 2 2 .4 .8 5  Type: CRE Figure 4.32
T est 1A.1 was performed 5 days a f t e r  expansion . Maximum recorded load
was 3 0 2 .8kN, a t  14.0mm d isp lacem ent; a fa c to r  o f  in crea se  o f  3.83  over
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T est 1U.3. The t e s t  was stopped soon a f t e r  th e  maximum lo a d  was reached. 
The shape o f  th e  load :d isp lacem ent curve was markedly n o n -lin e a r .

T est 1A.2 Date: 2 2 .4 .85  Type: C y c lic , CKE F igure 4 . 3 3 ,  4 .34  
T est 1A.2 was a c y c l ic  load in g  t e s t ,  performed im m ediately a f t e r  T est  
1A.1. In th e  f i r s t  s ta g e  o f  the t e s t ,  25 c y c le s  o f  lo a d in g  between 15kN 
(average) and 150kN were ap p lied  (0 .05  and 0 .5  tim es th e  s t a t i c  c a p a c ity  
in  T est 1A .1) .  There was a v a r ia t io n  in  th e bottom o f  c y c le  lo a d , 
which ranged from OkN to  27kN. Each c y c le  o f  load in g  was a p p lied  over  
approxim ately 1 .5  m inutes. Load and d isp lacem ent read in gs were taken a t  
four p o in ts  on th e  load in g  p o rtio n  o f  each  c y c le .

The p i l e  resp on se during th e  lo ad in g  p o rtio n  o f  each  c y c le  was very  
s im ila r  throughout c y c lin g . In  F igure 4 .34  load  i s  p lo t te d  a g a in s t  
d isp lacem ent, fo r  c y c le s  8 , 19 and 22. R eference d isp lacem ent i s  taken  
as th e  d isp lacem ent a t  th e  bottom o f  c y c le  load , which was 19kN fo r  a l l  
th ree  o f  th e se  c y c le s .  Because o f  problems w ith  th e  r e fe ren ce  beam 
arrangement (S e c tio n  4 . 7 . 2 ) ,  th e  cum ulative d isp lacem ent o f  th e  p i l e  
during c y c l in g  cou ld  not be measured s a t i s f a c t o r i l y  .

Im m ediately fo llo w in g  th e  c y c lin g  s ta g e , a  CRE t e s t  was c a r r ie d  out 
(F igure 4 . 3 3 ) .  Maximum recorded load  was 2 5 6 .OkN, a t  3.6mm d isp lacem en t. 
The maximum load  was a fa c to r  o f  0 .85  tim es th e s t a t i c  f a i lu r e  load  in  
T est 1A.1, c a r r ie d  out p r io r  to  c y c l in g .  P i le  response was much s t i f f e r  
than fo r  T est 1A.1, th e  load :d isp lacem ent curve being more l in e a r .  
Further d isp lacem ent a f t e r  the maximum load  to  4.9mm r e s u lte d  in  a drop 
in  load  to  2 4 9 . 7kN.

T est 1A.3 Date: 1 .11 .85  Type: IL, CRE F igures 4 .3 5 ,  4 .36
T est 1A.3 was performed 198 days a f t e r  expansion (193 days a f t e r  th e  
previous t e s t ).

In the f i r s t  s ta g e  o f  the t e s t ,  load  was in creased  in  increm ents o f  
30kN (nominal) ,  up to  a load  o f  2 4 1 . 2kN. Load increm ents were m aintained  
fo r  up to  32 m inutes. T otal d isp lacem ent a t  the end o f  th e  h o ld in g  
period  fo r  th e  2 4 1 .2kN increm ent was 2.6mm. The average creep  
disp lacem ent r a te  between 28 and 32 m inutes o f  th e  f in a l  h o ld in g  p eriod  
was 0.81mm/min. Creep behaviour i s  p resen ted  in  F igure 4 .3 6 .

In the second s ta g e  o f  the t e s t  CRE load in g  was a p p lied  (F igure 4 . 3 5 ) .  
Maximum recorded load  was 3 2 2 .3kN a t  5.4mm d isp lacem ent. T his r ep re se n ts  
a fa c to r  o f  in c r e a se  o f  1.26 over th e  maximum load  in  T est 1A.2 
(performed im m ediately a f t e r  c y c l i n g ) ;  and a fa c to r  o f  in c r e a se  o f  1.06  
over th e maximum load  in  T est 1A.1 (performed b efore  c y c l i n g ) .  The lo s s
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in  c a p a c ity  th a t occurred as a  r e s u lt  o f  c y c l in g  was th u s f u l l y  
recovered . The load :d isp lacem ent curve up to  maximum load  fo llo w ed  
c lo s e ly  th a t  o f  th e  p rev iou s t e s t .  Further d isp lacem ent to  9.9mm a f t e r  
th e  maximum load  was reached r e su lte d  in  a f a l l  in  load  to  2 9 8 .4kN.

4 . 7 . 5  T estin g  h is to r y :  Box P i le  2

P i le  C onfigu ration  2A
The o u ter  s h e l l  o f  Box P i le  2 was d riven  on 2 8 .3 .8 5  and was im m ediately  
expanded by 14.3%.

T est 2A.1 Date: 2 .4 .8 5  Type: CRE Figure 4 .37
T est 2A.1 was performed 5 days a f t e r  expansion . Maximum recorded load  
was 2 3 2 . 7kN, a t  9.0mm d isp lacem ent. Further d isp lacem ent to  13.3mm 
r e su lte d  in  a d ecrease  in  load  to  224. lkN. The load  d isp la cem e n t curve  
was markedly n o n -lin e a r .

T est 2A.2 Date: 16 .4 .85  Type: CRE F igure 4.38
T est 2A.2 was performed 19 days a f t e r  expansion  (14 days a f t e r  th e  
prev ious t e s t ) .  Maximum load  recorded was 2 4 9 .7kN, a t  3.9mm
disp lacem ent; a  fa c to r  o f  in crea se  o f  1.07 on th e  maximum load  in  the  
prev ious t e s t .  P i l e  response was much s t i f f e r  and more l in e a r  than fo r  
T est 2A.1. F a ilu re  occurred q u ite  suddenly, with  l i t t l e  p r io r  
in d ic a t io n . A fter  f a i l u r e ,  fu rth er  d isp lacem ent to  6.3mm gave a d ecrease  
in  load  to  2 3 5 . lkN.

P i le  C onfigu ration  2B
On 1 7 . 4 .8 5 ,  1 day a f t e r  T est 2A.2, expander mandrel A was ex tra c ted  from
Box P i l e  2. Expander mandrel B was then d riven  in  i t s  p la c e , expanding
th e p i l e  by 21.4% o f  i t s  o r ig in a l unexpanded w idth .

T est 2B.1 Date: 2 2 .4 .8 5  Type: CRE Figure 4.39
T est 2B.1 was performed 5 days a f t e r  expansion. Maximum recorded load  
was 3 3 5 .OkN, a t  10.4ram d isp lacem ent; a fa c to r  o f  in crea se  o f  1.34 over  
th e maximum load  in  T est 2A.2. Further d isp lacem ent to  14.6mm gave a 
drop in  load  to  32 8 .8kN. The lo a d d isp la c e m e n t curve was n o n -lin e a r , 
s im ila r  to  th o se  fo r  th e i n i t i a l  lo a d in g s o f  expanded P i l e s  1A and 2A.

T est 2B.2 Date: 2 3 .4 .8 5  Type: C y c lic , CRE F igures 4 .40 ,  4 .4 1 ,  4 .63
T est 2B.2 was a c y c l ic  load in g  t e s t ,  performed the day a f t e r  T est 2B.1.  
50 c y c le s  o f  load in g  between 2lkN (average) and 17lkN were a p p lied  (0 .06  
and 0.51  tim es the s t a t i c  ca p a c ity  in  T est 2B .1) .  There was a v a r ia t io n  
in  th e bottom o f  c y c le  load , which ranged from 12kN to  27kN. Each 
load in g  c y c le  was com pleted in  approxim ately 1 .5  m inutes. Load and
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disp lacem ent read in gs were taken a t  four p o in ts  on th e  lo a d in g  p o r tio n  
o f  each  c y c le .

P i le  response during th e  load in g  p o r tio n  o f  each c y c le  was very  s im ila r  
throughout c y c l in g .  In  Figure 4 .4 1  load  i s  p lo t te d  a g a in s t  d isp lacem ent  
fo r  c y c le s  3 , 15, 40 and 50. R eference d isp lacem ent i s  taken  a s  th e  
disp lacem ent a t  th e  bottom o f  c y c le  load , which was 19kN fo r  a l l  four  
c y c l e s .

Cumulative d isp lacem ent o f  th e  p i l e  during c y c lin g  i s  shown in  F igure  
4 .6 3 , in  which d isp lacem ent a t  top  o f  c y c le  load  i s  p lo t te d  a g a in s t  
c y c le  number. There i s  n e g l ig ib le  d if fe r e n c e  in  top  o f  c y c le  
disp lacem ent fo r  c y c le  1 and c y c le  50 (1.7mm), a lth ou gh  some minor 
f lu c tu a t io n s  occur during the course o f  c y c l in g  (most probably because  
th e  d e f le c t io n  d ia l  gauges were a c t in g  a g a in s t  th e  lo a d  box ra th er  than  
a g a in s t  th e  p i l e ).

Im m ediately a f t e r  c y c l in g , CRE load in g  was a p p lied  (F igure 4 .4 0 ) .  
Maximum recorded load  was 2 7 2 .6kN, a t  4.6mm d isp lacem ent; a  fa c to r  o f  
d ecrease  o f  0 .81  tim es th e maximum load  in  T est 2B.1 (c a r r ie d  ou t b efore  
c y c l in g ) .  The load  .‘d isp lacem ent response was c h a r a c t e r is t ic a l ly  s t i f f e r  
and more l in e a r  up to  fa i lu r e  than fo r  T est 2B .1 . Further d isp lacem ent 
a f t e r  f a i lu r e  to  6.4mm gave a drop in  load  to  2 6 2 .2kN.

T est 2B.3 Date: 7 .5 .8 5  Type: CRE F igure 4 .4 2
T est 2B.3 was c a rr ied  out 20 days a f t e r  expansion  (14 days a f t e r  the  
prev ious t e s t ) .  Maximum recorded load  was 3 0 6 .9kN, a t  4.0mm 
d isp lacem ent. T h is rep resen ts  fa c to r s  o f  in cr ea se  o f  1 .1 3  over T est 2B.2 
(ca rr ied  out im m ediately a f t e r  c y c lin g )  and 0 .9 2  over T est 2B.1 (ca rr ied  
out b efore  c y c l in g ) .  The lo a d :d isp lacem ent curve fo llo w ed  c lo s e ly  th a t  
o f  th e p rev iou s t e s t .  A fter  f a i lu r e ,  fu rth er  d isp lacem ent to  5.7mm gave 
a drop in  load  to  2 6 6 .8kN, a r e la t iv e ly  marked lo s s  in  comparison to  
prev ious t e s t s  and c lo s e  to  the fa i lu r e  envelope fo r  th e  p rev iou s t e s t  
(a lthough  t h is  i s  probably c o in c id e n ta l) .

T est 2B.4 Date: 5 .8 .8 5  Type: CRE F igure 4 .4 3
T est 2B.4 was performed 110 days a f t e r  expansion  (90 days a f t e r  the  
prev ious t e s t ) .  Maximum recorded load  was 3 1 4 .2kN, a t  4.1mm
disp lacem ent; a fa c to r  o f  in crea se  o f  1 .02  on th e  p rev io u s t e s t .  The 
fa c to r  o f  in c r e a se  over T est 1B.1 was 0 .9 4 , the l o s s  in  c a p a c ity  due to  
c y c lin g  being alm ost recovered . The load :d isp lacem en t curve up to  
fa i lu r e  fo llo w ed  c lo s e ly  th a t o f  th e  prev ious two t e s t s .  A fter  f a i lu r e ,  
fu rth er  d isp lacem ent to  5.0mm gave a drop in  load  to  3 0 3 .8kN.
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T est 2B.5 Date: 6 .1 1 .8 5  Type: IL, CRE F igures 4 .4 4 , 4 .4 5
T est 2B.5 was performed 203 days a f t e r  expansion  (93 days a f t e r  th e  
p rev iou s t e s t ) .

In  th e f i r s t  s ta g e  o f  th e  t e s t ,  load  was in creased  in  increm ents o f  30kN 
(nom inal) up to  a lo a d  o f  271.8kN. Load increm ents were m aintained fo r  
up to  16 m inutes. During th e  ho ld in g  p eriod  a t  2 7 1 .8kN th e  r a te  o f  creep  
disp lacem ent in crea sed  suddenly and continued  to  a c c e le r a te .  Between 
4 and 6 m inutes o f  th e  h o ld in g  p er io d , th e  creep  d isp lacem ent was 2.56mm 
( 1 .28ram/min). Pumping o f  th e  load in g  jack  was stopped a f t e r  6 m inutes 
and th e  load  allow ed  to  s t a b i l i s e .  The f in a l  increm ental load  was a  
fa c to r  o f  0 .8 7  tim es th e  maximum load  in  T est 2B .4 . Creep behaviour i s  
p resen ted  in  F igure 4 .4 5 .

In  th e  second s ta g e  o f  th e  t e s t ,  CRE load in g  was ap p lied  (F igure 4 .4 4 ) .  
Pumping o f  th e  load in g  jack  commenced a t  a s t a b i l i s e d  load  o f  2 5 1 .OkN. 
Maximum load  recorded was 2 6 3 .5kN, a t  7.6mm d isp lacem ent. The 
maximum load  was l e s s  than the f in a l  load  increm ent during the f i r s t  
sta g e  o f  th e  t e s t .  D isplacem ent to  12.0mm r e su lte d  in  a fu r th er  drop in  
load  to  2 4 7 .8kN.

4 . 7 . 6  T estin g  h is to r y :  Cruciform P i le  3 

P i le  C onfigu ration  3U
The o u ter  s h e l l  o f  P i le  3 was d riven  on 4 .1 0 .8 5  and was i n i t i a l l y  t e s te d  
unexpanded.

T est 3U.1 Date: 16 .10 .85  Type: IL, CRE F igures 4 .4 6 ,  4 .47
T est 3U.1 was performed 12 days a f t e r  d r iv in g .

In the f i r s t  s ta g e  o f  th e  t e s t ,  two su c c e ss iv e  increm ents o f  lOkN 
(nom inal) were a p p lied , to  g iv e  a load  o f  21.4kN. The second increm ent 
was m aintained fo r  32 m inutes, during which tim e su b s ta n t ia l creep  
disp lacem ent o f  ju s t  under 3mm occurred. As a r e s u lt ,  i t  was decided  to  
proceed w ith  the CRE sta g e  o f  th e  t e s t .  Creep behaviour i s  shown in  
Figure 4 .4 7 .

During th e CRE s ta g e  o f  the t e s t  (F igure 4 .4 6 )  a slow  in cr ea se  in  load  
occurred as a la rg e  d isp lacem ent was ap p lied  to  the p i l e .  Maximum load  
recorded was 50.4kN, a t  31.4mm d isp lacem ent. The t e s t  was term inated  
sh o r t ly  a f t e r  t h i s .

T est 3U.2 Date: 31 .10 .85  Type: C y c lic , CRE F igures 4 .48 ,  4 .4 9 ,  4.63  
T est 3U.2 was a c y c l i c  load ing t e s t  performed 27 days a f t e r  d r iv in g  (15
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days after the previous test).

50 c y c le s  o f  lo a d in g  between 1 and 25kN were a p p lied  ( 0 . 0  and 0 .5  tim es  
th e s t a t i c  c a p a c ity  in  th e  prev ious t e s t ) .  The tim e taken  to  app ly  each  
c y c le  was approxim ately  30 seconds. Load and d isp lacem ent read in gs were 
taken a t  th e  top  and bottom o f  each c y c le .  At 10 c y c le  in t e r v a ls ,  a  more 
a ccu ra te ly  logged  c y c le  (11 read ings during the c y c le )  was perform ed, 
th e se  c y c le s  la s t e d  approxim ately 60 seconds.

In F igure 4 .4 9  load  i s  p lo t te d  a g a in s t  d isp lacem ent, fo r  th e  a c c u r a te ly  
logged  c y c le s .  The lo o p s appear s im ila r , apart from th e  i n i t i a l l y  l e s s  
s t i f f  response in  c y c le  1. Cumulative d isp lacem ent o f  th e  p i l e  during  
c y c lin g  i s  shown in  F igure 4 .63 ,  in  which d isp lacem ent a t  th e  to p  o f  
c y c le  load  i s  p lo t te d  a g a in st  c y c le  number. Cumulative d isp lacem en t a t  
peak c y c le  load  in c r e a se s  s t e a d i ly  from 0.7mm in  c y c le  1 to  2 . 2mm in  
c y c le  50.

CRE load in g  was a p p lied  im m ediately a f t e r  c y c lin g  (F igure 4 . 4 8 ) .  The 
maximum load  recorded was 5 1 . 2kN a t  10.7mm, alm ost id e n t ic a l  to  the  
maximum load  in  T est 3U.1 (b efore c y c l i n g ) .  D isplacem ent to  f a i lu r e  was 
much l e s s  than fo r  T est 3U.1 however.

P i le  C onfigu ration  3B
Cruciform P i le  3 was expanded by 21.4% on 20 .11 .85 ,  47 days a f t e r  th e
ou ter  s h e l l  was d r iv en .

T est 3B.1 Date: 2 .1 2 .8 5  Type: IL, CRE F igures 4 . 5 0 ,  4.51
T est 3B.1 was performed 9 days a f t e r  expansion . In th e  f i r s t  s ta g e  o f  
th e t e s t , load  was in creased  in  increm ents o f  30kN (nom inal) up to  a  
load o f  14 9 .4kN. The load increm ents were m aintained fo r  up to  32 
m inutes. The u lt im a te  creep  d isp lacem ent ra te  during th e  f in a l  load  
increment was an average o f  0.04ram/min between 28 and 32 m inutes o f  the  
hold ing p eriod . T ota l d isp lacem ent a t  32 m inutes was 10.2mm. Creep 
behaviour i s  shown in  Figure 4 .51 .

In the second s ta g e  o f  the t e s t ,  CRE load in g  was ap p lied  (F igure 4 . 5 0 ) .  
Load in creased  s lo w ly  w ith continued  d isp lacem ent, reaching a maximum 
recorded v a lu e  o f  21 0 .8kN a t 24.0mm d isp lacem ent. T his rep resen ted  a 
fa c to r  o f  in c r e a se  o f  4 .12  on T est 3U.2 (ca rr ied  out b efo re  ex p a n sio n ). 
Loading was stopped sh o r t ly  a f t e r  th e maximum load  was reached. The 
o v e r a ll load  .’d isp lacem ent curve was n o n -lin e a r .

T est 3B.2 Date: 2 6 . 3 .8 6  Type: CRE F igure 4 .52
T est 3B.2 was performed 126 days a f t e r  expansion (117 days a f t e r  the
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p rev iou s t e s t ) .  The maximum load  recorded was 2 1 6 .6kN a t  8.3mm 
d isp lacem ent, a sm all fa c to r  o f  in cr ea se  o f  1.03 on th e  p rev iou s t e s t .  
P i le  response was more l in e a r ,  and d isp lacem ent to  fa ilu r e  was much l e s s  
than fo r  th e  p rev iou s t e s t .  Further d isp lacem ent a f t e r  th e  maximum load  
to  11 . 8mm gave a drop in  load  to  210 . 4kN.

4 . 7 . 7  T estin g  h is to r y :  Cruciform P i le  4

P i le  C onfigu ration  4A
The o u ter  s h e l l  o f  Cruciform P i le  4 was d riven  on 4 . 1 0 .8 5 .  The o u ter  
s h e l l  was expanded 3 days la t e r  on 7 .1 0 .8 5 .

T est 4A.1 Date: 16 .10 .85  Type: IL, CRE 
T est 4A.1 was performed 9 days a f t e r  expansion , 
the t e s t ,  load  was in creased  in  increm ents o f  25kN 
load  o f  125 .3kN. The load  increm ents were h eld  
Creep behaviour i s  shown in  Figure 4 .54 .

The u lt im a te  creep  d isp lacem ent ra te  during the f in a l  increm ent was an 
average o f  0.06mm between 16 and 32 m inutes o f  the hold ing p er io d . T ota l 
disp lacem ent a t  32 m inutes was 2.7ram. At t h is  p o in t an attem pt to  s t a r t  
the CRE sta g e  o f  th e  t e s t  was made. However, problems w ith  th e hand pump 
d eveloped . In order to  a tten d  to  th e pump a t o t a l  r e le a se  o f  th e  ap p lied  
load  had to  be made. P i l e  d isp lacem ent a f t e r  load  r e le a se  was 2.2mm.

In the second sta g e  o f  the t e s t  CRE load in g  was ap p lied  (F igure 4 . 5 3 ) .  
Problems w ith  the hand pump continued  to  occur, r e su lt in g  in  a p a r t ia l  
lo s s  o f  load  on th ree  o c c a s io n s . T his d id  not appear to  a f f e c t  th e  
load :d isp lacem ent curve unduly, however, which was c h a r a c t e r is t ic a l ly  
n o n -lin e a r . Maximum recorded load was 3 0 4 .4kN a t  19.5iran. Further  
disp lacem ent to  34.5mm gave a sm all drop in  load  to  300 .3kN.

T est 4A.2 Date:3 1 .1 0 -1 .1 1 .8 5  Type: Cyclic,CRE Figures 4 .55 ,  4 .5 6 ,  4.63  
T est 4A.2 was a c y c l ic  load in g  t e s t ,  performed 24 days a f t e r  expansion  
(15 days a f t e r  the p rev iou s t e s t ) .

I n i t i a l l y ,  load  was cy c led  between lkN and 150kN (0 and 0 .50  tim es the
s t a t i c  ca p a c ity  in  th e prev ious t e s t ) .  20 c y c le s  o f  lo ad in g  were 
a p p lied , the tim e taken to  apply each c y c le  was approxim ately 50 
seconds. Load and d isp lacem ent read ings were taken a t  the top  and 
bottom o f  each c y c l e .  C ycles 1, 10 and 20 were more a c cu ra te ly  logged  
(11 read ings during the c y c l e ) ;  th ese  c y c le s  la s te d  approxim ately 1.5  
m inutes.

F igures 4 .5 3 ,  4 .54  
In the f i r s t  s ta g e  o f  

(nominal), up to  a 
fo r  up to  32 m inutes.
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Cumulative d isp lacem ent a t  top  o f  c y c le  load  in crea sed  w ith  each  c y c le ,  
from 2.1mm in  c y c le  1 to  11.8mm in  c y c le  20 (F igure 4 . 6 3 ) .  The r a te  o f  
in cr ea se  o f  d isp lacem ent a c c e le r a te d  during c y c le s  10 to  20. At t h i s  
p o in t  th e  p i l e  was com p lete ly  unloaded and t e s t in g  was stopped fo r  th e  
n ig h t . Permanent d isp lacem ent on un loading was 10.4mm.

The t e s t  recommenced approxim ately 17 hours l a t e r  on 1 . 1 1 .8 5 .  In the  
l i g h t  o f  th e  degrad ation  in  p i l e  performance th e  p rev io u s day, th e  
c y c lin g  load  was reduced. 30 c y c le s  o f  load in g  between 1 and 121kN were 
a p p lied  (0 and 0 .4  tim es th e  s t a t i c  c a p a c ity  in  T est 4A .1 ) .  These c y c le s  
were d esig n a ted  numbers 21 to  50. Logging was a s  fo r  th e  f i r s t  s ta g e  o f  
c y c l in g , w ith  c y c le s  21, 30, 40 and 50 being more a c c u r a te ly  lo g g ed . The 
tim e to  apply each c y c le  was s im ila r  to  th e f i r s t  s ta g e  o f  c y c l in g .

Cumulative d isp lacem ent a t  th e  top  o f  c y c le  load  in crea sed  a t  an 
a c c e le r a t in g  r a te  throughout the c y c lin g  o p era tio n , from 12 . 0mm during  
c y c le  21 to  26.9mm during c y c le  50 (F igure 4 . 6 3 ) .  T ota l cum ulative  
disp lacem ent o f  th e  p i l e  a f t e r  unloading a t  th e  end o f  c y c le  50 was 
25.6mm. The p i l e  had o b v io u sly  f a i l e d .  At t h is  p o in t , a  CRE t e s t  was 
im m ediately c a r r ie d  out (F igure 4 . 5 5 ) .  The p i l e  f a i l e d  a t  th e  c y c l in g  
lo a d . Maximum load  recorded was 127 .4kN, a t  10.1mm d isp lacem en t. The 
t e s t  was stopped a t  t h is  p o in t.

Load:d isp lacem ent behaviour during c y c lin g  i s  shown in  Figure 4 .5 6 .  The 
a c c u r a te ly  logged  c y c le s  have been p lo tte d ;  re feren ce  d isp lacem ent has 
been taken fo r  conven ience as th e  d isp lacem ent a t  31kN -  t h is  was a  
standard lo g g in g  p o in t fo r  a l l  the c y c le s .  In both s ta g e s  o f  c y c l in g ,  
th ere  i s  a p ro g r e ss iv e  lo s s  o f  s t i f f n e s s  near th e  top  o f  th e  lo ad in g  
c y c le  as th e  number o f  c y c le s  a p p lied  in c r e a se s . The lo s s  in  s t i f f n e s s  
i s  a s so c ia te d  with  ir reco v era b le  d isp lacem en ts.

T est 4A.3 Date: 2 5 .3 .8 6  Type: IL, CRE F igures 4 . 5 7 ,  4 .5 8  
T est 4A.3 was performed 169 days a f t e r  expansion  (145 days a f t e r  the  
prev ious t e s t ).

In the  f i r s t  s ta g e  o f  the t e s t ,  load  was in creased  in  increm ents o f  30kN 
(nom inal) up to  a load  o f  150.9kN. The load  increm ents were m aintained  
fo r  up to  16 m inutes. Creep behaviour i s  shown in  F igure 4 .5 8 .  The creep  
r a te  in creased  suddenly when th e f in a l  increm ent was a p p lied , 1 . 2ram 
disp lacem ent occu rrin g  during the f i r s t  minute o f  th e  h o ld in g  p er io d . 
Pumping- o f  th e  load in g  jack  was stopped a t  t h i s  p o in t ( t o t a l  
disp lacem ent 3.4mm) and th e load  allow ed  to  s t a b i l i s e .  The f in a l  load  
increm ent was a fa c to r  o f  1.18 tim es th e  f in a l  f a i lu r e  load  in  th e  
p rev ious t e s t .  The lo s s  in  ca p a c ity  th a t occurred during c y c l i c  T est
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4A.2 was thus irrecoverable.

In  th e  second sta g e  o f  th e  t e s t ,  CRE load in g  was ap p lied  (F igure 4 . 5 7 ) .  
Pumping o f  th e  load in g  ja ck  commenced a t  a  s t a b i l i s e d  load  o f  116kN. 
Maximum load  recorded was 1 37 .3kN, a t  6.9mm d isp lacem ent. Continued  
disp lacem ent to  10.9mm gave a sm all drop in  load  to  129kN. The maximum 
load  was l e s s  than th e  f in a l  load  increm ent during th e  f i r s t  s ta g e  o f  
th e  t e s t ,  and rep resen ted  a fa c to r  o f  1 .08  tim es th e  f in a l  f a i lu r e  lo a d  
in  T est 4A.2.

4 . 7 . 8  E x tra ctio n  o f  expander mandrels
Measurements o f  ap p lied  load  were taken during e x tr a c tio n  o f  a l l  th e  
expander m andrels, excep t in  th e  ca se  o f  Cruciform P i le  3B. D e ta i ls  o f  
th e  e x tr a c tio n  p ro cess  have been g iven  in  S e c tio n  3 .9 .  The e x tr a c t io n  
data  are p resen ted  in  Table 4 . 9 .

Measurements were taken o f  th e  i n i t i a l  peak jack in g  load , which occurred  
a t  th e very  s t a r t  o f  e x tr a c tio n ;  and o f  th e  stead y  jack in g  load  which  
occurred during the 10 to  20mm d isp lacem ent fo llo w in g  the peak lo a d . In  
Table 4 .9  th ese  load s are compared w ith  th e  maximum load s recorded in  
th e  f in a l  p i l e  t e s t  performed b efore  expander mandrel e x tr a c tio n .

There appears to  be an in cr ea se  in  peak e x tr a c tio n  load  th e  lo n g er  an 
expander mandrel i s  l e f t  in  p la c e , presumably due to  co rr o sio n  or  
p ressu re  bonding between th e  o u ter  s h e l l  and th e  expander mandrel w ith  
t ime.  In  the case  o f  Cruciform P i le  4A, t h is  bonding was s u f f i c i e n t  to  
cause th e  p i l e  to  f a i l  a long the o u ter  s h e l l / s o i l  in te r fa c e  a s  th e  
expander mandrel was p u lle d .

The r a t io s  o f  th e  p ost-p eak  stead y  e x tr a c tio n  load s to  th e p rev iou s p i l e  
t e s t  maximum load s are between 0 .26  and 0 .3 4 .  Taking th e a n g le  o f  
f r ic t io n  between s t e e l  and the chalk  a s  34° (S ec tio n  4 . 4 . 7 ) ,  th e se  
v a lu es imply c o e f f i c ie n t s  o f  f r i c t i o n  p between ou ter  s h e l l  and expander 
mandrel o f  0 .18  to  0 .2 3 .  The low est va lu e  i s  th a t fo r  Box P i l e  2B, th e  
expander mandrel in  t h i s  ca se  was coated  with  m il l  varn ish . The deduced 
v a lu es  o f  y. o f  0 .20  and 0 ,23  fo r  Box P i l e s  1A and 2A, which had uncoated  
expander mandrels, agree w e ll w ith  p u b lish ed  v a lu es  fo r  s t e e l : s t e e l  
f r i c t i o n  (eg.  Urquhart, 1940).

4 . 7 . 9  Removal o f  p i l e s  from ground
When th e cruciform  p i l e s  were removed from the ground (S ec tio n  3 . 9 ) ,  
ch alk  was found to  be con ta in ed  between the cruciform  arms as shown in  
P la te  4 . 1 .  In the reg ion  o f  th e  expander mandrel nose th ere  was a  
p r o g r e s s iv e ly  sm aller  amount o f  ch alk  con ta in ed  between the arms towards
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the bottom of the pile.

4 . 7 . 1 0  E la s t ic  deform ation o f  p i l e s
The d isp lacem ent a t  th e  head o f  th e  p i l e s  due to  e l a s t i c  deform ation  o f  
th e  s t e e l  p i l e  members i s  now co n sid ered . The e l a s t i c  d isp lacem ent a t  
th e  p i l e  head depends on th e r e la t iv e  deform ations o f  th e  o u ter  s h e l l  
and expander mandrel. These in  turn  depend on th e  d is t r ib u t io n  o f  s h a ft  
r e s is ta n c e  a long th e  le n g th  o f  th e  p i l e ,  and th e  f r ic t io n a l  behaviour  
along th e  in te r fa c e  between o u ter  s h e l l  and expander mandrel. The 
f r ic t io n a l  behaviour may w e ll change w ith  tim e, a s  in d ic a te d  by th e  
h igh er expander mandrel e x tr a c tio n  lo a d s  fo r  p i l e s  which had been l e f t  
in  th e ground fo r  lon g er  p er io d s o f  tim e (S e c tio n  4 . 7 . 8 ) .

To provide sim ple low er and upper bounds to  the e l a s t i c  d isp lacem ent o f  
th e  p i l e s  near fa i lu r e ,  two e l a s t i c  l i n e s  have been p lo t te d  on th e  
load :d isp lacem en t p lo t s .  These are c a lc u la te d  as fo llo w s:

Lower bound -
(a ) The o u ter  s h e l l  and expander mandrel are assumed to  a c t  to g e th er  

as a s in g le  u n i t ,  i . e .  the c o e f f i c i e n t  o f  f r i c t io n  between o u ter  
s h e l l  and expander mandrel i s  assumed to  be g rea te r  than th a t  
between o u ter  s h e l l  and s o i l .

(b) A uniform  d is tr ib u t io n  o f  s h a ft  r e s is ta n c e  a long th e p i l e  s h a ft  a t  
fa i lu r e  i s  assumed.

Upper bound -
(a ) The load  a p p lied  to  th e  p i l e  i s  assumed to  be taken s o l e l y  by the  

o u ter  s h e l l  a n g le s , i . e .  th e  c o e f f i c i e n t  o f  f r i c t io n  between o u ter  
s h e l l  and expander mandrel i s  assumed to  be zero .

(b) A triangular distribution of shaft resistance along the pile shaft 
at failure is assumed.

The t o t a l  d isp lacem ent o f  the p i l e  head due to  e l a s t i c  deform ation  i s  
made up o f  th e  d isp lacem ent o f  th e  embedded p i l e  len g th  and the  
disp lacem ent o f  the exposed p i l e  le n g th  a t  the top  o f  the p i l e .  Load 
tra n sfe r r e d  through th e exposed p i l e  le n g th  i s  assumed to  be taken by 
th e o u ter  s h e l l  a n g les  a lo n e . Table 4 .10  p rov id es d e t a i l s  o f  the  
c a lc u la t io n  o f  th e  e l a s t i c  l in e s  fo r  th e  v ariou s p i l e  c o n f ig u r a t io n s . I t  
l i s t s  c r o s s - s e c t io n a l  areas o f  the p i l e  members, embedded p i l e  le n g th s ,  
exposed p i l e  le n g th s , and the corresponding e l a s t i c  d isp lacem ents a t  the  
p i l e  head.
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4.8 Summary of Pile Performances

The p r in c ip a l p o in ts  o f  in t e r e s t  a r is in g  from th e r e s u lt s  o f  th e  p i l e  
t e s t s  a t  th e  Luton s i t e  are g iv en  in  t h i s  S e c t io n . They are d isc u sse d  in  
Chapter 11.

4 . 8 . 1  I n i t i a l  in cr ea se  in  p i l e  c a p a c ity
I n i t i a l  lo a d in g s  fo r  th e  box p i l e s  and th e cruciform  p i l e s  are  compared 
in  F igures 4 .59  and 4 .6 0 .  F actors o f  in cr ea se  in  g ro ss  maximum load  and 
in  minimum/raaximum average s h a ft  f r ic t io n s  over th e  v a lu es  fo r  the  
unexpanded p i l e s  1U and 3U are g iv e n . Because o f  th e  l o s s  o f  co n tro l 
su ffe r e d  in  T est 1U.1, and th e  p o s s ib le  in f lu e n c e  o f  t h i s  on T est 1U.2 
ca rr ied  out im m ediately a fterw ard s, th e  re feren ce  t e s t  fo r  Box P i l e  1 
i s  taken as T est 1U.3.

The unexpanded Box P i le  1U and Cruciform P i l e  3U gave maximum load s o f  
79.1kN and 50.4kN r e s p e c t iv e ly , corresponding to  very s im ila r  average  
sh a ft  f r ic t io n s  o f  28.8kPa and 23.3kPa r e s p e c t iv e ly .

For a l l  th e  expanded box p i l e s  th ere  were la r g e  in c r e a se s  in  load  
carrying  c a p a c ity  in  comparison to  unexpanded Box P i l e  1U. Box P i l e  2B 
(expanded by 21.4%) performed b e s t ,  showing a fa c to r  o f  in cr ea se  o f  
4.23  in  maximum load  (5 .37  in  maximum average sh a ft  f r i c t i o n ) .  Box P i l e s  
1A and 2A (both  expanded by 14.3%) showed fa c to r s  o f  in crea se  in  maximum 
load  o f  3.83  and 2 .94 r e s p e c t iv e ly .  There were a ls o  la r g e  i n i t i a l  
in c r e a se s  in  load  carry in g  c a p a c ity  fo r  both o f  the expanded cruciform  
p i l e s ,  in  comparison to  unexpanded Cruciform P i l e  3U. Cruciform P i l e  4A 
(expanded by 10.7%) performed b e s t ,  showing a fa c to r  o f  in cr ea se  o f  6.04  
in  maximums load  (6 .90  in  maximum average sh a ft  f r i c t i o n ) .  Cruciform  
P i l e  3B (expanded by 21.4%) performed l e s s  w e ll than Cruciform P i l e  4A, 
showing a fa c to r  o f  in cr ea se  o f  4 .18  in  maximum lo a d . Average sh a ft  
f r i c t i o n  v a lu es  fo r  a l l  the p i l e s  are p lo tte d  a g a in s t  percentage  
expansion in  Figure 4 .61  (percentage in crea se  in  p i l e  width);  and 
Figure 4 .62  (percentage in crea se  in  p i l e  c r o s s - s e c t io n a l  area) .

4 . 8 . 2  Performance under c y c l ic  load in g
D e ta ils  o f  the c y c l ic  load in g  t e s t s  have been g iven  in  S e c tio n s  4 . 7 . 5  
to  4 . 7 . 7 .  The behaviour o f  Box P i le  2B and Cruciform P i l e s  3U and 4A 
during c y c lin g  i s  compared in  Figure 4 .63 .

Box P i l e  1A (25 c y c le s  o f  lo a d in g ) showed no tendency to  be p u lled  from 
the ground during c y c l in g . The s t a t i c  t e s t  performed im m ediately a f t e r  
c y c lin g  showed a lo s s  in  c a p a c ity  in  comparison to  the s t a t i c  t e s t  
b efore c y c lin g  ( f a c t o r  o f  in cr ea se  0 . 8 5 ) .  T his lo s s  in  c a p a c ity  was more
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than fully recovered with time (Figure 4.35).

Box P i le  2B (50 c y c le s  o f  load in g ) underwent double th e  number o f  c y c le s  
ap p lied  to  Box P i le  1A. The lo s s  in  c a p a c ity  im m ediately a f t e r  c y c l in g  
( fa c to r  o f  in cr ea se  0 .8 1 )  was g r e a te r  than th a t fo r  Box P i le  2B. The 
l o s s  in  c a p a c ity  due to  c y c lin g  was la r g e ly  reco v era b le  w ith  tim e  
(F igure 4 .43 )

The unexpanded Cruciform P i le  3U (50 c y c le s  o f  lo a d in g ) su ffe r e d  a 
permanent d isp lacem ent o f  1.9mm a f t e r  c y c l in g . However, th e  s t a t i c  
c a p a c ity  im m ediately a f t e r  c y c lin g  was id e n t ic a l  to  th a t b efo re  c y c l in g  
(F igure 4 . 4 8 ) .

Cruciform P i le  4A performed badly during c y c l in g . Large permanent 
d isp lacem ents accum ulated a t  an in c r e a s in g  r a te  during c y c l in g .  There 
was a p ro g r e ss iv e  l o s s  in  s t i f f n e s s  near th e  top s o f  th e  load in g  c y c le s  
(F igure 4 . 5 6 ) ,  and th e  p i l e  f a i l e d  a t  th e  c y c lin g  lo a d . In c o n tr a s t  to  
the o th er  p i l e s  which underwent c y c l in g ,  the lo s s  in  c a p a c ity  o f  
Cruciform P i l e  4A d id  not prove to  be recoverab le  w ith  tim e (F igure  
4 . 5 7 ) .

4 . 8 . 3  O verall p i l e  performance in  th e lon g  term
T estin g  h i s t o r ie s  have been p resen ted  in  F igures 4 .24  t o  4 .2 7 .  S e le c te d  
t e s t s  fo r  p i l e s  1, 2 and 3 are a ls o  p resen ted  in  F igures 4 .64  to  4 .6 6 ,  
p lo t te d  to  a common d isp lacem ent a x is .

A ll  the p i l e s  (ex cep t Box P i le  1U, fo r  which on ly  lim ite d  in form ation  i s  
a v a ila b le )  e x h ib it  la r g e  d isp lacem ents and n o n -lin ea r  lo ad :d isp lacem en t  
behaviour on i n i t i a l  lo a d in g , fo llo w ed  by much s t i f f e r ,  more l in e a r  
behaviour on subsequent lo a d in g s . I t  i s  im portant to  n ote  th a t  th e  
fa i lu r e  mode o f  both unexpanded and expanded p i l e s  i s  u su a lly  d u c t i l e ,  
w ith  o n ly  sm all gradual red u ction s in  load  a f t e r  fa i lu r e  i s  reached.

The response o f  th e  box p i le s  i s  s t i f f e r  than th e  cruciform  p i l e s .  
V alues o f  d isp lacem ent to  fa i lu r e  fo r  th e  expanded box p i l e s  ( 9 .0  to  
14.0mm on i n i t i a l  load in g; 4mm on re lo a d in g ) are l e s s  than th ose  fo r  the  
expanded cruciform  p i l e s  (19.5  to  24.0mm on i n i t i a l  load in g; <10mm on 
r e lo a d in g ). The s o f t e s t  p i l e  response i s  th a t o f  th e  unexpanded 
Cruciform P i l e  3U, w ith  an i n i t i a l  d isp lacem ent to  f a i lu r e  o f  over 30mm, 
( 8 . 8mm on r e lo a d in g ) . The response o f  P i le  2A, expanded very  soon a f t e r  
expansion, i s  l e s s  s t i f f  than fo r  P i le s  1A and 2B, expanded a f t e r  a 
lon ger p eriod  o f  c o n so lid a t io n  subsequent to  expansion .

Repeated re lo a d in g s  g e n e r a lly  seem to  fo llo w  the same re lo a d in g  l i n e ,
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fo r  example se e  T ests  2B.2 and 2B.4 in  F igure 4 .6 5 .  There i s  no 
in d ic a t io n  o f  a gen era l l o s s  in  c a p a c ity  w ith  tim e fo r  p i l e s  su b jec ted  
to  a  sequence o f  s t a t i c  CRE t e s t s .  In f a c t ,  sm all in c r e a se s  w ith  tim e 
o fte n  occurred (F igures 4 .24  to  4 . 2 7 ) .

L osses in  c a p a c ity  a s so c ia te d  w ith  c y c l ic  load in g  have been d e a lt  with  
in  th e  p rev iou s S e c tio n . A lso  worthy o f  n ote  i s  th e  b r i t t l e  p i l e  
response a s so c ia te d  w ith  increm ental load in g  in  T ests  2B.5 and 4A.3 
(F igures 4 .4 5 ,  4 . 5 8 ) .  In  th e se  t e s t s ,  d isp lacem ents ‘ran away' during  
th e  f in a l  hold ing p eriod  o f  th e  increm ental load in g  sta g e  b efo re  the  
load  was allow ed  to  s t a b i l i s e .  The maximum lo a d s during the subsequent 
CRE lo a d in g s were l e s s  than th e f in a l  increm ental load s p rev io u s ly  
a p p lied .
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Figure 4 .10  Set-up  fo r  FDPM te s t in g
( a f t e r  W ithers e t  a l ,  1986)
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Figure 4.11  R esu lts  o f  FDPM T est 1



P
re

ss
ur

e 
(k

P
a)

ro



S
tr

a
in

 
(%

) 
P

re
ss

u
re

 (
k

P
a)



Pr
es

su
re

 
(k

P
a

) 
S

tr
ai

n
 (

%
)

Figure 4.14 FDPM Test 2: Details of strain holding period
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Figure 4.15 FDPM Test 3: Details of strain holding period
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F ig u re  4.16 Shear box te s ts :
Shear s tre n g th  -  norm al s tre s s  re la t io n s h ip s

q^Hand auger hole 

1.5m

Reference
beam
positions

Position of 
spreader beams 
during pile testing

Key.

4- Cruciform pile 

□  Box pile

©  Pile number

Figure 4.17 Layout of test piles at Luton site
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147

rn

PILE 1

Ground level 0.00 ▼ 
Bottom of 0.301 _  
pitching hole

Levels in metres 
below ground level

Top of nose -

Bottom of nose -  
Bottom of angles- 
Bottom of tip

111
III

5.03
5.18

n

11" 
i'll

PILE CONFIGURATION 1U 1A

Outer Bhell driven: 27.3.85 27.3.85
Expander sandrel driven : - 17.4.85

Days elapsed before expansion: - 21

Pile width (■): 0.14 0.16
Pile X-sectional area (■*): 0.0196 0.0256

X expansion of width: - 14.3
X expansion of area: - 30.6

Pile weight (kN): 2.7 4.6

PILE 2
rn
flri
I I I I  
IIII

_ I  4.11

V

4.81
5.11
5.26

2A

28.3.85
28.3.85

0
0.16
0.0256

14.3
30.6

4.6

28.3.85
17.4.85

20

0.17
0.0289

21.4
47.4

4.8

Figure 4.18  
Box p ile s :  D eta ils  
o f dimensions and 
driven le v e ls
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PILE 3

rn

Ground level 0 00t 
Bottom of 0.30 £_ 

pitching hole

Levels in metres 
below around level

Top of nose -  j_ 
Bottom of nose - i _  
Bottom of angles- * — 5.20

n

ini
1111

Dimensions in mm

Assumed pile 
p e rim e te r------

PILE CONFIGURATION 3U 3B

Outer shell driven: 4.10.85 4.10.85
Expander aandrel driven: - 20.11.85

Days elapsed before expansion: - 47

Pile width (■) : 0.14 0.17
Pile X-sectional area (a2): 0.0124 0.0217

X expansion of width: 
X expansion of area:

21.4
75.0

Pile weight (kN): 2.4 6.6

PILE 4
M
M
i ii i

mi

4.75 
_ *  4.95 
-JL  520

4A

4.10.85 
7. 10.85

3

0.155
0.0168

10.7
35.7

Figure 4.19  
Cruciform p ile s :  
D eta ils  o f  dimensions 
and driven le v e ls
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BOX

CRUCIFORM

F u ll p e r im e t e r ---------------------------

R educed p e r im e te r

Figure 4.20 Details of 'full’ and 'reduced’ pile perimeters
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r r i
PILE 1

Expanded
length

Embedded
length

ii i
III

7 $  T

3.77m 

4.73 m

V _1

r
0.14mL 0.16m

P

Embedded length: 4.73 4.73
Expanded length: - 3.77

Full periaeter: 0.56 0.64
Reduced periaeter: 

Shaft Surface Areas (a2 )
0.56

Eabedded length,
Full periaeter (A): 2.65 3.03
Reduced periaeter (B): - 2.65

Expanded length,
Full periaeter (C): - 2.41
Expanded periaeter (D): - 2.11

tlL L L -I

fir1!
n

3.81m

4.81m

3.81m

4.81m

V  V

WsoL

0.16m 0.17m

i -  ® -Jl

2A 2B

4.81 4.81
3.81 3.81

0.64 0.68
0.56 0.56

3.08 3.27
2.69 2.69

2.44 2.59
2.13 2.13

Figure 4.21
Box p i l e s : D e ta ils
o f sh a ft surface
areas
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PILE 3

rn
n

mi
■nil

Pile Diaenaiene (■)

Eabedded length:
Expanded length:

Full periaeter:
Reduced periaeter:

Shaft Surface areas ta*)

4.90

0.42

Eabedded length,
Full periaeter (A): 2.06
Reduced periaeter (B):

3B

4.9
4.4

0.54
0.42

2.65
2.06

Expanded length,
Full periaeter (C): 
Expanded periaeter (D):

2.38
1.85

Ei_nin

PILE 4
n

Mil
im

4.45m 
4.90m

LU

4A

4.90
4.45

0.48 . __o.42 Figure 4.22
Cruciform piles: 
Details of shaft

2.35
2.06 surface areas

2.14
1 .8 7



100 150 200 250

Figure 4.23 P i l e  d r iv in g  records a t Luton s i t e :
P i l e  p en e tra tio n  a g a in st  cum ulative hammer drop h e ig h t
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Test
No.

Point
Nos.

Date Description of loading Max. Load 
(kN)

PILE CONFIGURATION 1U

1U.1 0-1
1-2

2. 4.85 CRE loading 
Loss of control

73.5

1U.2 3-4 2. 4.85 CRE loading 66.4

1U. 3 5-6 16. 4.85 CRE loading 79.1

PILE CONFIGURATION 1A

1A.1 7-8 22. 4.85 CRE loading 302.8

1A.2 9,10-11
11-12

22. 4.85 Cyclic loading 
CRE loading

150
256.0

1A.3 13-14
15-16

1.11.85 Incremental loading 
CRE loading

241.2
322.3

Figure 4.24 Summary of pile testing: Pile 1
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Test
No.

Point
Nos.

Date Description of loading Max. Load 
(kN)

PILE CONFIGURATION 2A

2A. 1 0-1 2. 4.85 CRE loading 232.7

2A.2 2-3 16. 4.85 CRE loading 249.7

PILE CONFIGURATION 2B

2B. 1 4-5 22. 4.85 CRE loading 335.0

2B.2 6,7-8
8-9

23. 4.85 Cyclic loading 
CRE loading

171
272.6

2B.3 10-11 7. 5.85 CRE loading 306.9

2B.4 12-13 5. 8.85 CRE loading 314.2

2B.5 14-15
16-17

6. 11.85 Incremental loading 
CRE loading

271.8
263.5

Figure 4.25 Summary of pile testing: Pile 2
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Test Point Date Description of loading Ma x . Load
No. Nos. (kN)

PILE CONFIGURATION 3U

3U. 1 0-1 16.10.85 Incremental loading 21.4
2-3 CRE loading 50.4

3U.2 3-4 31.10.85 Cyclic loading 25
4-5 CRE loading 51.2

PILE CONFIGURATION 3B

3B. 1 5-6 2.12.85 Incremental loading 149.4
7-8 CRE loading 210.8

3B.2 8-9 26. 3.86 CRE loading 216.6

Figure 4.26 Summary of pile testing: Pile 3
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Test Point Date Description of loading Max. Load
No. Nos. (kN)

PILE CONFIGURATION 4A

4A.1 0-1 16.10.85 Incremental loading 125.3
1-2 CRE loading 304.4

4A.2 2-3 31.10.85 Cyclic loading 150
3-4 1.11.85 Cyclic loading 121
4-5 CRE loading 127.4

4A.3 5-6 25. 3.86 Incremental loading 150.9
7-8 CRE loading 137.3

Figure 4.27 Summary of pile testing: Pile 4
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P i l e
1 9 8 5 1986

M A M J J A s 0 N D J F M

1

Shell

x 0

1

driven Ma

i  f l l
\ i  X

U.1,2 1U.3 1A.

idrel A driver 

1,2 1A.3

2

Shell

X D
2

♦ Mandrel A d

1 H
A.1 2A.2 2B.

'iven Mandr

r

1,2 2B.3

el B driven

i
2B.A

1

2B.5

3

Shell driv

D ^ l  I
3U.1 31

?n Me

1 o '
1.2 3

ndrel B drive 

1
B.1

n

i
3B.2

U

Shell drivenN Mandrel

' 0 0 ^ 1

AA.1 A

A driven

I

A.2

1

A A.3

Figure 4 .28  Summary o f  p i l e  t e s t in g  programme a t  Luton s i t e
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TEST 1U.1 Type: CRE Date: 2.4.85

Outer shell driven: 27.3.85 Expander mandrel driven:
Days elapsed
prior to test: 6

Shaft areas: 
(m2 )

Embedded length,
Full X-section (A): 2.65
Reduced X-section (B):

Expanded length,
Full X-section (C): 
Reduced X-section (D):

Pile weight: 2.7
(kN)

Test Stage Maximum Load Shaft Frictions Displacement at:
(Gross) (Net) (A) (B) (C) (D) Max. Load End of

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (m m ) (m m )

CRE 73.5 70.8 26.7 _ _ 2.4 10.8

Not e s : 1. Recorded during period of loss of control.

Figure 4.29 Results of Pile Test 1U.1
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300 -

z  200 -

"Oa
o

<u
i/i
cat

^  100 -

TEST 1U.2 Type: CRE Date: 2.4.85

Outer shell driven: 27.3.85 Expander mandrel driven:
Days elapsed 
prior to test: 6 -

Shaft areas: Embedded length, Expanded length,
(n>2 ) Full X-section (A): 2.65 Full X-section (C): -

Reduced X-section (B): Reduced X-section (D): • -

Pile weight: 2.7
(kN)

Test Stage Maximum Load Shaft Frictions Displacement at:
(G r o s s ) (Net) (A) (B) (C) (D) M a x . Load End of

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

CRE 66.4 63.7 24.0 - 1.8 2.7

Figure 4.30 Results of Pile Test 1U.2
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300-

z  200 -

-ac)o

TEST 1U.3 Type: CRE Date: 16.4.85

Outer shell driven: 27.3.85 Expander mandrel driven:
Days elapsed
prior to test: 20

Shaft areas: 
(m2 )

Embedded length, 
Full X-section (A): 2.65

Expanded length, 
Full X-section (C):

Reduced X-section (B): - Reduced X-section (D): -

Pile weight: 2.7
(kN)

Test Stage Maximum 
(Gross)

Load 
(N e t )

(kN) (kN)

CRE 79.1 76.4

Shaft Frictions 
(A) (B) (C) (D)

(kPa) (kPa) (kPa) (kPa)

28.8 -

Displacement at:
Max. Load End of stage

(mm) (mm)

2.1 4.2

Figure 4.31 Results of Pile Test 1U.3
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TEST 1A.1 Type: CRE Date: 22.4.85

Outer shell driven: 27.3.85
Days elapsed
prior to test: 26

Expander mandrel driven: 17.4.85

5

Shaft areas: 
(m2 )

Embedded length,
Full X-section (A): 3.03
Reduced X-section (B): 2.65

Expanded length,
Full X-section (C): 2.41
Reduced X-section (D): 2.11

Pile weight: 4.6
(kN)

Test Stage Maximum Load Shaft Frictions Displacement at:
(G r o s s ) (N e t ) (A) (B) (C) (D) Max. Load End of

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

CRE 302.8 298.2 98.5 112.6 123.6 141.3 14.0 14.9

Figure 4.32 Results of Pile Test 1A.1
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I I

TEST 1A.2

Outer shell driven: 
Days elapsed 
prior to test:

Type: Cyclic, CRE Date: 22.4.85

27.3.85 Expander mandrel driven: 17.4.85

26 5

Shaft areas: 
(m2 )

Embedded length,
Full X-section (A): 3.03
Reduced X-section (B): 2.65

Expanded length,
Full X-section (C): 2.41
Reduced X-section (D): 2.11

Pile weight: 4.6
(kN)

Test Stage Maximum Load Shaft Frictions Displacement at:
(Gross) (Net) (A) (B) (C) (D) Max. Load End of

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (m m ) (m m )

Cyclic1
CRE 256.0 251.4 83.1 94.9 104.2 119.1 3.6 4.9

Notes: 1. 25 cycles, 15kN (approx) - 150kN

Figure 4.33 Results of Pile Test 1A.2
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100 -
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</)
c.
QJ

50

/

° cycle 8 
+ cycle 19 

♦  cycle 22

zero displacement
taken at bottom of cycle load

0 1 2  3 4
Upward displacement: mm

Figure 4.34 Pile Test 1A.2:
Load:displacement behaviour during cyclic loading
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I L  CRE

TEST 1A.3 Type: IL, CRE Date: 1.11.85

Outer shell driven: 27.3.85 Expander mandrel driven: 17.4.85
Days elapsed 
prior to test: 218 198

Shaft areas: Embedded length, Expanded length,
(m2 ) Full X-section (A): 3.03 Full X-section (C): 2.41

Reduced X-section (B): 2.65 Reduced X-section (D): 2.11

Pile weight: 4.6
(kN)

Test Stage Maximum Load Shaft Frictions Displacement a t :
(G r o s s ) (N e t ) (A) (B) (C) (D) Max. Load End of

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (m m )

IL 241.2 - - — — - 2.6 2.6
CRE 322.3 317.7 105.0 119.9 131.7 150.5 5.4 7.9

Figure 4.35 Results of Pile Test 1A.3
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Figure 4.36 Pile Test 1A.3:
Creep behaviour during IL stage
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300-

TEST 2A.1 Type: CRE

Outer shell driven: 28.3.85
Days elapsed
prior to test: 5

Date: 2.4.85

Expander mandrel driven: 28.3.85

Shaft areas: 
(m̂ )

Embedded length,
Full X-section (A): 3.08
Reduced X-section (B): 2.69

Expanded length,
Full X-section (C): 2.44
Reduced X-section (D): 2.13

Pile weight: 4.6
(kN)

Test Stage

CRE

Maximum Load 
(Gross) (Net)

(kN) (kN)

232.7 228.1

Shaft Frictions 
(A) (B) (C) (D)

(kPa) (kPa) (kPa) (kPa)

74.1 84.7 93.6 106.9

Displacement at:
Max. Load End of stage

(mm) 

9.0

(mm) 

13.3

Figure 4.37 Results of Pile Test 2A.1
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300-

TEST 2A.2 T y p e : CRE

Outer shell driven: 28.3.85
Days elapsed
prior to test: 19

Date: 16.4.85

Expander mandrel driven: 28.3.85

19

Shaft areas: 
(m2 )

Embedded length,
Full X-section (A): 3.08
Reduced X-section (B): 2.69

Expanded length,
Full X-section (C): 2.44
Reduced X-section (D): 2.13

Pile weight: 4.6
(kN)

Test Stage Maximum Load Shaft Frictions Displacement at
(Gross) (Net) (A) (B) (C) (D) Max. Load End of

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

CRE 249.7 245.1 79.6 91.0 100.5 114.9 3.9 6.3

Figure 4.38 Results of Pile Test 2A.2

167



TEST 2B.1 Type: CRE Date: 22.4.85

Outer shell driven: 28.3.85
Days elapsed
prior to test: 25

Expander mandrel driven: 17.4.85

5

Shaft areas: 
(m2 )

Embedded length,
Full X-section (A): 3.27
Reduced X-section (B): 2.69

Expanded length,
Full X-section (C): 2.59
Reduced X-section (D): 2.13

Pile weight: 4.8
(kN)

Test Stage

CRE

Maximum Load 
(Gross) (Net)

(kN) (kN)

335.0 330.2

Shaft Frictions 
(A) (B) (C) (D)

(k P a ) (kPa) (kPa) (kPa)

100.9 122.6 127.4 154.7

Displacement at:
Max. Load End of stage

(mm) 

10.4

(mm) 

14.6

Figure 4.39 Results of Pile Test 2B.1
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TEST 2B.2 Type: Cyclic, CRE Date: 23.5.85

Outer shell driven: 28.3.85
Days elapsed
prior to test: 26

Expander mandrel driven: 17.4.85

6

Shaft areas: 
(m2 )

Embedded length,
Full X-section (A): 3.27
Reduced X-section (B): 2.69

Expanded length,
Full X-section (C): 2.59
Reduced X-section (D): 2.13

Pile weight: 4.8
(kN)

Test Stage Maximum Load Shaft Frictions Displacement at:
(Gross) (Net) (A) (B) (C) (D) Max. Load End of

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) 1[ m m )

Cyclic1 - - - -  - - - -

CRE 272.6 267.8 81.9 99.4 103.4 125.5 4.6 6.4

Notes: 1. 50 cycles, 21kN (approx ) - 170.6kN

Figure 4.40 Results of Pile Test 2B.2
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Upward displacement: mm

Figure 4.41 Pile Test 2B.2:
Load’.displacement behaviour during cyclic loading
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TEST 2B.3 Type: CRE Date: 7.5.85

Outer shell driven: 28.3.85
Days elapsed
prior to test: 40

Expander mandrel driven: 17.4.85

20

Shaft areas: 
(m2)

Embedded length,
Full X-section (A): 3.27
Reduced X-section (B): 2.69

Expanded length,
Full X-section (C): 2.59
Reduced X-section (D): 2.13

Pile weight: 4.8
(kN)

Test Stage Maximum Load Shaft Frictions Displacement at:

CRE

G r o s s ) (N e t ) (A) (B) (C) (D) Max. Load End of

(kN) (kN) (kPa) (k P a ) (kPa) (kPa) (mm) (m m )

306.9 302.1 92.4 112.1 116.1 141.6 4.0 5.7

Figure 4.42 Results of Pile Test 2B.3
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TEST 2B.4 Type: CRE Date: 5.8.85

Outer shell driven: 28.3.85
Days elapsed
prior to test: 130

Expander mandrel driven: 17.4.85

110

Shaft areas: 
(m2 )

Embedded length,
Full X-section (A): 3.27
Reduced X-section (B): 2.69

Expanded length,
Full X-section (C): 2.59
Reduced X-section (D): 2.13

Pile weight: 4.8
(kN)

Test Stage Maximum Load Shaft Frictions Displacement a t :
(Gross) (Net) (A) (B) (C) (D) Max. Load End of

(kN) (kN) (k P a ) (kPa ) (kPa) (kPa) (mm) (m m )

CRE 314.2 309.4 94.6 114. 8 119.4 145.0 4.1 5.0

Figure 4.43 Results of Pile Test 2B.4
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TEST 2B.5 Type: IL, CRE Date: 6.11.85

Outer shell driven: 28.3.85
Days elapsed
prior to test: 223

Expander mandrel driven: 17.4.85

203

Shaft areas: 
(m2 )

Embedded length,
Full X-section (A): 3.27
Reduced X-section (B): 2.69

Expanded length,
Full X-section (C): 2.59
Reduced X-section (D): 2.13

Pile weight: 4.8
(kN)

Test Stage Maximum Load
(G r o s s ) (Net)

(kN) (kN)

IL 271.8 -

CRE 263.5 258.7

Shaft Frictions
(A) (B) (C) (D)

(kPa) (kPa) (kPa) (kPa)

79.1 96.0 99.8 121.2

Displacement at:
Max. Load End of stage

(mm) (mm)

5.3 5.3
7.6 11.0

Figure 4.44 Results of Pile Test 2B.5
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271.8 kN

C L
to
Q
“OL-a
C L

*  —  241.6 kN

211.4 kN

1 ----- * ------ ------ •  — 181.3 kN

------ •  —— 1 k M

------ •  —  121.9 kN

» •  —— 61.6 kN
»-• T~31.4kN,_______,_______,_______l_

0 4 8 12 16 20
Hold T im e: min

Figure 4.45 Pile Test 2B.5:
Creep behaviour during IL stage
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TEST 3U. 1 Type: IL, CRE Date: 16.10.

toC
D

Outer shell driven: 
Days elapsed

4.10.85 Expander mandrel driven:

prior to test: 12 -

Shaft areas: Embedded length, Expanded length,
(m2) Full X-section (A): 2.06 Full X-section (C): -

Reduced X-section (B): Reduced X-section (D): -

Pile weight: 2.4
(kN)

cn

Teat Stage Maximum Load Shaft Frictions Displacement at:
(Gross) (Net) (A) (B) (C) (D) Max. Load End of i

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

IL 21.4 - _ _ _ _ 3.0 3.0
CRE 50.4 48.0 23.3 - - - 31.4 31.8

0 2 '  4 6 8 10 12 14 16 18 20 22
Upward Displacement: mm

Elastic extension 
of pile indicated 
by hatched area

............................... >
/

24  26  28 30 32 34  36

Figure 4.46
R esu lts  o f  P i le  T est 3U.1



Figure 4.47 Pile Test 3U.1:
Creep behaviour during IL stage
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300 -

200 -

■oa

100 -

Cyclic CRE

Elastic extension 
of pile indicated 
by hatched area

TEST 3U.2 Type: Cyclic, CRE

Outer shell driven: 4.10.85
Days elapsed
prior to test: 27

Date: 31.10.85

Expander mandrel driven:

Shaft areas: Embedded length, Expanded length,
(m2 ) Full X-section (A): 2.06 Full X-section (C):

Reduced X-section (B): - Reduced X-section (D):

Pile weight: 2.4
(kN)

Test Stage Maximum Load 
(Gross) (Net)

(kN) (kN)

Shaft Frictions 
(A) (B) (C) (D)

(kPa) (kPa) (kPa) (kPa)

Displacement at:
Max. Load End of stage

(mm) (mm)

Cyclic1
CRE 51.2 48.8 23.7 8.8 9.2

Notes: 1. 50 cycles lkN - 25kN

Figure 4.48 Results of Pile Test 3U.2
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Upward Displacement; mm

Figure 4.49 Pile Test 3U.2:
Load:displacement behaviour during cyclic loading
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TEST 3B.1 Type: IL, CRE Date: 2.12.85

Outer shell driven: 4.10.85
Days elapsed
prior to test: 12

Expander mandrel driven: 20.11.85

9

Shaft areas: 
(m2)

Embedded length,
Full X-section (A): 2.65
Reduced X-section (B): 2.06

Expanded length,
Full X-section (C): 2.38
Reduced X-section (D): 1.85

Pile weight: 6.6
UN)

Test Stage Maximum Load Shaft Frictions Displacement at:
(Gross) (Net) (A) (B) (C) (D) Max. Load End of

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

IL 149.4 _ - _ - _ 10.2 10.2
CRE 210.8 204.2 77.2 99.2 85.9 110.5 24.0 23.7

"l
CO

Upward Displacement: mm

Figure 4 .50
R esu lts  o f  P i le  T est 3B.1



Figure 4.51 Pile Test 3B.1:
Creep behaviour during IL stage
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300-

i i i i

TEST 3B.2 Type: CRE

Outer shell driven: 4.10.85
Days elapsed
prior to test: 173

Shaft areas: Embedded length,
(m2 ) Full X-section (A): 2.65

Reduced X-section (B): 2.06

Pile weight: 6.6
(kN)

Date: 26.3.86

Expander mandrel driven: 20.11.85

126

Expanded length,
Full X-section (C): 2.38
Reduced X-section (D): 1.85

Test Stage Maximum Load Shaft Frictions Displacement at:
(Gross) (Net) (A) (B) (C) (D) Max. Load End of

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (m m ) (m m )

CRE 216.6 210.0 79.4 102.0 88.4 113.6 8.3 10.0

Figure 4.52 Results of Pile Test 3B.2
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TEST 4A.1 Type: IL, CRE Date: 16.10.85

Outer shell driven: 4.10.85
Days elapsed
prior to test: 12

Expander mandrel driven: 7.10.85

9
Shaft areas: 

(m2 )
Embedded length,
Full X-section (A): 2.35
Reduced X-section (D): 2.06

Expanded length,
Full X-section (C): 2.14
Reduced X-section (D): 1.87

Pile weight: 3.9
(kN)

Test Stage Maximum Load Shaft Frictions Displacement at:
(Gross) (Net) (A) (B) (C) (D) Max. Load End of !

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

IL 125.3 - - _ _ _ 2.7 2.2
CRE 304.4 300.5 127.8 146.0 140.7 160.8 19.5 36.0

00
CO IL  CRE

Figure 4.53
R esu lts  o f  P i le  T est 4A.1



Figure 4.54 Pile Test 4A.1:
Creep behaviour during IL stage
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TEST 4A.2 Type: Cyclic, CRE Date: 31.10 - 1.11.85

Outer shell driven: 
Days elapsed 
prior to test:

4.10.85

27

Shaft areas:
(ro2)

Pi le weight: 
(kN)

Expander mandrel driven: 7.10.85

24

Embedded length,
Full X-section (A): 
Reduced X-section (B):

3.9

Expanded length,
2.35 Full X-section (C): 2.14
2.06 Reduced X-section (D): 1.87

004̂

Test Stage Maximum Load Shaft Frictions
(Gross) (Net) (A) (B) (C) (D)

Displacement at:
Max. Load End of stage

Maximum load 
in Test ^A.1

Cyclic1 
CRE

Notes:

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) 

127.4 123.52 52.5 60.057.8 66.1 35.7

1. 20 cycles 1kN - 150kN 
30 cycles 1kN - 121kN

( m m )

25.6
34.7

Figure 4.55  
R esu lts  o f  P i le  
T est 4A .2
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300-

200 -

IL CRE

i i

TEST 4A.3 Type: IL, CRE Date: 25.3.86

Outer shell driven: 4.10.85 Expander mandrel driven: 7.10.85
Days elapsed
prior to test: 172 169

Shaft areas: Embedded length, Expanded length,
(m2 ) Full X-section (A): 2.35 Full X-section (C): 2.14

Pile weight: 
(kN)

Reduced X-section 

3.9

(B): 2.06 Reduced X-section (D): 1.87

Test Stage Maximum 
(G r o s s )

Load 
(N e t )

Shaft Frictions 
(A) (B) (C) (D)

Displacement at:
Max. Load End of stage

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

IL
CRE

150.9
137.3 133.4 56.7 64.8 62.5 71.4

3.4 3.4 
6.9 10.0

Figure 4.57 Results of Pile Test 4A.3
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Figure 4.58 Pile Test 4A.3:
Creep behaviour during IL stage
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Upward Displacement: mm

P i l e % expan s io n T es t Max. Load S h a f t f r i c t i o n F a c t o r o f  i n c r e a s e
No. wid t h X-a rea No. ( G r o s s ) (A) (D) (Max. load) ( S h a f t  f r i c t i o n ]

(kN) ( k P a ) ( k P a )

1U - - 1U. 2 66 .4 24 .0 _ _ _

1U. 3 79.1 28 .8 - 0.0 0.0

1A 14.3 30.6 1A. 1 302 .8 98 .5 141.3 3 .83 3 .42  -  4 .91
2A 14.3 30.6 2A. 1 232 .7 74 .1 106.9 2.94 2 .57  -  3 . 71

2B 21.4 47.4 2B. 1 335 .0 100.9 154.7 4 .23 3 . 50  -  5 .37

Figure 4.59 Summary of initial loadings of Box Piles
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Te
ns

il
e 

Lo
ad

: k
N

P i l e  X exp an s i on
No. (w id th )  (X -a r e a )

3U 

4 A 10.7  35 .7

T es t  Max. Load 
No. (G ros s )

(kN)

3U.1 50 .4

4A.1 304.4

S h a f t  f r i c t i o n  
(A) (D)

(kPa)  (kPa)

23 .3

127.8  160.8

F a c t o r  o f  i n c r e a s e  
(Max. l o ad )  ( S h a f t  f r i c t i o n )

0.0

6 .04

0.0

5 .48  -  6 . 90

F ig u re  4 .60  Summary o f  i n i t i a l  load ing s  o f  c ru c ifo rm  p i le s
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BO
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N u m b e r  o f  c y c l e s

Figure 4 .63  Performance o f  p i l e s  under c y c l ic  load in g



Figure 4.64 Summary of tests on Pile 1
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2B.1

Figure 4.65 Summary of tests on Pile 2
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Figure 4.66 Summary of tests on Pile 3



Test Depth S t r a i n Arm A o Gu r Gur
No. No. (arm) (ave)

(m) (%) (%) ( kPa) (MPa) (MPa)

1 3.5 18.2 1 0.087 85.6 49.21
2 0.064 85.1 66.5 63.5
3 0.050 74.8 7 4 .8J

2 5.5 5.1 1 0.032 173.4 270.9]
2 0.069 173.0 125.4 165.3
3 0.087 173.1 99.5]

3 7.0 5.4 1 0.073 208.6 142.9]
2 0.100 208.1 104.1 113.9
3 0.110 208.1 94.6

Table 4 .1  V alues o f  shear modulus Gur deduced from FPDM t e s t s
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P i l e  1U

Outer shell driven: 27. 3.85 Expander mandrel driven:

S h a f t  a r e a s :  
(m2)

Embedded l e n g t h ,
F u l l  X - s e c t i o n  (A):  2 .65
Reduced X - s e c t i o n  (B):

Expanded l e n g t h ,
F u l l  X - s e c t i o n  (C):  
Reduced X - s e c t i o n  (D):

P i l e  w e i gh t :  2 .7
(kN)

Tes t Date Days e l a p s e d T es t  S t ag e  Maximum Load S h a f t  F r i c t i o n s Di s p l acemen t  a t :
No. s i n c e  d r i v i n g : ( G r o s s ) (Net ) (A) (B) (C) (D) Max. Load End o f  s t a g e

S h e l l  Mandrel (kN) (kN) ( k P a ) ( kPa) (kPa)  (kPa) (mm) (mm)

1U. 1 2. 4 .85 6 - CRE 73.5 70 .8 26 .7 - - - 2 .4 10.8
1U. 2 2. 4 .85 6 - CRE 66.4 63 .7 24 .0 - - - 1 .8 2 .7
1U. 3 16. 4 .85 20 - CRE 79.1 76.4 28 .8 - - - 2 .1 4 .2

N o t e s :

Table 4.2 Summary of tests:
Pile configuration 1U
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Pile 1A

Outer shell driven: 27. 3.85 Expander mandrel driven: 17.4.85

S ha f t  a r e a s : Embedded l e n g t h ,
(m2 ) F u l l  X - s e c t i o n (A)

Reduced X - s e c t i o n (B)

Expanded l e n g t h ,
3 .03  F u l l  X - s e c t i o n  (C):  2 .41
2 .65  Reduced X - s e c t i o n  (D):  2 . 11

P i l e  w e i g h t : 4 . 6
(kN)

Tes t Date Days e l a p s e d T es t  S tage Maximum Load S h a f t  F r i c t i o n s Di sp l acemen t a t :
No. s i n c e d r i v i n g : ( G r o s s ) (Net ) (A) (B) (C) (D) Max. Load End o f  !

S h e l l Mandrel (kN) (kN) (kPa) ( k P a ) ( k P a ) ( k P a ) (mm) (mm)
1A. 1 22.  4 .85 26 5 CRE 302.8 298 .2 98.5 112.6 123.6 141.3 14.0 14.9
1A. 2 22.  4 .85 26 5 C yc l i c ^ - - - - - - - -

CRE 256.0 251.4 83.1 94 .9 104.2 119.1 3 .6 4 .9
1A. 3 1 . 11 .85 218 198 IL 241.2 - - - - - 2 .6 2 .6

CRE 322.3 317 .7 105.0 119.9 131.7 150.5 5 .4 7 .9

No te s :  1. 25 c y c l e s ,  15kN ( a pp ro x )  - 150kN.

Table 4.3 Summary of tests:
Pile configuration 1A
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Pile 2a

Outer shell driven: 28. 3.85 Expander mandrel driven: 28. 3.85

S h a f t  a r e a s :  
(m2 )

Embedded l e n g t h ,  
Fu l l  X - s e c t i o n (A): 3 .08
Reduced X - s e c t i o n (B): 2 .69

Expanded l e n g t h ,
F u l l  X - s e c t i o n  (C):  2 .44
Reduced X - s e c t i o n  (D):  2 . 13

P i l e  we igh t :  4 . 6
(kN)

Tes t  Date  Days e l a p s e d  T es t  S t ag e  Maximum Load S h a f t  F r i c t i o n s  D i sp l a cem en t  a t :
No. s i n c e d r i v i n g : ( G r o s s ) ( N e t ) (A) (B) (C) (D) Max. Load End o f  s t a g e

S h e l l Mandrel (kN) (kN) ( k P a ) ( k P a ) ( k P a ) ( k P a ) (mm) (mm)

2A. 1 2. 4 .85  5 5 CRE 232.7 228.1 74.1 84 .7 93.6 106.9 9 .0 13.3

CM<CM 16. 4 .85  19 19 CRE 249.7 245 .1 79 .6 91 .0 100.5 114.9 3 .9 6 .3

N o t e s :

Table 4.4 Summary of tests:
Pile configuration 2A
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Pile 2B

Outer shell driven: 28. 3.85 Expander mandrel driven: 17. 4.85

Sha f t  a r e a s :  
(m2 )

Embedded l e n g t h ,
Ful l  X - s e c t i o n  (A):  3 .27
Reduced X - s e c t i o n  (B):  2 . 69

Expanded l e n g t h ,
F u l l  X - s e c t i o n  (C):  2 . 59
Reduced X - s e c t i o n  (D):  2 .13

P i l e  w e i g h t : -1 .
(kN)

Tes t Date Days e l a p s e d Te s t  S tage Maximum Load S h a f t  F r i c t i o n s Di sp l a cem en t a t :
No. s i n c e d r i v i n g : ( C r o s s ) (Net ) (A) (B) (C) (D) Max. Load End o f  1

S h e l l Mandrel (kN) (kN) ( k P a ) ( k P a ) ( k P a ) ( k P a ) (mm) (mm)

2B. 1 22. 4 .85 25 5 CRE 335.0 330.2 100.9 122.6 127.4 154.7 10.4 14.6

2B.2 23. 4 .85 26 6 C yc l i c* - - - - - - - -
CRE 272.6 267 .8 81 .9 99.4 103.4 125.5 4 .6 6 .4

2B.3 7. 5.85 40 20 CRE 306.9 302.1 92.4 112.1 116.6 141.6 4 .0 5 .7

2B.4 5. 8 .85 130 110 CRE 314.2 309.4 94 .6 114.8 119.4 145.0 4 .1 5 .0

2B. 5 6. 11.85 223 203 1L 271.8 - - - - - 5 .3 5 .3

CRE 263.5 258.7 79.1 96 .0 99.8 121.2 7 .6 11.0

No tes :  1. 50 c y c l e s ,  21kN ( app r ox )  -  171kN

Table 4 .5  Summary o f  t e s t s :
P i le  co n fig u ra tio n  2B
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Pile 3U

Outer shell driven: 4.10.85 Expander mandrel driven:

S ha f t  a r e a s : Embedded l e n g t h , Expanded l e n g t h ,
(m2 ) F u l l  X - s e c t i o n (A): 2 .06 F u l l  X - s e c t i o n ( C ) : -

P i l e  we igh t :  
(kN)

Reduced X - s e c t i o n  

2 .4

( B ) : Reduced X - s e c t i o n ( D ) :

Te s t Date Days e l a p s e d T e s t  S t age Maximum Load S h a f t  F r i c t i o n s Di sp l ace men t a t :
No. s i n c e d r i v i n g : ( G r o s s ) (Net ) (A) (B) (C) (D) Max. Load End o f  s t a g e

She 11 Mandrel (kN) (kN) (kPa) ( k P a ) ( k P a ) ( k P a ) (mm) (mm)

3U. 1 16 .10 .8 5 12 _ 1L 21.4 - - _ - - 3 .0 3 .0
CRE 50.4 48 . 0 23 .3 - - - 31.4 31 .8

3U.2 31 .10 .8 5 27 - Cy c l i c* - - - - - - - 1 .9
CRE 51.2 48 .8 23 .7 - - - 10.7 11.1

No te s :  1. 50 c y c l e s  lkN -  25kN

Table 4.6 Summary of tests:
Pile configuration 3U
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Pile 3B

Outer shell driven: 4.10.85 Expander mandrel driven: 20.11.85

S h a f t  a r e a s :  
(m2)

Embedded l e n g t h ,
F u l l  X - s e c t i o n  (A):  2 . 65
Reduced X - s e c t i o n  (B) :  2 . 06

Expanded l e n g t h ,
F u l l  X - s e c t i o n  (C):  2 . 38
Reduced X - s e c t i o n  (D):  1.85

P i l e  w e i gh t :  6 . 6
(kN)

Tes t Date  Days ie l ap s ed T es t  S t age Maximum Load S h a f t  F r i c t i o n s Di sp l acemen t a t :
No. s i n c e d r i v i n g : ( G r o s s ) ( N e t ) (A) (B) (C) (D) Max. Load End o f  1

S h e l l Mandrel (kN) (kN) ( k P a ) ( k P a ) ( k P a ) (kPa) (mm) (mm)
3B. 1 2 . 1 2 .8 5  12 9 IL 149.4 - - - - - 10.2 10.2

CRE 210.8 204 .2 77.2 99 .2 85 .9 110.5 24 .0 23 .7

3B.2 26.  3 . 86  173 126 CRE 216.6 210 .0 79.4 102.0 88.4 113.6 8 .3 10.0

N o t e s :

Summary o f  t e s t s :
P i le  c o n fig u ra tio n  3B

Table 4.7
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P i l e  4A

Outer shell driven: 4.10.85 Expander mandrel driven: 7.10.85

S h a f t  a r e a s :  
(m2)

Embedded l e n g t h ,
F u l l  X - s e c t i o n  (A):  2 .35
Reduced X - s e c t i o n  (B):  2 .06

Expanded l e n g t h ,
F u l l  X - s e c t i o n  (C) :  2 .14
Reduced X - s e c t i o n  (D):  1 . 87

P i l e  w e i g h t :  3 . 9
(kN)

Tes t Date Days e l ap se d T es t  S t age Maximum Load S h a f t  F r i c t i o n s Di s p l acemen t  a t :
No. s i n c e d r i v i n g : ( C r o s s ) 1 N e t ) (A) (B) (C) (D) Max. Load End o f  :

S h e l l Mandrel (kN) (kN) (kPa)  (kPa) ( kP a ) (kPa) (mm) (mm)
4A. 1 1 6 . 1 0 . 8 5 12 9 IL 1 2 5 . 3 - - - - 2 . 7 2 . 2

CRE 3 0 4 . 4 3 0 0 . 5 1 2 7 . 8  1 4 6 . 0 1 4 0 . 7 1 6 0 . 8 1 9 . 5 3 6 . 0
4A.2 3 1 . 1 0  - 27 24 C y c l i c 1 - - - - - - 2 5 . 6

1 . 1 1 . 8 5 CRE 1 2 7 . 4 1 2 3 . 52 5 2 . 5  6 0 . 0 5 7 . 8  66 . 1 3 5 . 7 3 4 . 7
4A. 3 2 5 .  3 . 8 6 172 169 IL 1 5 0 . 9 - - - - 3 . 4 3 . 4

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

Note s :  1. 20 c y c l e s  lkN - 150kN.
30 c y c l e s  lkN -  121kN.

2. F a i l e d  a t  c y c l i n g  l oa d .

Table 4.8 Summary of tests:
Pile configuration 4A
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P i l e Date o f  expande r Days in I n i t i a l S t eady P r e v i o u s  P i l e  Tes t S t e adv  l oad D er ived  }i
mandrel  e x t i ' a c t i o n p l a c e peak l oad load Tes t  No. Maximum load Prev .  Max. S h e l l /M a n d re l

(kN) (kN) (kN)

1A 12 .11 .S5 239 195 93 1A. 3 322 0 .29 0 . 2 0

2a 16. 4 . 65 19 94 86 2A. 2 250 0 .34 0.23
2B 11. 11.65 208 166 68 2B.5 264 0 .26 0 .18

4A 26.  3 . 86 170 _1 - 4A.3 137 - -

Notes : 1. The expande r mandrel and o u t e r  s h e l l  s t a r t e d t o  be p u l l e d  from t h e  g round t o g e t h e r , when t h e  l oad
a p p l i e d  t o t h e  expan de r  mandre l was i n  t h e r e g i o n  o f t h e  maximum lo ad  r e c o r d e d  d u r i n g  t h e  p i l e
t e s t  t h e  day b e fo r e e x t r a c t  i o n .

Table 4 .9 D e ta ils  o f  p i l e  e x tr a c tio n



I-sectional areas of staal:Pile Embedded portion of pile Exposed portion of pil
c o n fig u ra t io n  Le n gth s D lsp laceaw n ts3 Length1 D isplacem ent

S h e ll Mandrel She11♦ Mandrel S h e ll  She ll+M an d re l2 Lower bound Upper bound

(mm2 ) (mm2 ) ( - 2 ) (mm) < - > ( sm xlO - 3 ) (mm x lO "3 ) < - ) (mm x lO - 3 )

1U 5240 4730 . 2 . ISP 2.87P 790 0.72P
1A 5240 4190 9430 4730 4800 1.16P 2.87P 790 0.72P

2A 5240 4190 9430 4810 4660 1.18P 2.91P 710 0.65P
2B 5240 4510 9750 4810 4660 1.14P 2.91P 710 0.65P

31) 5240 _ _ 4900 _ 2.23P 2.97P 200 0.18P
3B 5240 8700 13940 4900 4800 0.82P 2.97P 200 0.18P

4a 5240 4050 9290 4900 4775 1.22P 2.97P 200 0.18P

:es: 1. For fu rth e r  d e t a i ls o f p i le  dim ensions and depths o f embedments see F ig u re s  4 .1 8 and 4.19.

2. Depth o f embedment in  t h is  case taken as the average o f the embedment depths fo r  the 
outer s h e l l  and the expander m andrel.

3. For lo ver bound, displacem ent = L x P
2AE

where: A = X -s e c t .  area o f o u ter s h e l l  ♦  expander aan d re l.
L = Embedded le n gth  o f  o u te r s h e l l  * expander m andrel.
P = A pplied  load.
Uniform d is t r ib u t io n  o f s h a ft  r e s is t a n c e  a a s t ie d .

For upper bound, d isplacem ent = 2L x P
3AE

where: A - X -s e c t .  area o f o u ter s h e l l .
L = Embedded le n gth  o f  o u te r s h e l l .
P = A pplied  lo ad.
T r ia n g u la r  d is t r ib u t io n  o f load assumed.

(R e f: Hobbs and H ealy , 1979)

4. Exposed le n gth s  taken as

(a )  P i le s  1 and 2: D istan ce  between bottom o f p itc h in g  ho le  and bottom o f p i le  
l i f t i n g  lu g .

(b ) P i le s  3 and 4: D ista n ce  between bottom o f p itc h in g  ho le  and d ia l  gauge
re fe re n c e  p la te s .  (A ls o  a p p lie s  to p i le  t e s t s  I B . 4 and 2 B .6 ).

5. D isplacem ent = L x P 
AE

where: A = X -S e c t . area  o f o u ter s h e l l .
L = Exposed le n gth  o f o uter s h e l l .  
P = A p p lied  load.

Table 4.10 Elastic displacements of piles under load



CHAPTER 5
INVESTIGATIONS AT BRS SITE

5 .1  In trodu ction

T his Chapter rep o rts  in v e s t ig a t io n s  performed a in  s t i f f  boulder c la y  
p r o f i l e  a t  the B u ild in g  Research S ta tio n  (BRS) in  H ertfo rd sh ire . 
Expanded and unexpanded s t e e l  w ed g e-p iles  were te s te d  over p er io d s o f  up 
to  ten  months. The p i l e  t e s t in g  was complemented by i n - s i t u  t e s t s  w ith  
v a r io u s instrum ents.

The e x te n s iv e  g e o tec h n ic a l t e s t in g  th a t has p r e v io u s ly  been c a rr ied  out 
a t  th e  BRS s i t e  i s  summarised in  S ec tio n  5 . 2 .  D e ta ils  o f  th e  a d d it io n a l  
s o i l  t e s t in g  undertaken as part o f  the cu rren t research  are g iv en  in  
S e c tio n  5 .3 .  D e ta ils  o f  th e  p i l e  c o n fig u r a tio n s  t e s t e d  a t  th e  BRS s i t e  
are provided in  S e c tio n  5 . 4 ,  in form ation  on in s t a l la t io n  i s  g iven  in  
S ec tio n  5 .5 ,  and th e p i l e  t e s t  r e s u lt s  are provided in  S ec tio n  5 . 6 .  A 
suiranary o f  the main f in d in g s  o f  the in v e s t ig a t io n s  i s  g iven  in  S ec tio n  
5 .7 .

The r e s u l t s  from t h is  Chapter are d iscu ssed  in  Chapter 11.

5 .2  T est S it e

5 . 2 . 1  L ocation
The s i t e  i s  lo c a te d  in  th e grounds o f  th e  BRS, approxim ately 30km 
northw est o f  c e n tr a l London (Grid referen ce  TL 128014). The lo c a t io n  o f  
th e  s i t e  i s  shown in  F igure 5 .1 .

5 . 2 . 2  Geology and s o i l  p r o p e r tie s
The s i t e  i s  s itu a te d  in  a chalky boulder c la y  area , near to  the southern  
edge o f  the g la c ia te d  areas in  the United Kingdom. The g la c ia l  d e p o s its  
a t  th e  s i t e  c o n s is t  o f  11.5m o f  s t i f f ,  ch a lk y , c la y  dominated 
lodgement t i l l  o v er ly in g  7.5m o f  g la c ia l  sandy g r a v e ls  which r e s t  on 
ch a lk  bedrock a t  a depth o f  18m. The g la c ia l  m ater ia l was probably  
d ep o sited  by a lob e o f  ic e  extend ing in  fro n t o f  th e  main ic e  sh e e t  
during th e A nglian g la c ia l  advance, which occurred between 300,000 and 
500,000 years ago ( L i t t l e  and A tkinson, 1988).  The m ateria l a t  th e  s i t e  
was d ep o sited  a f te r  th e  ic e  had passed over th e nearby C h ilte m  h i l l s  
and co n ta in s  a high percentage o f  ch alk , in  th e form o f  ir r e g u la r  
shaped lumps, probably o r ig in a t in g  from th e  w eathered chalk  o f  th ese
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h i l l s .

D e ta ile d  fa b r ic  s tu d ie s  have been c a r r ie d  ou t a t  th e  s i t e  and are  
reported  by Marsland (1979) and Marsland e t  a l  (1982) .  An o v e r a l l  
g e o te c h n ic a l a ssessm en t o f  th e  BRS s i t e  a g a in s t  th e  background o f  
p o s s ib le  modes o f  d e p o s it io n  and d e p o s it io n a l p ro cesse s  i s  g iv e n  in  a  
recen t paper by Marsland and Pow ell (1989) .

The fa b r ic  s tu d ie s  show th a t  th e  t i l l  i s  d iv id ed  in to  two d i s t in c t  
bands. A ty p ic a l  s o i l  p r o f i l e  i s  shown in  F igure 5 . 2 ,  to g e th e r  w ith  
ty p ic a l  grading cu rv es .

The upper 6m o f  t i l l  i s  red d ish  brown w ith  grey  m o ttlin g  and co n ta in s  
numerous e r r a t ic s  w ith  dim ensions from l e s s  than 1mm to  g r e a te r  than  
30mm. The t i l l  i s  o f  medium p l a s t i c i t y ,  w ith  a l iq u id  l im it  o f  around 
47%, p la s t i c  l im it  o f  19% and c la y  con ten t o f  41%. I t  c o n ta in s  numerous 
near v e r t i c a l  f i s s u r e s  en c lo s in g  r e la t iv e ly  in ta c t  lumps o f  c la y  having  
ty p ic a l  d im ensions o f  3Oran or more. The upper t i l l  has a  n a tu ra l 
m oisture con ten t o f  between 17% and 20%, c lo s e  to  th e  p la s t i c  l im i t .

The low er 6m o f  t i l l  i s  l i g h t  to  medium brown in  c o lo u r . The average  
l iq u id  l im it ,  p la s t i c  l im it  and c la y  co n ten ts  are 45%, 21% and 36% 
r e s p e c t iv e ly ;  th e  p ercentage o f  sand i s  low er than fo r  th e upper t i l l .  
The low er t i l l  i s  very  sh a ttered  and breaks e a s i l y  in to  sm all lumps o f  
between 5 to  30mm in  dim ension. The most l i k e ly  cause o f  t h i s  sh a tte r in g  
i s  thought to  be exposure to  perm afrost c o n d itio n s  during th e p eriod  
between a r e tr e a t  and resurgence o f  th e  ic e  s h e e t , which then  d ep o sited  
th e  upper t i l l .  The n a tu ra l m oisture con ten t o f  th e  low er t i l l  ranges  
between 22% and 24%, s l i g h t l y  h igh er than th e  p la s t i c  l im it .

Chalk con ten t as a percentage o f  t o t a l  mass in c r e a se s  from 16% near th e  
su rfa ce  to  31% a t  a depth o f  8m.

The groundwater p ressu re  regime a t  th e  BRS s i t e  i s  complex, and th e  
su b je c t  o f  con tin u in g  in v e s t ig a t io n s  (P ow ell, 1988).  Recent measurements 
made about 100m from the p i l e  t e s t  s i t e  w ith  Casagrande p iezom eters  
in d ic a te  a near h y d r o s ta t ic  d is tr ib u t io n  from a depth o f  0.5m to  
approxim ately 8m ( t h i s  depth range presumably corresponding to  th a t o f  
th e  upper t i l l  a t  t h i s  p a r tic u la r  s i t e  p o s i t io n ) .  Below 8m depth , zero  
pore w ater p ressu res  are in d ica te d . T his i s  in terp re ted  as being due to  
underdrainage o f  th e  sh a tte red  low er t i l l  by th e sandy g r a v e ls  and ch a lk  
bedrock.

The p i l e  t e s t  area  i s  on the edge o f  a  wood, and i t  i s  thought th a t th e
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upper t i l l  in  t h i s  reg io n  may undergo sea so n a l v a r ia t io n s  in  p r o p e r t ie s  
due to  red u ction s in  n atu ra l m oisture co n ten t caused by evapo- 
tr a n sp ir a tio n . M oisture con ten t d eterm in ation s from p u sh -in  sam ples 
obtained  from a hand auger h o le  opened a t  th e  p i l e  t e s t  s i t e  in  August 
1988, a lb e i t  on ly  to  a depth o f  2m, in d ic a te d  n a tu ra l m oisture co n ten ts  
ra th er l e s s  than th o se  quoted by Marsland (1977) .  The stan d in g  w ater  
l e v e l s  in  th e box p i l e s ,  observed throughout th e  p i l e  t e s t  programme, 
were on average 625mm below ground le v e l  w ith  sea so n a l v a r ia t io n s  o f  
between 50mm and 100mm.

In v e s t ig a t io n s  a t  th e  BRS s i t e  were undertaken in  th e 1970’s as p art o f  
th e  programme o f  research  on g la c ia l  c la y s  undertaken by th e B u ild ing  
Research E stablishm ent (BRE) (Marsland, 1977; 1979; Marsland and Pow ell 
1979).  Large s c a le  i n - s i t u  p la te  t e s t s  were a key fe a tu r e  o f  the  
research  programme. These were used to  determ ine o p era tio n a l s o i l  
param eters fo r  d es ig n  purposes and to  c a l ib r a te  sm aller  in - s i t u  t e s t s  
such as con es, pressurem eters and van es. The r e s u l t s  o f  th e  t e s t s  
performed a t  th e  BRS s i t e  are summarised below .

In F igure 5 . 3 ,  undrained stren g th  c u i s  p lo t te d  a g a in s t  depth , c u 
being determ ined from 865mm diam eter p la te  load in g  t e s t s ,  58mm diam eter  
Menard pressurem eter t e s t s ,  and 98mm diam eter t r ia x i a l  t e s t s .  The v a lu es  
o f  c u from th e p la te  t e s t s  are very  c o n s is te n t  and show a s l ig h t  
tendency to  in crea se  w ith  depth. The c u v a lu es  from th e  t r ia x i a l  t e s t s  
are more v a r ia b le  and show a tendency to  decrease  w ith  depth . The c u 
v a lu es  from th e pressurem eter t e s t s ,  estim ated  by th e l i m i t  p ressure  
method ( se e  Chapter 9 ) ,  are ra th er h igh er than th o se  g iven  by th e  p la te  
t e s t s  -  t h i s  trend i s  s im ila r  to  th a t experienced  in  s im ila r  t e s t  
programmes in  o th er  g la c ia l  c la y s  (Marsland, 1979).

O perational undrained moduli Eu determ ined from th e i n i t i a l  load ing  
curves o f  th e  p la te  t e s t s  for  th e s t r e s s  range corresponding to  loads  
from zero to  h a l f  the u lt im a te  are g iven in  Figure 5 .4 ,  to g e th er  with  
th e corresponding v a lu e s  from the t r ia x ia l  t e s t s .  In th e upper t i l l  the  
two s e t s  o f  Eu v a lu es  are approxim ately the same. In the low er t i l l  the  
Eu v a lu es  ob ta ined  from the la rg e  in - s i t u  p la te  t e s t s  are about tw ice  
th e corresponding v a lu es  determ ined from the t r ia x ia l  t e s t s .

Four cone p en etra tio n  t e s t s  were made in .  th e  1970’s  stud y  u sin g  a 
s tr a ig h t - s id e d  Fugro cone w ith  a p ro jected  cone area o f  10cm2 , a 
f r ic t io n  s le e v e  area  o f  150cra2 , and a standard ra te  o f  p en e tra tio n  o f  
20mm/sec. The cone r e s is ta n c e ,  s le e v e  f r i c t io n  and f r i c t i o n  r a t io  fo r  a 
ty p ic a l  t e s t  are p lo t te d  in  Figure 5 .5 .  The cone r e s is ta n c e s  fo r  a l l  the  
t e s t s  are p lo t te d  in  F igure 5 . 6 ,  to g e th er  w ith  the u ltim a te  bearing
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p ressu res  ob ta in ed  from th e  865mm diam eter p la t e  t e s t s .  The p la te  
bearing p ressu r es  remain f a i r l y  co n sta n t w ith  d epth , w hereas cone 
r e s is ta n c e  red u ces w ith  in cr ea sin g  depth . In th e upper t i l l  th e  cone  
r e s is ta n c e s  are about 3 tim es th e  p la te  bearing p r e ssu r e s , in  th e  low er  
t i l l  t h i s  r a t io  drops to  about 1 . 2 .  The corresponding cone fa c to r s  Nk 
Eire 30 a t  a depth  o f  3m and 11 a t  a  depth  o f  9m.

The d if fe r e n c e s  in  r e s u l t s  from th e  la r g e  s c a le  bearing  c a p a c ity  t e s t s ,  
th e  sm all s c a le  i n - s i t u  t e s t s  and th e  t r ia x i a l  t e s t s  Eire a t tr ib u te d  to  
th e  d if fe r e n c e s  in  feibric down th e  s o i l  p r o f i l e  ( i b i d . ,  s e e  Eilso 
Marsland and P ow ell (1979); Marsland and Quarterman (1 9 8 2 ) ) .  The 
c o n s is te n t  p a ttern  o f  s tren g th  and s t i f f n e s s  ob ta in ed  from th e  p la te  
t e s t s  i s  due to  th e  lsirge volumes o f  c la y  sheEired in  th e se  t e s t s .  The 
high  r e s u lt s  o b ta in ed  from th e  t r ia x i a l  and cone t e s t s  in  th e  upper t i l l  
are due to  th e  s c a le  e f f e c t s  caused  by th e  r e la t iv e l y  w id e ly  spaced  
f i s s u r e s .  C onversely , th e  very  low v a lu e s  ob ta ined  from th e  t r ia x i a l  
t e s t s  in  th e low er t i l l  r e s u lt  from sample d istu rb an ce  o f  th e  c lo s e ly  
f is s u r e d  and f r ia b le  c la y . The sh a tte r e d , lo o s e ly  packed fa b r ic  o f  th e  
low er t i l l  i s  a ls o  the most l i k e l y  reason  fo r  th e  low Nk v a lu e s  
ob ta in ed . The reason ab le  agreement o f  th e  pressurem eter c u p r o f i l e  
estim ated  u sin g  th e  l im it  p ressure method w ith  th a t from th e  p la te  t e s t s  
may be due to  th e  la r g e  s tr a in  c a p a b il i t y  o f  th e  Menard pressurem eter  
(up to  30%).

5 .3  S o i l  T estin g

5 . 3 . 1  Scope
As p art o f  th e  p resen t research , in - s i t u  t e s t in g  was undertaken to  
augment th e  e x is t in g  g e o tec h n ic a l d a ta . T ests  were performed w ith  th e  
fo llo w in g  in strum ents:

(a ) standard cone penetrom eter
(b) M archetti d ila to m e te r
(c )  f u l l  d isp lacem ent pressurem eter.

As w eis th e  ca se  a t  th e  Luton s i t e ,  th e  main o b je c t iv e  o f  th e  i n - s i t u  
t e s t s  was to  in v e s t ig a te  l im it in g  r a d ia l s t r e s s e s  a v a ils ib le  by r a d ia l  
expansion  in to  th e  ground. The t e s t s  were performed by Fugro-M cClelland  
Ltd between 14-16 J u ly  1986. The t e s t s  were performed in  an area  
approxim ately 5m square and about 30m away from th e  p i l e  t e s t  s i t e ,  
w ith in  th e  bounds o f  th e  BEE g e o te c h n ic a l t e s t in g  a rea . D e ta i ls  o f  th e  
M archetti d ila to m e te r  (DMT) and th e  F u ll D isplacem ent Pressurem eter  
(FDPM) have been g iv e n  in  S ec tio n  4 . 4 .
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To enab le an estim a te  to  be made o f  th e  e f f e c t iv e  an g le  o f  sh earin g  
r e s is ta n c e  6' l i k e ly  to  be o p era tin g  on th e  s id e s  o f  th e  t e s t  p i l e s ,  a  
s u i t e  o f  drained d ir e c t  shearbox t e s t s  was performed u sin g  a
r e c o n s t itu te d  sample o f  m a ter ia l from the upper t i l l .

5 . 3 . 2  Standard cone t e s t s
Two CPT t e s t s  were performed to  provide a re feren ce  fo r  the o th er  
in - s i t u  t e s t s .  A 10cm2 Fugro cone was used , advanced a t  a  r a te  o f  
20mm/sec. The two tr a c e s  ob ta in ed  were very  s im ila r  and are shown in  
Figure 5 . 7 .  The cone r e s is ta n c e s  are in  g e n e r a lly  good agreement with  
th e  p rev iou s CPT p r o f i l e s  a t  th e  s i t e ,  and show up the sharp d i v i s i o n  
between the upper and low er t i l l s .  S leev e  f r ic t io n s  are g e n e r a lly  h igh er  
than th o se  shown by th e ty p ic a l  p r o f i le  g iven  by Marsland (1977) ,  
p a r t ic u la r ly  in  the upper t i l l .  Both the s le e v e  f r ic t io n  v a lu es  and th e  
f r ic t io n  r a t io  v a lu es  show up the d iv is io n  between th e upper and low er 
t i l l .  The g la c ia l  g r a v e ls  a t  t h is  p o in t a t  th e  BRS s i t e  were s tru ck  a t  a 
depth o f  10m, as in d ic a te d  by the sudden la r g e  in c r e a se s  in  cone 
r e s is ta n c e .

5 . 3 .3  M archetti D ila tom eter T ests
Two DMT p r o f i le s  were performed u sin g  th e standard procedure (S e c tio n  
4 . 4 . 5 ) .  The p ressu res  pQ and pi are p lo t te d  a g a in st depth in  F igure  
5 . 8 .  Agreement between th e  two p r o f i l e s  i s  very  good. A marked d iv is io n  
between the upper and low er t i l l s  i s  aga in  apparent, w ith  a red u ction  
occurring  in  pQ and pn v a lu es  in  the low er t i l l .  I n te r e s t in g ly ,  the  
red u ction  in  va lu es  o f  p1 i s  g rea te r  than th e  red u ction  in  v a lu es  o f  pQ.

The deduced index param eters I D, KD and E0 are p lo tte d  a g a in s t  depth in  
Figure 5 . 9 .  These data are used below in  con ju n ction  w ith  DMT data  
obtained  by the BRE. The BRE data  has been compared by Pow ell and 
Uglow (1986, 1988a, 1988b) w ith  published  c o r r e la t io n s  o f  DMT data
a g a in st  s o i l  p ro p er tie s  and s o i l  ty p es . These comparisons are shown in  
Figure 5 .10 .

The s o i l  d e sc r ip tio n  ch a r t, which c l a s s i f i e s  s o i l s  on the b a s is  o f  ED 
and I D, has some su c c e ss  in  id e n t ify in g  the upper and low er t i l l s .  I t  
p ick s  up the d if fe r e n c e  between th e  two t i l l s  and c o r r e c t ly  i d e n t i f i e s  
th e reduced sand co n ten t o f  th e  low er t i l l .  The s p e c i f i c  s o i l  
d e sc r ip t io n s  are not q u ite  c o r r e c t , the upper and low er t i l l  
g e n e r a lly  being id e n t i f ie d  as a  dense to  very  dense c la y ey  s i l t  and a 
hard s i l t y  c la y  r e p e c t iv e ly .

Undrained shear s tren g th s  from 98mm t r ia x ia l  sam ples, norm alised by the  
e f f e c t i v e  overburden p ressu re , are p lo t te d  a g a in s t  KD. The r e s u lt s  from
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th e BRS s i t e  p lo t  c lo s e  to  th e M archetti c o r r e la t io n  l in e :
C„ = 0 . 22ct'q (0.5Kd)’ 25 

(M archetti, 1980) .

I n - s i tu  K0 v a lu e s  (measured by means o f  t o t a l  s t r e s s  spade c e l l s ,  
s e lf -b o r in g  p ressu rem eters , and some su c tio n  t e s t s )  are p lo t te d  a g a in s t  
K0, fo r  a number o f  B r i t is h  c la y s .  On th e  b a s is  o f  th e se  r e s u l t s ,  P ow ell 
and Uglow (1988b) propose th e fo llo w in g  c o r r e la t io n  fo r  *young’ c la y s  
(younger than 70000 y ea rs  b efore p r e se n t):

K0 = 0 . 34KD0'55
Use o f  t h is  c o r r e la t io n  w ith  th e  K0 v a lu es  measured a t  th e  BRS s i t e  
y ie ld s  p la u s ib le  v a lu e s  o f  K0 o f  1 .5  to  2 .2  fo r  th e  upper t i l l ,  and 0 .82  
to  1 .2  fo r  th e  low er t i l l .

I t  should be borne in  mind th a t p resen ta tio n  o f  d ata  on lo g : lo g  p lo t s  
such as in  F igure 5 .10  can mask th e  tru e  s i z e  o f  any d isc r e p a n c ie s  
(Pow ell and Uglow, 1988a).

5 . 3 .4  F u ll D isplacem ent Pressurem eter t e s t s
The arrangement o f  th e  FDPM a t  th e  BRS s i t e  was a s  d escr ib ed  in  S e c tio n  
4 . 4 . 6 .2 .  The FDPM was in s t a l le d  in  th e  ground a t  two lo c a t io n s .  F ive  
t e s t s  were perform ed, a t  th ree  depths a t  th e  f i r s t  lo c a t io n  and a t  two 
depths a t  th e  second lo c a t io n . Four o f  th e  f iv e  t e s t s  were performed in  
the upper 6m o f  t i l l .  The t e s t s  were ca rr ied  ou t a t  a s t r a in  r a te  o f  
2.5%/minute and th e  in te r v a l between data scans was 10 secon d s. As a t  
the Luton s i t e ,  th e  t e s t s  should  be regarded as  experim ental in  
comparison to  th e  o th er  in - s i t u  t e s t s .  The p r in c ip a l d e t a i l s  o f  th e  
t e s t s  are g iv en  in  Table 5 .1 .  P lo ts  o f  p ressure p a g a in s t  r a d ia l  
s tr a in  ec are g iv en  in  Appendix 5 .1  -  r e s u lt s  from a l l  th ree  arms o f  
the pressurem eter are g iv en .

The p r e ssu r e :s t r a in  curves shown in  Appendix 5 .1  t y p ic a l ly  show a  
d i s t i n c t  l i f t - o f f  p ressu re , fo llow ed  by a r i s e  over a s t r a in  o f  a few  
p ercent to  an alm ost con sta n t l im it  p ressu re . T his behaviour i s  in  
agreement w ith  FDPM t e s t s  ca rr ied  out in  o v erco n so lid a ted  G ault c la y  a t  
Madingley, Cambridge; reported  by Houlsby and W ithers (1988) .

No inform ation  was ob ta in ed  from s tr a in  arm 2 a t  th e  second FDPM 
lo c a t io n , and th ere  were some problems w ith  e le c tr o n ic  en o i s e ’ which was 
known to  have a f fe c te d  a t  l e a s t  th e  f i r s t  two t e s t s  a t  th e  f i r s t  FDPM 
lo c a t io n . T his n o is e  caused a s c a t te r in g  o f  r e s u lt s  which o c c a s io n a l ly  
made d e ta ile d  in te r p r e ta t io n  o f  th e  p :ec curves d i f f i c u l t .  The un loading  
curve fo r  T est L l /T l  was in v a lid  because the s tr a in  arms reached th e  
l i m i t  o f  t h e ir  t r a v e l  and th e r e fo r e  the expanded rad iu s o f  th e  FDPM
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was unknown. There was a la r g e  d iscrep an cy  in  s tr a in s  measured by th e  
two ' l iv e *  s tr a in  arms in  T est L2/T2; t h i s  might have been caused  by a  
boulder or a tr e e  root ad jacen t to  th e expanding membrane.

The FDPM r e s u lt s  are d isc u sse d  below . Of most in t e r e s t  are th e  v a lu e s  o f  
t o t a l  r a d ia l s t r e s s  crf generated  on expansion . S o il  param eters d erived  
from th e t e s t s  are a ls o  p resen ted  in  order to  provide com parisons with  
previous t e s t s  a t  the s i t e .  I t  i s  co n sid ered , however, th a t  th ere  are  
in s u f f ic ie n t  new data to  en ab le gen era l co n c lu s io n s  to  be drawn 
regarding s o i l  p r o p e r tie s .

Values o f  shear modulus G are g iv en  in  Table 5 .2 ,  estim ated  u sin g  two 
d i f f e r e n t  methods:

(a) the standard method o f  b is e c t in g  un load -reload  loop s (Mair and 
Wood, 1987)

(b) The a n a ly t ic a l  method o f  Houlsby (Houlsby and W ithers, 1988),  which 
o b ta in s  c u , G and crr from th e  unloading p o rtio n  o f  th e  p: ec cu rve.

The G v a lu es  obtained  by th e  Houlsby method are more c o n s is te n t ,  and are  
about a th ird  o f  the e q u iv a le n t u n load -reload  v a lu e s . Both s e t s  o f  
v a lu es are much h igh er than th e v a lu es  o f  G c a lc u la te d  from th e  
previous p la te  t e s t s  and t r ia x i a l  t e s t s ,  which are m ostly in  th e range 5 
to  lOMPa (assuming undrained c o n d it io n s , Eu = 3G ). Pressurem eter t e s t s  
a t the BRE g la c ia l  t i l l  s i t e  a t  Cowden showed a reasonab ly  good 
agreement between shear moduli obta ined  from pressurem eters and from 
p la te  t e s t s  (Marsland, 1979; Pow ell and Uglow, 1985).

Values o f  undrained shear s tren g th  c u are g iven  in  Table 5 .3 .  These 
have been estim ated  u sing  two d i f f e r e n t  methods:

(a) the l i m i t  p ressure method (Mair and Wood, 1987)
(b) the Houlsby method (Houlsby and Withers,  1988).

Because the t e s t s  e x h ib it  c le a r ly  de f in ed  l i m i t  p ressu res , fo r  
convenience the maximum p ressure recorded in  each t e s t  has been taken as 
th e l i m i t  p ressu re. In the c a lc u la t io n  o f  c u by the l im it  p ressure  
method, the parameter

Np = 1 + ln (G /cu )
has been taken as 6 .18 .  T his i s  c o n s is te n t  with  a bearing c a p a c ity  
fa c to r  Nc = 9 .25 ,  as used to  in te r p r e t  the p la te  t e s t s  (Marsland, 1979).  
Values o f  K0 o f  1.75 and 1 .0  have been assumed fo r  the upper and low er  
t i l l s  r e s p e c t iv e ly , th ese  being average v a lu es  obtained  from th e  DMT
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t e s t s  (th e  c u v a lu e s  ob ta ined  by th e  l im it  p ressu re  method a t  t h i s  
s i t e  are not s e n s i t iv e  to  th e  assum ptions regarding K0).

V alues o f  c u o b ta in ed  from th e  two methods are r e la t iv e l y  c o n s is t e n t ,  
but are h igh er than th e  v a lu e s  p r e v io u s ly  ob ta in ed  by M arsland. The one 
t e s t  performed in  th e  low er t i l l  (T est L2/T2) gave s ig n i f i c a n t l y  low er  
v a lu es  o f  c u than fo r  th e  upper t i l l .

D e ta ils  o f  th e  c a lc u la t io n  o f  c u and G by th e  Houlsby method are g iv e n  
by Legge (1987) .

The d iscrep an cy  between th e v a lu es  o f  shear modulus and undrained sh ear  
s tren g th  ob ta in ed  in  th e  FDPM t e s t s  and th e  v a lu es  ob ta in ed  in  p rev io u s  
t e s t s  i s  ra th er  odd. Two p o s s ib le  reasons are se a so n a lly  low v a lu e s  o f  
m oisture co n ten t in  th e  upper t i l l ,  and s t r a in  r a te  e f f e c t s .  The tim e  
taken to  reach maximum p ressure in  th e  e a r l ie r  standard Menard 
pressurem eter t e s t s  was around 20 to  30 m inutes (Marsland and P ow ell, 
1989),  corresponding to  a  s t r a in  r a te  o f  around 1%/minute. The s t r a in  
ra te  fo r  th e  FDPM t e s t s  was con sid erab ly  f a s t e r  a t  2.5% /m inute. P ow ell 
(1989) has rep orted  th a t  l im it  p ressu res  ob ta ined  w ith  th e  FDPM a t  a  
s tr a in  ra te  o f  5%/minute in  G ault Clay a t  th e  M adingley t e s t  s i t e  were 
around 10 to  20% h igh er  than th ose  ob tained  from corresponding standard  
Menard pressurem eter t e s t s .  On average, th e  l im it  p ressu r es  ob ta in ed  
from the Menard pressurem eter t e s t s  a t  th e  BRS s i t e  (P ow ell, 1989) a re  
around 25% low er than th e  corresponding FDPM l im it  p r e ssu r e s .

In Table 5 .4  th e  DMT p ressu res  pQ and p1 are compared w ith  th e  FDPM 
' l i f t - o f f *  and l im it  p ressu r es . The FDPM l i f t - o f f  p ressu res  have been  
estim ated  by exam ining th e  p :e c curves fo r  th e  th ree  arms a t  th e  s t a r t  
o f  each t e s t  and id e n t ify in g  fo r  each arm a d i s t in c t  change in
s lo p e  o f  the p : sc d ata  (Mair and Wood, 1987).  The average v a lu e  fo r  th e  
th ree  arms i s  g iv e n . The DMT p, p ressu res  are on average around 20% 
higher than th e  corresponding l im it  ( i e .  maximum) p ressu res  recorded  
in  the FDPM t e s t s  ( s e e  a ls o  Figure 5 . 8 ) .  T his behaviour i s  in  agreement 
w ith  c o r r e la t io n s  between DMT p ressure P1 and pressurem eter l im it  
p ressure d isc u sse d  by Powell and Uglow (1986; 1988a) fo r  t e s t s  in  
various UK s o i l s .

Table 5 .5  summarises th e r e s u lt s  o f  the FDPM h old ing t e s t s .  Further d ata  
are g iven  in  Appendix 5 . 1 .  In c o n tr a s t  to  th e FDPM t e s t s  a t  th e  Luton 
s i t e  the ho ld in g  s t r a in s  were c lo s e ly  m aintained, en ab lin g  changes in  
t o t a l  r a d ia l s t r e s s  crr a t  con stan t s t r a in  to  be m onitored. In a l l  th e  
hold ing t e s t s  a s tea d y  decay o f  crr w ith  tim e occurred . There was no 
tendency fo r  <rr to  approach a p la tea u  v a lu e  w ith in  th e  p eriod  o f  th e
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t e s t s .  For ho ld in g  p er io d s vary ing  between 34 and 51 m inutes, r ed u c tio n s  
in  ar varying between 12.4% and 13.3% occurred .

The h old ing  data are d isc u sse d  in  Chapter 11.

5 . 3 . 5  Shearbox t e s t s
A s in g le  s u i t e  o f  d ra in ed , 60mmx60mm d ir e c t  shearbox t e s t s  was 
performed u sin g  a r e c o n s t itu te d  sample o f  th e  upper t i l l  o b ta in ed  from 
an auger h o le  opened a t  th e  p i l e  t e s t  s i t e .  General procedures fo r  th e  
t e s t s  were as s e t  out by Head (1982) .  The t e s t s  were performed f u l l y  
sa tu r a te d .

5 . 3 . 5 . 1  Sample prep aration
A t e s t  batch o f  t i l l  w ith  a dry w eight o f  about 10kg was made up from 
samples taken between 0.8ra and 2.0m depth from th e auger h o le . The t e s t  
batch was thoroughly d r ie d , and then ground down in  sm aller  b a tch es fo r  
3 to  4 m inutes u sin g  a m echanical g r in d er . The crushed m ateria l was then  
passed through a 2mm s ie v e  to  remove s to n e s . Four shearboxes were used . 
The t e s t  batch  o f  t i l l  was reduced to  an appropriate s i z e ,  and d i s t i l l e d  
w ater was then added to  g iv e  a nominal m oisture con ten t o f  30%. The 
sample was then thoroughly remoulded and worked in to  th e  shearboxes  
w ithout com paction. Samples fo r  m oisture co n ten t d eterm inations were 
taken from th e t e s t  batch .

5 . 3 . 5 . 2  C on so lid a tion
After  th e  sam ples had been p laced  in  th e  shearboxes, they  were inundated  
w ith  d i s t i l l e d  w ater. Normal s t r e s s e s  in  th e range 60kPa to  432kPa were 
then a p p lied . A f ter  a p p lic a t io n  o f  th e  normal s t r e s s e s  th e sam ples were 
l e f t  to  c o n so lid a te  fo r  approxim ately 21 hours. C on so lid a tio n  was 
monitored by p lo t t in g  se tt le m e n t read ings a g a in s t  square-root o f  t ime.

5 . 4 . 5 . 3  Shearing
Times to  fa ilu r e  and d isp lacem ent r a te s  required to  g iv e  drained  
shearing were c a lc u la te d  u sin g  the equation  

t f = 12 .7 x t 100 min 
(Gibson and Henkel, 1954)
Standard r a te s  o f  d isp lacem ent o f  the low er h a lf  o f  the shear boxes 
ranged from 0 . 0029mm/min to  0.0039mm/min, according to  th ic k n e ss  o f  
sample and shear load  proving r in g  d isp lacem ent a t f a i l u r e .

In two o f  the t e s t s  -  th ose  with  normal s t r e s s e s  o f  122kPa and 246kPa -  
r e v e r sa ls  and resh earin gs were performed in  order to  e s ta b lis h  drained  
res id u a l s tr e n g th s . In th e l im ite d  tim e th a t was a v a ila b le , th e se  t e s t s  
could  o n ly  be taken to  approxim ately 12mm d isp lacem ent. At th e se
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d isp lacem ents p la te a u  shear s t r e s s e s  had not been c l e a r ly  e s ta b lis h e d ,  
but s u f f i c i e n t  in form ation  was ob ta in ed  to  en ab le  a reason ab le  e s t im a te  
o f  0' to  be made.

During th e  sh ear  box t e s t s ,  some sh earin g  a t  s low er r a te s  was c a r r ie d  
out to  confirm  th a t  th e  standard r a te  gave drained  c o n d it io n s . The 
sh earin g  r a te  during r e v e r s a ls  was f i v e  tim es th e  standard r a te .  A fter  
sh earin g  th e  shearbox was q u ick ly  drained  o f  w ater and th e  sample 
unloaded. The w hole sample was th en  used fo r  a m oisture co n ten t  
d eterm in a tio n .

5 . 4 . 5 . 4  R esu lts
R esu lts  from th e  t e s t s  are p resen ted  in  Appendix 5 . 2 .  Peak v a lu e s  o f  0' 
c a lc u la te d  from th e r e s u lt s  o f  in d iv id u a l t e s t s ,  assuming c' = 0 , range 
from 20° to  27° .  For th e  two r e v e r sa l t e s t s  a t  122kPa and 246kPa 
normal s t r e s s ,  c a lc u la te d  v a lu es  o f  0' a t  th e  end o f  th e  f in a l  runs are  
19.0° and 17.4° r e s p e c t iv e ly .  In  th e  246kPa normal s t r e s s  t e s t  th e  sh ear  
s t r e s s  was approaching a  p la tea u  v a lu e , and 17° i s  probably a reason ab le  
estim a te  o f  0' fo r  t h i s  sample o f  t i l l .  The m oisture co n ten t o f  th e  
t i l l  a f t e r  sh earin g  decreased  p r o g r e s s iv e ly  from 16.3% t o  11.4% fo r  
normal s t r e s s e s  in c r e a sin g  from 60kPa to  432kPa.

5 .4  D e ta ils  o f  P i l e  C on figu ration s

5 . 4 . 1  P i le  refurbishm ent
The p i l e s  used p r e v io u s ly  a t  th e  Luton s i t e  were reused  a t  th e  BRS s i t e .  
A fter  removal from th e  ground a t  Luton th e  p i l e s  were thorou gh ly  washed 
and brushed c le a n  b efore  being  reassem bled . During reassem bly minor 
damage and bending th a t  th e  p i l e  components had su sta in e d  was rep a ired  
and s tra ig h ten ed  o u t.

5 . 4 . 2  Dimensions and d riven  l e v e ls
A t o t a l  o f  f i v e  p i l e s  were in s t a l le d  a t  th e  BRS s i t e  -  th ree  box p i l e s  
and two cruciform  p i l e s .  Four o f  th e se  p i l e s  were being  reu sed , and 
another box p i l e  was made up in  a d d it io n . D e ta ils  o f  th e  p i l e s  have been  
g iv en  in  Chapter 3 . The f i v e  p i l e s  were d riven  a t  sp acin gs o f  1 .0  to  
1.5m. The th ree  box p i l e s  were numbered 5, 6 and 7; th e  two cruciform  
p i l e s  were numbered 8 and 9. F igure 5.11 shows th e  layou t o f  th e  d riven  
p i l e s ;  and th e  p o s it io n in g  o f  th e  r e a c tio n  pads, runway beams, and 
referen ce  beam su p p orts.

The p i l e  c o n fig u r a tio n  i s  d es ig n a ted  by th e l e t t e r  fU’ (unexpanded 
p i l e ) ,  *A* ( p i l e  expanded by expander mandrel A ), or ‘B’ ( p i l e  expanded
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by expander mandrel B ). Two o f  th e  p i l e s  were te s te d  in  more than  one 
c o n fig u ra tio n . The d im ensions and d riven  l e v e l s  o f  th e  box p i l e  and 
cruciform  p i l e  c o n fig u r a tio n s  are summarised in  F igures 5 .12  and 5 .13  
r e s p e c t iv e ly . D ates o f  in s t a l la t io n  are in c lu d ed . D e ta ils  o f  d r iv in g  are  
d escrib ed  in  S ec tio n  5 . 5 ,  but a sh ort summary i s  g iven  below.

The ou ter  s h e l l  o f  Box P i l e  5 was d riven  and i n i t i a l l y  te s te d  unexpanded 
( p i l e  c o n fig u ra tio n  5U). I t  was then expanded by 21.4% o f  i t s  w idth  
using  expander mandrel B ( p i l e  c o n fig u ra tio n  5B), and r e te s te d .

The ou ter  s h e l l  o f  Box P i l e  6 was d riven  sh o rt o f  the requ ired  depth  due 
to  a fa i lu r e  o f  i t s  d r iv in g  shoe. I t  was t e s te d  unexpanded b efore being  
ex tra c ted  ( p i l e  c o n fig u ra tio n  6U).

The ou ter  s h e l l  o f  Box P i le  7 was d riven  and then expanded by 14.3% o f  
i t s  width u sin g  expander mandrel A ( p i l e  c o n fig u ra tio n  7A). I t  was then  
te s te d .

Figure 5.12 g iv e s  the d riven  l e v e l s  o f  th e  bottom o f  th e c o n ic a l t i p  o f  
th e d riv in g  shoe, the bottom o f  the ou ter  s h e l l  a n g le s , the bottom o f  
the expander mandrel n ose , and the top  o f  th e  expander mandrel n ose . 
Dragdown o f  th e  ou ter  s h e l l s  during d r iv in g  o f  th e  expander mandrels was 
n e g lig ib le  and has been ignored.

The ou ter s h e l l  o f  Cruciform P i le  8 was d riven  and i n i t i a l l y  t e s t e d  
unexpanded ( p i l e  c o n fig u r a tio n  8U). I t  was then  expanded by 21.4% o f  i t s  
width u sing  expander mandrel B ( p i l e  c o n fig u ra tio n  8B ), and r e te s te d .

The ou ter  s h e l l  o f  Cruciform P i l e  9 was d riven  and then expanded by 
10.7% o f  i t s  w idth u sin g  expander mandrel A ( p i l e  co n fig u ra tio n  9A). I t  
was then te s te d .

Figure 5.13 g iv e s  the d riven  l e v e l s  o f  the bottom o f  the ou ter  s h e l l  
a n g le s , the bottom o f  th e expander mandrel n ose , and th e top  o f  the  
expander mandrel nose.

As d escrib ed  in  S ec tio n  4 . 5 . 1 ,  s i m p l i f i e d  e f f e c t i v e  p i l e  p erim eters and 
c r o s s - s e c t io n a l areas have been assumed. These are in d ica ted  by the  
chain  l in e s  in  F igures 5.12 to  5 .15 .  As b e fo re , two methods have been 
used to  exp ress percentage expansion o f  th e  p i l e  co n fig u ra tio n s:  
percentage in crea se  in  p i l e  width,  and percentage in crea se  in  p i l e  
c r o s s - s e c t io n a l  area.
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5 . 4 . 3  S h aft su r fa c e  a reas
F igures 5 .14  and 5 .15  g iv e  th e  s h a ft  su r fa ce  areas o f  th e  box p i l e s  and 
cruciform  p i l e s  r e s p e c t iv e ly .  Four d if f e r e n t  s h a ft  su r fa c e  a rea s  are  
g iv en , d es ig n a ted  by th e  l e t t e r s  A to  D. These correspond to  th e  
d if f e r e n t  d e f in i t io n s  o f  p i l e  p erim eter and p i l e  le n g th  d escr ib ed  in  
S ec tio n  4 . 5 . 2 .

5 .5  P i le  I n s t a l la t io n

5 . 5 .1  In tro d u ctio n
D e ta ils  o f  p i l e  in s t a l la t i o n  procedures a t  th e  BRS s i t e  have been  
d escrib ed  in  S e c t io n  3 .5 .

D riving record s o f  p i l e  p en etra tio n  a g a in s t  a ir  hammer d r iv in g  tim e were 
taken and are p resen ted  in  Figure 5 .1 6 .  P i le  p en e tra tio n  in  F igure 5 .16  
r e fe r s  to  th e  p en e tra tio n  o f  the bottom o f  th e  p i l e  component being  
d riven  ( in c lu d in g  any d r iv in g  sh o e ) below ground l e v e l . The p i l e  
in s t a l la t io n  p ro cess  was in terru p ted  by breaks in  order to  a d ju st  th e  
p il in g  frame g u id es  and to  lu b r ic a te  th e  hammers. These breaks have not 
been in clud ed  on F igure 5 .16 .  The d r iv in g  records commence a t  
p en etra tio n s  g r e a te r  than zero , because i t  was not p o s s ib le  to  o b ta in  
d r iv in g  records during the e a r ly  s ta g e s  o f  p i l e  in s t a l la t io n  when th e  
ra te  o f  p en e tr a tio n  was very  f a s t .

The d r iv in g  record s provide q u a l i t a t iv e  in form ation  o n ly . In  some c a se s  
th e d r iv in g  record s are incom plete, and th e  records are confused  by th e  
fa c t  th a t d i f f e r e n t  hammers and com pressors were used . There i s  
s u f f i c ie n t  in form ation , however, to  draw im portant co n c lu s io n s  regarding  
the e f f i c i e n c y  o f  th e  v a r io u s p i l e  co n fig u r a tio n s  t e s t e d ,  in  term s o f  
th e  d r iv in g  energy expended fo r  g iven  load  c a p a c ity .

Two typ es o f  d o u b le -a c tin g  a ir  hammer were used, th e  A tlas-C opco PH5 and 
the BSP 500N (S e c t io n  3 . 5 . 3 ) .  D e ta ils  o f  the o v e r a ll  w e ig h ts  and the  
quoted a ir  d e l iv e r y  p ressu res  and blow r a te s  fo r  the two hammers are  
g iven  below:

Hammer O verall D e liv ery  Blows/m in
w eight p ressure (max)

(kg) ( p s i )

A tla s  Copco PH5 440
BSP 500N 1150

85
90

310
330

The in s t a l la t io n  o f  each p i l e  i s  d escr ib ed  in  the fo llo w in g  f i v e  
S e c t io n s .
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5.5.2 Box Pile 5

(a ) Outer s h e l l
D riv ing  o f  th e  o u ter  s h e l l  o f  Box P i le  5 commenced on 1 2 .3 .86  u s in g  th e  
PH5 hammer in  con ju n ction  w ith  a  125cfm (cu b ic  fo o t  per m inute a i r  
d e liv e r y )  com pressor su p p lied  by BRS. The a ir  d e liv e r y  p ressu re recorded  
a t  th e  com pressor was 8 2 . 5 p s i ;  th e  i n i t i a l  blow r a te  recorded was 260 
blow s/m inute.

During approxim ately 75 m inutes d r iv in g , th e  p i l e  p en e tra tio n  ra te  
slow ed p r o g r e s s iv e ly . The hammer blow r a te  a ls o  slow ed and th e  hammer 
e v e n tu a lly  s t a l l e d  a t  a  p i l e  p en e tra tio n  o f  3.1m. An in sp e c tio n  o f  th e  
com pressor lo c a te d  a fa u lty  v a lv e . D riving recommenced 22 hours l a t e r  on 
th e  fo llo w in g  day, 1 3 . 3 .8 6 ,  w ith  th e hammer d riven  by a replacem ent 
175cfm com pressor. A ir d e liv e r y  p ressu re  recorded a t  th e  com pressor was 
1 15p si, blow r a te  was on average 290 blow s/m inute and showed no 
tendency to  drop o f f  w ith  tim e. D riv ing  was very  slow , approxim ately 190 
m inutes d r iv in g  tim e being req u ired  to  d r iv e  th e  o u ter  s h e l l  to  a f in a l  
p en etra tio n  o f  5.04m. The average p i l e  p en etra tio n  r a te  during th e  l a s t  
10 m inutes o f  d r iv in g  was 6 . Omm/min.

(b) Expander mandrel
The ou ter  s h e l l  o f  Box P i le  5 was expanded w ith  expander mandrel B on 
1 2 .8 .8 6 ,  152 days a f t e r  th e  o u ter  s h e l l  was d r iv en . The PH5 hammer was 
used , d riven  by th e o r ig in a l  BRS 125cfm compressor which by t h i s  tim e  
had been rep a ired . A ir d e l iv e r y  p ressu re  a t  th e  com pressor was recorded  
as 92psi;  th e  blow ra te  throughout d r iv in g  was between 230 and 250 
blow s/m inute, l e s s  than th e  blow ra te  when th e hammer was d riven  with  
the  175cfm com pressor. Expander mandrel B was d riven  to  a f in a l  
p en etra tio n  o f  4.59m in  approxim ately  15 m inutes o f  d r iv in g .

5 . 5 . 3  Box P i le  6
The ou ter  s h e l l  o f  Box P i l e  6 was driven  on 1 4 .3 .8 6 .  The FH5 hammer 
d riven  by th e 175cfm com pressor was used . The a ir  d e liv e r y  p ressu re  a t  
th e compressor was 115ps i ,  th e  recorded blow r a te  was between 280 and 
295 blow s/m inute and showed no tendency to  f a l l  w ith  tim e. A f t e r  105 
m inutes o f  hard d r iv in g  th e  p en e tr a tio n  ra te  had become very  slow.  At a 
p en etra tio n  o f  3.92m the c o l la r  p ie c e s  secu rin g  th e d r iv in g  shoe f a i l e d ,  
a llow in g  the d r iv in g  shoe to  be pushed from the bottom o f  the o u ter  
s h e l l .  I t  was not p o s s ib le  to  d r iv e  the p i l e  any fu r th er . The average  
p i l e  p en etra tio n  ra te  during th e l a s t  40 m inutes o f  d r iv in g  was 
4 . 25mm/min.
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5.5.4 Box Pile 7

(a) Outer s h e l l
D riving o f  th e  o u ter  s h e l l  o f  Box P i le  7 commenced on 1 5 .5 .8 6 .  The 500N 
hammer was u sed , in  co n ju n ction  w ith  a 250cfm com pressor. A ir  d e liv e r y  
p ressu re a t  th e  com pressor was recorded as  7 0 p si, blow r a te  was co n sta n t  
a t  330 b low s/m in. A fter  approxim ately 1 hour o f  d r iv in g , p i l e
p en e tra tio n  f e l l  q u ick ly  to  a very  slow  r a te .  At a p e n e tr a tio n  o f  4.4m  
the p i l e  re fu sed .

I t  was su sp ected  th a t th e  c a p a c ity  o f  th e  250cfm com pressor was
m arg in a lly  to o  low . A ccord ingly , i t  was rep laced  by a 350cfm com pressor. 
D riving o f  th e  o u ter  s h e l l  recommenced on 2 3 .5 .8 6  u s in g  th e  new
com pressor. The i n i t i a l  a ir  d e liv e r y  p ressu re  was 8 4 p si -  t h i s  was 
gra d u a lly  in crea sed  to  107psi by reducing th e a ir  d e l iv e r y  r a te ,  th e  
blow r a te  th ereb y  being  m aintained between 338 and 350 b low s/m in u te . 
A pproxim ately 25 m inutes d r iv in g  was requ ired  to  d r iv e  th e  o u te r  s h e l l  
to  a f in a l  p en e tra tio n  o f  5.11m. The average p i l e  p e n e tr a tio n  r a te  
during th e  l a s t  2 m inutes o f  d r iv in g  was 15mm/min.

( b ) Expander mandrel
The o u ter  s h e l l  o f  Box P i le  7 was expanded w ith  expander mandrel A on 
2 9 .5 .8 6 , 6 days a f t e r  th e  o u ter  s h e l l  was d r iv en . The 500N hammer was 
used, d r iven  by th e  350cfm com pressor. A ir d e liv e r y  p ressu r e  a t  th e  
com pressor and blow r a te  were recorded a s  109psi and 309 b low s/m inute  
r e s p e c t iv e ly .  D riving was very  easy; th e  expander mandrel was d r iv en  to  
a f in a l  p en e tr a tio n  o f  4.66m w ith in  approxim ately 5 m inutes o f  d r iv in g .

5 .5 .5  Cruciform  P i le  8

(a) Outer s h e l l
The o u ter  s h e l l  o f  Cruciform P i le  8 was d riven  on 1 3 .5 .8 6 . The 500N 
hammer was used in  con ju n ction  w ith  the 250cfra com pressor. D riv ing  was 
e x c e p t io n a lly  ea sy  and i t  was n eccessa ry  to  d e lib e r a te ly  under-power the  
hammer in  th e  e a r ly  s ta g e s  o f  d r iv in g , by r e s t r ic t in g  th e  a i r  su p p ly , in  
order to  m aintain  c o n tr o l o f  p i l e  p en e tr a tio n . The p i l e  p e n e tr a tio n  r a te  
was too  f a s t  fo r  accu rate  d r iv in g  records to  be made, th e  o u te r  s h e l l  
being d riven  to  a  depth o f  5.05ra w ith in  a few m inutes. The p i l e  
p en etra tio n  r a te  a t  th e  end o f  d r iv in g  was o f  the order o f  150mm/minute.

(b ) Expander mandrel
The o u ter  s h e l l  was expanded w ith  expander mandrel B on 1 3 .8 .8 6 , 92 days 
a f t e r  th e o u ter  s h e l l  was d r iv en . The FH5 hammer was used , d r iv e n  by the  
BRS 125cfm com pressor. The d e liv e r y  p ressu re  a t  the com pressor was
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9 2 p s i. The blow r a te  was i n i t i a l l y  around 250 blow s/m inute but f e l l  
towards th e end o f  d r iv in g  to  around 180 b low s/m inute. The com pressor  
was o f  s l i g h t l y  in s u f f ic ie n t  c a p a c ity  fo r  th e job  in  hand and as a  
r e s u l t  d r iv in g  was ra th er  slow  towards th e  end o f  d r iv in g , th e  hammer 
s t a l l i n g  on one o cca s io n . The mandrel was d riven  to  a f in a l  p e n e tr a tio n  
o f  4.89m in  j u s t  under 50 m inutes o f  d r iv in g .

5 .5 .6  Cruciform P i le  9

(a ) Outer s h e l l
The o u ter  s h e l l  o f  Cruciform P i le  9 was d riven  on 1 3 .5 .8 6 . The 500N 
hamner was used in  con ju n ction  w ith  th e  250cfm com pressor. As w ith  th e  
o u ter  s h e l l  o f  Cruciform P i le  8 , d r iv in g  was e x c e p t io n a lly  easy  and i t  
was n eccessa ry  to  d e l ib e r a te ly  under-power th e  hammer in  order to  
m aintain  c o n tr o l during th e  e a r ly  s ta g e s  o f  d r iv in g . The p i l e  
p en e tra tio n  r a te  was too  f a s t  fo r  accu rate  d r iv in g  records to  be made, 
th e  o u ter  s h e l l  being  d riven  to  a p en etra tio n  o f  5.01m w ith in  a few  
m inutes. The p i l e  p en e tra tio n  r a te  a t  th e  end o f  d r iv in g  was o f  th e  
order o f  150mm/minute.

(b) Expander mandrel
The o u ter  s h e l l  was expanded w ith  expander mandrel A on 1 4 .5 .8 6 , th e  
day a f t e r  th e  o u ter  s h e l l  was d r iv en . The 500N hammer and 250cfm  
compressor were used . D riving was e a sy , and the hammer was d e l ib e r a te ly  
under-powered in  th e  e a r ly  s ta g e s  o f  d r iv in g . D riving records were taken  
towards th e  end o f  d r iv in g . The expander mandrel was d riven  to  a f in a l  
p en etra tio n  o f  4.74m w ith in  approxim ately 10 m inutes. D riving seemed 
s l i g h t l y  slow er than fo r  th e o u ter  s h e l l ,  but t h is  was d i f f i c u l t  to  
a s s e s s  because th e hammer was not f u l ly  powered throughout d r iv in g .

5 .5 .7  Summary o f  d r iv in g  e n e r g ie s
Due to  th e d if f e r e n t  ty p es  o f  p i l in g  hammers and com pressors used , i t  i s  
d i f f i c u l t  to  a s s e s s  d r iv in g  e n e r g ie s . A q u a lita t iv e  summary i s  g iv en  
below:

Of a l l  th e  d i f f e r e n t  p i l e  components d riven ,

(a ) th e  box o u ter  s h e l l s  requ ired  by fa r  the g r e a te s t  d r iv in g  energy to  
i n s t a l l

(b) th e  d r iv in g  en e r g ie s  requ ired  to  i n s t a l l  the box expander mandrels 
were very  sm all in  comparison to  th ose  fo r  the box ou ter  s h e l l s

(c )  th e  cruciform  o u ter  s h e l l s  requ ired  the le a s t  d r iv in g  energy to
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i n s t a l l

(d ) th e  cruciform  expander mandrels were a ls o  ea sy  to  d r iv e , but on th e  
b a s is  o f  th e  l im ite d  in form ation  a v a ila b le  th ey  perhaps requ ired  
ra th er  more d r iv in g  energy to  i n s t a l l  than th e  cruciform  o u ter  
s h e l l s

(e )  th e  box expander mandrels requ ired  l e s s  d r iv in g  energy to  i n s t a l l  
than th e  cruciform  expander m andrels.

5 .6  P i le  T estin g

5 .6 .1  R ation a le
The o v e r a l l  o b je c t iv e  o f  p i l e  t e s t in g  a t  th e  BRS s i t e  was th e  same as  
fo r  th e  t e s t in g  a t  th e  Luton s i t e  -  th e  d eterm ination  o f  u lt im a te  s h a ft  
r e s is ta n c e s .  As a t  th e  Luton s i t e ,  te n s io n  t e s t s  were employed to  
e lim in a te  base r e s is ta n c e  and th e d if f e r e n t  expanded and unexpanded p i l e  
c o n fig u r a tio n s  were su b jec ted  to  repeated  t e s t in g .

An increm ental system  o f  p i l e  load in g  (IL) was g e n e r a lly  adopted a t  
f i r s t ,  a s  d escr ib ed  in  S e c tio n  4 .7 .1 .  The reasons fo r  t h i s  were a s  
fo l lo w s :

(a) An im portant c o n s id e r a tio n  a t  th e  BRS s i t e  was th e  p o s s i b i l i t y  o f  
c la y  p a r t ic le  alignm ent e f f e c t s  (S e c t io n  1 .1 .2 .1 ) .  Large p i l e  
d isp lacem en ts might cause red u ctio n s in  p i l e  c a p a c ity  due to  
red u ctio n s in  v a lu e s  o f  th e  e f f e c t i v e  an g le  o f  sh earin g  r e s is ta n c e  
6' o p era tin g  along th e  p i l e  s h a f t .  T h is would con fu se  th e  a n a ly s is  
o f  th e p i l e  t e s t  r e s u l t s ,  which would be focused  on th e  e s tim a tio n  
o f  v a lu es  o f  e f f e c t i v e  r a d ia l s t r e s s  cr' op eratin g  a g a in s t  th e  p i l e  
s h a ft .

I t  was th e r e fo r e  decided  to  m inim ise p i l e  d isp lacem ents during th e  
e a r ly  t e s t in g  h is to r y  o f  the p i l e s .  T his would be ach ieved  by 
app ly ing  load  increm ents so  a s  to  take the p i l e s  very  near to  
f a i lu r e ,  but not a c tu a lly  to  f a i lu r e ,  and by not app ly ing  CRE 
lo a d in g . A t e s t  o f  t h i s  type does not provide such a w e ll  d e fin ed  
f a i lu r e  as a CRE t e s t ,  but a llo w s th e  p o s s i b i l i t y  o f  changes in  
s h a ft  c a p a c ity  w ith  tim e to  be m onitored by means o f  repeated  
t e s t in g  w ithout th e r e s u lt s  being masked by a la r g e  drop in  
c a p a c ity  due to  p a r t ic le  alignm ent e f f e c t s .

(b) To in v e s t ig a te  creep  behaviour during con sta n t su sta in e d  lo a d in g .
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Load increm ents during IL t e s t s  were s e le c te d  on th e  b a s is  o f  th e  l i k e l y  
p i l e  f a i lu r e  load; increm ents were reduced as  p i l e  f a i lu r e  approached. 
Load increm ents were h e ld  u n t i l  p i l e  d isp lacem ent was reason ab ly  
co n sta n t. Holding tim es v a r ied , becoming lon ger towards th e  end o f  a  
t e s t .  P eriod s o f  up to  64 m inutes were employed. Pumping o f  th e  load in g  
ram hand pump was stopped when th e  r a te  o f  creep  d isp lacem ent continued  
undim in ished .

A lthough th e  IL t e s t s  succeeded in  th e  o b je c t iv e  o f  c o n tr o ll in g  p i l e  
d isp lacem en ts, th ere  were a number o f  d isad vantages w ith  t h i s  type o f  
t e s t .  F a ilu re  was o f te n  i l l - d e f in e d ,  and th e  load :d isp lacem en t curve  
ob ta in ed  cou ld  be ir r e g u la r  due to  d if f e r e n t  load  increm ents and h old ing  
tim es . The t e s t  d u ration  cou ld  not be p red ic ted  a c c u r a te ly  in  advance, 
making i t  d i f f i c u l t  to  p lan  th e load in g  p a ttern .

C onsequently, a C onstant Rate o f  (Increm ental) Loading (CRL) t e s t  was 
in troduced . In t h is  t e s t ,  co n sta n t increm ents o f  load  were a p p lied  a t  a 
co n sta n t r a te .  Load increm ents and hold  tim es were sm a ller  than fo r  the  
increm ental t e s t s  -  in  gen era l one increm ent was a p p lied  every  16 
m inutes. The advantages o f  th e  CRL t e s t  were th a t i t  was p o s s ib le  to  
s e l e c t  a  load in g  ra te  or r a te s  to  s u i t  th e  a v a ila b le  t e s t in g  p er io d , th e  
sm aller  increm ents le d  to  a b e t te r  d e fin ed  fa i lu r e ,  and th e r e s u lt in g  
load :d isp lacem en t cu rves were sm oother.

The o r ig in a l in te n t io n  was to  employ th e CRL t e s t  method such th a t p i l e  
disp lacem ent could  be stopped when a d i s t in c t  change in  creep  behaviour  
occurred , a t  th e  'creep  lim it*  (Bustamante, 1982). The creep  l im it  could  
then  be r e la te d  to  u lt im a te  c a p a c ity . Some su ccess  was ach ieved  w ith  
t h i s  approach, but i t  was found to  be b e s t  to  con tin u e th e CRL t e s t  
u n t i l  th e  creep  d isp lacem ent r a te  approached th a t o f  th e  standard  
1mm/rate o f  th e  CRE t e s t .  T his enabled  fa i lu r e  load s to  be reasonably  
w e ll d e fin ed .

Large d isp lacem ent CRE t e s t s , a s  d escrib ed  in  S e c tio n  4 .7 .1 ,  were 
reserved  in  th e  main fo r  th e  end o f  th e  t e s t in g  h is t o r ie s  o f  th e  p i l e s ,  
p r io r  to  p i l e  e x tr a c t io n . These t e s t s  enabled th e  d u c t i l i t y  o f  the  
lo a d d isp la c e m e n t response a f t e r  expansion to  be s tu d ie d . The 
disp lacem ent ra te  fo r  the CRE t e s t s  was Inin/minute, as a t  the Luton 
s i t e .

C y c lic  load in g  t e s t s  were c a rr ied  ou t -  as a t  the Luton s i t e  th ese  were 
performed to  enab le a gen era l assessm ent o f  th e  e f f e c t  o f  repeated  
lo a d in g . As b efo re , te n s io n  o n ly  c y c l in g  was a p p lied , from near zero  
load  to  h a lf  the p rev iou s s t a t i c  p i l e  c a p a c ity . The c y c le s  were o f  a
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standard d u ra tion  o f  5 m inutes each .

5 .6 .2  Summary o f  p i l e  t e s t in g
The lo a d :d isp lacem ent h is t o r ie s  o f  P i l e s  5 , 7, 8 and 9 a re  summarised in  
F igures 5 .1 7  to  5 .2 0 . P i le  6 was n ot d riven  to  f u l l  p e n e tr a tio n  and i s  
d e a lt  w ith  la t e r .  F igure 5 .21  i s  a  ca len d er  h is to r y  o f  th e  t e s t in g  
programme. P i le  t e s t s  in  th e se  F igu res are re ferred  to  by means o f  th e  
p i l e  c o n fig u r a tio n , fo llo w ed  by a t e s t  number.

In d iv id u a l p i l e  t e s t s  are  d escr ib ed  in  th e  fo llo w in g  f iv e  S e c t io n s . The 
d e sc r ip t io n s  have been organ ised  so  a s  to  provide t e s t in g  h i s t o r ie s  fo r  
each p i l e  p o s it io n .  In order to  p rovid e a  com plete d e s c r ip t io n ,  some 
in form ation  a lrea d y  g iv en  regarding p i l e  in s t a l la t io n  has been rep eated .

T est d a ta  are  p resen ted  in  F igures 5 .22  to  5 .5 4 . The main 
p r e se n ta tio n  o f  d ata  fo r  each p i l e  t e s t  i s  in  the form o f  th ree  p lo t s :

(a) a p p lied  t e n s i l e  head load  v  tim e
(b) a p p lied  t e n s i l e  head load  v  upward d isp lacem ent o f  p i l e  head
(c ) upward d isp lacem ent o f  p i l e  head v tim e

The p lo t s  are accompanied by summary ta b le s  fea tu r in g  key d ata  from th e  
t e s t s .  S h a ft f r i c t io n s  are g iv en , c a lc u la te d  on th e b a s is  o f  th e  four  
sh a ft  areas A to  D and n et p i l e  load  a t  f a i lu r e .

These main d ata  are p resen ted  in  F igures 5 .22  to  5 .3 9 . In form ation  from 
the summary ta b le s  accompanying th e  p lo t s  i s  brought to g e th e r  fo r  each  
p i l e  c o n fig u r a tio n  in  T ables 5 .6  to  5 .1 2 . Creep, behaviour during  
increm ental lo a d in g  i s  p resen ted  on a sep arate  p lo t  fo r  each p i l e  t e s t .  
The creep  p lo t s  have been grouped to g e th er  a s  F igures 5 .4 0  to  5 .5 4 , 
fo llo w in g  th e  main d ata .

The upward d isp lacem ent o f  a  p i l e  i s  taken as the average o f  the  
measurements made u sin g  th e two d ia l  gauges. Agreement between th e  two 
d ia l  gauges during some o f  th e  e a r ly  t e s t s  was not good due to  bending 
o f  th e top  o f  th e  p i l e ,  caused by th e  a p p lied  load  being n o n -a x ia l. T his 
problem was la t e r  so lv e d . I t  i s  con sid ered  th a t where bending a t  th e  top  
o f  a p i l e  occurred , t h i s  d id  not unduly a f f e c t  the u lt im a te  c a p a c ity  o f  
the p i l e .  Appendix 5 .3  g iv e s  t y p ic a l  p i l e  load :d isp lacem en t behaviour.

Included on th e  load  .'d isplacem ent p lo t s  i s  the l i k e ly  range o f  p i l e  head 
disp lacem ent due to  e l a s t i c  e x te n s io n  o f  th e  p i l e  under lo a d . Table 5 .13  
g iv e s  d e t a i l s  o f  th e  c a lc u la t io n  o f  th e  e l a s t i c  l i n e s .  The b a s is  fo r  th e  
c a lc u la t io n  o f  t h i s  ta b le  i s  a s d escr ib ed  in  S ectio n  4 .7 .1 0 .
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In  g en era l, p i l e  c a p a c i t ie s  are n ot compared q u a n t ita t iv e ly  in  th e  
fo llo w in g  f iv e  S e c tio n s  -  t h i s  i s  done in  S e c tio n  5 .7 .1 .

5 .6 .3  T estin g  h is to r y :  Box P i le  5

P i le  C onfiguration  5U
The o u ter  s h e l l  o f  Box P i l e  5 was d riven  on 1 3 .3 .8 6  and i n i t i a l l y  te s te d  
unexpanded.

T est 5U.1 Date: 2 5 .4 .8 6  Type: IL, CRE F igures 5 .2 2 , 5 .40
T est 5U.1 was performed 43 days a f t e r  d r iv in g . I t  was th e  f i r s t  p i l e  
t e s t  a t  th e  BRS s i t e .

In th e  f i r s t  s ta g e  o f  th e  t e s t ,  load  was in creased  in  increm ents. 
I n i t i a l l y ,  increm ents o f  5kN were a p p lied , up to  a t o t a l  load  o f  40kN. 
These increm ents were each  h eld  fo r  4 m inutes, during which tim es  
n e g l ig ib le  creep  d isp lacem en ts occurred; apart fo r  th e  40kN increm ent 
which was h eld  fo r  56 m inutes, during which tim e approxim ately 0.1mm o f  
apparent creep  d isp lacem ent occurred . I t  was concluded th a t t h is  
apparent creep  was in  fa c t  r e la x a t io n  o f  minor bending a t  the top  o f  the  
p i l e .

At t h is  p o in t th e  load  increm ents were in creased  to  lOkN (nom inal). 
These increm ents were m aintained fo r  up to  16 m inutes. For load  
increm ents up to  a t o t a l  load  o f  1 3 5 .3kN, n e g lib le  creep  d isp lacem ent 
occurred -  l e s s  than 0.05mm during each hold ing  p eriod . S ig n if ic a n t  
creep  d isp lacem en ts, 0.25mm and 0.425mm r e s p e c t iv e ly , occurred during  
th e  h o ld in g  p eriod s a t  1 4 5 .7kN and 1 5 6 .lkN load . The f in a l  load  
increm ent o f  1 5 6 .lkN was h eld  fo r  64 m inutes, and the creep  ra te  
a c c e le r a te d  s l i g h t ly  towards the end o f  th e  hold ing  p er io d . The average  
creep  ra te  between 56 and 64 m inutes o f  the ho ld in g  p eriod  was 
0.0075ram/minute; f in a l  d isp lacem ent was 1.28mm.

At t h is  p o in t i t  was decided  to  perform a CRE t e s t .  Maximum load  
recorded during t h is  s ta g e  o f  th e  t e s t  was 201 . 8kN, a t  a d isp lacem ent o f  
2.30mm. The maximum CRE load  was a fa c to r  o f  1 .29  g rea te r  than the f in a l  
increm ental load . Further d isp lacem ent to  7.30mm r e su lte d  in  a drop in  
load  to  1 8 7 .lkN.

The p i l e  was unloaded in  n ine increm ents o f  approxim ately 20kN, each  
unloading increment being m aintained fo r  between 2 and 4 m inutes.
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T est 5U.2 Date: 3 0 .7 .8 6  Type: IL F igu res 5 .2 3 , 5 .41  
T est 5U.2 was performed 139 days a f t e r  d r iv in g  (96 days a f t e r  th e  
p revious t e s t ).

I n i t i a l l y ,  f iv e  increm ents o f  30kN (nom inal) were a p p lie d , up to  a t o t a l  
load  o f  1 5 6 .5kN -  very  c lo s e  to  th e  f in a l  increm ental load  in  T est 5U .1. 
These increm ents were h e ld  fo r  up to  64 m inutes each , during which tim es  
on ly  sm all amounts o f  creep  d isp lacem ent occurred -  l e s s  than 0 . 1mm 
during each h o ld in g  p er io d . A f in a l  increm ent o f  20.8kN was then  
a p p lied , to  g iv e  an t o t a l  a p p lied  lo a d  o f  1 7 7 .3kN. During th e  32 m inute 
hold ing p eriod  fo r  t h i s  load  increm ent, 1 . 20mm o f  creep  d isp lacem ent 
occurred. The average creep  ra te  between 28 and 32 m inutes was 
0.049mm/minute. D isplacem ent a t  th e  end o f  the f in a l  h o ld in g  p eriod  was 
2 . 16mm.

The p i l e  was unloaded in  four increm ents, h e ld  fo r  two m inutes each .

P i le  C onfigu ration  5B
Box P i le  5 was expanded by 21.4% on 1 2 .8 .8 6 , 152 days a f t e r  th e o u ter
s h e l l  was d riven .

T est 5B.1 Date: 1 4 .8 .8 6  Type: IL F igu res 5 .2 4 , 5 .4 2
T est 5B.1 was performed 2 days a f t e r  expansion . S ix  load  increm ents o f  
50kN (nom inal) were a p p lied , up to  a f in a l  load  o f  2 9 9 .7kN. The 
increm ents were h e ld  fo r  up to  32 m inutes. S ig n if ic a n t  creep  
d isp lacem ents, o f  up to  0.53ram during each ho ld in g  p er io d , occurred  
fo r  the increm ents below th e f in a l  lo a d , but in  a l l  th e se  c a se s
d isp lacem ents s t a b i l i s e d  w ith  tim e. The f in a l  load  increm ent was 
m aintained fo r  1 .75  m inutes, during which tim e la r g e  and a c c e le r a t in g  
creep d isp lacem ents occurred . At t h i s  p o in t pumping o f  th e  lo a d in g  ram 
hand pump was stopped and th e load  allow ed to  s t a b i l i s e .  The creep  
disp lacem ent r a te  over the f in a l  0 .7 5  m inutes was 1 .47mm/minute. T ota l 
disp lacem ent a t  th e  end o f  the h o ld in g  p eriod  was 4.92mm.

Unloading commenced from a s t a b i l i s e d  load  o f  2 7 1 .lkN, a t  5.66mm 
d isp lacem ent. Unloading took p la ce  in  e ig h t  increm ents, h e ld  fo r  2 
minutes each.

T est 5B.2 Date: 1 5 .1 2 .8 6  Type: CRL, CRE F igures 5 .2 5 , 5 .43
T est 5B.2 was performed 122 days a f t e r  expansion (120 days a f t e r  th e  
previous t e s t ).

In the f i r s t  s ta g e  o f  the t e s t  CRL load ing was a p p lie d . F ir s t ,  four  
increm ents o f  50kN (nom inal) were a p p lied , up to  a t o t a l  a p p lied  load  o f
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1 9 9 .3kN. These increm ents were h eld  fo r  16 m inutes each . Apart from the  
f i r s t  increm ent, t o t a l  creep  d isp lacem ent during each h o ld in g  p eriod  was 
under 0 . 1mm.

Increm ents o f  lOkN (nom inal) were then  a p p lied , each increm ent being  
h eld  fo r  16 m inutes. For th e  increm ents up to  a t o t a l  load  o f  2 7 2 .2kN, 
creep  d isp lacem ents con tinued  to  be sm all -  w ith in  a t o t a l  o f  0 . 1mm 
during each h old ing  p er io d . Creep d isp lacem ents during th e  h old ing  
p eriod s o f  th e  f in a l  two load  increm ents -  2 8 2 .6kN and 2 9 3 .OkN -  were
0.22mm and 2.12mm r e s p e c t iv e ly .  The average creep  ra te  between 12 and 16 
m inutes o f  the f in a l  h o ld in g  p eriod  was 0 . llmm/minute, f in a l  
disp lacem ent was 3.64mm.

The CRE s ta g e  o f  th e  t e s t  commenced from a s t a b i l i s e d  load  o f  2 7 8 .OkN. 
Maximum load  recorded during t h i s  s ta g e  was 2 9 7 .4kN a t  3 . 90ram 
disp lacem ent -  a fa c to r  o f  in c r e a se  o f  1 .02  on th e f in a l  load  in  th e  CRL 
s ta g e . Further d isp lacem ent to  9.18ran gave a drop in  load  to  2 6 1 .8kN. 
The load :d isp lacem ent response was much s t i f f e r  than in  T est 5B.1 (th e  
i n i t i a l  load in g  o f  th e  expanded p i l e ) ,  th e  d if fe r e n c e  being  a s so c ia te d  
w ith  th e  g rea te r  creep  d isp lacem en ts in  T est 5B .1.

Unloading took p la ce  in  seven  increm ents, h e ld  fo r  2 m inutes each .

T est 5B.3 Date: 1 7 .1 2 .8 6  Type: C y c lic , CRE F igures 5 .26
T est 5B.3 was a c y c l ic  load in g  t e s t  ca rr ied  out 2 days a f t e r  the  
prev ious t e s t .

25 c y c le s  o f  load in g  between 1 5 .OkN and 1 4 9 .4kN were ap p lied  (0 .0 5  and 
0 .5  tim es th e maximum load  in  th e  p rev iou s t e s t ) .  Each c y c le  la s te d  5 
m inutes: th e  load in g  and unloading p o rtio n s  o f  th e  c y c le  la s te d  2 
m inutes each , and th e bottom and top  o f  c y c le  load s were each h eld  fo r  
0 .5  m inute. Readings were taken a t  th e  beginning and a t  th e  end o f  th e  
bottom /top  o f  c y c le  ho ld in g  p er io d s . Some o f  the c y c le s  were more 
a c c u r a te ly  logged . The v a r ia t io n  in  bottom /top o f  c y c le  d isp lacem ent 
during th e  25 c y c le s  was w ith in  0.05mn -  t h is  sm all v a r ia t io n  alm ost
c e r ta in ly  being due to  th e  c h a r a c te r is t ic s  o f  the loading/m easurem ent 
system . The a ccu ra te ly  logged  c y c le s  showed very l i t t l e  h y s te r e s is .

25 m inutes a f t e r  the c y c lin g  sta g e  o f  the t e s t  was com pleted, a CRE t e s t  
was commenced. Maximum load  recorded during t h is  s ta g e  o f  th e  t e s t  was 
2 7 6 .3kN a t  1.44mm d isp lacem ent. Further d isp lacem ent to  7.12mra r e su lte d  
in  a drop in  load  to  2 5 3 .9kN.

The c y c l ic  load in g  does not appear to  have in flu en ced  th e s t a t i c
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c a p a c ity  o f  th e  p i l e .  There i s  no change apparent in  th e  s low  downward 
trend  o f  load  w ith  continued  d isp lacem ent in  T ests  5B.1 to  5B .3 , which 
can be observed in  F igure 5 .1 7 .

Unloading took  p la c e  in  seven  increm ents o f  40kN approxim ately , each  
increm ent being h e ld  fo r  2 m inutes.

5 .6 .4  T estin g  h is to r y  -  Box P i le  6 

P i le  C onfigu ration  6U
The o u ter  s h e l l  o f  Box P i le  6 was d riven  on 1 4 .3 .8 6 , to  a  depth  o f  3.92m 
b efore  f a i lu r e  o f  th e  d r iv in g  shoe occurred. B efore e x tr a c t io n  the  
unexpanded o u ter  s h e l l  was t e s te d .

T est 6U.1 Date: 2 8 .4 .8 6  Type: CRL, CRE F igu res 5 .2 7 , 5 .44
T est 6U.1 was performed 45 days a f t e r  d r iv in g . In th e CRL s ta g e  o f  the  
t e s t  four increm ents o f  20kN (nom inal) were ap p lied  up to  a f in a l  load  
o f  1 0 3 .8kN. In th e  second s ta g e  o f  the t e s t  CRE lo a d in g  was a p p lied . 
Maximum load  recorded  was 1 3 3 .6kN, a t  3.48ram d isp lacem en t. Further  
disp lacem ent to  7.99mm r e su lte d  in  a drop in  load to  1 2 5 .9kN.

Unloading commenced from a s t a b i l i s e d  load  o f  92.2kN and took  p la c e  in  
four increm ents, each h eld  fo r  2 m inutes.

5 .6 .5  T estin g  h is to r y  -  Box P i le  7 

P i le  c o n fig u r a tio n  7A
The o u ter  s h e l l  o f  Box P i le  7 was d riven  on 2 3 .5 .8 6  and was expanded 6 
days la t e r  on 2 9 .5 .8 6 .

T est 7A.1 Date: 3 0 .5 .8 6  Type: IL F igures 5 .2 8 , 5 .45
T est 7A.1 was performed the day a f t e r  expansion. I n i t i a l l y ,  increm ents 
o f  30kN (nom inal) were ap p lied  up to  a t o t a l  load o f  1 7 8 .8kN. These 
increm ents were h e ld  fo r  up to  32 m inutes. Increments o f  20kN were then  
a p p lied , up to  a f in a l  load  o f  3 0 3 .6kN. The f i r s t  four o f  th e  20kN 
increm ents were h e ld  fo r  16 m inutes each . Creep d isp lacem ent during the  
hold ing p eriod s o f  th ese  increm ents increased  s t e a d i ly  from 0.18mm a t  
1 9 9 .6kN, to  0.42mm a t  2 6 2 .OkN. The l a s t  two increm ents, to  2 8 2 .8kN and 
3 0 3 .6kN, were h e ld  fo r  64 m inutes and 32 minutes r e s p e c t iv e ly .  Creep 
disp lacem ent during th ese  hold ing  p eriod s was 1.07mm in  both c a s e s .  The 
average creep  d isp lacem ent ra te  between 24 and 32 m inutes o f  th e  f in a l  
hold ing p eriod  was 0.022mm/min. F in a l d isp lacem ent was 5.26mm.

Unloading took p la c e  in  f iv e  increm ents o f  approxim ately 70kN. Each
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increm ent was h eld  fo r  2 m inutes.

T est 7A.2 Date: 2 9 .7 .8 6  Type: IL F igures 5 .2 9 , 5 .4 6
T est 7A.2 was performed 61 days a f t e r  expansion  (60 days a f t e r  th e  
p rev iou s t e s t ) .

F ir s t ,  f iv e  increm ents o f  62.5kN (nom inal) were a p p lied , up to  a t o t a l  
load  o f  3 1 2 .6kN. These increm ents were h e ld  fo r  up to  64 m inutes each . 
Creep d isp lacem ent during th e  ho ld in g  p eriod s was much l e s s  than fo r  the  
p rev iou s t e s t  -  l e s s  than 0.4mm in  a l l  c a s e s .  A f in a l  increm ent o f  
31.2kN was a p p lied , to  g iv e  a f in a l  load  o f  3 4 3 .8kN. During the h o ld in g  
p eriod  o f  t h i s  increm ent s ig n i f ic a n t  creep  d isp lacem ent o f  1.38mm 
occurred , w ith  th e creep  d isp lacem ent r a te  in cr ea sin g  towards the end o f  
th e  h o ld in g  p eriod . During th e  f in a l  minute o f  the ho ld in g  p er io d , 
0.075mm d isp lacem ent occurred; f in a l  d isp lacem ent was 3.32mm. As in  the  
ca se  o f  P i le  5B, the reduced creep  d isp lacem ents during re lo a d in g  o f  
P ile  7A  were a s so c ia te d  w ith  a much s t i f f e r  load :d isp lacem ent response  
in  comparison to  the i n i t i a l  lo a d in g .

The p i l e  was unloaded from a s t a b i l i s e d  load  o f  3 3 8 .4kN, in  s ix  
increm ents held  fo r  5 m inutes each .

T est 7A.3 Date: 9 .1 .8 7  Type: CRL, CRE Figure 5 .3 0 , 5 .4 7
T est 7A.3 was performed 225 days a f t e r  expansion  (164 days a f t e r  the  
p rev ious t e s t ).

In the CRL sta g e  o f  th e  t e s t ,  f iv e  increm ents o f  50kN (nom inal) were 
i n i t i a l l y  ap p lied  up to  a t o t a l  load  o f  2 4 9 .5kN. Each increment was held  
fo r  16 m inutes apart from th e  99.7kN increm ent, which was h eld  fo r  76 
m inutes w h ile  a break was taken from t e s t in g .  Very l i t t l e  creep  
disp lacem ent occurred w h ile  th e se  load s were m aintained.

Seven increm ents o f  1 2 .5kN (nom inal), each held  fo r  16 m inutes, were 
then a p p lied  up to  a f in a l  a p p lied  load  o f  3 3 7 .9kN. Creep d isp lacem ents  
during h o ld in g  p eriod s were very  sm all -  l e s s  than 0.05mm -  u n t i l  the  
l a s t  th ree  increm ents, when a gradual in cr ea se  in  creep  d isp lacem ents  
occurred . T ota l creep d isp lacem ent during th e f in a l  hold ing p eriod  was 
1.3mm. Average creep  d isp lacem ent ra te  between 12 and 16 m inutes o f  the  
f in a l  h old ing  period  was 0 . lOmm/min; f in a l  d isp lacem ent was 3.49mm. The 
lo a d d isp la c e m e n t p lo t  o f  th e  CRL sta g e  o f  the t e s t  fo llow ed  very  
c lo s e ly  th a t o f  the p rev iou s t e s t .

In the second sta g e  o f  th e  t e s t  CRE load in g  was a p p lied , commencing from 
a s t a b i l i s e d  load  o f  319.0kN a t  4.13nm d isp lacem ent. Maximum load
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recorded was 3 5 2 .5kN a t  4 .6 3  d isp lacem ent, rep resen tin g  a  fa c to r  o f  
in crea se  in  lo a d  o f  1 .0 4  in  com parison to  th e  f in a l  load  increm ent in  
th e CRL s ta g e  o f  th e  t e s t .  Further d isp lacem ent to  10.13mm r e s u lte d  in  a  
gradual f a l l  in  load  to  3 3 3 .4kN.

Unloading commenced from a s t a b i l i s e d  load  o f  3 1 6 .5kN, and took  p la c e  in  
s ix  increm ents h eld  fo r  2 m inutes each .

5 .6 .6  T estin g  h is to r y  -  Cruciform P i le  8

P i le  c o n fig u r a tio n  8U
The o u ter  s h e l l  o f  Cruciform P i le  8 was d riven  on 1 3 .5 .8 6  and was 
i n i t i a l l y  t e s te d  unexpanded.

T est 8U.1 Date: 2 0 .5 .8 6  Type: IL F igures 5 .3 1 , 5 .48
T est 8U.1 was performed on 2 0 .5 .8 6 , 7 days a f t e r  d r iv in g . Increm ents o f
20kN (nom inal) were a p p lied  up to  a t o t a l  load  o f  1 0 4 .3kN. These 
increm ents were h eld  fo r  up to  32 m inutes. S te a d ily  in c r e a sin g  amounts 
o f  creep  d isp lacem ent occurred w ith  in cr ea sin g  load  -  0.60mm in  th e  32 
minute h o ld in g  p eriod  a t  1 0 4 .3kN. A f in a l  increm ent o f  10.4kN was 
ap p lied  to  g iv e  a f in a l  a p p lied  load  o f  1 1 4 .7kN. The f in a l  increm ent was 
h eld  fo r  8 m inutes, during which tim e stead y  creep  d isp lacem ent o f  
1.02mm occurred . Average creep  d isp lacem ent ra te  between 4 and 8 m inutes 
o f  the f in a l  h o ld in g  period  was 0 . llmm/minute; f in a l  d isp lacem ent was 
2 . 79mm.

Unloading took  p la c e  in  f iv e  increm ents, each h eld  fo r  2 m inutes.

T est 8U.2 Date: 3 1 .7 .8 6  Type: IL Figure 5 .3 2 , 5 .4 9
T est 8U.2 was performed 79 days a f t e r  d r iv in g  (72 days a f t e r  the  
previous t e s t ).

The load in g  sequence was s im ila r  to  the previous t e s t .  Four increm ents  
o f  20kN (nom inal) were a p p lied  up to  a t o t a l  load  o f  83.2kN; fo llo w ed  by 
three increm ents o f  lOkN (nom inal) to  a f in a l  load  o f  114.5kN -  
v ir tu a l ly  id e n t ic a l  to  the f in a l  load  in  th e p rev ious t e s t .  The f i r s t  
three increm ents were held  fo r  2 or 3 m inutes o n ly . The fo llo w in g  th ree  
increm ents were h eld  fo r  32 m inutes, creep  d isp lacem ent in cr ea sin g  
s t e a d ily  w ith  in c r e a sin g  load . Creep d isp lacem ent a t  1 0 4 .OkN was 0.24mm.

The f in a l  load  o f  1 1 4 .5kN was h eld  fo r  14 m inutes b efore pumping o f  the  
load ing ram hand pump was stopped. During the h old ing  p eriod  la r g e  and 
a c c e le r a tin g  creep  d isp lacem ent occurred . T ota l creep  d isp lacem ent in  14 
minutes was 2.92mm. Average creep  d isp lacem ent between 12 and 14 m inutes
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was 0 .42mm/minute; f in a l  d isp lacem ent was 4.40mm. The load :d isp lacem en t  
p lo t  was c lo s e  to  th a t o f  th e  p rev iou s t e s t .

Unloading took p la ce  in  f iv e  increm ents o f  approxim ately 20kN h e ld  fo r  
2 m inutes each, commencing from a s t a b i l i s e d  load  o f  1 0 6 .5kN.

P i le  co n fig u ra tio n  8B
Cruciform P i le  8B was expanded by 21.4% on 1 3 .8 .8 6 , 92 days a f t e r  th e  
ou ter  s h e l l  was d riven .

T est 8B.1 Date: 1 8 .8 .8 6  Type: CRL Figure 5 .3 3 , 5 .5 0
T est 8B.1 was performed 5 days a f t e r  expansion . Three increm ents o f  
40kN (nom inal) were i n i t i a l l y  a p p lied , up to  a t o t a l  load  o f  119.0kN. 
Then, e ig h t  increm ents o f  lOkN (nom inal) were a p p lied  up to  a f in a l  load  
o f  1 9 8 .9kN. A ll o f  the load  increm ents were h eld  fo r  16 m inutes, apart 
from th e  f in a l  increm ent which was h eld  fo r  8 m inutes. Creep 
disp lacem ent during the h o ld in g  p er io d s in creased  w ith  lo a d . V alues were 
below 0.25mm per ho ld in g  p eriod  fo r  load s below 1 7 9 .OkN. Creep 
disp lacem ents during th e  f in a l  th ree  h o ld in g  p eriod s in crea sed  more 
ra p id ly . Creep d isp lacem ent during th e 8 minute f in a l  h old ing  p eriod  was 
1.26mm. Average creep  d isp lacem ent ra te  between 4 and 8 m inutes was 
0 . 15mm/minute; f in a l  d isp lacem ent was 3.55mm. The lo a d :d isp lacem ent 
response was co n sid era b ly  s t i f f e r  than fo r  th e  prev ious t e s t s  on the  
p i l e  b efore i t  was expanded ( P i le  co n fig u ra tio n  8U).

Unloading took p la ce  in  e ig h t  increm ents h eld  fo r  2 m inutes each, 
commencing from a s t a b i l i s e d  load  o f  1 9 4 .2kN.

T est 8B.2 Date: 9 .3 .8 7  Type: CRL Figure 5 .3 4 , 5 .51
T est 8B.2 was performed 208 days a f t e r  expansion (203 days a f t e r  the  
p revious t e s t ).

The load in g  p a ttern  was s im ila r  to  th e prev ious t e s t :  th ree increm ents 
o f  50kN (nom inal) were i n i t i a l l y  ap p lied  up to  a t o t a l  o f  1 4 2 .5kN, 
fo llow ed  by ten  increm ents o f  lOkN to  a f in a l  load  o f  2 4 1 .6kN. 
Increm ents were h eld  fo r  16 m inutes, apart from the f in a l  increm ent. For 
loads up to  211. 6kN, creep  d isp lacem ents were very  sm all -  w ith in  
0 . lmm/holding p eriod . Creep d isp lacem ent in creased  s ig n i f ic a n t ly  a f t e r  
th is  -  during the 2 2 1 .6kN and 2 3 1 .6kN h old ing  p er io d s , d isp lacem ents o f  
0.18mm and 0.42mm r e s p e c t iv e ly  occurred. During the minute o f  th e  f in a l  
hold ing p eriod  0.38mm creep  d isp lacem ent occurred, and pumping o f  the  
load ing  ram hand pump was then  stopped. F in a l d isp lacem ent was 2.00mra. 
The lo a d :d isp lacem ent p lo t  was much s t i f f e r  than fo r  th e  prev ious  
t e s t ,  t h i s  behaviour being a s so c ia te d  w ith  th e reduced amount o f  creep
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displacement.

Load was a llow ed  to  su b sid e fo r  approxim ately 20 m inutes to  a  v a lu e  o f  
2 1 7 .9kN a t  3.18mm, b efo re  unloading in  a s in g le  increm ent took  p la c e .

T est 8B.3 Date: 1 0 .3 .8 7  Type: CRL, CKE Figure 5 .3 5
T est 8B.3 was performed th e  day a f t e r  T est 8B .2 . The aim o f  th e  CRL 
sta g e  o f  th e  t e s t  was to  bring th e  p i l e  q u ick ly  hear to  f a i lu r e  in  order  
to  perform a CRE t e s t .  Four increm ents o f  50kN (nom inal) were a p p lie d  up 
to  a t o t a l  load  o f  2 0 0 .8kN, fo llow ed  by th ree  increm ents o f  lOkN to  g iv e  
a f in a l  a p p lied  load  o f  2 3 1 .2kN. The increm ents were g e n e r a lly  h e ld  fo r  
8 m inutes. The f in a l  increm ent was h e ld  fo r  1 m inute, during which tim e 
0.64mm creep  d isp lacem ent occurred . Pumping o f  th e  hand ja ck  was 
stopped. T ota l d isp lacem ent a t  t h is  p o in t was 2.21mm. The 
load :d isp lacem en t p lo t  fo llow ed  c lo s e ly  th a t o f  th e  p rev iou s d ay ’s  t e s t .

CRE load in g  commenced from a s t a b i l i s e d  load  o f  2 1 1 .2kN a t  2.84mm. 
Maximum load  recorded was 2 2 6 .OkN a t  4.82ram d isp lacem ent, rep re se n tin g  a 
fa c to r  o f  in c r e a se  o f  0 .98  on th e  f in a l  increm ental load  in  th e  CRL 
t e s t .  Further d isp lacem ent to  7.82mm gave a drop in  load  to  2 1 5 .2kN.

Load was a llow ed  to  s t a b i l i s e  to  a  va lu e o f  1 9 8 .lkN b efore  un loading  
commenced. Unloading took  p la ce  in  s ix  increm ents h eld  fo r  two m inutes 
each.

T est 8B.4 Date: 1 0 .3 .8 7  Type: C y c lic , CRL, CRE F igure 5 .3 6  
T est 8B.4 commenced 105 m inutes a f t e r  th e  com pletion  o f  T est 8B .3 . In  
th e f i r s t  s ta g e  o f  th e  t e s t ,  25 c y c le s  o f  lo a d in g  between 17kN and 
1 1 4 .OkN were a p p lied  (0 .0 7  and 0 .4 9  tim es th e  maximum load  in  T est  
8 B .3 ). Each c y c le  la s te d  5 m inutes: the load in g  and unloading p o r tio n s  
o f  the c y c le  la s te d  2 minutes each , and the bottom and top  o f  c y c le  
load s were h eld  fo r  0 .5  minute each . Some o f  th e  c y c le s  were more 
a ccu ra te ly  logged . The bottora/top o f  c y c le  d isp lacem ents in crea sed  very  
s l i g h t ly  by 0.04mm during the 25 c y c le s .  T his may have been due to  th e  
c h a r a c te r is t ic s  o f  th e  loading/m easurem ent system . The a c c u r a te ly  logged  
c y c le s  showed very  l i t t l e  h y s te r e s is .

10 m inutes a f t e r  th e c y c lin g  s ta g e  was com pleted, a CRL s ta g e  was 
commenced w ith  the purpose o f  b rin g in g  the p i l e  q u ick ly  near to  f a i lu r e .  
S ta r tin g  from a s t a b i l i s e d  bottom o f  c y c le  load  o f  18.7kN, load  
increm ents -  i n i t i a l l y  5OkN (nom inal) and reducing to  lOkN (nom inal) -  
were ap p lied  to  g iv e  a f in a l  a p p lied  load  o f  2 1 1 .8kN. The increm ents  
were g e n e r a lly  h eld  fo r  8 m inutes each . Creep d isp lacem ent in crea sed  
s t e a d ily  w ith  in ce a sin g  load . The f in a l  increm ent o f  2 1 1 .8kN was h eld
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fo r  1 minute b efore pumping o f  th e  hand pump was stopped, during which  
tim e creep  d isp lacem ent o f  1.00mm occurred . F in a l d isp lacem ent was 
2.80mm.

Load was allow ed to  su b sid e  to  1 9 8 .9kN a t  3.31mm disp lacem ent b efo re  a 
CRE t e s t  was ca rr ied  o u t. Maximum load  recorded was 2 0 7 .7kN a t  4 . 32mm 
d isp lacem ent, f a l l in g  to  1 9 7 .5kN a t  8.32mm d isp lacem ent. The maximum 
load  rep resen ted  a fa c to r  o f  in c r e a se  o f  0 .9 8  over th e  f in a l  increm ent 
in  th e  CRL s ta g e . The c y c l i c  lo a d in g  does not appear to  have in flu en ce d  
th e  s t a t i c  ca p a c ity  o f  th e  p i l e  -  th ere  i s  no change apparent in  th e  
slow  downward trend o f  load  w ith  continued  d isp lacem ent in  T e s ts  8B.3  
and 8B .4 , which can be observed in  F igure 5 .1 9 .

Unloading took p la ce  in  s i x  increm ents o f  approxim ately 40kN, commencing 
from a s t a b i l i s e d  load  o f  187. lkN. The increm ents were h e ld  fo r  2 
m inutes each.

5 .6 .7  T estin g  h is to r y  -  Cruciform P i le  9 

P i le  co n fig u ra tio n  9A
The o u ter  s h e l l  o f  Cruciform P i le  9 was d riven  on 1 3 .5 .8 6  and was 
expanded by 10.7% on th e next day, 1 4 .5 .8 6 .

T est 9A.1 Date: 2 1 .5 .8 6  Type: IL Figure 5 .3 7 , 5 .52
T est 9A.1 was performed 7 days a f t e r  expansion . I n i t i a l l y ,  four  
increm ents o f  30kN (nom inal) were a p p lied  up to  a t o t a l  load  o f  1 2 4 .9kN. 
The increm ents were h eld  fo r  16 or 32 m inutes. Creep d isp lacem ent was 
s ig n i f ic a n t  -  a t  1 2 4 .9kN i t  was 0.34mm during 32 m inutes. Four 
increm ents o f  20kN (nom inal) were then  ap p lied  to  g iv e  a f in a l  a p p lied  
load  o f  2 0 8 .lkN. These increm ents were h eld  fo r  32 or 64 m inutes. Creep 
disp lacem ent in creased  s t e a d i ly  w ith  ap p lied  load . During th e f in a l  
h old ing period  1.42mm disp lacem ent occurred in  32 m inutes, average creep  
r a te  between 24 and 32 m inutes was 0.059nsn/min. F ina l d isp lacem ent was 
4.08mm.

Unloading took p la ce  in  f iv e  increm ents, h eld  fo r  3 minutes each.

T est 9A.2 Date: 1 .8 .8 6  Type: IL Figure 5 .3 8 , 5 .53
T est 9A.2 was performed 79 days a f t e r  expansion (72 days a f t e r  the  
p rev ious t e s t ).

Four increm ents o f  40kN (nom inal) were i n i t i a l l y  a p p lied , up to  a t o t a l  
load  o f  1 6 6 .9kN. These increm ents were h eld  fo r  8 m inutes, apart from 
th e 1 6 6 .9kN increm ent which was h eld  fo r  68 m inutes w hile a break from
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t e s t in g  was tak en . Creep d isp lacem ent was l e s s  than fo r  th e  p rev io u s  
t e s t  a t  corresponding lo a d s -  0 . 2mm creep  occurred during th e  h o ld in g  
p eriod  a t  1 6 6 .9kN.

F ive increm ents o f  lOkN (nom inal) were then  a p p lied , h e ld  fo r  up to  53 
m inutes, to  g iv e  a  f in a l  load  o f  2 2 9 .3kN. Creep d isp lacem ent in crea sed  
w ith  ap p lied  lo a d , but was l e s s  than fo r  th e  p rev iou s t e s t  a t  
corresponding lo a d s . The f in a l  load  o f  2 2 9 .3kN was h e ld  fo r  6 m inutes 
during which tim e 1.26mm o f  creep  d isp lacem ent occurred . Creep 
disp lacem ent during th e  f in a l  minute was 0.3mm. F in a l d isp lacem en t was 
3.05mm. As fo r  Cruciform P i le  8B, th e  load :d isp lacem en t p lo t  fo r  t h is  
t e s t  was much s t i f f e r  than fo r  th e  i n i t i a l  load in g  in  T est 9A .1, t h i s  
behaviour being  a s so c ia te d  w ith  the reduced creep  d isp la cem en ts .

Unloading took  p la ce  in  s ix  increm ents o f  approxim ately 40kN each , 
commencing from a s t a b i l i s e d  load  o f  2 2 2 .OkN. The increm ents were h eld  
fo r  up to  3 m inutes each .

T est 9A.3 Date: 2 0 .3 .8 7  Type: CRL, CRE F igure 5 .3 9 , 5 .54  
T est 9A.3 was performed 310 days a f t e r  expansion  (231 days a f t e r  th e  
previous t e s t ).

In th e  CRL s ta g e  o f  the t e s t ,  four increm ents o f  40kN (nom inal) were 
a p p lied  up to  a t o t a l  load  o f  1 6 0 .9kN; fo llow ed  by s i x  increm ents o f  
lOkN (nom inal) to  g iv e  a f in a l  load  o f  2 2 0 .8kN. The standard h o ld in g  
p eriod  was 16 m inutes. Creep d isp lacem ents fo r  lo a d s up to  2 0 0 .8kN were 
sm all -  w ith in  0.16mm per h old ing  p er io d . At 2 1 0 .8kN lo a d , 0.28mm 
creep  d isp lacem ent occurred during th e  h old ing  p er io d . At 2 2 0 .8kN la r g e  
and a c c e le r a t in g  creep  d isp lacem ent occurred -  3.30mm b efore  pumping o f  
the load ing ram hand pump was stopped a f t e r  approxim ately 15 .5  m inutes 
o f  th e h old ing  p er io d . T ota l d isp lacem ent a t  th e  end o f  th e  f in a l  
hold ing p eriod  was 4.8mm. Average creep  d isp lacem ent r a te  during th e  
l a s t  0 .5  minute was 1 .44mm/minute. The load  d isp la cem e n t p lo t  fo r  the  
CRL t e s t  was very  s im ila r  to  th a t fo r  th e prev ious t e s t .

Load was a llow ed  to  su b sid e to  1 9 2 .9kN a t  5.74mm d isp lacem ent, and then  
a CRE t e s t  was perform ed. A maximum load  o f  2 0 9 .8kN was soon recorded , 
a t  6.14mm d isp lacem en t. T his represented  a fa c to r  o f  in cr ea se  in  load  o f  
0 .9 5  in  comparison to  th e f in a l  load  in  th e  CRL t e s t . Continued  
disp lacem ent to  10.64mm r e su lte d  in  a drop in  load  to  192.5kN.

Load was then a llow ed  to  su bsid e to  1 7 7 .3kN b efore unloading commenced. 
Unloading took p la ce  in  s ix  increm ents o f  approxim ately 40kN, each  h eld  
fo r  2 m inutes.
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5 .6 .8  Tension t e s t  on expander mandrel
Before Cruciform P i le  9 was e x tr a c te d , a t e s t  was performed in  which 
t e n s i l e  load  was ap p lied  to  th e  top  o f  th e  expander mandrel. T h is t e s t  
was performed on 2 0 .3 .8 7 , im m ediately a f t e r  p i l e  T est 9A .3. Increm ents 
o f  load  were a p p lied  to  th e  top  o f  th e  expander mandrel, up to  a t o t a l  
o f  1 8 7 .7kN. The load  increm ents were h e ld  fo r  5 m inutes each, ap art from 
th e  l a s t  increm ent which was h e ld  fo r  2 m inutes. At th e  f in a l  increm ent 
o f  1 8 7 .7kN, very  c lo s e  to  th e  load  recorded a t  th e  end o f  T est 9A .3, 
th e  expander mandrel and o u ter  s h e l l  were p u lled  s t e a d i ly  from th e  
ground to g e th er  as one.

5 .6 .9  Removal o f  p i l e s  from ground
The p i l e s  were removed from th e ground as  d escrib ed  in  S ec tio n  3 .9 .  When 
the cruciform  p i l e s  were removed, s o i l  was found to  be conta ined  between  
the cruciform  arms o f  th e  o u ter  s h e l l  a n g le s . The m ateria l was 
contained  w ith in  the cruciform  arms in  a s im ila r  way to  th e ch a lk  a t  the  
Luton s i t e ,  but not so  un iform ly . S o i l  may w e ll have been p u lle d  from 
the ou ter  s h e l l  during e x tr a c t io n , bearing in  mind th e ston y  nature o f  
the boulder c la y . V e r tic a l s t r ia t io n s  on the ou ter  fa ce  o f  th e  con ta in ed  
m ateria l in d ica te d  a d isp lacem ent su r fa c e .

When th e  box p i l e s  were removed from th e ground, the ou ter  s h e l l  was 
found to  be covered w ith  a th in  la y e r  o f  c la y , approxim ately 0 .5  to  
1.0mm th ic k . V e r tic a l s t r ia t io n s  in d ica te d  a d isp lacem ent su r fa ce .

5 .7  Comparison o f  P i le  Performance

The main p o in ts  regarding p i l e  performance are o u tlin e d  in  t h is  S ec tio n  
and d iscu sse d  fu rth er  in  Chapter 11.

5 .7 .1  In crease  in  p i l e  ca p a c ity
Because o f  the increm ental t e s t in g  th a t was employed, p i l e  f a i lu r e  was 
sometimes i l l - d e f in e d  and care i s  needed in  comparing p i l e  c a p a c i t ie s .  
The approach th a t has been adopted here i s  d escrib ed  below.

Table 5.14  l i s t s ,  fo r  a l l  o f  th e  p i l e  t e s t s ,  the f in a l  increm ental load  
a p p lied , th e  f in a l  creep  r a te  during th a t increm ent, and where
appropriate the maximum CRE load . In th e la t t e r  ca se  the r a t io  o f  the  
f in a l  increm ental load to  the maximum CRE load i s  g iven .  In Figure 5.55  
f in a l  creep  ra te  i s  p lo tte d  a g a in s t  t h is  r a t io .

C onsidering th ose  t e s t s  w ith  both an increm ental and a CRE s ta g e , for  
t e s t s  w ith  a f in a l  creep  ra te  o f  0 . lOmm/minute or g rea te r  the f in a l
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increm ental load  i s  w ith in  5% o f  th e  subsequent maximum CEE lo a d . T his  
o b serv a tio n  has been used  a s  th e  b a s is  fo r  d e fin in g  ‘ increm enta l 
f a i l u r e ’ . Increm ental f a i lu r e  i s  deemed to  have taken p la c e  i f  s tea d y  
creep  d isp lacem ent o f  0 .1  Oiran/minute o r  more occurred , and was m aintained  
over  s e v e r a l m inutes. Increm ental f a i lu r e  can be id e n t i f i e d  fo r  t e s t s  
where th ere  was no CEE s ta g e . The increm ental f a i lu r e  load  p ro v id es  a 
good in d ic a t io n  o f  u lt im a te  p i l e  c a p a c ity .

Table 5 .14  in d ic a te s  th o se  t e s t s  in  which increm ental f a i lu r e  took  
plaice. E igh teen  t e s t s  were c a rr ied  out in  a l l ;  in  e ig h t  o f  th e se  t e s t s  
CRE fa i lu r e  occurred , in  s i x  o f  th e  rem aining t e s t s  increm ental f a i lu r e  
occurred . In  th e  rem aining four t e s t s  (5U.2,  7A.1,  7A.2, 9A .1 ) ,  in  which 
fa i lu r e  d id  n ot occu r, th e  f in a l  creep  r a te  cam be used in  co n ju n ctio n  
w ith  F igure 5 .55  to  g iv e  an in d ic a t io n  o f  th e  u ltim a te  load  th a t  would 
have been ob ta in ed  had th e  t e s t  been continued  to  f a i lu r e .  The f in a l  
increm ental lo a d s  amd creep  d isp lacem ent r a te s  in  th e se  t e s t s  su g g est  
fa i lu r e  lo a d s  s im ila r  to  th o se  fo r  o th er  t e s t s  on th e r e s p e c t iv e  p i l e s .

Maximum fa c to r s  o f  increaise in  p i l e  capaicity are g iven  in  th e  l a s t  two 
columns o f  Table 5 .1 4 .  In th e f i r s t  o f  th e  columns, th e  h ig h e s t  recorded  
fa i lu r e  load  (in crem en ta l or CEE) fo r  each p i l e  c o n f ig u r a t io n  i s  
compared w ith  th e  h ig h e s t  recorded f a i lu r e  load  fo r  th e  unexpanded box 
or unexpanded cruciform  p i l e ,  a s  a p p rop ria te . In  the f in a l  column a l l  
th e  p i l e s  are compared w ith  th e  unexpanded box p i l e .  The t e s t 3 in  which  
th e  h ig h e s t  f a i lu r e  lo a d s  occurred are p lo t te d  in  F igure 5 .56  (box 
p i l e s )  and F igure 5 .57  (cruciform  p i l e s ) .

Both th e  expanded box p i l e s  show in c r e a se s  in  c a p a c ity  over  th e  
unexpanded P i le  5U. P i le  7A (expansion  14.3%, fa c to r  o f  load  in c r e a se  
1 .75)  performed b e t te r  than P i le  5B (expansion  21.4%, fa c to r  o f  load  
increaise 1 . 4 7 ) .  The expanded cruciform  p i l e s  show g rea te r  fa c to r s  o f  
in c r e a se , in  com parison to  unexpanded Cruciform P i le  8U. In  t h i s  ca se  
P i le  8B (expansion  21.4%, fa c to r  o f  load  in cr ea se  2 .11 )  performed  
m argin ally  b e t te r  than P i le  9A (expansion  10.7%, fa c to r  o f  load  in c r e a se  
2 .0 0 ).

Both th e expanded cruciform  p i l e s  show c a p a c it ie s  g rea te r  than th a t  o f  
th e  unexpanded box p i l e ,  d e s p ite  th e  fa c t  th a t th e  combined 
e n e r g ie s  o f  in s t a l la t io n  fo r  th e o u ter  s h e l l s  and expander m andrels o f  
th e  expanded cruciform  p i l e s  were very  sm all in  com parison to  th e  
in s t a l la t io n  energy fo r  th e  o u ter  s h e l l  o f  Box P i le  5U (S e c t io n  5 . 5 . 7 ) .

The range o f  c a lc u la te d  average s h a ft  f r ic t io n s  f s fo r  a l l  th e  p i l e s  are  
p lo t te d  a g a in s t  percentage expansion  in  F igure 5 .58  (percen tage in c r e a se
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in  p i l e  w idth) and F igure 5 .59  (percentage in cr ea se  in  p i l e
c r o s s - s e c t io n a l  a r e a ) .

5 . 7 . 2  P i le  s t i f f n e s s
R esu lts  from s e le c t e d  p i l e  t e s t s  fo r  a l l  th e  p i l e s  are g iv en  in  F igure  
5 .6 0 .  The fo llo w in g  p o in ts  emerge in  regard to  th e  s t i f f n e s s  o f  p i l e  
response under a p p lied  load :

(a ) The unexpanded and expanded box p i l e s  have s im ila r  s t i f f n e s s e s  
w ith in  th e  load  range 0 to  150kN.

(b) The expanded cruciform  p i l e s  are m arg in a lly  s t i f f e r  than th e  box
p i l e s  in  th e  load  range 0 to  150kN. In th e c a se  o f  P i le  8B t h i s  i s
most probably due to  reduced e l a s t i c  e x te n s io n  o f  th e  p i l e
components under lo a d .

(c )  In comparison to  th e  o th er  p i l e s ,  th e  unexpanded cruciform  p i l e  i s  
markedly l e s s  s t i f f .

(d) R eloadings o f  th e  expanded p i l e s  are much s t i f f e r  than i n i t i a l  
lo a d in g s , p a r t ic u la r ly  in  th e  load  range 150 to  300kN.

5 . 7 . 3  O verall p i l e  performance in  th e  long term
T estin g  h is t o r ie s  fo r  th e p i l e s  have been p resen ted  in  F igures 5 .17  to  
5 .20 .  As a t  th e  ch a lk  s i t e  a t  Luton, th ere  i s  no in d ic a t io n  o f  a gen era l 
lo s s  in  c a p a c ity  w ith  tim e fo r  p i l e s  su b jec ted  to  a sequence o f  s t a t i c  
t e s t s .  Although i t  i s  d i f f i c u l t  to  be p r e c is e ,  because o f  th e  nature o f  
th e  increm ental t e s t in g ,  none o f  th e  p i l e s  showed any s ig n i f ic a n t  change 

in  ca p a c ity  w ith  tim e, w ith  th e  ex cep tio n  o f  Cruciform P i le  8B which  
showed a 21% in cr ea se  in  c a p a c ity  from 1 9 8 .9kN to  2 4 1 .6kN in  t e s t s  
ca rr ied  out 5 days and 208 days r e s p e c t iv e ly  a f t e r  expansion .

The load :d isp lacem ent p lo t s  o f  th e  CRE t e s t s  c a rr ied  out a t  th e  end o f  
th e t e s t  programme a l l  show a s tea d y  downward trend  in  load  w ith  
d isp lacem ent. P i le  5B shows a 14% drop in  load  during 12mm d isp lacem ent; 
P i le  8B shows a 13% drop in  load  during 12mm d isp lacem ent. T his  
behaviour i s  s im ila r  to  th a t  o f  unexpanded Box P i le  5U, which showed a  
7% drop in  load  during 5mm CRE d isp lacem ent in  T est 5U.1. Box P i l e  6U, 
which was d riven  to  r e fu s a l ,  showed o n ly  a 5% red u ction  in  load  during  
8mm CRE d isp lacem ent (T est 6U.1, F igure 5 . 2 7 ) .
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Figure 5 .1  L ocation  o f  BRS s i t e
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Undrained shear strength CHPa)

F ig u re  5 .3  V a r ia t io n  o f  undra ined shear s tre n g th  w ith  depth 
( a f t e r  M arsland, 1977)

5 5-

E M N /m ? —— 

30 40

98mm Tnaxial tests 

865mm Plate tests

ioZ 6

F ig u re  5 .4  V a r ia t io n  o f  undra ined  modulus w ith  depth 
( a f t e r  M arsland, 1977)
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F ig u re  5.

F ig u re  5.

Friction ( k N /m 2 ) tOO 200  300 400 Friction ratio X
Cone resistance ( M N / rn2) 5 10 15 20 0 1 2 3 4 5 6 7 8 9 ) 0

5 T y p ic a l p r o f i le  from  p re v io u s  cone te s t  a t  BRS 
Speed o f  cone p e n e tra tio n  20mm/sec 
( a f t e r  M arsland, 1977)

Ultimate plate bearing pressure

Cone resistance ' m

0  5 10 15 20

6 Cone p r o f i le s  a t  20mm/sec p e n e tra tio n  compared w ith  
u lt im a te  b earing  p ressures measured w ith  865mm p la te  
( a f t e r  M arsland, 1977)

240



Friction ( k N / m 2 )  --------  Cone resistance ( M N / m 2 )  Friction ratio ( % )

F u g r o  c o n e

R a t e  o t  p e n e t r a t i o n  2 c m  / s e c  

C o n e  c r o s s  s e c t i o n a l  a r e a  1 0 c m 2 

F r i c t i o n  s l e e v e  a r e a  1 5 0  c m 2

F ig u re  5 .7  R e s u lts  o f  Cone P e n e tra tio n  Tes ts
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Figure 5.8 DMT pressures pQ , pi against depth
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Figure 5.9 DMT index parameters ID , KD, ED against depth
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Reference beam supports

-h Cruciform pile 

□  Box pile 

(5) Pile number

Figure 5.11 Layout of test piles at BRS site
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PILE 5

Ground Level- 0.00'

rn 
111 111

Levels in metres 
below ground level

Top of nose -

Bottom of nose -  j__
Bottom of angles- 
Bottom of tip *—

4.89
5.04

r i

l l l l  
11' I

Dimensions in mm

Assumed pile 
perimeter-------

140-

PILE CONFIGURATION 5U 5B

Outer shell driven: 13.3.86 13.3.86
Expander sandrel driven : - 12.8.86

Days elapsed before expansion: - 152

Pile width (■): 0. 14 0.17
Pile X-sectional area ( ) : 0.0196 0.0289

X expansion of width: 
X expansion of area:

21.4
47.4

Pile weight {kN): 2.7 4.8

PILL b KILL /

h i
in
in

77^

n
Mmi
n>i

V ▼ 5.77
▼ 3.92 T 3.96

7
4.66
4.96
5.11

6U

14.3.86

0. 14 
0.0196

23.5.86
29.5.86

6 Figure 5.12
°-*256 Box p ile s :  D e ta ils

H 3 o f  dimensions and
30,6 driven le v e ls

2.7 4.6
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PILE 8

Ground Level- 0 .00 i_

m

Levels in metres 
below ground level

Top of nose - i _  
Bottom of nose -  ! _
Bottom of angles - * — t 5.05

Dimensions in mm | /

140 170

PILE CONFIGURATION 8U

Outer shell driven: 13.5.86
Expander sandrel driven :

Days elapsed before expansion:

Pile width (■): 0.14
Pile X-sectional area (■*): 0.0124

X expansion of width:
X expansion of area:

Pile weight (kN): 2.4

PILE 9
r i r n
M iVi
HU 1II1 .

4.59
4.89
5.05

4.54
4.74
5.01

8B 9A

13.5.86 13.5.86
13.8.86 14.5.86

92 1 Figure 5.13
0.17 0.155 Cruciform p ile s :
0.0217 0.0168

D eta ils  o f  dimensions
21.4 10.7
75.0 35.7 and driven le v e ls

6.6 3.9



248

PILE 5

rn
111

n
|M

i l l

Expanded
length

Embedded
length

4.89 m

3.89m 

4.89m

0.

PILE CONFIGURATION 5U 5B

Pile Pi wens lens (•)

Embedded length: 4.89 4.89
Expanded length: - 3.89

Full perimeter: 0.56 0.68
Reduced perimeter:

Shaft Ar<?ftg (■*)

0.56

Embedded length,
Full perimeter (A): 2.74 3.32
Reduced perimeter (B): - 2.74

Expanded length,
Full perimeter (C): - 2.64
Expanded perimeter (D): - 2.18

B

17m

l ™ T

PILE 6 PILE 7

Mi '

3.77m

W
i inmi

3.96m

4.96m

V

V

3.77 4.96
3.96

0.56

2.11

Figure 5.14
Box p i le s :  D e ta ils
o f sh a ft surface

3.17
2.78 areas

2.53
2.22
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PILE 8 PILE 9

Expanded
length

Embedded
length

r  t r i

r n M h r i

l ' j

i ' l

m i t i l l
l i l l m i  *

5.05m 4.59m 

5.05m

4.54m

5.01m

PILE CONFIGURATION 8U SB 9A

Pile Dimensions (a)

Embedded length: 5.05 5.05 5.01
Expanded length: - 4.59 4.54

Figure 5.15
Full perlaeter: 0.42 0.54 0.48
Reduced periaeter: - 0.42 0.42 Cruciform p i le s
Shaft Areaa (a2) D eta ils  o f  shaf'
Embedded length, surface areasFull perimeter (A): 2.12 2.73 2.40

Reduced periaeter (B): - 2.12 2.10

Expanded length,
Full periaeter (C): 
Expanded perlaeter (D):

2.48
1.93

2.18
1.91
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Test
No.

Point
Nos.

Date Description of loading Max. Load 
(kN)

PILE CONFIGURATION 5U

5U.1 0-1
2-3

25. 4.86 Incremental 
CRE loading

loading 156.1
201.8

5U.2 4-5 30. 7.86 Incremental loading 177.3

PILE CONFIGURATION 5B

5B. 1 6-7 14. 8.86 Incremental loading 299.7

5B. 1 8-9
10-11

15.12.86 CRL loading 
CRE loading

293.0
297.4

5B.3 13- 14
14- 17

17.12.86 Cyclic loading 
CRE loading

149.4
276.3

Figure 5.17 Summary of pile testing: Pile 5
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400-i

Test Point Date Description of loading Max. Load 
No. Nos. (k N )

PILE CONFIGURATION 7A

7A.1 0-1 oCO 5.86 Incremental loading 303.6

7A.2 2-3 29. 7.86 Incremental loading 343.8

7A.3 4-5 9. 1.87 CRL loading 337.9
6-7 CRE loading 352.5

Figure 5.18 Summary of pile testing: Pile 7
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C o n f i g u r a t i o n  8U C o n f i g u r a t i o n  8 B

300-

Test Point Date Description of loading Max. Load 
No. Nos. (kN)

PILE CONFIGURATION 8U

8U. 1 0-1 20. 5.86 Incremental loading 114.7

8U.2 2-3 31. 7.86 Incremental loading 114.5

PILE CONFIGURATION 8B

8B. 1 4-5 18. 8.86 CRL loading 198.9

8B.2 6-8 9. 3.87 CRL loading 241.6
(8-9) (Load relaxation)

8B.3 10-11 10. 3.87 CRL loading 231.2
12-13 CRE loading 226.0

8B.4 15-16 10.3.87 Cyclic loading 114
16-17 CRL loading 211.8
18-19 CRE loading 207.7

Figure 5. 19 Summary of pile testing: Pile 8
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300-

Test Point Date Description of loading Max. Load 
No. Nos. (kN)

PILE CONFIGURATION 9A

9A.1 0-1 21. 5.86 Incremental loading 208.1

9A.2 2-3 1. 8.86 Incremental loading 229.3

9A.3 4-5 20. 3.87 CRL loading 220.8
6-7 CRE loading 209.8

Figure 5.20 Summary of pile testing: Pile 9

254



255
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Figure 5 .21 Summary o f  p i l e  t e s t in g  programme a t  BRS s i t e



300 -
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IL CRE

Elastic extension 
of pile indicated 
by hatched area

9 10 11

test 51). 1 Type: IL, CRE Date: 25.4.86

Outer Bhell driven: 13.3.86 Expander Mandrel driven:
Days elapsed
prior to test: 43

Shaft areas: Embedded length, Expanded length,
(■2) Full X-section (A): 2.74 Full X-section (C):

Reduced X-section (B): - Reduced X-section (D):

Pile weight: 2.7
(kN)

Test Stage Maximum Load Shaft Frictions Displacement at:
(Gross) (Net) (A) (B) (C) (D) Max. Load End of stage

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (an) (mm)

IL 156.1 153.4 56.0 - _ - 1.28 1.28
CRE 201.8 199. 1 72.7 - - - 2.30 6.64
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Elapsed Time; min

300 3600

300 -

TEST 5U.2 Type: I L

Outer shell driven: 13.3.86
Days elapsed
prior to test: 139

Date: 30.7.86

Expander nandrel driven:

Shaft areas: Embedded length, Expanded length,
(m2) Full X-section (A): 2.74 Full X-section (C): -

Reduced X-section (B): - Reduced X-section (D):

Pile weight: 2.7
(kN)

Test Stage

1L

Maximum Load
(Gross) (Net)

(kN) (kN)

177.3 174.6

Shaft Frictions 
(A) (B) (C) (D)

(kPa) (kPa) (kPa) (kPa)

63.8 -

Displacement at:
Max. Load End of stage

(mm) 
2. 16

(mm)

1.48



Figure 5.24 
Results of Test 5B.1

BOO -
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120 180 2U0

Elapsed Time: min
0 60 300 360

TEST 5B.1 Type: IL Date:

Outer shell driven: 
Days elapsed

13.3.86 Expander Mandrel driven:

prior to test: 154

Shaft areas:
(m2)

Embedded length,
Full X-section (A): 3.32
Reduced X-aection (B): 2.74

Expanded length,
Full X-section (C): 2.64
Reduced X-Bection (D): 2.18

Pile weight: 4.8
(kN)

Maximum
(Gross)

Load
(Net)

Shaft Frictions 
(A) (B) (C) (D)

Displacement at:
Max. Load End of stage

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

299.7 294.9 88.7 107.7 111.5 135.4 4.92 4.12
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TEST 5D.2

Outer shell driven: 
Days elapsed 
prior to test:

Type: CRL, CRE Date: 15.12.86

13.3.86 Expander mandrel driven: 12.8.86

.274

Shaft areas: 
(■*)

Pile weight: 
(kN)

Embedded length,
Full X-section (A): 3.32
Reduced X-section (B): 2.74

4.8

122

Expanded length,
Full X-section (C): 
Reduced X-section (D):

2.64
2.18

Test Stage Maximum Load Shaft Frictions Displacement at:
(Gross) (Net) (A) (B) (C) (D) Max. Load End of stage

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

CRL 293.0 _ _ _ _ _ 3.64 3.64
CRE 297.4 292.6 88.0 106.9 110.6 134.3 3.90 8.15
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Elapsed Time •• min

TEST 5B.3

Outer shell driven: 
Days elapsed 
prior to test:

Type: Cyclic, CRE Date: 17.12.86

13.3.86 Expander Mandrel driven: 12.8.86

276

Shaft areas:
(■2)

Pile weight: 
(kN)

Embedded length,
Full X-section (A): 3.32
Reduced X-section (B): 2.74

4.8

124

Expanded length,
Full X-section (C): 
Reduced X-section (D):

2.64
2.18

Test Stage

Cyclic1
CRE
Notes:

Maximum Load 
(Gross) (Net)

(kN) (kN)

276.3 271.5

1. 25 cycles, 15kN

Shaft Frictions 
(A) (B) (C) (D)

(kPa) (kPa) (kPa) (kPa)

81.6 99.2 102.6 124.7

149.4kN

Displacement at:
Max. Load End of stage

(mm)

1.44

[ mm)

7.12



Figure 5.27 
Results of Test 6U.1

i

BOO *

10 -

E
e

c
OJ
e
aj

6

a
cxi/i
□
-DL.
a

4

2

0
120' 180 

Elapsed Tim

i i i
240 

e : mm
0 60 300 360

300 -

200
CRL CRE

TEST 6U.1

Outer shell driven: 14.3.86
Days elapsed

Type: CRL, CRE Date: 28.4.86

Expander mandrel driven:

prior to test : 45 -

Shaft areas: Embedded length , Expanded length,
(a2) Full X-section (A): 2.11 Full X-section (C): -

Reduced X-section (B): - Reduced X-section (D): -

Pile weight: 2.7
(kN)

Test Stage Maximum Load Shaft Frictions Displacement at:
(Gross) (Net) (A) (B) (C) (D) Max. Load End of stage

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

CRL 103.8 _ 0.79 0.79
CRE 133.6 130.9 62.0 - 3.48 7.76

Notes: 1. Pile not driven to full depth - driving shoe failed.
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0

Elapsed Time; min
0

TEST 7A.1 Type: IL Date: 30.5.86

Outer shell driven: 23.5.86
Days elapsed
prior to test: 7

Expander mandrel driven: 29.5.86

1
Shaft areas: 

<■*)
Embedded length,
Full X-section (A): 3.17
Reduced X-section (B): 2.78

Expanded length,
Full X-aection (C): 2.53 
Reduced X-section (D): 2.22

Pile weight: 4.6
(kN)

Test Stage Maximum
(Gross)

Load
(Net)

Shaft Frictions 
(A) (B) (C) (D)

Displacement at:
Max. Load End of Btage

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

IL 303.6 299.0 94.2 107.6 118.0 134.8 5.26 3.49



Figure 5.29 
Results of Test 7A.2

coCT>
CO

TEST 7A.2 Type: 1L Date: 29.7.86

Outer shell driven: 23.5.86 Expander ■andrel driven: 29.5.86
Days elapsed 
prior to test: 67 61

Shaft areas: Embedded length, Expanded length,
(b2) Full X-section (A): 3.17 Full X-section (C)

Reduced X-section (B): 2.78 Reduced X-section (D): 2.22

Pile weight: 4.6
(kN)

Test Stage Maximum 
(Gross)

Load
(Net)

Shaft Frictions 
(A) (B) (C) (D)

Displacement at:
Max. Load End of stage

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

IL 343.8 339.2 106.9 122.1 133.9 152.9 3.32 1.68
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TEST 7A .3 Type: CRL, CRE Date: 9.1.87

Outer shell driven: 23.5.86 Expander mandrel driven: 29.5.86
Days elapsed 
prior to test: 231 225

Shaft areas: Embedded length, Expanded length,
(m2) Full X-section (A): 3.17 Full X-section (C): 2.53

Reduced X-section (B): 2.78 Reduced X-section (D): 2.22

Pile weight: 4.6
(kN)

Test Stage Maximum Load Shaft Frictions Displacement at:
(Gross) (Net) (A) (B) (C) (D) Max. Load End of stage

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

CRL 337.9 _ _ _ _ 3.49 3.49
CRE 352.5 347.9 109.6 125.2 137.3 156.9 4.63 8.78
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t e s t 8U. 1

Outer shell driven: 
Days elapsed 
prior to test:

Type: 1L

13.5.86 

7

Shaft areas: 
(■2 )

Pile weight: 
(kN)

Embedded length, 
Full X-section

Date: 20.5.86

Expander mandrel driven:

(A): 2.12
Reduced X-section (B): 

2.4

Expanded length,
Full X-section (C ): 
Reduced X-section (D):

Test Stage

IL

Maximum Load 
(Gross) (Net)

(kN) (kN)

114.7 112.3

Shaft Frictions 
(A) (B) (C) (D)

(kPa) (kPa) (kPa) (kPa)

53.0 -

Displacement at:
Max. Load End of stage

(mm) 
2.79

(mm) 
2.00
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TEST 8U.2 Type: IL Date: 31.7.86

Outer Bhell driven: 13.5.86 Expander mandrel driven:
Days elapsed
prior to test: 79

Shaft areas: Embedded length, Expanded length,
(m2) Full X-section (A): 2.12 Full X-section (C):

Reduced X-section (B): - Reduced X-section (D):

Pile weight: 2.4
(kN)

Test Stage Maximum Load Shaft Frictions Displacement at:
(Gross) (Net) (A) (B) (C) (D) Max. Load End of stage

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

IL 114.5 112.1 52.9 - 4.40 4.11



TEST 80.1

Outer shell driven: 
Days elapsed 
prior to test:

Type: CRL Date: 18.8.86

13.5.86 Expander nandrel driven: 13.8.86

97 5

Expanded length,
Full X-section (C): 2.48
Reduced X-section (D): 1.93

Pile weight: 6.6
(kN)

oiiui l areas;
(«2)

C tU IU C U t iv T U
Full X-section (A): 2.73 
Reduced X-section (B): 2.12

Test Stage Maximum 
(Gross)

Load
(Net)

Shaft Frictions 
(A) (B) (C) (D)

Displacement at:
Max. Load End of stage

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

CRI. 198.9 192.3 70.5 90.7 77.6 99.7 3.55 3.00
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300 -

TEST 8B.2

Outer shell driven: 
Days elapsed 
prior to test:

Type: CRL Date: 9.3.87

13.5.86 Expander nandrel driven: 13.8.86

300

Shaft areas: 
(a*)

Pile weight: 
(kN)

Embedded length,
Full X-section (A): 2.73
Reduced X-section (B): 2.12

6 . 6

208

Expanded length,
Full X-section (C): 2.48
Reduced X-section (D): 1.93

Test Stage Maxiaua 
(Gross)

Load
(Net)

Shaft Frictions 
(A) (B) (C) (D)

Displaceaent at: 
Max. Load End of

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (an)

CRL 241.6 235.0 86.2 110.8 94.8 121.9 2.00 2.24
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TEST 8B.3 Type: CRL, CRE Date: 10.3.87

Outer she 11 driven: 13.5.86
Days elapsed
prior to test: 301

Expander mandrel driven: 13.8.66

209

Shaft areas:
(m2 )

Embedded length,
Full X-section (A): 2.73
Reduced X-section (B): 2.12

Expanded length,
Full X-section (C): 2.48
Reduced X-section (D): 1.93

Pile weight: 6.6
(kN)

Test Stage Max i mum Load Shaft Frictions Displacement at:
(Gross) (Net) (A) (B) (C) (D) Max. Load End of i

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

CRL 231.2 - _ - _ _ 2.21 2.21
CRE 226.0 219.4 80.5 103.4 88.5 113.8 4.82 7.45
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TEST 8B.4

Outer shell driven: 
Days elapsed 
prior to test:

Type: Cyclic, CRE Date: 10.3.87

13.5.86 Expander mandrel driven: 13.8.86

301

Shaft areas: Embedded length,
(o2) Full X-section (A): 2.73

Reduced X-aection (B): 2.12

Pile weight: 6.6
(kN)

209

Expanded length,
Full X-aection (C): 2.48
Reduced X-aection (D): 1.93

Test Stage

Cyclic*
CRE

Maximum Load 
(Gross) (Net)

(kN) (kN) 

207.7 201.1

Shaft Frictions 
(A) (B) (C) (D)

(kPa) (kPa) (kPa) (kPa) 

73.7 94.8 81.1 104.3

Displacement at:
Max. Load End of stage

(mo)

4.32

(mm)

7.96

Notes: 1. 25 cycles, 17kN - 114kN



F
igure 5.37 

R
esu

lts o
f T

est 9A
.1

300-

i /

TEST 9A.1 Type: IL Date: 21.5.86

Outer shell driven: 13.5.86 Expander mandrel driven: 14.5.86
Days elapsed 
prior to test: 8 7

Shaft areas:
(m2)

Embedded length,
Full X-section (A): 2.40
Reduced X-section (B): 2.10

Expanded length,
Full X-aection (C): 2.18
Reduced X-section (D ): 1.91

Pile weight: 3.9
(kN)

Test Stuge Maximum Load Shaft Frictions Displacement at:
(Gross) (Net) (A) (B) (C) (D) Max. Load End of i

(kN) (kN) (kPa) (kPa ) (kPa) (kPa) (mm) (mm)

IL 208. 1 204.2 84.9 97. 1 93.7 107.1 4.08 2.90



Figure 5.38 
Results of Test 9A.2
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TEST 9A.2 Type: IL Date: 1.8.86

Outer Bhell driven: 13.5.86 Expander mandrel driven: 14.5 .86
Days elapsed 
prior to test: 80 79

Shaft areas: Embedded length, Fxpanded length,
(«2 ) Full X-section (A): 2.40 Full X-section (C)

Reduced X -section (B): 2.10 Reduced X-section (D)

Pile weight: 3.9
(kN)

Test Stage Maximum Load Shaft Frictions Displacement at:
(Gross) (Net) (A) (B) (C) (D) Max. Load End of stage

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

IL 229.3 225.4 93.7 107.1 103.4 118.2 3.05 2.10
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Elapsed Time: min

CRL CRE

11

15.5 min hold

Relaxation 
of pump

Relaxation 
of pump

Elastic extension 
of pile indicated 
by hatched area

i ------------ 1------------ 1------------1------------ 1------------ 1------------ 1------------ 1------------ r
1 2 3 4 5 6 7 8 9

Upward Displacement: mm

TEST 9A.3 Type: CRL, CRE Date: 20.3.87

Outer shell driven: 13.5.86
Days elapsed
prior to test: 311

Expander mandrel driven: 14.5.86

310

Shaft areas:
(«2)

Embedded length,
Full X-section (A): 2.40
Reduced X-section (B): 2.10

Expanded length,
Full X-section (C): 2.18
Reduced X-section (D): 1.91

Pile weight: 3.9
(kN)

10

Test Stage Maximum Load Shaft Frictions Displacement at:
(Gross) (Net) (A) (B) (C) (D) Max. Load End of stage

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

CRL 220.8 _ _ _ _ _ 4.80 4.80
CRE 209.8 205.9 85.6 97.9 94.5 108.0 6.14 10.34
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Figure 5.40 P ile  Test 5U.1:
Creep behaviour during IL stage

Figure 5.41 Pile Test 5U.2:
Creep behaviour during IL stage
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Figure 5 .42  P i le  T est 5B.1:
Creep behaviour during IL sta g e

Figure 5.43 Pile Test 5B.2:
Creep behaviour during IL stage
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Figure 5 .44  P i le  T est 6U.1:
Creep behaviour during CRL sta g e

Figure 5.45 Pile Test 7A.1:
Creep behaviour during IL stage

276



4-

—125.3 kN 187.7 kN

0 ----------------1----------------1----------------.----------------.----------------1---------------- .----------------1----------------.
0 8 16 24 32 40 48 56 64

Hold Time: min

Figure 5 .46  P i le  T est 7A.2:
Creep behaviour during IL sta g e

Figure 5.47 Pile Test 7A.3:
Creep behaviour during CRL stage
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5.48 P i le  T est 8U.1:
Creep behaviour during IL sta g e

Figure 5.49 Pile Test 8U.2:
Creep behaviour during IL stage
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Figure 5.50 P i le  T est 8B.1:
Creep behaviour during CRL sta g e

Figure 5.51 Pile Test 8B.2:
Creep behaviour during CRL stage
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Figure 5.52 P ile  Test 9A.1:
Creep behaviour during IL stage
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Figure 5.53 Pile Test 9A.2:
Creep behaviour during IL stage

280



Figure 5.54 P i le  T est 9A.3:
Creep behaviour during CRL sta g e
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■oao 200  -

i/)c
CD

100 -

t
0

7A.3

5B.2

51).1

Teat
No.

Max. Load 
(Gross)

Shaft
(A)

friction
(D)

Factor 
Max. load

of increase 
Shaft friction

(kN) (kPa) (kPa)

5U.1 201.8 72.7 - - -

7A.3 352.5 109.6 156.9 1.75 1.51 - 2.15

5B.2 297.4 88.0 134.2 1.47 1.21 - 1.85

i  i i i i i i i

4 5 6 7 8 9 10 11
Upward D isp lacemen t : mm

F ig u re  5 .56 Summary o f  i n i t i a l  lo a d in g s  o f Box P ile s
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Pile
No.

X expansion 
(width) (X-area)

Test
No.

Max. Load 
(Gross)

Shaft
(A)

friction
(D)

Factor 
(Max. load)

of increase 
(Shaft friction)

(kN) (kPa) (kPa)

8U - - 8U. 1 114.7 53.0 - 0.0 0.0

9A 10.7 35.7 9a . 2 229.3 93.7 118.2 2.00 1.77 - 2.23

8b 21.4 75.0 8B.2 241.6 86.2 121.9 2.11 1.63 - 2.30

8 B.2

9 A . 2

8U.1

i i i i i i i i i i i

1 2 3 4 5 6 7 8 9  10 11
Upward D isp lacemen t : mm

Figure 5.57 Summary of initial loadings of Cruciform Piles
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F ig u re  5.59 Deduced average p ile  s h a ft f r ic t io n s  a g a in s t
percentage in c re a se  in  p ile  c ro s s -s e c tio n a l area
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Test Depth Unload- Strain Holding Strain Hold Max. Max. Unload
reload data? test ? time strain pressure data ?

( n) (X) (*) (min) (*) ( kPa)

Ll/Tl CMCM unreliable _ no _ - 49 - 1900 no
L1/T2 3.1 yes 5.4 yes 21.8 51 37 2129 yes
L1/T3 4.1 yes 1.6 yes 8.1 34 36 2188 yes

L2/T1 3.1 yes 4.9 yes 12.5 40 37 1539 yes
L2/T2 7.6 yes 21.4 no - - 27 1Z01 yes

Tab le  5 .1  D e ta ils  o f FDPM te s ts

Test Depth Arm Strain p/2Cu Gur Gh

(a) (S) MPa MPa
( Arm) (Ave.) (Arm) (Ave.)

L1/T2 3.1 1 5.11 0.69 85 1 231
2 4.8 65 ? 67 24 23
3 6.2 52 J 23 J

L1/T3 4.1 1 1.5 0.36 94 1 37 1
2 1.9 90 | 90 26 f 33
3 1.5 85 J 36 J

L2/T1 3.1 1 5.11 0.52 107 33 1

3 4.7 54 14 j 24

L2/T2 7.6 1 35.2 1 0.31 78 1 76 1

3 7.2 j 33 j 56 19 ) 26

Notes: 1. Gur calculated from FDPM unload- reload curve (Mair and Wood
2. Gh calculated from unload curve, (Houlsby and Withers, 1988).

Tab le  5 .2 Va lues o f  shear modulus G deduced from  FDPM te s ts



Test Depth Pl <r v ' Cu (1) Cu (2)

(m) (kPa) (kPa) (kPa) (kPa)

Ll/Tl 2.2 2077 30 - 328
L1/T2 3.1 2647 40 366 332
L1/T3 4.1 2654 51 332 338

L2/T1 3.1 1823 40 228 237
L2/T2 7.6 1532 162 144 190

Notes: Cu (1) calculated by Houlsby method (Houlsby and Withers, 1988).
Cu (2) calculated by limit pressure method,

Np = 6.18 (Mair and Wood, 1987).

Table 5.3 Values of undrained shear strength cu deduced from FDPM tests

Test Depth FDPM DMT
Plift-off PL po Pi

(m) (kPa) (kPa) (kPa) (kPa)

Ll/Tl 2.2 830 2000 1796 2077
L1/T2 3.1 911 2129 1170 2430
L1/T3 4.1 645 2188 1235 2600

L2/T1 3.1 893 1539 1179 2430
L2/T2 7.6 568 1324 930 1370

Table 5.4 Summary of FDPM and DMT results

Test Depth Strain Hold
time

P i n i t i a l Pf  i  n a 1 A P A  P / P i  n i  t i  a 1

(m) (%) (m i n ) (kPa) (kPa) (kPa) (%)

L1/T2 3. 1 21.8 51 1877 1605 271 12.4
L1/T3 4.1 8.1 34 1668 1450 218 13.1
L2/T1 3.1 12.5 40 1151 998 153 13.3

Table 5.5 Details of FDPM holding tests
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Pile 5U testing details

Outer shell driven: 13. 3.SG

Shaft areas: Embedded length,
(m^) Full X-section

Reduced X-section

Pile weight : 2.7
(kN)

Test Date Days elapsed
No. since driving:

Shell Mandrel

5U.1 25. 4.86 43

5U.2 30. 7.86 139

Expander mandrel driven:

A) : 2.74
B) :

Expanded length,
Full X-section (C): 
Reduced X-section (D):

Test Stage Maximum Load Shaft Frictions Displacement at:
(Gross) (Net) (A) (B) (C) (D) Max. Load End of stage

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

IL 156.1 - - - - 1.28 1.28
CRE 201.8 199.1 72.7 - - - 2.30 6.64
IL 177.3 174.6 63.8 - - - 2.16 1.48

Table 5.6 Summary of tests:
Pile configuration 5U
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Pile 5B testing details

Outer shell driven: 13. 3.86 Expander mandrel driven: 12. 8.86

Shaft areas 
(m2 )

Embedded length,
Full X-section (A): 3.32
Reduced X-section (D): 2.74

Expanded length,
Full X-section (Cl: 2.64
Reduced X-section (D): 2.18

Pile weight: 4.8
(kN)

Test Date Days elapsed Test Stage Max imum
No. since driving: (Gross)

Shell Mandrel (kN)

5B. 1 14. 8.86 154 2 IL 299.7
5B.2 15.12.86 274 122 CRL 293.0

CRE 297.4
5B.3 17.12.6 276 124 Cyclic* -

CRE 276.3

Load Shaft Frictions Displacement at:
(Net) (A) (B) (C) (D) Max. Load End of stage

(kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

294.9 88.7 107.7 111.5 135.4 4.92 4.12
- - - - - 3.64 3.64

292.6 88.0 106.9 110.6 134.3 3.90 8.15

271.5 81.6 99.2 102.6 124.7 1.44 7.12

Notes: 1. 25 cycles, 15kN - 149.4kN

Table 5.7 Summary of tests:
Pile configuration 5B
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P i l e  6(1 t e s t i n g  d e t a i l s

Outer shell driven: 14. 3.86 Expander mandrel driven:

Shaft areas 

(m2)
Embedded length,
Full X-section (A): 2.11
Reduced X-section (B):

Expanded length,
Full X-section (C): 
Reduced X-section (D):

Pile weight: 2.7
(kN)

Test Date Days elapsed Test Stage Maximum Load Shaft Frictions Displacement at:
No. since driving: (Gross) (Net) (A) (B) (C) (D) Max. Load End of stage

Shell Mandrel (kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

6U. 1 28. 4.86 45 - CRL 103.8 - - - - 0.79 0.79
CRE 133.6 130.9 62.0 - - - 3.48 7.76

Table 5.8 Summary of tests:
Pile configuration 6U
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Pile 7A testing details

Outer shell driven: 23. 5.86 Expander mandrel driven: 29. 5.86

Shaft areas: 
(m2)

Embedded length, 
Full X-section (A): 3.17
Reduced X-section (B): 00CM

Expanded length,
Full X-section (C): 2.53
Seduced X-aection (D): 2.22

Pile weight: 4.6
(kN)

Test Date Days elapsed Test Stage Max imum Load Shaft Frictions Displacement at:
No. since driving: (Gross) (Net) (A) (B) (C) (D) Max. Load End of stage

Shell Mandrel (kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

7A. 1 30. 5.86 7 1 IL 303.6 299.0 94.2 107.6 118.0 134.8 5.26 3.49
7A.2 29. 7.86 67 61 IL 343.8 339.2 106.9 122.1 133.9 152.9 3.32 1.68
7A.3 9. 1.87 231 225 CRL 337.9 - - - - - 3.49 3.49

CRE 352.5 347.9 109.6 125.2 137.3 156.9 4.63 8.78

Table 5.9 Summary of tests:
Pile configuration 7 A
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Pile 6U testing details

Outer shell driven: 13. 5.86

Shaft areas 
(m2 )

Embedded length, 
Full X-section 
Reduced X-section

Pile weight: 2.4
<kN)

Test Date Days elapsed
No. since driving:

Shell Mandrel

8U.1 20. 5.86 7
8U.2 31. 7.86 79

Notes:

Expander mandrel driven:

A ) : 2.12
B) :

Expanded length,
Full X-section (C): 
Reduced X-section (D):

Test Stage Maximum Load Shaft Frictions
(Gross) (Net) (A) (B) (C) (D)

Displacement at:
Max. Load End of stage

(kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

IL 114.7 112.3 53.0
IL 114.5 112.1 52.9

2.79 2.00
4.40 4.11

Table 5.10 Summary of tests:
Pile configuration 8U
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Pile 8B testing details

Outer shell driven: 13. 5.86 Expander mandrel driven: 13. 8.86

Shaft areas 
(m2 )

Embedded length,
Full X-section (A): 2.73
Reduced X-section (B): 2.12

Expanded length,
Full X-section (C): 2.48
Reduced X-section (D): 1.93

Pile weight: 6.6
(kN)

Test Date Days elapsed Test Stage Maximum Load Shaft Frictions Displacement at:
No. since driving: (Gross) (Net) (A) (B) (C) (D) Max. Load End of stage

Shell Mandrel (kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

8B. 1 18. 8.86 97 5 CRL 198.9 192.3 70.5 90.7 77.6 99.7 3.55 3.00
8B.2 9. 3.87 300 208 CRL 241.6 235.0 86.2 110.8 94.8 121.9 2.00 2.24
8B.3 10. 3.87 301 209 CRL 231.2 - - - - - 2.21 2.21

CRE 226.0 219.4 80.5 103.4 88.5 113.8 4.82 7.45
SB. 4 10. 3.87 301 209 Cyclic1 - - - - - - - -

CRL 211.8 - - - - - 2.80 2.80
CRE 207.7 201.1 73.7 94.8 81.1 104.3 4.32 7.96

Notes: 1. 25 cycles, 17kN - 114kN.

Table 5.11 Summary of tests:
Pile configuration 8B
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Pile 9A testing details

Outer shell driven: 13. 5.86 Expander mandrel driven: 14. 5.86

Shaft areas 
(m2 )

Embedded length,
Full X-section (A): 2.40
Reduced X-section (B): 2.10

Expanded length,
Full X-section (C): 2.18
Reduced X-section (D): 1.91

Pile weight: 3.9
(kN)

Test 
N o .

Date Days elapsed 
since driving:

Test Stage Maximum 
(Gross)

Load
(Net)

Shaft Frictions 
(A) (B) (C) (D)

Displacement 
Max. Load End

at:
of stage

Shell Mandrel (kN) (kN) (kPa) (kPa) (kPa) (kPa) (mm) (mm)

9A. 1 21. 5.86 8 7 Incremental 208.1 204.2 84.9 97.1 93.7 107.1 4.08 2.90
9A.2 1. 8.86 80 79 Incremental 229.3 225.4 93.7 107.1 103.4 118.2 3.05 2.10
9A.3 20. 3.87 311 310 CRL 220.8 - - - - - 4.80 4.80

CRE 209.8 205.9 85.6 97.9 94.5 108.0 6.14 10.34

Notes:

Table 5.12 Summary of tests:
Pile configuration 9A



P ile X -s e c t io n a l areas o f s t e e l: Embedded p o rtio n  o f p i le Exposed p o rtio n  o f p i le
conf ig u ra tio n Lengths D isp lacem ents3 Length* D isp lacem ent3

S h e ll Mandre1 Sh e ll+H an d re l S h e ll  :ShelltM andrel 2 Lower bound Upper bound

( - 2 ) (mm2 , (mm2 ) ( - ) ( - ) (mm xlO - 3 ) (mm x lO - 3 ) ( - ) (mm xlO - 3 )

5U 5240 4890 2.22P 2.96P 230 0.21P
SB 5240 4510 9750 4890 4740 1 .16P 2.96P 230 0.21P

6U 5240 - - 3770 - 1.71P 2.28P 200 0. 18P

7A 5240 4190 9430 4960 4810 1.21P 3 .OOP 160 0.15P

SU 5240 _ _ 5050 _ 2.29P 3.06P _ -

SB 5240 8700 13940 5050 4970 0.85P 3.06P

9A 5240 4050 9290 5010 4875 1.25P 3.06P

Notes: 1. For fu rth e r  d e t a i ls  o f p i le  dim ensions and depths of embedments see F ig u re s  5 .1 2  and £ .1 3 .

2. Depth o f embedment in  t h is  case taken as the average o f the embedment depths fo r  the  
outer s h e l l  and the expander m andrel.

3. For lower bound, displacem ent -  L  x  P
2AE

where: A = X -s e c t . area o f  o u te r s h e l l  ♦  expander mandrel.
L = Embedded length  o f  o uter s h e ll  ♦  expander m andrel.
P = A pplied  load.
Uniform d is t r ib u t io n  o f s h a ft  re s is ta n c e  assumed.

For upper bound, displacem ent = 2L x P
3AE

where: A = X -s e c t . area o f  o u te r s h e l l .
L = Embedded length  o f o u te r s h e l l .
P = A pplied  load.
T r ia n g u la r  d i s t r ib u t io n  o f load assumed.

(R e f: Hobbs and H ealy , 1979)

4. Exposed le n gth s taken as d ista n c e  between ground le v e l and d ia l  gauge re fe re n ce  p la te s .

5. Displacem ent = L x P
AE

where: A = X-Sect. area of outer shell.
L = Exposed length of outer shell
P = Applled load.

Table 5.13 Elastic displacements of piles under load
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Test Final Final Increaental Maxiaua Inc. fail, load Load increase Load increase
No. Inc. load creep rate failure ? CRB load CRE fail, load factor^ factor^

(kN) (aa/ain) (kN)

Box Diles

5U.1 156.1 0.0075 no 201.8 0.77 1.00 1.00
5U.2 177.3 0.049 no - -

5B.1 299.7 1.47 yes - -

5B.2 293.0 0.11 yes 297.4 0.99 1.47 1.47
SB.3 - - - 276.3 -

6U.1 103.8 0.01 no 133.6 0.78

7 A . 1 303.6 0.022 no _ _

7A.2 343.8 0.075 no - -
7A.3 337.9 0.10 yes 352.5 0.96 1.75 1.75

Crucifora oiles

8U.1 114.7 0.11 yes - - 1.00 0 . 5 7
8U.2 114.5 0.42 yes - -

8B.1 198.9 0.15 yea - -

8B.2 241.6 0.38 yes - - 2.11 1.20
8B.3 231.2 0.64 yes 226.0 1.02
8B.4 211.8 1.00 yes 207.7 1.02

9A.1 208.1 0.059 no _ .

9A.2 229.3 0.30 yes - - 2.00 1.14
9A.3 220.8 1.44 yes 209.8 1.05

Notes:

1. Ratio of the aaxiaua recorded load for each pile configuration, to the respective 
naxiaua loads for the unexpanded box pile and unexpanded crucifora pile.

2. Ratio of the aaxiaua recorded load for each pile configuration, to the aaxiaua 
recorded load for the unexpanded box pile.

Table 5.14 Comparison of pile test results at BRS site
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CHAPTER 6 
M IN I-P ILE  TESTING

6 .1  In tro d u c tio n

6 .1 .1  Background to  m in ia tu re  sc a le  f ie ld  t r ia l s
Work on th e  m in ia tu re  sc a le  system  o f  s te e l w ed g e-p iles commenced midway 
th ro ug h  th e  m ain programme o f te s ts  on 6ra long  p ile s  a t  th e  L u to n  and 
BRS s ite s .  T e s tin g  a t  Lu to n  had been com pleted, and th e  W edge-P ile  
p r in c ip le  had been dem onstra ted  a t  la rg e  s c a le . A t t h is  stag e  i t  was 
decided to  deve lop  a s m a lle r, more p o rta b le  p ile  te s tin g  system  w hich 
would p ro v id e  th e  means to  augment th e  6m p ile  te s t  d a ta  w ith  
in fo rm a tio n  from  a w id e r range o f  s o i l  typ e s .

The m ain c r i t e r ia  fo r  such a system  were as fo llo w s :

(a ) th e  system  shou ld  be e a s ily  tra n s p o rta b le , by c a r o r  s m a ll van

(b ) th e  p ile s  shou ld  be e a s ily  e x tra c te d  a f te r  te s t in g , and e a s ily  
reassem bled fo r  m u ltip le  re -u se

(c ) in s ta lla t io n  and te s t in g  o f  th e  p ile s  shou ld  be a b le  to  be c a rr ie d  
o u t by tw o p eop le , w ith o u t th e  need fo r  craneage.

The c o s t advantage o f  such a system  w ould a llo w  many more s ite s  to  be 
v is ite d  th a n  w ould  be p o s s ib le  w ith  th e  6m p ile s .  In  a d d itio n , th e  
fa b r ic a tio n  and m achin ing  in v o lv e d  would be on a much s m a lle r sc a le  th a n  
b e fo re . T h is  w ould mean th a t w ork cou ld  be c o n v e n ie n tly  based a t 
Im p e ria l C o lle g e  and th e re  would be le s s  re lia n c e  on h e lp  from  o th e r 
o rg a n is a tio n s , a llo w in g  m o d ific a tio n s  and developm ents to  be made more 
re a d ily  th a n  b e fo re .

Based on s ite  exp erience  w ith  th e  6m p ile s ,  an embedded p ile  le n g th  o f  
a p p ro x im a te ly  lm  was ta rg e te d  as s u ita b le  fo r  th e  new system . T h is  
le n g th  re p re se n ts  m in ia tu re  sc a le  fo r  most c i v i l  e n g in e e rin g  
a p p lic a tio n s , b u t has d ire c t re le va n c e  to  c e r ta in  anchorage s itu a t io n s ,  
fo r  example th e  sem i-perm anent an cho ring  o f  te n s io n  fa b r ic  s tru c tu re s .

I t  was decided to  develop  a c ru c ifo rm  typ e p ile  i n i t i a l l y .  T h is  
c o n fig u ra tio n  was p ro v in g  p a r t ic u la r ly  su c c e ss fu l in  th e  la rg e  sc a le  
t r ia ls .  A ls o , a s m a ll d isp lacem ent p ile  such as th e  c ru c ifo rm  w ould  be
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easy to  in s t a l l .  A c ru c ifo rm  p ile  w ith  i n i t i a l  o v e ra ll d im ensions o f  
lOOxlOOmm was se le c te d  as a p p ro p ria te . I t  was decided to  make th e  c ro ss  
s e c tio n a l a rea  o f th e  o u te r s h e ll as th in  as p o s s ib le . T h is  d e c is io n  was 
in  lin e  w ith  th e  concept em erging a t th e  tim e  o f  a minimum d isp lacem ent 
o u te r s h e ll th a t would in tro d u c e  an expandable in c lu s io n  in to  th e  ground 
w ith  v e ry  low  d r iv in g  energy.

The o v e ra ll aim  o f th e  m in ia tu re  w ed g e-p ile  f ie ld  t r ia ls  would be to  
assess th e  g a ins  in  p ile  c a p a c ity  p o s s ib le  in  a range o f d if fe r e n t  s o i l  
p r o f ile s .  Unexpanded and expanded p ile s  would be te s te d  in  te n s io n , as 
w ith  th e  6m p ile s .  The focus o f  th e  s tu d y  would be on im m ediate g a ins  in  
p ile  c a p a c ity . The b eh av iou r o f  w ed g e-p iles in  th e  long  te rm  was more 
re a d ily  s tu d ie d  us ing  th e  6m p ile s  a t th e  secure s ite s  a t Lu ton and BRS.

6 .1 .2  Summary o f p ile s  te s te d
Three typ es o f  'm in i-p ile *  were e v e n tu a lly  developed and te s te d . The 
p r in c ip le  c h a ra c te r is tic s  o f  th e  p ile s  a re  summarised below :

(a ) C ru c ifo rm  m in i-p ile ,  Type I :
-  I n i t i a l  s iz e  lOOxlOOram, 1.25m lo n g ; made up from  50x50x3mm ang le  

s e c tio n s .
-  Tested  unexpanded, and expanded by 6% and 10% o f i n i t i a l  p ile  

w id th .

(b ) C ru c ifo rm  m in i-p ile ,  Type I I :
-  I n i t i a l  s iz e  100x100mm, 1.5m lo n g ; made up from  50x50x1.5mm ang le  

s e c tio n s .
-  Tested  unexpanded, and expanded by 6% and 10% o f i n i t i a l  p ile  

w id th .

(c ) '2 -w a y*, H s e c tio n  m in i- p ile :
I n i t i a l  s iz e  100x100mm, 1.5m lo n g ; made up from  two 100x50x1.5mm 
channels ' b a c k -to -b a c k ’ .

-  Tested  unexpanded, and expanded by 6% and 10%.

Development and te s tin g  o f th e  m in i-p ile s  to o k  p lace in  two m ain phases. 
The i n i t i a l  developm ent o f  th e  m in i- p ile  system  form ed th e  su b je c t o f  an 
MSc in v e s tig a tio n  by F itc h  (1 9 8 6 ), sup erv ised  by th e  a u th o r. The Type I  
c ru c ifo rm  m in i-p ile  was developed and te s te d  as p a r t o f th is  s tu d y . In  
th e  second phase o f w ork, th e  Type I I  c ru c ifo rm  m in i-p ile  and th e  H 
s e c tio n  m in i-p ile  were developed and te s te d .

The m in i-p ile s  and in s ta lla t io n  procedures a re  d escribed  in  S e c tio n s  6 .2  
to  6 .4 . T e s tin g  equipm ent and p rocedures, and p ile  e x tra c tio n  and
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re fu rb is h m e n t, a re  d escrib ed  in  S e c tio n s  6 .5  to  6 .7 . The s ite s  a t  w hich 
th e  m in i-p ile s  were te s te d  a re  d escribed  in  S e c tio n  6 .8 , and re s u lts  
from  th e  te s tin g  programme a re  p resented  in  S e c tio n  6 .9 .

6 .2  C ru c ifo rm  M in i- P ile ,  Type I

6 .2 .1  In tro d u c t io n
The Type I  c ru c ifo rm  m in i- p ile  was th e  f i r s t  o f th e  m in i-p ile s  to  be 
developed and te s te d . The v a rio u s  stages o f developm ent o f  th e  m in i- p ile  
a re  d escrib ed  by F itc h  (1 9 8 6 ). The f in a l arrangem ent is  d escrib ed  below .

The o v e ra ll arrangem ent o f  th e  m in i-p ile  is  shown in  F ig u re  6 .1  and in  
P la te  6 .1 . The m in i-p ile  was e s s e n tia lly  a sca led  down v e rs io n  o f  th e  6m 
c ru c ifo rm  p ile  described  in  S e c tio n  3 .3 . Improvements in  d es ig n  based on 
exp erience  w ith  th e  la rg e r  p ile  were in c o rp o ra te d  whenever p o s s ib le .

As fo r  th e  la rg e  c ru c ifo rm  p ile ,  th e  m in i-p ile  com prised two m ain 
components:

(a ) o u te r s h e ll
(b ) expander m andrel

Four o u te r s h e lls  and two expander m andrels were fa b ric a te d . The system  
was used a t th re e  s ite s .

6 .2 .2  D e ta ils  o f  o u te r s h e ll
The o u te r s h e ll was 1250mm lo n g , w ith  an i n i t i a l  c ross s e c tio n  o f  
100x100mm, made up from  fo u r  50x50x3mm h o t ro lle d  equal ang le  s e c tio n s  
(a n g le s ). The ang les were n o t coated w ith  m il l  v a rn is h . The an g le s were 
he ld  b a c k-to -b a c k  in  a c ru c ifo rm  c o n fig u ra tio n  by tem porary connecting  
b o lts . 3mm d ia m e te r b rass b o lts  a t 475mm spacings were used, w ith  
n y lo n  in s e r t  n u ts  to  avo id  lo o se n in g  o f th e  b o lts  d u rin g  d r iv in g . The 
connec tions were designed to  be s p l i t  a p a rt when th e  expander m andrel 
was d riv e n  in to  th e  o u te r s h e ll.

The system  o f b o lt in g  was chosen in  p re fe re nce  to  ta c k  w e ld in g . A lth oug h  
ta c k  w e ld ing  had proved more su c c e ss fu l than  b o ltin g  fo r  th e  6ra p ile s ,  a 
system  o f re p la c e a b le  co nne c tio ns a llow ed  more c o n tro l o v e r th e  
connecting  fo rc e s  on th e  o u te r s h e ll d u rin g  expansion. These were l ik e ly  
to  be more c r i t ic a l  in  th e  case o f  the  m in i-p ile s  because o f th e  lo w e r 
o v e ra ll expansion fo rc e s . The b o lte d  system  a ls o  a llow ed  re p a irs  o r 
ad jus tm en ts to  be made e a s ily  on s ite .

A welded d r iv in g  shoe arrangem ent was p rovid ed  by w e ld ing  th e  ang les
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to g e th e r across th e  bottom  o f  th e  o u te r s h e ll,  and up th e  s id e s  fo r  a 
d is ta n c e  o f 25mm.

The arrangem ent a t th e  head o f th e  o u te r s h e ll was an improved v e rs io n  
o f  th a t used fo r  th e  6m p ile s .  S p e c ia lly  shaped lo a d in g  b locks were 
welded to  th e  to p  o f  each ang le  ( F ig u re  6 .2 ) . The b lo c ks re in fo rc e d  th e  
to p  o f  th e  o u te r s h e ll d u rin g  d r iv in g , and sub seq uently  formed p a rt o f 
th e  lo a d in g  system  d escrib ed  in  S e c tio n  6 .5 . Below th e  lo a d in g  b lo c k s , 
th e  ang les were s e c u re ly  b o lte d  to g e th e r d u rin g  d r iv in g  by c lam ping 
b o lts .  12mm d ia m e te r b o lts  in  c o n ju n c tio n  w ith  n y lo n  in s e r t  n u ts  were 
used.

6 .2 .3  D e ta ils  o f  expander m andrel
Two d if fe r e n t ly  s ize d  expander m andrels were fa b ric a te d . Each expander 
m andrel was 1350mm lo n g , made up from  th re e  c o ld  ro lle d  f la t  s e c tio n s  
( f la t s )  welded to g e th e r in  a c ru c ifo rm  shape. The fo rm  o f c o n s tru c tio n  
was th e  same as fo r  th e  6m lo n g  p ile .

As fo r  th e  la rg e  p ile s ,  th e  expander m andrels were c la s s if ie d  on th e  
b a s is  o f th e  ra d ia l expansion th e y  x^roduced, expressed as a percentage 
o f  th e  i n i t i a l  d im ensions o f  th e  o u te r s h e ll.  Expander m andrel 'A ’ was 
made up from  one 100x6ran f la t  and two 50x6ram f la t s .  I t  expanded th e  
o u te r s h e ll from  100x100mm to  106x106mm, an expansion o f  6%. Expander 
m andrel *A’ is  shown in  P la te  6 .1 . Expander m andrel 'B ’ was made up 
from  one 100x10mm f la t  and two 50xl0ram f la t s .  I t  expanded th e  o u te r 
s h e ll from  100x100mm to  110x110mm, an expansion o f 10%.

These amounts o f  expansion were se le c te d  on th e  b a s is  o f  th e  la rg e  sc a le  
p ile  te s ts , w hich were showing la rg e  inc rea ses in  p ile  c a rry in g  c a p a c ity  
a t expansions o f  o n ly  11%. I t  was decided to  in v e s tig a te  th e  e f fe c t o f 
expansions o f  lo w e r th a n  th is  amount in  o rd e r to  o p tim is e  expander 
m andrel s iz e .

The f la t s  fo rm ing  th e  expander m andrel were h e ld  in  a c ru c ifo rm  
c o n fig u ra tio n  by means o f w e ld ing  a t 200mm spacings. The w eld d e ta il is  
shown in  F ig u re  6 .1 . R e in fo rcem ent b locks were welded to  the  top  o f th e  
expander m andrel. These were p r im a r ily  designed to  p ro te c t th e  expander 
m andrel d u rin g  d r iv in g , b u t cou ld  a ls o  be used as lo a d in g  b locks when 
load  needed to  be a p p lie d  to  th e  expander m andrel.

A t th e  bottom  o f th e  expander m andrel, a nose was p rov id ed . The nose was 
a c c u ra te ly  formed by us in g  a shaping m achine. The nose p r o f ile  was 
formed a t the  ends o f th e  in d iv id u a l f la t s  com p ris ing  the  expander 
m andrel, b e fo re  assem bly. The nose o f  expander m andrel B is  shown in
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Plate 6.2.

The d esig n  nose p r o f ile  is  shown in  F ig u re  6 .3 . I t  is  p a ra b o lic  in  fo rm  
w ith  a sharp  le a d in g  edge to  lo c a te  in  th e  to p  o f  th e  o u te r s h e ll.  The 
p r o f ile  is  d e fin e d  by exp re ss in g  th e  le n g th  o f  th e  nose as a m u ltip le  o f  
th e  th ic k n e s s  o f  th e  f l a t  s e c tio n  fo rm in g  th e  expander m and re l. A nose 
le n g th  o f  te n  tim e s  th e  f l a t  th ic k n e s s  was s e le c te d . The p r o f ile s  were 
drawn o u t a t f u l l  s iz e  so th a t te m p la te  guides cou ld  be m anufactured  fo r  
use w ith  th e  shaping m achine.

The le a d in g  edge o f th e  expander m andrel nose was staggered  (F ig u re  6 .1 ; 
P la te  6 .2 ) . T h is  arrangem ent a llow ed  th e  nose to  be in tro d u c e d  e a s ily  
in to  th e  to p  o f  th e  o u te r s h e ll.

6 .2 .4  Completed m in i- p ile  arrangem ent
The com pleted m in i- p ile  arrangem ent is  shown in  F ig u re  6 .1 . The o u te r 
s h e ll was d riv e n  to  a  depth o f lOOOnm. The expander m andrel was 
sub seq uently  d riv e n  u n t i l  th e  t ip  o f  th e  expander m andrel was 60nsn 
s h o rt o f  th e  bottom  o f th e  o u te r s h e ll.

6 .2 .5  M in i- P ile  in s ta lla t io n
The Type I  c ru c ifo rm  m in i- p ile  was hand d riv e n  us in g  a  tw o person 
opera ted  p os t rammer o r  rmonkey’ , shown in  F ig u re  6 .4 . The mass o f  th e  
p os t rammer was a p p ro x im a te ly  50kg. H and les, and a box gu ide w hich 
lo c a te d  th e  ranrner on to p  o f  th e  p ile ,  a llo w e d  sun 'up and down’ d r iv in g  
a c tio n .

B e fo re  d r iv in g , th e  p ile  components were marked o f f  w ith  c h a lk  a t  50mm 
in te r v a ls ,  and a t th e  f in a l  p e n e tra tio n  p o s it io n . The p rocedure fo r  
in s ta ll in g  th e  p ile  was as fo llo w s :

O u te r s h e ll:
(a ) The o u te r s h e ll was h e ld  v e r t ic a l ly  p r io r  to  d r iv in g  by means o f  a 

s im p le  wooden t r e s t le  w hich supported th e  o u te r s h e ll a t 
a p p ro x im a te ly  m id -h e ig h t.

(b ) The o u te r s h e ll was d riv e n  in to  th e  ground, th e  t r e s t le  being  
removed a t th e  a p p ro p ria te  tim e .

(c ) A f te r  the  o u te r s h e ll was d riv e n  to  f in a l  dep th, th e  p o s t rammer 
was l i f t e d  c le a r and th e  clam ping b o lts  a t  th e  to p  o f  th e  o u te r 
s h e ll were removed to  a llo w  th e  expander m andrel to  be d r iv e n .
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Expander m andrel:
(a ) The nose o f  th e  expander m andrel was engaged in  th e  top  o f  th e  

o u te r s h e ll.  The expander m andrel was th e n  pushed in to  th e  o u te r 
s h e ll by hand as fa r  as p o s s ib le  so as to  p ro v id e  i n i t i a l  su p p o rt 
f o r  d r iv in g . A d d itio n a l su p p o rt was p rovid ed  as b e fo re  by u s in g  a 
t r e s t le .

(b ) The expander m andrel was d riv e n  in to  th e  o u te r s h e ll by u s in g  th e  
p o s t rammer as b e fo re . The su p p o rtin g  t r e s t le  was removed once 
th e  expander m andrel was being  f ir m ly  supported by th e  o u te r s h e ll.

6 .3  C ru c ifo rm  M in i- P ile ,  Type I I

6 .3 .1  In tro d u c tio n
F o llo w in g  th e  i n i t i a l  t r ia ls  o f  th e  m in i- p ile  system  us in g  th e  Type I  
c ru c ifo rm  m in i-p ile s , a fu r th e r  s e rie s  o f  t r ia ls  was s ta r te d  in  a w id e r 
range o f s o il  typ e s , us in g  im proved v e rs io n s  o f th e  m in i-p ile s  and 
equipm ent.

The m ain c o n c lu s io n s  re g a rd in g  th e  form  o f  c o n s tru c tio n  o f  the  Type I  
c ru c ifo rm  m in i-p ile  were as fo llo w s :

(a ) The weakest p o in t o f th e  o u te r s h e ll d u rin g  d r iv in g  was th e  re g io n  
above th e  to p  clam ping b o lts .  There was a tendency fo r  th e  ang les 
o f  th e  o u te r s h e ll to  be fo rc e d  a p a rt and d is to r te d  in  th is  re g io n  
d u rin g  d r iv in g . T h is  was m a in ly  as a re s u lt  o f th e  ra th e r crude 
p o s t rammer s t r ik in g  th e  to p  o f  th e  o u te r s h e ll un e ve n ly .

(b ) I t  was consid ered  th a t i t  w ould be p o s s ib le  to  in s t a l l  an o u te r 
s h e ll formed from  th in n e r ang le  s e c tio n s , p rovided  th a t an improved 
d r iv in g  system  was developed, designed to  p reve n t damage to  th e  top  
o f th e  o u te r s h e ll.

(c ) The tem porary b o lte d  co nne c tio ns used to  h o ld  th e  o u te r s h e ll 
to g e th e r were tim e  consuming to  f ix .

(d ) The expander m andrels perform ed w e ll.

The Type I I  c ru c ifo rm  m in i-p ile  was developed in  th e  l ig h t  o f these 
c o n c lu s io n s . The o u te r s h e ll was redesigned , and is  described  in  th e  
n e x t S e c tio n . The same expander m andrels were used as b e fo re . The 
o v e ra ll arrangem ent o f  th e  Type I I  c ru c ifo rm  m in i-p ile  is  shown in  
F ig u re  6 .5  and P la te  6 .1 . Seven o f th e  new o u te r s h e lls  were fa b ric a te d . 
The improved m in i- p ile  system  was used a t fo u r s ite s .
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6 . 3 . 2  D e ta ils  o f  o u te r s h e ll
The o u te r s h e ll was 1500mm lo n g , a sm a ll in c re a se  in  le n g th  compared to  
th e  o r ig in a l v e rs io n . The o u te r s h e ll was i n i t i a l l y  100x100mm in  
c ro s s -s e c tio n , made up from  fo u r 50x50x1.5ram an g le s.

The ang les were b en t up from  1.5nsn th ic k  c o ld  ro lle d  m ild  s te e l sh e e t. 
T h is  fo rm  o f fa b r ic a tio n  a llo w e d  th e  use o f  th in n e r ang les th a n  those  
th a t were a v a ila b le  as ro lle d  s e c tio n s . The th ic k n e s s  o f  an g le  was h a lf  
th a t o f  th e  Type I  o u te r s h e ll,  and th e  o u te r s h e ll c o n fig u ra tio n  
rep resen ted  what was consid ered  to  be th e  th in n e s t p ra c tic a b le  c ro s s - 
s e c tio n  th a t cou ld  be d r iv e n .

In  th e  la te r  stages o f  th e  te s tin g  programme th e  su rfa c e s  o f  some o f th e  
o u te r s h e lls  were roughened by means o f  g r it - b la s t in g .  T h is  p rocess was 
c a rr ie d  o u t as p a rt o f  th e  re fu rb ish m e n t o f  th e  m in i-p ile s  a f te r  use 
(S e c tio n  6 . 7 . 2 ) .

A new system  o f  tem p orary connections u s in g  p o p -riv e ts  was d evised  to  
h o ld  th e  ang les in  th e  c ru c ifo rm  c o n fig u ra tio n . 3mm d ia m e te r a lu m in iu m / 
3.5% magnesium a llo y  p o p -r iv e ts  were used a t 150mm sp ac ing s. T h is  system  
was q u ic k e r and more conve n ien t th a n  b o lt in g , p a r t ic u la r ly  when 
reassem b ling  th e  o u te r s h e ll fo r  reuse .

A welded d r iv in g  shoe was p rovid ed  a t th e  bottom  o f th e  o u te r s h e ll.  
T h is  was e x a c tly  th e  same as fo r  th e  Type I  o u te r s h e ll.

A c o m p le te ly  new arrangem ent was adopted a t th e  to p  o f  th e  o u te r s h e ll.  
A combined d r iv in g  and lo a d in g  head was d ev ised , fe a tu r in g  a system  o f 
welded lo a d in g  b locks and b o lte d  s t if fe n in g  boxes. The arrangem ent is  
shown in  F ig u re s  6 .6  and 6 .7  and in  P la te  6.3 .  The s p e c ia lly  shaped 
lo a d in g  b locks were welded to  th e  top  o f  each a n g le . The b lo c ks  re c e ive d  
th e  d ire c t im pact o f  d r iv in g , and sub seq uently  form ed p a rt o f  th e  p ile  
lo a d in g  system  d escrib ed  in  S e c tio n  6 .5 .  The b locks were s h o r te r  th a n  
those used fo r  th e  Type I  o u te r s h e ll.

Beneath th e  welded b lo c k s , th e  o u te r s h e ll was h e ld  as one between th e  
s t if fe n in g  boxes, w hich were b o lte d  to g e th e r th roug h  th e  o u te r s h e ll 
w ith  12mm d ia m e te r b o lts  in  c o n ju n c tio n  w ith  n y lo n  in s e r t  n u ts . The 
s t if fe n in g  boxes gave a co nve n ien t c ro s s -s e c tio n  fo r  a p os t d r iv e r  to  
lo c a te  on. E x te n s io n s  to  th e  s t if fe n in g  boxes a llow ed  th e  lo c a tio n  o f  a 
75mm h ig h  a n v il b lo c k , designed to  spread d r iv in g  im pact e v e n ly  to  th e  
fo u r ang les o f  the  o u te r s h e ll (F ig u re  6 . 7 ) .
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6.3.3 Details of expander mandrel
The expander mandrels used were exactly the same as the Type I 
versions described in Section 6.2.3, except that they were extended at 
the top to an overall length of 1650mm.

6.3.4 Mini-Pile installation
The Type II cruciform mini-pile was installed using a commercial air 
driven post driver, shown in Plate 6.4. Details of the post driver are 
given in Appendix 6.1. This system of installation was adopted because 
it was lightweight and relatively cheap to operate; and because it was 
well controlled, allowing estimates of the relative driving energies of 
outer shell and expander mandrel to be made.

The standard arrangement of the post driver comprised:

(a) A  main body, incorporating a reciprocating piston designed to 
strike the post directly.

(b) A  guide or ‘c h u c k ’ to locate the post driver centrally on the post 
to be driven. A variety of chucks were available.

The net weight of the post driver without chuck was 38kg. It was driven 
by a standard air compressor unit and was designed to deliver blows at 
up to 1700 blows per minute. A box guide was made up to fit to the main 
body of the post driver. The box guide fitted over the box stiffening 
arrangement at the top of the outer shell (Figure 6.7). During driving 
the post driver piston acted against the anvil block.

The rapid, vibratory type action of the post driver led to a smooth, 
well controlled mini-pile installation. The procedure for installation 
was as follows:

Outer shell:
(a) Before driving, the pile components were marked up with chalk as 

before. The outer shell was held vertically within a simple guide 
frame. Arrangements varied - the most common arrangement comprised 
two stacks of sleepers, with lengths of 50x50mm timber nailed 
between the top sleepers to form a ‘g a t e ’ (Plate 6.5). The smooth 
action of the post driver enabled the pile to be supported at a 
lower level than for the Type I mini-piles.

(b) The post driver was located by hand on the top of the outer shell. 
It was operated by two people; one person steadied the post driver 
on the top of the pile, and the other controlled the air supply

306



valve.

(c)  The o u te r s h e ll was d riv e n  to  f in a l  d ep th , th e  guide fram e being 
d ism an tled  ju s t  b e fo re  th e  p o s t d r iv e r  guide began to  fo u l i t .

(d ) A f te r  th e  o u te r s h e ll had been d r iv e n , th e  p o s t d r iv e r  was l i f t e d  
c le a r , and th e  o u te r s h e ll box s t if fe n e r s  were u n b o lte d  to  a llo w  
th e  expander m andrel to  be d riv e n .

Expander m andrel:
(a ) The nose o f th e  expander m andrel was engaged in  th e  o u te r s h e ll and 

pushed to  re fu s a l by hand, as b e fo re . Because o f  th e  sm ooth a c tio n  
o f th e  p o s t d r iv e r  no a d d itio n a l sup p ort was needed d u rin g  d r iv in g .

(b ) The p o s t d r iv e r  was l i f t e d  on to  th e  to p  o f  th e  expander m andrel, 
and th e  expander m andrel was th e n  d riv e n  to  f in a l  d ep th .

6 .3 .5  Completed m in i- p ile  arrangem ent
The com pleted m in i- p ile  arrangem ent is  shown in  F ig u re  6 .5 .  The o u te r 
s h e ll was d riv e n  to  a dep th o f 1250m. The expander m andrel was d riv e n  
u n t i l  th e  t ip  o f  th e  nose was 75mm s h o rt o f  th e  bottom  o f th e  o u te r 
s h e ll.

6 .4  H S e c tio n  M in i- P ile

6 .4 .1  In tro d u c tio n
The H s e c tio n  m in i- p ile  was developed to  in v e s tig a te  th e  expansion  o f  
w ed g e-p iles in  two d ire c tio n s  o n ly , ra th e r  th a n  in  fo u r  d ire c tio n s  as in  
the  case o f  c ru c ifo rm  and box p ile s .

In  p ra c tic e , th e  most c o n ve n ie n t c o n fig u ra tio n  fo r  a ' 2 -w ay’ w ed g e-p ile  
would be an o u te r s h e ll com prised o f two stand ard  channel s e c tio n s  h e ld  
'b a c k -to -b a c k ’ , w ith  an expander m andrel formed from  a s in g le  f la t  
s e c tio n  (S e c tio n  1 . 3 ) .  The H s e c tio n  m in i-p ile  was a v e rs io n  o f  th is  
arrangem ent.

The H s e c tio n  m in i-p ile  was developed d u rin g  th e  second phase o f  m in i
p ile  te s tin g , in  c o n ju n c tio n  w ith  th e  Type I I  c ru c ifo rm  m in i- p ile  
(re fe rre d  to  in  th is  S e c tio n  as th e  c ru c ifo rm  m in i- p ile ) .  The g e n e ra l 
form  o f c o n s tru c tio n  o f  th e  two m in i-p ile s  was th e  same.

The H s e c tio n  m in i- p ile  is  shown in  F ig u re  6.8 ,  and in  P la te s  6 .6  to  
6.8.  Three o u te r s h e lls  and two expander m andrels were fa b r ic a te d . The 
m in i-p ile s  were te s te d  a t two s ite s .
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6.4.2 Details of outer shell
The outer shell was 1500m long, with an initial cross section of 
100x100mm, made up from two 100x50x1.5mm channel sections (channels). 
The channels were bent up from 1.5mm thick cold rolled mild steel sheet. 
The overall cross sectional area of the pile was the same as for the 
cruciform mini-pile. The 2:1 aspect ratio of the channel sections was 
the same as that for standard rolled channel sections.

The channels were held back-to-back using pop-rivets, in exactly the 
same manner as for the cruciform mini-pile. Pairs of rivets at 100mm 
spacings were used. At the bottom of the outer shell a standard welded 
driving shoe arrangement was provided. At the top of the outer shell, a 
2-way version of the driving and loading head developed for the 
cruciform pile was used (Figures 6.9, 6.10; Plate 6.7).

During expansion of the outer shell, the expander mandrel was located 
between the two channels by means of strips welded to one of the 
channels.

6.4.3 Details of expander mandrel
Two expander mandrels were fabricated. They were 1600mm long, formed 
from single lengths of cold rolled flat section (flat). As with the 
cruciform mini-pile, they were designated 'A* and 'B’. Expander mandrel 
A  was made up from 100x6mm flat. It expanded the outer shell from a 
width of 100mm to 106mra, an increase of 6%. Expander mandrel B was made 
up from lOOxlOram flat. It expanded the outer shell from a width of 100mm 
to 110mm, an increase of 10%.

At the top of each expander mandrel welded blocks were provided, as for 
the cruciform mini-piles. At the bottom of each expander mandrel 
parabolic nose sections were formed by means of a shaping machine. The 
nose lengths were ten times the width of the expander mandrel, as for 
the cruciform pile. The nose of expander mandrel B is shown in Plate 
6.8.
6.4.4 Completed mini-pile arrangement
The completed mini-pile arrangement is shown in Figure 6.8. The outer 
shell was driven to a depth of 1250mm. The expander mandrel was driven 
until the tip of the nose was 125mm short of the bottom of the outer 
s h e l l .

6.4.5 Pile Installation
The H section mini-pile was driven using the air operated post driver
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described in Section 6.3.4. The procedure was exactly the same as 
before.

6.5 Mini-pile Testing

6.5.1 Introduction
A  200kN capacity testing system was developed for use with the mini
piles. In essence the system was a  scaled down version of that used for 
the 6m piles. As before, the purpose of the testing system was to 
establish the essential load carrying characteristics of the mini-piles 
in tension. The testing system was developed initially as part of the 
MSc project by Fitch (1986). It was subsequently improved for the second 
phase of the field trials. The final arrangement is described below.

The overall arrangement is shown in Figure 6.11, and in Plate 6.9. The 
principal components are, in order of assembly:

(a) tension linkage
(b) reaction frame
(c) jack crossbeam assembly
(d) reference beam

The arrangement is described in the following Sections, together with 
the procedures for setting up the system prior to testing.

6.5.2 Tension linkage
The tension linkage comprised a loading box and a central tension rod.

6.5.2.1 Loading box
Two similar loading boxes were fabricated, one for the cruciform mini
piles and one for the H  section piles. The loading boxes were smaller, 
redesigned versions of the loading box used for the 6m piles.

As before, the essential requirements to be met were that:

(a) the loading box should be adjustable, so as to deal with various 
mini-pile sizes and types

(b) the loading box should act coaxially with the mini-pile being 
tested and should pull evenly on the separate elements of the outer 
s h e l l .

The cruciform loading box is shown in Figure 6.12, and in Plate 6.10.
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Each loading box was fabricated from a  450mm length of 150x150mm box 
section, designed to fit over the mini-pile being tested. A  centrally 
drilled and threaded block was welded or bolted into the top of the 
loading box. This received the central tension rod.

Specially shaped loading blocks were bolted inside the bottom of the 
loading box. These applied load by overlapping beneath the loading 
blocks welded at the top of the outer shell. The two sets of loading 
blocks formed ‘matching pairs*.

The loading block arrangement for the cruciform mini-piles is shown in 
Figures 6.6 and 6.12. There were four matching pairs of blocks, with 
bearing faces inclined at 45° to the vertical. The arrangement for the H 
section mini-pile is shown in Figure 6.9. In this case there were two 
matching pairs of blocks, w ith bearing faces inclined at 30° to the 
vert i c a l .

The geometry of each of these arrangements was such that as the loading 
box was pulled upwards, the loading blocks engaged and centred the 
loading box on top of the pile. Piles expanded by different amounts were 
dealt with without the need for packing blocks (Figure 6.12). An 
additional advantage of the system was that the lateral force generated 
by the action of the loading blocks gave a 'gripping* action that held 
the pile head together and reduced uneven pick-up of the angles.

6.5.2.2 Central tension rod
The central tension rod was a 600mm long 24mm diameter high tensile 
steel rod, threaded at each end.

6.5.2.3 Setting up procedure
The loading boxes were mounted coaxially on the pile to be tested as 
follows (Figure 6.12):

(a) An  adjustable centering plate was placed on top of the mini-pile to 
be tested. In the centre of the plate was a spherical seating.

(b) An extension rod was screwed to the bottom of the central tension 
rod. The extension rod protruded into the loading box. A  ball 
fixing at the bottom of the extension rod located in the spherical 
seating of the centering plate.

(c) The loading box, with central rods but without loading blocks, was 
lowered onto the mini-pile, the extension rod being located on the 
centering plate.
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(d) The loading blocks were bolted in position.

(e) The central tension rod was screwed down into the loading box. This 
engaged and tightened the two sets of loading blocks such that the 
loading box was coaxial to the mini-pile.

6.5.3 Reaction frame
Reaction was provided by 1.25m long sleeper pieces stacked clear of the 
mini-pile. 1.4m long steel beams spanning between the top of the stacks 
provided support for the jack crossbeam.

6.5.4 Jack crossbeam assembly
The jack crossbeam assembly was set up coaxially over the upstanding 
central tension rod.

The jack crossbeam was 1.0m long, formed from box section. It spanned 
between the steel beams of the reaction frame. At the centre of the 
crossbeam was a clearance hole to the central tension rod. The crossbeam 
was mounted on adjusting bolts to enable it to be aligned correctly 
with the rod.

A  300kN capacity annular hydraulic jack was used, operated by a  hand 
pump. The jack applied load to a  bearing nut and washer at the top of 
the central tension rod. Applied load was measured by  means of a 
standard 200kN NCB/MRE load cell in conjunction w i t h  a  'Peekel' 
monitoring gauge, capable of measuring the load to within approximately 
0.05kN. The load cell and hydraulic jack were mounted centrally on the 
crossbeam.

6.5.5 Reference Beam
The reference beam arrangement is indicated in Figure 6.11. The 
reference beam was a shortened version of that used for the 6m tests 
(Section 3.6.5). The beam was 3m long, mounted on stakes driven 0.5m 
into the ground. Two dial gauge extensometers were used to measure pile 
deflection, as for the 6m piles.

The dial gauge plungers impinged onto reference plates fixed to the 
outer shell. In the case of the cruciform mini-piles, two reference 
plates were glued with epoxy resin to diametrically opposed outer shell 
angles. Studs located the plates in the correct position. In the case of 
the H  section mini-pile, the two reference plates were bolted to the 
outer shell channels.
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6.6 Test Control

The system was basically the same as for the 6m piles (Section 3.8). 
Loading and unloading of the pile was by the hand pump; time, load, and 
displacement of the mini-pile were recorded by hand.

6.7 Pile Extraction and Refurbishment

6.7.1 Extraction
The piles were extracted in two stages - first by jacking and then by 
levering.

If an expanded mini-pile was being extracted, the first stage involved 
jacking the expander mandrel relative to the outer shell by mounting the 
jack on top of the outer shell such that the jack ram acted against the 
underside of the expander mandrel reinforcement blocks. The expander 
mandrel was jacked approximately 300 to 400mm from the outer shell in a 
series of pushes, the jack being retracted and packing blocks being 
added after each push.

If an unexpanded mini-pile was being extracted, the first stage involved 
using the standard jacking system to pull the mini-pile from the ground. 
The mini-pile was pulled approximately 300 to 400mm from the ground in a 
series of pushes as before, this time with packing being placed beneath 
the jack crossbeam after each push.

In the second stage of extraction the mini-pile was levered from the 
ground. A  2.5m long box section lever was used, operated by two people 
with a sleeper stack acting as a fulcrum. The lever acted against the 
blocks welded to the top of the outer shell.

6.7.2 Refurbishment
After extraction the piles were thoroughly washed and cleaned with water 
and a stiff brush. Any deformities in the outer shells caused by 
installation or extraction were straightened out. The piles were then 
reassembled for use. Some of the outer shells were used at four sites, 
although others eventually became too damaged for reassembly and were 
discarded.

In the later stages of testing the Type II cruciform mini-piles were 
cleaned by means of grit-blasting, this being a very convenient method. 
Exactly the same grit-blaster was used as for the shearbox interfaces 
described in Section 4.4.7.
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6.8 Test Sites

The mini-piles were tested at six different sites. The overall objective 
in selecting the sites was to test the mini-piles in a  range of soil 
profiles. It was also important to use secure sites where equipment 
could be left unattended if necessary. It proved quite difficult to find 
convenient and secure sites where the soil profile was not disturbed in 
some wa y  near ground level.

At each site a  trial pit or hand auger hole was opened up and a  visual 
description of the soil profile made. In the majority of cases particle 
size determinations of representative samples of soil were carried out; 
and measurements made w ith a specially fabricated probing rod in order 
to assess the uniformity of the soil profile.

The steel probing rod was approximately 2m long, comprising two lengths 
of rod which could be screwed together. The bottom rod featured a 
0.75inch diameter, 60° taper conical tip of hardened steel, with a 
reduced shank of 0. 5 inch diameter. This rod could be extended by  adding 
the top rod. The probing rod(s) was driven into the ground by means of a 
7kg steel weight mounted on a slide rod. The sliding weight was 
repeatedly lifted by hand and dropped onto the top of the rod from a 
height of 250mm. Records were made of the number of blows against rod 
penetration.

The mini-pile testing sites have been numbered from 1 to 6. Table 6.1 is 
a summary of the sites, and gives details of which mini-pile types were 
tested at each site.

Site 1 was at the BRS in Hertfordshire, adjacent to the 6m wedge-pile 
test area. Below a depth of 0.5m this site consisted of undisturbed clay 
till, above 0.5m the clay had been disturbed and occasional pieces of 
hard-core and gravel were found.

Sites 2 and 3 were both at Silwood Park in Berkshire, the field station 
of Imperial College. Site 2 was loose undisturbed fine to medium 
silty sand. Site 3 was adjacent to a small lake and comprised badly 
drained made ground, consisting of a mixture of clay and granular 
material in all size ranges.

Site 4 was at a clay borrow pit on the Isle of Sheppey in Kent. This 
site was a very uniform profile of firm undisturbed weathered London 
clay.
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Site 5 was at Holland House in central London. Mini-pile testing at 
this site was undertaken in connection with the proposed use of 
wedge-piles to anchor a tensile fabric canopy structure over the Holland 
House open air theatre. The test site was on a flat embankment in front 
of the House, and the soil profile was well drained made ground, 
consisting of a mixture of clay and granular material in all size 
ranges.

Site 6 was at a worked out sand extraction pit near Send in Surrey. The 
soil profile at this site was disturbed, and comprised very loose, very 
clayey sand overlying loose fine to medium sand.

Figures 6.13 to 6.18 provide details of the soil profiles at the six 
sites.

6.9 Mini-Pile Testing

The results of the mini-pile testing programme are presented in this 
Section. The results are discussed in Chapter 11.

6.9.1 Rationale
As for the 6m long wedge-piles, load testing was performed essentially 
to determine ultimate tensile capacities of the mini-piles. Expanded 
pile capacities were compared with those of unexpanded control piles. 
The standard mini-pile test consisted of a Constant Rate of 
(Incremental) Loading (CRL) test, normally followed by a Constant Rate 
of Extraction (CRE) test. The procedures for these tests were quicker 
versions of those described previously in Sections 4.7.1 and 5.6.1. 
The increments of load in CRL tests were selected on the basis of 
estimated failure load, to give around 6 to 10 increments to failure. 
Each increment was held for 5 minutes. Load increments were added until 
the creep displacement rate during the holding period approached 
0 . 5mm/minute. The CRE displacement rate was lram/minute. The mini-piles 
were unloaded in increments, held for 1 minute each.

6.9.2 Tests on cruciform Type I mini-piles
The results of tests on Type I cruciform mini-piles at Sites 1, 2 and 3 
are presented by Fitch (1986). The results are summarised in Table 6.2. 
As these tests were largely of a preliminary nature no further details 
are given here.

6.9.3 Tests on cruciform Type II / H section mini-piles
The results of tests on Type II cruciform and H section mini-piles at 
Sites 1, 4, 5 and 6 are summarised in Tables 6.3 to 6.6. These Tables
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g ive  d ates o f  m in i- p ile  in s ta lla t io n ,  some in fo rm a tio n  on d r iv in g , 
maximum te s t  lo a d s , and fa c to rs  o f  in c re a se  in  m in i- p ile  c a p a c ity . 
R e s u lts  from  in d iv id u a l te s ts  a re  p lo tte d  in  F ig u re s  6 .19  to  6 .3 4 . 
A p p lie d  te n s ile  head lo a d  is  p lo tte d  a g a in s t average upward 
d isp lacem ent. Agreement between th e  two d ia l gauges used to  measure 
d isp lacem ent was e x c e lle n t -  ty p ic a l b eh av iou r is  shown in  Appendix 6 .2 .
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Reinforcement

OUTER EXPANDER
SHELL MANDREL

— 1 00

INSTALLED
MINI-PILE

50x50x3 
equal angle ^

Outer
Shell

6

Dimensions in mm

F ig u re  6 .1  Type I  c ru c ifo rm  m in i-p ile :  o v e ra ll arrangem ent
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Locating groove for 
expander mandrel

F ig u re  6 .2  Type I  c ru c ifo rm  m in i-p ile :  
o u te r s h e ll head d e ta il
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y = (172) -  (172). [(L-x)/L]2

1 = 6mm; 10mm 

L= 10.1

F ig u re  6 .3  D e ta ils  o f expander m andrel nose p r o f ile s

Figure 6.4 Driving 'monkey’
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Figure 6.5 Type II cruciform mini-pile: overall arrangement
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Figure 6.6 Type II cruciform mini-pile:
outer shell head detail
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SECTION 1-1 
(TWO BOXES SHOWN)

TOP VIEW
(ANVIL BLOCK REMOVED)

1 C

!

1

j

l_

1

n

ELEVATION REVERSE VIEW OF 
STIFFENING BOX

50x50 angle

Box cut to match 
outer shell 
loading block

50x50 box

12mm diameter holes

12mm diameter 
Receiving holes 
for stiffening boxes

Dimensions in mm

Figure 6.7 Type II cruciform mini-pile:
details of outer shell stiffening boxes

321



Figure 6.8 H section mini-pile: overall arrangement
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Loading block, 
welded to 
outer shell angle

Receiving holes 
for bolted 
stiffening boxes

Figure 6.9 H section mini-pile:
outer shell head detail
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TOP VIEW
(ANVIL BLOCK REMOVED)

SECTION 1-1 
(ONE BOX SHOWN)

ELEVATION REVERSE VIEW OF
STIFFENING BOX

d e ta ils  o f o u te r s h e ll s t iffe n in g  boxes
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JACK CROSSBEAM ASSEMBLY

I l
MINI-PILE — ^  I F ig ure  6.11 M in i-p ile  te s tin g  arrangement
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UNEXPANDED MINI-PILE EXPANDED MINI-PILE

i

Figure 6.12 Cruciform loading box
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Dept li Visual description
(Ql)

Hand auger liole 21/1/88

0.4-0.5 Reworked-ground: SOFT to FIRM brown
CLAY with frequent medium to coarse sand 
and gravel sized fragments of brick, 
chalk and flint

0.5-1.1 FIRM reddish brown mottled grey slightly 
sandy CLAY with frequent fine to medium 
gravel (mostly chalk and flint)
(End of borehole)

Notes: 1. Groundwater started to enter borehole
at 0.64m. Water level at end of 
augering 1.08ra below ground level

2. Moisture content determinations:

Depth Average m.c.
(m) U)
0.50
0.70
0.85
1.05

22.8 (Reworked ground) 
29.0 (Upper Till)
29.7 ( " )
30.7 ( " )

Average Atterburg limits for upper till: 
PL = 19 , LL = 47 (Marsland, 1977).

Figure 6.13
BRS site details

PROBE TEST RESULTS
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PROBE TEST RESULTS

COto
00

Depth Visual description
(■)

Hand aueer h o le  12.8. 78

0.25 Yellow brown fine to medium silty SAND
with occasional fine to medium sub
rounded gravel

0.50 Yellow brown fine to medium silty SAND
with occasional fine to coarBe sub-
rounded to sub-angular gravel

0.75 Yellow brown fine to aediua Bilty SAND
with occasional fine to coarse sub
rounded to sub-angular gravel

1.00 Yellow brown fine to eedium clayey very
silty SAND with occasional fine to 
medium sub-angular gravel

1.30 Yellow brown mottled grey fine to medium 
clayey very silty SAND with occasional 
fine to medium sub-angular gravel 
(End of borehole)

Notes: 1. Hole remained dry throughout augering.

Blows/ 50mm
0 2 t, 6 8 10 12 K  16

0 0001 0.001 0 01 0.1 1.0 10 100
Particle site (mm)

Fine |Medium|Coorse Fine |Medium|Coarse Fine |Medium| Coars e
SILT SAND GRAVEL

1

O

1 m
L J

3
KEY

O Borehole 

• Probe

Mini - pile
• F ig ure  6.14k
Test area Silwood Park (A) s ite  d e ta ils
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Dt‘Pth
( m )

0.25

0.50

0.75

1.0

1.25

Notes:

Hand auger hole 12.8.87

Made ground: SOFT orangy brown very
sandy CLAY with frequent fine to coarse 
sub-angular to sub-rounded gravel 
(including flint and brick)

Made ground: SOFT grey-black very sandy 
CLAY with frequent fine to coarse 
rounded to sub-rounded gravel (including 
flint and brick)

Made ground: VERY SOFT grey aottled
black very sandy very silty CLAY with 
occasional fine to medium rounded gravel 
(mostly flint)

Made ground: Grey very clayey SAND with
occasional sub-angular fine gravel 
(including flint and brick) and 
occasional rootlets

Made ground: Rounded to sub-rounded very 
sandy nedium to coarse GRAVEL (mostly 
flint) in a matrix of silty sand 
(End of borehole)

Visual description

1. Ground water encountered at 1.1a 
Water level at end of augering 1.17a

Pe
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m)

PROBE TEST RESULTS

Btows/50mm
0 2 A 6 8 10 12 K  16

PLAN OF TEST SITE

Mini-pile

O
test area

L
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J
3

KEY

O Borehole 

• Probe

Figure 6.15
Silwood Park (B) site details
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Depth
(»)

Notes

Visual description 

Trial Pit 10.2.87

0 . 0 - 0 . 2  T o p B o i l

0.2-1.5 FIRM becoming STIFF 
CLAY (London clay)

fissured brown

Irregular fiasuring, broadly horizontal/ 
vertical, spacing 5-40mm. Partially dried 
saaple could be broken up into retangular 
blocks. Closed fissures, not polished but 
often damp, with rootlets. Fissures 
usually stained blue-grey. Occasional 
yellow sand lenses, 5-20mm thick, 50- 
100mm long. Occasional fragments of 
fossilised wood, rusty-black products 
of decoaposition and clusters of selenite 
crystals. Frequent becoaing occasional 
rootlets to cl.Om depth.

No groundwater encountered, trial pit 
remained dry overnight.

Hand penetrometer Cu values on intact 
saaples of clay:

PROBE TEST RESULTS

Depth
(a)
0.35
0.48
0.62
0.73
1.00
1.10

Average Cu 
(kPa)

82
100
123
168
178
173

Blows/50mm 
20 25 30 35 <. 0

Moisture content determinations on intact 
samples of clay:

Depth
(m)

0.35
0.60
0.92
1.14

Average m.c.
(X)

40.8
37.4
32.4 
33.0

Average determined Atterburg limit values: 
PL = 29, LL = 76

PARTICLE SIZE DISTRIBUTION

,
/

t/

•  0 75m depth

0 0001 0 001 0 01 0 1 1 0 10 100
Par  t i c l e s i r e  (mm)

Fine |Medium |C onrse Fine (Medium | Coarse Fine |Medium|Conrse
SILT SAND GRAVEL

PLAN OF TEST SITE

Probe tes ts

2

1

1 
1 
I

+ /
1

M in i -p i les  

1 m
____I

Trial pit

Figure 6.16
Sheppey Pit site details
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D̂uUj
(m)

0. 1

0.5

1.0

1 . 5

Notes:

Visual description 

Hand auger hole 14.4,87

Made ground: Dark brown topsoil with
frequent fine to coarse sub-angular 
gravel (including flint and hard-core) 
and frequent rootlets

Made ground: Dark brown topsoil with
frequent fine to coarse round to sub- 
angular gravel (including flint and 
hard-core) and occasional rootlets

Made ground: Brown subsoil with frequent 
fine to medium gravel sized fragments of 
hard-core

Made ground: Brown subsoil with frequent 
fine to coarse gravel sized fragments of 
hard-core and occasional sub-rounded 
medium flint gravel 
(End of borehole)

1. Hole remained dry throughout augering

P
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n
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g
e
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g

PARTICLE SIZE DISTRIBUTION

0 0001 0.001 0.01

Fine [MediumjCoarse

0 1 1.0 
P a r t i c l e  si ze (mm)

10 100

CLAY SILT
Fine |Medium|Coarse

SAND
Fine |Medium| Coarse

GRAVEL

Figure 6.17
Holland House site details



Depth Visual description
( n )

Trial pit 26.6.87

Above Reworked ground: VERY LOOSE yellowy
0.7m* brown very clayey very silty SAND with 

occasional lenses of grey Bottled black 
silty clay

Below Reworked ground: LOOSE light grey fine
0 . 7 b 1 to aediun SAND

N o t e s :  1. A p p r o x i m a t e  d e p t h s  -  s e e  p r o b e  t e s t s  f o r

d e t a i l s .

2. No groundwater encountered.

PROBE TEST RESULTS

10 15

0.5

ol.O

GO
GO
CO

PARTICLE SIZE DI STRI BUTI ON

Par t i c l e  size (mm)

CLAY Fi ne |hedium | C o q  rs e Fi ne |Medium|Conrse Fine |Medium|Coorse

SILT SAND GRAVEL

DRIVING RECORDS

Blows / 50mm 
20 25

Driving lime (min)
30 35 to

• Probe 1 

o Probe 2 

b Prob e 3 

□ Probe i, 

» Probe 5 

»  Probe 6

L5

6B

PLAN OF TEST SITE

5V
I

'5

L

1 m
J

'6

KEY

+ Cruciform mini-pile 

I H-section mini-pile 

• Probe

(Pile 6 not tested)

F ig ure  6.18 
Send C ourt 
s ite  d e ta ils



Figure 6.19 Test results: Cruciform mini-pile BRS/1U



Figure 6.20 Test results: Cruciform mini-pile BRS/2A



Figure 6.21 Test results: Cruciform mini-pile BRS/3B
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Figure 6.22 Test results: H section mini-pile BRS/4U
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Figure 6.23 Test results: H section mini-pile BRS/5A
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Figure 6.24 Test results: H section mini-pile BRS/6B



Figure 6.25 Test results: Cruciform mini-pile SHP/1U
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Figure 6.26 Test results: Cruciform mini-pile SHP/2A
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Figure 6.27 Test results: Cruciform mini-pile SHP/3B
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Figure 6.30 Test results: Cruciform mini-pile SC/1U



Figure 6.31 Test results: Cruciform mini-pile SC/2A



Figure 6.32 Test results: Cruciform mini-pile SC/3B
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Figure 6.34 Test results:
H section mini-pile SC/5B



Site Location Brief description Mini-pile types
No. of soil profile tested

1 BRS Firm clay till, overlain by Cruciform type I
reworked till containing Cruciform type II
occasional gravel and hard-core. H section

2 Silwood Park (A) Loose fine to medium silty sand. Cruciform type I

3 Silwood Park (B) Made ground: poorly drained 
mixture of clay and granular 
material.

Cruciform type I

4 Sheppey pit Firm to stiff 
weathered London Clay

Cruciform type II

5 Holland House Made ground: well drained mixture 
of clay and granular material.

Cruciform type II

6 Send Court pit Disturbed ground: very loose Cruciform type II
clayey sand overlying loose fine H section
to medium sand.

Table 6 .1  Summary o f  m in i-p ile  t e s t  s i t e s

Site Mini-pile failure loads (k N ) Factors of load increase
over unexpanded mini-pile

amount of expansion: amount of expansion:
unexp. 6% 10% 6% 10%

BRS 5.1 12.0 17.9 2.35 3.51
Silwood Park (A) 4.2 12.3 21.0 2.93 5.00
Silwood Park (B) 0.8 4.8 4. 1 6.00 5.12

Notes: 1. Depth of embedment of outer shell = 1000mm
Depth of embedment of expander mandrel = 940mm

Table 6.2 Summary of tests on Type I cruciform mini-piles
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SITE: BRS
Driving details:

Mini-Pile Type Expansion Dates of driving: Driving times (min:
No.

V
(%) Shell Mandrel Shell Mandrel

BRS/1U Cru. II 0 7.11.86 _ c3min -

BRS/2A Cru. II 6 7.11.86 7.11.86 c3min 0:25
BRS/3B Cru. II 10 6.11.86 6.11.86 c4min 1:35

BRS/4U H sect. 0 3. 3.87 -

BRS/5A H sect. 6 13. 3.87 13.3.87
BRS/6B H sect. 10 3. 3.87 3.3.87

Testing details:

Test Date Test stage Maximu!Ja load Factor of load increase
No. over unex panded pile

(kN)
CRUCIFORM MINI-PILES

Mini- pile 1U
1U.1 11..11.,86 CRL 4,.3

1U.2 17., 11.,86 CRL 4.,6
CRE 5..4

Mini- pile 2A
2A.1 11.,11.,86 CRL 10.,4

2A.2 18..11. COCO CRE 9.,9
CRL 9.,8

Mini- pile 3B
3B.1 10. 11. 86 CRL 11.,4

Notes 1. Depth of embedment of outer

0.00

1.81

2. 10

Depth of embedment of expander mandrel = 1175mm 

2. Smooth finish to outer shells

Table 6.3 Test results: BRS site
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Test Date Test stage Maximum load Factor of load increase
No.

H-SECTION MINI-•PILES
(kN)

over unexDanded Dile

Mini-Dile 4U
4U.1 4.3.87 CRL 6.5

4U.2 26.3.87 CRL 6.6

Mini-Dile 5A

CRE 7.3 0.00

5A.1 27.3.87 CRL 8.0
CRE 8.6 1.18

Mini-Dile 6B
6B.1 5.3.87 CRL 8.6

6B.2 26.3.87 CRL 8.2
CRE 8.4 1.15

Notes: 1. Depth of embedment of outer shell = 1250mm
Depth of embedment of expander mandrel = 1125mm

2. Smooth finish to outer shells

Table 6.3 (continued)



SITE: SHEPPEY PIT
Driving details:

Mini-Pile Type Expansion Dates of driving:
No. (%) Shell Mandrel

SHP/1U Cru. II 0 25.11.87 -

SHP/2A Cru. II 6 I t 25.11.87
SHP/3B Cru. II 10 ♦t t !

Driving tines (min:sec) 
Shell Mandrel

cllmin
" 0:35
" 1:05

Testing details:

Test Date Test
No.

Mini-pile 1U
1U.1 25.,11.,86 CRL

1U.2 3.,12.,86 CRL
CRE

Mini--pile 2A
2A.1 3.,12.,86 CRL

CRE

Mini--pile 3B
3B.1 4.12.86 CRL

CRE

stage Maximum load 

(kN)

6.5

7.8
7.6

10.9
10.5

12.6
12.3

Factor of load increase 
over unexpanded pile

0.00

1.39

1.62

Notes: 1. Depth of embedment of outer shell = 1250mm
Depth of embedment of expander mandrel = 1175mm

2. Smooth finish to outer shells

Table 6.4 Test results: Sheppey pit site
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SITE: HOLLAND HOUSE
Driving details:

Mini-Pile
No.

Type Expansion
(%>

Dates of driving: 
Shell Mandrel

Driving times (min:sec) 
Shell Mandrel

HH/1U Cru. II 0 29.4.87 clmin _

HH/2B Cru. II 10 29.4.87 29.4.87 clmin 1:00

Testing details:

Test Date Test stage Maximum load Factor of load increase
No.

(kN)
over unexpanded pile

Mini-pile 1U 
1U.1 30.4.87 CRL 0.9

CRE 2.0 0.00

Mini-pile 2B 
2B.1 30.4.87 CRL 18.0

CRE 19.2 9.6

2B.2 1.5.87 Cyclic2
CRE 18.5 9.2

Notes: 1. Depth of embedment of outer shell = 1250mm
Depth of embedment of expander mandrel = 1175mm

2. 25 cycles between approximately 3kN and 9.5kN.

3. Grit-blasted finish to outer shells

Table 6.5 Test results: Holland House site
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SITE: SEND COURT PIT
Driving details:

Mini-Pile Type Expansion Dates of driving: Driving times (min:
No. (%) Shell Mandrel Shell Mandrel

SC/1U Cru. II 0 24.6.87 25.6.87 1:37 -

SC/2A Cru. II 6 I t I t 1:47 0:47
SC/3B Cru. II 10 I t U 4:04 1:17

SC/4U H Sect. 0 I t t t 6:21 -

SC/5B H Sect. 10 I t f t 4:05 1.23

Testing details:

Test Date Test stage
No.

CRUCIFORM MINI-PILES

Maximum load

(kN)

Factor of load increase 
over unexpanded pile

Mini-pile 1U
1U.1 25.6.87 CRL 4.3

CRE 6.2 0.00

Mini-pile 2A
2A.1 26.6.87 CRL 16.2

CRE 22.1 3.56

Mini-pile 3B
3B.1 25.6.87 CRL 22.7

CRE 26.1 4.21

3B.2 25.6.87 CRL 20.2
CRE 20.7 3.34

Notes: 1. Depth of embedment of outer shell = 1250mm
Depth of embedment of expander mandrel = 1175mm

2. Grit blasted finish to outer shells

Table 6.6 Test results: Send Court site
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Test Date Test stage Maximum load Factor of load increase
No.

(kN)
over unexpanded pile

H SECTION MINI-•PILES

Mini-pile 4U 
4U.1 26.6.87 CRL 14.8

CRE 24.7 0.00

Mini-pile 5B 
5B.1 26.6.87 CRL 27.1

CRE 37.3 1.51

Notes: 1. Depth of embedment of outer shell = 1250mm
Depth of embedment of expander mandrel = 1125mm

2. Grit blasted finish to outer shells

Table 6.6 (continued)
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CHAPTER 7
SUMMARY OF FURTHER LABORATORY TESTING

7.1  In trod u ction

T his Chapter b r ie f ly  summarises th e  r e s u l t s  o f  two MSc p r o je c t s ,  
su p erv ised  by th e  author, th a t  formed p a rt o f  th e  W edge-Pile p r o je c t .  
The p r o je c ts  in vo lved  la b o ra to ry  model t e s t in g  to  in v e s t ig a te  two 
d if f e r e n t  a sp e c ts  o f  th e  W edge-Pile concept:

(a) th e  behaviour o f  la r g e -d isp la cem en t c ir c u la r  w ed g e-p ile s  em ploying  
1, 3 or  4 weak l i n e s

(b) th e  p o s s ib le  a p p lic a t io n  o f  th e  W edge-Pile p r in c ip le  to  s o i l  
rein forcem ent tech n iq u es.

F u ll d e t a i l s  o f  th e se  p r o je c ts  are g iv en  in  th e  r e sp e c t iv e  MSc r e p o r ts .

7 .2  Model T ests  on C ircu la r  W edge-Piles

7 . 2 . 1  In trod u ction
A t e s t  programme on c ir c u la r  w ed g e-p ile s  in  sand was undertaken by Young 
(1988) .

These t e s t s  were c a r r ie d  ou t in  con n ection  w ith  th e commercial f i e l d  
t r i a l s  reported  in  Chapter 8 . In th e  f i e l d  t r i a l s ,  th e  performance o f  
c ir c u la r  w ed g e-p ile s  formed from both s t e e l  and p la s t i c  tubes was to  be 
in v e s t ig a te d . An im portant a sp e c t o f  th e  work on c ir c u la r  p i l e s  was the  
in f lu e n c e  o f  th e  number o f  expansion  d ir e c t io n s  on th e g a in  in  p i l e  
c a p a c ity . In p a r t ic u la r , i t  was im portant to  e s t a b l is h  any d if fe r e n c e  in  
behaviour between o u ter  s h e l l s  w ith  j u s t  one weak l i n e  and th e  optimum 
arrangem ent, from a s o i l  m echanics p o in t o f  v iew , o f  expansion  in  3 or 4 
d ir e c t io n s .  From th e  p o in t o f  view  o f  fa b r ic a t io n , a 1 - s l i t  c ir c u la r  
p i l e  i s  r e la t iv e ly  ea sy  to  produce. C ircu lar  p i l e s  w ith  a g r e a te r  number 
o f  s l i t s  are p r o g r e ss iv e ly  more d i f f i c u l t  and exp en sive  to  fa b r ic a te .

7 . 2 . 2  D escr ip tio n  o f  model p i l e s  and apparatus
The model t e s t s  were performed in  sand, u sin g  th e  same t e s t  r ig  as fo r  
th e  p relim in ary  model t e s t s  d escr ib ed  in  Chapter 2 . General t e s t  
procedures were s im ila r  to  th o se  d escr ib ed  p r e v io u s ly .
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The c ir c u la r  model p i l e s  com prised an o u ter  s h e l l  and an expander 
mandrel (F igure 7 . 1 ) .  The o u ter  s h e l l  was 21.5mm in  d iam eter and 250mm 
in  le n g th , formed from FVC p ip e . I t  was c lo se d  a t  i t s  bottom end by 
means o f  a  c o n ic a l d r iv in g  shoe machined from b ra ss . The o u ter  s h e l l  was 
fr e e  to  move in d ep en d en tly  o f  th e  d r iv in g  shoe during te n s io n  t e s t s .  
S l i t s  cu t along th e  le n g th  o f  th e  o u ter  s h e l l  a llow ed  i t  to  be expanded 
by th e  expander mandrel. Three expander mandrels were machined from 
s t e e l  rod. Each expander mandrel com prised a  nose s e c t io n  and a  shank  
s e c t io n ,  and expanded th e  o u ter  s h e l l  by 25% o f  i t s  o r ig in a l  d iam eter.

The mode o f  expansion  cou ld  be v a r ie d  by a lt e r in g  th e  number o f  s l i t s  
cu t in  th e  o u ter  s h e l l .  Arrangements em ploying 1, 3 and 4 s l i t s  were 
t e s t e d ,  in  a d d it io n  to  th e  unexpanded o u te r  s h e l l  w ith  no s l i t s .  The 
s l i t s  were d isp osed  sym m etrica lly  around th e  o u ter  s h e l l  in  a l l  c a s e s .  
The separated  elem en ts o f  th e  3 - s l i t  and 4 - s l i t  p i l e s  were very  much 
more f l e x i b l e  than th e  s t e e l  a n g le s  used to  form th e  model cruciform  
p i l e s  (S e c tio n  2 . 2 . 2 ) .

T ests  were performed u sin g  both smooth s id ed  p i l e s  and rough s id ed  
p i l e s .  The l a t t e r  typ e  were formed by c u t t in g  a screw thread  a long th e  
le n g th  o f  th e  PVC o u ter  s h e l l .

Two d if f e r e n t  ty p es  o f  c o n ic a l d r iv in g  shoe were t r ie d ,  in  which th e  
base o f  th e  cone was e i th e r  f lu s h , o r  o v e r s iz e d , in  comparison to  th e  
o u ter  s h e l l .  In  th e  ca se  o f  th e  o v e r s iz e d  d r iv in g  sh oe , th e  o u ts id e  
diam eter o f  th e  expanded p i l e  was 12% g r e a te r  than th e  maximum diam eter  
o f  th e  d r iv in g  sh oe . Three d if f e r e n t  expander mandrel nose p r o f i l e s  
were t r ie d .  Two o f  th e  p r o f i l e s  were uniform  ta p ers  and one was 
p a ra b o lic  in  shape.

T ests  were c a r r ie d  ou t in  both dry sand and damp sand. The sand used was 
th e  same as fo r  th e  p relim in ary  model t e s t s  (S e c t io n  2 . 2 . 5 ) .  The t e s t s  
were performed in  sand beds o f  th e  same nominal d e n s ity ;  th e  average  
dry r e la t iv e  d e n s ity  was 69%, corresponding to  th e  medium-dense t e s t s  
d escrib ed  in  S e c t io n  2 . 3 . 2 .  In th e  c a se  o f  th e  t e s t s  in  dry sand, a  th in  
p olyth en e membrane was g lued  to  th e  in s id e  o f  each o u ter  s h e l l  in  order  
to  prevent sand pouring through th e  s l i t s  during expansion  ( r e fe r  
to  S ec tio n  2 . 2 . 5 ) .

A la r g e  number o f  t e s t s  were performed to  e s t a b l is h  th e  t e n s i l e  c a p a c ity  
o f  th e  v a r io u s arrangem ents o f  p i l e  th a t  were p o s s ib le .  The p i l e s  were 
d riven  250ram in to  th e  sand bed a t  16.51mm/minute, and then  p u lle d  from 
i t  a t  a slow er r a te  -  u su a lly  f iv e  tim es s low er than th e in s t a l la t io n  
r a te .
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7 . 2 . 3  Summary o f  r e s u lt s
F igure 7 .2  covers a l l  th e  p i l e  t e s t s  in  dry sand. D e ta i ls  o f  p i l e  
arrangements are g iv e n . Maximum t e n s i l e  c a p a c ity  o f  th e  model p i l e s  i s  
p lo t te d  a g a in s t  th e  number o f  expansion  s l i t s .  The main c o n c lu s io n s  
drawn from th e t e s t s  in  dry sand are g iven  below:

(a ) p i l e  c a p a c ity  fo r  th e  expanded p i l e s  i s  s ig n i f i c a n t ly  g r e a te r  than  
fo r  th e  unexpanded p i l e s

(b) p i l e  ca p a c ity  fo r  1- s l i t  expansion  i s  s ig n i f i c a n t ly  l e s s  than fo r  
3 - s l i t  and 4 - s l i t  expansion

(c )  th ere  i s  no apparent in c r e a se  in  p i l e  c a p a c ity  fo r  4 - s l i t  expansion  
in  comparison to  3 - s l i t  expansion

(d) average fa c to r s  o f  in c r e a se  in  c a p a c ity , in  comparison to  th e  f lu sh  
unexpanded p i l e s ,  are  1.21 fo r  th e 1 - s l i t  p i l e s  and 2 . 05  fo r  the  
combined r e s u lt s  o f  th e  3 - s l i t  and 4 - s l i t  p i l e s

(e )  fo r  th e  3 - s l i t  p i l e s ,  th ere  i s  l i t t l e  tendency fo r  r e s u l t s  fo r  
p i l e s  w ith  o v e r s iz e d  sh oes to  f a l l  below r e s u l t s  fo r  p i l e s  w ith  
f lu sh  shoes; fo r  th e  unexpanded p i l e s  th e  in f lu e n c e  o f  d r iv in g  shoe 
type i s  very  marked, th e  r e s u l t s  fo r  th e  p i l e s  w ith  o v e r s iz e  shoes  
f a l l in g  w e ll below th e  r e s u l t s  fo r  th e  p i l e s  w ith  f lu s h  sh o es.

Figure 7 .3  covers a l l  p i l e  t e s t s  in  damp sand -  p r e se n ta tio n  i s  th e  same 
as fo r  F igure 7 . 2 .  The main c o n c lu s io n s  drawn from th e t e s t s  in  damp 
sand are b a s ic a l ly  th e same as  fo r  th e  t e s t s  in  dry sand, and are g iven  
below:

(a) o v e r a l l ,  p i l e  c a p a c i t ie s  are g rea te r  in  damp sand than in  dry sand, 
as to  be expected  due to  th e  g rea te r  bulk w eight and th e  apparent 
coh esion  o f  th e  damp sand

(b) p i l e  c a p a c ity  fo r  th e  expanded p i l e s  i s  s ig n i f ic a n t ly  g r e a te r  than  
fo r  th e unexpanded p i l e s

(c )  p i l e  c a p a c ity  fo r  1- s l i t  expansion i s  s ig n i f ic a n t ly  l e s s  than fo r  
3 - s l i t  and 4 - s l i t  expansion

(d) th ere  i s  no apparent in c r e a se  in  p i l e  ca p a c ity  fo r  4 - s l i t  expansion  
in  comparison to  3 - s l i t  expansion
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(e )  average fa c to r s  o f  in cr ea se  in  c a p a c ity , in  com parison to  th e  f lu s h  
unexpanded p i l e s ,  are 2 . 39  fo r  th e  1 - s l i t  p i l e s ,  and 4 . 0 0  fo r  th e  
combined r e s u l t s  o f  th e  3 - s l i t  and 4 - s l i t  p i l e s

( f )  fo r  th e  expanded p i l e s ,  r e s u l t s  fo r  p i l e s  w ith  o v e r s iz e d  sh oes tend  
to  f a l l  s l i g h t l y  below th e  r e s u l t s  fo r  p i l e s  w ith  f lu s h  sh oes; i f  
com parative t e s t s  had been performed in  th e  c a se  o f  th e  unexpanded 
p i l e s ,  th e  in f lu e n c e  o f  d r iv in g  shoe type would have been much more 
marked: an unexpanded p i l e  w ith  an o v e r s iz e  shoe would have g iv en  
n e g l ig ib le  t e n s i l e  r e s is ta n c e ,  th e  sand being  a b le  to  support 
i t s e l f  c le a r  o f  th e  p i l e  s h a ft  a f t e r  d r iv in g .

F igure 7 .4  covers  a l l  t e s t s ,  in  both  dry sand and damp sand. P i le  
E ff ic ie n c y  (a s  d e fin ed  in  S e c tio n  2 . 3 . 4 )  i s  p lo t te d  a g a in s t  th e  number 
o f  expansion  s l i t s .  The c o n c lu s io n s  drawn from t h i s  F igure a re  g iven  
below:

(a ) p i l e  E f f ic ie n c y  fo r  th e  3 - s l i t  and 4 - s l i t  expanded p i l e s  i s  
s ig n i f i c a n t l y  g r e a te r  than fo r  th e  unexpanded p i l e s

(b) p i l e  E f f ic ie n c y  fo r  1 - s l i t  expansion  i s  s im ila r  to  th a t  fo r  th e  
unexpanded p i l e s

(c )  th e r e  i s  a  sm all in c r e a se  in  p i l e  E f f ic ie n c y  fo r  4 - s l i t  expansion  
in  com parison to  3 - s l i t  expansion

(d) average in c r e a se s  in  E f f ic ie n c y  in  com parison to  th e  f lu sh  
unexpanded p i l e s  are 0 . 96  fo r  th e  1 - s l i t  p i l e s ,  and 1 .54  and 1.76  
fo r  th e  3 - s l i t  and 4 - s l i t  p i l e s  r e s p e c t iv e ly

(e )  p i l e  E f f ic i e n c ie s  fo r  th e  3 - s l i t  and 4 - s l i t  expanded p i l e s  are  
about h a lf  o f  th o se  fo r  th e  cruciform  p i l e  t e s t s  in  medium-dense 
sand reported  in  S ec tio n  2 . 3 . 4 ,  where E f f ic i e n c ie s  o f  over 3 J/N  
were recorded .

Another s ig n i f ic a n t  f in d in g  from th e se  model t e s t s  was th a t  th e  expanded 
p i l e s  in  both dry and damp sand e x h ib ite d  much s t i f f e r  lo a d -d isp lacem en t  
behaviour than fo r  th e  unexpanded p i l e s ,  s t i f f n e s s  in cr ea sin g  w ith  th e  
number o f  expansion  d ir e c t io n s .  Secant s t i f f n e s s e s  a t  peak lo a d  were up 
to  te n  tim es g r e a te r  fo r  expanded p i l e s  than fo r  unexpanded p i l e s .

There were in s u f f i c i e n t  data  to  prove i f  th e  shape o f  th e  expander 
mandrel nose had a s ig n i f ic a n t  e f f e c t  on p i l e  c a p a c ity , a lthough  th e  
energy expended during expansion was found to  be l e s s  in  th e  c a se  o f  th e
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7 . 2 . 4  O vera ll co n c lu s io n s
The t e s t s  on model c ir c u la r  p i l e s  confirm ed th a t  la r g e  in c r e a se s  in  load  
carry in g  ca p a c ity  are p o s s ib le  by expanding a p i l e  a f t e r  d r iv in g  -  up to  
four tim es in  t h i s  p a r t ic u la r  stu d y . The number o f  expansion  d ir e c t io n s  
was shown to  have an im portant in f lu e n c e  on th e  in c r e a se s  in  c a p a c ity .  
In p a r t ic u la r , in c r e a se s  in  c a p a c ity  fo r  1 - s l i t  expansion  were found to  
be s ig n i f i c a n t ly  l e s s  than fo r  3 - s l i t  and 4 - s l i t  expansion .

The r e s u l t s  fo r  p i l e  E f f ic ie n c y  are  in te r e s t in g .  The E f f ic i e n c ie s  fo r  
th e  1- s l i t  p i l e s  are  approxim ately th e  same a s  fo r  th e  unexpanded p i l e s ,  
th e  reason  being  th a t  a lth ou gh  c a p a c i t ie s  fo r  th e  1- s l i t  p i l e s  are  
h igh er , d r iv in g  e n e r g ie s  are a ls o  h ig h er . E f f ic ie n c ie s  fo r  th e  3 - s l i t  
and 4 - s l i t  p i l e s  are  s ig n i f i c a n t ly  h igh er than fo r  th e  1- s l i t  p i l e s .  
In a d d itio n  to  th e g r e a te r  p i l e  c a p a c it ie s  o b ta in a b le  by expansion  in  3 
and 4 d ir e c t io n s ,  t h i s  may r e f l e c t  th e  g rea te r  s t r a in  energy in vo lved  in  
expanding th e  r e la t iv e ly  s t i f f  1- s l i t  o u ter  s h e l l  in  com parison to  
the r e la t iv e ly  f l e x i b l e  3 - s l i t  and 4 - s l i t  o u ter  s h e l l s .

The low er E f f ic ie n c ie s  fo r  th e  la rg e-d isp la cem en t c ir c u la r  p i l e s  in  
comparison to  th o se  fo r  th e  sm all-d isp lacem en t cruciform  p i l e s  confirm s  
th a t th e  cruciform  p i l e  i s  l i k e l y  to  be th e  more s u c c e s s fu l w ed g e-p ile  
c o n fig u ra tio n  to  adopt in  p r a c t ic e .

7 .3  S o i l  N a ilin g  and R einforced  Earth Model T ests

Laboratory model t e s t s  in  sand in v e s t ig a t in g  th e  p o te n t ia l  o f  the  
W edge-Pile p r in c ip le  in  s o i l  rein forcem ent tech n iq u es were undertaken in  
an q u a l i ta t iv e  model study by Mapplebeck (1987) .

7 . 3 . 1  D escr ip tio n  o f  apparatus
The experim ents were performed in  sand beds o f  lo o s e  and o f  medium lo o se  
dry sand conta ined  w ith in  a 0 .8 6 x 0 .17m, 168mm wide g la s s  s id e d  flume 
(P la te  7 . 1 ) .  The sand used was th e  same as  fo r  th e  p relim in ary  model 
t e s t s  d escr ib ed  in  Chapter 2. Model r e ta in in g  w a lls  were co n stru cted  in  
the sand bed.

The methods used to  c o n str u c t th e  model r e ta in in g  w a lls  sim u lated  the  
tech n iq u es used to  co n stru c t r e ta in in g  w a lls  by s o i l  n a il in g  and 
re in fo rced  earth  tech n iq u es. In th ese  methods, rein forcem ent s t r ip s  are 
introduced  in to  th e  s o i l  mass and connected  to  w a ll p a n e ls . S tr e s s e s  in  
the s o i l  are tra n sferred  to  th e r e in fo r c in g  s t r ip s  by f r ic t io n  
between th e  two, and th e  anchorage provided by th e  s t r ip s  imparts

parabolic nose profile than for the conical nose profiles.

360



s t a b i l i t y  to  th e  w a ll .  The two tech n iq u es o f  s o i l  n a i l in g  and r e in fo r c e d  
ea rth  sh are many common fe a tu r e s , but th ere  are  a ls o  im portant 
d if fe r e n c e s .  S o i l  n a il in g  i s  a  'to p  down’ c o n str u c tio n  tech n iq u e;  
re in fo r c e d  ea r th  i s  a  'bottom up’ tech n iq u e. T his i s  shown in  F igure 7 .5  
(Bruce and J e w e ll , 1986) .

In  th e  model stu d y , both ty p es  o f  s o i l  rein forcem ent tech n iq u e were 
in v e s t ig a te d . R einforcem ent s t r ip s  formed from paper were u sed . These 
were 150mm long and 15mm w ide, in  th e  form o f  f l a t  lo o p s . They were 
in s t a l le d  h o r iz o n ta l ly  in to  th e  sand bed, e i th e r  by pushing w ith  a  
0.65mm th ic k  aluminium pushing s t r ip  ( s o i l  n a i l in g )  or by p la c in g  
(r e in fo r c e d  e a r th ) . A fter  th e  rein forcem ent s t r ip s  were in s t a l l e d ,  th ey  
cou ld  be expanded w ith  1.5mm th ic k  p la s t i c  expander s t r ip s  (P la te  7 . 2 ) .  
The rein forcem en t s t r ip s  were a tta ch ed  to  50mm deep w a ll  p a n e ls  formed 
from 1.5mm p la s t i c  s t r ip .  The w a ll p an els  were th e  same w idth  a s  th e  
t e s t in g  flume and re ta in e d  th e  sand mass (P la te  7 . 3 ) .

W alls co n stru cted  w ith  unexpanded rein forcem ent s t r ip s  and w ith  expanded 
rein forcem ent s t r ip s  were t e s t e d  by app ly ing  a  surcharge j u s t  behind  
th e  top  o f  th e  w a ll .  Marker bands o f  sand enabled  th e  r e s u lt in g  f a i lu r e  
mechanism to  be s tu d ied  (P la te  7 . 4 ) .

7 . 3 . 2  Summary o f  r e s u lt s
The load  bearing  c a p a c ity  o f  w a lls  w ith  expanded rein forcem en t s t r ip s  
was found to  be s ig n i f ic a n t ly  g r e a te r  than fo r  w a lls  w ith  unexpanded 
rein forcem ent s t r ip s ,  fo r  both s o i l  n a i l  w a lls  and fo r  r e in fo r c e d  ea r th  
w a lls .  Gains in  c a p a c ity  o f  up to  1 .7  tim es were p o s s ib le  in  th e  ca se  
o f  re in fo r c e d  ea r th  w a lls .

S im ila r ly , under a  g iv en  lo a d , w a lls  w ith  expanded rein forcem en t 
d isp la c e d  l e s s  than w a lls  w ith  unexpanded rein forcem ent; d isp lacem en ts  
being up to  6 tim es low er in  th e  ca se  o f  r e in fo r ced  ea rth  w a lls  and 
about 2 tim es low er fo r  s o i l  n a i l  w a lls .  A lso , th e  expanded 
rein forcem ent had a b e n e f ic ia l  in f lu e n c e  on th e  lo c a t io n s  o f  f a i lu r e  
p lan es w ith in  th e  s o i l  mass.

The r e s u l t s  o f  th e  model s tu d ie s  gave encouragement to  th e  b e l i e f  th a t  
th e  W edge-Pile p r in c ip le  has p o te n t ia l  in  s o i l  rein forcem ent p r o c e s se s .
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CHAPTER 8
CP&F/CONOCO FIELD TRIALS

8 .1  In trod u ction

8 . 1 . 1  Background
While in v e s t ig a t io n s  in to  th e  W edge-Pile were proceeding a t  Im peria l 
C o lleg e  /  C em entation P i l in g  and Foundations Ltd (CP&F) showed in t e r e s t  
in  develop ing  i t s  commercial p o s s i b i l i t i e s .  The t h e o r e t ic a l  b a s is  fo r  
th e  W edge-Pile and th e  c a p a b il i ty  to  p r e d ic t  p i l e  load  c a p a c ity  were 
taken as confirm ed by CP&F fo llo w in g  the la b o ra to ry  and f i e l d  work 
d escrib ed  p r e v io u s ly  in  t h i s  t h e s i s .  What was now a t  is s u e  was whether 
or not th e  W edge-Pile was a commercial p r o p o s it io n . T h is depended upon 
th e  s u i t a b i l i t y  o f  CP&F’s  p i l in g  equipment and methods to  e x p lo i t  th e  
W edge-Pile system . A ccord ingly , CP&F were not p r im a r ily  concerned w ith  
proving th e  W edge-P ile, ra th er  to  prove th e  commercial v i a b i l i t y  o f  a  
chosen method o f  in s t a l la t io n  cover in g  th e  whole p ro cess  from 
procurement o f  m a te r ia ls  to  con n ectio n  o f  th e  f in is h e d  p i l e  t o  th e  
s tr u c tu r e  to  be supported.

A fter  v ariou s d is c u s s io n s  w ith  CP&F, i t  was decided  th a t  a  w ed g e-p ile  
developed fo r  housing and l i g h t  in d u s tr ia l  foundations rep resen ted  th e  
e a s ie s t  p o s s ib le  en try  in to  th e market. T his would in v o lv e  p i l e s  in  th e  
5 to  6m le n g th  range w ith  d iam eters between 100 to  250iran. The 
fu n ctio n in g  o f  th e  foundation  cou ld  range from th a t  o f  a  t r a d it io n a l  
p i l e  to  th a t  o f  a  ground tr e a tm e n t /s o i l  r e in fo r c in g  system  ( e . g .  s to n e  
colum ns). A l i k e l y  u se  o f  such a p i l e  i s  in  poor or made ground.

The b u ild in g  market in  th e U nited Kingdom i s  h ig h ly  co m p etit iv e  and 
q u a n tity  surveyor dominated, w ith  a ch a ra cter  u n lik e  th a t  o f  c i v i l  or  
o ffsh o r e  en g in ee r in g . Any proposed n ovel p i l in g  system  w i l l  be judged  
s o le ly  on th e  b a s is  o f  c o s t .  In th e  l i g h t  o f  t h i s  f a c t ,  i t  was 
con sid ered  by CP&F th a t  a w ed ge-p ile  in v o lv in g  th e use o f  s t e e l  would be 
fa r  too  exp en sive  fo r  a housing type p i l e ,  and i t  was th e r e fo r e  d ecided  
to  exp lore  th e  use o f  o th er  m a te r ia ls . I t  was a ls o  con sid ered  by 
CP&F th a t  a  la rg e -d isp la cem en t c ir c u la r  c r o s s - s e c t io n  p i l e  was most 
s u i t a b le .

I t  was e v e n tu a lly  d ecid ed  by CP&F to  proceed  w ith  f u l l - s c a l e  t r i a l s  o f  a  
w ed ge-p ile  in v o lv in g  th e  use o f  a 5 to  6m lon g , 200mm d iam eter c ir c u la r  
p la s t ic  tube to  form th e  ou ter  s h e l l ;  and low -grade co n cre te  p ip e
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segm ents to  form th e  expander mandrel. The in s id e  o f  the w ed g e-p ile  
would be l i g h t l y  re in fo r ced  and grouted up a f t e r  in s t a l la t io n .  The 
e s s e n t ia l  aim o f  th e  t r i a l s  would be to  prove equipment p r io r  to  fu r th er  
t r i a l s  on a co n tra ct s i t e ,  w ith  th e  even tu a l aim o f  ga in in g  approval fo r  
u se  o f  th e  system  on an a c tu a l c o n tr a c t . The econom ics o f  the system  can  
o n ly  be determ ined by a s se s s in g  p i l e  in s t a l la t io n  speeds under r e a l  
co n tra c t c o n d it io n s .

S h o rtly  b efo re  th e  t r i a l s  were due to  commence, two developm ents took  
p la c e .

F ir s t ly ,  i t  was su ggested  by th e  author th a t  th in  gauge s t e e l  tu b u lar  
o u ter  s h e l l s  should be t r ie d  in  a d d itio n  to  th e  p la s t i c  tubes proposed. 
S te e l  tu b es were o n ly  m arg in a lly  more ex p en sive  than p la s t ic  tu b es  
(a t  1988 p r ic e s ) ,  and th e  en g in eerin g  advantages o f  s t e e l  might w e ll  
outw eigh th e  sm all d isadvantage in  m ateria l c o s t .

The second development was th e  in t e r e s t  o f  Conoco (UK) Ltd in  th e  CP&F 
t r i a l s ,  in  con n ection  w ith  th e  p o s s ib le  u se  o f  th e  W edge-Pile a s  a  
foundation  technique fo r  o ffsh o r e  o i l  and gas production  p la tform s. T his  
was a con tin u in g  in t e r e s t  -  Conoco had helped  to  fund th e work on th e  6m 
box and cruciform  p i l e s  a t  Luton and BRS. D esp ite  th e  su ccess  o f  th e  
work a t  th e se  s i t e s ,  f i e l d  t r i a l s  w ith  c ir c u la r  type p i l e s  were 
con sid ered  e s s e n t ia l  by Conoco i f  th e  W edge-Pile were to  be promoted fo r  
o ffsh o r e  u se , because c ir c u la r  tube p i l e s  are  u n iv e r sa l in  th e  o i l  
in d u stry . The in t e r e s t  shown by Conoco developed  in to  an involvem ent in  
th e  f i e l d  t r i a l s .  Two c ir c u la r  w ed g e-p ile s  to  Conoco’s  gen era l 
s p e c if ic a t io n ,  p lu s  an unexpanded co n tro l p i l e ,  were included  in  th e  
t r i a l s .  These a d d it io n a l p i l e s  were o f  s im ila r  o v e r a ll  dim ensions to  th e  
CP&F p i l e s .

In  c o n tr a s t  to  th e  f u l l - s c a l e ,  ‘com m ercial’ nature o f  th e  CP&F t r i a l s ,  
th e  Conoco t r i a l s  were to  be concerned o n ly  w ith  th e  p r in c ip le  o f  
c ir c u la r  tube expansion . The t e s t  p i l e s  would o b v io u sly  not be f u l l -  
s c a le ,  and d e t a i l s  o f  th e  arrangements th a t would be used in  p r a c t ic e  
o ffsh o r e  would o n ly  fo llo w  a f t e r  a d e ta ile d  en g in eerin g  study made in  
th e  l i g h t  o f  th e  r e s u l t s  o f  th e  f i e l d  t r i a l s .

In  th e  main, the CP&F p i l e s  were to  be t e s te d  in  com pression. The Conoco 
p i l e s  were to  be t e s t e d  in  com pression and in  te n s io n , w ith  p a r t ic u la r  
emphasis on c y c l ic  lo a d in g .

8 . 1 . 2  P i le  fu n ction in g
In th e  ca se  o f  the CP&F p i l e s ,  c o s t  o f  p i l e  m a ter ia l was an overr id in g

366



concern. A ccord in gly , th e  o u ter  s h e l l s  o f  th e  p i l e s  -  formed from 
r e l a t iv e l y  exp en sive  s t e e l  or  p l a s t i c  -  were made a s  th in  a s  p o s s ib le .  
The bulky expander mandrel was formed from cheap cem e n tit io u s  m a te r ia l.

With t h i s  system  o f  w ed g e-p ile , th e  th in  o u ter  s h e l l  a c t s  a s  an 
in te r fa c e  w ith  th e  ground, tr a n s fe r r in g  load  a long i t s  le n g th  to  th e  
expander mandrel. T ransfer o f  lo a d  from th e  s tr u c tu r e  b ein g  supported to  
th e  top  o f  th e  p i l e  i s  v ia  th e  expander mandrel. In  order to  d r iv e  th e  
expander mandrel, th e  f r ic t io n a l  r e s is ta n c e  between th e  o u ter  s h e l l  and 
th e  expander mandrel must be le s s  than th a t between th e  o u ter  s h e l l  
and th e  ground. A fte r  in s t a l la t io n ,  i t  i s  requ ired  th a t  a  bonding agent  
be in troduced  between th e  o u ter  s h e l l  and th e  expander m andrel, to  
en ab le load  tr a n s fe r  to  take p la c e  a long th e  le n g th  o f  th e  p i l e .  In  th e  
f i e l d  t r i a l s  t h i s  was ach ieved  by g ro u tin g .

There were two main d if fe r e n c e s  between th e  Conoco p i l e s  and th e  s t e e l  
CP&F p i l e s .  F i r s t ly ,  th e  Conoco p i l e s  were fa b r ic a te d  from s t e e l  
throughout, in c lu d in g  th e  expander mandrel. Secondly , th e  o u ter  s h e l l  
w a ll th ic k n e ss  o f  th e  Conoco p i l e s  was r e la t iv e ly  th ic k  in  com parison to  
th a t  fo r  th e CP&F p i l e s .  The reason  fo r  t h is  was th a t  in  th e  o ffsh o r e  
s i t u a t io n  th e o u ter  s h e l l  would be th e  a x ia l  load  carry in g  member o f  th e  
w ed g e-p ile . The expander mandrel would tak e most o f  th e  la t e r a l  lo a d s  on 
th e  p i l e .

The most im portant underly ing  q u estio n  a t  is s u e  in  both  th e  Conoco and 
th e  CP&F t r i a l s  was th e  r e la t iv e  e f f e c t iv e n e s s  o f  th e  v a r io u s p o s s ib le  
modes o f  w ed g e-p ile  expansion  (S e c t io n  1 . 3 ) .  There i s  a  c r u c ia l  
d if fe r e n c e  between th e  expanding a c t io n  o f  a  c ir c u la r  typ e w ed g e-p ile  
and th a t o f  a  ‘m u ltip le -e le m e n t9 w e d g e -p ile . In  th e  l a t t e r  c a s e , th e  
geom etry o f  th e  expander mandrel and th e  o u ter  s h e l l  i s  such th a t  th e  
o u ter  s h e l l  e lem ents are forced  to  expand sym m etrica lly , in  two o r  more 
d ir e c t io n s  depending on the arrangement adopted. In  th e  c a se  o f  a  
c ir c u la r  w ed g e-p ile , w ith  weak l i n e s  machined a long th e  le n g th  o f  th e  
o u ter  s h e l l ,  th ere  i s  no such c o n str a in in g  geom etry. A lthough s e v e r a l  
weak l i n e s  might be employed, th e  p i l e  would in v a r ia b ly  open up along  
o n ly  one. Even i f  th e  weak l in e s  were f u l l  depth c u ts ,  such th a t  th e  
c ir c u la r  s h e l l  was made up from sep ara te  segm ents, th e  la c k  o f  a  
c o n stra in in g  geometry would mean th a t  th e  o u ter  s h e l l  would n o t  
n e c e s s a r i ly  be expanded sym m etrica lly . The manner in  which an o u ter  
s h e l l  w ith  a s in g le  weak l in e  m o b ilise s  r a d ia l e f f e c t i v e  s t r e s s  i s  not 
so  c le a r  as fo r  m u ltip le -e lem en t p i l e s .  I t  probably in v o lv e s  th e  
form ation o f  a p la s t i c  h inge on th e  o p p o site  s id e  o f  th e  o u ter  s h e l l  to  
th e  opened weak l i n e ,  such th a t s o i l  r e s is ta n c e  i s  m o b ilised  e s s e n t ia l l y  
in  two d ir e c t io n s  (F igure 8 . 1 ) .
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As p art o f  th e  CP&F/Conoco t r i a l s ,  lab o ra to ry  experim ents were c a rr ied  
out to  determ ine th e  r e la t iv e  e f f e c t iv e n e s s  o f  c ir c u la r  w e d g e -p ile s  w ith  
1, 3 , and 4 s l i t s  in  th e  o u ter  s h e l l .  The r e s u l t s  o f  th e se  t e s t s  have 
been summarised in  Chapter 7 . The r e s u l t s  in d ic a te  th a t  g r e a te r  
in c r e a se s  in  c a p a c ity  are  p o s s ib le  w ith  3 and 4 s l i t s ,  in  com parison  
to  a  s in g le  s l i t .  The f i e l d  t r i a l s  were focu sed  on th e u se  o f  o u ter  
s h e l l s  w ith  a s in g le  weak l i n e .  The b e n e f it s  o f  ea se  o f  fa b r ic a t io n  and 
handling in vo lved  w ith  t h i s  system  outweighed any o th er  c o n s id e r a t io n s .

Another im portant a sp ec t o f  th e  fu n ctio n in g  o f  a c ir c u la r  w ed g e -p ile  i s  
th e in f lu e n c e  o f  th e  o u ter  s h e l l  w a ll th ic k n e ss  and i t s  f l e x i b i l i t y  on 
th e  mode o f  expansion . I f  a  c ir c u la r  tube o u ter  s h e l l  i s  s u f f i c i e n t l y  
f l e x i b l e ,  i t  w i l l  expand by in cr ea sin g  i t s  rad iu s to  th a t  o f  th e  
expander mandrel d r iven  in to  i t .  In c o n tr a s t , i f  th e  o u ter  s h e l l  i s  
r e la t iv e ly  s t i f f ,  p la s t i c  h in g es may develop  in  th e  o u ter  s h e l l  a s  i t  i s  
expanded such th a t  p o r tio n s  o f  th e  o u ter  s h e l l  w i l l  have r a d ii  l e s s  than  
th e rad iu s o f  th e  expander mandrel.

In th e  ca se  o f  a 1 - s l i t  o u ter  s h e l l ,  th e  s tr a in  energy o f  bending 
in vo lved  in  m aintain ing i t  in  i t s  expanded p o s it io n  may have a dominant 
in f lu e n c e  on in s t a l la t io n  energy. The s t r a in  energy i s  p ro p o rtio n a l to  
th e  cube o f  th e  w a ll th ic k n e s s . The s t i f f n e s s  o f  th e  ou ter  s h e l l  i s  a ls o  
l i k e ly  to  have a profound in flu e n c e  on behaviour in  th e  zone o f  
expansion , in  the reg io n  o f  th e  expander mandrel n ose . T his a sp e c t o f  
behaviour i s  beyond th e scope o f  t h is  t h e s i s ,  but i t  i s  c le a r  from 
th e  work to  be p resen ted  in  Chapter 10 th a t  a r e la t iv e ly  s t i f f  ou ter  
s h e l l  i s  more l i k e ly  to  over-expand than a r e la t iv e ly  f l e x i b le  one.

In th e c a se  o f  o u ter  s h e l l s  w ith  r e la t iv e ly  th ic k  w a lls ,  th e  u se  o f  
more than one weak l in e  would have th e  advantage o f  reducing e l a s t i c  
bending in  th e expanded o u ter  s h e l l ,  even i f  th e  o u ter  s h e l l  s t i l l  
opened up along o n ly  one weak l i n e .  T his would reduce th e  d r iv in g  
energy req u ired  to  i n s t a l l  th e  expander mandrel. However, a d d it io n a l  
weak l in e s  would in cr ea se  th e  fa b r ic a t io n  c o s t  o f  th e  o u ter  s h e l l ,  and 
would p r o g r e s s iv e ly  weaken i t ,  making handling and in s t a l la t io n  more 
d i f f i c u l t .

The p o in ts  r a ise d  in  t h i s  S ec tio n  are d iscu sse d  in  more d e t a i l  in  
Chapter 11, in  th e  l i g h t  o f  th e  r e s u lt s  from th e  f i e l d  t r i a l s .

8 . 1 . 3  The f i e l d  t r i a l s
The j o in t  CP&F/Conoco f i e l d  t r i a l s  were ca rr ied  out a t  CP&F’s  Hermitage 
depot near Newbury in  B erk sh ire , between October and December 1988. The
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author was r e sp o n s ib le  fo r  most o f  th e  development o f  d e s ig n  d e t a i l s  fo r  
th e  p i l e s ,  and fo r  a l l  p i l e  in s t a l la t i o n  and t e s t in g  o p e r a tio n s . The 
in v e s t ig a t io n s  are  d escr ib ed  in  th e  r e s t  o f  t h i s  Chapter, w ith  th e  a id  
o f  photographs.

S ec tio n s  8 . 2 ,  8 . 3  and 8 . 4  p rovid e d e t a i l s  o f  th e  CP&F p l a s t i c  wedge- 
p i l e s ,  th e  CP&F s t e e l  w ed g e -p ile s  and th e  Conoco p i l e s  r e s p e c t iv e ly .  
S ec tio n  8 .5  d e sc r ib e s  th e  p i l e  in s t a l la t io n  r ig ;  p i l e  in s t a l la t i o n  
procedures fo r  th e  CP&F p i l e s  and th e  Conoco p i l e s  a re  d escr ib ed  in  
S ec tio n s  8 .6  and 8 .7  r e s p e c t iv e ly .  S ec tio n  8 .8  p rov id es d e t a i l s  o f  th e  
t e s t  s i t e  and th e  arrangement o f  th e  d riven  p i l e s ,  S e c t io n  8 .9  g iv e s  
n o tes  on d r iv in g . S ec tio n  8 . 10  d e sc r ib e s  how th e  d r iv en  p i l e s  were 
prepared fo r  t e s t in g .  P i le  t e s t in g  arrangements are  g iv e n  in  S e c tio n  
8 . 11 .  The r e s u l t s  o f  th e  f i e l d  t r i a l s  are provided in  S e c t io n  8 . 12 .

The r e s u lt s  are d isc u sse d  in  Chapter 11.

8 .2  CP&F P la s t ic  P i l e  -  P r in c ip a l Components

8 . 2 . 1  Outer s h e l l
Each o u ter  s h e l l  com prised a 5m le n g th  o f  200mm nominal o . d . ,  3mm 
nominal w a ll th ic k n e ss  p o lyth en e sewer p ip e  ( to  e i t h e r  DIN4102-B1 or  
DIN8077) (P la te  8 . 1 ) .  At i t s  bottom end each  o u ter  s h e l l  was c lo se d  o f f  
by means o f  a  s t e e l  d r iv in g  shoe (P la te  8 . 2 ) .  Each d r iv in g  shoe  
comprised a 10mm th ic k  c ir c u la r  bottom p la te  o f  average o v e r a l l  d iam eter  
210mm; a stub  le n g th  o f  tube w elded to  th e  p la te  which lo c a te d  in s id e  
th e polythene tube; and a 100mm lo n g , 1.5mm th ic k  o u ter  s le e v e  welded to  
th e p la te ,  which lo c a te d  o u ts id e  th e  polythene tube.

A s in g le  weak l i n e  was cu t a long th e  le n g th  o f  th e  p o ly th en e tube a s  i t  
was in s t a l le d  in  th e  ground. The method by which t h i s  was ach ieved  i s  
d escrib ed  in  S e c tio n  8 . 5 .

8 . 2 . 2  Expander mandrel
Each expander mandrel c o n s is te d  o f  a s t e e l  nose s e c t io n ,  and a  shank 
s e c t io n  com prising le n g th s  o f  co n cre te  p ip e .

The v e r t i c a l ly  c a s t  co n cre te  drainage p ip es  were u n re in fo rced , p a r a l le l  
s id e d , and ogee jo in te d  (P la te  8 . 3 ) .  The p ip es  were manufactured to  
BS5911:Part 3. The nominal o u ts id e  diam eter o f  th e  p ip e s  was 210mm, 
le n g th  lm, w a ll th ic k n e ss  29mm, w eight 38kg. D e ta ile d  measurements on 
a sample o f  a dozen p ip es  rev ea led  average p ipe d iam eters in  th e  range 
209mm to  215mm, and an average v a r ia t io n  in  diam eter along th e  le n g th  
o f  in d iv id u a l p ip e s  o f  3.5mm. T yp ica l 28 day cube s tr e n g th s  o f  th e
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co n cre te  mix fo r  th e  p ip e s  were quoted by th e  p ip e  m anufacturers a s  40 
to  50N/mm2. A p ip e  prepared w ith  p a r a l le l  ends and crushed a x ia l ly  a t  
Im peria l C o llege  f a i l e d  a t  a  load  o f  750kN.

The p la s t i c  p ip es  were v ery  f l e x i b l e  and on expansion  in crea sed  t h e ir  
rad iu s to  th a t o f  th e  co n cre te  p ip e s . The o u ts id e  d iam eter o f  th e  
co n cre te  p ip es  gave r i s e  t o  an average in c r e a se  in  diam eter o f  th e  
p la s t i c  tube o f  8%. The corresponding average in cr ea se  in  d iam eter in  
com parison to  th e  d iam eter o f  th e  d r iv in g  shoe was 3% -  l e s s  than th e  
ta r g e t  va lu e  o f  around 10% expansion . T his was unavoidab le, however, a s  
th e  co n cre te  p ip es  th a t  were used  were th e o n ly  s u ita b le  ones a v a ila b le .

The nose s e c t io n  was machined from s t e e l  tube (P la te  8 . 4 ) .  The nose  
p r o f i l e  was d esigned  w ith  th e  a id  o f  a  computer model d escr ib ed  in  
Chapter 10, and i s  shown in  F igure 8 . 2 .  The o v e r a ll  le n g th  o f  th e  nose  
s e c t io n  was 350ram. At i t s  to p  end th e nose had a tapered  j o in t  to  s u i t  
th e  con cre te  p ip e j o in t s ,  a t  i t s  bottom end th e  nose was c lo se d  o f f  w ith  
a p la t e .  Two h o le s  were d r i l l e d  in  th e  p la te  to  a llo w  grout to  p ass  
through i t .

8 .3  CP&F S te e l  P i le  -  P r in c ip a l Components

8 . 3 . 1  Outer s h e l l
Each o u ter  s h e l l  com prised a 6m le n g th  o f  195mm nominal i . d .  h e l i c a l l y  
welded HR4 m ild s t e e l  tube (P la te  8 . 5 ) .  A number o f  tu b es were 
purchased, w ith  w a ll th ic k n e s se s  o f  16gauge, 14gauge and lOgauge 
(1.63mm, 2.03mm and 3.25mm) . A s in g le  weak l i n e  was formed a long th e
le n g th  o f  th e  tube by flam e c u t t in g . The s la g  generated  by the c u tt in g  
prevented  th e  tube from sp r in g in g  apart when th e  weak l i n e  was formed 
(P la te  8 . 6 ). The bottom o f  each  s t e e l  tube was c lo se d  o f f  by means o f  a 
s t e e l  d r iv in g  shoe very  s im ila r  to  th a t fo r  th e  p la s t i c  p i l e s .  In  t h is  
‘c a se , however, th e  bottom p la te  was th e same nominal o u ts id e  d iam eter a s  
th e  s t e e l  tube. In stea d  o f  an ou ter  s le e v e ,  th ree  sm all *p ron gs’ were 
used to  lo c a te  th e  o u ts id e  o f  th e  tube (P la te  8 . 7 ) .

8 . 3 . 2  Expander mandrel
The arrangement fo r  th e  expander mandrel was e x a c t ly  th e  same as  fo r  the  
p la s t i c  p i l e .  On exp an sion , th e  o u ts id e  d iam eter o f  th e  co n cre te  p ip e s  
gave an average in cr ea se  in  diam eter o f  th e  s t e e l  tubes o f
approxim ately 7.5%, assuming th a t the s t e e l  tubes opened out to  the  
rad iu s o f  the con cre te  p ip e s .
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8.4 Details of Conoco Piles

8 . 4 . 1  Outer s h e l l
Three o u ter  s h e l l s  were fa b r ic a te d . Each o u ter  s h e l l  was formed from a  
7m le n g th  o f  193.7mm o . d . ,  5.6mm w a ll th ic k n e ss , h ot f in is h e d  seam less  
m ild s t e e l  tube (BS 3601 HFS Grade 410, minimum y ie ld  s t r e s s  235N/mm2 ) 
su p p lied  w ith ou t a co a tin g  o f  m il l  v a rn ish  (P la te  8 . 8 ) .  Each o u ter  s h e l l  
was c lo se d  a t  i t s  bottom end by means o f  a  100mm lon g  w elded in te r n a l  
plug turned down from s o l id .

One o f  th e  o u ter  s h e l l s  had a  s in g le  weak l i n e  a lon g  i t s  le n g th , one had 
th ree  weak l i n e s  a t  120° sp acin gs around th e  p erim eter , w h ile  th e  f in a l  
o u ter  s h e l l  was an unexpanded c o n tr o l p i l e  and had no weak l i n e s .

The weak l i n e s  were cu t by means o f  a  la r g e  m il l in g  machine in  th e  CP&F 
workshops. Each weak l i n e  was approxim ately  3mm wide ( th e  w idth  o f  th e  
c u tt in g  d is c )  (P la te  8 . 9 ) .  The depth  o f  c u t v a r ie d , because o f  s l i g h t  
i r r e g u la r i t ie s  and bends in  th e  s t e e l  p ip e s . The maximum th ic k n e ss  o f  
s t e e l  l e f t  a f t e r  c u tt in g  was approxim ately 1mm. T h is arrangement 
provided s u f f i c i e n t  s tren g th  to  m aintain  th e in t e g r i t y  o f  th e  o u ter  
s h e l l  during handling  and in s t a l la t io n .  At f u l l  s c a le ,  i t  might n o t be 
economic to  employ near fu ll-d e p th  weak l i n e s  in  th e  o u te r  s h e l l .  I t  i s  
thought th a t  i t  may be p o s s ib le  to  employ in s te a d  r e l a t iv e l y  sh a llo w  
‘scored* weak l i n e s ,  a long which a s p l i t  would be propagated  
p r o g r e ss iv e ly  a s  th e  expander mandrel was advanced. T his p o s s ib le  
techn ique was n o t in v e s t ig a te d  in  th e  f i e l d  t r i a l s .

In th e c a se  o f  th e  o u ter  s h e l l  w ith  th ree  weak l i n e s ,  ov er  th e  top  2m o f  
th e  tube th e  weak l i n e s  were c u t  through com p lete ly  a f t e r  m achining, 
w ith  a hand h e ld  d is c  c u t te r . Short le n g th s  o f  ‘ in t a c t ’ weak l i n e  were 
l e f t  a t  a  few p o in ts  over t h i s  le n g th  in  order to  h o ld  th e  o u ter  s h e l l  
to g e th er . Three r a d ia l f in s  ( fa b r ic a te d  from 50x10mm s t e e l  s t r ip )  were 
welded to  th e  th r e e  o u ter  s h e l l  segm ents over t h i s  le n g th  (P la te  8 . 1 0 ) .  
The purpose o f  th e  fu ll-d e p th  c u ts  was to  encourage th e  o u ter  s h e l l  to  
expand sym m etrica lly  in  th ree  d ir e c t io n s  a t  the top  o f  th e  p i l e .  The 
purpose o f  th e  f in s  was to  anchor th e  top  2m o f  th e  o u ter  s h e l l  in  th e  
c ircu m feren tia l d ir e c t io n :  t h i s  was intended to  p reven t th e  expansion  
p rocess retu rn in g  to  a 'one-way* mode fu r th er  down th e  p i l e .

8 . 4 . 2  Expander mandrel
Two id e n t ic a l  expander mandrels were fa b r ic a te d . The shanks were formed 
from 7.5m le n g th s  o f  203.2mm o . d . ,  6.3mm w a ll th ic k n e ss  h o t f in is h e d  
seam less m ild  s t e e l  tube (DIN 17121 S t5 2 -3 , minimum y ie ld  s t r e s s  335 
N/mm2).  The tu b es were coated  w ith  m il l  v a rn ish . The nose s e c t io n s  were
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lm in  le n g th  and were turned  down from 2 0 3 .2 x 1 2 .5nan tube (P la te
8 . 1 1 )  . The nose p r o f i le  u sed  i s  shown in  F igure 8 . 3 .  I t  was d esign ed  
w ith  th e  a id  o f  th e  computer model d escr ib ed  in  Chapter 10, fo llo w in g  
th e  procedure g iv en  in  S e c t io n  1 0 . 4 . 4 .  For th e  purposes o f  nose  
p r o f i l e  d es ig n  i t  was assumed th a t  th e  3 weak l i n e  o u ter  s h e l l  would 
s p l i t  sym m etrica lly  in to  th r e e  sep ara te  segm ents during expansion . 
I t  was recogn ised  th a t  in  p r a c t ic e  t h i s  assum ption might n ot be v a l id .  
In  th e  absence o f  a more ap p rop ria te  d es ig n  method, and in  order not to  
in trod u ce a fu r th er  v a r ia b le  in to  th e  t e s t s ,  i t  was decided  to  u se  th e  
same nose p r o f i l e  fo r  th e  1 weak l i n e  o u ter  s h e l l  a s  fo r  th e  3 weak l i n e  
o u ter  s h e l l .

The nose s e c t io n  was mounted c o a x ia l ly  on th e  end o f  th e  shank by means 
o f  a t ig h t  f i t t i n g  in te r n a l s le e v e .  I t  was then  welded to  th e  shank 
s e c t io n ,  th e  w eld being ground down f lu s h  to  th e  tube w a ll su bseq u en tly .

I f  th e  assum ption i s  made th a t  on expansion  th e  in te r n a l diam eter o f  th e  
o u ter  s h e l l s  in creased  t h e ir  rad iu s to  match th a t  o f  th e  ex ter n a l  
diam eter o f  th e  expander mandrel, th e  in cr ea se  in  diam eter o f  th e  o u ter  
s h e l l s  i s  c a lc u la te d  to  be 10.7%. In th e  ca se  o f  th e  3 weak l i n e  ou ter  
s h e l l ,  i f  th e  assum ption i s  made th a t th e r a d ii  o f  th e  th ree  segments 
d id  not change on expansion , th e  'crown* o f  each segment i s  c a lc u la te d  
to  move to  a r a d ia l p o s i t io n  20% g rea te r  than th a t  p r io r  to  expansion  
( F igure 8 . 4 ) .

8 . 5  D escr ip tio n  o f  P i l in g  Rig

The r ig  used to  i n s t a l l  th e  t e s t  p i l e s  was d esign ed  and assem bled a t  th e  
Hermitage depot. I t  was b u i l t  up on a 22-RB craw ler mounted crane (P la te
8 . 1 2 )  . The e s s e n t ia l  fe a tu r e s  o f  th e  r ig  are d escr ib ed  below.

The p r in c ip a l component was a v e r t ic a l  m ast, a ttach ed  near i t s  top  to  
th e  crane j ib  and a t  i t s  bottom  to  s tr u ts  mounted on th e crane body. At 
th e top  o f  th e  mast was a cathead w ith  two sheave arrangem ents, over  
which two independent ropes p assed . The f i r s t  rope was connected  to  a 
3 . 3 t  drop hammer. The drop hammer ran w ith in  g u id es  running th e  whole 
len g th  o f  the mast. The second rope was connected  to  a p i l in g  head 
(P la te  8 .13)  , which a ls o  ran w ith in  the mast g u id es . The p i l in g  head 
had a dual fu n ctio n , and fea tu red  a l i f t i n g  p in  arrangement and a 
hardwood d o lly .  The l i f t i n g  p in  arrangement enabled  th e  p i l e  being  
d riven  to  be suspended and p itch ed . Once th e  p i l e  was p itch ed , the  
p i l in g  head was lowered down onto th e top  o f  th e  p i l e .  During d r iv in g  
th e  drop hammer acted  a g a in s t  th e  hardwood d o lly .
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At th e  bottom o f  th e  mast a  r o l l e r  gu ide cou ld  be mounted (P la te  8 . 1 4 ) .  
The r o l l e r  gu ide was p r in c ip a l ly  fo r  use w ith  th e  CP&F p la s t i c  p i l e s  and 
fea tu red  3 t i g h t l y  f i t t i n g  r o l l e r s  a t  120° sp a c in g s . The r o l l e r  gu ide  
i n i t i a l l y  lo c a te d  th e  bottom o f  th e  p la s t i c  tube during p itc h in g , and 
was then  l e f t  in  p la c e  during d r iv in g . The th ree  r o l l e r s  were knurled , 
in  order to  roughen th e  o u ts id e  o f  th e  p la s t i c  tube during in s t a l la t i o n .  
The roughening e f f e c t  th a t  was produced was la r g e ly  co sm etic , th e  
op era tio n  being  d esign ed  to  dem onstrate o n ly  th e  p r in c ip le  o f  such a  
tech n iq u e .

One o f  th e  r o l l e r s  in clud ed  a  c u tt in g  d is c ,  which cu t a  s in g le  weak l i n e  
along th e  le n g th  o f  th e  p la s t i c  tube a s  i t  was d r iv e n . The d is c  c u t most 
o f  th e  way through th e  w a ll o f  th e  tube. D e ta i ls  o f  th e  c u t t in g  and 
knurling  r o l l e r  are  g iv en  in  th e  n ex t S ec tio n .

8 . 6  P i le  I n s t a l la t io n  Procedure -  CP&F P i le s

8 . 6 . 1  P la s t i c  o u ter  s h e l l
The p la s t i c  tu b es were d riven  by means o f  a  t i g h t l y  f i t t i n g  c ir c u la r  
in te r n a l d r iv in g  mandrel (P la te  8 . 1 5 ) .  The d r iv in g  mandrel was f i r s t  
connected  to  th e  d r iv in g  head, and l i f t e d  h igh  up th e  m ast. The l i g h t  
p la s t i c  tube was then  pushed up by hand onto th e  d r iv in g  mandrel from 
underneath, u n t i l  i t  lo c a te d  in s id e  a  fo llo w in g  r in g  welded near th e  to p  
o f  th e d r iv in g  mandrel (P la te  8 . 1 6 ) .  At t h is  p o in t  th e  d r iv in g  mandrel 
protruded a few m illim e tr e s  from th e  bottom o f  th e  p la s t i c  tu b e. The 
d r iv in g  m andrel/outer s h e l l  was then  lowered to  th e  ground a t  th e  
appropriate p o s it io n  fo r  d r iv in g . As i t  was low ered i t  was lo c a te d  in  
th e  r o l l e r  g u id e , and th e  d r iv in g  shoe was f i t t e d  (P la te  8 . 1 7 ) .

The d r iv in g  m andrel/outer s h e l l  -  h e ld  a t  th e  top  by th e  p i l in g  head and
a t  th e  bottom by th e  r o l l e r  guide -  was then  d riven  in to  th e  ground. The 
d r iv in g  shoe was d riven  by th e  d r iv in g  mandrel a c t in g  a g a in s t  i t .  The
p la s t i c  tube was d riven  by means o f  th e  fo llo w in g  r in g  a c t in g  a t  th e  top
(and to  a l im ite d  e x te n t  th e  f r i c t io n  a c t in g  between th e  p la s t i c  tube  
and th e t i g h t ly  f i t t i n g  d r iv in g  m andrel). P la te  8 . 18  shows a  p la s t i c  
o u ter  s h e l l  b ein g  d riven  through th e  r o l le r  gu id e , and shows th e  weak 
l in e  being cu t by th e  c u tt in g  d is c .  The u sua l d r iven  l e v e l  o f  th e  
p la s t i c  tu b es was approxim ately 4.9m below ground l e v e l .  A fter  
in s t a l la t io n  was com plete th e  d r iv in g  mandrel was withdrawn from th e  
p la s t ic  tube and d iscon n ected  from th e  d r iv in g  head.

8 . 6 . 2  S te e l  o u ter  s h e l l
The d r iv in g  procedure fo r  th e  s t e e l  o u ter  s h e l l s  was very  s im ila r  to  
th a t fo r  th e  p la s t i c  o u ter  s h e l l s .

373



The s t e e l  tu b es were d riven  by means o f  a  s la c k ly  f i t t i n g  c ir c u la r  
in te r n a l d r iv in g  mandrel. The d r iv in g  mandrel was f i r s t  connected  to  th e  
d r iv in g  head, and l i f t e d  h igh  up th e  m ast. The s t e e l  tube was then  
pushed by two p eop le onto th e  d r iv in g  mandrel from underneath, u n t i l  i t  
lo c a te d  in s id e  a fo llo w in g  r in g  welded near th e  top  o f  th e  d r iv in g  
mandrel. At t h i s  p o in t th e  d r iv in g  mandrel protruded a few m illim e tr e s  
from th e  bottom o f  th e  s t e e l  tu b e. The d r iv in g  m andrel/outer s h e l l  was 
then  low ered to  th e  ground a t  th e  appropriate p o s it io n  fo r  d r iv in g . As 
i t  was low ered i t  was lo c a te d  in  th e  r o l l e r  gu ide (which in  t h i s  ca se  
was lo o s e ly  f i t t i n g ) ,  and th e  d r iv in g  shoe was f i t t e d .

The d r iv in g  m andrel/outer s h e l l  -  h e ld  a t  th e  top  by th e p i l in g  head and 
lo o s e ly  guided a t  th e  bottom by th e  r o l le r  gu ide -  was then d riven  in to  
th e  ground. The d r iv in g  shoe was d riven  by th e  d r iv in g  mandrel a c t in g  
a g a in s t  i t ,  th e  s t e e l  tube was d riven  by means o f  th e  fo llo w in g  r in g  
a c tin g  a t  th e  to p . P la te  8 .19 shows a s t e e l  o u ter  s h e l l  being d r iv en . 
The u sua l d r iven  l e v e l  o f  th e  o u ter  s h e l l  was 5.9m below ground l e v e l .  
A fter  in s t a l la t io n  was com plete th e  d r iv in g  mandrel was withdrawn from 
th e  s t e e l  tube and d iscon n ected  from the d r iv in g  head.

8 . 6 . 3  Expander mandrel
A fter  d r iv in g  th e  p la s t i c  or  s t e e l  o u ter  s h e l l ,  th e  weak l i n e  a long th e  
exposed le n g th  o f  o u ter  s h e l l  was f i r s t  f u l ly  opened out by hand. The 
s t e e l  expander mandrel nose s e c t io n  was then  pushed by hand in to  th e  
ou ter  s h e l l  and p o s it io n e d  c o a x ia l ly  (P la te  8 . 2 0 ) .

The expander mandrel was d riven  by means o f  a  square s e c t io n  in te r n a l  
d r iv in g  mandrel. T his was f i r s t  connected  to  th e  d r iv in g  head and l i f t e d  
up th e mast.

The con cre te  p ip e le n g th s  fo llo w in g  behind th e  nose s e c t io n  were d riven  
two a t  a tim e. The f i r s t  two co n cre te  p ip es  were p o s it io n e d  by hand on 
top  o f  th e  nose s e c t io n  -  P la te  8.21 shows th e  f i r s t  p ip e  being  
p la ced . Sim ple rope g a sk ets  (P la te  8 . 22)  were p laced  between the  
con crete  p ip es  to  m inim ise damage to  th e ends o f  th e  p ip es  during  
d r iv in g . At th e  top  o f  th e  second p ip e  was a d o l ly  arrangement (P la te s  
8 . 23 ,  8 . 2 4 ) .  T his c o n s is te d , in  ascending ord er, o f  a s t i f f  nylon ring  
machined to  match the co n cre te  p ip e  jo in t ;  a  r in g  cu t from s t i f f  foam 
rubber sh ee t; and a s t e e l  bearing p la te .

A fter  th e  f i r s t  two co n cre te  p ip es  and th e  d o l ly  arrangement had been 
s e t  up, th e  d r iv in g  mandrel was low ered down in s id e  th e  p ip es  u n t i l  i t s  
bottom end r e s te d  a g a in s t  th e  bottom p la te  o f  th e  nose s e c t io n .  At t h is
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p o in t in  th e  o p era tio n  a  bearing p in  was f i t t e d  through a  lo c a t in g  h o le  
in  th e  d r iv in g  mandrel above th e  d o l ly  (P la te  8 . 2 4 ) .  When th e  bottom o f  
th e  d r iv in g  mandrel was r e s t in g  on th e  bottom p la te  o f  th e  n ose  s e c t io n ,  
th ere  was a few m illim e tr e s  c lea ra n ce  between th e  b earing  p in  and th e  
d o lly  b earing  p la t e .

B efore d r iv in g , sand/cem ent grout was brushed onto th e  o u ts id e  o f  th e  
con cre te  p ip e s  (P la te  8 . 2 3 ) .  The purpose o f  th e  grout was to  p rov id e  a  
bond between th e  o u ter  s h e l l  and the expander mandrel a f t e r
in s t a l la t io n .  The nose s e c t io n  and th e  f i r s t  two co n cre te  p ip e s  were 
then d riven  in to  th e  o u ter  s h e l l .  The nose was d r iv en  from th e  bottom by 
th e  d r iv in g  mandrel; th e  co n cre te  p ip e s  were d riven  from th e  to p  by th e  
bearing p in .

A fter  th e  f i r s t  two co n crete  p ip es  had been d r iv en , fu r th er  p ip e s  were 
d riven  in  th e  same manner u n t i l  th e  nose s e c t io n  met w ith  th e  o u ter  
s h e l l  d r iv in g  sh oe. The d r iv in g  mandrel was then  withdrawn. As
a d d it io n a l p ip e s  were in s t a l le d ,  th e  bearing p in  was p o s it io n e d  in  
lo c a tin g  h o le s  p o s it io n e d  p r o g r e s s iv e ly  fu rth er  up th e  d r iv in g  mandrel.

8 .7  P i le  I n s t a l la t io n  Procedure -  Conoco P i le s

8 . 7 . 1  Outer S h e ll
The o u ter  s h e l l s  o f  th e  Conoco p i l e s  were d riven  from th e  to p . Each 
o u ter  s h e l l  was f i r s t  connected  to  th e  d r iv in g  head and l i f t e d  up th e  
mast. The p i l e  was then  p itch ed  v e r t i c a l ly .  The r o l l e r  gu id e was not 
used. The o u ter  s h e l l  -  guided a t  th e  top  on ly  -  was then  d r iv e n .

8 . 7 . 2  Expander mandrel
A fter  d r iv in g  th e  o u ter  s h e l l ,  th e  d r iv in g  head was d isco n n ected  from 
th e  o u ter  s h e l l  and then  connected  to  th e expander m andrel. The 
expander mandrel was then  l i f t e d  up th e mast. 'S eeze -F ree5 m e ta l l ic  
lu b r ic a n t was sprayed on i t  beforehand, in  order to  reduce f r i c t io n  
between th e  o u ter  s h e l l  and th e  expander mandrel during d r iv in g . The 
expander mandrel was then low ered, and th e  nose s e c t io n  engaged in  th e  
top  o f  th e  o u ter  s h e l l .

The expander mandrel -  supported a t  th e  top  by th e  d r iv in g  head and a t  
th e bottom by th e  o u ter  s h e l l  -  was then  d riven  from th e  to p .

8 .8  D e ta ils  o f  S i t e  and P i le  Layout

8 . 8 . 1  S it e
The p i l e s  were t e s t e d  in  ground a t  th e  CP&F Hermitage dep ot. The g en era l
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geo logy  o f  th e  s i t e  area  i s  Woolwich’ and Reading beds o f  s i l t y  sands to  
a  depth o f  approxim ately 10m over ch a lk . The m a ter ia l a t  th e  t e s t  p i l e  
s i t e  had r e c e n t ly  been excavated  and rep laced  in  order to  exhume some 
o th er  la r g e  p i l e s .  P a r t ic le  s i z e  d is t ib u t io n s  o f  sam ples o f  th e  
excavated  m ater ia l are shown in  F igure 8 . 5 .  No stan d in g  groundwater was 
encountered during th e  f i e l d  t r i a l s .

A fter  com pletion  o f  th e  w ed g e-p ile  t e s t  programme, s t a t i c  cone 
p en etra tio n  t e s t in g  was c a r r ie d  ou t in  order to  c h a r a c te r ise  th e  s i t e  
(S e c tio n  8 . 1 2 . 3 ) .

8 . 8 . 2  R eaction  p i l e s
B efore any t e s t  p i l e s  were d r iv en , a g r id  o f  r e a c tio n  p i l e s  was 
in s t a l le d ,  d esign ed  to  cope w ith  a maximum t e s t  p i l e  f a i lu r e  load  o f  
lOOOkN. Nine 14m lon g , 600mm diam eter Continuous F lig h t  Auger (CFA) 
te n s io n  p i l e s  were in s t a l le d ,  each w ith  a d es ig n  c a p a c ity  o f  500kN. The 
r e a c tio n  p i l e s  were in s t a l le d  a t  4m sp acin gs in  a square p a ttern  which 
d efin ed  th e  t e s t  area .

8 . 8 . 3  T est p i l e s
The t e s t  p i l e s  were d riven  between 26 . 10 .88  and 2 . 1 1 . 8 8 .  Seventeen p i l e s  
were d riven  in  a l l , t h i s  number being made up o f :

4 unexpanded CP&F p la s t i c  p i l e s  
2 unexpanded CP&F s t e e l  p i l e s  
6 expanded CP&F p la s t i c  p i l e s  
2 expanded CP&F s t e e l  p i l e s  
1 unexpanded Conoco p i l e  
1 expanded, 1 weak l i n e  Conoco p i le  
1 expanded, 3 weak l i n e  Conoco p i l e .

F igure 8 .6  shows th e lay o u t o f  th e  rea c tio n  p i l e s  and th e t e s t  p i l e s ,  
and g iv e s  th e d r iv in g  d a te s  o f  the t e s t  p i l e s .  Figure 8 .7  shows 
diagram m atically  th e depths o f  embedment o f  th e  t e s t  p i l e s .

8 . 9  N otes on D riving

8 . 9 . 1  In c o n s is te n t  ground c o n d it io n s
As th e t e s t  p i l e s  were d riven  i t  became apparent th a t  in stea d  o f  th e  
p i l e s  being in s t a l le d  e n t ir e ly  in  excavated and rep laced  m a ter ia l, as 
was th e in te n t io n , p i l e s  in  c e r ta in  areas o f  th e  s i t e  were h i t t in g  
v ir g in  ground. T his was obvious from th e  v a r ia t io n  in  d r iv in g  
r e s is ta n c e s  over th e  s i t e ,  and was confirmed by th e  CPT t e s t s  th a t were 
ca rr ied  out subsequently  (S e c tio n  8 . 1 2 . 3 ) .
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8 . 9 . 2  CP&F p i l e s
D i f f i c u l t i e s  were exp erien ced  in  d r iv in g  both th e  p la s t i c  o u ter  s h e l l s  
and th e  con cre te  expander mandrel p ip es  o f  th e  CP&F p i l e s .  As can be 
seen  from Figure 8 . 7 ,  t h i s  r e su lte d  in  many o f  th e  p i l e s  n o t being  
d riven  to  d es ig n  depth .

The problem o fte n  encountered during d r iv in g  o f  th e  p la s t i c  tu b es was 
s p l i t t in g  and b uck ling  o f  th e  tu b es. T his u s u a lly  occurred  in  th e  reg io n  
o f  th e  r o l l e r  gu ide a s  th e  weak l in e  was c u t , o c c a s io n a lly  i t  occurred  
a t  th e  to p  o f  th e  tube in  th e  v i c in i t y  o f  th e  fo llo w in g  r in g . The 
l ik e l ih o o d  o f  t h i s  problem occurring  was o b v io u s ly  g r e a te r  during hard 
d r iv in g . S u p r is in g ly , i t  o f te n  proved p o s s ib le  to  com plete th e  d r iv in g  
o f  damaged p la s t i c  p ip e s , even  th o se  q u ite  bad ly  s p l i t ,  provided  th e  
hammer drop h e ig h t was reduced to  a minimum.

In sp e c tio n s  w ith  th e  a id  o f  a to rch  in s id e  th e  p la s t i c  tu b es in s t a l le d  
in  th e  ground rev ea led  th a t  th ey  were c o n s is t e n t ly  in  good c o n d it io n  -  
th e  d iam eters were not reduced a t  any p o in t a lon g  th e  le n g th s  o f  th e  
tu b es and i t  was u s u a lly  p o s s ib le  to  se e  th e  d r iv in g  shoe a t  th e  bottom.

The problem o fte n  encountered during d r iv in g  o f  th e  co n cre te  p ip es  was 
one o f  sh a tte r in g . Cracking u su a lly  propagated from th e  top  p ip e  o f  each  
p a ir  bein g  d r iv en , d ir e c t ly  beneath th e  d r iv in g  d o l ly .  The problem was 
most l i k e l y  to  occur during hard d r iv in g . Because o f  th e  problem o f  
sh a tte r in g , th e  co n cre te  p ip e s  were d riven  to  f u l l  depth on o n ly  3 out 
o f  8 o c c a s io n s .

No problems were encountered when d r iv in g  th e  s t e e l  o u ter  s h e l l s  o f  th e  
CP&F p i l e s .

The 's ta n d a rd ’ hammer drop h e ig h t fo r  th e  in s t a l la t io n  o f  th e  CP&F p i l e s  
was approxim ately 200 to  300mm, c o n tr o lle d  by th e  eye o f  th e  crane  
d r iv e r . Blow r a te  was approxim ately 25 b low s/m in u te . However, i t  was 
o fte n  n ecessa ry  to  reduce th e  drop h e ig h t as d r iv in g  p ro g ressed , in  
order to  prevent damage to  th e  p la s t i c  or  co n cre te  p ip e s . The t o t a l  
number o f  blows and th e  approximate average drop h e ig h t fo r  each  o f  th e  
CP&F p i l e s  are l i s t e d  in  Table 8 . 1 .  The v a r ia t io n  in  d r iv in g  r e s is ta n c e  
can be observed .

Drawdown o f  th e  o u ter  s h e l l  during expansion  was t y p ic a l ly  in  th e  range 
50 to  lOOram.
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8 . 9 . 3  Conoco p i l e s
D riv ing  in form ation  fo r  th e  Conoco p i l e s  i s  g iven  in  F igure 8 . 8  and 
Table 8 . 2 .  I t  can be seen  th a t  th e unexpanded o u ter  s h e l l  h i t  
e x c e p t io n a lly  dense ground, and th a t  th e  two expanded p i l e s  were 
in s t a l le d  in  r e la t iv e ly  lo o s e  ground.

Problems occurred during d r iv in g  o f  th e  expander mandrel in to  th e  1-weak 
l i n e  o u ter  s h e l l .  When th e  expander mandrel had p en etra ted  to  a depth  o f  
approxim ately 3.9m below ground l e v e l ,  i t  began to  drag down th e  o u ter  
s h e l l  in to  th e  ground. D riv ing  o f  th e  expander mandrel was stopped a t  a  
depth o f  p en e tra tio n  o f  4.7m by which tim e th e o u ter  s h e l l  had been  
dragged down by a d is ta n c e  o f  275nHn, such th a t  th e  top  o f  th e  o u ter  
s h e l l  was a t  ground le v e l .

Dragdown o f  th e  3-weak l i n e  o u ter  s h e l l  during expansion was 
n e g l ig ib le .  On a v is u a l  in sp e c t io n , i t  could  be seen  th a t  a t  th e  top  o f  
th e  p i l e  th e  o u ter  s h e l l  had opened up along 2 o f  th e  3 weak l i n e s  
(P la te s  8 . 25 ,  8 . 2 6 ) .

8 . 9 . 4  N otes on p relim in ary  t r i a l s
Some p relim in ary  t r i a l s  on th e  CP&F p la s t ic  p i l e s  were ca rr ied  out 
b efo re  th e  main t e s t  programme, in  r e la t iv e ly  lo o se  ground away from the  
t e s t  area . Some n o tes  on th e se  t r i a l s  are g iven  below , a s  th e se  provide  
some background to  th e  main t r i a l s .

8 . 9 . 4 . 1  D riving o f  p la s t i c  tube
6m le n g th s  o f  200mm diam eter uFVC v en t p ipe were o r ig in a l ly  used to  form 
th e  ou ter  s h e l l s  o f  th e  p la s t i c  p i l e s .  A f lu sh  d r iv in g  shoe w ithout an 
o u ter  s le e v e  was t r ie d  a t  f i r s t .  In t h is  co n fig u r a tio n  th e  uPVC 
tu b es in v a r ia b ly  broke up during d r iv in g . A lso , sand was forced  in to  th e  
uPVC tu b es a t  th e  bottom. To overcome th ese  problem s, an o v ers iz ed  
d r iv in g  shoe w ith  an o u ter  s le e v e  was in troduced . V arious s l i g h t ly  
o v e r s iz e d  d r iv in g  shoes were t r ie d  o u t. The g rea te r  th e  diam eter o f  th e  
d r iv in g  shoe, th e  e a s ie r  i t  was to  d r iv e  th e  o u ter  s h e l l .  I t  was 
e v e n tu a lly  p o s s ib le  to  p u ll  or  ‘crowd’ the o u ter  s h e l l  in to  the ground, 
by means o f  one o f  th e  crane ropes a c tin g  downwards on th e d r iv in g  head 
v ia  a sheave mounted a t  th e  bottom o f  the mast.

8 . 9 . 4 . 2  C utting o f  weak l i n e
The r o l le r  c u t te r  was reason ab ly  su c c e s s fu l in  c u tt in g  a weak l in e  along  
th e  uPVC p ip e , although th ere  was a tendency fo r  cracks to  m igrate away 
from th e intended l i n e .
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8 .9 .4 .3  Expansion o f  p la s t i c  p ip es
In  th e  r e l a t iv e l y  lo o s e  ground where th e  p relim in ary  t r i a l s  were c a r r ie d  
o u t, i t  proved q u ite  ea sy  to  d r iv e  th e  co n cre te  p ip e s  to  f u l l  depth . 
However, when some in s t a l le d  co n cre te  p ip e s  were su b seq u en tly  removed to  
in sp e c t  th e  in s id e  o f  an expanded uFVC tube i t  was found th a t  th e  tube  
had n ot opened up a lon g  th e  weak l i n e .  In stea d , th e r e  was a  crazed  
p a ttern  o f  s p l i t t i n g ,  n o t near th e  weak l i n e .  A fte r  some experim ents in  
th e  workshop, i t  was concluded th a t  incom plete c u tt in g  o f  th e  uPVC tube  
by th e  r o l l e r  d is c  had th e  e f f e c t  o f  work-hardening th e  p la s t i c  in  th e  
reg ion  o f  th e  weak l i n e ,  d iscou rag in g  th e  opening up o f  th e  weak l i n e  on 
expansion .

In th e  l i g h t  o f  t h i s  co n c lu s io n , p o ly th en e p ip e  was used  to  r e p la c e  th e  
uPVC p ip e . The c u tt in g  o f  th e  weak l i n e  in  p o lyth en e p ip e  was much 
‘cleaner*  than fo r  uPVC p ip e , and th e  p o ly th en e p ip e  opened up a lon g  th e  

weak l i n e  during expansion .

8 .9 .4 .4  D riv ing  expander mandrel
During th e  p relim in ary  t r i a l s ,  a  s t e e l  nose s e c t io n  w ith ou t a  bottom  
p la te  was used i n i t i a l l y .  T his was n ot s u c e s s fu l a s  i t  was found th a t  
th e  sharp lea d in g  edge o f  th e  nose tended to  ca tch  and ruck th e  p la s t i c  
tube in  th e  reg io n  o f  th e  weak l i n e .

The d es ig n  o f  th e  d o l ly  arrangement fo r  th e  co n cre te  p ip e s  evo lved  
during d r iv in g  t r i a l s .  Attem pts to  d r iv e  th e  co n cre te  p ip e s  and nose  
s e c t io n  a s  one from th e  top  were a f a i lu r e .  The ‘tw o-pipe* system  o f  
d r iv in g  proved to  be th e  most con ven ien t system  p o s s ib le  in  th e  
circum stances -  d r iv in g  one p ip e a t  a  tim e in vo lved  tw ice  a s  many 
r e tr a c t io n s  o f  th e  d r iv in g  mandrel to  load  th e p ip e s ;  d r iv in g  th ree  
p ip es  a t  a tim e was u s u a lly  not p o s s ib le  because th e  p ip e s  o f te n  became 
u n sta b le  during d r iv in g .

8 .1 0  P reparation  o f  p i l e s  fo r  t e s t in g

8 .1 0 .1  G routing o f  CP&F p i l e s
A fter  in s t a l la t i o n ,  th e  14 CP&F p i l e s  were f i l l e d  w ith  sand/cem ent grout 
(1 :1  by w e ig h t) , p laced  by means o f  a  grout pump. Twelve CP&F p i l e s  were 
to  be t e s t e d  in  com pression on ly: a 25ram diam eter ribbed  r e in fo r c in g  bar 
was p laced  in s id e  th e se  p i l e s  p r io r  to  g ro u tin g . The rem aining two p i l e s  
were to  be t e s te d  in  te n s io n  on ly: a 40mm diam eter continuous thread
M acalloy FT bar was p laced  in s id e  each o f  th e se  two p i l e s ,  to  a c t  both  
as a r e in fo r c in g  bar and as a load  carry in g  te n s io n  bar. Both ty p es  o f  
r e in fo r c in g  bar were h eld  c e n tr a l ly  w ith in  th e  p i l e s  by means o f  
sp a c e r s .
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Each p i l e  was grouted  to  a l e v e l  th a t  was 100 to  150mm below th e  l e v e l  
o f  th e  top  o f  th e  o u ter  s h e l l .  A fter  th e i n i t i a l  f i l l i n g  o f  th e  expanded 
p i l e s  w ith  grou t, i t  was observed th a t th e grout l e v e l s  o fte n  dropped 
w ith  tim e, and needed to  be topped up. T his was p a r t ic u la r ly  so  in  th e  
ca se  o f  th e  s t e e l  p i l e s .  T his phenomenon was presumably due to  grout  
p a ssin g  through th e  grout h o le s  in  th e  bottom o f  th e  s t e e l  n oses o f  th e  
expander m andrels, to  f i l l  th e  v o id s  beneath.

8 .1 0 .2  P i le  head d e t a i l :  CP&F p i l e s
A fter  grou tin g , th e  heads o f  th e  CP&F p i l e s  were prepared fo r  t e s t in g  a s  
shown in  F igure 8 .9 .

Where n ecessa ry , th e  top  co n cre te  p ipe was broken back below th e  le v e l  
o f  th e  top  o f  th e  o u ter  s h e l l .  The 25mm diam eter r e in fo r c in g  bars were 
a ls o  cu t back below t h i s  le v e l ;  th e  40mm M acalloy bars were l e f t  
extend ing upwards, so  as to  provide a te n s io n  con n ection  w ith  th e  p i l e  
t e s t in g  system . Two s l o t s  were cu t in  th e  s id e  o f  the p i l e  to  a llo w  
a referen ce  p la te  mounting rod to  be p laced . Sand/cement grout was then  
placed  by hand to  f i l l  th e  vo id  a t  th e  top  o f  th e  p i l e ,  sh ort le n g th s  
o f  reinforcem ent being  p laced  beforehand i f  con sid ered  n ecessa ry . In th e  
ca se  o f  the p i l e s  being  t e s te d  in  com pression, a 10mm th ic k  bearing  
p la te  was then worked down onto th e  grou t, and bedded in to  co n ta c t w ith  
th e  top  o f  the o u ter  s h e l l .

8 .1 0 .3  P i le  head d e t a i l : Conoco p i l e s
A fter  d r iv in g , th e  top s o f  th e  3 o u ter  s h e l l s  o f  th e  Conoco p i l e s  were 
between 0 and 500mm above ground le v e l .

The top s o f  th e  two expander mandrels were f i r s t  cu t down to  a le v e l  o f  
400mm above th e top  o f  th e  r e sp e c t iv e  o u ter  s h e l l s .  The expander 
mandrels were then welded to  th e ou ter  s h e l l s .  In th e ca se  o f  the 3 weak 
l i n e  ou ter  s h e l l  th e  w elding was along th e exposed edges o f  the th ree  
separated  ou ter  s h e l l  segm ents; in  the case  o f  the 1 weak l in e  o u ter  
s h e l l  * sa w -te e th ’ were flam e cu t in  the o u ter  s h e l l  to  f a c i l i t a t e  th e  
weld con n ection .

T e n s ile  and com pressive lo a d s were a p p lied  to  the Conoco p i l e s  by means 
o f  a load  tr a n s fe r  tube (F igure 8 .1 0 ) .  T his was welded in s id e  the top  o f  
th e ou ter  s h e l l ,  saw -tooth  c u ts  f a c i l i t a t in g  th e  w eld ing . The load  
tr a n s fe r  tube fea tu red  top  and bottom bearing p la t e s .  T e n s ile  load s  
cou ld  be a p p lied  by means o f  a te n s io n  rod connected  to  the bottom  
bearing p la te ,  com pressive lo a d s cou ld  be ap p lied  by means o f  a jack  
a c tin g  a g a in st  th e  top  bearing p la te .
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8 .1 1 .1  CP&F com pression t e s t in g
O vera ll v iew s o f  th e  arrangement fo r  th e  CP&F com pression  t e s t s  are  
shown in  P la te s  8 .2 7  and 8 .2 8 .

The CP&F p i l e s  th a t  were to  be t e s t e d  in  com pression were in s t a l l e d  in  
p o s it io n s  lo c a te d  c e n t r a l ly  between a p a ir  o f  r e a c tio n  p i l e s  ( s e e  F igure  
8 . 6 ) . R eaction  during com pression t e s t s  was provided  by means o f  a  
s in g le  t e s t  beam spanning between th e se  two r e a c tio n  p i l e s ,  strapped  
down to  32mm diam eter Mac a l lo y  te n s io n  bars c a s t  in to  th e  r e a c t io n  
p i l e s .  Load was a p p lied  to  th e  t e s t  p i l e  by means o f  a  hand operated  
ja ck , and measured by means o f  a load  column. The t e s t  beam was 
supported a t  a  l e v e l  th a t  enabled  th e  ja ck  and load  column to  be p laced  
between i t  and th e  b earing  p la te  a t  th e  top  o f  th e  p i l e  being  t e s t e d .

P i le  d e f le c t io n  was measured by means o f  two d ia l  gauge ex ten so m eters , 
connected  to  a 6m long  s c a f fo ld  tube re fe ren ce  beam supported by 1.5m 
long s c a f f o ld  tube p i l e s  d r iv en  in to  th e  ground. The d ia l  gauge p lu n gers  
a cted  a g a in s t  two sym m etrica lly  d isp o sed  re feren ce  p la t e s  w elded to  th e  
mounting rod c a s t  in to  th e  top  o f  th e  t e s t  p i l e .

8 .1 1 .2  Conoco ten sion /com p ression  t e s t in g
The Conoco p i l e s  were d riven  w ith in  quadrants formed by fou r r e a c t io n  
p i l e s  ( s e e  F igure 8 . 6 ) .  A r e a c t io n  system  employing four t e s t  beams 
enabled  t e n s i l e  or com pressive lo a d s  to  be a p p lied  to  th e  p i l e s  (P la te  
8 .2 9 ) .

Two primary beams were spanned between two p a ir s  o f  r e a c t io n  p i l e s .  The 
primary beams were c a r e fu l ly  bedded down onto th e  to p s o f  th e  r e a c t io n  
p i l e s ,  w ith  th e  a id  o f  wooden pack ing, to  enab le com pressive lo a d s  to  be 
a p p lied  to  th e  r e a c tio n  p i l e s .  To en ab le t e n s i l e  lo a d s to  be a p p lied  to  
th e  r e a c tio n  p i l e s ,  th e  primary beams were strapped down to  th e  M acalloy  
te n s io n  b ars.

Two secondary beams were spanned between th e  primary beams. The two s e t s  
o f  beams were strapped to g e th er  to  enab le com pressive or  t e n s i l e  lo a d s  
to  be tra n sferred  between them. The secondary beams were p o s it io n e d  
e i th e r  s id e  o f  a  c e n tr a l te n s io n  bar, comprised o f  40mm diam eter  
M acalloy bar, extend ing  upwards from th e  p i l e  being t e s t e d .  The c e n tr a l  
te n s io n  bar was screwed in to  th e  load  tr a n s fe r  tube a t  th e  top  o f  th e  
t e s t  p i l e .

8.11 Pile Testing Arrangements
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Two hand operated  ja ck s  were used (P la te  8 .3 0 ) .  The bottom ja ck  ap p lied  
com pressive lo a d s to  th e  p i l e ,  and was mounted on to p  o f  th e  load  
tr a n s fe r  tu b e. I t  a cted  downwards a g a in s t  th e  load  tr a n s fe r  tube and 
upwards a g a in s t  th e  secondary beams. The top  jack  a p p lied  t e n s i l e  load s  
to  th e  p i l e ,  and was mounted on top  o f  th e  secondary beams. I t  a cted  
upwards a g a in s t  a bearing  washer screwed onto th e  top  o f  th e  c e n tr a l  
te n s io n  rod, and downwards a g a in s t  th e  secondary beams.

The h y d rau lic  ja ck s  were annular in  shape, to  a llo w  th e  cen tred  te n s io n  
bar to  p a ss  through them to  th e  top  bearing w asher. T e n s ile  and 
com pressive lo a d s  were measured by means o f  two sep a ra te  annular shaped 
standard lOOOkN NCB/MRE Type 440 load  c e l l s ,  in  co n ju n ction  w ith  
*Peekel* m onitoring gauges. The two load  c e l l s  were mounted on top  o f  
th e  te n s io n  and com pression ja c k s . Large bearing p la t e s  were used to  
spread th e  load s from th e  ja ck s  to  th e secondary beams.

P i le  d e f le c t io n  was measured by means o f  th ree  d ia l  gauge ex ten som eters, 
connected  to  two 6m long  s c a f fo ld  tube referen ce  beams supported by 
1.5m long s c a f fo ld  tube p i l e s  d riven  in to  th e  ground. The d ia l  gauge 
plungers a cted  a g a in s t  th ree  sym m etrica lly  d isp osed  re fe ren ce  p la te s  
welded to  supporting bars w elded to  th e  top  o f  th e  t e s t  p i l e  (P la te  
8 .3 0 ) .

8 .1 1 .3  CP&F te n s io n  t e s t in g
The CP&F p i l e s  to  be t e s te d  in  te n s io n  were d r iv en  w ith in  a quadrant 
formed by four r e a c tio n  p i l e s  (s e e  F igure 8 . 6 ) . A r e a c tio n  system  
employing four t e s t  beams was employed, as fo r  th e  Conoco p i l e s ,  
en ab lin g  t e n s i l e  lo a d s  to  be a p p lied  to  th e  M acalloy bars c a s t  in to  th e  
p i l e s .  The top te n s io n  ja ck  o n ly  was used . D isplacem ent measurement was 
as fo r  th e  t e s t s  in  com pression.

8 .12  T est r e s u lt s

8 .1 2 .1  CP&F p i l e  t e s t s
The standard p i l e  load in g  procedure fo r  th e  CP&F p i l e s  c o n s is te d  o f  a 
C onstant Rate o f  (Increm ental) Loading (CRL) s ta g e  fo llow ed  by a 
C onstant Rate o f  P en etra tio n  or Constant Rate o f  E x tra ctio n  s ta g e  (CRP 
or CRE) s ta g e .

The load in g  increm ent fo r  th e CRL sta g e  was s e le c te d  on th e b a s is  o f  the  
estim ated  fa i lu r e  lo a d , w ith  a ta r g e t  o f  6 to  10 increm ents to  fa i lu r e .  
Each increm ent o f  load  was h eld  fo r  5 m inutes. CRL lo a d in g  was continued  
u n t i l  th e  creep  d isp lacem ent r a te  during th e h o ld in g  p eriod  was 
approxim ately 0 . 5mm/minute. At t h is  p o in t CRP or CRE load in g  was
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a p p lied , th e  standard r a te  o f  d isp lacem ent was limn/min. CRP/CRE lo a d in g  
was continued  fo r  a p i l e  d isp lacem ent o f  approxim ately 20mm. I t  was 
observed during th e  t e s t s  on expanded p i l e s  th a t in  a l l  c a s e s  th e  o u ter  
s h e l l  and th e  expander mandrel were d isp la ced  a s  one.

Load d isp lacem ent cu rves fo r  th e  CP&F p i l e  t e s t s  are  g iv en  in  Appendix
8 .1 .  A summary o f  th e  p i l e  t e s t s  i s  g iv en  in  Table 8 .1 .  S e le c te d  p i l e  
t e s t s  are d isc u sse d  in  Chapter 11.

8 .1 2 .2  Conoco p i l e  t e s t s
The Conoco p i l e s  were su b jec ted  to  s o p h is t ic a te d  p a tte r n s  o f  lo a d in g  
based on su g g estio n s  by Conoco (M ueller, 1988), o f  re lev a n ce  to  o ffsh o r e  
p i l e  d e s ig n . The lo a d in g  p a tte r n s  in vo lved  s t a t i c  t e s t in g  to  f a i lu r e  
both in  te n s io n  and in  com pression , load  c o n tr o lle d  te n s io n  c y c l in g  w ith  
a te n s io n  b ia s ,  and d isp lacem ent c o n tr o lle d  ten sio n /co m p ressio n  c y c l in g  
to  su b je c t  th e  p i l e  to  sev ere  s tren g th  degradation .

A summary o f  th e  r e s u l t s  o f  t e s t s  on th e  Conoco p i l e s  i s  g iv en  in  Table
8 .2 .  The t e s t in g  h is to r y  o f  each Conoco p i l e  i s  d escr ib ed  below . Upward 
lo a d s and d isp lacem en ts are con sid ered  to  be p o s i t iv e ,  downward lo a d s  
and d isp lacem ents are con sid ered  to  be n e g a tiv e .

P i le  13 Type:Unexpanded Date o f  t e s t :  1 6 -1 7 .1 1 .8 8  F igures 8 .1 1 , 8 .1 2

(a) T estin g  o f  P i le  13 s ta r te d  on 1 6 .1 1 .8 8 . The p i l e  was f i r s t  su b jec ted  
to  a s t a t i c  te n s io n  t e s t  to  f a i lu r e .  I n i t i a l l y ,  CRL lo a d in g  was a p p lie d .  
9 increm ents o f  +50kN (nom inal) were a p p lied  to  a g iv e  a  t o t a l  lo a d  o f  
+ 449 .7kN. Each increm ent o f  load  was h e ld  fo r  5 m inutes, ex cep t th e  l a s t  
increm ent which was h e ld  fo r  1 m inute, during which tim e +0.81mm o f  
creep  d isp lacem ent occurred .

At t h i s  p o in t th e  hand pumping r a te  o f  the jack  was in crea sed  to  g iv e  a  
CRE d isp lacem ent r a te  o f  +lmm/minute. CRE load in g  was a p p lied  fo r  a 
disp lacem ent o f  + 4 .4mm during which tim e a peak t e n s i l e  load  o f  + 4 5 8 .lkN 
was recorded. The p i l e  was then unloaded in  7 increm ents o f
approxim ately -75kN, each h eld  fo r  3 m inutes.

(b) Tension on ly  c y c l in g  was then a p p lied . F ir s t ,  11 c y c le s  o f  
load in g  between + 182 .6kN and +274 .4kN were ap p lied  (40% and 60% o f  th e  
s t a t i c  c a p a c ity  in  th e  p rev iou s t e s t ) .  Then 10 c y c le s  o f  lo ad in g  between  
+ 136 .7kN and +320.4kN were ap p lied  (30% and 70% o f  th e  p rev iou s s t a t i c  
c a p a c ity ) .  Each c y c le  o f  load in g  la s te d  approxim ately f iv e  m inutes.

(c )  A fte r  th e  te n s io n  c y c l in g ,  a  s t a t i c  t e s t  to  te n s io n  f a i lu r e  was
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perform ed. Commencing from a bottom o f  c y c le  lo a d  o f  + 1 3 6 .7kN, 4 
increm ents o f  load  to  g iv e  a t o t a l  load  o f  + 449 .7kN were a p p lie d . Each 
increm ent was h eld  fo r  2 m inutes. CRE lo ad in g  fo r  a d isp lacem ent o f  +3mm 
was then  ap p lied  w ith  a maximum load  o f  + 475 .6kN being  recorded , a 4% 
in c r e a se  in  load  in  com parison to  th e  s t a t i c  t e s t  b efore  te n s io n  
c y c l in g .  The p i l e  was then  unloaded in  4 increm ents, each h e ld  fo r  1 
m inute. T estin g  was then  stopped fo r  th e  n ig h t .

(d) 18 hours la t e r ,  on 1 7 .1 1 .8 8 , ten sion /com p ression  c y c l in g  was a p p lied  
to  th e  p i l e .  The c y c lin g  was d isp lacem ent c o n tr o lle d , 5 c y c le s  o f  
load in g  between + /-  5mm being a p p lied . Top/bottom o f  c y c le  lo a d s  decayed  
during c y c lin g  (F igure 8 .1 2 ) .  Energy lo s s  per c y c le  tended towards a 
co n sta n t v a lu e , a s in d ic a te d  by th e  fa c t  th a t  th e  lo a d :d isp lacem en t p lo t  
fo llo w ed  s im ila r  h y s te r e s is  lo o p s towards th e  end o f  c y c l in g .

(e )  A fte r  th e ten sion /com p ression  c y c l in g , a  s t a t i c  t e s t  to  te n s io n  
f a i lu r e  was performed. During 7mm o f  CRE load in g  a maximum load  o f  
+ 325 .2kN was recorded, a  drop in  c a p a c ity  o f  32% in  com parison to  th e  
s t a t i c  t e s t  performed b efore  ten sion /com p ression  c y c l in g .  The p i l e  was 
then  unloaded in  4 increm ents, each h eld  fo r  1 m inute.

( f )  F in a lly ,  a s t a t i c  t e s t  to  com pression f a i lu r e  was c a rr ied  o u t. 
F ir s t ,  4 increm ents o f  -lOOkN (nom inal) were ap p lied  to  g iv e  a t o t a l  
load  o f  - 3 9 1 .7kN. Each increm ent was h eld  fo r  3 m inutes. CRP t e s t in g  was 
then  a p p lied . Approxim ately -33mm o f  CRP load in g  was a p p lied , 
g iv in g  an o v e r a ll d isp lacem ent during th e  whole lo a d in g  sequence o f  
-18mm. The ap p lied  load  a t  t h is  p o in t was -6 3 3 .3kN. The p i l e  was then  
unloaded in  6 increm ents o f  +100kN (nom inal), each increm ent being held  
fo r  2 m inutes.

P i le  4 Type: 1 weak l in e  Date o f  t e s t :  2 .1 2 .8 8  F igures 8 .1 3 , 8 .14

(a) The p i l e  was f i r s t  taken to  s t a t i c  te n s io n  f a i lu r e .  CRL load in g  was 
i n i t i a l l y  ap p lied , 3 increm ents o f  +30kN (nom inal) being ap p lied  to  g iv e  
a t o t a l  load  o f  +89.5kN. Each o f  th e se  increm ents was held  fo r  5 
m inutes. A fu rth er  increm ent o f  +30kN was then added, but la rg e  
d isp lacem ents occurred as i t  was a p p lied  and i t  was decided  to  proceed  
w ith  th e  CRE sta g e  o f  th e  t e s t .  A peak load  o f  + 138 .6kN was recorded  
during CRE load ing o f  approxim ately +15mm. The p i l e  was then  unloaded in  
6 increm ents, each h eld  fo r  2 m inutes.

(b) The p i l e  was then  taken to  s t a t i c  com pression f a i lu r e .  CRL load in g  
was i n i t i a l l y  a p p lied , 4 increm ents o f  -30kN (nom inal) being ap p lied  to  
g iv e  a t o t a l  load  o f  - 1 2 7 .2kN. Each increm ent was h eld  fo r  3 m inutes.
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O vera ll d isp lacem ent a t  t h i s  p o in t  was approxim ately z e r o . CRP lo a d in g  
fo r  a d isp lacem ent o f  approxim ately -20mm was th en  a p p lie d . Maximum load  
recorded was - 1 7 3 .9kN. The p i l e  was then  unloaded in  5 increm ents, each  
h eld  fo r  2 m inutes.

P i l e  11 Type: 3 weak l i n e s  Date o f  t e s t :  1 .1 2 .8 8  F igu res 8 .1 5 , 8 .1 6

(a ) The p i l e  was f i r s t  su b jec ted  to  a s t a t i c  te n s io n  t e s t  t o  f a i lu r e .  
I n i t i a l l y ,  CRL load in g  was a p p lied . 2 increm ents o f  +75kN (nom inal) were 
a p p lied  to  g iv e  a t o t a l  load  o f  + 149 .6kN, t h i s  increm ent b ein g  s e le c t e d  
on th e  b a s is  o f  an expected  f a i lu r e  load  in  th e  r e g io n  o f  +500kN. Both  
increm ents o f  load  were h e ld  fo r  5 m inutes. During th e  h o ld in g  p eriod  
fo r  th e  second load  increm ent approxim ately +12mm o f  creep  d isp lacem ent  
occurred: th e  p i l e  had o b v io u sly  f a i l e d .

At t h i s  p o in t th e  hand pumping r a te  was d ecreased  to  g iv e  a  CRE 
disp lacem ent r a te  o f  +lmm/minute. CRE load in g  was a p p lied  fo r  a  
disp lacem ent o f  + 4 .5mm during which tim e a peak t e n s i l e  load  o f  + 1 6 2 .2kN 
was recorded. The p i l e  was then  unloaded in  5 increm ents o f  
approxim ately -30kN, each  h eld  fo r  2 m inutes.

(b ) Tension o n ly  c y c l in g  was then  a p p lied . F i r s t ,  8 c y c le s  o f  
load in g  between +63.0kN and +95.4kN were a p p lied  (39% and 59% o f  th e  
s t a t i c  c a p a c ity  in  th e  prev ious t e s t .  Then 8 c y c le s  o f  lo a d in g  between  
+47.4kN and +111.0kN were a p p lied  (29% and 68% o f  th e  p rev iou s s t a t i c  
c a p a c ity ) .  Each c y c le  o f  load in g  la s t e d  approxim ately fo u r  m inutes.

(c )  A fte r  th e  te n s io n  c y c l in g , a  s t a t i c  t e s t  to  te n s io n  f a i lu r e  was 
perform ed. During + 3 .5mm o f  CRE lo a d in g  a maximum lo a d  o f  + 158 .8kN 
was recorded , a n e g l ig ib le  d ecrease  in  load  in  com parison to  th e  s t a t i c  
t e s t  b efore  te n s io n  c y c l in g . The p i l e  was then  unloaded in  7 
increm ents o f  - 20kN (nom inal), each increm ent being h e ld  fo r  1 m inute.

(d) T ension /com pression  c y c lin g  was then  a p p lied  to  th e  p i l e .  The 
c y c lin g  was d isp lacem ent c o n tr o lle d , 5 c y c le s  o f  lo a d in g  between + / -  5mm 
being a p p lied . Top o f  c y c le  lo a d s  showed a tren d  to  decay during  
c y c l in g , a t  a  d ecrea sin g  ra te  (F igure 8 .1 6 ) .  The tren d  fo r  bottom o f  
c y c le  lo a d s  to  decay was very  much l e s s .  Energy lo s s  per c y c le ,  a s  
in d ica te d  by th e  load  .’d isp lacem ent lo o p s , had n ot f u l l y  s t a b i l i s e d  by 
th e  end o f  c y c l in g .

(e )  A fter  th e  ten sion /com p ression  c y c l in g , a  s t a t i c  t e s t  to  te n s io n  
fa i lu r e  was perform ed. During approxim ately +3mm o f  CRE lo a d in g  a  
maximum load  o f  +78.1kN was recorded , a  drop in  c a p a c ity  o f  51% in
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com parison to  th e  s t a t i c  t e s t  performed b efore  ten sio n /co m p ressio n  
c y c l in g .  The p i l e  was then  unloaded in  4 increm ents o f  -20kN (nom inal), 
each increm ent being h e ld  fo r  1 m inute.

( f )  F in a lly ,  com pressive CRP load in g  was a p p lied  fo r  a d isp lacem ent o f  
-28mm, u n t i l  th e  com pression jack  ran ou t o f  t r a v e l .  The a p p lied  load  a t  
t h i s  p o in t was -1 7 2 .OkN, th e  o v e r a ll  d isp lacem ent during th e  whole 
load in g  sequence was approxim ately -5mm. The p i l e  was then  unloaded in  4 
increm ents, each h eld  fo r  1 m inute.

8 .1 2 .3  CPT t e s t s
The r e s u lt s  o f  the CPT t e s t s  made on 2 8 .1 1 .8 8  are g iven  in  Appendix 8 .2 .  
I t  can be seen  from th e se  t e s t  r e s u lt s  th a t  ground c o n d itio n s  w ith in  th e  
p i l e  t e s t  area v a r ied  from very  lo o se  to  very  d ense. The maximum cone 
r e s is ta n c e s  recorded in  th e  top  6m o f  th e  p r o f i l e s  have been used to  
c l a s s i f y  th e  d e n s ity  o f  th e  sand, fo llo w in g  th e  scheme o f  Schmertmann 
(1 9 7 0 ). T his i s  shown in  F igure 8 .1 7 .
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1 - slit outer shell

3 -slit outer shell

Figure 8 .1  * 1 - s l i t ’ and ‘3 - s l i t ’ expansion  o f  a c ir c u la r  o u ter  s h e l l
Diagrammatic rep re se n ta tio n  o f  m o b ilisa t io n  
o f  s o i l  r e s is ta n c e
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Figure 8.2 Details of CP&F pile expander mandrel nose
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Figure 8 .4  Expanded c o n fig u r a tio n  o f  Conoco 3 weak l i n e  p i l e ,  
assuming r ig id  o u ter  s h e l l

390



P
E
R
C
E
N
T
 
F
I
N
E
R

Figure 8 .5  T yp ica l grading curves fo r  s o i l  a t  t e s t  s i t e



o
3

O
10

O  Test pile 

0  Reaction pile Conoco Oo O O
2 A 9 16

OConoco
11

• O • O •
5 12

ConocoO o O O O O
1 6 17 8 13 15

• O • O •
7 1A

Am

A

P ile
No.

Type Date
driven

1 CP&F p la s t ic ,  unexpanded 28 /10 /88
2 CP&F p la s t i c ,  expanded 28 /1 0 /8 8
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Figure 8.6 Layout of piles at Hermitage site
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Figure 8.8 Driving records for Conoco piles
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Figure 8.9 CP&F piles: grouting details
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Figure 8.12 Test on Conoco P ile  13:
Applied load against displacement
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Figure 8 .1 7  L ocation  o f  CPT p r o f i l e s
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P i l e Type D riv en l e v e l s D r iv in g  o u t e r  s h e l l : T e s t Maximum lo ad D isp .  a t
No. S h e l l Mandrel Blows Drop h e ig h t^ Energy ty p e ( CRP o r  CRE) max. lo a d

( m below g . 1 . ) ( mm) ( k J ) (kN) (mm)

1 P l a s t i c unexpanded 4 .8 - 40 300 388 Comp. 95 1 6 .0
2 P l a s t i c expanded 4 .9 5 .2 * 24 300 233 Comp. 196 1 8 .3

3 S t e e l unexpanded 5 .9 - 85 200-250 619 Comp. 299 11.1
5 P l a s t i c expanded 4 .8 3 .8 Comp. 100 1 4 .3

6 S t e e l expanded 5 .9 4 .4 97 200-250 707 Ten. 199 2 0 .0
7 P l a s t i c expanded 4 .9 3 .9 Comp. 372 23 .7

8 P l a s t i c unexpanded 4 .8 - 87 300-350 915 Comp. 296 2 1 .5
9 P l a s t i c expanded 4 .8 4 .8  Z 27 200-250 197 Comp. 182 13.7
10 P l a s t i c expanded 4 .4 4 . 2 1 58 250 469 Comp. 390 2 1 .1
12 P l a s t i c unexpanded 5 .0 - 98 200-300 793 Comp. 308 2 4 .2
14 S t e e l unexpanded 5 .9 - 59 200-250 430 Comp. 109 2 0 .0
15 P l a s t i c unexpanded 3 .7 - Comp. 169 2 2 .0
16 S t e e l expanded 5 .9 3 .8 100 200-250 728 Comp. 402 17.1
17 P l a s t i c expanded 4 .9 4 .4 Ten. 100 10 .8

N o te s : 1. Does n o t  i n c l u d e  dragdown d u r i n g  e x p a n s io n  ( t y p i c a l l y  50-100mm).
2. Expander m andre l n ose  met w i th  o u t e r  s h e l l  d r i v i n g  sh o e .
3. Average o f  d ro p  h e i g h t  v a lu e s  e s t i m a t e d  by ey e .
4. C a l c u l a t e d  u s in g  e q u a t i o n

D r iv in g  e n e rg y  = No. blows x a v e ra g e  d ro p  h e i g h t  x hammer w e ig h t  
(a ssum es no e n e rg y  l o s s e s  d u r i n g  d r i v i n g )

Table 8 .1  CP&F p i l e s :
Summary o f  r e s u lt s
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P i l e P i l e D riv en  l e v e l s D r iv in g o u t e r  s h e l l : Maximum lo a d s D isp .  a t  max . lo a d s
No. ty p e S h e l l  M andrel Blows Drop h e i g h t Energy T en s io n 5 iComp. T en s io n Comp.

(m below  g . 1) (mm) (k J ) (kN) (kN) (mm) (mm)

13 UnexDanded: 
O u te r  s h e l l 6 .5 0 130 650 2735 +458 -633 + 9 .1 -18

4 ExDanded. 1 - S D l i t :
O u te r  s h e l l 6.82* 53 300-400 601
Expander m an d re l  
Completed p i l e

4 .7 0 62 300-400 702
+ 139 -174 + 19 .3 -2 0

11 ExDanded. 3 - S D l i t :  
O u te r  s h e l l 6 .4 5 53 300-400 601
E xpander  m andre l 
Completed p i l e

6 .3 5Z 55 300-400 623
+ 162 -172 + 16.8 -5

N o te s : 1. I n c l u d e s  275mm dragdown d u r i n g  e x p a n s io n .
2 . Expander  m andre l  n o se  met w i th  o u t e r  s h e l l  d r i v i n g  s h o e .
3. A verage  o f  d ro p  h e i g h t  v a l u e s  e s t i m a t e d  by ey e .
4 . C a l c u l a t e d  u s i n g  e q u a t i o n

D r iv in g  e n e rg y  = No. b low s x a v e r a g e  d ro p  h e i g h t  x hammer w e ig h t  
(a s su m es  no e n e rg y  l o s s e s  d u r i n g  d r i v i n g ) .

5. I n i t i a l  s t a t i c  t e n s i o n  t e s t .
6. F in a l  s t a t i c  co m p re s s io n  t e s t .

Table 8.2 Conoco piles:
Summary of results



CHAPTER 9
CAVITY EXPANSION BACKGROUND THEORY

9.1  In trod u ction

The aim o f  t h i s  Chapter i s  to  provide a s e le c t iv e  t h e o r e t ic a l  background 
to  th e  W edge-Pile p r o je c t .  The Chapter fo cu ses  on c a v ity  expansion  
t h e o r ie s .

A n a ly tic a l and num erical s o lu t io n s  have been found fo r  both sp h e r ic a l  
and c y l in d r ic a l  expansion  in  va r io u s media, and th e se  have been o f  much 
in t e r e s t  to  g eo tec h n ic a l e n g in ee rs . S o lu tio n s  fo r  sp h e r ic a l expansion  
have been ap p lied  to  problems o f  bearing c a p a c ity  ( e .g .  Gibson, 1950; 
Ladanyi, 1967; V e s ic , 1972). S o lu tio n s  fo r  c y l in d r ic a l  expansion  have 
been ap p lied  to  such problems as  th e  in te r p r e ta t io n  o f  pressurem eter  
t e s t s  ( e .g .  Gibson and Anderson, 1961; Palmer, 1972; Hughes e t  a l ,  1977; 
C arter e t  a l ,  1986), th e  in s t a l la t io n  o f  a cone penetrom eter (Houlsby 
and W ithers, 1988; W ithers e t  a l ,  1989), and th e  in s t a l la t io n  o f  
con ven tion a l d riven  p i l e s  (eg . Randolph e t  a l  1979).

S e c tio n s  9 .2  to  9 .7  o f  t h is  Chapter are concerned w ith  behaviour in  c la y  
s o i l s .  S ec tio n  9 .2  b r ie f ly  summarises th e  a v a ila b le  a n a ly t ic a l  s o lu t io n s  
fo r  undrained c y l in d r ic a l  c a v ity  expansion . S e c tio n  9 .3  co n s id ers  th e  
r e s u l t s  from param etric s tu d ie s  c a r r ie d  out a t  Cambridge U n iv e r s ity  
employing a f i n i t e  elem ent techn ique to  model th e  in s t a l la t io n  o f  a 
con ven tion a l d riven  p i l e  as th e  c r e a t io n  o f  a long c y l in d r ic a l  c a v ity .  
S e c tio n s  9 .4  to  9 .7  review  the a p p lic a t io n  o f  c a v ity  expansion  theory  to  
th e a n a ly s is  o f  th e  in s t a l la t io n  o f  both con ven tion a l p i l e s  and 
w ed g e-p ile s , in  th e  l i g h t  o f  r e c e n t ly  developed methods o f  a n a ly s is  and 
o f  data  from instrum ented p i l e s .  S ec tio n  9 .8  summarises the a n a ly t ic a l  
s o lu t io n s  a v a ila b le  fo r  drained c y l in d r ic a l  c a v ity  expansion , and 
S ec tio n  9 .9  co n s id ers  th e ir  p o s s ib le  re levan ce  to  th e behaviour o f  
w ed g e-p iles  in s t a l le d  in  sands.

9 .2  A n a ly tica l S o lu tio n s  fo r  Undrained C y lin d r ic a l C av ity  Expansion

A n a ly tic a l s o lu t io n s  fo r  th e undrained expansion  o f  a  c y l in d r ic a l  c a v ity  
have been developed  m ainly fo r  u se  in  th e in te r p r e ta t io n  o f  
pressurem eter t e s t s .  I t  i s  assumed th a t th e reader i s  fa m ilia r  w ith  th e  
p r in c ip le s  and b a s ic  d e t a i l s  o f  pressurem eter t e s t in g  (Mair and Wood, 
1987).
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9 . 2 . 1  E la s t ic - p e r f e c t ly  p la s t i c  a n a ly s is
The purpose o f  d evelop in g  th e o r ie s  to  a n a lyse  expansion  during  
pressurem eter t e s t s  i s  to  enab le th e  d eterm ination  o f  s o i l  p r o p e r t ie s .  
T his in v o lv e s  matching measurements o f  c a v ity  p ressu re  and change o f  
c a v ity  rad iu s w ith  a  s o lu t io n  o f  th e  governing eq u a tio n s . Gibson and 
Anderson (1961) ,  fo llo w in g  th e  a n a ly se s  o f  Bishop e t  e l  (1945) and H i l l  
(1950) ,  p resen ted  th e  f i r s t  such in te r p r e ta t io n  o f  an expansion  t e s t .  
The t e s t  was m odelled  a s  th e  expansion  o f  an e x is t in g  c y l in d r ic a l  c a v ity  
in  th e ground. The pressurem eter was con sid ered  to  be i n f i n i t e l y  long  
such th a t  th e  deform ation  o f  th e  surrounding s o i l  was under c o n d it io n s  
o f  a x ia l  symmetry and p lan e s t r a in .  Two a n a ly se s  were p resen ted , one o f  
which was a p p lic a b le  to  undrained expansion  t e s t s  in  c la y .  In  t h i s  
a n a ly s is  th e  s o i l  was assumed to  undergo no volume change during  
expansion  and to  behave a s  an e l a s t i c - p e r f e c t l y  p l a s t i c  m a te r ia l,  
ch a ra c te r ised  by a sh ear modulus G and an undrained sh ear s tr e n g th  c u . 
The s o lu t io n ,  r e fe r r e d  to  here a s  th e  Gibson/Anderson a n a ly s is ,  g iv e s  
th e  d isp lacem ent f i e l d  and t o t a l  s t r e s s  d is tr ib u t io n s  in  th e  m a ter ia l 
around th e  c a v ity .

Expansion o f  a  c a v ity  in  an e l a s t i c - p e r f e c t l y  p la s t i c  s o i l  in v o lv e s  an 
expanding annulus o f  f a i l e d  p la s t i c  s o i l  near to  th e  c a v i ty ,  r e s tr a in e d  
by a surrounding mass o f  e l a s t i c  s o i l .  The s t i f f n e s s  o f  th e  
pressurem eter resp on se d im in ish es s t e a d i ly  a s  th e  e l a s t i c / p l a s t i c  
boundary i s  pushed fu r th er  o u t, u n t i l  a  th e o r e t ic a l  l im it in g  c o n d it io n  
i s  reached a t  i n f i n i t e  expansion , when

PL = ar0 + c u{ l  + ln (G /cu )} ( 9 .1 )

where
PL = limit pressure
cr. = i n - s i t u  h o r iz o n ta l s t r e s s'O
c u = undrained shear s tren g th  
G = shear modulus

E stim ates o f  pL, G, and crro can u s u a lly  be made from th e  p r e s su r e :s t r a in  
or p r e ssu r e :volume curve o f  a  pressurem eter t e s t .  Equation 9 .1  can be 
rearranged to  o b ta in  c u :

c u = (p L -  crro ) / { l  + ln (G /c u )} ( 9 .2 )

This method o f  o b ta in in g  c u i s  u su a lly  re fe rred  to  a s  th e  ' l im it  
pressure* method.

407



Marsland and Randolph (1977) defined the parameter

Np = 1 + ln (G /cu ) ( 9 .3 )

a s  th e  'pressurem eter c o n s ta n t’ , analogous to  th e cone fa c to r  Nk used in  
th e  in te r p r e ta t io n  o f  th e  cone p e n e tr a tio n  t e s t .  Np i s  r e la t iv e ly
in s e n s i t iv e  to  changes in  G/cu . For example, a range o f  ty p ic a l  G /cu 
v a lu e s  from 90 to  330 corresponds to  a change in  Np o f  5 .5  to  6 . 8 . A
co n sta n t va lu e  o f  Np i s  o f te n  assumed -  a v a lu e  o f  6 .18  i s  c o n s is te n t
w ith  a bearing ca p a c ity  fa c to r  Nc o f  9 .25  ( i b i d . ) .

Houlsby and W ithers (1988) have r e c e n t ly  extended th e  e l a s t i c - p e r f e c t ly  
p la s t i c  a n a ly s is  to  in c lu d e  an unloading phase. Using t h i s  a n a ly s is ,  i t  
i s  p o s s ib le  to  make e s tim a te s  o f  cu , G and afQ from th e  unloading curve 
o f  a  F u ll D isplacem ent Pressurem eter (FDPM) (W ithers e t  a l ,  1986). In  
t h i s  new a n a ly s is ,  th e  i n i t i a l  in s t a l la t io n  o f  th e  FDPM i s  m odelled  
t h e o r e t ic a l ly  as th e expansion  o f  a  c y l in d r ic a l  c a v ity  w ith in  th e s o i l ,  
and th e  expansion phase a s  a  continued  expansion  o f  th e  same c y l in d r ic a l  
c a v ity .

Houlsby and W ithers have j u s t i f i e d  th e  use o f  c y l in d ic a l  c a v ity
expansion  theory  to  model th e  in s t a l la t io n  o f  th e  FDPM cone on th e b a s is  
o f  work by Teh (1987) ,  who implemented B a lig h ’s  s t r a in  path method (se e  
S e c tio n  9 .4 )  to  a n a lyse  th e  60° cone, and showed th a t th e s t r e s s  
d is tr ib u t io n  fa r  behind th e  cone t ip  was s im ila r  to  th e  d is tr ib u t io n  
crea ted  by th e expansion o f  a c y l in d r ic a l  c a v ity  from zero  i n i t i a l  
ra d iu s . The a n a ly s is  th u s p r e d ic ts  th a t  th e  pressurem eter w i l l  ' l i f t  
o f f ’ a t  th e  l im it  p ressu re . I t  i s  d i f f i c u l t  to  r e c o n c ile  t h i s  p r e d ic tio n  
w ith  th e  usual o b serva tion  o f  a  ' l i f t - o f f ’ p ressure w e ll  below the l im it  
p ressu r e , fo r  pressurem eters pushed in to  th e ground ( e . g .  Pow ell and 
Uglow, 1985; Houlsby and W ithers, 1988).

9 . 2 . 2  General a n a ly s is
I f  i t  i s  assumed th a t th e  s o i l  surrounding th e pressurem eter i s  
undrained and th ere fo re  does not change in  volume during expansion , a l l  
elem ents o f  s o i l  are su b jec ted  to  deform ations s im ila r  in  mode and 
d if f e r e n t  on ly  in  m agnitude. I f  i t  i s  a ls o  assumed th a t a l l  s o i l  
elem ents have th e same s t r e s s :s tr a in  response when su b jec ted  to  t h is  
deform ation , then elem ents o f  s o i l  a t  d if f e r e n t  r a d ii  w i l l  have reached  
d if f e r e n t  p o in ts  a long a unique shear s tr e s s :s h e a r  s t r a in  curve. The 
pressurem eter p ressure:d eform ation  response i s  th e  in teg ra te d  e f f e c t  
o f  th e  response o f  th ese  s o i l  e lem en ts, from in f i n i t e  rad iu s to  th e w a ll 
o f  th e c a v ity .
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In  th eo ry , th e  p r e c is e  form o f  th e  unique sh ear s tr e s s : s h e a r  s t r a in  
curve, which can tak e  any form, can be deduced from th e  p ressu re:  
deform ation cu rve. Very s im ila r  a n a ly se s  were developed in d ep en d en tly  by 
Palmer (1972) ,  Ladanyi (1972) ,  B agu elin  e t  a l  (1972);  th e  a n a ly s is  i s  
r e fe rred  to  here a s  th e  Palmer a n a ly s is .

The sh ear s t r e s s ,  t , a t  th e  w a ll o f  th e  c a v ity  i s  g iv e n  by th e  
eq u ation

t = dp
d{ln(A V /V )} ( 9 .4 )

where
p = cu rrent c a v i ty  p ressu re  
V = cu rrent volume a t  p ressu re  p 
V0 = volume a t  r e fe r e n c e  p ressu re  
AV = V -  VQ

Equation 9 .4  s t a t e s  th a t  t a t  a  p a r t ic u la r  c a v ity  s t r a in  i s  equal to  th e  
cu rrent s lo p e  o f  th e  p:ln(AV/V) p lo t .

Although in  th eory  th e  Palmer a n a ly s is  i s  su p er io r  to  th e  G ibson/ 
Anderson a n a ly s is ,  i t s  p r a c t ic a l  a p p lic a t io n  to  th e  p ressurem eter t e s t  
i s  fraught w ith  d i f f i c u l t i e s .  The in te r p r e ta t io n  i s  very  s e n s i t iv e  to  
d istu rb an ce caused by in s t a l la t io n  o f  th e  instrum ent, and on th e  ch o ic e  
o f  s t r a in  datum. In  many s o i l s  s t r e s s :s t r a in  response i s  r a te  dependent; 
th e s t r a in  ra te  surrounding an expanding pressurem eter v a r ie s  in v e r se ly  
w ith  th e  square o f  th e  rad iu s and e lem en ts a t  d i f f e r e n t  r a d ii  may 
th e r e fo r e  fo llo w  d i f f e r e n t  s t r e s s :s t r a in  cu rves. The apparent peak  
s tren g th s  deduced from th e  r e s u l t s  o f  pressurem eter t e s t s  u sin g  th e  
Palmer a n a ly s is  have g e n e r a lly  proved u n r e lia b le ,  a lthough  l e s s  
u n cer ta in ty  surrounds th e  d eterm ination  o f  th e  apparent la r g e  s tr a in  
s tren g th  g iven  by th e  s lo p e  o f  th e  p:ln(AV/V) a t  la r g e  d eform ation s. A 
p:ln(AV/V) p lo t  w ith  an extended l in e a r  p o r tio n  a t  la r g e  deform ations i s  
c o n s is te n t  w ith  th e  s o i l  tend ing to  a c o n d it io n  o f  p e r fe c t  p l a s t i c i t y ,  
w ith  t rem aining co n sta n t w ith  con tin u in g  s tr a in .  The la r g e  s t r a in  
s tren g th  i s  l i k e l y  to  g iv e  a b e t te r  in d ic a t io n  o f  th e  O p e r a t io n a l’ 
s tren g th  o f  th e  s o i l  around th e  p ressurem eter (Marsland, 1977; 1979).

The problems in vo lved  in  deducing a c r e d ib le  s t r e s s : s t r a in  curve from 
th e  r e s u lt s  o f  a pressurem eter t e s t  have le d  to  th e  g en era l co n c lu s io n  
th a t th e e x tr a  s o p h is t ic a t io n  o f  th e  Palmer a n a ly s is  i s  n o t j u s t i f i e d  
and th a t th e Gibson/Anderson a n a ly s is  i s  s a t is f a c t o r y  fo r  d es ig n  
purposes in  g e o te c h n ic a l en g in eerin g  (Wroth, 1984; Mair and Wood, 1987).
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9.3 Cavity Expansion Model of Conventional Pile Installation in Clays

9 . 3 . 1  In trod u ction
When a  s o l id  p i l e  i s  d r iv e n , i t  must d is p la c e  a volume o f  s o i l  equal to  
th e  volume o f  th e  p i l e .  At sm all depths ground heave w i l l  occur; a t  
g r e a te r  depths s o i l  w i l l  be d isp la c e d  predom inantly r a d ia l ly .  T h is has 
le d  to  th e  in s t a l la t io n  p ro cess  b ein g  m odelled a s  th e  expansion  o f  a  
c y l in d r ic a l  c a v ity ,  w ith  th e  f in a l  rad iu s o f  th e  c a v i ty  equal to  th a t  
o f  th e  p i l e .  In  c o n tr a s t  t o  th e  expansion  o f  a  p ressu rem eter , which  
in v o lv e s  th e expansion  o f  a  p r e -e x is t in g  c a v i ty ,  th e  concept in  th e  ca se  
o f  p i l e  in s t a l la t io n  i s  th a t  o f  th e  expansion  o f  a  c a v i ty  from zero  
r a d iu s . The most e x te n s iv e  e x p lo r a tio n  a lon g  t h i s  avenue o f  a n a ly s is  was 
undertaken a t  Cambridge U n iv e r s ity  in  th e  l a t e  1970’s ,  p rev io u s a n a ly se s  
having been p resen ted  by Soderburg (1962) ,  and B u t te r f ie ld  and Bannerjee  
(1970) .

The work ca rr ied  ou t a t  Cambridge (r e fe r r e d  to  here a s  th e  'Cambridge 
th e o r y ’ ) invo lved  some new a n a ly t ic a l  methods and e x te n s iv e  param etric  
s tu d ie s  u sin g  a f i n i t e  elem ent method (Wroth e t  a l ,  1979; Randolph 
e t  a l ,  1979; Randolph and Wroth, 1982).  I t  formed th e  c e n tr a l p art o f  a  
programme o f  research  in to  a gen era l e f f e c t i v e  s t r e s s  th eory  fo r  th e  
d e s ig n  o f  d riven  p i l e s .  The u sual s ta r t in g  p o in t fo r  any such th eory  i s  
th e  d iv is io n  o f  th e  problem in to  th e  fo llo w in g  areas (Ja rd in e , 1985):

(a)  The gen era l s t r e s s - s t r a i n  and s tr e n g th  p r o p e r tie s  o f  s o i l s .
(b) The e v a lu a tio n  o f  i n i t i a l  ground c o n d it io n s .
(c )  The p rocess o f  p i l e  in s t a l la t io n .
(d ) The e q u ilib r a t io n  o f  th e  s o i l  a f t e r  p i l e  in s t a l la t io n .
(e )  The p rocess o f  p i l e  load in g  from f ix e d  i n i t i a l  c o n d it io n s .

The Cambridge th eory  i s  concerned w ith  s ta g e s  (c )  and (d) o f  t h i s  
sequence. A x ia l symmetry and p lan e s t r a in  c o n d itio n s  are  assumed 
throughout, as b e fo re . The c y l in d r ic a l  expansion  i s  assumed to  occur a t  
some d is ta n c e  away from end e f f e c t s  a s so c ia te d  w ith  th e  p rox im ity  o f  th e  
ground su rface  and th e  t i p  o f  th e  p i l e .  Randolph e t  a l  (1979) o f f e r  th e  
r e s u l t s  o f  o th er  rep orted  experim ental work to  support t h e ir  assum ption  
th a t  d isp lacem ents during in s t a l la t io n ,  and subsequent e x c e ss  pore w ater  
g ra d ie n ts  during c o n s o lid a t io n , are r a d ia l over most o f  th e  le n g th  o f  
th e  p i l e .

A lthough in  th e p i l e  in s t a l la t io n  problem th e  c a v ity  must be crea ted  
from zero rad iu s, num erical m odelling  o f  t h i s  i s  not p o s s ib le  because o f  
th e  in f in i t e  c a v ity  s t r a in  th a t  would occur a t  zero  ra d iu s . T herefore,
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th e  problem i s  s im p lif ie d  to  th a t  o f  th e  expansion  o f  a  c a v i ty  w ith  
i n i t i a l  rad iu s a , to  f in a l  rad iu s 2a , where th e  rad iu s o f  th e  p i l e  r  i s  
r e la te d  to  a  by th e  ex p r e ss io n  

r  = /iT a
such th a t  th e  same volume o f  s o i l  i s  d isp la c e d  in  both th e  r e a l  and th e  
model c a s e s .  The s o lu t io n  fo r  expansion  from a f i n i t e  ra d iu s  u lt im a te ly  
g iv e s  th e  same l im i t  s o lu t io n  a s  th a t  which occurs im m ediately in  th e  
ca se  o f  expansion  from zero  i n i t i a l  rad iu s; a f t e r  doubling th e  ra d iu s o f  
a  c a v ity  th e  in te r n a l p ressu re  i s  w ith in  6% o f  th e  l i m i t  p ressu re  and 
t h i s  p rov id es  a s u it a b le  approximate s o lu t io n .

9 .3 .2  E la s t ic  s o lu t io n  fo r  c o n so lid a t io n
Randolph and Wroth (1979) p resen ted  an a n a ly t ic a l  s o lu t io n  fo r  r a d ia l  
c o n so lid a t io n  around a  p i l e  m odelled a s  an expanded c y l in d r ic a l  c a v ity ,  
assiiming th a t  th e  s o i l  deforms e l a s t i c a l ly . -

The Gibson/Anderson a n a ly s is  can be used  to  p r e d ic t  th e  i n i t i a l  pore  
p ressu re  d is t r ib u t io n  around th e p i l e .  I f  i t  assumed th a t ,  under 
undrained c o n d it io n s , th e  mean e f f e c t i v e  s t r e s s  in  th e  p la s t i c  zone 
remains co n sta n t, th e  i n i t i a l  change in  pore p ressure Au a t  th e  fa c e  o f  
th e  p i l e  i s  equal to  th e  i n i t i a l  change in  mean t o t a l  s t r e s s  Ap» From 
Equation 9 .1 :

A ct, = c u{1 + ln (G /c u )} (9 .5 )

Ap = culn (G /c u ) (9 .6 )

Au = AP (9 .7 )

During e l a s t i c  c o n s o lid a t io n , changes in  p r in c ip a l s t r e s s e s  occur sis th e  
pore p ressu re  gen erated  on in s t a l la t io n  d is s ip a t e s .  The change in  r a d ia l  
e f f e c t i v e  s t r e s s ,  Act/  , i s  governed by th e eq u ation

A ct/ = -Au (9 .8 )

Thus th e  change in  t o t a l  s t r e s s  during c o n so lid a t io n  i s  p red ic te d  to  be 
zero , im plying th a t  th e  f u l l  l im it in g  p ressu re  needed to  expand the  
c y l in d r ic a l  c a v ity  w i l l  e v e n tu a lly  a c t  a s  e f f e c t iv e  s t r e s s  a g a in s t  th e  
p i l e .

9 .3 .3  F in ite  elem ent m od ellin g  o f  p i l e  in s t a l la t io n
In order to  d evelop  and u se  more complex and r e a l i s t i c  s o i l  models to  
rep resen t th e  medium surrounding th e p i l e ,  th e  resea rch ers a t  Cambridge 
turned to  a f i n i t e  elem ent method o f  a n a ly s is  in corp oratin g  a v e r s io n
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o f  th e  work-hardening M odified  Cam-clay s o i l  model (Wroth e t  a l ,  1979; 
Randolph e t  a l ,  1979). Using t h i s  model, th ey  were a b le  to  c a lc u la te  
s t r e s s  and pore p ressu re  changes im m ediately a f t e r  d r iv in g  and a t  any 
tim e during th e p eriod  o f  s o i l  e q u il ib r a t io n . The c o -o rd in a te  system  and 
th e  i n i t i a l  s t r e s s  s t a t e  in  th e  s o i l  th a t  were adopted in  th e  a n a ly se s  
are shown in  F igure 9 .1 .  The a n a ly ses  con sid ered  s t r e s s e s  exp ressed  in  
term s o f  the o r ig in a l undrained shear s tren g th  Cy. .

A la r g e  number o f  param etric s tu d ie s  were performed u sin g  s o i l  models 
rep resen tin g  London Clay and Boston Blue C lay, w ith  a d d it io n a l s tu d ie s  
u sin g  s o i l  models rep re se n tin g  a wide range o f  c la y  ty p e s . A range o f  
o v erc o n so lid a tio n  r a t io s  (OCRs) were co n sid ered . Jard ine (1985) p o in ts  
ou t th a t  some o f  th e  assum ptions regarding th e  s o i l  models th a t were 
used are co n tra d ic ted  by rec en t research .

The p r in c ip a l c o n c lu s io n s  from th e param etric s tu d ie s  were as fo llo w s:

(a ) The t o t a l  s t r e s s  paths during expansion  in  th e  c a se  o f  th e  M odified  
Cam-clay model are s im ila r  to  th o se  fo r  th e  e l a s t i c - p e r f e c t l y  p la s t i c  
model. T his r e s u lt  i s  due to  th e  geom etric c o n s tr a in ts  on th e  s tr a in  
path  o f  each s o i l  elem ent -  th e  elem ents are a l l  a t  d if f e r e n t  s ta g e s  on 
th e  same s t r e s s - s t r a in  path  (S e c tio n  9 .2 .2 ) .  The in cr ea se  in  mean t o t a l  
s t r e s s  i s  g iven  c lo s e ly  by Equation 9 .6  u sin g  seca n t v a lu es  o f  G. 
Approximate s t r e s s  paths during p i l e  d r iv in g  ( i e .  c a v ity  expansion) fo r  
elem ents o f  s o i l  near to  th e  p i l e  are shown in  F igure 9 .2 .

(b) Although the t o t a l  s t r e s s  paths are la r g e ly  independent o f  s o i l  
model, th e  e f f e c t iv e  s t r e s s  paths -  and hence pore p ressu res  -  d i f f e r  
between m odels, because in  th e  work hardening model th e  va lu e o f  the  
mean e f f e c t iv e  s t r e s s  changes during sh earin g . The ex p ressio n  fo r  th e  
maximum pore p ressure generated  next to  th e  p i l e ,  Au, i s  g iven  by the  
approximate ex p ressio n

Au = (p' -  p/ ) + c u. ln (G /c u. ) (9 .9 )

where
Pi = mean e f f e c t iv e  s t r e s s  p r io r  to  shearing  
p'f = mean e f f e c t i v e  s t r e s s  a f t e r  shearing  
G = shear modulus 
c u. = undrained sh ear s tren g th

As th e  va lu e o f  OCR in c r e a se s  so  does G /cu. ( fo r  co n sta n t c u. ), but (p' -  
p(' ) d ecrea ses, becoming n eg a tiv e  fo r  v a lu es  o f  OCR g r e a te r  than 2 as the  
s o i l  tends to  d i la t e  on shearing  (F igure 9 .2 ) .  These two e f f e c t s
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v ir t u a l ly  ca n ce l th em selves o u t, w ith  th e  r e s u lt  th a t  th e  e x c e ss  pore 
p ressu re  d is tr ib u t io n  fo r  a s o i l  o f  g iv e n  s tren g th  i s  s c a r c e ly  a f fe c te d  
by th e  s t r e s s  h is to r y  o f  th e  s o i l .  The e x c e ss  pore p ressu re  (and 
t o t a l  r a d ia l s t r e s s )  i s  s e n s i t iv e ,  however, to  th e  v a lu e  o f  shear  
modulus chosen in  Equation 9 .9 ;  s o i l s  w ith  la r g e r  v a lu e s  o f  shear  
modulus develop ing  h igh er e x c e ss  pore p ressu res  and l im it in g  t o t a l  
p r e ssu r e s . Choice o f  sh ear modulus has l e s s  in f lu e n c e  on th e  f in a l  
r a d ia l e f f e c t i v e  s t r e s s  a c t in g  a f t e r  c o n so lid a t io n  ( s e e  (d) b elow ). A 
ty p ic a l  s t r e s s  d is t r ib u t io n  surrounding th e p i l e  im m ediately a f t e r  
in s t a l la t io n  i s  shown in  Figure 9 .3 ,  fo r  th e  c a se s  o f  Boston Blue Clay  
w ith  OCR = 1 and 8 , and two d i f f e r e n t  v a lu e s  o f  G. In  th e  f a i l e d  reg io n  
o f  s o i l  near to  th e  p i l e  th e  e f f e c t i v e  s t r e s s e s  fo r  th e  two s o i l  models 
are th e  same, r e g a r d le ss  o f  th e  v a lu e  o f  G. T h is i s  because th e  
undrained stren g th  i s  th e  same fo r  each s o i l  model.

(c )  During c o n so lid a t io n , e f f e c t i v e  s t r e s s e s  in cr ea se  a s  th e  e x c e ss  pore 
p ressu res  d is s ip a t e .  Most o f  th e  s o i l  surrounding th e  c a v ity  (a t  r a d ii  
g rea te r  than about tw ice  th e  c a v i ty  ra d iu s) unloads in  shear during  
c o n so lid a t io n . Near to  th e  p i l e ,  however, th e  k inem atic r e s t r a in t  o f  th e  
r e la t iv e ly  r ig id  p i l e  cau ses th e  s o i l  near to  th e  p i l e  to  undergo 
fu r th er  sh ear s tr a in in g . T ota l r a d ia l s t r e s s  i s  p red ic te d  to  f a l l  -  t h is  
phenomenon has been observed during pressurem eter h o ld in g  t e s t s  (C larke 
e t  a l ,  1979).

(d) A fter  c o n so lid a t io n , th e  s t r e s s e s  in  th e  s o i l  surrounding th e  d riven  
p i l e  are s ig n i f ic a n t ly  a lte r e d , ou t to  about 20 p i l e  r a d i i .  A ty p ic a l  
s t r e s s  d is tr ib u t io n  surrounding th e  p i l e  a f t e r  c o n so lid a t io n  i s  shown in  
Figure 9 .4 ,  fo r  th e  c a se  con sid ered  p r e v io u s ly  -  B oston Blue Clay 
w ith  OCR = 1 and 8 , and two d if f e r e n t  v a lu es  o f  G. Comparison o f  
F igures 9 .3  and 9 .4  shows th a t  whereas the r a t io  o f  th e  pore 
p ressu res  generated  on expansion  fo r  th e  two v a lu e s  o f  G i s  1 .8 ,  the  
r a t io  o f  th e  f in a l  r a d ia l e f f e c t i v e  s t r e s s e s  a c tin g  a f t e r  c o n so lid a tio n  
i s  o n ly  1 .1 3 . The f in a l  r a d ia l e f f e c t i v e  s t r e s s  a c t in g  on th e  p i l e  in  
t h i s  ca se  i s  about 5 cUj , th e  in c r e a se  in  e f f e c t i v e  s t r e s s  during  
c o n so lid a t io n  being around h a lf  o f  th e  i n i t i a l  e x c e ss  pore p ressu re . 
From a n a ly se s  u sin g  s o i l  models rep resen tin g  a wide range o f  c la y s ,  ov' 
a f t e r  c o n so lid a t io n  i s  p red ic ted  by th e  Cambridge th eory  to  be t y p ic a l ly  
in  th e  range 5 to  6c Uj .

In comparison w ith  th e  more s o p h is t ic a te d  num erical a n a ly ses  
su bseq u en tly  c a r r ie d  o u t, th e  e l a s t i c  so lu t io n  fo r  c o n so lid a tio n  
p rov id es r e a l i s t i c  e s t im a te s  o f  th e  tim es n ecessary  fo r  c o n so lid a t io n  to  
take p la c e . T his i s  because most o f  th e  s o i l  i s  un loading in  shear and 
th e  c o n so lid a t io n  p ro cess  i s  la r g e ly  c o n tr o lle d  by th e  flow  o f  w ater
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through th e  la r g e  volume o f  s o i l  a t  in term ed ia te  r a d i i .  The s t r e s s  
changes near th e  p i l e  are  not w e ll p red ic te d  by th e  e l a s t i c  model, 
however.

(e )  Near to  th e p i l e  mean e f f e c t i v e  s t r e s s  in c r e a se s  during  
c o n so lid a t io n , r e s u lt in g  in  a s ig n i f ic a n t  in crea se  in  s o i l  s tren g th . 
A fter  c o n so lid a tio n , th e  s o i l  c lo s e  to  th e p i l e  i s  l e f t  norm ally  
c o n so lid a ted  w ith  th e major p r in c ip a l s t r e s s  a c tin g  r a d ia l ly ,  and equal 
minor p r in c ip a l s t r e s s e s  a c t in g  v e r t i c a l l y  and c ir c u m fe r e n t ia lly .  
The p ro cess  o f  in s t a l la t io n  cau ses th e  s o i l  to  1 forget*  i t s  in - s i t u  
s t r e s s  c o n d itio n  b efore d r iv in g .

9 .4  S tr a in  Path Approach fo r  P i le  I n s t a l la t io n  in  C lays

R ecen tly , an e n t ir e ly  d i f f e r e n t  approach to  the num erical m odelling  o f  
p i l e  in s t a l la t io n  has been developed  a t  MIT under th e  d ir e c t io n  o f  
B aligh  -  the s tr a in  path  method (B a lig h , 1985; 1986). In the view  o f  
B a lig h , c a v ity  expansion  methods -  in  which d isp lacem en ts, s t r a in s ,  
s t r e s s e s  and pore p ressu r es  are dependent s o le ly  on th e r a d ia l  
co -o rd in a te  -  are not ap p rop riate fo r  m odelling p en e tra tio n  in  s o i l s ,  
because th ey  ignore two im portant a sp e c ts  o f  v e r t ic a l  p en etra tio n :

(a ) th e  dependence o f  s o i l  deform ations on the v e r t i c a l  co -o rd in a te  
during v e r t ic a l  p en e tr a tio n , i . e .  th e  problem i s  two d im ensional, 
not one-d im ensional.

(b) th e  c o n t in u ity  o f  stea d y  p en e tra tio n .

(B a lig h , 1986)

In order to  develop  a b e t te r  understanding o f  th e  mechanisms o f  deep 
p en e tra tio n , B aligh  and h is  co -re sea r ch ers  have developed s o lu t io n s  such  
as th a t shown in  F igure 9 .5 .  Such s o lu t io n s  in v o lv e  ob ta in in g  th e  
v e lo c i t y  f i e l d  around th e  p i l e  (or o th er  d ev ic e ) as i t  i s  in s t a l le d  in  
the s o i l .  The b a s ic  h y p o th esis  o f  the s tr a in  path method i s  th a t owing 
to  th e severe kinem atic r e s t r a in t s  in  deep p en etra tio n  problem s, s o i l  
deform ations and s tr a in s  are e s s e n t ia l l y  independent o f  the s o i l  
sh earin g  c h a r a c te r is t ic s .  C onsequently, th e  d isp lacem ent f i e l d  can be 
separated  from the s t r e s s  f i e l d  w ithout se r io u s  e f f e c t ,  and th e  problem  
can be reduced to  a flow  problem in  which s o i l  moves a long strea m lin es  
around a f ix e d  r ig id  body. The v e lo c i t y  f i e ld s  ob ta ined  from the  
strea m lin es  can be in te g r a te d  to  y ie ld  d isp lacem ents and s t r a in  p ath s.

The s tr a in  path method has shown th a t deep p en e tra tio n  in v o lv e s
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s ig n i f ic a n t  r e v e r s a ls  and r e a p p lic a t io n s  o f  s t r a in  components and 
r o ta t io n s  o f  p r in c ip a l s t r a in  d ir e c t io n s  in  th e  s o i l  ahead o f  and 
surrounding th e  p i l e .  These s t r a in  r e v e r sa ls  have a  profound in flu e n c e  
on th e  s t a t e  o f  s t r e s s  a c t in g  on a  p i l e  a f t e r  in s t a l la t i o n .  The s t r a in  
path  method appears to  o f f e r  g rea t advantages over th e  c a v i ty  expansion  
approach, which cannot reproduce th e se  im portant e f f e c t s .

9 .5  Comparison o f  Numerical S o lu tio n s  w ith  Observed Behaviour

Important research  in to  th e  fundam entals o f  p i l e  behaviour has been  
c a r r ie d  ou t a t  Im perial C o lleg e  in  rec en t y e a r s . Much o f  t h i s  work i s  
reported  in  PhD th e s e s  by M artins (1 9 8 3 ), Jard in e (1985) and Bond 
(1 9 8 9 ).

Jard ine (1985) and Jard ine and P o tts  (1988) have c a r r ie d  ou t a  thorough  
review  o f  th e o r e t ic a l  s tu d ie s  th a t have in v e s t ig a te d  th e  e f f e c t s  o f  p i l e  
in s t a l la t io n ,  and have compared th e  r e s u l t s  w ith  p r e d ic t io n s  ob ta in ed  
by c a v ity  expansion  and s tr a in  path  methods. Table 2 .1  c o n ta in s  a  
summary o f  th e  d ata  fo r  th e  s t r e s s  s t a t e  a t  th e  end o f  c o n so lid a t io n  
ob ta in ed  from th e se  experim ents ( i b i d . ) .  These d a ta  provide an
in d ic a t io n  o f  th e  range o f  eq u ilib r iu m  r a d ia l e f f e c t i v e  s t r e s s e s  th a t  
might be expected  c lo s e  to  a con ven tion a l d r iven  p i l e .  The f in a l  r a d ia l  
e f f e c t i v e  s t r e s s  cr  ̂ i s  compared to  th e  o r ig in a l undrained stren g th  o f  
th e  s o i l  c u. and to  th e  o r ig in a l  i n - s i t u  r a d ia l e f f e c t i v e  s t r e s s  o' .

The f u l l  range fo r  th e  r a t io  cr  ̂ /crr'. f a l l s  betw een 0 .6  and 2 .1 ;  th e  
f u l l  range o f  cr,'^/cu, f a l l s  between 0 .4  and 5 .3 .  Taking sim ple  
unweighted averages o f  a l l  th e  d ata  y ie ld s  mean v a lu e s  o f  /cr'. and 

/c u. o f  1 .3  and 2 .2  r e s p e c t iv e ly .  C avity  expansion  th eory , which
p r e d ic ts  / c u. v a lu es  o f  around 5 to  6 , th e r e fo r e  s ig n i f ic a n t ly  
o v erestim a tes  th e  r a d ia l e f f e c t i v e  s t r e s s e s  th a t  have been measured 
c lo s e  to  con ven tio n a l d isp lacem ent p i l e s .  S tr a in  path  s o lu t io n s ,  which  
p r e d ic t  o'tga /o '. v a lu e s  o f  around u n ity , appear to  o f f e r  more 
s a t is f a c t o r y  models o f  p i l e  in s t a l la t io n .

9 .6  S tr e s s  Changes During P i le  Loading in  C lays

The a x ia l  lo ad in g  o f  p i l e s  in  c la y  s o i l s  can be c o n v en ie n tly  d iv id ed  
in to  two main phases: an e a r ly  s ta g e  during which no s l i p  occurs between  
th e  p i l e  and th e  s o i l ,  and a la t e r  s ta g e  during which th e  p i l e  ruptures  
and plunges to  f a i lu r e .

9 .6 .1  Behaviour b efo re  p i l e  s l i p
During th e  e a r ly  s ta g e s  o f  lo a d in g , th e  s o i l  w i l l  adhere to  th e  p i l e
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u n t i l  s l i p  occu rs. Kinem atic c o n t in u ity  req u ir es  th a t  th e  a x ia l  and 
c ircu m feren tia l s t r a in s  in  th e  s o i l  ad jacen t to  th e  p i l e  w i l l  be zero  
( fo r  a r ig id  p i l e ) ,  and th a t  r a d ia l d isp lacem ent a t  th e  p i l e / s o i l  
in te r fa c e  w i l l  be zero . The near p i l e  s o i l  behaviour w i l l  be dominated 
by i t s  k inem atic response to  th e se  boundary c o n d itio n s  (M artins, 1983). 
Complex s t r e s s  changes may be required  near to  th e p i l e  a s  load in g  ta k es  
p la ce  (P o tts  and M artins, 1982).

P o tts  and M artins ( ib id . )  performed f i n i t e  elem ent a n a ly ses  s im u la tin g  
p i l e  load in g  u sing  two v a r ia n ts , (A) and (B ), o f  m od ified  Cam-clay. 
Model (A) was the same as th a t  employed by th e  Cambridge re sea c h e rs . A 
sh o rt segment o f  a long p i l e  was m odelled, w e ll  away from th e  in flu e n c e  
o f  th e  p i l e  t ip  and ground su r fa ce .

Some o f  th e  a n a ly ses  sim ulated  lab ora tory  experim ents on model p i l e s  
in s t a l le d  in  k a o lin , reported  by Chandler and M artins (1 9 8 2 ). In th ese  
experim ents, the model p i l e s  were c a r e fu l ly  in s t a l le d  in  beds o f  
norm ally co n so lid a ted  k a o lin , such th a t th ere  was minimal d istu rb an ce to  
th e  fa b r ic  and s t r e s s  f i e l d  surrounding th e  p i l e .  T estin g  was under 
f u l ly  drained c o n d it io n s . Good agreement o f  r e s u l t s  was found between 
th e model p i l e  t e s t s  and th e  f i n i t e  elem ent p r e d ic tio n  o f  model B, up 
to  peak ca p a c ity . A s l ig h t  f a l l  in  cr' during p i l e  load in g  was p red ic ted  
and measured. The s o i l  model was not ab le  to  p r e d ic t  fu r th er  red u ction s  
in  shear s t r e s s  a f t e r  c r i t i c a l  s t a t e  c o n d it io n s  were reached and d id  not 
th e r e fo r e  s im u late th e marked red u ction  in  model p i l e  c a p a c i t y  on 
fu r th er  d isp lacem ent a f t e r  peak, caused by th e developm ent o f  a 
r e s id u a l fa i lu r e  su rfa ce  (M artins, 1983).

A number o f  runs were c a rr ied  out by P o tts  and M artins, to  exp lore  the  
e f f e c t  o f  varying the i n i t i a l  s t r e s s  c o n d itio n s  on p i l e  loading  
behaviour.

F ir s t ly ,  param etric s tu d ie s  were performed which sim u lated  the model 
p i l e  t e s t s  in  norm ally c o n so lid a ted  k a o lin . In th ese  runs i t  was assumed 
th a t  th e  i n i t i a l  s t r e s s e s  were uniform in  the s o i l  b efore  p i l e  load ing  
and th a t the p r in c ip a l s t r e s s e s  were in  th e  r a t io  07' = <j 'q = Kcrv' . Values 
o f  K between 0 .5  to  2 .0  were con sid ered . For drained lo a d in g , crr' was 
p red ic ted  to  in crea se  s l i g h t l y  as the i n i t i a l  s t r e s s  r a t io  approached 
a c t iv e  c o n d it io n s , but o th erw ise  0/ was p red ic ted  to  d ecrea se , w ith  the  
v a lu e  a t  fa i lu r e  being w ith in  20% o f  th e  i n i t i a l  v a lu e . These 
p r e d ic tio n s  were in  good agreement w ith  observed behaviour in  the  
la b ora tory  t e s t s .  The num erical s tu d ie s  p red ic ted  p i l e  c a p a c ity  to  be 
on ly  s l i g h t l y  dependent on drainage co n d itio n s  during lo a d in g .
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Further runs were then  c a r r ie d  ou t in  which th e  p o s t -c o n s o lid a t io n  
s t r e s s e s  from th e  r e s u lt s  o f  two o f  th e  a n a ly se s  o f  Randolph e t  a l  
(1979) and Wroth e t  a l  (1979) (S e c t io n  9 .3 )  were used  to  p rov id e  th e  
i n i t i a l  s t r e s s e s  fo r  p i l e  lo a d in g  s im u la tio n . S o i l  model (A) was u sed , 
s o i l  param eters being  chosen to  rep resen t (a ) i n i t i a l l y  norm ally  
co n so lid a te d  Boston Blue C lay, and (b) London C lay w ith  OCR = 8 .

Drained and undrained a n a ly ses  were performed in  th e  ca se  o f  th e  
norm ally c o n so lid a te d  Boston Blue C lay. In  com parison to  th e  p rev io u s  
param etric s tu d ie s  s im u la tin g  th e  model p i l e  t e s t s ,  th e r e  were found to  
be g rea te r  red u ctio n s  in  a\ during lo a d in g , and in crea sed  d if f e r e n c e s  
between drained  and undrained c a p a c i t ie s .  The red u ctio n  in  o/ was around 
40% and 50% fo r  drained and undrained load in g  r e s p e c t iv e ly ,  and th e  
drained c a p a c ity  was about 1 .3  tim es g r e a te r  than th e  undrained  
c a p a c ity . Maximum pore p ressu res  during undrained lo a d in g  were sm a ll in  
comparison to  th e  pore p ressu res  generated  during p i l e  d r iv in g  ( i . e .  
during c a v ity  ex p a n s io n ). In a drained  a n a ly s is  on th e  o v erc o n so lid a ted  
London C lay, th e  red u ction  in  cx' during lo ad in g  was found to  be around 
30%.

Randolph and Wroth (1981) a p p lied  th e  r e s u l t s  from sim p le shear t e s t s  to  
th e  undrained a x ia l  load in g  o f  p i l e s ,  in  an e f f o r t  to  r e la t e  th e  r a d ia l  
e f f e c t i v e  s t r e s s e s  p red ic ted  by c a v ity  expansion  th eo ry  to  measured 
s h a ft  c a p a c i t ie s  o f  con ven tion a l p i l e s .  A lthough good agreem ent was 
ob ta in ed , u n r e a l i s t i c  red u ctio n s in  o/ during lo a d in g  were n e c e s s a r i ly  
p red ic ted  because o f  th e  u n r e a l i s t i c a l ly  h igh  p o s t-c o n s o lid a t io n  v a lu e s  
o f  <xr' p red ic te d  by c a v ity  expansion  th eory . Jard in e (1985) p o in ts  ou t  
o th er  in c o n s is te n c ie s  in  th e  sim p le sh ear approach.

O bservations o f  r e a l  p i l e  load in g  e f f e c t s  have to  d a te  been to o  l im ite d  
to  a llo w  many gen era l co n c lu s io n s  to  be made ( i b i d . ) .  S l ig h t  red u ctio n s  
in  o' are u s u a lly  rep orted , l e s s  than th e magnitude o f  th e  red u c tio n s  
p red ic ted  during p i l e  load in g  fo r  p i l e  in s t a l la t io n  m odelled  a s  c a v i ty  
expansion .

9 .6 .2  Behaviour during p i l e  s l i p
As a p i l e  i s  d isp la c e d  in  th e  ground -  both during in s t a l la t i o n  and 
during load in g  -  p la s t i c  s tr a in in g  w i l l  be con cen trated  in  a  sh ear  zone 
ad jacen t to  th e  p i l e .  The la r g e  r e la t iv e  d isp lacem en ts th a t  occu r g iv e  
r i s e  to  im portant fa b r ic  changes in  th e  shear zone, which w i l l  have an 
a v a ila b le  s tr e n g th  between th e  r e s id u a l s tren g th  and th e  remoulded 
s tren g th , depending on th e e f f e c t i v e  s t r e s s e s  in  th e  s o i l ,  th e  method 
and r a te  o f  p i l e  in s t a l la t io n ,  and th e  type o f  s o i l .  When th e  p i l e  i s  
loaded , s l i p  w i l l  occur when th e  s tr e n g th  o f  the sh ear zone i s  exceeded .
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P o tts  and M artins (1982) re-exam ined t h e ir  drained  f i n i t e  elem ent 
a n a ly ses  o f  th e  model p i l e  t e s t s ,  and in troduced  reduced a n g le s  o f  
sh earin g  r e s is ta n c e  on th e  v e r t i c a l  su r fa ce  a long th e  le n g th  o f  th e  
p i l e .  They found th a t th e  p resen ce o f  a  d is c o n t in u ity  suppressed  
red u ctio n s  in  <rr' during lo a d in g , but th a t even  so  v a lu e s  o f  p i l e  
adhesion  fa c to r  a  were low er. The p resence o f  such a  d is c o n t in u ity  
tr u n c a te s  th e  continuum a n a ly s is ,  and d ic t a t e s  p i l e  c a p a c ity  (th e  
d is c o n t in u ity  i s  assumed n o t to  a f f e c t  th e  a n a ly s is  u n t i l  th e  th resh o ld  
s tr e n g th  i s  reached). A doption o f  r e s id u a l f r i c t io n  a n g le s  on th e  
d is c o n t in u ity  gave a v a lu e s  in  good agreement w ith  f i e l d  d a ta . Under 
undrained c o n d it io n s , i t  was found th a t  p i l e  s l i p  cou ld  occur b efore  
s ig n i f ic a n t  development o f  th e  pore p ressu res  p red ic te d  by th e  continuum  
th eory , a s  observed in  p r a c t ic e  (Bond, 1989). P o tts  and M artins 
concluded th a t even i f  pre-form ed r e s id u a l su r fa c e s  were assumed, th e  a  
v a lu e s  deduced from c a v ity  expansion  th eory  were u n r e a l i s t i c a l ly  h igh .

Jard ine and P o tts  (1988) d e sc r ib e  an e f f e c t i v e  s t r e s s  approach fo r  th e  
p r e d ic t io n  o f  a x ia l  load :d isp lacem en t r e la t io n s h ip s  fo r  la r g e  p i le d  
fou n d ation s. They a p p lied  th e  approach in  a f i n i t e  elem ent a n a ly s is  o f  
th e load in g  o f  th e  p i le d  foundations o f  th e  Hutton T ension  Leg 
Platform  (TLP). The ground c o n d it io n s  a t  th e  Hutton TLP s i t e  com prise 
a lte r n a te  la y e r s  o f  s t i f f  to  hard c la y s  and dense to  very  dense sands.

Jardine and P o tts  concluded th a t  th e p r e d ic tio n  o f  s t r e s s e s  a c t in g  a f t e r  
p i l e  in s t a l la t io n  i s  th e  most d i f f i c u l t  s te p  in  th e  p r e d ic tio n  o f  p i l e  
c a p a c ity . In  t h e ir  a n a ly s is  o f  th e  load in g  o f  th e  TLP foundation
th ey  used v a lu e s  o f  p o s t-c o n s o lid a t io n  s t r e s s e s  based on th e  f i e l d
measurements g iv en  in  Table 9 , 1 .  The f i n i t e  elem ent a n a ly s is  included  
m o d ific a tio n s  to  a llow  an in te r fa c e  c r i t e r io n  a long th e  le n g th  o f  th e  
p i l e  s h a f t ,  such th a t Trz /cr,' v a lu e s  in  th e  v a r io u s  c la y  and sand la y e r s  
d id  not exceed  s p e c if ie d  v a lu e s .  P i le  load in g  was assumed to  be drained  
in  th e  sand la y e r s  and undrained in  th e  c la y  la y e r s .  R adial e f f e c t i v e  
s t r e s s e s  during load in g  remained w ith in  8% o f  th e  i n i t i a l  v a lu e s  b efore  
lo a d in g . A x ia l ca p a c ity  was dominated by th e d is tr ib u t io n s  o f  cr' assumed 
to  a c t  p r io r  to  lo a d in g , and th e  assumed p i l e / s o i l  f r ic t io n a l  
c h a r a c t e r is t ic s .  The undrained shear s tren g th  p r o f i l e  p r io r  to  load in g  
appeared to  p la y  a l e s s  d ir e c t  r o le  in  determ ining sh a ft  f r i c t io n .

9 .7  C avity  Expansion Model o f  W edge-Pile I n s t a l la t io n  in  Clay

9 . 7 . 1  C y lin d r ic a l expansion
The research  o u tlin e d  in  th e  preceding S e c tio n s  o f  t h is  Chapter has 
shown th a t  c y l in d r ic a l  c a v i ty  expansion i s  n o t a good model fo r
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co n v en tio n a l p i l e  in s t a l la t i o n ,  and s e r io u s ly  o v e r p r e d ic ts  th e  
p o s t-c o n s o lid a t io n  r a d ia l s t r e s s e s  a c t in g  a g a in s t  th e  s id e  o f  a  p i l e .  I t  
i s  fa r  more l i k e l y  t o  be s u c c e s s fu l in  p r e d ic tin g  th e  c a p a c ity  o f  
w e d g e -p ile s , provided th a t  c o n tr o lle d  r a d ia l expansion  a lon g  th e  le n g th  
o f  th e  p i l e  sh a ft  can be a ch ieved . A ccord ingly , th e  th e o r ie s  and 
a n a ly s is  p resen ted  p r e v io u s ly  can be used to  p r e d ic t  l i k e l y  in c r e a se s  in  
c a p a c ity  due to  expansion . At t h i s  e a r ly  s ta g e  o f  th e  p r o je c t  o n ly  
sim ple e s t im a te s  are needed.

The s h a ft  f r ic t io n  TSf a c t in g  a t  f a i lu r e  on p i l e s  d r iv en  in  c la y s  i s  
u s u a lly  c o r r e la te d  e i t h e r  to  th e  o r ig in a l  undrained sh ear s tr e n g th  c Uj :

TSf = a c Uj (9 .1 0 )

( e . g .  Skempton, 1959; Tomlinson, 1970; 1977), or to  th e  o r ig in a l
v e r t i c a l  e f f e c t i v e  s t r e s s  <7yo :

T»f = fro  ( 9 .1 1 )

(Burland, 1973).

The Cambridge s o lu t io n s  co n sid er  in c r e a se s  in  e f f e c t i v e  s t r e s s e s  in  
term s o f  th e  o r ig in a l  undrained s tr e n g th , so  th e  a  approach i s  used  
h ere . A la r g e  amount o f  data  has been accumulated which r e la t e s  s h a ft  
adhesion  to  undrained s tr e n g th , and a  has been found to  vary  w id ely :  
between about 0 .2  and 1 .5  depending on the undrained s tr e n g th , th e  
le n g th  and type o f  p i l e ,  th e  r a te  o f  in s t a l la t io n ,  and th e  s u c c e s s io n  o f  
s t r a ta .

P i l e  c a p a c ity  i s  o n ly  in d ir e c t ly  r e la te d  to  the o r ig in a l  sh ear s tr e n g th , 
being c o n tr o lle d  by th e  e f f e c t i v e  r a d ia l s t r e s s  a c t in g  a t  f a i lu r e  and 
th e  e f f e c t i v e  p i l e / s o i l  in te r fa c e  f r i c t io n .  The f i e l d  d a ta  from  
instrum ented p i l e s  reproduced in  S e c tio n  9 .5  g iv e s  an in d ic a t io n  
o f  th e  p o s t-c o n s o lid a t io n  r a d ia l s t r e s s e s  to  be exp ected  around d riven  
p i l e s .  I t  i s  assumed h ere th a t  th e  unweighted average v a lu e  o f  / c Uj =
2 .2  from th e data  g iv en  in  Table 9 .1  i s  a ty p ic a l  average v a lu e  fo r  
con ven tio n a l d riven  p i l e s .  Assuming a  p o s s ib le  range o f  6' o f  between  
10° and 30° , say , and th e  average cx̂  / c Uj va lu e o f  2 . 2 ,  g iv e s  rSf / c Uj (oc) 
v a lu e s  o f  between 0 .4  and 1 .3 .  Encouragingly, th e r e fo r e , th e  average  
v a lu e  o f  / c u from th e  experim ental d ata  y ie ld s  a  p o s s ib le  range o f  a  
v a lu es  w ith in  th e range o f  p u b lish ed  v a lu e s . (Of cou rse , v a r ia t io n s  in  a  
are due to  v a r ia t io n s  in  <j't as w e ll  a s  5' ) .

C av ity  expansion th eory  p r e d ic ts  p o s t-c o n s o lid a t io n  r a d ia l s t r e s s e s  o f
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around 5 to  6c Uj , around 2 to  3 tim es g rea ter  than th e  average o f  
measured v a lu es  fo r  con ven tio n a l p i l e s .  However, P o tts  and M artins 
num erical work p r e d ic ts  g r e a te r  red u ction s in  a, during lo a d in g  i f  
c a v ity  expansion v a lu es  are  assumed fo r  th e  i n i t i a l  s t r e s s e s  (S e c t io n  
2 . 6 ) .  I f  th e  average p o s t-c o n s o lid a t io n  v a lu es  o f  cr' fo r  co n v en tio n a l 
and expanded p i l e s  g iv en  in  S e c tio n  9 .5  are combined w ith  reason ab le  
assum ptions regarding th e  drop in  cr' during lo a d in g , a  rough upper 
bound es tim a te  can be made o f  th e  in crea se  in  r a d ia l e f f e c t i v e  s t r e s s  
th a t can be ach ieved  by expanding a p i l e .  Assuming th a t  cr' drops by 
about 10% during load in g  in  th e  ca se  o f  con ven tion a l p i l e s ,  and by about 
30 to  40% in  th e  ca se  o f  expanded p i l e s ,  th e  e f f e c t i v e  s t r e s s  a t  f a i lu r e  
i s  p red ic te d  to  in cr ea se  by a fa c to r  o f  around 1 .8  (sa y  2 ) .  T his fa c to r  
a ls o  rep resen ts  the in cr ea se  in  sh a ft  c a p a c ity  th a t would be exp ected  i f  
th e p i l e / s o i l  in te r fa c e  f r i c t io n  an gle remains th e  same a f t e r  expansion . 
I f  th e  a c t io n  o f  expanding a p i l e  d isr u p ts  r e s id u a l su r fa c e s  formed 
during in s t a l la t io n ,  th e  in c r e a se  in  sh a ft  ca p a c ity  may be g r e a te r .

9 . 7 . 2  N o n -cy lin d r ica l expansion
In p r a c t ic e ,  a w ed ge-p ile  does not cause a uniform c y l in d r ic a l  expansion  
o f  a  c a v ity  as d escr ib ed  by theory* ra th er  i t  expands r a d ia l ly  a  number 
o f  sep ara te  lo n g itu d in a l e lem ents in to  th e s o i l .  A u s e fu l analogy to  
t h i s  s i tu a t io n  i s  th e  la t e r a l  load in g  o f  p i le s ;  which has been stu d ied  
in  th e  ca se  o f  co h esiv e  s o i l s  by Broms (1964),  S u lliv a n  e t  a l  (1980),  
and Randolph and Houlsby (1984) .  The u ltim a te  la t e r a l  r e s is ta n c e  P 
developed  on a p i l e  i s  u s u a lly  exp ressed  in  th e form

P = N . c u.D (9 .1 2 )

where
N = la t e r a l  bearing c a p a c ity  fa c to r
c u = undrained shear s tren g th
D = p i l e  diam eter

At depth , p la s t ic  flow  mechanisms co n tro l th e  u lt im a te  la t e r a l
r e s is ta n c e .  Randolph and Houlsby (1984) developed s o lu t io n s  fo r  a r i g i d ,  
p e r fe c t ly  p la s t ic  s o i l  and found v a lu es  fo r  N o f  between 9 and 12, 
depending on th e p i l e / s o i l  adhesion  fa c to r  assumed. These v a lu es  were in  
good agreement w ith  reported  experim ental v a lu es  ob ta in ed  fo r  N . 
However, the r ig id - p la s t i c  a n a ly s is  cannot d ea l w ith  th e  e f f e c t  o f  the  
p la s t i c  zone being f u l ly  con fin ed  by an ou ter  e l a s t i c  zone. T his can be 
ach ieved  by co n sid erin g  th e  la t e r a l  load in g  o f  a p i l e  a s  s im ila r  to  a 
pressurem eter t e s t  (B aguelin  e t  a l ,  1978, Briaud e t  a l ,  1985).
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I t  i s  reason ab le  to  assume th a t  th e  p ressu re  in  fr o n t o f  a  l a t e r a l l y  
loaded  p i l e  w i l l  in c r e a se  up to  th e  l im i t  p ressu re  p L o b ta in a b le  from a  
pressurem eter t e s t  (Randolph and H oulsby, 1984) .  Randolph and 
Houlsby, assuming th a t  th e  l im it  p ressu re  p L i s  g iv e n  t y p ic a l ly  by th e  
ex p ress io n  pL = o>o + 6c u ( e . g .  Mars land and Randolph, 1977) ,  and making 
a sm all nominal a llow an ce fo r  th e  developed  s id e  sh ear on th e  p i l e  th a t  
c o n tr ib u te s  to  la t e r a l  p i l e  r e s is ta n c e ,  su ggested  th e  e x p ress io n

N = 7 + ar<j / c u (9 .1 3 )

T his approach can be extended to  th e  ca se  o f  th e  c ir c u la r  w ed g e -p ile s  
d ep ic ted  in  F igure 9 . 6 ,  which are shown being  expanded in  2 , 3 and 4
d ir e c t io n s .  I f  i t  i s  assumed th a t  th e  l im it in g  p ressu re  d evelop s in  
fro n t o f  each segm ent, and d evelop s o n ly  in  th e  d ir e c t io n  o f  movement o f  
th e  segment such th a t  i t  a c t s  over th e  segment chord le n g th , th e  
v a lu es  o f  r a d ia l fo r c e /u n it  le n g th  developed  on th e  s id e s  o f  th e  
expanded p i l e s  a re  in  th e  same r a t io s  a s  th e  e f f e c t i v e  p er im eters , a s  
g iv e n  in  F igure 9 . 6 .

As can be seen  from F igure 9 . 6 ,  th e  fo reg o in g  assum ptions lea d  to  a 
p r e d ic tio n  th a t  2 , 3 and 4-way c ir c u la r  w ed g e-p ile s  w i l l  develop  between  
64% and 90% o f  th e  r a d ia l fo r c e  a v a ila b le  by tru e  c y l in d r ic a l  c a v ity  
expansion . There i s  l e s s  d if fe r e n c e  between th e  3 and 4-way c a se s  than  
between th e  2 and 3-way c a s e s .  E x a ctly  th e  same p r e d ic t io n s  can be shown 
to  app ly  fo r  p i l e s  o f  o th er  shapes. These d if fe r e n c e s  betw een 2 , 3 , and 
4-way expansion  w i l l  g iv e  r i s e  to  d if fe r e n c e s  in  th e  corresponding  
p ercentage in c r e a se s  in  r a d ia l fo r c e  in  com parison to  an unexpanded 
p i l e .  In  th e  c a se  above, fo r  exam ple, i f  unexpanded p i l e  c a p a c ity  i s  
taken a s  h a lf  th a t  o f  th e  tru e  c y l in d r ic a l  c a v ity  expansion  c a s e ,  
in c r e a se s  in  r a d ia l fo r c e  in  comparison to  th e unexpanded p i l e  o f  28%, 
66% and 80% are p r e d ic te d  fo r  2, 3 , and 4-way expansion  r e s p e c t iv e ly .
T his sim ple c a lc u la t io n  su g g ests  th a t 2-way expansion  w i l l  g iv e  
s ig n i f ic a n t ly  l e s s  in cr ea se  in  c a p a c ity  in  c la y s  than fo r  3 and 4-way 
expansion .

9 .8  A n a ly tic a l S o lu t io n s  fo r  Drained C y lin d r ic a l Expansion

A n a ly tic a l s o lu t io n s  have been p resen ted  fo r  th e  expansion  o f  a  
c y l in d r ic a l  c a v ity  in  sand. As was th e  c a se  fo r  c la y s ,  th e se  s o lu t io n s  
have been developed  p r im a rily  fo r  u se  in  th e  in te r p r e ta t io n  o f  
pressurem eter d a ta . In  c o n tr a s t  to  th e  undrained, co n sta n t volume 
a n a ly s is  adopted fo r  c la y s ,  in  th e  ca se  o f  sands a d ra in ed  a n a ly s is  i s  
appropriate and assum ptions must be made regarding volume change in  th e  
sand surrounding th e  expanding c a v ity .
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Gibson and Anderson (1961) extended t h e ir  con sta n t volume a n a ly s is  to  
in c lu d e  a  Mohr-Coulumb f a i lu r e  c r i t e r io n .  They d id  not o b ta in  good 
agreement w ith  experim ental d ata  when u sin g  t h i s  a n a ly s is .  Subsequently , 
Ladanyi (1963) and V esic  (1972) p resen ted  a n a ly ses  which incorporated  
more r e a l i s t i c  assum ptions regarding volume changes. The most w id ely  
used in te r p r e ta t io n  o f  th e  pressurem eter t e s t  i s  based on th e  a n a ly s is  
p resen ted  by Hughes e t  a l  (1977) ,  r e fe rred  to  here a s  th e  Hughes 
a n a ly s is .

The Hughes a n a ly s is  r e ta in s  th e  assum ption th a t deform ation  o f  th e  
s o i l  surrounding th e pressurem eter tak es p la c e  under c o n d it io n s  o f  a x ia l  
symmetry and p lane s t r a in .  I t  i s  assumed th a t  a f t e r  an i n i t i a l  s ta g e  
o f  e l a s t i c  deform ation, th e  sand f a i l s  a t  a con sta n t s t r e s s  r a t io ,  
and a t  a  con stan t r a te  o f  d i la t io n .  The m o b ilised  an g le  o f  f r i c t io n ,  0' , 
and an g le  o f  d i la t io n  0 '  are  assumed to  be r e la te d  by Rowe ’ s  s t r e s s  
d ila ta n c y  equation:

1 + s in 0' 1 + s i n 0cV 1 + s in  >> '
1 -  s in 0' 1 -  s in 0cv. 1 - s in  0 '

Hughes e t  a l  show th a t once fa i lu r e  has been in i t i a t e d  a t  th e  w a ll o f  
th e c a v ity  the fo llo w in g  r e la t io n s h ip  e x i s t s  between th e  c a v ity  p ressure  
p and th e  c a v ity  s t r a in  ec , assuming sm all s tr a in s :

l n ( p - u 0 ) = s . l n { e c + c / 2 )  + co n sta n t (9 .15 )

where

p = c a v ity  p ressu re
uQ = s t a t i c  pore w ater p ressure
s = (1 + s in  O' ) s i n 0'

1 + s in 0'
ec = c a v ity  s t r a in
c = in te r c e p t on assumed vo lu m etric  s t r a in  v shear s tr a in  p lo t  

The p ressure d isp la cem e n t curve i s  g iven  by th e  ex p ress io n

ec + c /2  = (eR+ c / 2 ) { (p -  u0 ) / ct̂ } (9 .16 )

where

£R i s  the s tr a in  a s so c ia te d  w ith  f a i lu r e  ( i . e .  th e  s t r a in  a t  the  
boundary o f  th e  f a i l e d  zone) .

422



o"R i s  th e  corresponding r a d ia l e f f e c t i v e  s t r e s s  a t  th e  boundary o f  
th e  f a i l e d  zone.

A p lo t  o f  (p -  u0 ) a g a in s t  ( ec + c / 2 )  on double lo g a r ith m ic  axes should
g iv e  a  s t r a ig h t  l i n e  w ith  s lo p e  s ,  from which v a lu e s  o f  0' and 0 ' can
be d er iv ed  from Equations 9 .14  and 9 .15  i f  0cv fo r  th e  sand i s  known 
o r  estim a ted . A v a lu e  fo r  c  i s  a ls o  req u ired , t h i s  i s  o f t e n  assumed to  
be zero .

In  order to  g iv e  an example o f  th e  magnitude o f  in c r e a se s  in  r a d ia l  
s t r e s s  p red ic te d  by th e  Hughes a n a ly s is ,  th e  r e s u l t s  o f  a  sim p le  
param etric study are  shown in  F igure 9 . 7 .  Expansion i s  assumed to  ta k e  
p la c e  a t  10m depth in  dry sand w ith  bulk  s o i l  w eight X  = 15kN/m3 . V alues  
o f  i n - s i t u  r a d ia l e f f e c t i v e  s t r e s s  ( r̂o ) g iv en  by ta k in g  K0 -  0 . 5 ,
1 .0  and 1 .5  have been assumed. C av ity  p ressu res  (o' ) a t  g iv e n  r a d ii  have 
been c a lc u la te d  u s in g  Equation 9 .1 6 ,  w ith  c  assumed to  be zero . The 
e f f e c t  on o, o f  vary ing  0' , O ' ,  and G w ith in  t y p ic a l  ranges o f
v a lu e s  i s  shown. C av ity  s t r a in s  in  th e  range 5 to  15% are con sid ered ;
w ith  0' varying  between 35° and 50° , 0 '  varying  between 0° and 10°,  
and G varing  between lOMPa and 25MPa. For th e se  ranges o f  param eters, 
th e  in cr ea se  in  r a d ia l e f f e c t i v e  s t r e s s  over th e i n - s i t u  v a lu e s  (or' / o r'0 ) 
i s  p red ic te d  to  be about an order o f  magnitude. The p o te n t ia l  g a in s  in  
r a d ia l e f f e c t i v e  s t r e s s  by expansion  in  sands are  c le a r ly  g r e a te r  than  
th o se  in  c la y s  (S e c t io n  9 . 7 . 1 ) .

C arter e t  a l  (1986) have p resen ted  combined a n a ly t ic a l  s o lu t io n s  fo r  th e  
expansion  o f  s p h e r ic a l and c y l in d r ic a l  c a v i t i e s  in  a  c o h es iv e  
f r i c t io n a l  (c-0) m a te r ia l. The s o lu t io n  assumes sm all s t r a in s .  The 
s o lu t io n  fo r  th e  p ressu re-ex p a n sio n  curve i s  con sid ered  ap p rop riate fo r  
pressurem eter a n a ly se s , where s t r a in s  do not u s u a lly  exceed  10%. A 
num erical tech n iq u e i s  requ ired  to  g iv e  th e  e n t ir e  p ressu re:d isp la cem en t  
curve, in c lu d in g  th e  la r g e  s t r a in  p o r tio n . However, th e  a n a ly t ic a l  
s o lu t io n  does y ie ld  l im i t  p ressu res  a t  i n f in i t e  expansion , thought by 
C arter e t  a l  to  be r e le v a n t to  th e  in s t a l la t io n  o f  a  co n v en tio n a l p i l e .  
The a n a ly t ic a l  s o lu t io n s  fo r  c y l in d r ic a l  c a v i t i e s  reduce down to  th e  
Gibson/Anderson ex p r e ss io n  in  th e  c a se  o f  p u rely  c o h es iv e  s o i l ,  and 
(provided  th e s o i l  i s  r e la t iv e ly  s t i f f )  to  th e  Hughes e x p ress io n  in  th e  
ca se  o f  a p u rely  f r i c t io n a l  m a te r ia l. W ithers e t  a l  (1989) have 
p resen ted  c a v ity  ex p a n s io n /co n tra c tio n  a n a ly ses  th a t  have been developed  
fo r  use w ith  the FDPM in  sands.

9 .9  C avity  Expansion Model fo r  W edge-Pile I n s t a l la t io n  in  Sands 

C avity  expansion  th e o r ie s  fo r  sands p r e d ic t  la r g e  in c r e a se s  in  r a d ia l
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e f f e c t i v e  s t r e s s  in  com parison to  i n - s i t u  v a lu e s  e x is t in g  p r io r  to  
exp an sion . These p r e d ic t io n s  are  in  agreement w ith  th e  r e s u l t s  o f  
p ressurem eter t e s t s  in  sands ( e . g .  B aguelin  e t  a l ,  1978; Mair and Wood, 
1987) .  A la r g e  amount o f  p ressurem eter d ata  has been accum ulated over  
re c e n t decades in  France; Table 9 .2  g iv e s  a  f i e l d  gu ide to  th e  d e n s ity  
o f  sands based on th e  param eter p* = p L -  o>0 , d er iv ed  from th e  Menard 
p ressu rem eter .

Ignoring  s c a le  e f f e c t s ,  and assuming th a t  no over-exp an sion  o ccu rs , th e  
r a d ia l e f f e c t i v e  s t r e s s e s  a c t in g  on a w ed g e-p ile  a f t e r  expansion  w i l l  be 
c l o s e l y  r e la te d  to  th o se  g iv e n  by a pressurem eter t e s t  taken  to  a  
s im ila r  r a d ia l s t r a in .

The u lt im a te  u n it  s h a ft  f r i c t io n  xSf a c t in g  on p i l e s  in  sands, fo r  
p e n e tr a tio n s  l e s s  than th e  c r i t i c a l  depth , i s  u s u a lly  exp ressed  by th e  
r e la t io n s h ip

t3( = Ksav.tan0' (9 .1 8 )

where
cr' = e f f e c t iv e  overburden p ressu re
Ks = r a d ia l s t r e s s  c o e f f i c i e n t
6' = e f f e c t iv e  a n g le  o f  in te r fa c e  f r i c t io n

The g r e a te s t  u n cer ta in ty  l i e s  in  th e  e v a lu t io n  o f  Ks . V alues o f  Ks 
are u s u a lly  back-analysed  from th e  r e s u l t s  o f  p i l e  t e s t s .  Various 
em p ir ica l c o r r e la t io n s  have been p u b lish ed  ( e . g .  M eyerhof, 1976; 
American Petroleum  I n s t i t u t e  (API), 1984) which g iv e  recommended v a lu es  
o f  Ks . I t  i s  u sual to  ta k e  Ks to  l i e  between about 0 .5  fo r  lo o se  sand 
and 1 .0  fo r  dense sand, a lth ou gh  v a lu es  o f  up to  3 .0  have been quoted. A 
com prehensive review  o f  p u b lish ed  load  t e s t  d ata  and d es ig n  methods fo r  
p i l e s  d r iven  in  sand was c a r r ie d  ou t by L ings (1985) .  He concluded th a t ,  
in  g e n e r a l, th e  API recommendation o f  Ks v a lu e s  o f  1 .0  and 0 .8  fo r  f u l l  
d isp lacem ent and open-ended p i l e s  r e s p e c t iv e ly  gave s a t is f a c t o r y  r e s u lt s  
fo r  p i l e s  up to  60 d iam eters p en e tra tio n  in  norm ally co n so lid a te d  sands. 
In o v erco n so lid a ted  sands th e  API p r e d ic tio n s  underestim ated  c a p a c i t ie s .

R e la t iv e ly  l i t t l e  has been p u b lish ed  concerning th e  s t r e s s  s t a t e s  
developed  around p i l e s  d r iv en  in  sand, and th ere  i s  c u r r e n tly  a need fo r  
much experim ental and th e o r e t ic a l  research  in  t h i s  d ir e c t io n  (Jardine  
and P o t t s ,  1988).  Most o f  th e  reseach  to  d ate  has been c a rr ied  out in  
th e  lab o ra to ry  and in  t e s t in g  p i t s  (Szechy, 1961; Robinsky and Morrison, 
1964; K e r is e l,  1964; V e s ic , 1967).  Bond (1989) has r e c e n t ly  performed 
f i e l d  t e s t s  in  sand w ith  th e  Im perial C o lleg e  instrum ented p i l e .
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The sem inal work by Rob in sk y  and M orrison in v o lv ed  th e  u se  o f  le a d  sh o t  
to  stu d y  sand d isp lacem en ts and com paction p a tte r n s  ahead o f  and around 
a  1 .5 in c h  diam eter model p i l e  jacked  in to  beds o f  lo o s e  and medium 
dense sand. They found th a t  a  complex sequence o f  d e n s ity  changes 
occurred  in  th e  sand, in v o lv in g  com paction below th e  p i l e ,  fo llo w ed  
su b seq u en tly  by s t r e s s  r e l i e f  as th e  p i l e  to e  p assed  by. The s t r e s s  
r e l i e f  r e su lte d  in  an in c r e a se  in  th e  v o id  r a t io  o f  th e  sand im m ediately  
ad ja cen t to  th e  p i l e  s h a f t ,  c r e a tin g  a th in  s le e v e  o f  lo o s e  sand. 
Robinsky and M orrison concluded th a t  a  c y lin d e r  o f  dense sand, 
o r ig in a l ly  compacted beneath  th e  p i l e  t o e ,  arched around th e  s le e v e  o f  
lo o sen ed  sand, p reven tin g  th e  developm ent o f  th e  a v a ila b le  la t e r a l  ea r th  
p ressu r e . They fu r th e r  concluded th a t  th e  load  carry in g  c a p a c ity  o f  
p i l e s  in  sand i s  c o n tr o lle d  by th e  p r o p e r tie s  o f  th e  loosen ed  zone, 
such  th a t  in c r e a se s  in  la t e r a l  ea rth  p ressu re  have o n ly  a l im ite d  
e f f e c t  on c a p a c ity .

Hughes and R obertson (1985) ,  made f r ic t io n  cone t e s t s  a t  th e  U n iv e r s ity  
o f  B r i t is h  Columbia (UBC) sand t e s t  s i t e  a t  McDonalds Farm. The r e s u l t s  
confirm ed th a t when a  probe i s  pushed in to  sand h igh  s t r e s s e s  are  
developed  a t  th e  t i p ,  fo llo w ed  by la r g e  d ecrea ses  a s  th e  t i p  p a s se s .  At 
McDonalds Farm, la t e r a l  s t r e s s e s  a c t in g  on the f r i c t io n  s le e v e  were 
alm ost two ord ers l e s s  than th e  s t r e s s e s  developed  a t  th e  cone t i p  
(F igure 9 . 8 ) .  Hughes and Robertson a ls o  p resen ted  d a ta  from t e s t s  in  
cone c a l ib r a t io n  chambers, p r e v io u s ly  reported  by B a ld i e t  a l  (1981) .  
These data  are shown in  F igure 9 . 9 ,  and show th a t  fo r  lo o s e  to  medium 
dense sands a t  moderate s t r e s s  l e v e l s  (maximum d i la t io n  a n g le  l e s s  
than 6° ) ,  th e  average la t e r a l  s t r e s s  in  th e  reg io n  o f  th e  cone s le e v e  i s  
c lo s e  to  th e  o r ig in a l  i n - s i t u  la t e r a l  s t r e s s .  In  dense sands a t  sh a llo w  
depths ( d i la t io n  a n g le  g r e a te r  than 10°)  g r e a te r  l a t e r a l  s t r e s s e s  a c t in g  
on th e  cone s le e v e  have been observed . Hughes and R obertson su g g est  
th a t  la t e r a l  arch ing around an advancing cone in  sand l im it s  th e  la t e r a l  
s t r e s s e s  th a t can a c t  on th e  body o f  th e  cone -  t h i s  su g g e stio n  i s  in  
agreement w ith  th e  f in d in g s  o f  Robinsky and M orrison (1964) .

C le a r ly , both in fe r r e d  and measured r a d ia l s t r e s s e s  a c t in g  on th e  s id e s  
o f  p i l e s  and probes d r iv en  or  pushed in to  sand are many tim es l e s s  than  
th e  v a lu es  p red ic te d  by c a v ity  expansion  th eo ry , and measured in  
pressurem eter t e s t s .  Large in c r e a se s  in  r a d ia l e f f e c t i v e  s t r e s s  cou ld  
reason ab ly  be exp ected  by expanding a d riven  p i l e  in  sand. T h is i s  
c le a r ly  i l lu s t r a t e d  by th e  r e s u l t s  o f  a  FDFM t e s t  a t  th e  UBC t e s t  s i t e  
p resen ted  by Hughes and Robertson (1985) ,  shown here in  F igure 9 .1 0 .  
The FDPM i s  an ex a c t analogue o f  a  p i l e  d r iv en  in to  th e  ground and 
su bseq u en tly  expanded. The r e s u lt s  shown in  F igure 9 .10  in d ic a te  th a t  
a f t e r  an expansion  o f  o n ly  9% th e  r a d ia l e f f e c t i v e  s t r e s s  i s  around 7
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to  8 tiroes th e  v a lu e  a c t in g  a f t e r  in s t a l la t i o n  o f  th e  FDPM (a s  in d ic te d  
by th e  ‘l i f t - o f f * p r e s su r e ) .

Any in c r e a se s  in  p i l e  c a p a c ity  r e s u lt in g  from such in c r e a se s  in  r a d ia l  
s t r e s s  w i l l  depend c r u c ia l ly  on red u ctio n s in  r a d ia l s t r e s s  th a t might 
occur during p i l e  lo a d in g . In  th e  ca se  o f  a  co n v en tio n a l p i l e  d r iven  in  
sand, in  which th e  s t r e s s  path  fo llo w ed  during lo ad in g  i s  u s u a lly  a  
co n tin u a tio n  o f  th a t  fo llo w ed  during in s t a l la t i o n ,  i t  may be reason ab le  
t o  assume th a t  a l l  red u ctio n  in  o', occu rs during in s t a l la t io n ,  w ith  no 
fu r th er  lo s s e s  occu rrin g  during lo a d in g . In  th e  c a se  o f  an expanded 
p i l e ,  p i l e  load in g  fo llo w s  a d if f e r e n t  s t r e s s  path  to  th a t  during  
in s t a l la t io n ,  and th e  assum ption th a t  no change occu rs in  ex' during  
lo ad in g  i s  l e s s  rea son ab le . The in f lu e n c e  o f  th e  fu r th er  s t r e s s  
r e v e r s a ls  th a t  would occur during c y c l i c  lo a d in g  i s  l i k e l y  to  be 
im portant.

The r a d ia l fo r c e  developed  on th e  s id e s  o f  a  2 , 3 or  4-way w ed g e-p ile  
expanded in  sand may be l e s s  than th a t  t h e o r e t i c a l ly  a v a ila b le  by 
c y l in d r ic a l  c a v ity  expansion , a s  o u t lin e d  in  S e c tio n  9 . 7 . 2 .
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Figure 9.

F igure 9.

1 Cambridge Theory:
C o-ord inate system  and i n i t i a l  s t r e s s  s t a t e  in  th e  s o i l  
( a f t e r  Randolph and Wroth, 1982)

2 S tr e s s  paths during c a v ity  expansion and subsequent 
c o n s o lid a t io n  fo r  s o i l  a t  r  = 1 .15r  
( a f t e r  Randolph e t  a l ,  1979)
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5
Critical S ta te  
Region _

Boundary of Critical State Region

Stress distributions in the soil around the pile immediately after driving, O C R  =  8

Figure 9 .3  S tr e s s  d is tr ib u t io n s  in  th e s o i l  around th e p i l e  
im m ediately a f t e r  d r iv in g , 0CR=1 and 0CR=8 
( a f t e r  Randolph e t  a l ,  1979)
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Distribution o f stresses a t end o f consolidation for O C R  =  1

Distribution of stresses a t end of consolidation for O C R  =  8

Figure 9 .4  S tr e s s  d is tr ib u t io n s  in  th e  s o i l  around th e p i l e  
a t  end o f  c o n so lid a t io n , 0CR=1 and OCR=8 
( a f t e r  Randolph e t  a l ,  1979)

429



Figure 9.5 Typical strain path solution 
(after Baligh, 1986)
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P i l e  type E f f e c t i v e  perimeter  
o f  expanded p i l e

Rat io o f  perimeter  to  
th a t o f  expanded c a v i ty

(Expanded c a v i ty ) 6.28R 1.00

2-way 4.00R 0.64
3-way 5.20R 0.83
4-way 5.66R 0.90

Figure 9.6 Non-cylindrical expansion of circular wedge-pile
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Figure 9 .7  Parametric study using the a n a ly s is  o f Hughes e t  a l  (1977) 
(see  S ection  9.8)
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Advancing Cone McDonald's Farm Site

Rad ia l  Stress as a Ratio 
of the Effec t ive  Vertical  Stress

Figure 9 .8  Q u a lita t iv e  ev a lu a tio n  o f  s t r e s s  d is tr ib u t io n  around an 
advancing cone (a f t e r  Hughes and Robertson, 1985)

Maximum Dilation Angle, 1/ 
(<£cv = 34" Assumed)

Figure 9 .9  Change in  h o r iz o n ta l s t r e s s  c o e f f i c ie n t  due to  cone
p en e tra tio n  in  sand ( a f t e r  Hughes and R obertson ,1985)

433



To
ta

l 
A

p
p
li

ed
 

Pr
es

su
re

 
(k

P
o
)

Radial  Displacement (%)
R

Figure 9 .10  T yp ica l r e s u lt  o f  fu ll-d isp la c era en t pressurem eter t e s t  
a t  McDonalds Farm s i t e  (depth 5.5m)
( a f t e r  Hughes and R obertson, 1985)
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' Case Soil Apparent Depth: Degree of Final
OCR m Equalization: ^rtt V Cul

%

1 San F ranc isco =  10 3-5- =  100% O oo 0 1 1-25 =  0-60
B ay mud  
Cu =  14 kPa 
PI =  18%

6-5

2 Soft, p la s tic =  1-8 3-0 =  100% 1-30 1-00
c lav , T o k y o  
20 '< Cu < 50 kPa 
PI 50-60%

=  1-5 50 1-43 1-43

3 N o r th  Sea incomplete
clays. F o rtie s =  10 41-0 =  15% 1-20' inc. 0-62' inc.
0 < C„ < 200 kPa =  1-3 550 =  30% 1-30 >with 0-67 > with
PI 14-65% 
below 40 m

=  10 700 =  43% 3-00 i time 1-50 ^ time

4 Beaum ont c lay , 6-3 50 incomplete 0-40' prob. 0-50 prob.
Te xas 5-2 100 (not inc. inc.
50 < Cu < 200 kPa quantifiable) with with
PI 45-55% (upper) 110 time 1-40 time

12-17% (lower)

5 K a o lin  fro m A B A B
s lu rry  in  m odel 10 400 3-00* 1-25 0-94*
11 < Cu < 55 kPa 20 3-50 3-00 1-45 1-25
PI =31% 40 - 300 2-60 1-58 1-37

8 0 =  100% 2-90 2-30 I -81 1 -43
17-0 - 2-00 - 1.54
25-0 - 1-80 - 1-80

6 Boston blue 3 00 15-0 =  100% 1-80 1-00
c lay , Saugus 200 20-0 3-20 1-50
PI 12-25% 1-35 25-0 2-50 1-10

40 < C„ < 65 kPa 1-35 30-0 2-50 1-00
1-35 35-0 2-50 1-00

M I T  site 2-20 20-0 =  100% 2-00 0-90
PI 12-25% 1-50 250 2-00 HO
60 < Cu < 100 kPa 1-50 30-0 1-90 1-10

7 H a g  a leached 800 2-0 =  100% 0-87 0-89
m arine  c lay , 
N o rw a y
(within top 4-5 m) 
30 < Cu < 65 kPa 
PI =  15%

4-00 3-5 1-34 1-23

8 London c la y 1400 3-0 incomplete 1-4- deer. 1-3- deer.
Canons P a rk 11-00 4-1 after 21 with 2-1 with
40 < C„ < 130 kPa 
PI 42-58%

24 h time time

9 C ran , F rance ‘normally 5-3 =  100% deer. 2-05 -  1-0
Mixed profile consolidated’ 8-9 with 1-95 — 1-22
plastic silts, 12 5 time 1-85 -  1-50
silty clays
15 < C„ < 50 kPa
PI 40-60

10 E m pire  c la y  
Zone I Cu =  65 kPa 1-7 45 100% 5-26 2-05
PI 52-66
Zone II C v =  90 kPa 
PI 35-61

1-5 73 100% 4-42 1-25

* Mean of several tests

Table 9 .1  Data fo r  s t r e s s  s t a t e  a t  end o f  c o n so lid a tio n  ob ta in ed  
w ith  instrum ented p i l e s  
( a f t e r  Jard ine and P o tts , 1988)
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PL* (kN /m 2) Description SPT N

0 to 200 Very loose 0 to 4

200 to 500 Loose 4 to 10

500 to 1 500 Medium dense 10 to 30

1500 to 2500 Dense 30 to 50

2500+ Very dense > 50

Table 9 .2  F ie ld  guide to  r e la t iv e  d e n s it ie s  o f  sands r e la te d  to  
n et l im it  p ressu re  from Menard pressurem eter t e s t s  
( a f t e r  B aguelin  e t  a l ,  1978)
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CHAPTER 10
A NUMERICAL MODEL FOR THE MECHANICAL EXPANSION PROCESS

10.1  In tro d u ctio n

1 0 . 1 .1  Aims
The primary aim o f  th e  num erical stu d y  was to  d evelop  an understanding  
o f  th e  m echanical expansion  p ro cess  o f  'm u ltip le  -  e lem en t’ s t e e l  wedge- 
p i l e s  (S e c t io n  1 . 3 ) .  I t  was planned to  model th e  e s s e n t ia l  fe a tu r e s  o f  
th e  p ro cess  by means o f  a  sim ple num erical method. I t  was hoped th a t  th e  
model would a s s i s t  in  th e  a n a ly s is  o f  th e  r e s u l t s  o f  th e  f i e l d  t r i a l s  
and cou ld  be used  in  th e  fu tu re  a s  a  d es ig n  t o o l .

In  t h is  C hapter, o u ter  s h e l l  and expander mandrel are  r e fe r r e d  to  a s  
s h e l l  and mandrel r e s p e c t iv e ly .

For g iv en  s o i l  behaviour and s h e l l  f le x u r a l p r o p e r t ie s ,  th e  key  
q u estio n s  are:

(a ) What i s  th e  r a d ia l e f f e c t i v e  s t r e s s  generated  on expansion  fo r  a  
g iv en  mandrel nose shape? In  p a r tic u la r , what happens i f  th e r e  i s  
over-exp an sion  in  th e  reg ion  o f  th e  nose?

(b) What i s  th e  d isp lacem ent l i n e  o f  a  s h e l l  elem ent a s  i t  t r a n s la t e s  
f le x u r a l ly ?  What in te r n a l sh ear fo r c e s  and bending moments are  
generated?

(c )  What i s  th e  appropriate nose p r o f i l e  to  e f f e c t  a  smooth t r a n s it io n  
o f  th e  s h e l l  w ithout over-expansion?

(d) What e f f e c t  do the temporary co n n ection s between th e  s h e l l  
elem ents have ?

1 0 .1 .2  Problem d e sc r ip t io n
C onsider th e 'long* w ed ge-p ile  shown in  F igure 1 0 .1 .  For s im p l ic i t y  a  
two elem ent s h e l l  i s  con sid ered , reducing th e  problem to  a two 
dim ensional problem ra th er than a th ree  d im ensional one. The p ro cess  
fo r  s h e l l s  com prising more than two elem ents i s  e s s e n t ia l l y  th e  same, 
excep t th a t th e  s o i l  fo r c e s  generated  on expansion  w i l l  d i f f e r  
(S e c tio n  9 . 7 ) .  The s o i l  i s  con sid ered  to  be homogeneous so  th e  problem  
i s  sym m etrical.
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The s h e l l  d ep ic ted  has been in s t a l le d  in  th e  ground and i s  undergoing  
expansion  a s  th e  mandrel advances. The temporary co n n ection s which hold  
th e  s h e l l  to g e th er  are ignored  fo r  th e  p resen t. I t  i s  assumed th a t  th e  
d isp la c e d  elem ents are h e ld  in  p o s it io n  by th e  mandrel shank. The s h e l l  
elem en ts are assumed to  behave f u l l y  e l a s t i c a l l y .  The v a l i d i t y  o f  t h i s  
assum ption i s  con sid ered  la t e r .  Any tw is t in g  o f  th e  s h e l l  e lem ents i s  
a ls o  ignored  -  th e  elem ents are assumed to  bend in  a s in g le  p la n e .

At some d is ta n c e  ahead o f  th e  mandrel n ose , th e  s h e l l  e lem ents have not 
been d istu rb ed . The e lem ents are h eld  to g e th e r  in  eq u ilib r iu m  by th e  
r a d ia l e f f e c t i v e  s t r e s s ,  , generated  a s  a r e s u lt  o f  in s t a l l i n g  th e  
s h e l l  in  th e ground. T his reg io n  i s  d e fin ed  a s  th e UNDISTURBED ZONE.

At some d is ta n c e  behind th e  mandrel n ose , th e  s h e l l  elem ents have been  
d isp la c e d  to  t h e ir  f in a l  p o s i t io n  and are being m aintained in  th a t  
p o s it io n  by th e  advancing mandrel shank. The r a d ia l e f f e c t i v e  s t r e s s  
a c tin g  on th e p i l e ,  <s'2 , has been a lte r e d  a s  a  r e s u lt  o f  th e  expansion  
p ro cess . T his reg ion  i s  d e fin ed  as th e  FULLY DISPLACED ZONE.

There i s  no f le x u r e  o f  th e  s h e l l  elem ents in  e i th e r  th e  undisturbed  or  
th e  f u l ly  d isp la ced  zon es.

In th e  reg ion  o f  th e  mandrel n o se , th e  s h e l l  elem ents are undergoing  
f le x u r e  a s  th ey  are d isp la c e d  r a d ia l ly  in to  th e  s o i l .  The elem ents are  
a cted  on by a  system  o f  s o i l  fo r c e s  and wedging fo r c e s . The r a d ia l  
e f f e c t i v e  s t r e s s  w i l l  in c r e a se  a s  th e  elem ents are d isp la c e d  outwards, 
and d ecrease  i f  th ere  i s  any co n tra c tio n  behind the n ose . T his reg ion  i s  
d efin ed  as  th e  FLEXURE ZONE. The expansion p ro cess  i s  con fin ed  to  t h is  
zone and moves as a p r o g r e ss iv e  wave o f  f le x u r e  along th e  s h e l l  a s th e  
mandrel i s  d r iven .

The mandrel nose a c ts  a s  a wedge a t  some p o in t or reg io n  a long th e  
f le x u r e  zone, app lying a r a d ia l fo rce  or  fo r c e s  to  th e  s h e l l  e lem en ts. 
The d e f le c t io n  l in e  o f  th e  f le x u r e  zone depends on th e  shape o f  the  
n ose, th e  s o i l  fo r c e s  generated  and th e f le x u r a l p r o p e r tie s  o f  th e  s h e l l  
elem en ts. Because th e expansion  p rocess i s  d isp lacem ent c o n tr o lle d  i t  
w i l l  be ch a ra c te r ised  by ir r e v e r s ib le  p la s t i c  s tr a in in g  o f  th e  s o i l  mass 
surrounding th e p i l e .  Except fo r  c e r ta in  sim ple nose p r o f i l e s  the  
p o s it io n s  o f  th e  wedging fo r c e s  are not known, and th ey  may be 
d is tr ib u te d  or con cen trated  depending on the shape and le n g th  o f  th e  
n ose. The p o s it io n  o f  th e  wedging fo r c e s , and th e  d e f le c t io n  l i n e  o f  the  
f le x u r e  zone, w i l l  in  gen era l vary w ith  depth as th e mandrel i s  d riven .

438



The e s s e n t ia l  problem i s  to  a n a ly se  th e behaviour o f  th e  f le x u r e  zone. 
I t  i s  a problem o f  s o i l / s t r u c t u r e  in te r a c t io n .

1 0 . 1 .3  P o ss ib le  s o lu t io n  s t r a t e g ie s
The problem i s  h ig h ly  n o n -lin e a r  s in c e  ( f o r  any g iv en  depth) i t  i s  not 
known ab i n i t i o  what th e le n g th  o f  th e  f le x u r e  zone i s ,  where th e  
wedging f o r c e ( s )  a c t ,  and over which p art o f  th e  f le x u r e  zone th e  s o i l  
fo r c e s  are in cr ea sin g  or d ecre a sin g . T herefore, a l l  s o lu t io n  s t r a t e g ie s  
w i l l  n e c e s s a r ily  be i t e r a t iv e ,  making u se  o f  a computer or programmable 
c a lc u la to r .

Three approaches were con sid ered :

(a ) A method based on standard a n a ly t ic a l  s o lu t io n s  fo r  beams on 
e l a s t i c  fou n d ation s. The s h e l l  elem ents are con sid ered  as  beams, 
supported by an e l a s t i c  foundation  and being d isp la c e d  by a system  
o f  wedging fo r c e s .

(b) F in ite  elem ent or  f i n i t e  d if fe r e n c e  m od ellin g . These methods
in v o lv e  d iv id in g  the s h e l l  e lem ents up in to  segm ents and 
c a lc u la t in g  th e d e f le c t io n  o f  th e  beams a t  th e  nodal p o in ts  between  
each segment. In th e  ca se  o f  f l e x i b le  beams, th e  num erical method 
u su a lly  adopted i s  the f i n i t e  d if fe r e n c e  method. The d e f le c t io n  
equation  o f  th e  beam i s  rep resen ted  by a f i n i t e  d if fe r e n c e
approxim ation. F in ite  d if fe r e n c e  eq u ation s are ob ta ined  a t  each  
nodal p o in t and are so lv ed  a lg e b r a ic a lly .

(c )  A method th a t co n sid ers  th e  s h e l l  elem ents a s  ord inary  beams,
supported by wedging fo r c e s  and a cted  on by s o i l  fo r c e s  
(Burgoyne and Aul, 1987).  T h is approach can be regarded as  th e  
o p p o site  o f  method ( a ) .  In t h i s  method, th e  s o i l  fo r c e s  are  
obtained  by tr e a t in g  th e s o i l  as a d isco n tin u o u s foundation
(Hetenyi,  1946),  with  s o i l  p ressu re a t  any p o in t a  fu n c tio n  o f  
d isp lacem ent. The s o i l  p ressu re  i s  id e a l is e d  as a  s e r ie s  o f  p o in t  
lo a d s . The d e f le c t io n  l i n e  o f  th e  beam i s  i n i t i a l l y  gu essed . The 
corresponding s o i l  fo r c e s  are c a lc u la te d . These w i l l  r e s u lt  in  a 
new d isp la ced  shape fo r  which th e  s o i l  fo r c e s  can be r e a sse s se d ,  
and so  on u n t i l  a  s o lu t io n  i s  ob ta in ed .

Standard e l a s t i c  foundation  s o lu t io n s  can be u se fu l in  s t r e s s  c o n tr o lle d  
problems where s t r e s s  l e v e l s  are such th a t the s o i l  response i s  o f te n  
reasonably e l a s t i c .  T h is approach was r e je c te d , however, because th e  
problem under co n s id era tio n  i s  d isp lacem ent c o n tr o lle d  and th e  s o i l  
response i s  h ig h ly  n o n -e la s t ic .  In p a r t ic u la r , such an approach would
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not model the non-elastic reduction in stress caused by over-expansion, 
which was one of the key areas of interest.

The finite difference method is a  powerful technique capable of dealing 
with beams under complex loading conditions and with beam and soil 
properties varying along the beam. However, less computing time will 
normally be involved if beam properties and loading conditions are such 
that the superposition of standard analytical solutions can be used to 
achieve a solution. This can be demonstrated by means of an 'operational 
c o u n t ’. Only multiplications and divisions will be counted since these 
are more time consuming on a computer or calculator than additions or 
subtractions.

For the case of a simply supported beam acted on by n vertical loads, 
the operational counts are as follows:

Finite difference method: this method involves solving n simultaneous
equations. It can be shown that, using Gaussian elimination to solve the 
equations, the operational count is roughly proportional the cube of the 
size of the system, n 3 (de Vahl Davis, 1986).

Superposition method: this method essentially involves calculating n 
deflections for each of the n loads. The operational count is the square 
of the size of the system, n 2 .

The superposition method is roughly n times quicker than the finite 
difference method. This is a particularly relevant point when 
considering the numerical analysis of beams on foundations, where the 
continuous support of the foundation is represented by a large number of 
point loads.

In theory, the iterative process of the ordinary beam approach should 
converge to a deflection line which causes support forces that are in 
equilibrium with soil forces, but in practice this is difficult to 
achieve. It has been found that the deflection line often tends to 
oscillate about the final solution as successive iterations are made 
(Burgoyne and Aul, 1987). Convergence only occurs if a proportion of the 
change in forces between iterations is applied to the beam. The 
determination of the proportion (the damping factor) to be used is 
critical, since if it is chosen too small convergence is very slow, and 
if too large, oscillation occurs.

Although the ordinary beam approach has been found in the past to be
unsuitable for use in a general program (ibid.), it was decided to
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10 .2  Ordinary Beam Approach

The ord inary  beam approach d ev ised  by th e  author c o n s is t s  o f  two s ta g e s :

(a) D e f in it io n  o f  system  -
The m athem atical model fo r  th e  s o i l  i s  chosen . The beam p r o p e r tie s  
and th e  support c o n d it io n s  are d e fin ed .

(b) Numerical s o lu t io n  -
The system  i s  d is c r e t iz e d  and an i t e r a t iv e  scheme i s  developed  to  
converge to  th e  f in a l  s o lu t io n .

1 0 .2 .1  D e f in it io n  o f  system

1 0 . 2 . 1 . 1  S o i l  model
The approach i s  based on th e  assum ption o f  a d isco n tin u o u s foundation  
(H etenyi, 1946).  I t  i s  obvious th a t  a  d isco n tin u o u s foundation  i s  not 
v a lid  fo r  s o i l s .  However, fo r  f l e x i b le  beams th e  er r o r s  in vo lv ed  in  th e  
u se o f  th e  assum ption are r e la t iv e ly  sm all ( S c o t t ,  1981; P a v lo v ic  and 
T sikkos, 1982).  The s o i l  surrounding th e  p i l e  i s  rep resen ted  a s  a  s e t  o f  
‘s p r in g s ’ which a c t  independently , th e  d ep ress io n  o f  one sp rin g  having  
no e f f e c t  on an ad jacen t sp rin g  (F igure 1 0 . 2 ) .  The more sp r in g s th a t  are  
used th e  b e t te r  i s  th e  rep re se n ta tio n  o f  th e  s o i l .

S o i l  response i s  con sid ered  in  terms o f  a  r a d ia l s t r e s s  : r a d ia l
d isp lacem ent r e la t io n s h ip . Although th e  s o i l  i s  rep resen ted  by 
‘s p r in g s ’ , th e  s t r e s s :d isp lacem ent r e la t io n s h ip  can be a s  com plicated  a s  
n ecessa ry . The concept i s  th e  same as fo r  th e  t - z  and p -y  methods fo r  
a x ia l ly  and la t e r a l ly  loaded p i l e s  (M atlock and R eese, 1961; Smith, 
1980; S u lliv a n  e t  a l ,  1980).  Drained expansion  i s  assumed, w ith  a l l  
s t r e s s e s  being e f f e c t i v e  s t r e s s e s .

In r e a l i t y ,  th e  s t r e s s :d isp lacem ent r e la t io n s h ip  depends on th e
m echanical behaviour o f  th e  s o i l  surrounding th e  w ed g e-p ile  and on th e  
mode o f  deform ation imposed on th e  s o i l  a s  expansion  ta k es  p la c e . The 
problem i s  com plicated  (Chapter 9 ) .  Both th e  mode o f  deform ation  and th e  
behaviour o f  th e  s o i l  w i l l  depend on the c o n fig u r a tio n  o f  w ed g e -p ile . 
The most r e a d ily  a v a ila b le  source o f  m a ter ia l on which to  base th e  
s t r e s s :d isp lacem ent r e la t io n s h ip  i s  pressurem eter t e s t  d ata  and
a sso c ia te d  c a v ity  expansion  th eory . T yp ica l s o i l  response during  
expansion i s  i l lu s t r a t e d  in  th e s t r e s s :d isp lacem ent r e la t io n s h ip  shown 
in  Figure 10 .3 .  I f  the s tr e ss :d isp la c e m e n t curve i s  known or assumed, i t

explore this avenue of analysis because of its inherent simplicity.
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is a straightforward task to approximate the spring response of the 
discontinuous foundation to the desired degree of fidelity.

The models used in the study were intended to represent qualitatively 
the soil response at the BRS test site. The general approach was to 
develop the method using models of increasing complexity, until all the 
features of Figure 10.3 were taken into account. It was envisaged that 
quantitative analysis using site specific data could follow once the 
program was working satisfactorily.

The stress:displacement curves of the four models used are shown in 
Figure 10.4. The models are:

(a) linear-elastic
(b) l i n ear-‘elas t i c ’ with cut off
(c) non-linear ‘e l a stic’
(d) non-linear non-elastic

Models (b) and (c)' are ‘e l a s t i c ’ in the sense that the loading and 
unloading paths for the the soil mass are the same.

10.2.1.2 Support conditions
The analysis considers the quasi-static expansion of a single shell 
element (Figure 10.5). The flexure zone of the element is treated as a 
free body, acted on by distributed soil forces and supported by 
concentrated wedging forces.

The simplest support system is considered. This comprises a single 
support R 0 acting at some point in the middle of the flexure zone, with 
end supports R-, , R 2 to maintain equilibrium. It is necessary for
wedging forces to act outwards into the soil mass, as tensile forces
between mandrel and shell are not admissible. By definition the bending 
moment at each end of the flexure zone is zero. Compatibility requires 
that the angular rotations e, , e2 at each end of the flexure zone are 
also zero. Axial forces are neglected.

The positions of the supports in the longitudinal direction are 
considered relative to the central support (L , L 2). The positions of 
the supports in the transverse direction are considered relative to the 
leading end support (d0 , d 2 ). d 2 is defined as the ‘shank displacement’. 
The geometry of the supports sets constraints on the deflection line of
the flexure zone such that the maximum displacement dmaxis usually
greater than the shank displacement d 2 . This effect is defined as ‘over- 
expansion’ .
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To achieve a  solution to this beam system, three groups of unknowns need 
to be dealt with:

Support geometry unknowns:
It is not known ab initio the longitudinal positions of the end 
supports (L i , L 2 ) or the transverse position of the central support
(do).

- Soil force unknowns:
The soil forces are a  function of the deflection line, whi c h  is 
unknown. It is also not known which part of the b eam is undergoing 
expansion and which part contraction.

Reaction u n knowns:
Even for given support geometry and soil loads, the number of 
support reactions is greater than the number of equilibrium 
equations available. The system is statically indeterminate.

The study deals with two cases of the simple support system, defined as 
the ’B l u n t ’ case and the ’I d e a l ’ case. These are described below.

(a) Blunt case:
This is shown in Figure 10.6. It is the deflection line resulting 
from a  'Blunt* mandrel nose (see Section 10.4.1). In this case, 
over-expansion occurs: 

d g  ' d 2 ^ d m a x

The situation is represented as a  beam carrying a  distributed load, 
resting on simple supports at different levels. If: 

d 0 — d 2 K d max
the behaviour is described as *fully-Blunt’. This is the deflection 
line resulting from expansion b y  a  plain-ended mandrel, without a 
shaped nose.

(b ) Ideal c a s e :
This is shown in Figure 10.7. In this case there is no over
expansion:

do ^ d 2 — dmax
Because the deflection line between the central and trailing 
supports curves in the same sense throughout, the trailing end 
reaction R 2 is zero.

The situation is represented as a  beam carrying a  distributed load, 
resting on two simple supports with an overhang. It can also be
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considered in exactly the same way as for the Blunt case, but with 
R 2 set to zero.

The Ideal case is the deflection line associated with the lowest 
possible strain energy of expansion. It is further associated 
with the * Ideal* mandrel nose profile (see Section 10.4.1).

The investigation concentrates on the fully-Blunt case and the Ideal 
case. These situations represent the extremes of the single support 
system. In the fully-Blunt case d 0 is known beforehand; in the Ideal 
case d 0 is given as part of the problem solution.

10.2.1.3 Beam properties
The flexural properties of the shell elements actually used in the field 
trials were readily available as standard information.

10.2.2 Numerical solution
Two similar programs were developed to deal w ith the two beam systems 
described in Section 10.2.1.2. The full solution method for each system 
is described separately, although much of the two methods is the same.

There are four main stages in the solution process:

(a) Discretization:
Soil and beam data are read into the program. The beam and soil are 
discretized.

(b) Core solution:
A  statically determinate core solution is established, applicable 
for any given set of soil loads and supports.

(c) Iterative scheme - soil forces:
The support configuration and deflection line are initially 
guessed, corresponding soil forces are calculated. The core 
solution is used to recalculate the deflection line. The process is 
applied repeatedly to yield a solution satisfying equilibrium and 
soil constitutive law.

(d) Iterative scheme - support positions:
The support positions are systematically adjusted within a wider 
iterative scheme to yield a solution satisfying the compatibility 
requirements at the ends of the beam.

4 4 4



10.2.2.1 Blunt program

(a) Discretization
The shell element is considered as a  beam (Figure 10.8). The length of 
the beam is specified such that it is greater than the likely length of 
the flexure zone. The beam is divided into segments. The distributed 
soil forces acting on the beam are idealised as a series of equivalent 
point loads acting at the middle of each segment. The end supports R-! , 
R 2 define the flexure zone and act at the end of their segments. The 
central support R 0 acts in the middle of its segment, in the opposite 
direction to the soil forces. The soil model is specified as a 
relationship between radial stress and radial displacement. The width 
of the beam and its flexural properties are also specified.

(b) Core solution
The beam system is rendered statically determinate by considering R 0 as 
a force identical to the soil forces but acting in the opposite 
direction (Figure 10.8). R 0 can then be brought within the iterative 
scheme. The problem is thus reduced to the case of a  simply supported 
beam acted on by a series of concentrated loads - this can be readily 
solved by superposition.

(c) Iterative scheme - soil forces
So that the program can be of general application, it is important that 
the initial guess for the support geometry and the deflection line does 
not affect the final solution obtained. However, the convergence process 
can be speeded up if a  good guess is provided. For the Blunt case, the 
transverse positions of all three supports d 0 , d 1 , d 2 are known; only 
L, and L 2 need to be guessed. A n  initial deflection line which simply 
joins the reaction positions by straight lines has proved satisfactory 
(Figure 10.8).

A  displacement controlled iterative scheme has been adopted (see Section 
10.2.3). Soil forces are calculated using the initial deflection line, 
and the deflected shape of the simply supported beam under the soil 
forces ONLY is calculated. The value of R 0 to give the correct value of 
d 0 is then calculated. The new deflection line is obtained by 
superimposing the deflection line due to the soil forces only, and the 
deflection line due to R 0 . Soil forces are then recalculated and the 
process is repeated until a solution of the required accuracy is 
achieved.

The longitudinal position Lmax at which d max occurs (Figure 10.5) is used 
as a marker to separate the leading part of the flexure zone, where soil
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forces increase, from the trailing part of the flexure zone where soil 
forces decrease. The s t r e s s :displacement loading curve is used for the 
leading part of the flexure zone, the unloading curve is used for the 
trailing part.

(d) Iterative scheme - support positions
O n l y  L, and L 2 need to be considered. Having achieved a solution for 
the initial support configuration, the angular rotations e, , e2 are 
considered. Lengths L, and L 2 are then adjusted in the appropriate sense 
so as to move the overall solution towards a  condition of e, = e2 = 0 
(Figure 10.9). The minimum possible adjustment is one increment length 
of the beam. The soil forces for the 'old* support configuration are 
carried forward to provide a good initial guess for the ‘n e w ’ support 
conf iguration.

The solution process for soil forces is applied for the new support 
geometry, and e, and e2 are again reassessed. The lengths L, and L 2 are 
readjusted and the process is repeated until compatibility is satisfied 
to the required degree of accuracy. At this point an approximate 
solution to the beam system is achieved, satisfying equilibrium, 
compatibility and soil constitutive law.

For presentational purposes, the solution is completed by:

setting the beam displacement to d, and d 2 respectively throughout 
the undisturbed and fully displaced zones

setting the soil stress in the undisturbed zone to p, and the soil 
stress in the fully displaced zone to the value p 2 existing at the 
trailing support.

10.2.2.2 Ideal program

(a) Discretization
The beam length is chosen, and beam and soil are idealised as before.

In the Ideal case there are by definition only two supports. However, a 
nominal trailing support R 2 is assumed, set to zero. R 1 and R 2 thus 
define the flexure zone as before, acting at the ends of their 
increments. R 0 acts in the middle of its increment, in the opposite 
direction to the soil forces.

(b) Core solution
In the Ideal case the beam system is statically determinate (Figure
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10.7). The problem is thus one of a  simply supported b eam w ith an 
overhang, acted on by a  series of concentrated loads - this is readily 
solved by superposition.

(c) Iterative scheme - soil forces
In this case d 0 is a  further unknown, along with L 1 and L 2 . All three 
are initially guessed. A  straight line between the reaction positions 
defines the initial deflection line. The core solution is repeatedly 
applied to converge to a  solution, as for the Blunt case.

(d) Iterative scheme - support positions
L-, , L 2 and d 0 need to be considered. Having achieved a  solution for the 
initial support configuration, e1 and e2 are monitored as before. L., and 
L 2 are adjusted to give a  full solution for a  given d 0 . At  this stage 
d 0 is considered, and is then adjusted in the appropriate direction to 
move d 2 towards the correct position (Figure 10.9). The increment by 
which d 0 is adjusted can take any value. The solution proceeds with L , , 
L 2 and d 0 being adjusted until a full solution to the b e a m  system is 
o b t a i n e d .

10.2.3 Features of the programs

There are three main types of routine in the programs:

(a) Core solution routines:
These routines use the core solutions to yield an iterative 
solution for a given support configuration. A n  iteration parameter 
is used to assess the accuracy of the solution. The iteration 
parameter is either a force, for example R 0 ; or a  displacement, for 
example e1 . As the solution process proceeds, the iteration 
parameter tends towards a final value. The difference in the value 
of the iteration parameter from one iteration to the next is a 
measure of the current accuracy of the solution. The core solution 
routines have as their arguments the percentage difference in 
iteration parameter required to terminate the solution. The 
solution is terminated when the change in the iteration parameter 
between successive iterations is within the specified value.

(b) Support adjustment routines:
These routines adjust the positions of the supports until 
compatibility at the end of the beam is satisfied. Accuracy of 
solution in these routines is defined by the increment of movement 
used to adjust the position of the support. In the case of the 
longitudinal positions L , , L 2 , the increment of movement is
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expressed as a  multiple of the beam segmental length. In the case 
of d 0 , the increment of movement can be any value. These routines 
have as their argument the increment of movement of the support 
being adjusted.

(c ) Master routine:
The master routine defines the overall iterative scheme. This 
routine specifies the order in which the core solution and support 
adjustment routines are called, along with the argument values 
which specify the accuracy of solution.

There are two main advantages of the program structure. Firstly, new 
core solution and support adjustment routines can be easily ‘plugged-in* 
to the overall framework of the program to deal with different 
non-linearities or beam systems. Secondly, the argument values specified 
in the master routine can be used to vary the accuracy of solution at 
different stages of the overall iterative scheme and increase the 
efficiency of the program.

The art of the method is to design the overall iterative scheme such 
that the support positions are moved quickly towards the area of the 
final solution. During this stage coarse movements of the support 
positions are specified, and the accuracy of the core solution is 
specified such that only two or three iterations are required at each 
change of support position. As the support positions gravitate towards 
the final solution, the accuracy of solution is increased appropriately.

Listings of the program codes are given in Appendix 10.1.

10.3 Results and Discussion

10.3.1 Initial test runs
As the programs were developed, various test runs were performed using 
different soil models, beam properties and support configurations. The 
results from one of the Blunt program test runs is included to show the 
format of the data to be presented. This test run is of interest because 
it compares two types of soil model.

The stress:displacement curves for the two soil models are shown in 
Figure 10.10. Both the soil models have an initial stress p1 of 112kPa 
and a limiting stress p L of 224kPa, achieved after 20nm displacement. 
Model 'A* has a  linear increase of stress with displacement between p 1 
and p L . Model ‘B ’ is highly non-linear between p1 and p L , being a fifth- 
order curve. Both models are ‘e l a s t i c ’ - soil response on loading and
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unloading is given by the same curve. Figure 10.10 also gives details of 
the properties of the b eam representing the shell element being
expanded.

Figure 10.11 shows the deflection lines resulting from fully-Blunt 
expansion into the two types of soil. The flexure zone parameters are
indicated on the plot. The shell is being expanded by a  plain-ended
mandrel w ith a  shank displacement d 2 of 20mm. The central wedging force 
R 0 is acting halfway along the 10m long beam. End supports R, , R 2 act 
at distances L 1 , L 2 from R 0 and define the flexure zone. R, acts at zero 
displacement, R 0 and R 2 act at 20mm displacement. Maximum displacement 
d max occurs at a  distance L max from R 0 .

The deflection line appears to be insensitive to quite marked
differences in the shape of the st r e s s : displacement curve for given 
values of p, and p L .

10.3.2 *BRS’ soil model runs
A  series of runs was performed using a soil model and beam properties 
that were intended to represent qualitatively conditions at the BRS 
site. The numerical investigation was carried out before the results of 
the pressuremeter testing at the BRS site were known. The soil stress: 
displacement curve and the beam properties are shown in Figure 10.12. 
Table 10.1 gives details of results.

The initial stress p, (=105kPa) of the stress:displacement curve was 
obtained by estimating the average normal effective stress acting on the 
unexpanded piles tested at the BRS site. A  limiting stress p L (=315kPa) 
of three times the initial stress was assumed, and a  fourth order curve 
was used to model non-linear soil response between p1 and p L . Linear 
unloading behaviour was assumed, at a  rate of 157.5kPa per Iran 
displacement. The unloading gradient corresponded to a  shear modulus of 
U M P a .  A  70x70x10mm thick equal angle beam was assumed, as used at the 
BRS site.

Two cases were considered - fully-Blunt expansion and Ideal expansion. 
The shank displacement was 10 m m  in each case.

10.3.2.1 Deflection lines
Figure 10.13 shows the deflection lines for the two cases. The curves 
are similar over the leading part of the flexure zone, but differ over 
the trailing part. In the fully-Blunt case, there is a point of 
contraflexure between the central and trailing supports as the element 
over-expands. In the Ideal case, the deflection line curves in the same
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sense between these two supports.

d 0 is 10mm for the fully-Blunt case and 8.9mm for the Ideal case. The 
difference between these values is small compared to the shank 
displacement. As the two cases considered are extremes of behaviour, the 
deflection line is obviously very sensitive to the position of the 
wedging force.

Length L, is similar for the two cases, approximately 1.1m. The 
difference in length L 2 is much more marked (0.43m in comparison to 
0.71m). The maximum deflection in the fully-Blunt case is 10.57mm, a n  
over-expansion of 0.57mm.

10.3.2.2 Shear forces and bending moments
Figures 10.14 and 10.15 show the shear forces and bending moments 
associated with Figure 10.13. The m ain difference between the Ideal and 
fully-Blunt cases occurs between the central and trailing supports, 
reflecting the difference in the two deflection lines. In the Ideal case 
R 2 = 0 and the bending moment remains negative between the two supports. 
In the fully-Blunt case R 2 > 0 and the bending moment changes sign 
between the two supports.

The length of the flexure zone, and the shear forces and bending moments 
(and hence the strain energy), are all greater for the fully-Blunt case. 
This is a consequence of the support geometry imposed on the beam 
system.

The peak bending moments are similar and occur at the central support. 
The peak values of -2.84kNm and -3.39kNm for the Ideal and fully-Blunt 
cases give maximum normal stresses in the beam of 352N/mm2 and 420N/mm2 
respectively. The yield stress of the mild steel beam is 250N/mm2 . This 
suggests that in the field trials yielding may have occurred in the 
shell elements during expansion.

10.3.2.3 Radial stresses
Figure 10.16 shows the radial stresses acting on the shell in the two 
causes. Over the leading part of the flexure zone the radial stresses are 
similar, reflecting the similarity of the two deflection lines. At any 
given position the radial stress is slightly greater in the fully-Blunt 
case. Over the trailing part of the flexure zone the behaviour for the 
two cases is totally different. In the Ideal case the radial stress 
reaches a peak and is maintained. In the fully-Blunt case there is a 
large reduction in radial stress as the soil mass unloads.
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The peak radial stress p max for the Ideal case is 306kPa. p max for the 
fully-Blunt case is 310kPa, followed b y  a  reduction to 220kPa - this 
means that 44% of the gain in radial stress over the leading part of the 
flexure zone is lost over the trailing part.

10.3.2.4 Mandrel nose profile
Figure 10.17 shows the deflection line for the Ideal case in more 
detail. The approximate nose profile of box mandrel A  used at the BRS 
site is shown for comparison. The nose profiles of box mandrel B  and the 
cruciform mandrels were blunter than for box mandrel A  (Figure 3.9). The 
mandrel nose profiles used at the BRS site appear to be far too blunt to 
have given rise to an Ideal deflection line and it would seem likely 
that over-expansion occured during mandrel installation.

10.3.2.5 Effect of different percentage expansion
Figures 10.18 to 10.23 deal with the effect of varying the percentage 
(%) expansion. The main points of interest are listed below:

(a) Figure 10.18 shows radial stresses for fully-Blunt expansions of 
2.5mm, 5.0mm, 7.5mm and 10mm (corresponding to expansions of 3.6%, 
7.1%, 10.7% and 14.2% in the field trials). The length of the 
flexure zone is not very sensitive to %  expansion. Length L 1 
varies from 0.83m to 1.09m; length L 2 varies from 0.51m to 0.71m.

(b) It can be seen from Figure 10.18 that p max increases w i t h  %  
expansion, but at a  decreasing rate. This behaviour is a result of 
the loading portion of the stress-displacement curve being non
linear.

In contrast, the amount by which radial stress decreases over the 
trailing part of the flexure zone increases proportionately with %  
expansion. This is because the unloading part of the stress: 
displacement curve is linear, so that the reduction in radial 
stress is directly proportional to the amount of over-expansion. 
Because the essential form of the deflection line is determined by 
the geometry of the supports, the amount of over-expansion - and 
hence the reduction in radial stress - is approximately 
proportional to the shank displacement. This is shown in Figure 
10.19.

The value of p 2 generated by the passing of the mandrel nose 
depends on the relative values of the increase and decrease of 
stress along the length of the flexure zone. For small %  
expansions, the increases in radial stress over the leading part of
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the flexure zone will dominate, and p 2 will increase with shank 
displacement. For large %  expansions the reduction in radial stress 
over the trailing part of the flexure zone will dominate, and p 2 
will decrease with shank displacement. (For very large %  
expansions, it is possible for p 2 to be less than p.,).

This is illustrated in Figure 10.20, which shows a  progressive 
increase in p2 for the 2.5mm, 5.0mm and 7.5mm cases, and then a 
decrease for the 10mm case. p 2 for the 10mm case is less than for 
the 5mm case. Figure 10.21 shows how the value of p2 is controlled 
by the relative values of increase and decrease of radial stress 
along the flexure zone.

(c) Figure 10.22 shows the central propping force R 0 plotted against 
shank displacement d 2 . The force required to expand the beam 
increases progressively w ith %  expansion. Figure 10.23 shows p 2 
plotted against R 0 .

(d) Fully elastic behaviour occurs only in the 2.5ram case. For the 
three largest % expansions the maximum normal stress acting within 
the beam is greater than the yield stress, and the assumption of 
elastic behaviour becomes progressively less valid. However, the 
elastic solution provides a useful upper-bound for d max and lower 
bound for p 2 (see Section 10.4.2).

10.3.3 Check runs

10.3.3.1 Convergence of solution
Figure 10.24 illustrates typical convergence behaviour within the core 
solution routine of the Blunt program. The iteration parameter in this 
case is R 0 . This is plotted against the number of iterations. The effect 
of different damping factors is compared.

The solution conditioning is very good, convergence occurring even with 
a  totally undamped system. For damping factors of 0.75 and 1.0 the 
iteration parameter (and deflection line) becomes sensibly 
indistinguishable after five or six iterations. For a damping factor of 
0.5, the solution process takes longer, converging after 8 or 9 
iterations. For a damping factor of 1.0 some oscillation of the solution 
occurs during convergence.

Good solution conditioning is to be expected with the displacement 
controlled iterative scheme used, in which an applied displacement is 
reimposed at each iterative step. Out of interest, some load controlled
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iterative schemes were tried in which an  applied LOAD was re imposed at 
each step. Damping factors as low as 0.25, and consequently a  large 
number of  iterations, were required to stop the solution oscillating. 
This is in line with the experiences reported by Burgoyne and Aul 
(1987).

The solution conditioning for the Ideal program was not as good as for 
the Blunt program - the solution became unstable when a  damping factor 
near 1.0 was used. With a damping factor of 0.5, the solution 
conditioning was satisfactory. The difference in behaviour between the 
Blunt and Ideal systems was due to the fact that the Ideal system 
included a  relatively flexible overhang from the central support.

10.3.3.2 Coraparision with Hetenyi solution
The programs were checked against a closed form analytical solution. The 
core solution was changed to deal with a  beam hinged at both ends, and 
supported by a linear elastic foundation. The analytical solution for 
this case is given by Hetenyi (1946). In Figure 10.25 two curves are 
plotted, the analytical solution and the numerical solution. It can be 
seen that the two solutions are indistinguishable.

10.3.3.3 Comparison between Ideal and Blunt programs
The Ideal deflection line shown in Figure 10.13 was checked by inputting 
the data obtained from the Ideal program into the Blunt program. The 
deflection line obtained using the Blunt Program was indistinguishable 
from that using the Ideal Program, and the trailing end reaction R 0 was 
found to be zero, which is correct.

10.4 Extensions of Method

This Section outlines refinements that could easily be made to the 
programs described, but which were not developed in full during the 
present investigation.

10.4.1 Mandrel nose prof ile
The analysis described so far has considered the expansion of the shell 
by the simplest possible system of wedging forces. Two extreme cases of 
this system have been dealt with - the fully-Blunt case and the Ideal 
case. It has been stated (Section 10.2.1.2) that the fully-Blunt case is 
associated with a  plain ended, (or fully-Blunt) nose profile and that 
the Ideal case is similarly associated with an Ideal nose profile.
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Nose s h a p e :
The nose shape is the form of the curve of the nose profile, eg. 
parabolic, or circular.

- Nose length:
The nose length is a suitable characteristic length. The nose 
length can vary for a given nose shape, giving rise to a suite of 
profiles.

- General over-expansion:
In this particular case of over-expansion, the central wedging 
force acts at a  single point. Fully-Blunt expansion is the extreme 
of this behaviour.

- Local over-expansion:
In this particular case of over-expansion, the shell is in 
continuous contact with the nose over part of its length, but lifts 
away over the trailing part of the nose, resulting in over
expansion. This behaviour is the result of local incompatibility 
between the deflection line of the shell and the profile of the 
nose: the nose profile is sufficiently long but is the wrong shape.

Ideal nose profile:
This is the nose profile giving rise to Ideal expansion. Two 
conditions apply - the maximum displacement of the shell elements 
is equal to the shank displacement, and the strain energy of 
expansion is a minimum. As a  consequence, the length of the flexure 
zone will be at a minimum. The deflection line for Ideal expansion 
is defined by the simple system described in Section 10.2.1.

In theory, Ideal expansion can be affected by a nose profile of 
similar shape to the Ideal deflection line. Note that the nose 
profile can be truncated ahead of the central support position. In 
reality however, soil forces will vary continuously with depth such 
that the Ideal deflection line will also continuously vary. 
Consequently, in practical terms there is no * I d e a l ’ nose profile - 
the profile will either be *sub-Ideal’ or * super-Ideal’.

Sub-Ideal or Blunt nose profile:
In this case the length of the nose profile is shorter than for the 
associated Ideal nose profile. General over-expansion occurs. The 
strain energy of expansion is greater than for the Ideal case.

Some nomenclature is dealt with here (Figure 10.26):
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Super-Ideal nose profile:
In this case the length of the nose profile is longer than for the 
associated Ideal nose profile. The outer shell is ‘over-supported* 
such that it is in continuous contact with the nose o v e r  part of 
its length. The length of the flexure zone and the strain energy of 
expansion are increased relative to the Ideal case. The shape of 
the nose may be such that local over-expansion o c c u r s .

In the case of the field trials, it seems likely that the nose profiles 
used were Blunt, and general over-expansion occurred. A  method to obtain 
the shell deflection line resulting from expansion by such nose profiles 
has been devised. It makes use of the principle of minimum potential 
energy, which states that of all possible displacement states of a 
loaded body that state of displacement which minimises the potential 
energy is the correct one.

To obtain the deflection line for the shell, the method already 
described is extended as follows:

(a) The nose profile is discretized as shown in Figure 10.27.

(b) The deflection line for the shell is calculated using the Blunt 
program. Different positions of the central wedging force are 
defined systematically using the discretized nose profile. There 
are a  number of viable solutions for which the deflection line of 
the shell is compatible w ith the nose profile.

(c) The wedging force is initially considered to act at the trailing 
end of the nose (the fully-Blunt case) and is then moved towards 
the leading end. As the wedging force is moved down the nose, the 
strain energy of expansion decreases. The last viable solution in 
the direction of the leading end of the nose is the correct 
solution.

A  generalised routine for this solution has not been written, although 
the solution process has been performed by  ‘h a n d ’ for a curved nose 
profile similar to the box mandrel nose used in the field trials. This 
exercise demonstrated that the wedging force migrated towards the tip of 
the nose. For the case considered ( *BRS* soil model) the migration 
effect was small, and the expansion was virtually fully-Blunt.
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10.4.2 Nose profiles - general considerations for design

10.4.2.1 Linear elastic behaviour of shell
In practice, a nose profile of fixed length and shape will be required 
to deal with different soil forces as it is advanced through the shell 
(although some consideration has been given to a 'tuning fork* nose 
which could respond to changes in soil f orces). The key to designing the 
appropriate nose profile is to avoid over-expansion and thus maximise 
shank radial stress.

In general the Ideal nose profile will become shorter and more curved 
w ith depth, as the magnitude of soil forces increases. Conversely, the 
stiffer the shell elements are, the longer and less curved the nose 
profile will need to be. Design of a  nose profile involves optimising 
the profile for a certain depth of penetration near the top of the pile, 
such that the expansion is super-ideal below that depth. The shape of 
the optimum nose profile would be approximated by a  suitable 
mathematical curve.

This approach will ensure that general over-expansion does not occur. 
However, except in the case of very long nose profiles, it is likely 
that there will always be slight incompatibilities between the nose 
profile and the deflection line of the shell elements, such that local 
over-expansion occurs.

10.4.2.2 Inelastic behaviour of outer shell
Although the consideration of inelastic bending in the flexure zone was 
beyond the scope of the study, some observations are set out below.

The bending moments in a given shell element will increase both with 
shank displacement and with depth, as soil forces increase. The 
increasing bending moments will eventually cause yielding in the outer 
fibres of the elements. For a given depth it is possible to identify the 
shank displacement at which yielding first occurs. Similarly, for a 
given shank displacement it is possible to identify the depth at which 
yielding first occurs. The mode of bending in the flexure zone can thus 
be controlled by selection of member properties. Whether or not yielding 
would be allowed to occur in practice would depend on the design 
philosophy adopted.

When yielding occurs, the m o m e n t :curvature relationship for the shell 
elements becomes non-linear. Curvature for a given moment is greater 
than if the beam were behaving linearly elastically. Therefore, for 
situations where a limited amount of yielding occurs, a nose profile
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based on the assumption of linearly elastic behaviour would be useful 
for design purposes.

10.4.3 Connecting forces between shell elements
These can be easily dealt w i t h  by changing the core solution to deal 
with a  fixed support at the leading end of the flexure zone. The 
limiting case is w h e n  the shear force at the fixed end equals the 
tensile strength of the fixing. Some runs were performed to investigate 
the effect of this shear force on the deflection line of the shell 
elements. As can be easily visualised, it had the effect of ‘nipping* 
the shell elements together ahead of the nose such that L, w a s  reduced 
and L 2 and d max were increased.

10.4.3 Simple design approach
Some w ork not reported in this thesis, undertaken in connection w i t h  the 
commercial trials reported in Chapter 8, was performed w i t h  the programs 
that have been described. This work confirmed that the shape of the 
Ideal deflection line was not very sensitive to the soil model assumed 
(Section 10.3.1). It was more sensitive to the overall magnitude of the 
soil forces applied, and to the temporary fixing forces.

On the basis of this work, the following method for designing nose 
profiles is suggested for situations where the shell behaviour is 
reasonably elastic:

Using the Ideal Program, the deflection lines associated w i t h  a 
number of very simple soil models are computed, for giv e n  shell 
type and percentage expansion. The soil models correspond to 
different depths, and likely extremes of soil response. A  range of 
outer shell fixing forces are considered.

From the range of L 2 and d 0 values obtained, the largest value of 
L 2 and the smallest value of d 0 are selected. These parameters 
define the nose length.

The nose shape is defined by a suitable mathematical equation. The 
ideal shape would be a  fourth order curve, as this is the shape of 
a  cantilever subjected to a  uniform load (Section 10.2.1). 
However, a simplified nose profile would obviously be easier to 
cast or machine.
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10.5 Conclusions

10.5.1 Ordinary beam method
Programs based on an iterative numerical method have been developed to 
model the mechanical expansion process in ‘multiple-element’ wedge- 
piles. The behaviour of the outer shell elements is assumed to be 
linearly elastic. The soil surrounding the wedge-pile is assumed to 
behave as a  discontinuous foundation. Non-linear soil response is easily 
dealt with.

10.5.2 The mechanical expansion process
Using the programs it is possible to calculate, for a  given expander 
mandrel nose profile, the deflection line of  the outer shell elements as 
they are expanded and the shear forces, bending moments, and radial 
stresses generated. A  method of establishing the ‘I d e a l ’ profile has 
been developed.

Using the programs, it has been found that:

(a) The radial stresses generated on expansion are very sensitive to 
the profile of the expander mandrel nose.

(b) If over-expansion occurs as the expander mandrel is driven, the 
maximum radial effective stress that can be mobilised is less 
than that potentially available. When over-expansion occurs, radial 
stress increases ahead of the nose and then decreases behind the 
nose. The decrease behind the nose becomes dominant for large 
percentage expansions. Eventually, the radial stress generated by 
the passing of the nose does not increase w ith percentage 
expansion.

(c) The mandrel profiles used for the field trials were almost 
certainly too blunt and over-expansion probably occurred. Greater 
increases in load carrying capacity than those found may have been 
possible.

(d) In the field trials, it is likely that some yielding of the outer 
shell elements occurred, particularly at the larger expansions.
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Figure 10.3 Typical pressuremeter stress:displacement curve

(a) L inear-e lastic  (b) Linear'elastic'
with cut-off

(c) Non-linear'elastic' (d) Non-linear
Non-elastic
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Figure 10.5 Definition of beam system
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Figure 10.10 Soil models 'A* and 'B’:
stress:displacement curves
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Figure 10.22 fBRS’ soil model:
Central propping force R0 against Shank displacement d2

Figure 10.23 *BRS’ soil model:
Normalised shank stress P 2 /pLagainst 
Central propping force R0
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Figure 10.24 Example of solution convergence

Figure 10.25 Comparison of numerical solution for simply supported
beam on elastic foundation with standard Hetenyi solution
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(a) Circular nose profiles - same SHAPE, different LENGTHS

O u t e r  s h e l l  M a n d r e l  n o s e

(b) General over expansion, sub-ideal nose profile

T r u n c a t e d  n o s e

f f tR-] Rq (R2)
(c) No over-expansion, ideal nose profile

L o c a l  f i t t i n g  o t f

(d ) Local over-expansion, super ideal nose profile 

Figure 10.26 Nose profile design: nomenclature

Deflection line for Ro at 
position 10 
-  line  incompatible 
w ith  mandrel nose

Deflection line for Ro at 
position 6 
-line  compatible 
w ith  mandrel nose

Ro at 
position 
10

Ro at 
position 
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Figure 10.27 Nose profile design: discretization of nose profile
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Type o f  
ex p n sn .

Shank
d i s p .

Seg.
l n g t h .

L, Lj d, d* d. d|na«

mm mm m a m p>m mm mm mm

I d e a l 10 .0 2 0 .0 1 .05 0 .4 3 0 .4 3 0 .0 1 0 .0 8 .94 10 .00

B lu n t 10 .0 2 0 .0 1 .09 0 .7 1 0. 18 0 .0 1 0 .0 1 0 .00 10.57

B lu n t 7 .5 2 0 .0 1 .03 0 .65 0 .1 6 0 .0 7 .5 7 .5 0 7 .9 0

B lu n t 5 .0 2 0 .0 0 .9 7 0 .5 9 0 .1 4 0 .0 5 .0 5 .0 0 5 .2 6

B lu n t 2 .5 2 0 .0 0 .8 3 0 .5 1 0 .1 4 0 .0 2 .5 2 .5 0 2 .6 4

R, R. R, P, P, P~x Max.
B.M.

Max
crn

kN kN kN kN/m1 kN/m1 kN/m* kN/mi kNm 1N/mm1

5 .6 2 8 .5 0 .0 105 315 306 306 -2 .8 4 352

5 .8 31 .7 4 .1 105 315 310 220 - 3 . 3 9 420

5 .2 2 8 .9 3 .9 105 315 298 235 - 2 . 8 3 350

4 .5 2 3 .5 3 .4 105 315 267 228 - 2 . 1 9 271

3 .6 16 .4 2 .3 105 315 211 189 - 1 .3 7 170

Table 10.1  *BRS’ s o i l  model runs: r e s u lt s



CHAPTER 11
DISCUSSION OF RESULTS

11 .1  In tro d u ctio n

The m ajo r ity  o f  t h i s  Chapter com prises a d is c u s s io n  o f  th e  r e s u l t s  o f  
th e  v a r io u s  f i e l d  t r i a l s  reported  in  t h i s  t h e s i s ,  c o n s is t in g  o f  th e  
la r g e - s c a le  in v e s t ig a t io n s  a t  Luton and BRS (Chapters 4 and 5 ); th e  
m in i-p i le  t e s t in g  (Chapter 6 ); and th e CP&F/Conoco t r i a l s  a t  Hermitage 
(Chapter 8 ) . General a sp e c ts  o f  th e  W edge-Pile are  a ls o  con sid ered  in  
t h i s  Chapter, and su g g estio n s  are g iv en  fo r  fu r th er  research .

Most o f  th e  work reported  in  t h i s  t h e s i s  concerns 'm u lt ip le -e le m e n t1 
w e d g e -p ile s . In S ec tio n  1 1 .2 , a  gen era l overview  o f  th e  r e s u lt s  o f  a l l  
th e  t e s t s  on m u ltip le -e lem en t w ed g e-p ile s  i s  g iv e n .

The la r g e  s c a le  t r i a l s  a t  Luton and BRS c o n s t itu te  th e  most im portant 
p art o f  th e  research  d escr ib ed  in  t h is  t h e s i s .  The r e s u lt s  from th e  
t r i a l s  a t  Luton are d isc u sse d  in  d e t a i l  in  S e c t io n s  11 .3  to  1 1 .5 ; th e  
r e s u l t s  from th e  t r i a l s  a t  BRS are d iscu sse d  in  d e t a i l  in  S e c t io n s  11 .6  
and 1 1 .7 . The r e s u lt s  are  con sid ered  w ith in  an e f f e c t i v e  s t r e s s  
framework. The b a s ic  f r ic t io n a l  equation  (S e c tio n  1 .1 .2 )  i s  employed in  
th e  form

tS{ = 5/ . tanS' + c'a ( 11 . 1 )

where th e  'b a r s ’ are used to  in d ic a te  
f r i c t io n ,  r a d ia l e f f e c t iv e  s t r e s s ,  an g le  o f  
e f f e c t i v e  adhesion  in te r c e p t . A lso  employed 
r e s u l t s  i s  th e  equation

average v a lu es  o f  sk in  
in te r fa c e  sh earin g , and 
in  th e  a n a ly s is  o f  th e

t,. = Ka.o' .ta n 6' + c' ( 11 . 2 )

where Ks i s  th e  ra d ia l s t r e s s  fa c to r  and cr' i s  th e  v e r t i c a l  e f f e c t i v e  
s t r e s s .  As b e fo re , 'b a r s ’ are used to  in d ic a te  average v a lu es  o f  
param eters.

Throughout th e Chapter, 'b a r s ’ are used to  in d ic a te  average v a lu es  o f  
param eters r e lev a n t to  the p i l e  t e s t s .  Where 'b a r s ’ are not u sed , v a lu es  
o f  param eters a c t in g  lo c a l ly  a t  a g iv en  p o in t are in d ic a te d .
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The r e s u l t s  o f  th e  t e s t s  c a r r ie d  ou t w ith  m in i-p i le s  are d isc u sse d  in  
S e c tio n  1 1 .8 , w h ile  th e  CP&F/Conoco f i e l d  t r i a l s  are  d isc u sse d  in  
S e c tio n  1 1 .9 .

Some g en era l a sp e c ts  o f  th e  W edge-Pile are  d isc u sse d  in  S e c t io n s  11 .10  
to  11 . 1 2 , in  th e  l i g h t  o f  th e  r e s u l t s  o f  th e  research  th a t  has been  
undertaken. S u ggestion s fo r  fu r th er  resea rch  are  g iv en  in  S e c tio n  1 1 .1 3 .

11 .2  M u ltip le  Element P i le s :  Overview o f  R esu lts

The p r in c ip a l r e s u l t s  from a l l  o f  th e  t e s t s  on m u ltip le -e lem e n t  
w e d g e -p ile s , a t  v a r io u s  s c a le s ,  are  summarised in  Table 1 1 .1 . The 
fo llo w in g  main p o in ts  emerge:

(a ) In  a l l  c a s e s ,  expansion  subsequent to  i n i t i a l  d r iv in g  in c r e a se s  
p i l e  c a p a c ity . T h is i s  a  very  s ig n i f ic a n t  r e s u l t ,  w hich confirm s  
th e  W edge-Pile con cep t.

(b) There are la r g e r  in c r e a se s  in  c a p a c ity  in  sands and in  s o i l s  w ith  
an a p p rec ia b le  co n ten t o f  granu lar m a te r ia l, in  com parison to  g a in s  
recorded in  c la y s .  T his f in d in g  i s  in  accordance w ith  th e  
background th eory  p resen ted  in  Chapter 9 . There appear to  be no 
in c o n s is te n c ie s  between th e  g a in s  in  c a p a c ity  found in  th e  la r g e  
s c a le ,  th e  m in iature s c a le  and th e  la b o ra to ry  model s c a le  t e s t s .

(c )  In  t e s t s  on cruciform  p i l e s ,  th e  g a in s  in  c a p a c ity  on expansion  can  
be summarised broadly as fo llo w s:

-  In  c la y s ,  fa c to r s  o f  in c r e a se  in  c a p a c ity  are  around 1 .5  to  2 .0 ,  
th e  low er v a lu es  being  found a t  th e  London C lay s i t e  and th e  h igh er  
v a lu e s  a t  th e  boulder c la y  s i t e .

-  In  t e s t s  in  sands, w ith  m in i-p i le s  and w ith  la b o ra to ry  model 
p i l e s ,  th e  maximum fa c to r  o f  in c r e a se  in  c a p a c ity  i s  around 4 . .

-  In  s o i l s  where th e unexpanded p i l e  c a p a c ity  i s  low in  com parison  
to  th e  a v a ila b le  s o i l  s tren g th  ( in  th e  w eathered ch a lk  a t  Luton and 
in  th e  c la y e y  g ra v e l a t  H olland H ouse), expansion  r e s u l t s  in  
la r g e r  g a in s  in  c a p a c ity , o f  up to  a fa c to r  o f  10 .

Because th e  v ariou s t e s t  p i l e s  were n ot expanded over t h e ir  f u l l  
le n g th s , in c r e a se s  in  deduced average s h a ft  f r i c t io n  are  ra th er  
h igh er  than th e in c r e a se s  in  p i l e  c a p a c ity  quoted above.
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(d) The expanded box p i l e s  t e s t e d  a t  Luton and a t  BRS g e n e r a lly  
performed ra th er  b e t te r  than  th e  corresponding expanded cruciform  
p i l e s .  There i s  a  more marked d if fe r e n c e  in  c a p a c i t ie s  between  
unexpanded box p i l e s  and corresponding unexpanded cruciform  p i l e s ;  
th e unexpanded box p i l e s  g iv in g  h igh er c a p a c i t ie s .  C onsequently , 
th e  fa c to r s  o f  in cr ea se  in  c a p a c ity  fo r  th e  expanded box p i l e s  are  
low er than fo r  th e  expanded cruciform  p i l e s .

(e )  The H s e c t io n  m in i-p ile s  t e s te d  a t  BRS and a t  Send Court show 
s ig n i f ic a n t ly  low er fa c to r s  o f  in cr ea se  in  c a p a c ity  than fo r  th e  
corresponding cruciform  m in i-p i le s .

11 .3  P i le s  a t  Luton S ite :  I n i t i a l  In crea ses  in  C apacity

The r e s u lt s  o f  t e s t s  on 6m long  box and cruciform  p i l e s  in  weathered  
chalk  a t  Luton were p resen ted  in  Chapter 4 . The i n i t i a l  in c r e a se s  
in  p i l e  c a p a c ity  and in  deduced average p i l e  s h a ft  f r i c t io n  were 
summarised in  S ec tio n  4 .8 .1  and in  F igures 4 .5 9  and 4 .6 0 , which have 
been reproduced fo r  conven ience a s  F igures 11.1  and 11 .2  o f  t h is  
Chapter.

1 1 .3 .1  Unexpanded p i l e s
The unexpanded Box P i le  1U and Cruciform P i le  3U gave maximum lo a d s o f  
79.1kN and 50.4kN r e s p e c t iv e ly ,  corresponding to  very  s im ila r  average  
sh a ft  f r ic t io n s  rSf o f  28.8kPa and 23.3kPa r e s p e c t iv e ly .  These v a lu es  are  
in  good agreement w ith  ty p ic a l  v a lu e s  o f  tSj o f  around 20 to  50kPa fo r  
d riven  p i l e s  in  weathered ch alk  quoted by Hobbs and H ealy (1 9 7 9 ), and 
Lord (1989 ). These v a lu es  o f  s h a ft  f r ic t io n  are a ls o  very  s im ila r  to  th e  
cone s le e v e  f r i c t io n  v a lu es  recorded between 2 to  5m depth in  CPT 1 
(F igure 4 . 4 ) ,  although th e  su r fa ce  o f  the f r i c t io n  s le e v e  was smoother 
than the p i l e  su rface  (S e c tio n  4 . 4 . 5 ) .  Reasonable agreement between cone 
s le e v e  f r ic t io n s  and s t e e l  p i l e  s h a ft  f r ic t io n s  in  ch a lk  has been  
reported  by M allard and B a lla ty n e  (1977), and Lord (1 9 7 6 ). Hodges and 
Pink (1971) reported  cone f r ic t io n s  h igh er than p i l e  s h a ft  f r i c t io n s .

The Cone P en etra tio n  T est performed a t  the p i l e  t e s t  s i t e  (CPT 1) shows 
a p r o f i le  which i s  reasonably c o n s is te n t  over much o f  th e  depth o f  
embedment o f  the t e s t  p i l e s ,  and i t  i s  considered  th a t th e ch alk  samples 
r e tr ie v e d  from th e borehole opened up a t  th e  s i t e  are l i k e l y  to  be 
r e p r e se n ta tiv e  o f  th e  ch alk  ad jacen t to  the t e s t  p i l e s .  T herefore, i t  i s  
su ggested  th a t the fo llo w in g  v a lu es  o f  6' can be used in  Equations 11.1  
and 11 . 2 :
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6' ch a lk :ch a lk  = 36°
S' chalk:rough  s t e e l  = 34°

These are th e  v a lu es  ob ta ined  from th e  shearbox t e s t s  d escr ib ed  in  
S e c tio n  4 . 4 . 7 .

The r e s u l t s  from th e shearbox t e s t s  show no tendency fo r  6' to  degrade 
during continued  d isp lacem ent a f t e r  maximum sh earin g  lo a d , so  th e  5' 
v a lu e s  g iv e n  above are con sid ered  to  be r e le v a n t to  th e  whole s e r ie s  o f  
p i l e  t e s t s  c a rr ied  o u t. The v a lu e  o f  6' fo r  a ch a lk :ch a lk  in te r fa c e  i s
ap p rop riate fo r  the cruciform  p i l e s ,  and th e  v a lu e  o f  S' fo r  a  
chalk:rough  s t e e l  in te r fa c e  i s  ap p rop ria te  fo r  th e  box p i l e s  (S ec tio n
4 . 5 . 2 ) .

Equation 11 .1  has been used to  c a lc u la te  v a lu e s  o f  &' a s so c ia te d  w ith  
th e  v a lu e s  o f  ?Sf and 6' g iv en  above. The e f f e c t i v e  adhesion  in te r c e p t  
c' has been n e g le c te d  because o f  th e  remoulding o f  th e  ch a lk  surrounding 
th e  p i l e  th a t  w i l l  have occurred during d r iv in g . Adopting th e  rSf and 6' 
v a lu es  g iv en  above, and apply ing  Equation 1 1 .1 , y ie ld s  a' v a lu e s  o f  
32.1kPa and 42.7kPa fo r  th e cruciform  p i l e  and th e  box p i l e  
r e s p e c t iv e ly .  The la r g e r  v a lu e  o f  o\ in  th e  ca se  o f  th e  box p i l e  i s  to  
be ex p ected , because o f  th e  g rea te r  volume d isp lacem ent o f  t h i s  p i l e .  I t  
i s  a ls o  worth n o tin g  th a t  th e  form o f  c o n str u c tio n  o f  th e  unexpanded 
box p i l e  was such th a t i t  would have a cted  a s  a  d ra in  in  th e  ground. I f  
e x c e ss  pore p ressu res  were generated  during p i l e  lo a d in g , i t  i s  p o s s ib le  
fo r  th e  d ra in in g  p o te n t ia l  o f  th e  box p i l e  to  have caused th e  ca p a c ity  
o f  th e  p i l e  to  be g rea te r  than i f  th e  p i l e  had been impermeable. I t  i s  
thought, however, th a t any e x c e ss  pore p ressu res  generated  during s t a t i c  
lo a d in g  o f  th e  p i l e s  were sm all in  com parison to  th e  r a d ia l s t r e s s e s  
a c tin g  (s e e  S ec tio n  1 1 . 3 . 2 ) .

Taking a p o r o s ity  fo r  th e in ta c t  ch alk  o f  43% (S e c tio n  4 . 4 . 2 )  g iv e s  
p la u s ib le  v a lu es  o f  dry d e n s ity , , and sa tu ra ted  d e n s ity , , o f
I .  54t/m 3 and 1 .97t/m 3 r e s p e c t iv e ly .  These v a lu e s  o f  p o r o s ity  have been 
used to  c a lc u la te  v a lu es  o f  d' . Applying th e se  v a lu e s  o f  d' in  Equation
I I .  2 , to g e th e r  w ith  th e deduced v a lu es  o f  TSf and 5' g iv en  above, y ie ld s  
v a lu es  o f  Ks o f  0 .83  and 1 .24 fo r  th e cruciform  p i l e  and th e  box p i l e  
r e s p e c t iv e ly .  These v a lu es  o f  Ks are in  good agreement w ith  deduced 
v a lu es  o f  Ks fo r  d riven  p i l e s  g iven  by Hobbs and H ealy (1979) .

1 1 .3 .2  Expanded p i l e s
Deduced v a lu es  o f  rS( a t  maximum p i l e  load  during i n i t i a l  lo a d in g s  o f  the  
expanded box and expanded cruciform  p i l e s  are  g iv en  in  F igures 11.1 and
11 .2 .  Gains in  s h a ft  f r i c t io n  are up to  5 .4  tim es in  th e ca se  o f  th e  box
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p i l e s ,  and up to  6 .9  tim es in  th e  ca se  o f  th e  cruciform  p i l e s .  The 
enhancement o f  carry in g  c a p a c ity  a s  a  r e s u lt  o f  expansion  i s  c le a r ly  
very  s a t is f a c t o r y .  The s h a ft  f r i c t io n s  o f  th e  expanded p i l e s ,  o f  up to  
161kPa, are near to  th e  upper l im i t s  o f  u lt im a te  v a lu e s  reported  by 
Hobbs and H ealy (1979) and Lord (1989) ,  fo r  t r a d it io n a l  p i l e s  (o f  a l l  
ty p e s )  in  weathered ch a lk .

Adopting th e  6' v a lu e s  g iv e n  in  th e  p rev iou s S e c tio n , and app ly ing  
Equation 11.1 w ith  c* n e g le c te d  a s  b e fo r e , y ie ld s  a range o f  o' v a lu es  
fo r  th e  expanded p i l e s  a s  shown in  Table 11 .2 .  Adopting v a lu es  o f  XD 
and Xs a s  b e fo re , and apply ing  Equation 11 .2 ,  g iv e s  a range o f  Ks v a lu es  
a s  a ls o  shown in  Table 11 .2 .

The a c tu a l v a lu e s  o f  rSf, a' and Ks fo r  th e  expanded p i l e s  are con sid ered  
to  be near th e  top  o f  th e  range o f  v a lu e s  g iv en  in  Table 11.2;  i t  being  
reason ab le  to  assume th a t  th e  o u ter  s h e l l  a n g les  a t tr a c te d  alm ost a l l  o f  
th e  r a d ia l e f f e c t i v e  s t r e s s  a c t in g  on th e  expanded p i l e s ,  and th a t  rapid  
red u ctio n s  in  o' occurred  during i n i t i a l  load in g  a long th e tapered  
reg io n  a t  th e  bottom o f  th e  p i l e  (S e c t io n  4 . 5 . 2 ) .

The average o f  th e  deduced maximum <*>’ v a lu es  fo r  a l l  th e  expanded p i l e s  
i s  194kPa. O v era ll, th e  expanded box p i l e s  show s l i g h t l y  g r e a te r  v a lu es  
o f  deduced maximum €>' than th e  expanded cruciform  p i l e s ;  th e  average fo r  
th e  two cruciform  p i l e s  3B and 4A i s  187kPa, th e  average fo r  th e  th ree  
box p i l e s  1A, 2A, and 2B i s  199kPa. The c lo se n e s s  o f  th e se  two v a lu es  
i s  in  broad agreement w ith  th eo ry , which su g g e sts  th a t  a t  la rg e  
exp an sion s, th e  r a d ia l s t r e s s e s  generated  by th e  two ty p es o f  p i l e  
should  both  tend to  th e  same l im it in g  v a lu e  (provided  th a t  
over-expan sion  does n ot o ccu r ). Two p o s s ib le  reasons fo r  th e sm all 
d if fe r e n c e  th a t was observed in  th e  t e s t s  are th e  g r e a te r  volume 
d isp lacem en ts o f  th e  box p i l e s  and /or g rea te r  over-expan sion  e f f e c t s  in  
th e  c a se  o f  th e  cruciform  p i l e s ,  due to  b lu n ter  expander mandrel nose 
p r o f i l e s  (S e c t io n s  3 . 3 . 3 ;  1 0 . 3 .2 . 4 ;  r e fe r  to  S ec tio n  1 1 . 3 . 3 ) .

I t  i s  im portant to  n o te  th a t th e  average v a lu es  o f  r quoted above mask 
some s ig n i f ic a n t  v a r ia t io n s  between in d iv id u a l p i l e s .  These are  
d isc u sse d  in  S e c tio n  1 1 . 3 .3 .

In  F igure 11 .3 ,  th e  deduced v a lu e s  o f  o' a t  maximum p i l e  load  are 
p lo t te d  a g a in s t  percentage expansion  o f  p i l e  w idth . A lso p lo t te d  in  
Figure 11.3 i s  the p ressu re:d isp lacem en t p lo t  from the FDPM t e s t  o f  
most re levan ce  to  th e a n a ly s is  o f  th e  p i l e  t e s t s :  T est 1, c a rr ied  out a t  
3.5m depth in  weathered ch a lk . The l i m i t i n g  va lu e o f  p ressu re o f  around 
600kPa developed during th e FDPM t e s t  i s  about th ree  tim es g r e a te r  than
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th e  deduced maximum v a lu e s  o f  o' a c t in g  on th e  s id e s  o f  th e  expanded 
p i l e s  under t e s t .

I t  i s  n ot p o s s ib le  to  g iv e  s p e c i f i c  rea so n s fo r  th e  la r g e  d if fe r e n c e  
between th e  deduced r a d ia l e f f e c t i v e  s t r e s s e s  a c t in g  on th e  expanded 
p i l e s  a t  f a i lu r e ,  and th e measured r a d ia l  t o t a l  s t r e s s e s  generated  
during expansion  o f  th e  FDPM. A number o f  d if f e r e n t  fa c to r s  are l i k e l y  
to  have had some e f f e c t .  The main fa c to r s ,  and th e  p o s s ib le  magnitude 
o f  t h e ir  e f f e c t ,  are g iv en  below:

(a ) As d isc u sse d  in  S ec tio n  4 . 4 . 6 ,  i t  i s  u n lik e ly  th a t  expansion  o f  th e  
FDPM was under com p lete ly  drained  c o n d itio n s  and th e  l im it in g  
p ressu res  ob ta in ed  probably in c lu d ed  an e x c e ss  pore p ressu re  
component. I f  t h i s  component was la r g e , s ig n i f ic a n t  red u ctio n s in  
crr' might have occurred around th e  FDPM i f  f u l l  c o n s o lid a t io n  had 
taken p la c e  a t  co n sta n t c a v ity  s t r a in .

However, th e  ev idence from th e p iezo co n e  d is s ip a t io n  t e s t s  (S e c t io n  
4 . 4 . 4 ) ,  in  which near com plete c o n s o lid a t io n  took  p la c e  in  a  m atter  
o f  m inutes, su g g ests  th a t th e  FDPM expansion  r a te  o f  2.5%/minute 
would have g iv en  s u b s ta n t ia l ly  dra ined  c o n d it io n s . Evidence from 
th e  FDPM hold in g  t e s t s  which were attem pted i s  confused  by th e  
f a c t  th a t  th e  FDPM was not s u c c e s s f u l ly  h e ld  a t  a  co n sta n t s t r a in .  
As d iscu sse d  in  S ec tio n  4 . 4 . 6 . 4 ,  however, th e  f lu c tu a t io n s  in  
c a v ity  p ressu re  which occurred during th e  h o ld in g  t e s t s  were 
c lo s e ly  a s so c ia te d  w ith  f lu c tu a t io n s  in  c a v ity  s t r a in .  No la r g e  
ir r e c o v e r a b le  lo s s e s  in  c a v ity  p ressu re  were apparent during  
hold in g  p er io d s o f  up to  10 m inutes, during which tim e  
c o n so lid a t io n  was presumably s u b s ta n t ia l ly  com plete.

The FDPM c a v ity  p ressu res  recorded in c lu d e  sm all s t a t i c  pore  
p ressu re  components. For th e t e s t  made a t  3.5m depth , t h i s  p ressu re  
i s  in s ig n if ic a n t .

In summary, i t  i s  con sid ered  th a t  th e  FDFM t e s t s  were s u b s ta n t ia l ly  
drained  e v e n ts , and th a t the p ressu r es  recorded during expansion  o f  
th e  FDPM must have been reason ab ly  c lo s e  to  th e  e f f e c t i v e  r a d ia l  
s t r e s s e s  p o t e n t ia l ly  a v a ila b le  during expansion  o f  th e  w ed g e-p ile s  
-  w ith in  10 to  20%, say .

(b) S tr e s s  r e la x a t io n  or creep  e f f e c t s ,  r e s u lt in g  in  a gradual 
red u ction  w ith  tim e o f  th e  r a d ia l e f f e c t i v e  s t r e s s  a c t in g  a g a in s t  
th e expanded p i l e s ,  may have occurred  in  th e p eriod  between th e  end 
o f  c o n so lid a t io n  and th e  i n i t i a l  p i l e  t e s t .  T his a sp ec t o f
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W edge-Pile behaviour req u ires  fu r th er  resea rch  (S e c t io n  1 1 .1 3 ) .  I t  
i s  thought th a t  s t r e s s  r e la x a t io n  o r  creep  may be im portant in  c la y  
s o i l s ,  but th a t  in  an e s s e n t ia l ly  granular s o i l  such a s  ch a lk  th e se  
e f f e c t s  cou ld  not have r e s u lte d  in  red u ctio n s in  r a d ia l s t r e s s  th a t  
would account fo r  th e  d isc r e p a n c ie s  between th e  FDPM t e s t s  and th e  
p i l e  t e s t s  d escr ib ed  above.

(c )  F ollow ing on from p o in t (a ) above i s  th e  q u estio n  o f  th e  drainage  
c o n d it io n s  during p i l e  lo a d in g . I f  pore p ressu r es  generated  during  
p i l e  lo ad in g  were la r g e  in  comparison to  th o se  generated  during  
expansion  o f  th e  FDPM, t h i s  might account fo r  some o f  th e  
d if fe r e n c e  between th e  deduced e f f e c t i v e  r a d ia l s t r e s s e s  a c t in g  
during th e  p i l e  t e s t s  and th e  t o t a l  r a d ia l s t r e s s e s  measured during  
th e  FDPM t e s t s .  I t  i s  con sid ered  however, g iv en  th e  p iezocon e  
r e s u l t s ,  th a t any e x c e ss  pore p resu res generated  during s t a t i c  p i l e  
lo a d in g  a t  a  r a te  o f  lmm/minute would have been very  sm all in  
com parison to  th e  r a d ia l s t r e s s e s  a c t in g .

(d) I t  was shown in  Chapter 9 th a t a ’4-w ay’ w ed g e-p ile  might gen erate  
l e s s  r a d ia l fo r c e /u n it  len g th  than i s  p o t e n t ia l ly  a v a ila b le  by 
expansion  o f  a  tru e  c y l in d r ic a l  c a v ity  o f  th e  same e f f e c t i v e  
diam eter, th e  amount o f  red u ction  p o s s ib ly  being  o f  th e  order o f  
10%.

(e )  The r e s u l t s  from th e  FDPM h old ing t e s t s ,  during which in a d v erten t  
unloading o f  th e  FDPM occurred , provide a good in d ic a t io n  o f  th e  
magnitude o f  red u ctio n s in  cr' th a t would have r e su lte d  i f  
over-expan sion  took  p la ce  during expansion  o f  th e  w e d g e -p ile s . For 
example, in  th e  FDFM t e s t  a t  a  depth o f  7m, a  red u ctio n  in  s tr a in  
o f  0.38% r e s u lte d  in  a drop in  c a v ity  p ressu re o f  460kPa, alm ost 
h a lf  o f  th a t generated  during expansion (S e c tio n  4 . 4 . 6 . 4 ) .  The same 
red u ctio n  in  s t r a in  fo llo w in g  expansion  o f  a w ed g e-p ile  to  a  
diam eter o f  150mm, sa y , im p lie s  a  red u ction  in  d iam eter o f  around
0.5mm. (The Gur v a lu e s  recorded a t  a depth o f  3.5m were low er than  
th o se  measured a t  7m (S e c tio n  4 . 4 . 6 . 5 ) ,  so  a t  t h i s  sh a llow er depth  
ra th er  la r g e r  red u ctio n s in  s t r a in  would have been n ecessary  to  
g iv e  th e  same magnitude o f  red u ction s in  c a v ity  p ressu re as g iven  
a b o v e .)

One o f  the main co n c lu s io n s  from th e  num erical study o f  the  
expansion  p ro cess  p resen ted  in  Chapter 10 was th a t the expander 
mandrel nose p r o f i l e s  used fo r  th e la r g e  s c a le  t e s t s  were very  
l i k e l y  to  have g iv en  r i s e  to  over-expan sion . Large red u ction s in  
r a d ia l s t r e s s  were p red ic ted  by th e num erical model i f  such
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over-expan sion  occurred . I t  i s  n ot p o s s ib le  to  p r e d ic t  
q u a n t ita t iv e ly  th e  magnitude o f  any red u ctio n s which m ight have 
occurred a t  th e  Luton s i t e ,  but c e r t a in ly  th e  r e s u l t s  p resen ted  in  
S ec tio n  1 0 . 3 .2  su g g est  th a t  changes in  p i l e  diam eter and consequent 
red u ctio n s in  o' o f  th e  magnitude quoted in  th e  p rev io u s paragraph  
are e n t ir e ly  p la u s ib le .

( f )  R eductions in  cr' during i n i t i a l  p i l e  lo a d in g  are l i k e l y  to  have 
been s ig n i f ic a n t .  Again, i t  i s  n o t p o s s ib le  to  be p r e c is e .  The 
sh earin g  regim e during lo a d in g , in^ comparison to  th a t  during  
in s t a l la t io n ,  has an important b earing  here -  t h i s  i s  d isc u sse d  
fu r th er  in  S e c tio n  11 .5 .  R eductions in  o' during i n i t i a l  lo a d in g  
cou ld  reasonab ly  be expected  to  be more s ig n i f ic a n t  than any o f  
fa c to r s  ( a ) ,  (b ) ,  ( c )  and (d) above, but n ot a s  s ig n i f ic a n t  as
fa c to r  (e ) .

In co n c lu s io n , i t  i s  con sid ered  th a t th e  most l i k e l y  main cau se o f  th e  
la r g e  d if fe r e n c e  between deduced v a lu es  o f  d' a c t in g  on th e  expanded 
p i l e s  a t  f a i lu r e ,  and th o se  apparently  a v a ila b le  during expansion  o f  th e  
FDPM, i s  over-expan sion  in  the reg ion  o f  th e  expander mandrel n ose . 
T his fa c to r  a lon e  cou ld  e a s i l y  account fo r  a l l  o f  th e  d if f e r e n c e .  A 
number o f  o th er  fa c to r s  may a ls o  have had an in f lu e n c e , th e  most 
im portant o f  th e se  i s  probably red u ctio n s in  a' occurring  during i n i t i a l  
lo a d in g  o f  th e  p i l e s .

I t  i s  in te r e s t in g  to  n o te  th a t th e r e s u l t s  o f  th e  DMT t e s t s  c a r r ie d  ou t  
a t  th e  Luton s i t e  show th e  r a t io  o f  th e  DMT p ressu res  P1 /pQ to  be in  th e  
reg io n  o f  5 to  6 ( F igure 4 . 7 ) .  The in c r e a se s  in  <j’t due to  expansion  o f  
th e  p i l e s  i s  th e r e fo r e  apparently  w e ll  p re d ic te d . As th e  DMT models 
c lo s e ly  th e a c t io n  o f  th e  w ed g e -p ile s , t h i s  i s  what might be ex p ected . 
However, th e  DMT pi p ressu res  are in  e x c e l le n t  agreement w ith  th e  
corresponding FDPM lim it in g  p ressu res , which have been shown not to  be 
in  good agreement w ith  th e  r e s u lt s  o f  th e  p i l e  t e s t s .  T his means th a t  
fo r  th e  r a t io  P /PQ to  be c o r r e c t , th e  v a lu e s  o f  pq must be h igh er  than  
th e  deduced r a d ia l s t r e s s e s  a c tin g  on th e  unexpanded p i l e s .  T his may 
w e ll be th e c a se , th e  reason being th e  p o s it io n in g  o f  th e  DMT p ressu re  
membrane near to  th e t i p  o f  the instrum ent. The ]3 p ressu re  measured 
during a DMT t e s t  w i l l  be in flu en ced  by in c r e a se s  in  r a d ia l s t r e s s  
occu rrin g  near th e t ip  o f  th e  instrum ent a s  i t  i s  pushed in to  th e  ground 
(F igure 9 . 8 ) .  A p ressu re  membrane s itu a te d  some d is ta n c e  behind th e  t i p  
would be l i k e ly  to  g iv e  pQ v a lu es  in  b e t te r  agreement w ith  deduced 
r a d ia l s t r e s s e s  a c t in g  on the s h a ft s  o f  unexpanded p i l e s .  The good 
‘p r e d ic t io n ’ o f  th e  DMT r e s u lt s  i s  th e r e fo r e  ra th er fo r tu ito u s .  D esp ite  
t h i s ,  i t  i s  thought th a t the DMT may have a p p lic a t io n s  in  th e d es ig n  o f

4 8 7



w ed g e-p ile s  (S ec tio n  11 . 12 ) .

1 1 . 3 .3  E ffe c t  o f  d i f f e r e n t  percentage expansion
The deduced maximum v a lu e s  o f  re during th e  i n i t i a l  lo a d in g s  o f  th e  
expanded p i l e s  have been shown in  Table 1 1 .2 ,  and in  F igures 4 .61  and 
4 . 6 2 .  No c le a r  p a ttern  emerges in  regard to  th e  e f f e c t  o f  th e  e x te n t  o f  
expansion  on p i l e  c a p a c ity . An im portant p o in t  i s  th a t  th ere  were no 
la r g e  fu r th er  in c r e a se s  in  ca p a c ity  ob ta in ed  by expansion  w ith  th e  *B’ 
expander mandrels (21% exp an sion ), in  com parison to  th e  ‘A’ expander 
mandrels (11% and 14% exp an sion ). In th e  c a se  o f  th e  box p i l e s ,  P i le  
2B (21.4% expansion) showed th e b e s t  perform ance, w ith  a fa c to r  o f  
in c r e a se  in  maximum s h a ft  f r i c t io n  o f  5 . 4 .  P i le s  LA and 2A (14.3% 
expansion) gave fa c to r s  o f  in cr ea se  o f  4 .9  and 3 .7  r e s p e c t iv e ly .  In  th e  
c a se  o f  th e  cruciform  p i l e s ,  P i le  4A (10.7% expansion) performed b e s t ,  
w ith  a fa c to r  o f  in cr ea se  in  maximum s h a ft  f r i c t io n  o f  6 .9 ;  P i le  3B 
(21.4% expansion) performed l e s s  w e ll ,  w ith  a fa c to r  o f  in cr ea se  o f  4 . 7 .  
These r e s u l t s  are in  gen era l agreement w ith  th e r e s u l t s  o f  th e  FDPM 
t e s t s  shown in  F igures 4 .11  to  4 .13  -  th e  p ressu re:exp an sion  curves o f  
th e  FDPM t e s t s  show o n ly  sm all in c r e a se s  in  p ressu re  fo r  expansions  
between 10% and 20%.

The fo llo w in g  p o in ts  are re lev a n t when co n sid er in g  th e  v a r ia t io n  in  
r e s u l t s  shown in  Table 11.2:

(a) As d escr ib ed  in  Chapter 10, a lthough  in crea sed  percentage expansion  
may g iv e  r i s e  to  an in crea se  in  ct' ahead o f  the expander mandrel 
n ose , i t  may a ls o  cause an in creased  lo s s  in  cr' behind the nose due 
to  over-exp an sion . E ven tu a lly , lo s s e s  in  p i l e  c a p a c ity  w ith  fu rth er  
in c r e a se s  in  expansion  are p red ic te d  to  occur fo r  ‘b lu n t’ nose  
p r o f i l e s .

(b) Due to  th e  fa b r ic a t io n  d i f f i c u l t i e s  mentioned in  S ec tio n  3 . 3 . 3 ,  th e  
nose p r o f i l e  o f  cruciform  expander mandrel B was very  sh o rt and 
b lu n t. T his may have caused p a r t ic u la r ly  marked over-expan sion  to  
occur during in s t a l la t io n  o f  Cruciform P i le  3B, r e s u lt in g  in  the  
low er c a p a c ity  o f  t h i s  p i l e  in  comparison to  Cruciform P i le  4A. The 
nose p r o f i l e  o f  t h i s  expander mandrel was la t e r  smoothed down fo r  
use a t  th e  BRS s i t e .

(c )  Box P i le  2A was expanded on ly  30 m inutes a f t e r  the o u ter  s h e l l  was
d r iv en . The d r iv in g  r e s is ta n c e  met during expansion  was
s ig n i f ic a n t ly  l e s s  than fo r  th e o th er  p i l e s  (F igure 4 . 2 3 ) ,  which 
were expanded a f t e r  much lon ger  tim e in te r v a ls  fo llo w in g  s h e l l  
in s t a l la t io n .  Subsequent to  d r iv in g , th e  load  carry in g  c a p a c ity  o f
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Box P i le  2A was s ig n i f ic a n t ly  low er than fo r  Box P i l e s  1A and 2B.

In c o n tr a s t  to  th e  low e x c e ss  pore p ressu res  p red ic te d  during p i l e  
t e s t in g ,  la r g e  pore p ressu r es  are to  be exp ected  during d r iv in g  
o f  a  la r g e  d isp lacem ent p i l e  in  ch a lk , a f f e c t in g  a la r g e  rad iu s o f  
m a ter ia l around th e  d riven  p i l e .  In  th e  c a se  o f  Box P i le  2A, pore  
p ressu res  generated  during expansion  may n ot have f u l l y  d is s ip a te d  
b efo re  expansion  took  p la c e .

The low d r iv in g  energy fo r  Box P i le  2A, and subsequent low  
c a p a c ity , su g g ests  th a t  a f t e r  in s t a l la t i o n  o f  th e  o u ter  s h e l l  o f  a  
w ed ge-p ile  th ere  may be b e n e f i t s  in  a llo w in g  f u l l  c o n so lid a t io n  and 
g a in  in  s o i l  s tren g th  b efo re  expansion  i s  c a rr ied  o u t.

The in h erent l im ita t io n s  o f  th e  p i l e  t e s t in g  system  -  in te r fe r e n c e  
between ad jacent t e s t  p i l e s  and /or th e  r e a c t io n  system , fo r  example -  
sire not thought to  have s e r io u s ly  in flu en ce d  th e  measured p i l e  
c a p a c i t ie s .  However, such e f f e c t s  m ight be re sp o n sib le  in  p art fo r  th e  
d if fe r e n c e s  observed between th e  c a p a c i t ie s  o f  th e  expanded p i l e s .  The 
e f f e c t  o f  p o s s ib le  v s ir ia tio n s  in  ground c o n d it io n s  should  a ls o  be borne 
in  mind.

11 .4  P i l e s  a t  Luton S it e :  O vera ll performance

In t h i s  S ec tio n  v a r io u s  suspects o f  th e  o v e r a l l  performance o f  th e  p i l e s  
a t  th e  Luton s i t e ,  summarised in  S e c tio n  4 . 8 . 3 ,  are con sid ered . The 
performance o f  th e  p i l e s  under c y c l i c  load in g  i s  con sid ered  in  S e c tio n
11 .5 .

The s t i f f e r  re load in g  behaviour observed  during th e  p i l e  t e s t s  i s  
c h a r a c te r is t ic  behaviour fo r  ch a lk , as dem onstrated in  th e  shearbox  
t e s t s .  The g e n e r a lly  s t i f f e r  behaviour o f  th e  box p i l e s  in  comparison to  
th e  cruciform  p i l e s  can be a ttr ib u te d  to  th e  g r e a te r  compacting a c t io n  
o f  th e box p i l e s  g iv in g  r i s e  to  a  more r ig id  m a ter ia l around th e se  
p i l e s .  The response o f  Box P i le  2A, expanded very  soon a f t e r  expansion , 
i s  l e s s  s t i f f  than fo r  P i le s  1A and 2B, expanded a f t e r  lo n g er  p er io d s o f  
c o n so lid a t io n . T his s o f t e r  response t i e s  in  w ith  th e low er c a p a c ity  o f  
Box P i le  2A d iscu sse d  in  th e  p rev io u s S e c tio n .

For con ven tion a l p i l e s ,  i t  i s  reason ab le to  assume th a t th e  sh earin g  
regim e during c o n tr o lle d  s t a t i c  lo a d in g  w i l l  be l e s s  sev ere  than th a t  
during p i l e  d r iv in g  ( e . g .  Ebelhar e t  a l ,  1988).  C onsequently, i t  i s  to  
be expected  th a t th e load :d isp lacem en t response during c o n tr o lle d  
s t a t i c  load ing would be reasonab ly  d u c t i le  a f t e r  f a i lu r e .  T his i s
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confirm ed by th e  load :d isp lacem en t curves fo r  th e  unexpanded p i l e s  shown 
in  F igures 11.1  and 11 .2 .

I t  i s  very  encouraging th a t ,  in  th e  main, th e  expanded p i l e s  a ls o  
e x h ib ite d  d u c t i le  behaviour a f t e r  f a i lu r e  -  a s  t y p i f ie d  by th e  load: 
d isp lacem ent curves fo r  th e  expanded p i l e s  shown in  F igures 11.1  and
1 1 .2 .  However, sudden lo s s e s  in  ca p a c ity  d id  occur during T e s ts  2B.5 
and 4A.3 (F igu res 4 .44  and 4 .57  r e s p e c t iv e ly ) .  As th e se  t e s t s  were th e  
l a s t  performed p r io r  to  e x tr a c tio n  o f  th e  p i l e s ,  i t  i s  n o t known whether 
th e se  sudden lo s s e s  in  c a p a c ity  would have been reco v era b le  w ith  tim e. 
The b r i t t l e  behaviour observed  in  th e se  two t e s t s  may have been th e  
r e s u lt  o f  th e  p rev iou s la r g e  d isp lacem ents o f  th e  p i l e s  having a 
damaging e f f e c t  on th e  fa b r ic  o f  the ch alk  around th e  p i l e s .  A lso , Box 
P i le  2 su ffe r e d  d istu rb a n ce , and a com plete unloading o f  crr' , when th e  
expander mandrels were swopped around. I t  i s  in te r e s t in g  th a t  Box P i le  
1A, which showed by fa r  th e  g r e a te s t  d r iv in g  r e s is ta n c e  during  
in s t a l la t io n  and which underwent l e s s  d istu rb an ce  during th e t e s t in g  
programme than d id  Box P i le  2 , showed no s ig n  o f  any b r i t t l e  behaviour.

Changes in  p i l e  c a p a c ity  which might fo llo w  la r g e  p i l e  s tr a in in g  are  
d isc u sse d  fu r th er  in  th e fo llo w in g  S ec tio n .

No s ig n i f ic a n t  d ecrea ses  in  p i l e  c a p a c ity  w ith  tim e were observed , fo r  
p i l e s  su b jec ted  to  a s e r ie s  o f  s t a t i c  t e s t s .  T his i s  o b v io u sly  a very  
im portant r e s u l t .  I t  shows th a t  th e in c r e a se s  in  r a d ia l e f f e c t i v e  s t r e s s  
and in  p i l e  c a p a c ity  fo llo w in g  expansion were su s ta in a b le  and d id  not 
‘lea k  away’ during th e  tim e span o f  th e  t e s t in g  programme (up to  203 
d ays ) .  I t  i s  l i k e l y  th a t any d etrim en ta l e f f e c t s  due to  long terra 
s t r e s s  r e la x a t io n  and creep  would have m an ifested  th em selves over such a 
long p er io d . T his behaviour a ls o  su g g ests  th a t  during a s e r ie s  o f  
s t a t i c  t e s t s  on expanded p i l e s ,  any red u ctio n s in  r a d ia l e f f e c t iv e  
s t r e s s  from v a lu es  e x is t in g  a f t e r  d r iv in g  and c o n so lid a t io n  occur on ly  
during th e  i n i t i a l  lo a d in g  o f  th e  p i l e .

Small in c r e a se s  in  c a p a c ity  o f te n  occurred, fo r  p i l e s  su b jec ted  to  a 
sequence o f  s t a t i c  CRE t e s t s  (F igures 4 .24  t o  4 . 2 7 ) .  The tim e spans over  
which th e se  in c r e a se s  in  ca p a c ity  took p la c e  req u ire  th e cause to  be 
o th er  than an in cr ea se  in  r a d ia l e f f e c t i v e  s t r e s s  caused by 
c o n so lid a t io n  a f t e r  d r iv in g . S im ilar  long term in c r e a se s  in  the ca p a c ity  
o f  d riven  p i l e s  in  w eathered ch alk  have been reported  by Hodges and Pink 
(1971) ,  and Bustamente and Combarieu (1977) .  Hobbs and H ealy (1979)  
su g g est a 'gen era l s e t t l in g  down o f  th e  c h a lk ’ a s  a p o s s ib le  reason. 
Another reason may be an in cr ea se  in  e f f e c t i v e  coh esio n  c' o f  the chalk  
with  tim e: C layton (1989) rep o rts  th a t, a f t e r  rem oulding, s o f t  ch a lk s
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can recover apparent e f f e c t i v e  co h esio n  a t  l e a s t  up to  13kPa.

11 .5  P i l e s  a t  Luton S ite :  Performance Under C y c lic  Loading

In  t h i s  S e c t io n  th e  changes in  p i l e  c a p a c ity  w hich occurred during  
c y c l i c  lo a d in g , summarised in  S e c tio n  4 . 8 . 2 ,  are  con sid ered . F i r s t ,  a  
su g g ested  framework o f  behaviour w ith in  which t o  d is c u s s  th e  r e s u l t s  i s  
p resen ted . T his framework i s  based on th e  rep orted  behaviour o f  ch a lk  
and carbonate s o i l s  o u t lin e d  in  Chapter 4 .

The ch a lk  t e s t e d  in  th e  shearbox gave f r i c t io n  a n g les  which were 
e s s e n t ia l l y  u n a ffe c ted  by s t r e s s  l e v e l  o r  by continued  la r g e  
d isp lacem en ts. T h erefore, th e  changes in  p i l e  c a p a c ity  th a t occurred  
during c y c l i c  lo a d in g  were most probably caused  by changes in  e f f e c t i v e  
r a d ia l s t r e s s .  Such changes in  a/ can be temporary o r  permanent.

Temporary changes in  o' tend  to  be a s so c ia te d  w ith  th e  g en era tio n  o f  
e x c e ss  pore p r e s su r e s , which su b seq u en tly  d is s ip a t e .  Pore p ressu r es  may 
g ra d u a lly  accum ulate a t  sm all s t r a in s  w h ile  t o t a l  r a d ia l s t r e s s  remains 
c o n s ta n t .

Permanent red u ctio n s  in  ct/  tend  to  be a s so c ia te d  w ith  c o n tra c ta n t  
behaviour during sh ea r . The p ro p en sity  fo r  t h i s  to  occur depends on th e  
s e v e r i ty  o f  th e  cu rren t sh earin g  regim e in  r e la t io n  to  th a t  p r e v io u s ly  
exp erien ced  by th e  ch a lk  surrounding th e  p i l e .  Permanent red u ctio n s  in  
o' are g e n e r a lly  a s so c ia te d  w ith  la r g e  shear s t r a in s  and /or s t r a in  
r e v e r s a ls .  R eductions in  a' can tak e p la c e  r a p id ly  a s  th e  ch a lk  
s tr u c tu r e  c o l la p s e s ,  and th e se  red u ctio n s  w i l l  u s u a lly  be a s so c ia te d  
w ith  th e  rap id  g en era tio n  o f  pore p r e ssu r e s . D is s ip a t io n  o f  th e se  pore  
p ressu r es  w i l l  n ot r e s u l t  in  in c r e a se s  in  o' .

Com plicated p a tte r n s  o f  behaviour may tak e p la c e  during c y c l ic  lo a d in g . 
Pore p ressu res  may accum ulate during sm all s t r a in  c y c l in g , but th e se  
w i l l  not a f f e c t  th e  p i l e  lo a d :d isp lacem ent resp on se i f  th e  s e v e r i t y  and 
number o f  th e  lo a d in g  c y c le s  ap p lied  i s  w ith in  c e r ta in  th resh o ld  v a lu e s . 
R eductions in  o' under th e se  circum stances w i l l  u s u a lly  be rec o v era b le . 
A lte r n a t iv e ly , th e  slow  development o f  pore p ressu res  may e v e n tu a lly  
cause a so fte n in g  o f  th e  p i l e  resp on se , ca u sin g  la r g e r  s t r a in s  to  
d evelop , in  turn g iv in g  r i s e  to  rap id  in c r e a se s  in  pore p ressu r es  and 
s t r a in s .  Under th e se  circum stances permanent lo s s e s  in  o' may occu r.

During d r iv in g  o f  a  p i l e  in  ch a lk , th ere  i s  in te n se  sh earin g  a lon g  th e  
s h a ft  o f  th e  p i l e ,  r e s u lt in g  in  th e  g en era tio n  o f  la r g e  pore p ressu r es  
and red u ctio n s in  o' . The g rea te r  th e  sh earin g  a c t io n  during d r iv in g ,
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th e  g r e a te r  th e  red u ctio n s in  o\ , and th e  l e s s  i s  th e  scope fo r  
subsequent red u ction s in  a* during p i l e  lo a d in g . Shearing and 
com paction i s  more thorough in  th e  ca se  o f  la r g e  d isp lacem ent p i l e s  than  
fo r  sm all d isp lacem ent p i l e s .

The r e s u l t s  o f  th e  c y c l i c  lo a d in g  t e s t s  are now con sid ered  in  th e  l i g h t  
o f  th e  framework o f  behaviour su ggested  above.

Unexpanded Cruciform P i le  3U su ffe r e d  1.9rora o f  permanent d isp lacem ent  
during 50 c y c le s  o f  lo a d in g , but th e s t a t i c  c a p a c ity  a f t e r  c y c lin g  was 
v ir t u a l ly  id e n t ic a l  to  th a t  b efo re  c y c l in g .  The c y c l i c  load in g  
ap p aren tly  had l i t t l e  or  no e f f e c t  on e i th e r  pore p ressu r es  or 5/ . T his  
su g g e sts  th a t  e i th e r  th e  sh earin g  regime during t e s t in g  was l e s s  sev ere  
than th a t  experienced  during d r iv in g  o f  th e  p i l e ,  or th a t  o' had a lread y  
degraded to  a *minimum p o ss ib le*  v a lu e  during d r iv in g .

Box P i l e s  1A and 2B su ffe r e d  no permanent d isp lacem ent during c y c l in g ,  
and showed no so fte n in g  o f  load :d isp lacem en t resp on se . However, th e  
s t a t i c  t e s t s  performed im m ediately a f t e r  c y c l in g  showed red u ctio n s in  
c a p a c ity  o f  up to  19% in  com parison to  th e  s t a t i c  t e s t s  b efore  c y c l in g .  
These lo s s e s  in  c a p a c ity  were la r g e ly  recoverab le  w ith  tim e. T his  
behaviour su g g ests  th a t  th e  lo s s e s  in  c a p a c ity  were a s so c ia te d  w ith  th e  
stea d y  accum ulation o f  pore p ressu res  during c y c l in g , which su bseq u en tly  
d is s ip a te d .  This i s  supported by th e  fa c t  th a t  Box P i le  2B (50 c y c le s )  
su ffe r e d  a g rea te r  l o s s  in  c a p a c ity  than Box P i le  1A (25 c y c l e s ) .  
Whether fu rth er  c y c lin g  would have e v e n tu a lly  tr ig g e r e d  permanent 
red u ctio n s in  a' i s  a m atter fo r  co n jec tu re .

Cruciform P i le  4A su ffe r e d  la r g e  permanent d isp lacem ents during c y c l in g .  
The p r o g ress iv e  so fte n in g  o f  load :d isp lacem en t response near th e  top  o f  
th e  load in g  c y c le s ,  and th e  fa c t  th a t th e  p i l e  su b seq u en tly  f a i le d  a t  
th e  c y c l in g  load , su g g e sts  th a t  la r g e  in c r e a se s  in  pore p ressu re  
occurred during c y c l in g . In  c o n tr a s t  to  th e  o th er  p i l e s ,  th e  lo s s  in  
c a p a c ity  on c y c lin g  was not recoverab le: th e  la r g e  s tr a in s  during  
c y c l in g  must have g iv en  r i s e  to  permanent red u ctio n s in  o ' .

The much b e t te r  performance under c y c l ic  load in g  o f  th e  expanded box 
p i l e s  in  comparison to  th e  expanded cruciform  p i l e s  can be a ttr ib u te d  to  
th e  g r e a te r  compacting a c t io n  o f  th e  box p i l e s  during d r iv in g . Two 
reason s are su ggested  h ere . F i r s t ly ,  th e  g r e a te r  com pactive e f f o r t  o f  
the  box p i l e s  gave r i s e  to  a  s t i f f e r  lo a d :d isp lacem ent response under 
t e s t  (S e c t io n  1 1 .4 ) .  As a r e s u l t ,  th e  s tr a in s  during th e  s t r e s s  
c o n tr o lle d  c y c lin g , and th e  pore p ressu res  gen erated , were l e s s  fo r  
th e se  p i l e s .  Secondly, a s s ta te d  above, th e  g r e a te r  th e com paction
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during p i l e  in s t a l la t i o n ,  th e  l e s s  scop e th ere  i s  fo r  subsequent sh ear  
induced red u ctio n s  in  o' . I t  appears th a t  in  th e  ca se  o f  Cruciform  P i le  
4A, th e  com paction o f  th e  ch a lk  p r io r  to  expansion  was in s u f f i c i e n t  to  
p reven t sh ear induced red u ctio n s o f  o' during c y c l in g .

An in te r e s t in g  q u estio n  i s  why th e  red u ctio n  in  c a p a c ity  o f  Cruciform  
P i le  4A during c y c l in g  d id  not m a n ifest i t s e l f  during th e  i n i t i a l  s t a t i c  
lo a d in g  o f  th e  p i l e ,  when th e  p i l e  was d isp la ced  by ov er  30mm. During 
t h i s  d isp lacem en t, th e  ch a lk  c lo s e  to  th e  p i l e  must have been thoroughly  
sheared . The reason  may be th a t th e  c y c l i c  lo ad in g  caused  co n tra cta n t  
behaviour to  occu r a  sh o rt d is ta n c e  from th e  p i l e ,  in  a reg io n  not 
thoroughly compacted during d r iv in g  o f  th e  o u ter  s h e l l ,  or  sheared  
during s t a t i c  lo a d in g .

11 .6  P i le s  a t  BRS S it e :  I n i t i a l  In c r e a se s  in  C apacity

The r e s u l t s  o f  t e s t s  on 6m long box and cruciform  p i l e s  in  boulder c la y  
a t  BRS were p resen ted  in  Chapter 5. In crea ses  in  c a p a c ity  and in  s h a ft  
f r i c t io n  have been summarised in  Table 5 .14  and in  F igu res 5 .56  and 
5 .5 7 .  For con ven ience, th e se  have been reproduced a s  Table 11 .3  and 
F igures 11 .4  and 11.5 o f  t h i s  Chapter.

1 1 .6 .1  Unexpanded p i l e s
Whereas ap p rop riate v a lu e s  o f  6' a t  f a i lu r e  can be estim a ted  w ith  
reason ab le con fid en ce  fo r  th e p i l e s  a t  th e  Luton s i t e ,  th e  s e le c t io n  o f  
5' v a lu e s  fo r  th e  p i l e s  a t  th e  BRS s i t e  i s  more d i f f i c u l t ,  fo r  two 
reasons:

(a ) The nature o f  boulder c la y  means th a t  la r g e  sam ples are  req u ired  
in  order to  reproduce r e p r e se n ta tiv e  behaviour. I d e a lly ,  la r g e  
(305x305mm) shearbox t e s t s  are  requ ired  fo r  th e  t e s t in g  o f  
m a ter ia ls  c o n ta in in g  coarse  g r a v e l.

(b) Clay p a r t ic le  alignm ent e f f e c t s :  th e  va lu e o f  6' op era tin g  a t  
f a i lu r e  w i l l  be somewhere between peak and r e s id u a l v a lu e s ,  
depending on th e  cu rrent ra te  o f  d isp lacem ent, and th e  p rev iou s  
mode and r a te  o f  d isp lacem ent during in s t a l la t io n .  Expansion o f  a  
p i l e  may d isr u p t r e s id u a l su r fa c e s  formed during i n i t i a l  
in s t a l la t io n .

The r e s u l t s  from th e  s in g le  s u i t e  o f  standard (60x60mm) shearbox t e s t s  
on a sm all sample o f  th e  t i l l , in  which a l l  m ater ia l n ot p a ss in g  a  2mm 
s i z e  s e iv e  was removed, in d ic a te  th a t  s ig n i f ic a n t  p a r t ic l e  alignm ent 
occu rs during sh earin g  o f  th e  t i l l  (S e c t io n  5 . 3 . 5 ) .  A r e s id u a l v a lu e  o f
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o o
5' o f  around 17 was found, w ith  peak v a lu e s  varying  between 20 and 
27°.  The r e s id u a l v a lu es  o f  5' ob ta ined  from th e  shearbox t e s t s  are  
ra th er  low er than v a lu e s  norm ally a s so c ia te d  w ith  medium p l a s t i c i t y  
c la y s  (eg .  Chandler, 1984).

Peak v a lu e s  o f  xSf fo r  th e  unexpanded cruciform  p i l e  and unexpanded box 
p i l e  during i n i t i a l  lo a d in g s  have been c a lc u la te d  as 53kPa and 73kPa 
r e s p e c t iv e ly  (F igures 1 1 .4 ,  1 1 . 5 ) .  Equation 11 .2  has been used to  
c a lc u la te  v a lu es  o f  th e  r a d ia l s t r e s s  fs ic to r  Ks corresponding to  th e  
v a lu e s  o f  sh a ft  f r ic t io n  g iv en  above. The e f f e c t i v e  adhesion  in te r c e p t  
c a has been n eg le c ted  because o f  th e  remoulding o f  th e  s o i l  ad jacen t to  
th e  p i l e  th a t w i l l  have taken  p la ce  during in s t a l la t io n .  In  order to  
deduce appropriate v a lu e s  o f  , th e  v a lu e  o f  &  fo r  th e  upper t i l l  has 
been taken  as 2.15kN/m3 (F igure 5 .2 )  and th e  l e v e l  o f  th e  w ater ta b le  
has been taken as 0.5m below ground l e v e l  (S e c t io n  5 . 2 . 2 ) .  Applying  
Equation 11.2  w ith  deduced v a lu es  o f  and w ith  a range o f  6' v a lu e s ,  
y ie ld s  Ks v a lu es  as shown in  Table 11 .4 .

V alues o f  Ks d erived  by assuming 5' to  be equal to  th e  (near) r e s id u a l  
v a lu es  o f  6' in d ica te d  by th e  shearbox t e s t s  are w e ll in  e x c e ss  o f  
maximum i n - s i t u  va lu es  o f  Ks th a t can be exp ected  in  t h i s  d e p o s it ,  even  
fo r  th e  low -d isp lacem ent cruciform  p i l e ,  th e  in s t a l la t io n  o f  which  
presumably d id  not cause a la r g e  in cr ea se  in  r a d ia l e f f e c t i v e  s t r e s s  
above in - s i t u  v a lu e s . The assum ption o f  a  v a lu e  o f  S' o f  around 25° 
o p era tin g  during the p i l e  t e s t s  im p lie s  more p la u s ib le  v a lu e s  o f  Ks .

A lthough in te r fa c e  t e s t s  were not c a rr ied  o u t, i t  i s  con sid ered  th a t th e  
l im it in g  ( i . e .  peak and r e s id u a l)  v a lu es  o f  6' fo r  t i l l : t i l l  sh earin g  
and t i l l r r o u g h  s t e e l  sh earin g  would be very  s im il a r ,  because c la y  was 
found adhering to  the s t e e l  p i l e s  on e x tr a c tio n  (S e c tio n  5 . 6 . 9 ) .  I f  the  
v a lu e s  o f  6' a c tin g  a t  i n i t i a l  fa i lu r e  fo r  th e  cruciform  and box p i l e s  
are taken to  be the same, a la r g e r  va lu e o f  o' i s  im plied  fo r  the box 
p i l e  than fo r  th e cruciform  p i l e  (Table 1 1 .4 ) ,  as was th e  ca se  a t  the  
weathered chalk  s i t e .  As a t  the Luton s i t e ,  t h i s  may be due to  the  
la r g e r  volume d isp lacem ent o f  the box p i l e .  In p r a c t ic e ,  th e  v a lu es  o f  
6' a c t in g  a t  i n i t i a l  f a i lu r e  fo r  the two typ es o f  p i l e  may have been 
d i f f e r e n t  -  th e  cruciform  p i l e s  were in s t a l le d  a t  a fa s t e r  r a te  than 
th e  box p i l e s  (S ec t ion  5 . 5 )  and t h is  might have r e su lte d  in  h igher  
v a lu es  o f  6' .

As a t  th e  Luton s i t e ,  another p o s s ib le  reason  fo r  th e la r g e r  deduced 
v a lu e s  o f  o' in  the ca se  o f  th e  unexpanded box p i l e  i s  th a t t h i s  p i l e  
would have acted  as a d ra in  during load in g  (S e c tio n  1 1 . 3 . 1 ) .  However, as  
d isc u sse d  p r e v io u s ly , any e x c e ss  pore p ressu res  generated  during
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lo a d in g  are thought to  have been sm all in  com parison w ith  th e  r a d ia l  
s t r e s s e s  a c t in g .

1 1 . 6 .2  Expanded p i l e s
Maximum load s and deduced s h a ft  f r i c t io n s  fo r  th e  p i l e  t e s t s  on th e  
expanded p i l e s  a re  shown in  Table 1 1 .3 ,  and in  F igures 11 .4  and 11 .5 .  
Gains in  deduced s h a ft  f r i c t io n  are  up to  2.15 tim es in  th e  ca se  o f  th e  
box p i l e s ,  and up to  2 .3  tim es in  th e  ca se  o f  th e  cruciform  p i l e s .  
These g a in s in  s h a ft  f r i c t io n  are con sid ered  to  be very  s a t is f a c t o r y  fo r  
a m ed iu m -p la stic ity  c la y . As d isc u sse d  in  S e c tio n  1 1 . 3 . 2 ,  th e  a c tu a l  
v a lu e s  o f  rSf op era tin g  in  th e  p i l e  t e s t s  are con sid ered  to  be near th e  
top  o f  th e  range o f  v a lu es  quoted in  Table 11 .3 .  Taking th e se  maximum 
v a lu e s  o f  TSf, and low er and upper bound v a lu es  o f  5' a t  i n i t i a l  f a i lu r e

O O
as 17 and 25 r e s p e c t iv e ly ,  and applying Equation 11.1 w ith  c '  
n e g le c te d  a s  b e fo re , y ie ld s  a deduced range o f  o' v a lu e s  fo r  th e  
expanded p i l e s  a s  shown in  Table 1 1 .5 .

I f  th e  same v a lu e  o f  5' a t  f a i lu r e  i s  assumed fo r  both th e  box and th e  
cruciform  p i l e s ,  th e  expanded box p i l e s  show on average deduced v a lu es  
o f  d' around 20% g rea te r  than fo r  th e  expanded cruciform  p i l e s .  This 
d if fe r e n c e  i s  ra th er  la r g e r  than th a t  found a t  th e  Luton s i t e .  The most 
l i k e l y  cause o f  th e  la r g e r  v a lu e s  o f  a-' in  the ca se  o f  th e  box p i l e s  i s  
e i th e r  th e  g r e a te r  volume d isp lacem ent o f  th e  box p i l e s ,  or g rea te r  
lo s s e s  in  a' due to  overexpansion  during expansion o f  th e  cruciform  
p i l e s .  I t  i s  con sid ered  th a t  in  th e  ca se  o f  th e  expanded box and 
cruciform  p i l e s  th e  assum ption o f  a  s im ila r  va lu e  o f  5' i s  a reasonab le  
one, because th e  remoulding a c t io n  o f  th e  expansion  p ro cess  in  th e  ca se  
o f  th e  two d if f e r e n t  ty p es o f  p i l e  i s  l i k e l y  to  have been s im ila r .

Even assuming th e  low er bound, r e s id u a l va lu e o f  8' = 17°,  th e  deduced
v a lu es  o f  a' ob ta ined  from th e  p i l e  t e s t s  are many tim es low er than th e  
l im it in g  t o t a l  p ressu res  ob ta in ed  from th e  FDPM and DMT t e s t s  reported  
in  Chapter 5 , which were t y p ic a l ly  in  the reg ion  o f  2000kPa. As was the  
ca se  w ith  th e r e s u l t s  o f  th e  p i l e  t e s t s  a t  th e  Luton s i t e ,  i t  i s  not 
p o s s ib le  to  g iv e  s p e c i f i c  reasons fo r  t h is  la r g e  d iscrep a n cy . The main 
p o s s ib le  reason s, and th e  p o s s ib le  magnitude o f  t h e ir  e f f e c t ,  are  
o u tlin e d  below:

(a) There i s  a d iscrep an cy  between th e l im it  p ressu res  ob ta ined  from 
th e FDPM and DMT t e s t s ,  and th e  l im it  p ressu res  from th e  e a r l ie r  
Menard pressurem eter t e s t s  reported  by Marsland. The average o f  the  
l im it  p ressu res  ob ta ined  from th e  e a r l ie r  t e s t s  (over  th e  depth  
range corresponding to  the FDPM t e s t s )  i s  approxim ately 1400kPa 
(P ow ell, 1989),  in  comparison to  an average o f  around 1800kPa fo r
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th e  FDPM. As d iscu sse d  in  S ec tio n  5 . 3 . 4 ,  t h i s  may be due to  th e  
fa c t  th a t  the FDPM t e s t  i s  performed a t  a  much fs is te r  r a te  than th e  
Menard Pressurem eter t e s t .  However, i t  i s  a ls o  p o s s ib le  th a t  th e  
h ig h er  l im it  p ressu res  measured in  th e  FDPM t e s t s  may have in  p art  
been due to  s e a so n a lly  h igh  m oisture co n ten ts  in  th e  t i l l .  T his 
req u ir e s  fu rth er  resea rch .

(b) The FDPM was expanded under nom inally  undrained c o n d it io n s , and 
e x c e ss  pore p ressu res  would have been generated  during expansion . 
A ccording to  th e  Cambridge th eory  p resen ted  in  S ec tio n  9 . 3 . 3 ,  
red u ctio n s  in  t o t a l  r a d ia l s t r e s s  a r should  occur during  
c o n so lid a t io n  fo llo w in g  th e  undrained expansion  o f  a c y l in d r ic a l  
c a v i ty  in  c la y . R eductions in  <Jr d id  occur during th e FDPM h old ing  
t e s t s ,  o f  around 12 to  13% during ho ld in g  p er io d s o f  between 34 to  
51 m inutes.

The problem here i s  one o f  a s se s s in g  th e e x te n t  to  which 
c o n so lid a t io n  occurred during th e  ho ld in g  p er io d s . The f is su r e d  
fa b r ic  o f  the t i l l  would have encouraged r e la t iv e ly  quick
c o n so lid a t io n . However, th ere  i s  no ev id en ce o f  a slow ing down o f  
th e  r a te  o f  red u ction  in  <Jr during th e h o ld in g  p er io d s , su g g estin g  
th a t  c o n so lid a tio n  was not near com pletion  and th a t  fu rth er  
red u ctio n s in  or would have taken p la ce  i f  the h o ld in g  t e s t s  had 
been continued  fo r  lo n g er  p er io d s . As a comparison to  th e  FDPM 
t e s t s  reported  h ere , h o ld in g  t e s t s  w ith  th e S e l f  Boring
Pressurem eter (SBP) in  s o f t  organ ic  and s i l t y  c la y s  reported  by 
Clarke e t  a l  (1979) showed c o n so lid a t io n  tim es t 50 g e n e r a lly  l e s s  
than 30 m inutes. The rad iu s o f  th e  SBP instrum ent p r io r  to  hold ing  
was approxim ately 0.0350m, in  comparison to  v a lu es  o f  about 0.025m 
in  th e  ca se  o f  th e  FDPM t e s t s .  I t  might reasonably be sp ecu la ted  
th a t  th e  f a l l s  in  r a d ia l s t r e s s  th a t occurred during th e  hold ing  
p er io d s  o f  the FDPM t e s t s  were around h a lf  o f  th e  red u ction s th a t  
would have occurred i f  f u l l  c o n so lid a t io n  had taken p la c e .

The s t a t i c  pore w ater p ressu res  a c tin g  on th e  FDPM during th e t e s t s  
were in s ig n if ic a n t  in  comparison to  the r a d ia l p ressu res measured.

(c )  S tr e s s  r e la x a tio n  o r  creep  e f f e c t s  may have caused s ig n i f ic a n t  
red u ctio n s w ith  tim e in  th e  v a lu e  o f  a' a c t in g  on the expanded 
p i l e s ,  during th e p eriod  between the end o f  c o n so lid a t io n  a f te r  
d r iv in g  and th e i n i t i a l  p i l e  t e s t .  Further experim ental work would 
be required  to  determ ine the magnitude o f  t h is  p o s s ib le  reduction  
( s e e  S ec tio n  11 .1 3 ) .
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(d) As d isc u sse d  in  Chapter 9 , '4-way* w ed g e-p ile s  may g en era te  low er  
v a lu e s  o f  r a d ia l f o r c e /u n it  le n g th  than th o se  a v a ila b le  by 
expansion  o f  a  tru e  c y l in d r ic a l  c a v i ty .

(e )  As a ls o  d isc u sse d  in  Chapter 9 , unloading in form ation  from th e  FDPM 
t e s t s  can be used to  p rovid e an in d ic a t io n  o f  th e  magnitude o f  
red u ctio n s in  r a d ia l s t r e s s  th a t  would have taken  p la c e  i f  over
expansion  occurred . The v a lu e s  o f  shear moduli ob ta in ed  from th e  
FDPM t e s t s  a t  BRS (Table 5 . 2 )  are  broadly s im ila r  to  th o se  a t  th e  
Luton s i t e  (Table 4 . 1 ) ,  and so  th e  same co n c lu s io n s  a s  b efo re  can  
be made: i t  i s  p o s s ib le  th a t  la r g e  red u ctio n s in  of occurred due to  
over-exp an sion . D ecreases in  cr' o f  around h a l f  th e  in c r e a se  
r e s u lt in g  from expansion , fo r  exam ple, are q u ite  f e a s ib le .

( f )  The th eory  p resen ted  in  S e c tio n  9 . 6 . 1  p r e d ic ts  th a t  red u ctio n s  in  
of w i l l  occur during th e  i n i t i a l  lo a d in g  o f  a  p i l e  th a t  has been  
expanded r a d ia l ly  in  th e  ground. The th eory  su g g e sts  th a t  in  c la y s  
th e  magnitude o f  th e  red u ctio n  i s  around a  th ir d  o f  th e  v a lu e  o f  
of e x is t in g  a f t e r  expansion  and subsequent c o n so lid a t io n .

In  summary, i t  i s  con sid ered  th a t  red u ctio n s in  of caused by 
over-expan sion  during p i l e  in s t a l la t i o n  are l i k e l y  to  have been  
resp o n sib le  fo r  a  la r g e  p art o f  th e  d iscrep an cy  between th e  deduced  
v a lu e s  o f  e f f e c t i v e  r a d ia l s t r e s s  a c t in g  on th e  expanded p i l e s  a t  
f a i lu r e ,  and th e measured v a lu e s  o f  t o t a l  r a d ia l s t r e s s  in  th e  FDPM 
t e s t s .

M oisture co n ten t changes in  th e  t i l l  may have caused p ressu r es  measured 
in  th e  FDPM t e s t s  to  be u n u su a lly  h ig h . P revious Menard p ressurem eter  
t e s t s  gave low er v a lu es  o f  t o t a l  r a d ia l s t r e s s  on expansion , but th e se  
v a lu e s  are s t i l l  around 5 to  6 tim es th e  deduced v a lu e s  o f  of a c t in g  on 
th e p i l e s .

S ig n if ic a n t  red u ctio n s in  of , due to  c o n so lid a t io n  and creep  e f f e c t s ,  
are l i k e l y  to  have occurred during th e  p eriod  between expansion  and 
i n i t i a l  p i l e  t e s t in g .  Further s ig n i f ic a n t  red u ctio n s in  of are l i k e l y  to  
have occurred during i n i t i a l  p i l e  lo a d in g .

1 1 . 6 .3  E ffe c t  o f  d if f e r e n t  p ercentage expansion
Because o f  th e  u n c e r ta in t ie s  regarding th e v a lu e s  o f  S' th a t  are  
appropriate to  th e  p i l e  t e s t s ,  in  t h i s  S ec tio n  p i l e  c a p a c i t ie s  are  
compared on th e  b a s is  o f  s h a ft  f r i c t io n s .

C a lcu la ted  v a lu es  o f  t fo r  th e  four expanded p i l e s  have been g iv e n  in
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Table 11 .3 ,  and in  F igures 5 .58  and 5 .5 9 .  As was found a t  th e  chalk  
s i t e ,  th ere  were no la r g e  fu r th er  in c r e a se s  ob ta in ed  by expansion  with  
th e  *B* expander mandrels (21% exp a n sio n ), in  comparison to  th e  'A* 
expander mandrels (11% and 14% exp an sion ). T h is r e s u lt  i s  in  agreement 
w ith  th e  r e s u l t s  o f  th e  FDPM t e s t s  -  th e  p lo t s  o f  p ressu re  a g a in s t  
r a d ia l s t r a in  shown in  Appendix 5 .1  show l i t t l e  in c r e a se  in  p ressu re  fo r  
r a d ia l s t r a in s  above 10%.

Cruciform P i le  8B gave a maximum deduced v a lu e  o f  i Sf o f  121.9kPa, a  
sm all in cr ea se  over Cruciform  P i le  9A which gave a va lu e  o f  118.2kPa.  
Box P i le  5B gave a  maximum deduced v a lu e  o f  fSf o f  134.2kPa, a ra th er  
la r g e  drop in  comparison to  Box P i le  7A which gave a v a lu e  o f  156.9kPa.

As d iscu sse d  in  S e c tio n  1 1 . 6 .2 ,  over-expan sion  e f f e c t s  may have been 
s ig n i f ic a n t .  I n te r e s t in g ly ,  th e  maximum v a lu e  o f  TSf (Box P i l e  7A) was 
obta ined  w ith  th e  l e a s t  b lu n t expander mandrel nose p r o f i l e  (F igure  
3 . 9 ) .  A lso , th e  very  b lu n t nose p r o f i l e  o f  cruciform  expander mandrel B 
-  a s  used a t  th e  Luton s i t e  -  was smoothed down fo r  use a t  th e  BRS s i t e ,  
and t h is  tim e gave a s l i g h t l y  h igh er p i l e  c a p a c ity  than fo r  expander 
mandrel A, in  c o n tr a s t  to  th e  exp erien ce  a t  the Luton s i t e  (S ec tio n  
1 1 . 3 . 3 ) .  These o b serv a tio n s  tend to  support th e  h y p o th esis  th a t  
over-expan sion  e f f e c t s  may have been s ig n i f ic a n t  in  the p i l e  t e s t s  a t  
Luton and BRS.

As p r e v io u s ly  d iscu sse d  in  S ec tio n  1 1 . 3 . 3 ,  th e  p o s s ib le  v a r ia t io n s  in  
ground co n d itio n s  a t  th e  t e s t  s i t e ,  and th e  inherant l im ita t io n s  o f  the  
p i l e  t e s t in g  system , may a ls o  be r e sp o n sib le  in  p art fo r  d if fe r e n c e s  in  
c a p a c ity  o f  th e  expanded p i l e s .

11 .7  P i le s  a t  BRS s i t e :  O vera ll Performance

In t h i s  S e c t io n , some a sp e c ts  o f  th e  o v e r a ll  performance o f  th e  p i l e s  a t  
th e  BRS s i t e  d escr ib ed  in  S ec tio n  5 .7  are d isc u sse d .

The most n o tab le  fea tu re  regarding th e  load :d isp lacem en t behaviour o f  
th e  expanded p i l e s  i s  th e  s t i f f e r  response during r e lo a d in g , in  
comparison to  i n i t i a l  lo a d in g . The unexpanded p i l e s  do not e x h ib it  th is  
behaviour. The l e s s  s t i f f  response o f  th e  expanded p i l e s  on i n i t i a l  
load in g  i s  a s so c ia te d  w ith  g rea te r  creep  d isp lacem ents under 
m aintained lo a d s . Two p o s s ib le  reasons fo r  t h i s  behaviour may be:

(a ) The change o f  d ir e c t io n  o f  shearing  during i n i t i a l  lo a d in g , in  
comparison to  th a t during expansion .
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(b ) Large p la s t i c  s t r a in s  during i n i t i a l  lo a d in g . These would be 
exp ected  during sh earin g  o f  a  norm ally c o n so lid a te d  c la y ,  a s  th e  
s t r e s s  path  during shear w i l l  tr a v e r se  th e  s t a t e  boundary su r fa c e .  
C avity  expansion  th eory  p r e d ic ts  th e  c la y  surrounding an expanded 
p i l e  to  be norm ally c o n so lid a te d  a f t e r  p i l e  in s t a l la t i o n .  For 
norm ally co n so lid a ted  c la y s ,  a f t e r  p la s t i c  s tr a in in g  occu rs during  
i n i t i a l  lo a d in g , subsequent un load ing and re lo a d in g  f a l l s  w ith in  
th e  cu rren t y ie ld  lo c u s  fo r  th e  c la y  and i s  e s s e n t ia l l y  e l a s t i c .

As was found a t  th e  ch alk  s i t e ,  th e  expanded p i l e s  showed no red u ctio n  
in  c a p a c ity  w ith  tim e, during p er io d s  o f  up to  300 days. T his i s  a  very  
encouraging r e s u l t ,  which dem onstrates th a t -  over t h i s  tim e span a t  
l e a s t  -  in c r e a se s  in  e f f e c t i v e  r a d ia l s t r e s s  due to  p i l e  expansion  in  
c la y  s o i l s  are n ot su b je c t  to  d egrad ation  due to  s t r e s s  r e la x a t io n  and 
creep  e f f e c t s .

A lthough i t  i s  d i f f i c u l t  to  be p r e c is e ,  because o f  th e  nature o f  th e  
increm ental t e s t in g  perform ed, none o f  th e  p i l e s  a t  th e  BRS s i t e  
e x h ib ite d  any s ig n i f ic a n t  change in  c a p a c ity  w ith  tim e, w ith  the  
ex ce p tio n  o f  Cruciform P i le  8B which showed a 21% in c r e a se  in  c a p a c ity  
in  t e s t s  c a r r ie d  out 5 days and 208 days r e s p e c t iv e ly  a f t e r  expansion . 
(The i n i t i a l  t e s t s  on th e  o th er  expanded p i l e s  were c a r r ie d  ou t a f t e r  
in t e r v a ls  o f  a t  l e a s t  7 days a f t e r  d r iv in g ) .  T h is su g g e sts  th a t  
c o n s o lid a t io n  o f  th e  t i l l  a f t e r  p i l e  in s t a l la t io n  was com pleted q u ick ly  
-  in  a  m atter o f  a  few days a t  m ost. T his can be a ttr ib u te d  to  th e  
f is s u r e d  fa b r ic  o f  th e  t i l l  a llo w in g  r e la t iv e ly  qu ick  d is s ip a t io n  o f  
e x c e ss  pore p r essu r es . An a lt e r n a t iv e  but l e s s  l i k e l y  ex p la n a tio n  fo r  
th e  in cr ea se  in  c a p a c ity  o f  P i le  8B w ith  tim e i s  th a t  i n i t i a l l y  th ere  
were sp aces between th e  s o i l  and th e  s id e s  o f  th e  expander m andrel, in  
th e  reg io n  o f  the gaps opened up between th e  o u ter  s h e l l  a n g le s  on 
expansion  (F igure 3 . 6 ) .  Such gaps may have c lo se d  up w ith  tim e, 
r e s u lt in g  in  an in cr ea se  in  th e  r a d ia l fo r c e /u n it  le n g th  a c t in g  on th e  
p i l e .

The r e s u l t s  from th e  CRE t e s t s  on th e  expanded p i l e s  performed a t  th e  
end o f  th e  t e s t  programme show reasonab ly  d u c t i le  behaviour. Slow  
red u ctio n s  in  load  occur w ith  continued  d isp lacem ent a f t e r  f a i lu r e .  P i le  
5B shows a  14% drop in  load  during 12mm d isp lacem ent (F igure 5 .1 7 ) ;  P i le  
8B shows a 13% drop in  load  during 12mm d isp lacem ent (F igure 5 . 1 9 ) .  
T his i s  s im ila r  behaviour to  th a t  o f  unexpanded Box P i le  5U, which  
showed a 7% drop in  load  during 5mm disp lacem ent ( F igure 5 . 2 2 ) .  The most 
l i k e l y  reason  fo r  such red u ctio n s in  load  i s  red u ctio n s in  6' towards 
r e s id u a l v a lu es  due to  c la y  p a r t ic l e  a lignm ent. T h is im p lie s  th a t  th e  
in s t a l la t i o n  p rocess  fo r  th e  expanded p i l e s  and fo r  unexpanded Box P i le
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5U gave r i s e  to  i n i t i a l  v a lu e s  o f  6' which were g r e a te r  than r e s id u a l.  
The deduced v a lu es  o f  Ks g iv en  in  Table 11 .4  su g g est  v a lu es  o f  6' 
g r e a te r  than r e s id u a l during i n i t i a l  t e s t in g

The lo a d : d isp lacem ent curve fo r  Box P i le  6U d id  not e x h ib it  such a  
marked tren d  o f  load  red u ction  a f t e r  f a i lu r e  as the o th er  p i l e s ,  
s u ffe r in g  o n ly  a 5% drop in  load  during 8ram d isp lacem ent (F igure 5 . 2 7 ) .  
T his p i l e  was d riven  to  r e fu s a l ,  and th e r a te  o f  advance o f  th e  p i l e  
in to  th e  ground was very  slow  a t  th e  end o f  d r iv in g . T his may have g iv en  
r i s e  to  co n d itio n s  nearer to  r e s id u a l a t  th e  p i l e / s o i l  in te r fa c e .

The one-way s t r e s s  c y c lin g  had no apparent e f f e c t  on p i l e  c a p a c ity . T his  
i s  normal behaviour fo r  co n v en tio n a l p i l e s  in  s t i f f  c la y s  (eg .  Ove Arup, 
1986).

11 .8  M in i-P ile  T estin g

1 1 .8 .1  In crea ses  in  c a p a c ity
The r e s u l t s  from th e t e s t s  on cruciform  Type I I  m in i-p ile s  a t  S i t e s  1, 
4 , 5 and 6 are summarised in  F igure 11 .6 .  The fou r  s o i l  p r o f i l e s  have 
been arranged in  order o f  in cr ea sin g  percentage o f  granular m a ter ia l. 
The approximate percentage c la y  co n ten t fo r  each s o i l  p r o f i l e  i s  g iv en .

C a p a c itie s  o f  the expanded cruciform  m in i-p ile s  in c r e a se  w ith  in cr ea sin g  
granular co n ten t. The in cr ea se  in  ca p a c ity  from th e  h igh  p l a s t i c i t y  
London C lay to  th e very  sandy c la y  i s  approxim ately 2 tim es . T his  
fa c to r  o f  in crea se  cou ld  e a s i l y  be accounted fo r  by a corresponding  
in cr ea se  in  v a lu es  o f  6' . For example, a  q u ite  p la u s ib le  in cr ea se  in  
6' from 15° to  30° from th e London Clay s i t e  to  th e  very  sandy c la y  
s i t e  g iv e s  an in crea se  in  ta n 6' o f  j u s t  over 2 tim es . T his su g g ests  th a t  
a t  th e  fou r t e s t  s i t e s ,  th e  r a d ia l e f f e c t i v e  s t r e s s e s  generated  on 
expansion were broadly s im ila r .

The c a p a c it ie s  o f  th e  unexpanded cruciform  p i l e s  a t  th e  four s i t e s  vary  
by a fa c to r  o f  ju s t  under 4, compared to  the v a r ia t io n  o f  approxim ately  
2 tim es fo r  th e expanded p i l e s .  There i s  no tren d  o f  g rea te r  c a p a c ity  
w ith  in cr ea sin g  granular con ten t fo r  the unexpanded p i l e s .  T his su g g ests  
th a t v a lu es  o f  <rr' a c t in g  on th e  unexpanded m in i-p i le s  a t  the four s i t e s  
v a r ied  by a fa c to r  g rea te r  than 4.

Figure 11 .6  shows th a t , as a  r e s u lt  o f  the d i f f e r e n t  tren d s in  m in i-p ile  
c a p a c ity  w ith  s o i l  type d escr ib ed  above, th ere  are g rea te r  g a in s in  
c a p a c ity  in  granular s o i l s  than in  c la y  s o i l s .  This f in d in g  i s  
c o n s is te n t  w ith  th eory , and i s  due to  the more e f f e c t i v e  m o b ilisa t io n  o f
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s o i l  s tr e n g th  in  th e  r a d ia l d ir e c t io n  in  th e  c a se  o f  th e  expanded 
m in i-p i le s .  The fa c t  th a t  th e  r e s u l t s  a ls o  show th a t  th e  m o b ilisa t io n  
o f  o' i s  more c o n s is te n t  in  th e  ca se  o f  expanded m in i-p i le s  i s  an 
im portant fin d in g : i t  su g g e sts  th a t  w ed g e -p ile s  would g iv e  in crea sed  
r e l i a b i l i t y  over con ven tion a l p i l e s  in  v a r ia b le  o r  u n cer ta in  ground 
c o n d it io n s .

The fa c to r s  o f  in cr ea se  in  c a p a c ity  fo r  th e  cruciform  m in i-p ile s  
expanded by 10% range from 1.61 to  9 .8  (F igure 11 .6 ,  Table 1 1 .1 ) .  
Expansion by 10% g iv e s  g r e a te r  c a p a c it ie s  than expansion  by 6%, but the  
d if fe r e n c e  i s  sm all in  comparison to  th e  o v e r a ll  g a in s  in  c a p a c ity ,  
su g g estin g  th a t most o f  th e  b e n e f it  o f  expansion  can be ob ta in ed  a t  
r e l a t iv e ly  sm all percentage exp an sion s. The g a in s  in  c a p a c ity  fo r  the  
cruciform  m in i-p ile s  are c o n s is te n t  w ith  th e  g a in s  in  c a p a c ity  fo r  the  
la r g e  s c a le  cruciform  p i l e s .  As th e  e f f e c t i v e  r a d ia l s t r e s s e s  a c t in g  a t  
fa i lu r e  in  th e  ca se  o f  th e  la r g e  s c a le  p i l e s  were found to  be 
s u b s ta n t ia l ly  l e s s  than th o se  p o t e n t ia l ly  a v a ila b le ,  t h i s  i s  a ls o  l i k e ly  
to  be th e  c a se  fo r  the m in i-p i le s .  Although th e  o u ter  s h e l l  a n g les  o f  
th e m in i-p i le s  were more f l e x i b l e  than th e  a n g le s  o f  th e  la r g e  s c a le  
p i l e s ,  i t  i s  s t i l l  con sid ered  th a t  th e  most l i k e l y  cause o f  t h is  
s h o r t f a l l  in  r a d ia l e f f e c t i v e  s t r e s s  i s  th e  e f f e c t  o f  over-expan sion .

The r e s u l t s  from th e  t e s t s  on cruciform  Type I m in i-p ile s  a t  S i t e s  1, 2 
and 3 (summarised in  Table 6 . 2 )  show in c r e a se s  in  c a p a c ity  in  good 
gen era l agreement w ith  th e  r e s u l t s  from th e  t e s t s  on the Type I I  
cruciform  m in i-p i le s .  G reater in c r e a se s  in  c a p a c ity  were found a t  the  
BRS s i t e  fo r  th e  Type I  t e s t s  (performed in  August 1986) than fo r  th e  
Type I I  t e s t s  (performed in  November 1986).  The probable reason  fo r  t h is  
i s  sea so n a l v a r ia t io n  in  m oisture co n ten t near ground l e v e l .  There was a 
s ig n i f ic a n t  d if fe r e n c e  in  th e  r e s u lt s  o f  com parative probe t e s t s  ca rr ied  
out in  A p r il and September 1987, w ith  much h igh er blow counts being  
recorded in  th e  l a t t e r  c a se .

At th e  two s i t e s  where th ey  were t e s t e d ,  th e  H s e c t io n  m in i-p ile s  showed 
much low er fa c to r s  o f  in cr ea se  in  c a p a c ity  in  comparison to  the  
cruciform  Type I I  m in i-p ile s  (Table 1 1 . 1 ) .  At the  BRS s i t e ,  th e  maximum 
in cr ea se  in  ca p a c ity  was 1.28  in  comparison to  2 .10  fo r  th e  cruciform  
m in i-p i le s .  At th e Send Court s i t e ,  th e  in cr ea se  in  c a p a c ity  was 1.51 in  
comparison to  4 .21 fo r  th e cruciform  m in i-p i le s ,  a lthough t h i s  r e s u lt  
may have been a f fe c te d  by v a r ia t io n s  in  m in i-p ile  p en etra tio n  in to  the  
denser sand e x is t in g  a t  t h is  s i t e  ( s e e  below).  These r e s u lt s  in d ic a te  
th a t ' 2-w ay’ expansion i s  not a s  e f f i c i e n t  a s  ’4-w ay’ expansion . The 
probable reason  fo r  t h is  has been d iscu sse d  in  S ec tio n  9 . 7 . 2  -  ’dead’ 
a rea s , where r a d ia l e f f e c t i v e  s t r e s s  i s  n ot f u l l y  m o b ilised , are l i k e l y
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to occur around a * 2-way’ pile.

At th e  Send Court s i t e ,  th e  H s e c t io n  m in i-p i le s  were found to  have 
p en etrated  in to  th e  denser underly ing  sand to  a g r e a te r  e x te n t  than th e  
cruciform  p i l e s .  T his was confirm ed by th e  probe t e s t s ,  and by th e  
g rea te r  d r iv in g  tim es fo r  the H s e c t io n  p i l e s .  As a r e s u lt  o f  the denser  
ground c o n d it io n s , th e  c a p a c i t ie s  o f  both th e unexpanded and th e  
expanded H s e c t io n  m in i-p ile s  are s ig n i f ic a n t ly  g r e a te r  than fo r  th e  
cruciform  p i l e s .  A lso , th e  d r iv in g  records su g g est th a t  th e o u ter  s h e l l  
o f  th e unexpanded H s e c t io n  m in i-p ile  was in s t a l le d  in  denser ground 
than the ou ter  s h e l l  o f  th e  expanded H s e c t io n  m in i-p i le .  T his may be 
p art o f  th e  reason fo r  th e low *2-w ay’ in cr ea se  in  c a p a c ity  a t  th e  Send 
Court s i t e .

1 1 .10 .2  Other p o in ts  o f  in t e r e s t
The d e t a i l s  o f  m in i-p ile  d r iv in g  tim es g iven  in  T ables 6 .3  to  6 .6  show 
th a t the d r iv in g  tim es fo r  expander mandrels were in  most c a se s  very  
much l e s s  than th o se  fo r  o u ter  s h e l l s .  T his i s  a  very  s ig n i f ic a n t  r e s u lt  
( s e e  S ec tio n  1 1 .1 0 ) .

R eloadings o f  both unexpanded and expanded m in i-p ile s  a t  S i t e s  1 , 4 and 
5 show s t i f f e r  resp on ses than fo r  i n i t i a l  lo a d in g s  (F igu res 6 .1 9  to  
6 . 3 4 ) .

There i s  no c le a r  p a ttern  in  regard to  changes in  m in i-p ile  c a p a c ity  
with  tim e. I t  i s  worth n o tin g  th a t  a  t r i a l  p i t  a t  th e  Sheppey s i t e  was 
opened up around th e  m in i-p ile s  a f t e r  t e s t in g  and t h i s  rev ea led  th a t  
su rfa ce  w ater had drained and accum ulated between th e  o u ter  s h e l l  a n g les  
o f  th e  m in i-p ile s  in  th e  two months th a t  th ey  had been in  th e  ground. 
T his had caused so fte n in g  o f  th e  c la y  surrounding th e  m in i-p i le s ,  which 
might have had some e f f e c t  on p i l e  c a p a c ity . Such so fte n in g  may a ls o  
have taken p la ce  around th e  Type I I  cruciform  m in i-p ile s  a t  th e  BRS 
s i t e .  The H s e c t io n  m in i-p ile s  a t  the BRS s i t e  were covered w ith  p la s t ic  
sh ee tin g  between t e s t s .

There were d i s t in c t  p ost-p eak  drops in  c a p a c ity  w ith  continued  
disp lacem ent fo r  t e s t s  on th e expanded cruciform  m in i-p ile s  a t  the  
London c la y  s i t e  a t  Sheppey (F igu res 6 .26 ,  6 . 2 7 ) .  The most l i k e l y  cause  
o f  t h is  i s  c la y  p a r t ic le  alignm ent o f  th e  h igh  p l a s t i c i t y  c la y .  
Supporting ev idence fo r  t h i s  h y p o th esis  was d isco v ered  during c a r e fu l  
exhumation o f  one o f  th e  expanded cruciform  m in i-p ile s  a t  t h is  s i t e .  
Im prints o f  th e  o u ter  s h e l l  a n g les  on the surrounding c la y  showed th a t  
f a i lu r e  had not taken p la ce  a long the p i l e / s o i l  in te r fa c e .  A 
s lic k e n s id e d  d isp lacem ent su rfa ce  was d iscovered  a t  one p o in t a long the
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s h a ft  o f  th e  m in i-p i le .  The d isp lacem ent su r fa ce  jo in e d  th e  t i p s  o f  th e  
cruciform  'arms*. In  c o n tr a s t  to  th e  expanded m in i-p i le s ,  th e  unexpanded 
m in i-p ile  d id  n o t show a s ig n i f ic a n t  p ost-p ea k  drop in  c a p a c ity  (F igure  
6 . 2 5 ) ,  su g g estin g  th a t  6' fo r  th e  unexpanded p i l e  was near to  r e s id u a l  
a t  i n i t i a l  f a i lu r e .  Part o f  th e  in c r e a se  in  m in i-p ile  c a p a c ity  a t  th e  
London C lay s i t e  might th e r e fo r e  have been due to  rem oulding o f  s o i l  
around th e  m in i-p ile  during exp an sion , g iv in g  r i s e  to  g r e a te r  5' v a lu es  
a t  i n i t i a l  f a i lu r e  fo r  th e  expanded p i l e s  in  com parison to  th e  
unexpanded p i l e .

The good performance under c y c l i c  lo a d in g  o f  th e  expanded cruciform  
m in i-p ile  a t  th e  H olland House s i t e  accords w ith  th e  behaviour under 
c y c l i c  lo a d in g  o f  th e  Cruciform P i le  8B a t  th e  BRS s i t e .

11 .9  CP&F/Conoco F ie ld  T r ia ls

1 1 .9 .1  CP&F p i l e s
A summary o f  th e  d riven  l e v e l s ,  o u ter  s h e l l  d r iv in g  reco rd s, and t e s t  
f a i lu r e  lo a d s fo r  th e  CP&F p i l e s  has been g iv en  in  Table 8 . 1 .

C onsidering th e  r e s u lt s  a s  a  w hole, on f i r s t  in sp e c tio n  th ere  appears to  
be no g e n e r a lis e d  in cr ea se  in  p i l e  c a p a c ity  on expansion: c a p a c i t ie s  
o f  th e  unexpanded p i l e s  range from 95 to  308kN, c a p a c i t ie s  o f  th e  
expanded p i l e s  range from 100 to  390kN. However, a s  d escr ib ed  la t e r  in  
t h is  S e c t io n , on d e ta ile d  in sp e c t io n  a d i f f e r e n t  p a ttern  em erges.

The fo llo w in g  fa c to r s  w i l l  have in flu en ce d  th e  r e s u lt s :

(a) V ariab le  ground co n d itio n s  -
As in d ic a te d  by th e  wide range o f  d r iv in g  energy v a lu e s  (197 to  
915kJ fo r  th e  p la s t ic  s h e l l s ,  430 to  728kJ fo r  th e  s t e e l  s h e l l s )  
and th e  CPT r e s u lt s  (S e c t io n  8 . 1 2 . 3 ) ,  th e  ground c o n d it io n s  were 
very  v a r ia b le , ranging from very  lo o s e  to  very  dense on th e  b a s is  
o f  th e  CPT t e s t s .

(b) O versized  d r iv in g  shoe -
The o v e r s iz e d  d r iv in g  shoe used in  th e ca se  o f  th e  p la s t i c  o u ter  
s h e l l s  w i l l  have reduced s h a ft  f r i c t io n  on th e  s id e s  o f  the  
unexpanded p la s t i c  p i l e s ,  in  com parison to  th e  unexpanded s t e e l  
p i l e s  which had nom inally f lu s h  d r iv in g  sh oes.

(c ) Sm all percentage expansion -
The percentage in c r e a se s  in  d iam eter o f  th e  p i l e s  on expansion  (3%
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fo r  th e  p la s t i c  p i l e s ,  7.5% fo r  th e  s t e e l  p i l e s ) ,  were ra th er  low  
in  comparison to  what i s  con sid ered  to  be th e optimum v a lu e  o f  
around 10%.

(d) Expander mandrel not d riven  to  f u l l  depth -
The expander mandrels were d riven  to  f u l l  depth , such th a t  th e  nose  
met w ith  th e d r iv in g  shoe o f  th e  o u ter  s h e l l ,  on o n ly  3 ou t o f  8 
o c c a s io n s . In th o se  c a se s  where th e  expander mandrel was d r iv en  
sh o rt o f  f u l l  depth , fo r  f u l l  base r e s is ta n c e  o f  th e  p i l e  to  have 
been m ob ilised  during t e s t in g  i t  would have been n ecessa ry  fo r  
grout to  have f u l ly  f i l l e d  the v o id  beneath th e  n ose . From 
o b serv a tio n s  made during grou tin g  (S e c tio n  8 . 1 0 . 1 ) ,  t h i s  i s  
b e lie v e d  to  have occurred in  th e  ca se  o f  th e  s t e e l  P i l e s  6 and 16, 
but p o s s ib ly  not in  th e  ca se  o f  p la s t i c  P i le s  5 and 17.

The s t e e l  tubes alm ost c e r ta in ly  would have remained in ta c t  in  th e  
reg io n  beneath th e  expander mandrel nose; th e  p la s t i c  p i l e s  may 
have crumpled, a llo w in g  lo o s e  sand to  e n te r  and b lock  th e  vo id  
above th e d r iv in g  shoe.

(e )  S urface roughness -
The e f f e c t iv e  a n g les  o f  in te r fa c e  f r i c t io n  fo r  th e  p la s t i c  p i l e s  
and th e  s t e e l  p i l e s  are l i k e l y  to  have been d if f e r e n t .  T his a sp ec t  
o f  p i l e  behaviour i s  beyond th e  scope o f  t h i s  d is c u s s io n .

The b e s t  means o f  c h a r a c te r is in g  th e  d e n s ity  o f  th e  ground in to  which  
each p i l e  was d riven  i s  con sid ered  to  be th e  d r iv in g  energy o f  th e  o u ter  
s h e l l .  T herefore, o n ly  th ose  p i l e s  fo r  which good d r iv in g  record s are  
a v a ila b le  have been included  in  th e  a n a ly s is  o f  r e s u l t s  g iv en  in  th e  
fo llo w in g  two S e c tio n s .

1 1 . 9 . 1 . 1  CP&F p la s t i c  p i l e s
The lo a d :d isp lacem ent curves fo r  th e 6 t e s t s  on p la s t i c  p i l e s  fo r  which 
r e l ia b le  d r iv in g  records e x i s t  are p lo tte d  in  F igure 11 .7 .  The d r iv in g  
energy fo r  th e  o u ter  s h e l l  o f  each p i l e  i s  g iv en . A ll  o f  th e se  t e s t s  
were in  com pression, the a p p lied  load  being taken both in  base  
r e s is ta n c e  and in  s h a ft  r e s is ta n c e . The expander mandrels o f  P i le s  2 , 9 
and 10 were d riven  to  f u l l  depth.

On th e  b a s is  o f  th e  data  shown in  F igure 11 .7 ,  th ere  appears to  be a 
broad r e la t io n s h ip  between th e d r iv in g  energy o f  th e  o u ter  s h e l l  and 
subsequent p i l e  c a p a c ity . In th e ca se  o f  th e  unexpanded p i l e s ,  P i le s  8 
and 12 have reasonab ly  s im ila r  d r iv in g  e n e r g ie s  o f  915kJ and 793kJ 
r e s p e c t iv e ly ,  and g iv e  s im ila r  t e s t  c a p a c it ie s  o f  296kN and 308kN; P i le
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1 has a  d r iv in g  energy o f  388kJ, much l e s s  than th a t  fo r  P i l e s  8 and 9 , 
and a  corresp on d in g ly  low er c a p a c ity  under t e s t  o f  95kN. In  th e  c a se  o f  
th e  expanded p i l e s  th ere  i s  a  s im ila r  tren d . P i l e s  2 and 9 have 
reason ab ly  s im ila r  d r iv in g  e n e r g ie s  o f  233kJ and 197kJ r e s p e c t iv e ly ,  and 
g iv e  s im ila r  t e s t  c a p a c it ie s  o f  196kN and 182kN; P i le  10 has a  d r iv in g  
energy o f  469kJ, more than tw ice  th a t  fo r  P i l e s  8 and 9 , and has a  
corresp on d in g ly  g r e a te r  c a p a c ity  under t e s t  o f  390kN.

I f  th e  r e s u lt s  fo r  th e  unexpanded p la s t i c  p i l e s  are  compared w ith  th o se  
fo r  th e  expanded p la s t i c  p i l e s ,  i t  becomes c le a r  th a t expansion  had a  
very  s ig n i f ic a n t  e f f e c t  on p i l e  c a p a c ity . P i le  f a i lu r e  load  i s  p lo t te d  
a g a in s t  o u ter  s h e l l  d r iv in g  energy in  F igure 1 1 .8 .  For g iv en  o u te r  s h e l l  
d r iv in g  energy, g r e a te r  c a p a c it ie s  were ach ieved  w ith  expanded p i l e s  
than w ith  unexpanded p i l e s .  The fa c to r  o f  in c r e a se  i s  approxim ately  3 
tim es .

The fa c to r  o f  in c r e a se  o f  3 quoted above compares th e  expanded p la s t i c  
p i l e s  w ith  unexpanded p i l e s  th a t  were d r iv en  w ith  o v e r -s iz e d  d r iv in g  
sh o es. The o v e r -s iz e d  d r iv in g  sh oes presumably reduced th e  c a p a c ity  o f  
th e  unexpanded p i l e s ,  in  comparison to  th e  c a p a c it ie s  th a t  would have 
been ob ta in ed  i f  th e  p i l e s  had been f i t t e d  w ith  f lu s h  d r iv in g  sh o es . No 
p la s t i c  t e s t  p i l e s  w ith  f lu s h  d r iv in g  sh oes were d r iv en , but th e  r e s u l t s  
o f  th e  unexpanded s t e e l  p i l e s  d riven  w ith  f lu s h  sh oes are a ls o  shown on 
Figure 11 .8 ,  and th e se  can be compared w ith  th e  r e s u l t s  fo r  th e  
expanded p la s t ic  p i l e s .  For g iven  o u ter  s h e l l  d r iv in g  energy, g r e a te r  
c a p a c i t ie s  fo r  expanded p la s t i c  p i l e s  in  com parison to  unexpanded s t e e l  
p i l e s  are  apparent.

I t  i s  c le a r  from th e se  r e s u lt s  th a t  s u b s ta n t ia l  in c r e a se s  in  s h a ft  
r e s is ta n c e  are p o s s ib le  by expansion o f  a  ‘t h in ’ tu b u lar  o u te r  s h e l l  
along a s in g le  weak l i n e .

1 1 . 9 . 1 . 2  CP&F s t e e l  p i l e s
The load :d isp lacem en t cu rves fo r  th e  4 t e s t s  on s t e e l  p i l e s  a re  p lo t te d  
in  F igure 11.9;  d r iv in g  en e r g ie s  are g iv e n . Three o f  th e  t e s t s  (T e s ts  3 ,
6 and 16) show reason ab ly  s im ila r  d r iv in g  e n e r g ie s , in  th e  range 619 to  
728kJ. The r e sp e c t iv e  t e s t s  on th ese  th ree  p i l e s  were a com pression t e s t  
on an unexpanded p i l e ,  a  com pression t e s t  on an expanded p i l e ,  and a  
te n s io n  t e s t  on an expanded p i l e .

I f  i t  i s  assumed th a t th ese  th ree  p i l e s  can be compared on a  
l ik e - w it h - l ik e  b a s is ,  an estim a te  o f  th e  in c r e a se  in  sh a ft  c a p a c ity  on 
expansion  can be made. The c a p a c i t ie s  o f  th e  expanded p i l e  in  
com pression (402kN) and th e  expanded p i l e  in  te n s io n  (199kN) su g g est
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th a t  around h a lf  o f  th e  ca p a c ity  o f  th e  com pression p i l e  was tak en  in  
base r e s is ta n c e  and h a l f  in  s h a ft  r e s is ta n c e .  Follow ing on from t h i s ,  i f  
a va lu e  o f  base r e s is ta n c e  o f  200kN i s  assumed fo r  both p i l e s  3 and 16 
(unexpanded and expanded com pression p i l e s  r e s p e c t iv e ly ) ,  i t  can be 
deduced th a t  sh a ft  r e s is ta n c e  fo r  expanded P i le  16 i s  about tw ice  th a t  
fo r  unexpanded P i le  3 . As fo r  th e  r e s u l t s  from th e  p la s t ic  p i l e s ,  t h i s  
su g g ests  th a t s ig n i f ic a n t  in c r e a se s  in  sh a ft  r e s is ta n c e  are p o s s ib le  by 
expanding a th in -tu b e , s in g le  weak l i n e  o u ter  s h e l l .  A doubling o f  sh a ft  
f r i c t io n  fo r  * 1- s l i t ’ expansion i s  in  good agreement w ith  th e  r e s u l t s  o f  
the model t e s t s  (F igure 7 .3 )  -  g r e a te r  c a p a c it ie s  may have been p o s s ib le  
i f  3 or 4 - s l i t  expansion  had been c a r r ie d  o u t.

The expanded p i l e  t e s te d  in  te n s io n  ( P i l e  6) performed e x c e p t io n a lly  
w e ll in  comparison to  unexpanded P i l e  14 t e s te d  in  com pression, g iv in g  
tw ice  th e c a p a c ity . However, th e  low er o u ter  s h e l l  d r iv in g  energy fo r  
P i le  14 su g g e sts  th a t  i t  was d riven  in to  lo o s e r  ground in  com parison to  
th e  o th er  s t e e l  p i l e s .

The c a p a c it ie s  o f  th e  CP&F s t e e l  p i l e s  te s te d  in  com pression are  
p lo t te d  a g a in s t  o u ter  s h e l l  d r iv in g  energy in  Figure 11 .8 .  There are  
much l e s s  data  fo r  th e s t e e l  p i l e s  than fo r  th e p la s t i c  p i l e s .  On the  
b a s is  o f  th e  lim ite d  data a v a ila b le ,  th e  in c r e a se s  in  c a p a c ity  fo r  th e  
s t e e l  p i l e s  seem ra th er  l e s s  than fo r  th e p la s t ic  p i l e s .  P o s s ib le  
reasons fo r  th e  low er in cr ea se s  in  c a p a c ity  are th e  f lu s h  d r iv in g  shoe 
th a t was used in  th e ca se  o f  th e  s t e e l  p i l e s ;  or g rea te r  over-expan sion  
e f f e c t s  in  th e ca se  o f  th e  s t e e l  p i l e s ,  due to  the s t i f f e r  o u ter  s h e l l s .

1 1 . 9 . 1 . 3  O vera ll co n c lu s io n s  on t r i a l s
The Hermitage t r i a l s  were ca rr ied  out a t  th e  tim e o f  w r it in g  t h is  
t h e s i s ,  and some o f  th e  more gen era l im p lica tio n s  o f  th e  r e s u l t s  may 
take some tim e to  emerge, a f t e r  c o n su lta t io n  with  in d u stry . In  
d isc u s s io n s  w ith  CP&F im m ediately a f t e r  the  t r i a l s ,  th e  fo llo w in g  
comments were made by CP&F:

I t  was accepted  th a t th e  t r i a l s  had amply dem onstrated th a t the  
W edge-Pile expansion  p rocess s ig n i f ic a n t ly  enhances p i l e  sk in  
f r i c t i o n .

-  The system  was thought to  be p r a c t ic a l .

-  S te e l  tubes were con sid ered  to  be more appropriate fo r  commercial 
use than p la s t i c  tu b es, which were thought to  be too  f r a g i l e .

-  A cruciform  type w ed g e-p ile  was thought l i k e ly  to  prove more
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com m ercially v ia b le  than th e  c ir c u la r  tube system  t e s t e d ,  due to  
th e  ea se  o f  d r iv in g  o f  a  low -d isp lacem en t p i l e  such a s  th e  
cruciform . A lso , a  system  fe a tu r in g  a  r e tr a c ta b le  expander mandrel 
(S e c t io n  1 .3 )  would reduce handling  tim es and m a ter ia l c o s t s .  
R irth er  t r i a l s  a t  th e  Hermitage s i t e  w ith  cruciform  p i l e s  are  being  
con sid ered .

1 1 .9 .2  Conoco p i l e s
The d riven  l e v e l s ,  d r iv in g  record s and maximum t e s t  lo a d s  fo r  th e  Conoco 
p i l e s  have been summarised in  Table 8 .2 .  Load:displacem ent p lo t s  fo r  th e  
p i l e  t e s t s  have been g iv en  in  F igu res 8 .1 1  to  8 .1 6 .

1 1 .9 .2 .1  D riv ing  e n e r g ie s
The two expanded p i l e s  ( P i le s  4 and 11) were d riven  a t  p o s it io n s  w ith in  
lm o f  each o th er . The number o f  blow s requ ired  to  d r iv e  th e  o u ter  
s h e l l s  o f  th e se  p i l e s  was 53 in  each  c a se , corresponding to  a d r iv in g  
energy o f  601kJ. The d r iv in g  energy requ ired  to  i n s t a l l  th e  unexpanded 
o u ter  s h e l l  ( P i le  13) was v ery  la r g e  in  com parison, a t  2735kJ bein g  more 
than four tim es g r e a te r .

The r e la t iv e ly  easy  d r iv in g  o f  P i l e s  4 and 11 i s  in  accordance w ith  th e  
ea sy  d r iv in g  o f  nearby CP&F P i le s  2 and 9 , and w ith  th e  in d ic a t io n  o f  
lo o s e  ground in  t h i s  area  by CPT T e sts  10 and 11. CPT T est 3 in d ic a te s  
very  dense ground in  th e  reg io n  o f  P i le  13; a ls o ,  hard d r iv in g  in  t h i s  
area  prevented  CP&F P i le  15 bein g  d r iv en  to  f u l l  depth .

The energy required  to  expand th e  3 weak l i n e  o u ter  s h e l l  o f  P i l e  11 was 
very  s im ila r  to  th a t  req u ired  to  i n i t i a l l y  d r iv e  th e  o u ter  s h e l l  (o u ter  
s h e l l  600kJ, expander mandrel 623kJ). S ig n if ic a n t ly  g r e a te r  d r iv in g  
energy was required  to  expand th e  1 weak l i n e  o u ter  s h e l l  o f  P i l e  4 
(o u ter  s h e l l  600kJ; expander mandrel -  to  4.7m depth o n ly  -  702kJ). The 
g rea te r  expansion energy in  th e  ca se  o f  th e  1 weak l i n e  o u ter  s h e l l  i s  
thought to  be due to  th e  fo r c e s  (independent o f  s o i l  fo r c e s )  in vo lv ed  in  
opening up the o u ter  s h e l l  and then  m ainta in ing  i t  e l a s t i c a l l y  in  i t s  
expanded c o n fig u r a tio n . The 'g r ip p in g ’ a c t io n  o f  th e  expanded o u ter  
s h e l l  on th e shank o f  th e  expander mandrel, in  com bination w ith  th e  
c o n s tr ic t in g  a c t io n  o f  th e  unexpanded o u ter  s h e l l  ahead o f  th e  advancing  
expander mandrel n ose , are thought to  be th e  most l i k e l y  cau ses  o f  th e  
dragdown o f  th e  1 weak l i n e  o u ter  s h e l l  during expansion .

An in d ic a t io n  o f  th e  magnitude o f  th e  fo r c e s  in vo lved  in  opening up a  1 
weak l i n e  ou ter  s h e l l  can be ob ta in ed  by co n sid er in g  th e  s i t u a t io n  shown 
in  F igure 1 1 .1 0 . Opening out o f  a r e l a t iv e l y  s t i f f  o u ter  s h e l l ,  such a s  
fo r  th e  Conoco p i l e s ,  w i l l  in v o lv e  th e  form ation o f  p la s t i c  mechanisms.
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Figure 11 .10  shows a u n it  le n g th  o f  a ’s t i f f *  o u ter  s h e l l ,  n ot under th e  
a c t io n  o f  any s o i l  fo r c e s ,  being opened up by a r ig id  expander mandrel 
th a t i s  s lo w ly  in cr ea sin g  in  s i z e .  During th e  e a r ly  s ta g e s  o f  expansion , 
th e  geometry o f  th e  s i t u a t io n  i s  such th a t  expanding fo r c e s  P and 2P 
w i l l  a c t  as shown. Bending moment/unit le n g th  in  th e  o u ter  s h e l l  i s  
g iv en  by the ex p ress io n

M = {P sin 0  (cos0  + cos6 ) + Pcos0 ( s in 0  -  s in 0  )} x  R 
( fo r  d e f in it io n s  se e  F igure 11 .10)

Maximum bending moment Mmax i s  g iven  by th e  e x p ress io n  (PxR). P la s t i c  
h in ges w i l l  form i n i t i a l l y  in  th e  reg ion  o f  p o in ts  B and C. Further  
expansion w i l l  e v e n tu a lly  r e s u lt  in  a p la s t i c  h in ge a t  D, a t  which p o in t  
th ere  i s  a  f u l l  mechanism. A low er bound to  th e  fo rce  requ ired  fo r  th e  
e l a s t i c  deform ation th a t occurs during opening out o f  th e  o u ter  s h e l l  i s  
g iv en  by th e fo rce  needed to  g iv e  f i r s t  y ie ld .  For th e  Conoco o u ter  
s h e l l s ,  a t  f i r s t  y ie ld  P = 13N/mnn At f u l l  expansion , t h i s  i s  e q u iv a le n t  
to  a r a d ia l force/mm le n g th  o f  p ip e  o f  5 0 .4N, or  a  r a d ia l s t r e s s  o f  
83kPa. T his r a d ia l s t r e s s  i s  c le a r ly  s u b s ta n t ia l ,  being o f  th e  same 
order o f  magnitude a s  th e  r a d ia l s o i l  s t r e s s e s  generated  during  
expansion . Forces o f  t h i s  magnitude are l i k e l y  to  have acted  a long th e  
shanks o f  the Conoco p i l e s  a s  th e  expander m andrels were advanced.

Gaps w i l l  tend to  d evelop  between th e expander mandrel and the ou ter  
s h e l l  on expansion , because o f  t h e ir  d i f f e r e n t  r a d i i .  R adial s o i l  
fo r c e s  w i l l  a c t  to  c lo s e  th e se  gaps, but i t  can be shown th a t  fo r  
r e la t iv e ly  s t i f f  o u ter  s h e l l s ,  such as fo r  th e  Conoco p i l e s ,  sm all gaps 
are l i k e l y  to  remain a f t e r  p i l e  in s t a l la t io n .

1 1 .9 .2 .2  P i le  c a p a c it ie s
The fa c t  th a t th e expanded p i l e s  and th e unexpanded p i l e  were d riven  
in to  com p lete ly  d if f e r e n t  typ es o f  ground p reclu d es any s e n s ib le  
comparison between them. I t  can be seen  from Table 8 .2  th a t the s t a t i c  
c a p a c ity  o f  th e  unexpanded p i l e  was much g r e a te r  than fo r  th e  expanded 
p i l e s ,  both in  te n s io n  and in  com pression.

The i n i t i a l  s t a t i c  t e n s i l e  c a p a c ity  o f  the 3 weak l i n e  P i le  11 (162kN) 
was 17% g rea ter  than fo r  the 1 weak l in e  P i le  4 (139kN). The maximum 
load  recorded in  s t a t i c  com pression fo r  P i le  4 (174kN) i s  s l i g h t l y  low er  
than th ose  fo r  the nearby expanded CP&F p i l e s  2 and 9 (196kN and 182kN), 
d e s p ite  both th e depth o f  embedment and th e percentage expansion  o f  the  
Conoco p i l e  being g r e a te r . I t  would seem th a t th e  much s t i f f e r  o u ter  
s h e l l s  o f  th e  Conoco p i l e s  had a d etrim en ta l e f f e c t  on th e g en era tio n  o f  
in creased  sh a ft  r e s is ta n c e ,  presumably because o f  g r e a te r  over-expan sion
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e f f e c t s .

At th e  to p  o f  P i le  11 th e  o u ter  s h e l l  opened up a lon g  2 o f  th e  3 weak 
l i n e s  (S e c tio n  8 .9 .3 ) .  I t  i s  n ot known whether t h i s  p a tte r n  o f  
deform ation  continued  a lon g  th e  le n g th  o f  th e  p i l e .  I t  i s  planned to  
exhume th e  p i l e s  a t  a  fu tu re  d a te . T h is w i l l  throw some l i g h t  on 
q u e stio n s  regarding th e  modes o f  deform ation  o f  th e  1 weak l i n e  and 3 
weak l i n e  p i l e s .

Under c y c l i c  lo a d in g , th e  unexpanded and th e  expanded p i l e s  responded in  
a  s im ila r  manner. There were no lo s s e s  in  s t a t i c  c a p a c ity  fo llo w in g  
te n s io n  o n ly  c y c l in g , but la r g e  lo s s e s  in  c a p a c ity  fo llo w in g  s t r a in  
c o n tr o lle d  ten sio n /co m p ressio n  c y c lin g  (a  32% lo s s  fo r  th e  unexpanded 
p i l e ,  51% lo s s  fo r  th e  3 weak l i n e  expanded p i l e ) .  T h is behaviour  
accords w ith  o th er  rep orted  c y c l i c  load in g  t e s t s  on p i l e s  in  sands (eg . 
P ou los, 1989).

1 1 .9 .2 .3  O verall c o n c lu s io n s  on t r i a l s
As fo r  th e  CP&F p i l e s ,  some o f  th e  more gen era l im p lic a tio n s  o f  th e  
r e s u l t s  o f  th e  Conoco p i l e  t e s t s  have y e t  to  be f u l l y  d eveloped . T his 
w i l l  req u ire  d is c u s s io n s  w ith  in d u stry . However, th e  very  poor 
perform ance o f  both th e  1 weak l i n e  and 3 weak l i n e  p i l e s ,  in  comparison  
to  nearby CP&F p i l e s ,  su g g e sts  th a t  th ere  i s  l i t t l e  fu tu r e  in  a  
w ed g e-p ile  system  fe a tu r in g  a r e l a t iv e l y  s t i f f  c ir c u la r  o u ter  s h e l l .  
System s fea tu r in g  r e la t iv e l y  f l e x i b l e ,  m u ltip le -e lem en t o u ter  s h e l l s  
are fa r  more prom ising.

For o ffsh o r e  u se , th e  fu n ctio n in g  o f  a  w ed g e-p ile  cou ld  be sep arated  
in to  two a rea s . A low er, cruciform  shaped p a rt o f  th e  p i l e  would serv e  
s o le l y  to  r e s i s t  a x ia l  lo a d s . At th e  top  o f  th e  p i l e ,  th e  o u ter  s h e l l  
cou ld  be s t i f f e n e d  in  order to  d ea l w ith  la t e r a l  lo a d s . Indeed, th e  top  
p art o f  th e  p i l e  cou ld  be a d if f e r e n t  shape to  th e  low er p art: t h i s  
approach could  serv e  to  m aintain  co n v en tio n a l tech n iq u es fo r  
p ile /s t r u c t u r e  co n n ection . I t  would be n ecessa ry  to  overcome e s ta b lis h e d  
th in k in g  w ith in  th e  o ffsh o r e  o i l  and gas in d u stry  in  order to  
s u c c e s s fu l ly  promote such a n ovel p i l in g  s o lu t io n .

11 .10  Expander Mandrel: D riving Forces and D riv ing  E f f ic ie n c y

The r e s u l t s  from th e  expander mandrel e x tr a c tio n  t e s t s  a t  th e  Luton s i t e  
(S e c t io n  4 .7 .8 )  show th a t ( fo r  m u ltip le -e lem en t p i l e s )  th e  l im it in g  
shear s t r e s s  between expander m andrel: o u ter  s h e l l  i s  r e la te d  to  th e  
l im it in g  shear s t r e s s  between o u ter  s h e l l : s o i l  by th e  r a t io  o f  th e  
c o e f f i c i e n t s  o f  f r i c t io n  o f  th e  two d isp lacem ent su r fa c e s . T his i s
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r e a d ily  apparent from a c o n s id e r a tio n  o f  th e  b a s ic  f r ic t io n a l  Equation
11 . 1 .

I f  th e  f r ic t io n a l  c h a r a c te r is t ic s  o f  th e  p i l e  components and th e  s o i l  
are known, e s t im a te s  o f  sh a ft  c a p a c ity  can th e r e fo r e  be made by 
measuring th e  fo rce  or  energy req u ired  to  i n s t a l l  th e  expander mandrel. 
In th e  ca se  o f  d r iven  expander m andrels, such e s t im a te s  would co n ta in  an 
elem ent o f  em piricism , but th e  r e la t io n s h ip  between d r iv in g  energy and 
p i l e  c a p a c ity  would be very  much more d ir e c t  than i s  th e  c a se  fo r  
con ven tion a l p i l e s .  More accu ra te  e s t im a te s  cou ld  be made i f  the  
expander mandrel was jacked  in to  p la c e , and measurements were made o f  
th e jack in g  fo r c e s .  A lte r n a t iv e ly , p i l e s  cou ld  be e a s i l y  p roof te s te d  
a f t e r  in s t a l la t io n  by jack in g  th e  expander mandrel a  sh o rt d is ta n c e  
a g a in st  th e  r e a c t io n  o f  th e  o u ter  s h e l l .

At th e  weathered ch a lk  s i t e  a t  Luton, d r iv in g  r e s is ta n c e s  fo r  th e  ou ter  
s h e l l s  were g e n e r a lly  l e s s  than fo r  th e  expander mandrels subsequently  
d riven  in to  them (F igure 4 .2 3 ) .  The low d r iv in g  r e s is ta n c e s  fo r  the  
ou ter  s h e l l s  are c o n s is te n t  w ith  la r g e  pore p ressu res  being generated  by 
th e crush ing a c t io n  o f  th e  o u ter  s h e l l  on th e  ch a lk  during d r iv in g ,  
r e s u lt in g  in  red u ctio n s in  r a d ia l e f f e c t i v e  s t r e s s .  T h is i s  n o rmal fo r  
d riven  p i l e s  in  ch a lk . There was l e s s  d r iv in g  r e s is ta n c e  fo r  the  
sm all-d isp lacem en t cruciform  s h e l l s  than fo r  th e  la rg e -d isp la cem en t box 
s h e l l s ,  a s  i s  to  be exp ected . The g r e a te r  d r iv in g  r e s is ta n c e s  recorded  
fo r  th e  expander mandrels in  comparison to  th e  o u ter  s h e l l s  are due to  
the la r g e  in c r e a se s  in  r a d ia l e f f e c t i v e  s t r e s s  th a t  took  p la c e  during  
expansion .

As d isc u sse d  in  S e c tio n  1 1 .3 .2 ,  th e  d r iv in g  r e s is ta n c e  fo r  expander 
mandrel 2A -  d riven  very  soon a f t e r  th e  o u ter  s h e l l  was d riven  -  was 
l e s s  than fo r  th e box mandrels d riven  a f t e r  lo n g er  p er io d s o f  
c o n so lid a tio n  subsequent to  o u ter  s h e l l  d r iv in g . T h is low er d r iv in g  
r e s is ta n c e  appears to  be a s so c ia te d  w ith  a subsequent low er ca p a c ity  
under t e s t .  Although th e d r iv in g  records are h ig h ly  q u a l i t a t iv e ,  t h is  
fin d in g  p rovid es some ev idence o f  a r e la t io n s h ip  between expander 
mandrel d r iv in g  energy and subsequent p i l e  c a p a c ity .

The most im portant co n c lu s io n  th a t can be drawn from th e d r iv in g  
records a t  th e  BRS s i t e  i s  th a t h igh  e f f ic e n c y  in  th e  gen era tio n  o f  
sh a ft  c a p a c ity  can be ach ieved  by cruciform  w ed g e -p ile s . T his was 
d ra m a tica lly  shown by th e d r iv in g  records fo r  unexpanded Box P i le  5U, in  
comparison to  the d r iv in g  records fo r  expanded Cruciform P i le s  8B and 9A 
( S ec tio n  5 .5 .7 ) .  The combined d r iv in g  energy fo r  th e  s h e l l  and mandrel 
o f  p i l e s  8B and 9A was very  much l e s s  than th e d r iv in g  energy fo r  the
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s h e l l  o f  Box P i l e  5U. Under t e s t ,  however, both  o f  th e  expanded 
cruciform  p i l e s  gave h igh er c a p a c i t ie s  than th e  unexpanded box p i l e .  
T his f in d in g  confirm s th e  b a s ic  W edge-Pile p r in c ip le  o f  lo c a l  and 
p r o g r e ss iv e  expansion .

The r e s u l t s  o f  th e  m in i-p ile  t e s t s  g iv e n  in  Chapter 6 , and th e  
la b o ra to ry  model t e s t s  reported  in  C hapters 2 and 7 , confirm  th a t  th e  
w ed g e-p ile  i s  more e f f i c i e n t  than co n v en tio n a l p i l e s  in  g en era tin g  s h a ft  
r e s is t a n c e .

11.11 C hoice o f  W edge-Pile Type

The c h o ic e  o f  th e  appropriate type o f  w ed g e-p ile  fo r  a  g iv en  s i t u a t io n  
w i l l  be in flu en ce d  by en g in eerin g  and commercial c o n s id e r a tio n s  la r g e ly  
beyond th e  scope o f  t h i s  t h e s i s .  Some o f  th e se  were d isc u sse d  in  Chapter
1. Important co n c lu s io n s  o f  th e  p resen t research  th a t  are  o f  re lev a n ce  
to  th e  c h o ic e  o f  w ed g e-p ile  typ e  are  d escr ib ed  below:

(a ) For g iv en  energy o f  in s t a l la t io n ,  th e  cruciform  p i l e  i s  th e  most 
e f f i c i e n t  p i l e  co n fig u r a tio n  fo r  d evelop in g  s h a ft  c a p a c ity . S h aft  
c a p a c i t ie s  ach ieved  w ith  th e  cruciform  p i l e s  a t  th e  Luton and BRS 
s i t e s  were o n ly  s l i g h t l y  l e s s  than th o se  ach ieved  w ith  th e  box 
p i l e s ,  but th e  o v e r a l l  d r iv in g  e n e r g ie s  in vo lved  were much l e s s ,  
p a r t ic u la r ly  a t  th e  s t i f f  c la y  s i t e .

(b) The t r i a l s  a t  Hermitage show th a t  i t  i s  p o s s ib le  to  reduce th e  
d r iv in g  energy o f  th e  o u ter  s h e l l  by making u se  o f  an o v e r -s iz e d  
d r iv in g  shoe.

(c )  In  weathered ch a lk , th e  g r e a te r  com pacting a c t io n  o f  th e  box p i l e s  
in  com parison to  th e  cruciform  p i l e s  gave r i s e  to  s t i f f e r  p i l e  
response and b e t te r  p i l e  performance under c y c l i c  lo a d in g . T his  
behaviour was in  la r g e  measure due to  th e  nature o f  ch a lk , but 
s im ila r  b e n e f it s  may w e ll r e s u l t  from th e  u se  o f  la r g e -  
disp lacem ent type w ed g e-p ile s  in  lo o s e  sands or  poor ground.

(d) I t  i s  c le a r  from th e  m in i-p ile  and th e  la b o ra to ry  model t e s t s  th a t  
2-way expansion  or ' s p l i t  tu b e ’ expansion  g iv e s  r i s e  to  
s ig n i f ic a n t ly  low er in c r e a se s  in  c a p a c ity  than 3 or 4-way 
expansion .

(e )  The r e s u lt s  from th e  num erical model stud y  show th a t th e  nose  
p r o f i l e  o f  th e  expander mandrel p la y s  a v ery  im portant p a rt in  
determ ining th e  sh a ft  c a p a c ity  o f  w e d g e -p ile s , because o f  th e
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e f f e c t  o f  th e  nose p r o f i l e  on th e  amount o f  over-exp an sion  o f  th e  
o u ter  s h e l l .

( f )  The more f l e x i b l e  th e o u ter  s h e l l ,  th e  l e s s  th e  l ik e lih o o d  o f  
sev ere  over-exp an sion . Thin o u ter  s h e l l s  which a c t  s o l e l y  a s  an 
in te r fa c e  w ith  th e  ground w i l l  be r e la t iv e l y  f l e x i b l e .  I f  th e  
o u ter  s h e l l  i s  requ ired  to  a c t  a s  a  load  carry in g  member, however, 
a s t i f f e r  o u ter  s h e l l  w i l l  be needed and th e  load  carry in g  
requirem ents w i l l  c o n f l i c t  w ith  th e  d e s ir e  fo r  member f l e x i b i l i t y .  
In t h is  s i t u a t io n ,  th e  member s i z e  must be s e le c te d  to  g iv e  an 
optimum s o lu t io n .

(g) A q u estio n  th a t has r e g u la r ly  been r a ise d  in  d is c u s s io n s  w ith  
in d u stry , and which i s  r e lev a n t to  ( f )  above, i s  th e  problem o f  
co rro sio n  o f  s t e e l  o u ter  s h e l l s .  The t r a d it io n a l  method o f  
co rr o sio n  p r o te c t io n  in  th e ca se  o f  s t e e l  p i l e s  i s  to  in c r e a se  p i l e  
member th ic k n e s se s , in  order to  provide ' s a c r i f i c i a l ’ s t e e l .  I t  has 
been found th a t i f  such an approach i s  adopted fo r  w ed ge-p ile  
d es ig n , and th e  co rr o sio n  r a te s  adopted are c o n se r v a tiv e , th e  o u ter  
s h e l l  member s i z e s  requ ired  are o f te n  such th a t th ey  would be too  
exp en sive  fo r  th e  W edge-Pile to  be co m p etitiv e  w ith  o th er  p i l in g  
methods. Two p o in ts  are re lev a n t h ere . F ir s t ly ,  research  has shown 
th a t the underground co rro sio n  o f  s t e e l  p i l e s  d r iven  in to  
undisturbed  s o i l s  i s  n e g l ig ib le ,  ir r e s p e c t iv e  o f  th e  s o i l  type  
and c h a r a c te r is t ic s  (B r it is h  S te e l  C orporation (BSC), 1978). 
Secondly, r e la t iv e ly  cheap and durable p a in ted  c o a tin g s  are now 
a v a ila b le  to  p r o te c t  r e l ia b ly  s t e e l  p i l e s  near ground le v e l  or in  
circum stances where co rro sio n  may be more s ig n i f ic a n t  than i s  
norm ally th e c a se  ( e .g .  in  marine environm ents) (BSC, 1979; 1987).

(h) The ' s p l i t - t u b e ’ type p i l e  has advantages over o th er  w ed ge-p ile  
ty p es in  terms o f  fa b r ic a t io n  and in s t a l la t io n .  However, th ere  
appear to  be two major d isad vantages o f  th e  s p l i t - t u b e  id ea . 
F ir s t ly ,  the c a p a c ity  o f  a  1 weak l i n e  p i l e  has been shown to  be 
s ig n i f ic a n t ly  l e s s  than th a t o f  an e q u iv a le n t 3 or 4 weak l in e  
p i l e .  Secondly, th e  use o f  a th ic k  w alled  tube req u ires  la r g e  
fo r c e s ,  independent o f  s o i l  fo r c e s , to  open out the o u ter  s h e l l  and 
m aintain  i t  in  p o s it io n .  These fo r c e s  w i l l  r e s u lt  in  h igh  d r iv in g  
e n e r g ie s , which may make su c c e s s fu l in s t a l la t io n  o f  th e  expander 
mandrel im p o ss ib le .

11 .12  W edge-Pile D esign

The e s s e n t ia l  requirem ents fo r  economic and r e l ia b le  p i l e  d es ig n  are a
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sound u n derly in g  th e o r e t ic a l  framework, to g e th e r  w ith  s u f f i c i e n t  
supporting p i l e  t e s t  d a ta .

The W edge-Pile concept i s  based on sound s o i l  m echanics th eo ry . In  th e  
medium to  long term -  g iv e n  s u f f i c i e n t  reso u rces  -  t h i s  un derly in g  
th eo ry , in  com bination w ith  an in c r e a s in g  amount o f  t e s t  d a ta , should  
enab le much more r e l ia b le  and p r e d ic ta b le  p i l e  d es ig n  than i s  c u r r e n tly  
p o s s ib le  w ith  co n v en tio n a l p i l in g  tech n iq u es. At th e  p resen t tim e, 
however, t e s t  d ata  on th e  W edge-Pile are s t i l l  in s u f f i c i e n t  by 
in d u s tr ia l  standards; and some key s o i l  m echanics q u estio n s  remain to  
be answered.

In  th e  sh o rt to  medium term , i t  i s  proposed th a t  w ed g e-p ile  d e s ig n  
should  be on th e b a s is  o f  * fa c to r s  o f  in cr ea se  *. With t h i s  system , th e  
sh a ft  c a p a c ity  o f  a  w ed g e-p ile  would be c a lc u la te d  i n i t i a l l y  a s  fo r  a  
con ven tion a l p i l e .  A fa c to r  o f  in c r e a se  in  s h a ft  c a p a c ity  due to  
expansion  would then  be a p p lied . The v a lu e  o f  th e  fa c to r  o f  in c r e a se  
would depend on th e  s o i l  type and would be h igh er  in  th e  c a se  o f  sands 
than fo r  c la y s .  A d es ig n  ch art ak in  to  F igure 11 .6  cou ld  be d e v ise d . The 
r e l i a b i l i t y  o f  such a ch art would improve a s  th e  amount o f  a v a ila b le  
t e s t  data  in crea sed .

In th e  medium to  lon g-term , i t  i s  proposed th a t  th e  s h a ft  c a p a c ity  o f  a  
w ed g e-p ile  cou ld  be r e la te d  to  th e  l im it in g  p ressu re  a v a ila b le  by c a v ity  
expansion  in  th e  s o i l .  The l im it in g  p ressu re  cou ld  be e stim a ted  
t h e o r e t ic a l ly  i f  s tren g th  param eters and i n - s i t u  s t r e s s e s  were known, or  
cou ld  be measured d ir e c t ly  by pressurem eter t e s t s .  I t  i s  thought th a t  
a  prom ising l i n e  o f  approach i s  th e  developm ent o f  a  sem i-em p ir ica l 
method making u se  o f  DMT p r o f i l e s .  The s u c c e s s fu l a p p lic a t io n  o f  such  
methods o f  d es ig n  w i l l  req u ire  a  more e x te n s iv e  range o f  t e s t  d a ta  than  
i s  a v a ila b le  a t  p r e se n t, in c lu d in g  d ata  from instrum ented p i l e s  on 
th e  d e ta i le d  s t a t e  o f  s t r e s s  around an exp>anded p i l e  a f t e r  in s t a l la t i o n  
and during load in g  (s e e  S e c tio n  11 .13  below ).

11.13 S u ggestion s fo r  Further Research

The research  d escr ib ed  in  t h i s  t h e s i s  has dem onstrated th e  b a s ic  
p r in c ip le s  o f  th e  W edge-Pile p r o c e ss . In th e  l i g h t  o f  th e  work to  d a te , 
th ere  are se v e r a l areas in  which i t  i s  con sid ered  th a t more d e ta i le d  
research  i s  now m erited . Some su g g e stio n s  fo r  fu r th er  research  a re  g iv en  
below:

(a ) Pressurem eter t e s t in g :
Pressurem eter t e s t in g  p rov id es a ready means o f  in v e s t ig a t in g  th e  s t r e s s
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changes th a t  occur during and a f t e r  th e  expansion  o f  a  c a v i ty  in  th e  
ground. However, because most t e s t in g  undertaken w ith  p ressurem eters i s  
d esign ed  fo r  th e  measurement o f  s o i l  p r o p e r t ie s , t e s t s  th a t  would be o f  
p a r t ic u la r  re lev a n ce  to  th e W edge-Pile concept are u s u a lly  e i th e r  not 
performed or e l s e  n ot rep orted . A s p e c ia l ly  d esign ed , thorough programme 
o f  t e s t s  w ith  th e  FDPM cou ld  answer many o f  th e  q u estio n s  regarding th e  
W edge-Pile expansion  p ro cess  r a ise d  e a r l ie r  in  t h is  Chapter. Such a t e s t  
programme would in c lu d e t e s t s  a t  d if f e r e n t  s t r a in  r a te s ,  and would pay 
p a r t ic u la r  a t te n t io n  to  s t r a in  ho ld in g  t e s t s  in  order to  model th e  
in s t a l la t io n  o f  an expanded p i l e  and to  in v e s t ig a te  s t r e s s  changes  
occurring  during c o n so lid a tio n  a f t e r  expansion . 'Long-term* s tr a in  
hold in g  t e s t s ,  p a r t ic u la r ly  in  c la y  s o i l s ,  could  be performed in  order  
to  in v e s t ig a te  p o s s ib le  red u ction s in  <xr' w ith  tim e due to  creep  e f f e c t s .  
The le n g th  o f  tim e over which such t e s t s  cou ld  be h eld  would depend upon 
th e c a p a b i l i t i e s  o f  th e  FDPM co n tr o l system .

An FDPM instrum ent in corp oratin g  a pore p ressu re transducer would a llow  
d ir e c t  measurement o f  changes in  e f f e c t i v e  s t r e s s  around th e  expanded 
c a v ity .  T his was not p o s s ib le  w ith  th e  instrum ent used a t  th e  Luton and 
BRS s i t e s .

I t  was i n i t i a l l y  en visaged  th a t th e  FDPM te s t in g  programmes a t  Luton 
and BRS would be more e x te n s iv e . T his was not p o s s ib le ,  however, because  
th e h igh  overhead c o s t s  o f  th e  Fugro t e s t in g  truck  meant th a t Fugro 
cou ld  o n ly  a llo w  i t  to  be used fr e e  o f  charge fo r  a very  l im ite d  p eriod . 
I f  funds cou ld  be found to  h ir e  th e  truck  and FDPM fo r  1 to  2 weeks, 
say , i t  i s  f e l t  th a t in v a lu a b le  d ata  cou ld  be gathered .

(b) Expander mandrel nose p r o f i le :
The essen ce  o f  th e  W edge-Pile p ro cess  i s  th a t i t  i s  a c o n tr o lle d  method 
o f  m axim ising p i l e  sh a ft  ca p a c ity : the means o f  ach iev in g  t h is  co n tr o l  
i s  th e  expander mandrel nose p r o f i l e .  D esign o f  th e  nose p r o f i l e  
th ere fo re  h o lds th e  key to  the p r o cess . I t  i s  su ggested  th a t -  w ith  the  
a id  o f  th e  num erical model d escr ib ed  in  Chapter 10 -  'standard* nose  
p r o f i l e s  should be developed , in  order to  s tan d ard ise  fu tu re  t e s t  data  
and to  provide th e  b a s is  fo r  p ro to typ e  nose p r o f i l e s  fo r  use in  c i v i l  
en g in eerin g  p r a c t ic e .

I t  i s  su ggested  th a t a t te n t io n  should be concentrated  on d evelop ing  
r e la t iv e ly  sim ple and e a s i ly  fa b r ic a te d  nose p r o f i l e s .  Comparative f i e l d  
t r i a l s  should  be c a rr ied  out u sin g  d if f e r e n t  nose ty p e s . A 'fu lly -B lu n t*  
p la in -en d ed  expander mandrel cou ld  be used to  provide a s u ita b le  co n tro l  
in  such t r i a l s .
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(c )  T e s ts  on instrum ented w e d g e -p ile s :
In  com bination w ith  (a ) and (b) above, i t  i s  su g g ested  th a t  c a r e f u l ly  
instrum ented la b o ra to ry  model t e s t s  should  be performed to  in v e s t ig a te  
th e s t r e s s  changes th a t  occu r around a w ed g e-p ile  during i n i t i a l  
in s t a l la t io n ,  expansion , and subsequent t e s t in g .  Another im portant stu d y  
which cou ld  be made in  th e  la b o ra to ry  i s  th e  in v e s t ig a t io n  o f  th e  
r e la t iv e  p a ttern s  o f  f a i lu r e  in  th e  s o i l  a lo n g s id e  expanded and 
unexpanded p i l e s .  The la b o ra to ry  t e s t in g  might p o s s ib ly  be augmented in  
due cou rse by t e s t s  in  th e  f i e l d  w ith  an instrum ented w e d g e -p ile . Such 
lab ora tory  and f i e l d  t e s t s  would in v o lv e  th e  developm ent and d e ta i le d  
d esig n  o f  appropriate in stru m en ta tion  fo r  th e  p i l e s .

(d) Development o f  new w ed g e-p ile  embodiments:
There i s  much scope fo r  th e  fu r th e r  in v e s t ig a t io n  and developm ent o f  
d if f e r e n t  ty p es o f  W edge-Pile. D iscu ss io n s  w ith  p i l in g  s p e c i a l i s t s  has  
been found to  be very  u se fu l when d evelop in g  new id e a s .

Some o f  th e  d if f e r e n t  p o s s ib le  embodiments o f  W edge-Pile have been  
o u tlin e d  in  S e c tio n  1 .3  o f  t h i s  t h e s i s .  An im portant area  fo r  fu tu re  
research  i s  con sid ered  to  be th e  development o f  a  ' r e -u sa b le  ’ expander 
mandrel (S e c t io n s  1 .3 .1 .2 ,  1 .3 .4 ) .  I f  a  re -u se a b le  expander mandrel 
cou ld  be developed , la r g e  sa v in g s  in  p i l e  m ater ia l c o s t s  cou ld  be made, 
in  comparison to  w ed g e-p ile  system s employing a permanent expander  
mandrel. I t  i s  thought th a t th e  development o f  a  r e -u se a b le  mandrel 
system  would probably b e s t  be undertaken a t  near f u l l  s c a le ,  in  
con ju n ction  w ith  a p i l in g  co n tr a c to r .

(e )  Development o f  d es ig n  methods:
D iffe r e n t  d es ig n  approaches th a t  cou ld  adopted fo r  th e  W edge-Pile were 
g iven  in  S e c tio n  1 1 .12 . F ie ld  t r i a l s  o f  w ed g e -p ile s  a t  e s ta b lis h e d  
g eo tec h n ic a l t e s t  s i t e s ,  where i n - s i t u  s o i l  t e s t in g  and t e s t s  on  
con ven tion a l p i l e s  have been c a r r ie d  out p r e v io u s ly , would provide th e  
b est means o f  p rovid in g  th e  d ata  n ecessary  to  d evelop  such d es ig n  
methods in  d e t a i l .
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U p w a r d  D i s p l a c e m e n t : mm

P i l e X e x p a n s io n T e s t Max. Load S h a f t f r i c t i o n F a c to r o f  i n c r e a s e
No. w id th X -a re a No. ( G r o s s ) (A) (D) Max. lo a d S h a f t  f r i c t i o n

(kN) ( k P a ) ( k P a )

1U - - 1U.2 6 6 .4 2 4 .0 _ _ _
1U.3 7 9 .1 2 8 .8 - 0 . 0 0 . 0

1A 14.3 3 0 .6 1A.1 3 0 2 .8 98 .5 141 .3 3 .83 3 .4 2  -  4 .9 1
2a 14.3 3 0 .6 2a . 1 2 3 2 .7 74 .1 106 .9 2 .94 2 .5 7  -  3 .7 1

2B 21.4 4 7 .4 2B. 1 3 3 5 .0 100.9 154.7 4 .2 3 3 .5 0  -  5 .37

Figure 11.1 Luton s i t e :
Summary o f  i n i t i a l  load in g s o f  Box P i le s
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U p w a r d  D i s p l a c e m e n t : mm

Figure 11.2  Luton s i t e :
Summary o f  i n i t i a l  lo a d in g s on cruciform  p i le s



P
il

e
 

ra
d

ia
l 

e
ff

e
ct

iv
e

 
st

re
ss

 /
 F

D
P

M
 

to
ta

l 
p

re
ss

u
re

: 
kP

a

1500 r

1250

1000
FDPM T e s t  3 

(7.0 m)

20

□ 2B 

1+ 3B

___i
22

Figure 11.3 Comparison o f  deduced values o f oj actin g  on p i le s  
and to ta l  ra d ia l s tr e s s e s  measured in  FDPM t e s t s



U p w a r d  D i s p l a c e m e n f : mm

Figure 11.4  BRS s i t e :
Summary o f  in i t ia l - lo a d in g s  on box p i l e s
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Figure 11.5 BRS s i t e :
Summary o f i n i t i a l  load ings on cruciform p i le s
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Sheppey BRS
Firm high p las t i c i t y  Firm medium plast ic i ty
London clay glac ia l  t i l l

60% 41%Clay fraction

0% 10% 
Holland Park
Clay f i l l  with 
sand and gravel

10 - 20%
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Send Court
Loose f ine to 
medium sand

< 10%

Figure 11 .6  Cruciform Type I I  m in i-p ile  t e s t s :  
Summary o f  r e s u lt s
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Cementation piles -  plastic outer shell

------Unexpanded pile
-------Expanded pile

Outer shell driving energy 
given in k j

a ito
to

400 -

Displacement (mm)

Figure 11.7 CP&F p la s t ic  p ile s :
load:displacem ent curves



Expanded

Figure 11 .8  CP&F p i le s :
P i le  ca p a c ity  a g a in s t  P i le  d r iv in g  energy
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-------------- Unexpanded pile

Displacement (mm)

Figure 11.9 CP&F s t e e l  p i le s :
load:displacem ent curves



p p

For a com p lete ly  'f la tte n e d *  o u ter  s h e l l ,

o u ts id e  perim eter o f  mandrel -  in s id e  perim eter o f  s h e l l x  360
2 x o u ts id e  p erim eter o f  mandrel

203 ,2  -  182.5  
2 x 203.2

x 360 = 18.3° say  20°

For o . = 20°

Mmax = P x R , occuring a t  0 = 110°

3
Myieid = 1 .23 xlO Ninm/mm 

P = 13N/mm

R esu ltan t force/mm = 13 x (2 + 2cos20° ) = 50 .4  = say  50N/mra

T his i s  eq u iv a len t to  a r a d ia l s t r e s s  a c t in g  o f

5 0 .4A  x 193.7 = 0 . 083N/mm2 = 83kPa a t  y ie ld

Figure 11 .10  'S t if f*  c ir c u la r  o u ter  s h e l l :  expansion  fo r c e s
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S o i l P i l e P i l e P i l e  Length f u l l y Amount Unexpanded Expanded F a c to r
type type width le n g th  expanded o f  expansion c a p a c i ty c a p a c i ty o f  in c r e a s e

( - > (■) (X) (X) (kN) (kN)

Luton s i t e

Weathered ch a lk Box 140 5 .0 - 5 .1  80 14 .3 ,  21.4 79 233-335 2 .9 4 -4 .2 3
Cruciform 140 5.2  90 1 0 .7 ,  21.4 50 211-304 4 .1 8 -6 .0 4

BBS s i t e

S t i f f  bo u ld e r Box 140 4 .9 - 5 .0  80 14 .3 ,  21.4 202 297-352 1 .4 7 -1 .7 5
c la y Cruciform 140 5 .0  91 10 .7 ,  21.4 115 229-242 2 .0 0 -2 .1 1

M in i - p i l e s  

Firm weathered Cruciform 11 100 1.25 94 6, 10 7 .8 1 0 .9 -1 2 .6 1 .3 9 -1 .6 2
London c la y  

Firm b o u ld e r  c la y Cruciform I I 100 1.25 94 6, 10 5.4 9 .8 -1 1 .4 1 .8 1 -2 .1 0
( p a r t l y  reworked) H s e c t io n 100 1.25 90 6, 10 7 .3 8 .4 - 8 .6 1 .1 5 -1 .1 8

Clayey g ra v e l Cruciform I I 100 1.25 94 10 2 .0 19.2 9 .60

Very lo o s e  c lay e y Cruciform II 100 1.25 94 6, 10 6.2 2 2 .1 -2 6 .1 3 .5 6 -4 .2 1
sand o v e r ly in g H s e c t io n 100 1.25 90 10 24.7 37.3 1.51
d en se r  f i n e  sand

Model p i l e s  

Fine sand Cruciform 20 0.20 85 5-20 2 .6 - 3 .8

Table 11,1 M ultiple-elem ent w edge-p iles: overview o f r e su lts



*sf Ks
min max min max min max

(kPa) (kPa) (kPa) (kPa)

Box P i le s

1U 28 .8 4 2 .7 1.1

1A 98 .5 141.3 146.0 209.5 4 .0 5 .7
2A 74.1 106.9 109.9 158.5 3 .0 4 .4
2B 100 .9 154.7 149.6 229.4 4 .1 6 .2

Cruciform P i le s

3U 23 .3 32 .1 0 .8

4A 127.8 160.8 175.9 221.3 4 .8 6 .0
3B 77 .2 110.5 106.3 152.1 2 .9 4 .1

N otes: 1. Minimum v a lu es  correspond w ith  p i l e  perim eter  *A’
Maximum v a lu es  correspond w ith  p i l e  p erim eter 'D*

- 0
2. 6' = 34 assumed fo r  box p i l e s

- O
5' = 36 assumed fo r  cruciform  p i l e s

Table 11 .2  Luton s i t e :
Deduced v a lu es  o f  r a d ia l e f f e c t i v e  s t r e s s  a/ 
and r a d ia l s t r e s s  fa c to r  Ks a c t in g  on t e s t  p i l e s
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T est F in a l F in a l Increm en ta l Maximum In c . f a i l ,  load Load in c r e a s e Load in c r e a s e
No. In c .  load c reep  r a t e f a i l u r e  7 CRE load CRE f a i l ,  load f a c t o r * f a c t o r ^

(kN) (■■/min) (kN)

Box D i le s

517.1 156.1 0.0075 no 201 .8 0.77 1.00 1.00
5U.2 177.3 0.049 no - -

5B.1 299.7 1.47 yes _ -

5B.2 293.0 0.11 yes 297.4 0.99 1.47 1.47
5B.3 - - - 276.3 -

6U.1 103.8 0 .01 no 133.6 0.78

7a . 1 303.6 0.022 no - -

7 A. 2 343.8 0.075 no - -
7a . 3 337.9 0 .10 yes 352.5 0.96 1.75 1.75

Cruciform  D i le s

8(7.1 114.7 0.11 yes - - 1.00 0.57
817.2 114.5 0.42 yes - -

8B. 1 198.9 0.15 yes - -

8B.2 241.6 0.38 yes - - 2.11 1.20
8B.3 231.2 0.64 yes 226 .0 1.02
8B.4 211.8 1.00 yes 207.7 1.02

9A.1 208.1 0.059 no - -

9 A. 2 229.3 0.30 yes - - 2 .00 1.14
9a . 3 220.8 1.44 yes 209.8 1.05

Notes:

1. Ratio of the maximum recorded load for each pile configuration, to the respective 
maximum loads for the unexpanded box pile and unexpanded cruciform pile.

2. Ratio of the maximum recorded load for each pile configuration, to the maximum 
recorded load for the unexpanded box pile.

Table 11.3 BRS s i t e :  Comparison o f p i le  t e s t  r e su lts
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Assumed v a lu es Deduced v a lu es
o f  S' o f Ks

Cruciform Box
p i l e p i l e

17° 4 .6 6 .3

to o o 3 .8 5 .3
25° 3 .0 4 .1

CO o o 2 .4 3 .3
35° 2 .0 2 .7

Table 11 .4  BRS s i t e ,  unexpanded p i l e s :
Deduced v a lu e s  o f  Ks fo r range o f  assumed v a lu es

P i le
t e s t

%
min

(kPa)
max

(kPa)
min

(kPa)
max

(kPa)

Box P i le s

5U.1 72 .7 155.9 237 .8

7A.3
5B.2

109.6
88 .0

156.9
134.2

235.0
188.7

513.2
4 38 .9

Cruciform P i le s

8U.1 53 .0 113.7 173.4

9 A. 2 
8B.2

9 3 .7
86 .2

118.2
121.9

200.9
184.9

386.6
398 .7

N o tes: 1 . % min r e fe r s  to  p i l e  perim eter ‘A’

*sf max r e fe r s  to  p i l e  perim eter 'D’

2 . min g iven  by assuming r^min, S' = 25

5>' max g iven  by assuming tSj max, S' = 17

Table 11 .5  BRS s i t e :
Deduced v a lu e s  o f  r a d ia l e f f e c t i v e  s t r e s s  a/ 
and r a d ia l s t r e s s  fa c to r  Ks a c t in g  on t e s t  p i l e s
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CHAPTER 12
SUMMARY AND CONCLUSIONS

12.1  The W edge-Pile

1 2 .1 .1  Measurements and p r e d ic tio n s  o f  r a d ia l e f f e c t i v e  s t r e s s e s  a c t in g  
on con ven tion a l p i l e s  a t  fa i lu r e  have shown th a t  th ey  are u s u a lly  
much l e s s  than th o se  v a lu e s  p o t e n t ia l ly  a v a ila b le ,  p a r t ic u la r ly  in  
sands. Even fo r  la r g e -d isp la cem en t p i l e s ,  v a lu e s  o f  r a d ia l e f f e c t i v e  
s t r e s s  e x is t in g  a f t e r  p i l e  in s t a l la t io n  are o fte n  n ot much g r e a te r  than  
th e  o r ig in a l  v a lu es  e x is t in g  b efore in s t a l la t io n .  G reater v a lu es  o f  
r a d ia l e f f e c t i v e  s t r e s s  can be m ob ilised  by r a d ia l expansion  in to  
th e  ground. This i s  r e a d ily  dem onstrated by pressurem eter t e s t s .  Simple 
th eo ry  su g g ests  th a t in c r e a se s  in  p i l e  c a p a c ity  o f  around two tim es in  
c la y s  and in  e x c e ss  o f  te n  tim es in  sands are p o s s ib le ,  by r a d ia l ly  
expanding a  p i l e  a long i t s  le n g th .

1 2 .2 .2  P ro fe sso r  J .B . Burl and has d ev ised  and p aten ted  a sim ple means 
o f  expanding a p i l e  or  anchorage a f t e r  i t  has been in s t a l le d  in  th e  
ground -  th e  W edge-Pile. The p rocess in v o lv e s  two main components:

(a ) The o u ter  s h e l l
(b) The expander mandrel

The p ro cess  c o n s is t s  o f  in s t a l l in g  th e  o u ter  s h e l l  in  th e  ground, and 
then  expanding i t  r a d ia l ly  along i t s  le n g th  by p a ssin g  an expander 
mandrel through i t .  V arious d if f e r e n t  embodiments o f  w ed g e-p ile  are  
p o s s ib le ,  but the underly ing  p r in c ip le  i s  th e  same in  each c a se .  
Expansion tak es p la ce  l o c a l ly  and p r o g r e s s iv e ly , in  th e  form o f  a wave 
moving down the s h e l l .  The key to  the p ro cess  l i e s  in  th e  f a c t  th a t  th e  
fo rce  requ ired  to  expand th e s h e l l  in  t h i s  way i s  very  much l e s s  than  
th e  fo rce  required  to  expand th e s h e l l  s im u ltan eou sly  over i t s  whole 
le n g th . The magnitude o f  th e  fo rce  requ ired  to  p rogress the expansion  
can be c o n tr o lle d  by th e  p r o f i l e  o f  the nose o f  th e  expander mandrel and 
by th e  f l e x i b i l i t y  o f  th e  o u ter  s h e l l .

12 .2  Summary o f  Work Undertaken

1 2 .2 .1  In v e s t ig a t io n s  have been undertaken a t  Im perial C o lleg e  in  order  
to  dem onstrate the p r in c ip le  o f  th e  W edge-Pile. These have taken p la ce  
in  th e  the f i e l d  w ith  6m and 1.5m long p i l e s ,  in  th e  lab o ra to ry  w ith

530



s m a ll- s c a le  m odels, and w ith  computer m odels

1 2 .2 .2  Three ty p es  o f  * m u ltip le -e lem e n t * w ed g e-p ile  have been  
in v e s t ig a te d . T his ty p e  o f  w ed g e-p ile  has an o u ter  s h e l l  com prised o f  
sep a ra te  e lem en ts, i n i t i a l l y  h e ld  to g e th e r  tem p orarily  and d riven  as  
on e, and then su bseq u en tly  s p l i t  ap art during expansion . The th ree  ty p es  
in v e s t ig a te d  were th e  cruciform  p i l e ,  in  which th e  o u ter  s h e l l  i s  
com prised o f  fou r equal an g le  s e c t io n s  h e ld  'b a ck -to -b a ck * ; th e  box 
p i l e ,  in  which fou r equal a n g le s  are  h e ld  in  a  box co n fig u ra tio n ; and 
th e  H -p ile , in  which two channel s e c t io n s  are h e ld  'b ack -to-b ack * . 
I n v e s t ig a t io n s  have a ls o  been c a r r ie d  ou t on c ir c u la r  tube w ed g e -p ile s . 
T h is typ e o f  w ed g e-p ile  fe a tu r e s  an o u ter  s h e l l  com prised o f  a  c ir c u la r  
tu b e , w ith  one or  more lo n g itu d in a l weak l i n e s  o r  s p l i t s  in  th e  tube  
which can be opened up to  a llo w  expansion .

1 2 .2 .3  Laboratory t e s t s  w ith  sm all model cruciform  p i l e s  in  beds o f  sand 
showed fa c to r s  o f  in c r e a se  in  p i l e  c a p a c ity  a f t e r  expansion  o f  around 3 
to  4 . The expanded p i l e s  requ ired  s ig n i f i c a n t ly  l e s s  energy to  i n s t a l l  
fo r  g iv en  p i l e  c a p a c ity  than d id  t r a d it io n a l  d r iven  p i l e s .

1 2 .2 .4  T ests  w ith  6m lo n g , 140mm wide s t e e l  cruciform  and c lo sed -en d ed  
box p i l e s  have been performed in  a  h ig h ly  w eathered (Grade VI) ch alk  
p r o f i l e .  I t  was found th a t  th e  s h a ft  c a p a c ity  o f  p i l e s  in  t h i s  s o i l  
p r o f i l e  cou ld  be g r e a t ly  in crea sed  by r a d ia l exp an sion . The unexpanded 
cru ciform  and box p i l e s  gave average s h a ft  f r i c t io n s  o f  l e s s  than 30kPa. 
When expanded by between 11% and 21% o f  i n i t i a l  p i l e  w idth , however, 
average s h a ft  f r ic t io n s  in  e x c e ss  o f  lOOkPa and a s  h igh  a s  160kPa were 
o b ta in ed . The s t a t i c  s h a ft  f r i c t io n  o f  th e  expanded cruciform  p i l e s  was 
s im ila r  to  th a t  o f  th e  expanded c lo sed -en d ed  box p i l e s ,  but th e  
cruciform  p i l e s  had advantages in  t h e ir  e a se  o f  d r iv in g . The expanded 
box p i l e s  tended to  be s t i f f e r  in  t h e ir  response to  load  than th e  
expanded cruciform  p i l e s ,  however. Under la r g e  one-way c y c l i c  load s (o f  
th e  order o f  h a lf  th e  s t a t i c  c a p a c ity ) ,  th e  expanded cruciform  p i l e  
showed s ig n i f ic a n t  d egradation  o f  carry in g  c a p a c ity  wheareas th e  
expanded box p i l e  appeared to  be u n a ffe c te d . T h is i s  thought to  be due 
to  th e  compaction o f  th e  h igh  p o r o s ity  ch a lk  s tr u c tu r e  during d r iv in g  o f  
a  box p i l e .  Any p i l e  or  anchor in  ch a lk  which does not compact th e  
surrounding ch alk  during in s t a l la t io n  i s  l i k e l y  to  be prone to  
s ig n i f ic a n t  lo s s  o f  s h a ft  c a p a c ity  under la r g e  c y c le s  o f  lo a d . T ests  on 
expanded p i l e s  l e f t  in  th e ground fo r  between 110 days and 198 days 
showed th a t  th ere  was no obvious tendency fo r  load  ca rry in g  c a p a c ity  to  
d ecrea se  w ith  tim e.

1 2 .2 .5  T ests  w ith  6m lo n g , 140mm wide s t e e l  cruciform  and closed -en d ed
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box p i l e s  have been performed in  a  s t i f f  bou lder c la y  p r o f i l e  o f  
medium p l a s t i c i t y .  In crea ses  in  s h a ft  c a p a c ity  on expansion  (by between  
11% and 21% o f  i n i t i a l  p i l e  w idth) o f  around 2 tim es were found in  t h i s  
s o i l  p r o f i l e :  th e  unexpanded p i l e s  g iv in g  average s h a ft  f r ic t io n s  o f  
between 50kPa and 75kPA and th e  expanded p i l e s  g iv in g  average sh a ft  
f r i c t io n s  between lOOkPa and 150kPa. As fo r  th e  t e s t s  in  the chalk  
p r o f i l e ,  th e  expanded cruciform  p i l e s  showed major advantages over th e  
expanded box p i l e s  in  t h e ir  ea se  o f  d r iv in g . A lso  a s  b e fo r e , t e s t s  on 
expanded p i l e s  l e f t  in  th e  ground fo r  between 124 and 310 days showed no 
obvious tendency fo r  load  carry in g  c a p a c ity  to  d ecrease  w ith  tim e.

1 2 .2 .6  At th e  two t e s t  s i t e s  d escr ib ed  above, th e  deduced r a d ia l  
e f f e c t i v e  s t r e s s e s  a c t in g  on th e  expanded p i l e s  a t  f a i lu r e  were much 
l e s s  than th o se  apparently  a v a ila b le  when expanding a pressurem eter  
in  th e  same s o i l  p r o f i l e .  There are a  number o f  p o s s ib le  reasons for  
th e se  d if f e r e n c e s ,  but a major fa c to r  i s  thought to  be over-expansion  
e f f e c t s  a s  summarised in  S ec tio n  1 2 .2 .9  below . At each o f  th e  s i t e s ,  
th ere  was r e la t iv e ly  l i t t l e  d if fe r e n c e  in  load  carry in g  c a p a c ity  fo r  the  
expanded p i l e s  fo r  expansions ranging between 11% and 21% o f  i n i t i a l  
p i l e  w id th .

1 2 .2 .7  T e s ts  w ith  1.5m lo n g , 100mm wide s t e e l  cruciform  and H -sec tio n  
m in i-p i le s  have been made in  a range o f  s o i l  p r o f i l e s .  Expansion by 
6% and 10% o f  i n i t i a l  m in i-p ile  w idth gave in crea sed  c a p a c ity  in  a l l  
s o i l  p r o f i l e s ,  th e  amount o f  in cr ea se  being g r e a te r  in  sands and in  
s o i l s  w ith  a s ig n if ic a n t  granular co n ten t, in  com parison to  c la y s .  T ests  
on cruciform  m in i-p ile s  gave in c r e a se s  in  c a p a c ity  ranging from 1 .6  
tim es in  weathered London c la y  to  9 .6  tim es in  a c la y e y  g r a v e l. Expanded 
m in i-p ile  c a p a c ity  showed s ig n i f ic a n t ly  l e s s  v a r ia t io n  between s i t e s  in  
com parison to  unexpanded m in i-p ile  c a p a c ity . The * 2-w ay’ H -sec tio n  
m in i-p ile  gave s ig n i f ic a n t ly  low er in c r e a se s  in  c a p a c ity  than th e  
*4-w ay’ cruciform  m in i-p ile .

1 2 . 2 .8  Laboratory model t e s t s  have been undertaken which have 
dem onstrated the p o te n t ia l  o f  th e  W edge-Pile p r in c ip le  in  s o i l  
rein forcem ent p ro cesse s .

1 2 . 2 .9  Computer programs based on an i t e r a t iv e  num erical method have 
been developed  in  order to  model th e  m echanical expansion  p rocess  
o f  m u ltip le -e lem en t w e d g e -p ile s . Using th ese  programs i t  has been found 
th a t  th e  r a d ia l s t r e s s e s  generated  on expansion are s e n s i t iv e  to  the  
shape o f  th e  expander mandrel nose and the f l e x i b i l i t y  o f  th e  ou ter  
s h e l l .  I f  th e  nose i s  too  b lu n t, i t  may cause th e o u ter  s h e l l  to  
over-expand j u s t  behind th e  nose and then  to  c o n tr a c t back onto th e
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shank o f  th e  expander mandrel. Such r a d ia l c o n tr a c tio n  a f t e r  i n i t i a l  
expansion  w i l l  s ig n i f i c a n t ly  reduce th e  r a d ia l e f f e c t i v e  s t r e s s e s  
a c t in g  on th e p i l e .  I t  i s  thought th a t  th e  nose p r o f i l e s  employed in  
th e  in v e s t ig a t io n s  were to o  b lu n t, and in c r e a se s  in  load  ca rry in g  
c a p a c ity  g rea te r  than th o se  found may have been p o s s ib le .

1 2 . 2 .1 0  F ie ld  t r i a l s  o f  v a r io u s  ty p e s  o f  6m lo n g , 200mm d iam eter  
c ir c u la r  p i l e s  have been undertaken in  sand. Two ty p es  o f  p i l e  w ith  a  
th in  w a lled  o u ter  s h e l l  o f  e i th e r  s t e e l  o r  p la s t i c  tube were t e s t e d  -  
th e  d es ig n  o f  th e se  p i l e s  was aimed a t  th e  housing and l i g h t  in d u s tr ia l  
foundation  market. The o u ter  s h e l l  fea tu red  a s in g le  weak l i n e  to  a llo w  
expansion  by d r iv in g  in to  th e  tube a  su c c e s s io n  o f  lm lon g  co n cre te  
p ip e s . T r ia ls  were a ls o  c a r r ie d  ou t w ith  a l l - s t e e l  p i l e s  w ith  th e  same 
o v e r a l l  d im ensions a s  th e  p i l e s  j u s t  m entioned, but w ith  th ic k e r  w a lled  
o u ter  s h e l l s .  The d es ig n  o f  th e se  p i l e s  was aimed a t  th e  o ffsh o r e  
s tr u c tu r e  foundation  market and in  th e se  t r i a l s  o u ter  s h e l l s  both  w ith  a  
s in g le  weak l in e  and w ith  th ree  weak l i n e s  were t e s t e d .  The th in  w a lled  
p i l e s  proved s u c c e s s fu l in  term s o f  in crea sed  c a p a c ity , e a se  o f  d r iv in g ,  
and p r a c t ic a l i t y ,  a lthough  i t  i s  thought th a t  th e  cruciform  p i l e  may 
prove more v ia b le  com m ercially . The th ic k e r  w a lled  p i l e s  were n o t a s  
su c c e s fu l in  terms o f  in creased  p i l e  c a p a c ity  a s  th e  th in  w a lled  p i l e s .  
T his i s  b e liev ed  to  be because th e  in crea sed  s t i f f n e s s  o f  th e  o u ter  
s h e l l s  gave r i s e  to  in crea sed  over-exp an sion  e f f e c t s .  Supporting work 
w ith  lab oratory  m odels has dem onstrated th a t  a  * 1- s p l i t *  o u ter  s h e l l  
w i l l  g iv e  s ig n i f ic a n t ly  l e s s  c a p a c ity  on expansion  than a  3 o r  4 - s p l i t  
o u ter  s h e l l .

12 .3  C ritiq u e  o f  Work Undertaken

1 2 . 3 .1  The experim ents c a r r ie d  ou t w ith  la b o ra to ry  m odels were in tended  
to  be s o le ly  q u a l i t a t iv e .  The l im ita t io n s  o f  such sm all s c a le  t e s t s  in  
r e la t io n  to  la r g e  s c a le  f i e l d  behaviour are ob v iou s.

1 2 . 3 .2  The t r i a l s  w ith  box and cruciform  p i l e s  a t  th e  Luton and BRS 
s i t e s  had the major advantage o f  la r g e  s c a le .  However, because o f  
l im ite d  reso u rces, th e  p i l e s ,  equipm ent, and t e s t in g  methods were ra th er  
b a s ic .  R esu lts  from th e  repeated  t e s t in g  o f  a s in g le  p i l e  are open to  
c r i t ic i s m , and th e  lo a d in g  ap p lied  to  th e  p i l e s  d id  n ot in c lu d e  two-way 
c y c l in g  -  such c y c lin g  might have r e s u lte d  in  more s ig n i f ic a n t  lo s s e s  in  
c a p a c ity  than th o se  found fo r  one-way c y c l in g . I t  appears th a t  th e  
c a p a c it ie s  o f  th e  expanded p i l e s  must have been h e a v ily  in flu en ce d  
by th e expander mandrel nose p r o f i l e s  th a t  were used: in  o th er  words, 
th e  expansion p ro cess  was not w e ll  c o n tr o lle d . Of n e c e s s i t y ,  th e  
a n a ly s is  o f  th e  r e s u l t s  has been ra th er  g e n e r a lis e d  and has in vo lved
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some co n je c tu r e . D esp ite  th e se  shortcom ings, however, th e  e f f e c t iv e n e s s  
o f  th e  W edge-Pile p ro cess  has been amply dem onstrated a t  la r g e  s c a le .

1 2 . 3 .3  The m in i-p ile s  were fa b r ica te d  to  a h igh  standard, but th e  load  
t e s t in g  equipment was r e la t iv e ly  b a s ic  in  com parison. The p i l e s  were 
t e s t e d  in  th e top  lm o f  ground -  a t  most s i t e s  t h i s  was v a r ia b le  or  
d istu rb ed , and was o f te n  made ground. I n te r p r e ta t io n  o f  th e  t e s t  r e s u l t s  
has been on an em p ir ica l b a s is .  The r e s u l t s  from th e  m in i-p ile  t r i a l s ,  
however, have s u c c e s s fu l ly  dem onstrated th e  W edge-Pile p r in c ip le  in  a  
w ider range o f  s o i l  p r o f i l e s  than was p o s s ib le  a t  a  la r g e r  s c a le .

1 2 .3 .4  The development o f  th e  computer m odels to  in v e s t ig a te  th e  
im portance o f  th e  exp>ander mandrel nose shapo f u l f i l l e d  th e  o b je c t iv e  o f  
a ' f i r s t  s t e p ’ approach to  th e  problem. Only a sim ple sp rin g  foundation  
s o i l  model was employed, however.

1 2 .3 .5  The CP&F t r i a l s  o f  a  housing typ e w ed g e-p ile  were s u c c e s fu l.  
However, th e  h ig h ly  v a r ia b le  ground c o n d it io n s  a t  th e  t e s t  s i t e  has made 
a n a ly s is  o f  th e  Conoco p i l e  t e s t s  very  d i f f i c u l t .

12 .4  Concluding Remarks

1 2 .4 .1  The in v e s t ig a t io n s  d escr ib ed  in  t h i s  t h e s i s  have shown th a t  th e  
load  carry in g  cap>acity o f  a p i l e  or anchorage can be in crea sed  many 
tim es by expanding i t  r a d ia l ly  a long i t s  le n g th . R e la t iv e ly  sm all 
expansions are requ ired  to  ach ieve most o f  th e  p o te n t ia l  g a in s  in  
c a p a c ity . The g a in s  in  c a p a c ity  appear to  be permanent w ith  tim e.

1 2 .4 .2  F ie ld  t r i a l s  have dem onstrated th a t  th e  W edge-Pile p r in c ip le  i s  
a p r a c t ic a l  and e f f i c i e n t  method o f  producing a  h igh  performance p i l e  
or anchorage in  a wide range o f  s o i l s .

1 2 .4 .3  Q u a lita t iv e  measurements have shown th e  scope fo r  a cc u r a te ly  
p r e d ic tin g  w ed ge-p ile  c a p a c ity  a f t e r  in s t a l la t io n .  Further work i s  
needed in  order to  determ ine whether w ed g e-p ile  c a p a c ity  can be r e l ia b ly  
r e la te d  to  the l im it in g  p ressu res  o b ta in a b le  in  pressurem eter t e s t s .  I t  
i s  thought th a t d es ig n  o f  w ed g e-p iles  w i l l  e v e n tu a lly  be much more 
r e l ia b le  than fo r  con ven tion a l p i l e s  because o f  th e  improved c o n tr o l o f  
the in s t a l la t io n  p rocess th a t  w i l l  be p o s s ib le .

i
1 2 .4 .4  I t  i s  im portant to  ap p recia te  th a t  production  w ed g e -p ile s  and 
anchorages may d i f f e r  in  many important d e t a i l s  from the experim ental 
p i l e s  d escr ib ed  in  t h i s  t h e s is ,  which were designed  p u re ly  to
dem onstrate th e  p r in c ip le  o f  th e  W edge-Pile. Having proved th e
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p r in c ip le ,  many developm ents both in  equipment and u se  are  p o s s ib le .

1 2 . 4 .5  The f i e l d  t r i a l s  o f  c ir c u la r  w ed g e -p ile s  a ro se  because o f  an 
understandable d e s ir e  by some c i v i l  en g in eer in g  o r g a n isa tio n s  to  promote 
w ed g e-p ile  embodiments which resem ble p i l e s  and anchorages th a t  have 
been s u c c e s fu l ly  used  in  p r a c t ic e .  The o v e r a ll  perform ance o f  c ir c u la r  
p i l e s  has not proved to  be a s  good a s  th a t  o f  cruciform  p i l e s ,  however. 
I t  i s  con sid ered  th a t  th e  cruciform  p i l e  i s  th e  typ e  o f  w ed g e-p ile  most 
l i k e l y  to  g iv e  g r e a te s t  a l l  round b e n e f it  over co n v en tio n a l d r iv en  
p i l e s .  I t  may be n ecessa ry  to  overcome e s ta b lis h e d  th in k in g  w ith in  th e  
c i v i l  en g in eer in g  in d u stry  i f  such a  p i l e  i s  to  be used com m ercially .

1 2 . 4 .6  The resea rch  d escr ib ed  in  t h i s  t h e s i s  has dem onstrated th e  b a s ic  
p r in c ip le s  o f  th e  W edge-Pile. There are se v e r a l a reas in  which more 
d e ta i le d  resea rch  i s  now a p p ro p r ia te .
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(Note: o u ter  s h e l l s  used in  t e s t s  tack -w elded  a t  bottom  
o u ts id e  c o m e r s  on ly )

Plate 2.1 Laboratory model cruciform wedge-pile:
expander mandrel (left) and outer shell (right)
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Plate 3.1 Box Pile: overall view
driving mandrel (left), outer shell (centre) and 
expander mandrel (right)
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Plate 3.2 Box Pile: outer shell plate connection

Plate 3.3 Box Pile: outer shell weld connection





Plate 3.4 Box Pile: driving shoe

Plate 3.5 Box Pile: driving shoe with outer shell assembled





Plate 3.6 Box Pile: expander mandrel nose
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Plate 3.7 Cruciform Pile: overall view
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Plate 3.8 Cruciform Pile: weld connection

Plate 3.9 Cruciform Pile: driving shoe arrangement





Plate 3.10 Cruciform Pile: expander mandrel nose
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Plate 3.11 Luton site: driving frame

Plate 3.12 BRS site: driving frame
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Plate 3.13 Box Pile: Expander mandrel being driven into outer shell





Plate 3.15 Luton site: pile testing arrangement

Plate 3.14 BRS site: pile testing arrangement





Plate 3.16 Pile testing frame crosshead

Plate 3.17 Cruciform Pile under test





Plate 4.1 Luton site: Cruciform Pile after extraction
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Plate 6.1 Cruciform mini-piles Types I and II: overall view 
Type I outer shell (background), expander 
mandrel (centre), Type II outer shell (foreground)
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Plate 6.3 Cruciform mini-pile Type II:
detail of driving head

Plate 6.2 Cruciform mini-pile Type II:
detail of expander mandrel nose
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Plate 6.4 Air driven post-driver in operation

Plate 6.5 Support trestle for mini-pile





Plate 6.6 H section mini-pile:
Outer shell (background), expander mandrel (foreground)
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Plate 6.7 H section mini-pile: detail of driving head

Plate 6.8 H section mini-pile: detail of expander mandrel
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Plate 6.9 Mini-pile testing set-up

Plate 6.10 Cruciform loading box
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Plate 7.1 Testing flume for soil reinforcement model tests

Plate 7.2 1.5nm thick plastic nail being inserted into retained sand
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Plate 7.

Plate 7.

Completed soil nail wall showing marker 
bands of dyed sand

4 Soil nail wall under test
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Plate 8.1 CP&F plastic piles:
plastic tube outer shells

Plate 8.2 CP&F plastic piles:
outer shell driving shoe
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Plate 8.3 CP&F piles:
concrete pipe expander mandrel segments

Plate 8.4 CP&F piles:
expander mandrel nose
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Plate 8.5 CP&F steel piles:
steel pipe outer shells

Plate 8.6 CP&F steel piles:
detail of flame cut weak line
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Plate 8.7 CP&F steel piles:
outer shell driving shoe
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Plate 8.

Plate 8.

Conoco piles: 
outer shells

9 Conoco piles:
detail of machine cut weak line in outer shell
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Plate 8.10 Conoco 3 weak line outer shell:
detail of 'fins* at top of outer shell

#

Plate 8.11 Conoco piles:
detail of expander mandrel noses

590





Plate 8.12 General view of piling rig used for field trials





Plate 8.13 Piling rig:
View of piling head

Plate 8.14 Piling rig:
Detail of roller guide





Plate 8.15 Driving mandrel within plastic outer shell (bottom)

Plate 8.16 Driving mandrel within plastic outer shell (top)
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Plate 8.17 CP&F plastic pile:
driving shoe being fitted

Plate 8.18 CP&F plastic pile: 
weak line being cut
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Plate 8.19 CP&F steel pile:
outer shell being driven

Plate 8.20 CP&F plastic pile:
expander mandrel nose engaged in outer shell
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Plate 8.21 CP&F piles:
loading concrete pipe segment

Plate 8.22 CP&F piles:
detail of rope gasket between concrete pipes
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Plate 8.23 CP&F piles:
applying grout to concrete pipes

Plate 8.24 CP&F piles:
detail of driving dolly
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Plate 8.25 Conoco 3 weak line pile:
view of unopened weak line

Plate 8.26 Conoco 3 weak line:
v i e w  of opened w e a k  line (other opened weak line similar)
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Plate 8.27 CP&F piles:
overall view of compression testing set-up

Plate 8.28 CP&F piles:
view of compression pile under test
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Plate 8.29 Conoco piles:
overall view of testing set-up

Plate 8.30 Conoco piles:
view of unexpanded pile under test
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Particle sile (mm)

D52/100 nominal grading, supplied by David Ball Company, Cambridge 
Gs = 2.66, emax= 0.99, emin= 0.71

Tests to demonstrate reproducibility of sand density

Appendix 2.1 Laboratory model tests: details of sand used for tests
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PH5 ATLAS COPCO Double Acting 
Air Hammer
(lightweight range)

Introduction
Atlas Copco double-acting sheeting driver 
type PH5 weighs 390 kg (860 lbs) and has an 
impact rate of 310 blows per minute. It is 
recommended for plank and light steel 
sheeting. Below is an example of a portable 
arrangement.

Sheeting driver PH5 is also provided with bolt 
holes to be used for guides and attachments. 
The spacing of the holes along the sides and in 
the head is given below.
Dimensions in mm.

Air con-
sumption Piston Length of Blows Maximum Maximum

Type at 6 kg/cm2 diameter stroke per thickness of thickness of overall net weight Hose
(85 psi) min pile sheeting length

ute
m3/min cfm mm in mm in mm in mm in mm in kg lb nipple

PH5 2.6 92 150 529/32 190 7 1/2 310 200 8 110 4 3 /8 1.180 46 1/2 390 860 3 /4 '

WATSON a n d  HILLHOUSE 
(PLANT H IR E ) LTD.

Whitehouse Road.Ipswich IP1 5NT.Suffolk Nont«mo>po<: North Florida Road.Haydock Industrial Estate,
Te/.lpswich (0473) 48652-5 Telex 988775 G St.Helens,Merseyside WA11 9UB Tel:A shton-in -M akerfie /d  (0942) 711501

Appendix 3.1 Details of piling hammers used at BRS site
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N. Series
Mkll Double Acting Air Hammers

.0 -  Models 500IM 600N 700N

This range of air operated Double Acting 
Hammers has been designed to operate at 
maximum efficiency when used with the 
standard sizes of compressors normally 
available to contractors. The three sizes of 
hammer are-suitable for driving a wide range 
of sheet steel and bearing piles of all types.

Their robust design with only two moving 
parts and a simple lubrication system allows 
the hammer to be run for long periods, under 
severe conditions, with the minimum of 
attention. A new design of pneumatically 
operated leg grip ensures that the hammer 
retains a strong grip on the pile allowing the 
introduction of a patented high pressure 
bounce chamber at the upper end of the ram 
stroke, which enables the frequency and 
energy of the blow to be much increased.

Description
The hammer body is a one piece casting. The 
ram and valve spool are the only two moving 
parts in the whole hammer. The ram operates 
against the anvil block which in turn is in direct 
contact with the top of the pile. The hammer 
is designed to drive pairs of piles and the anvil 
block extends beyond the hammer body to 
give complete coverage of the pile heads. 
Alternative anvils can be quickly fitted if it is 
desired to drive single sheet piles or bearing 
piles.

Basic Features
Pneumatic grip
A circular diaphragm assembly is an integral 
part of one insert holder. This is fitted with a 
pressure operated diaphragm fed by airline 
direct from the inlet manifold. A pad on the 
back face of the insen fits into a circular 
recess in the diaphragm holder. When the 
hammer is operating air pressure acting on 
the rubber diaphragm forces the insen 
outwards to grip the pile firmly. As soon as 
the air supply is turned off the diaphragm 
releases, allowing the hammer to be lifted 
from the pile.

Legs
The hammer legs are bolted directly on to the 
hammer body. The lower end of the legs are 
drilled for attachment of the insert holders. 
Matching holes in the insert holders are 
staggered to give a wide range of adjustment 
to suit all types of inserts.

In s e r ts
Each set of inserts consists of two halves. 
These are fitted to the insert holders by only 
two bolts. In many cases several sections of 
piling can be driven by the same set of inserts

by altering the pin positions in the insert 
holders to widen or close the gap into which 
the pile fits. Many other sections of piling 
can be driven by changing one half of the 
inserts only.

Anvil Block*
With the N series hammers, it is essential 
that the correct anvil block is used. Generally 
when driving pairs of piles, a wide anvil block 
is recommended but a narrow anvil block 
should be used when driving piles singly. For 
the 600N an intermediate anvil block is also 
available for certain sections.

WATSON a n d  HILLHOUSE 
(PLANT H IR E) LTD.

Whitehouse Road.Ipswich IP1 5NT.Suffolk No-ioem oe»i North Florida Road.Haydock Industrial Eslate.
Tel lp s w ic h  10473) 4 8 6 5 2 -5  Telex 9 8 3 7 7 5  G St . Helens.Merseyside W A 1 1 9UB T e l:A s h to n - in -M a k e rf ie ld  (0 9 4 2 ) 711501
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LubricatorLubricator

Valve

Inlet hose

Anvil
Leg
Airline

Diaphragm 

Movable Insert

■ -a

oILo

Q.
Q.

cu
L:

Hammer size 500N 600N 700N

Weight of ram 90.7 kg 200 lb 227 kg 500 lb 385 kg 850 lb

Stroke of ram 229 mm 9 in. 305 mm 12 in. 330 mm 13 in.

Weight of anvil (wide flat) 104 kg 230 lb 227 kg 500 lb 281 kg 620 lb

Maximum No. of blows/min 330 250 225

Maximum kinetic energy 165 Kgm 1200 Ib/ft 415 Kgm 3000 Ib/ft 650 Kgm 4700 Ib/ft

Size of hose 38 mm 1% in. 38 mm 1% in. 51 mm 2 in.

Recommended size of compressor 7.07 nrrVmin 250 ft3/min 10.3 mVmin 480 ftVmin 17 mVmin 600 ftVmin

Overall weight of hammer 
complete with legs and inserts

1143 kg 2520 lb 2177 kg 4800 lb 3006 kg 6630 lb

and wide flat anvil

Above information based on 6.3 kg/cm2 (90 Ib/in2) at hammer

Overall height to bottom of inserts 
A Frodingham pairs.Larssen singles 1933 mm 76% in. 2273 mm 89% in. 2419 mm 95% in.

Larssen pairs 1794 mm 70% in. 2184 mm 86 in 2261 mm 89 in

B Width of cylinder 317 mm 12% in. 356 mm 14 in. 432 mm 17 in

C Depth of cylinder 

D Distance of inserts below top of

381 mm 15 in. 508 mm 20 in. 510 mm 24 in.

piles
Frodingham pairs, Larssen singles 756 mm 29% in. 768 mm 30% in. 768 mm 30% in.

Larssen pairs 616 mm 24% in. 629 mm 24% in. 629 mm 24% in.

E Diameter of diaphragm assembly 304 mm 12 in. 381 mm 15 in. 381 mm 15 in.

F Width of anvil 229 mm 9 in. 292 mm 11% in. 356 mm 14 in.

G Length of anvil narrow 359 mm 14% in. 381 mm 15 in. 457 mm 18 in.
wide 559 mm 22 in. 711 mm 28 in. 711 mm 28 in.
intermediate 457 mm 18 in. 457 mm 18 in.

H Maximum over insert holders 896 mm 35% in. 1152 mm 45% in. 1397 mm 55 in.

WATSON a n d  HILLHOUSE 
(PLANT H IR E ) LTD.

Appendix 3.1 (cont.)



Appendix 3.2 Typical test data from IC instrumented pile (Bond, 1989)
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Appendix 5.1 BRS site: data from FDPM Test Ll/Tl
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Appendix 5.1 (cont.) BRS site: data from FDPM Test L1/T2
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Appendix 5.1 (cont.) BRS site: data from FDPM Test L2/T2
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Rhino S al« t Corporation h as  a  policy of continuous product Improvement and 
reserves the right to  change apecilications, design, or prices at any time 
without notice or the  Incurring o l obligations.

air operatedpostdrivers
Four, Low Cost, Rhino Post Drivers let you 

pick the right size for your job. in seconds, 
you can drive Telespar, Channel Posts, 

Delineator Posts, Pipe, Sand Points, 
Ground Rods, T Posts, Anchors, Z Posts, Large 

Tent Pegs, I Posts, W Posts. Concrete Form 
Pins, Beams, Round, Square or Rectangular 

Tubing, Wood Posts, Stakes or any shape 
up to 4 " .  Sheet Piling and Guard Rail Posts 

are driven with adapters.

PO-95 drives 
12 ft. Tetespar 

road sign post.

Rhino Sales Corporation / P.O. Box 367/620 Andrews Avenue / Kewanee, Illinois 61443 U.S.A./Phone 309/853-4461

Appendix 6.1 Mini-pile testing: details of post driver
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low cost efficient trouble-free operation
Easily operated by one man, they deliver up to 1700 blows 

per minute. One moving part, a reciprocating piston, strikes 
directly on the Post or Driving Adapter. The Drivers have low air 

consumption rates, are light-weight and hand portable, ideal 
for driving in places that are hard to reach. All you need is enough air 
capacity, the recommended air pressure, a Filter-Regulator-Lubricator 

to assure clean air, plus ten drops of oil per minute, and your 
Rhino Post Driver will give you Fast, Low Cost driving. Alloy Steel 

Pistons and nth«r foAturas insure little or no maintenance.

k a . t r  c i .

- —  - *  r :W—

vr

POST DRIVER AND ACCESSORY SPECIFICATIONS
(Alt Drivers are equipped with the exclusive Rhino Alloy. Double Valve Piston)

SPECIFICATIONS
Light Duty Poet Driver with one Chuck 1ST  (718 mm) to 1” (26.6 mm). U ses 30 CFM 
(S3  m*/mln) 0 9 0  PSt (61  kg/cm*L Approx. WL 46.4 the. (21.9 kg)

Medium Duty Post Driver with 3 5/8" (92 mm) M aster Chuck. U ses 42 CFM (1.17 m ’/min) 
0 9 0  PSI (61  kg/cm *). Approx. Wt. 57.5 lbs. (26.1 kg)
Medtum/Heavy Duty Poet Ortver with 4 1M* (107.9 mm) M aster C huck. U ses 50 CFM ’ 
(114 m’/min) O 100 PSt (7 kg/cm1). Approx. WL 100 lbs. (45.4 kg)
Heavy Duty Post Driver with 4 1/4" (107.9 mm) M aster Chuck. U ses 64 CFM (1.78 m*/min) 
©100 PSI (7 kg/cm*). Approx. Wt. 136 lbs. (61.7 kg)

Throttle Valve KK with T  (600 mm) Hose Whip. (Used with all Drivers) ~ 
Filter-Regulator-Lubricator (Post Driver Protection)
Carrier lor Flltar-Regutator-Lubricator ~ . '
3/4" (19 mm) Extra Air Hose (or Valve Kit or Air Line Extensions
Air Line Coupler ____
Coupler Safety Clip
4" x 6" (101 mm x 152 mm) H Column Chuck lor PO-135 

4" X 6" (101 mm x 152 mm) H Column Driving Cap
4" x 4 "  (101 mm x 101 mm) Wood Poet Chuck tor PO-135 ..... • . r :

STANDARD CHUCKS, CHUCK ADAPTERS, AND LIFT EYE TOPS

NO.

MODEL
OR

PART NO.

1 PO-40

2 PD-50

3 PO*S

4 PD-135

5 600000
6 601000
7 225000
8 605006
9 606600

10 606601
11 070061
12 070062
13 070063

(Select the proper Chuck I.D. or Shape Irom 
the column under your Post Driver's Model

CHUCK 1.0. OR

Chuck Sizing Techdata (Form No. 121-1). then order the Part No. in 
No. (S/O m eans Special Order)

POST 0RIVER MODEL NO.

1 1/2“ (40.8 mm)
1 1/4" (361 mm)

1" (26.6 mm)
Channel Poet Adapter 

Channel Post Adapter 
Channel Poet Adapter 
Channel Post Adapter 
Lift Eye Top

070027

070028
070029

070038

070040
070048

070066
070067

070068

070055
S/O
S/O

070060
070070
070071
070072 

070066

S/O
S/O
S/O

070073
070074

070075
070076 

Standard

A PD-105 with special chuck drives 4” t  6~ guard rail post

t  PO-40 drives ground rod tor power poles.

NO. DESCRIPTION PD40 P0-S0 PD-95 PO-135
(4) (b) (c> (d)

14 4 1/4" (107.9 mm) - 070060 Standard Standard
15 3 5/8" (92 mm) - Standard 070051 . 070066
16 3" (77.9 mm) - 070035 070052 070057 A

17 2 9 "  (716 mm) 070024 — . - — ■ “• —
18 2 1/2" (62.7 mm) 070025 070036 070053 070058

19 2" (521 mm) 070026 •. 070037 070054 070059

Special Chucks can be designed for your job. Available for Models PD-50. PD-95. PO-135.

^/Copyright 1982 
Rh»no Sales Corporation 
All Rights Reserved 
Printed in U.S.A 
Form No 11 7-1/82
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Appendix 8.2 CP&F/Conoco field trials: results of CPT tests
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05
054*

330

360

C *» .c * *4Cm *.
400

410

430
420

430

460

C *»»
C * M
c»*»
300

310

330

CONTINUfc 
DO 330 1 -1 .1 6  

0 U T F I L ( l ) - I N r ( I )
CONTINUfc

CONTINUE
CAI L BR C H **(l'.*eX8T , OUTFIL. 32 . 0. 0. IC )
IF !  IC . NE. 0 )  00T0 330
W H IT E !1. 131 0»t O U T r i L t 1 ) .  1 - 1 . 16)
CAI L LETTER t INF, 30. LET)
IF !L E T . EO. 3 ) OOTO 444
COTO 310
CONTINUE
CAI L  OPENF(K*RDWR. 0U IF 1L . 32. 32. 1. ICODE)
IF!1CODE. EO. 0 )  OOTO 360
W H IT E !1 .4 0 2 0 ) IO U T F I L ! I ) ,  1 -1 .1 6 )
CALL BLFEP*!0 0 0 1 0 0 0 )
COTO 300 
CONTINUE
CAI L ATT0E I/I6 . 7. 32, 12B)
0U 1-1 
COTO 100

I t e r a t i o n  f l i tR e a d in g  n a m t^ o f t t t ( < ( ( l
CONTINUE
IF C IT T .E Q . i l  CALL CLOS*AC34>
IT T -O
CAI L  A T C H t*! IFA6S. 4, MCURR. '
CAI L ATCH** < 1TSUFD, 12. MCURR. *
W H IT E !1. 1 4 0 0 ) ! I T T F 1 L I I ) .  1 -1 . 16)
CAI L LETTER ! IN F. 30. LET)
IFCLE1.EQ. O) OOTO 420 
CONTINUE 
DO 430  1 -1 . 16 

IT T F IL C I ) “ IN F ! I  )
CONTINUE

CONTINUE
CAI L BR C H **(M EXB T, IT T F IL . 32, 0. 0, IC )
I F ! IC .  NF. 0 )  OOTO 430
W H IT E !1 .1 4 1 0 1 ! I T T F I L ! I > . 1 - 1 .1 6 )
CAI L LETTER (IN F . 30. LET 1 
IF !L E T .E Q .3 ) OOTO 444 
COTO 410 
CONTINUE
CAI L  OPENFIMRDUR, IT T F IL . 32 . 34. 1. ICODE)
IF !IC O D E . EQ. 0 )  OOTO 460
WKITE! 1 .4 0 2 0 M IT T F IL (1 ) ,  I — 1. 16) .
CAI L BLEEP• ! 0 0 0 lOOO)
COTO 400 
CONTINUE
CAI L  ATT DEVI 7. 7, 34. 12B)
I T l - l  
COTO 100

R e a d in g  n»i»» o f  lo a d - d la p  f l i t
44 4 ##*■*#«#* 4444444*4 > M * * M < 4 * * M M * M * < 4

CONTINUE
IF (L D . EQ. 1) CALL C L08*A(36>
LO-O
CAI L  ATCH** 11PASB, 4. MCURR. '
CAI L A T C H **( LDSUFD. 12. MCURR. '
W H ITE !1. 1 5 0 0 ) I L D F I L I I ) . 1 -1 .1 6 )
CAI L LETTER ! INF. 30. LET)
IF IL E T .E Q . 0 )  OOTO 320 
CONTINUE 
DO 330 1 -1 . 16 

L D F I L I I ) —I N P I I )
CONTINUE

CONTINUE
CAI L BRCH«*CMEX8T, LD F IL . 32 . O. O. IC )
IF !  IC . NE. 0 )  OOTO 330 
W H IT E II. 1 3 1 0 ) ( L D F I L I I ) .  1 -1 . 16)
CAI L LETTER ( IN P .3 0 .L E T )
IF IL E T . EQ. 3 ) OOTO 499
COTO 310
CONTINUE
CAI L  OPENF(MRDWR, LD F IL . 32 . 36 , 1. ICODE) 
I F !  ICODE. EQ. O) OOTO 360 
W H IT E !1 .9 0 2 0 ) ( L D F I L I I >. 1 -1 . 16)
CALL SLEEP* (0 0 0 1 0 0 0 )

M D 1F 0 . ICODE)
' .  M IC U R . ICODE)

c»«« PR O FILE - V e ra io n  2

COTO 300 
360 CONTINUE

CAI L  ATTDEV!8. 7, 36 . 128)
L O - l
COTO 100

C *4 *4 *4 4 *4 M *4 4 4 4 4 > M *a 4 « **
C#«e MAIN PROORAM 
C > 4 IM 4 4  4 4 » 4 4 *4 4 4 4 M 4 M 4 < 4 *
BOO CONTINUE

CAI L INPUT 
CALL ITRATE 
CALL OU)PUT

C M IM 4 4 4 4 M 4 .4 4  «4*44M4*4#
C a t#  ENl) OF PROORAM
C * II4 « 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 **4 4 4 4
999 CONTINUE

CAI L C L 0 3 *A (30 )
CAI L  CLOStA (3 2 )
CAI L C LO S *A (34)
CAI L C L0S*A(36>
W H IT E II. 1900)
CAI L E X IT

C* » 4* * « 4 4 * 4 * 4 * < 4  4 4 * 4 * M M * M M  # ## » ** * *
C »*a FORMAT STATEMENTS •
C» 4* 4 .4 .44 )4 *44 4 44  M 4 * < M < * M * * . * < * * < 4 4
1000 FO RM AT!'W aleom * to  th a  p ro g ra m  PROFILE ( V e r a io n  2 . S a p t B 7 ) ' /

F 'U r i t t a n  bg D a v id  F r e n c h ' / / )
1010 F O R M A T !/ 'P la a ta  t a l a c t  ona o f  th a  f o l l o w i n g : ' )
1020 FORMAT! T 3 . 'F  -  E n t a r / a l t a r  f i l e n a m e * ' /

F T3. 'R -  Run th a  m a in  p r o g r a m '/ /
F 'T y p e  E to  a < i t  th a  p r o g r a m ')

1100 FORM AT!'O p11 on F : E n t a r / a l t a r  f l l a n a m a * ' /F -------------------------------- '//)
1110 F O R M A T !'C u rra n t t a l a c t l o n  o f  f l la n a m a *  1* : ' / /

F T3, 'D a ta  f l i t  : - ' . T23. 'DUF>PROFIN>' .  16A 2/
F T3. 'O u tp u t  f l i t  : T23.  'D U F3P R 0F0U r> ', 16A 2 /
F T3. ' I t e r a t i o n  f l l *  : - T23, 'D J F 5 IT T 0 U I> ' .  16A 2/
F T3. ' I t e r a t i o n  f l l #  : - T23. 'DJF?LDOUT>' . 16A2)

1120 FORMAT( 1 3 . 'D  -  E n t a r / a l t a r  d a ta  f i le n a m e ' /
F T3, '0  -  E n t a r / a l t a r  o u tp u t  f i le n a m e ' /
F T3, ' I  -  E n t a r / a l t a r  I t e r a t i o n  f i le n a m e ' /
F T 3 . '8  -  Load -  d i« p  c u r v e ' / /
F 'T gp e  RETURN f o r  m a in  m e n u ')

1200 FORMAT( 'E n te r  name o f  d a ta  f 1 1 a ' /
F ' l u p t  RETURN f o r  d e f a u l t :  ' . 16A2)

1210 FO R M A T!'Th la  f i l e  doe * n o t  e « l« t :  ' ,  16A 2/
F 'P la a a a  r e - e n t e r :  ' / /
F 'T yp e  E to  e x i t  th e  p ro g r a m ')

1300 F O R M A T !'E n te r name o f  o u tp u t  f i l e ' /
F 'T yp e  RETURN f o r  d e f a u l t :  ' . 16A?)

1310 F O R M A T !'T h l*  f i l e  a lre a d y  e i l a t a :  ' .  16A 2/
F 'P le a a a  r a - a n t a r :  ' / /
F 'T y p e  E to  e x i t  th a  p r o g r a m ')

1400 F O R M A T !'E n te r name o f  I t e r a t i o n  f i l e ' /
F 'T y p e  RETURN f o r  d e f a u l t :  ' . 16A2)

1410 F O R M A T !'T fila  f i l e  a lre a d y  a x i a t * :  ' . 16A 2/
F 'P l e a t *  r a - a n t * r :  ' / /
F 'T y p e  E to  e x i t  th a  p ro g r a m ')1300 FORMAT!'Enter name of load-dlap file'/
F 'T y p e  RETURN f o r  d e f a u l t :  ' . 16A2)

1310 F O R M A T !'T fila  f i l e  a lre a d y  a x la ta :  ' . 16A 2/
F 'P la a a a  r e - e n t e r :  ' / /
F 'T y p e  E t o  e x i t  th a  p r o g r a m ')

1900 F O R M A T !//’ Vou have  l o f t  th a  p ro g ra m  P R O F ILE ')
9000 FORMAT! ' I n v a l I d  e n t r y  -  P la a a a  t r y  a g a in ' . A ? )
9010 F O R M A T !'E rro r I n  o p e n in g  d a ta  f l l e ' . I 6 A 2 )
9020 F O R M A T !'E rro r  In  o p e n in g  o u tp u t  f i l e ' , 1 6 A 2 )

END
......................................................................................................44444
c**4 s u b r o u t i n e sC4 4 M .4  4444444 4 4 .4 4  4 44444 444 4 4 .4 4 4 4
C » *4 .4 4  .44  4# a 444 44 4 4 4 4 4 4 4 4 4 * .44  4 *4  a###*## 4# 4 4#4 4 # 4 44 4 4 4 *4 *4
C«»4 R o u tin e  to  re a d  In  d a ta  and i n l t l a l l e e  v a r ia b le #  
C t4 t . .4 4 * 4 4 4 4 4 * 4 4 4 4 4 4 4 * 4 * 4 * 4 4 * 4 4 4 4 4 4 * 4 * 4 4 4 4 4 4 4 * * 4 4 4 M 4 * 4 * l«

SUBROUTINE INPUT 
INIECER O UI. OTBUFD, OUTFIL 
DIMENSION 0U E B 3 !301 )
COMMON RNUMI301 ) ,  POBNOOl ) .  D E rL O O I ) .  D E FLIN O O I >. B 0 IL I3 0 1  ) 
COMMON IP O S O ). REACI2. 3 ) .  BMLEN. BMWID, RL1. RL2. E l ,  BUuO 
COMMON DELTA, PO. BEO, SPAN, JSTART, JB70P, JPROP, Ji.JS. J3. J*
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(co
n

t.)

o>a>ui

COMMON DAM**, ELEV, ULOAD. UDIBP. ANQ
CO M HO N/FILEB/INBUFDl1 2 ). OTBUPD!1 2 ). IN K IL ( 1 6 ). O UTFIL( 1 6 ).

C ITBUPDC1 2 ). I T t P I L ! 1 6 ). LDBUFD(1 2 ), L O P IL !1 6 ),
C IN . OUT. IT T , LD

CONMON/ITER/NN. NNAR <23 0 ). AANQ(2 3 0 ) . KKAR< 23 0).
C LLAR(230>• FORC(2 30 )

READO. •> BMUEN, BMWID. E l .  BUBO, R L l.  RL2. DELTA. FO, ELEV. NSTOF.
R 1P 0B(3>. RDAMP

X -0 . O
DO 10 J - l .  301 

X -X + l.  O 
RMUHCJ)-X 
5 0 1 H  J > -0 . 0 

10 CONTINUE
BEC-BMLEN/301
R R L1-R L1/8E 0
RR L2-RL2/BE0
IL l- IN T ( R R L l)
IL 2 -IN T (R R L 2 )
IP O S (1) —IP O B O l—IL 1  
1 P 0 8 ( 2 ) - IP 0 8 ( 3 ) + IL 2  
J8T A R T -IP 08 (1>
J 8 T 0 P -IP 0 B (2 )
JPROP-IFOB( 3 )
J l-J S T A R T -1  
J2 -J8T 0P 41  
J3-JP R 0P -1  
JA-JFROPAl 
DO 30 1 -1 . 3 

REACH. I  >-0. O 
30 CONTINUE

REAC (2 . 1 > -0 . 0 
R E A C (2 .2 )-D E LT A  
REAC<2. 3 ) —ELEV 
DO AO J - l . 301

POSN( J ) — ( RNUM( J ) »6E0>—(S E O /2 )
40 CONTINUE

P 0 3 N (J1 ) —PO SN (J1) + ( EEO/2)
P 0 3 N (J 2 1 -P 0 S N !J 2 )- (0 . 3 *S E 0)
S P A N -P O S N !J2 )-P O S N (J l)
RL1—FOSN<JPROP >-PO EN (J1)
RLP-POSN( J 2 ) - POSN(JPROP)
DO 30 J 'JS T A R T . JPROP

O U E S B (J> -((P O S N (U )-P O S N (J1> )/(POBN<JPROP) -PO ENCJl) ) >*REAC(2. 3) 
90 CONTINUE

DO AO J - J 4 .  J8T0P
C U E S S (U )-((P O B N (J )—POSN(JPROP > ) / (P O S N !J2 )—PQSN(JPROP) ) )

A * ( REAC( 2 , 2 ) —REAC(2 .  3 ) )  ’
C U E S 8(J)-0U E 6S (J)+ R E A C (2 , 3 )

60  CONTINUE
0UES9<J1) —O. 0 
CUEE8( J 2 ) -REAC( 2 .2 )
DO 70 J - l .  301 

D E FL(J>—OUESB(J)
70 CONTINUE

DAMP-1. O 
CA1 L 3PRCL2 

C DAMF-RDAMP
ANC-O. O 
RETURN 
END

C **a  R o u tin e  to  o u tp u t  r e e u l t e  t o  f l l e / e c r e e n
C *»«4  4.»44 44 4 « 4 *4 '*4  4 4 4 * * - 4 * * * * « * « 4 4 « 4 * « * * * » * 0 4 * -4 4 *

SUBROUTINE OUTPUT 
INIECER OUT.OT8UFD,OUTFIL 
DIMENSION IN P (30>

.COMMON RNUM (SO I >. P O S N O O l) ,  D E F L O O l) ,  D E F L IN O O l ) ,  SOIL (9 0 1 ) 
COMMON IP O B O ) .  REAC (2 . 3 ) .  BMLEN. BMW ID , R L l.  RL2. E l .  6U80 
COMMON DELTA. PO. BEO, SPAN. J3TART. JSTOP, JPROP. J l .  J 2 . J3 . J4 
COMMON DAMP. ELEV, ULOAD. U D I8P. ANO
C 0 M M 0 N /F IL E 8 /IN S U F D (l2 ),0 T B U P D (l2 > ,1 N F IL (1 6 ) .  O U T F IL (16 ) .

C IT 6U F D (1 2 ) . 1 T 1 F IL (1 6 ) , LDBUFD(1 2 ) , L D F 1 L (1 6 ),
C IN . OUT, IT T . LD

COMMON/1TER/NN. NNAR(2 3 0  >, AANO(2 9 0 ) .  KKAR(2 9 0 ) .
C LLAR(2 3 0 ) .  FORC(2 9 0 )

COMMON/MOM/BHEAR(9 0 1 ) .  AMOUNT(301>
CAI L  MOMENT 
IF(O UT.EO . O) COTO 10

WHITE(6 .3 6 0 0 )
Wk ITE <6 . 361 0)
DO 20 J * 1 .901

WHITE(6 .3 6 2 0 )  RNUM(J>> POBN( J ) • D E F L (J ) . D E FLIN ( J ) . E 01L<J),
W SH EAR(J), BMOMNT(J)

20  CONTINUE
10 CONTINUE

IF (  ITT . EO. 0 )  OOTO 30 
W H IT E (7 .3 70 0 )
W K IT E (7 .3 71 0 )
DO 40 J - 1 .2 3 0

WHITE(7 . 3 72 0 ) NNAR( J )  . KKAR( J ) . LLAR( J )  , AANO( J >. FORC( J )
4 0  CONTINUE
30  CONTINUE

IF (L D . EQ. 0 )  OOTO 30 
CALL 8HAPE 

90 CONTINUE
CALL CLEAR 
W R ITE!1 .3 0 0 0 )
WRITE! 1 .3 0 1 0 )  BMLEN. R L l,  RL2. E l .  BUBO. DELTA. PO. SEO. SPAN,

W ELEV,BMW1D.JBTART.J8T0P.NST0P
WHITE(1 .3 0 2 0  > ( IPOS( I ) ,  1 - 1 .3 )
W H ITE(1 .3 0 4 0 ) (R E A C (1 ,J ) .J « 1 .3 )
WHITE! 1 .3 0 3 0 )  (REAC (2 , J ) .  J « l .  3 )
W H IT E (1 .3 1 0 0 )(0 U T F 1 L (1 > . 1 -1 . 16)
W H ITE !1 .3 9 0 0 )
READ(1. •*)
RE1 URN

3000 FO RM AT!;PR0FILE2 r e t u l t i ' /
3010  FORMAT( 'B e an  le n a th ™ - ' . F 1 0 .6 . 2X. 'L e n g th  L I  -  '.F 1 0 .  6 /

F  'L e n g th  l S -  ' .  F10. 6 . 2X. 'E l  v a lu e  -  ' .F 1 0 .  6 /
F 'S u b g ra d e  m odulua -  ' .  F10. 6. 2X< 'D e l t a  -  ' . F 1 0 . 6 /
F ' I n i t i a l  a p r ln g  le a d  -  ' .F 1 0 .  6 /
F 'S e g n e n ta l la n g th  -  ' ,  F10. 6 . 2X, 'S p an  le n g th  -  '.F 1 0 .  6 /
F 'E L £ v  -  '.F 1 0 .  6 . 2X. 'BMWID -  ' . F 1 0 . 6 /
F ' JBTART -  ' ,  14. 2X. 'JSTOP -  ' ,  14, 2X, 'N3T0P -  ' . 1 4 )

3020  F O R M A T !'R e a c tio n  p o a l t lo n  num ber* ( I n t e g e r )  : ' . 3 ( 1 4 ) / )
3040  F O R M A T !'R e a c tlo n a  : ' , 3 ( F 1 0 . 6 ) / >
3090  F O R M A T !'R e a c tio n  a la v a t lo n a  : ' . 3 ( F 1 9 .6 > />
3 10 0  F O R M A T !'A rrau  d a ta  h e ld  in  DJh>PROFOUT> ' . 16A2)
3 60 0  FORMAT!'RNUM*. 11X. 'P 0 9 N '.  11X. 'D E FL ' ,  11X. 'D E F L IN '.  9X. 'S O IL '.  11 

F 'SH EAR '. 10X, 'MOMENT', ?X>
3610  FORMAT! 6X> 'N o . ' ,  6X, 6X. 'a ' . S X .  6X. 'm m ',7 X .6 X , 'nw h '.7X . 6X. '» N '.7 X  

F 6X. 'k N ',7 X ,6 X .  '( rN » ',6 X )
3620  F0RMAT171F19. 6 ) )
3 70 0  FORMAT! 'M NAR '. 1 IX . 'KKAR '« 1 IX , 'L L A R ',  1IX . 'M M A R '. l lX .

F 'P R O P ', 11X)
3 71 0  FORMAT!4!6X. 'N o . '.6 X 1 .6 X ,  'V N '.7 X »
3 72 0  F 0R M A T !3 !1 4 ) , 2 !F 1 3 , 10> >
3 90 0  FO R M AT!//'R U N  COMPLETED -  Tgpe RETURN to  c o n t in u e ')

END
C > « (4 4 4 < 4 4 4 4 « * * 4 4 4 4 4 4 4 4 < 4 *« a « * 4 4 * 4 * * t* * > * H 4 4 4 4 e 4 4 4 4 4 * l* * 4 4
Caaa R o u tin e  t o  d e f in e  I t e r a t i v e  echeoia 

SUBROUTINE ITRATE
COMMON RNUM!901) ,  POSNOOl )• D E rL O O l >. D E F L IN O O l) ,  6 0 1 L 0 0 1 ) 
COMMON IP O S !3 ) .  REAC(2 .3 > .  BMLEN. BMWID. R L l. RL2. E l . SUBO 
COMMON DELTA. PO, BEO. SPAN. JSTART. JSTOP, JPROP. J l .  J2 . J3 . J4  
COMMON DAMP,ELEV,ULOAD.UDIBP.ANO 
COMMON/1TER/NN.NNAR(2 9 0  > .AANO! 2 3 0 ) . KKAR!2 3 0 ) .

C LLA R !2 9 0 ) . FORC(2 3 0 )
NN-0
CAI L  ITRANO ( 0. 1 )
CALL IT R F L V !0 . 1)
CAI L ITR E LV (0. 0 1 )
RETURN
END

C 4 e i4 l< 4 4 4 4 .|* 4 *4 4 4 4 4 4 4 4 4 ta 4 e e *4 4 4 * * * *4 « e i*4 4 4 *4 4 4 4 4 4 4 4 4 4 4 4 4  
c a a a  R o u tin e  t o  I t e r a t e  u n t i l  p ro p p in g  fo r c e  w i t h in  
Caaa a p e c l f le d  H a l t *
C > « < 4 4 < 4 4 < 4 a a 4 4 4 4 4 4 4 4 4 4 4 a a a a *a 4 4 4 a a 4 f4 a ia a 4 < 4 4 4 4 4 4 4 4 l4 « 4 4 4 4

SUBROUTINE ITRPRF(RTPRP)
COMMON RNUM(301 ) .  P 0 8 N 0 0 1  )• D E FLO O l >, D E F L IN O O l ) .  S O lL O O l ) 
COMMON 1 F O S O ), REAC(2 . 3 ) .  BMLEN. BMWID. R L l.  RL2. E l .  SUBO 
COMMON DELTA. PO, BEO. SPAN, JBTART. JSTOP. JPROP. J l . J2 , J3 . J4 
COMMON DAMP.ELEV, ULOAD. UDI8P. ANO 
COMMON/1TER/NN.NNAR(2 3 0 > .AANO(2 3 0 ) .  KKAR(2 3 0 ) .

C LLAR(2 3 0 > •FORC(2 3 0 )
10 CONTINUE



Appendix 10.1 
(cont.)

01
c ncn

PRPOLD-REACH. 3 )
CAl L 8PRCL2 
CAI L DBPCL2 
CAl L PRPCL3 
W R ITE!1. 9 9 0 0 )REAC!1, 3 )

9900 FORMAT! 'PROP-  '.F 1 0 .  6 )
N IW IM H
FORC (N N )-R E A C H , 3 )
NMAR ( NN)—NN 
KKAR < MM) —JSTART 
LI AR (N N)-J8T0P 
AANO(NN)-ANO
rR C N I-A A S !( (R EAC!1. 3 ) - PRPOLD ) /REAC( 1 > 3 ) M l  00 )
IFCPRCNT. LC. RTPRP) OOTO 30 
COTO 10

30 CONTINOE
RE I URN Pill

C ##* R o u tln a  to  I t t r a t i  u n t i l  p ro p  a n i l *  w i t h in  » p * c l f l » d  l i m i t
C#«<4 44 44 44 44 44444*4 <444*4 444 4 * *4 *# *#  * * * * * *  4 44 *4* * • *  a444** *4  <4* 4

10

9901
C
C
C
C
C
C

30

9902

SUMROUTINE 1TRANO!RTANO)
COMMON RNUM! 301 ) .  POSNOOl >. D E FLO O l >. D E F L IN O O l >. B O IL O O l > 
COMMON IP 0813 ) > REAC(2 . 3> • BMLEN. BMWID,RL1> R L 2 .E l .B U B O  
COMMON DELTA. PO, BEO. SPAN. JBTART. JSTOP. JPROP. J l .  J2 . 03. 04 
COMMON DAMP, ELEV. ULOAD, UDISP. ANO 
C0MM0N/1TER/NN. NNAR1230). A A N 0(230 ). KKAR(2 3 0 ) .

C LLAR(2 3 0 ) • FORC(2 3 0 )
CONTI N U t 
ANCOLD-ANO 
CAl L B PR C L2 
CAl L D S PC L 2 
CAl L P R P C L 2
A N O -< D E F L ( 0 4 ) -D E F L  < 0 3 ) ) / < 2 4 S E C )
W R IT E ! 1 .9 9 0 1  )ANO. R E A C H . 3 )
FORMAT( 'A N O - ' .  F 1 3 .  1 0 .  'P R O P -  ' . F I S .  1 0 )  NN-NN-H 

N N A R (N N )-N N  
K K A R (N N )-JB T A R T  
L L A fl(N N )-JB T O P  
FO R C (N N )-R E A C ( 1 . 3 )
AANO ( NN ) —ANO

PRCNI —ARS( ( ( ANC—ANQOLD) / ANC)4 1 0 0 )
IF (P R C N T . L E . RTANO)OOTO 3 0  
COTO 1 0  
C O N T IN U t 
W H ITE( 1 . 9 9 0 2 )
F O R M A T ! 'I t e r a t i o n  c o m p l * t * d ' )  .
RE I URN 
ENII

C * 44*444444*4 44444444444I  444444*4444**44#444444444
C• * 4  R o u t ln *  to  a d m i t  la n g th  L I
C*4444444444444444 41**44 a 44*»44«•*4444•>44*4444**4

1 0

9910

12
13

20

SUURuUTINE IT R L 1 ( IT L 1 . RTANO >
COMMON RNUM( 301 >. POSNOOl ). DEAL! 301 ) .  DEFL1 N( 301 >. BOIL ( 301 ) 
COMMON ir O S ( 3 ) .  REAC(2. 3 ) .  BMLEN.BMWID,RL1. RL?>El.SUBC 
COMMON DELTA. PO. EEO. SPAN. JSTART. JSTOP. JPROP. J 1 . J2 . J3. J4 
COMMON DAMP. ELEV, ULOAD. UDIBP. ANQ 
COMMON/ITER/NN. N N AR I230). AANO( 2 3 0 ) . KKAR(2 3 0 ) ,

C LLAR( 2 3 0 ) . FORC(2 3 0 )
IN IIIC -0
CONTINUE
S L O P E -(D E FL(JS TA R T)-D E FL(J1)> /BEO
W R ITE!1 .9 9 1 0 )JSTART. SLOPE
FORMAT! 'J S T A R T -'. 14. 'S L O P E -' .  F 10. B)
IF(SLOPE. G£. 0 .0 )  OOTO 20
IF (  INUIC . EO. 2 ) OOTO 12
IN U IC -1
COTO 13
CONTINUE
1NUIC-3
CONTINUE
J3TART-JSTART+ITL1 
J1 -J8TA R T-1  
COlO 30 
CONTINUt
1F( INDIC. EQ. 1 ) OOTO 100 INnic- 2
JSTART-J8TART-ITL1 
J l-JB T A R T -1

30 CONI IN U t
IPOS! 1 MJBTART 
CO 40 J - 1 .301

POSN( J )  -  ( RNUM( JM S E C ) -S E O /2 
40 CONTINUE

POSN! J1 )-P 03N ( J1 M S E C /2  
P 0 5 N (J 2 1 -P 0 S N !J 2 )—SEC/2 
SPAN-POSN!J21—PO SN (J1)
RL1—POSN( JPROP) “ PO SN !J1)
CAl L ITRANQ!RTANO)
IF H N 0 1 C . EO. 3 )  OOTO 100 
COTO 10 

100 CONTINUt 
RETURN 
END

C » 4 < 4 4* 4*4* 4*4*44444 444*44 » • • *«  4* « <444*4444<44 4444*4444444444
C• *  * R o u t ln *  to  a d j u i t  c a n t l l * v » r  l t n g t h  L2  u n t i l  t l o p *  a t  
C *  *  » ) ra a  and -  0
C4« < 4 . 4 4444444*<44444444a 1*4444444444444444444444444444 444444

SUBROUTINE ITR C AN H TL2. RTANO)
COMMON RNUflt 301 >. POSNOOl ) .  D E FL!3 0 1 > ,O E F L IN !3 0 1 > .S O IL !301 ) 
COMMON IP O S !3 ) ,  REAC!2. 3 ) .  DMLEN. BMWIO,RLl • R L 2 .E l.  SUBC 
COMMON DELTA. PO, SEO. SPAN. JBTART. JSTOP. JPROP. J l .  J2 , J3. J4 
COMMON DAMP, ELEV. ULOAD. UDISP.ANO 
COMMON/1TER/NN. NNAR(2 3 0 ) .  AANS(2 3 0 ) .  KKAR(2 3 0 ) ,

C LLAR(2 3 0 ) .  rO R C !230 )
IN IIIC -0

10 CONTINUt
SLOPE-( D E FL(JS TO P )-D E F L!J2)> /S E C  
IF  (SLOPE. OT. O) GOTO 20 
IF !IN U IC . EO. 2 ) OOTO 100
ir m ic - 1

J3T 0 P ' JS T 0P H T L2  
J 2 —JSTOP * 1 
COTO 30 

20 CONTINUt
IF !  INDIC. EQ. DCOTO 40
IN O IC -2
COTO 30

40 CONTINUt
IN H IC -3

30 CONTINUt
JS7 O P *J3T 0P -IT L2  
J2-JSTOP 41 

30 CONTINUE
IP 0S (2 )-JS T O P  
CO BO J  1. 301

PO S N !J> -(R N U M !J>4SEC>-S E 0 /2  
ao CONI IN U t

P O S N !J l) —P O o N !J l) +S E 0/2  
POSN( J 2 ) -P O S N IJ2 ) -S E C /2  
SPAN-P03N( J 2 ) -POSN( J l )
CAl l  ITRANO!RTANO)
W R ITE!1. 9 9 6 6 )JSTOP, SLOPE 

9966 FORMAT! 'J 6 T 0 P - ' , 1 4 ,  'SLOPE- ' ,  F10. B)
IF H N U IC . EQ. 3 )0 0 T 0  100 
COTO 10 

100 CONTINUt
R L 2 T 0 S N ! J2> -POSN! JPROP )
RE IURN 
ENn

Cl 4. < <4 4* 4 4 44 4*4 4*<4 44*444»44444444 *44444444444444444444444 »
C *» * R o u t ln *  to  a d j u t t  p ro p  * l * v a t l o n  ELEV u n t i l  d * f t * c t l o n  
C* • a a t  t r * »  and -  D * l t a
C»*»«t<44<»4444<t4444444444**»444444*<»*I*14*4<44***»44<4*<4

SUBROUTINE ITRELV(RTELV)
COMMON F.NUM! 301 >. POSNOOl >. DEFLO O l ) ,  D E F L IN O O l ) .  30 IL 1 3 0 1  > 
COMMON IP 0 3 I3 ) ,  REAC(2. 3 ) .  DMLFN. BMWID, R L l. RL2. E l.  SUBO 
COMMON DELTA. PO, SEO. SPAN. JSTART. JSTOP, JPROP. J l . J2 . J3. J4 
COMMON DAMH, ELEV, Ul O.'iD. UDISP. ANO 
IN H IC *0

10 CONTINUt
D IFF -DEI- L ( J 2 ) -DEL TA 
IF (D IFF. CT. O ) OOTO 20 
ir ( IN O IC .  EQ. 2 )0 0 T 0  100 
1NHIC-1
E' EV*El EVIRTELV 
COlO 30 so com inue
IF !IN O IC  EQ 1 )COTO 40
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40

90

30

▼767

100

IN dlC-2  COTO 90 
corn inut1NOIC-3
corn iNUtEC EV-ELEV-RTELV 
CONTINUtCAI L ITRCANI9. 0. 2)
CAI L ITRLM9.0. 2)CAI L ITRCANI 1,0. 2)CAI L ITRl 1 (1, O. 2)CAI L ITRCAN( 1, 0. 2)
CAI L 1 T R L K 1 .0 . 2 )
CAI L ITRCANI 1. 0. 2)
W H ITE !1 , 7T67 IE LE V .D E FLIU 2)FORMAT! 'ELFV- '. FIO. A. 'DEFL IJ2 )
IF !  INDIC. EQ. 3)OOTO 100
COTO 10
CONTINUtREACI2.3)-ELEV
RE1URNENn

FIO. 6)

C *» 4 4 4 « 4 4 4 4 4 *« 4 4 4 4 4 4 4 4 4 4 « » » e « e 4 « 4 e # # » 4 *# e e 4 » 4 « 4 4 *4 » **4 **# **4 *
C *»4 R o u tin e  to  c a lc u la t e  lo a d *  du» to  a « a t  o f  g iv e n  
Ceee d is p la c e m e n t*
C» »4-4 44-444 44 I44< 44  4 I4 4 4 4 IM 4 < 4 4 4 4 4  44<44<444 I4444< 444444 444444

SUBROUTINE BPRCL2
DIMENSION & 0 L 0 L D I9 0 1 ), B0LN E U I901>
COMMON RNUMI9 0 1 ), POSNI9 0 1 ), DEf L I 9 0 1 ), D E FLIH I 9 0 1 > ,SOIL I 901) 
COMMON 1 P 0 S I3 ), REACI2, 3 ) ,  BMLEN.BMU1D,RL1, R L 2 ,E l,6 U B 0  
COMMON DELTA, FO, OEO, SPAN, U8TART, U3T0P, UPROP, U l . U2, U3, U4 
COMMON DAMP. ELEV. ULOAD. UDISP. ANO 
DO 10 U- USTART. USTOP 

SO LO LDIU I-BO ILIU>
10 CONTINUE

DO 20 J '  USTART, USTOP
E0LNf U (U )-LC 0N S2(D Ef L<U>. 8U80. P0)*SE04BMU1D  
S O IL IU  > - 1SOLNEWIJ) -S O LO LD IJ) ) *DAMP♦ SOLOLDIU >

20  CONTINUt
DO 90 U -1 .U 1  

SO ILIU)-PO *BM MID*SEO  
90 CONTINUE

DO 60  U< U2. 901 
S O IL IU I-O . 0 

60 CONTTNUt'
RE I URN 
END

C 4 4 < 4 4 M 4 4 4 4 < 4 « 4 4 4 4 4 4 < 4 f4 4 4 e M 4 4 4 4 4 4 M * f4 4 4 4 4 4 4 4 l4 4 4 4 4 4 4 l4 *
C « * * ' R o u t in e  to  c a lc u la t e  p ro p p in g  fo r c e  a t  p o s i t i o n  B
C» 4 44 4 4 4 * 4 4 4 * < 4 4 4 4 4 4 4 4 * 4 * * * * * * * * 4 1 * * 4 # * * 4 * « 4 *4 4 4 *4 4 *4 4 * *4 # * 4

10

SUBROUTINE PRPCL2
COMMON RNUM ISOl). POSNI9 0 1 ). D E F LI901>, D E F L IN I9 0 1 ) , BOIL 1901>
COMMON 1 P 0 8 I3 ).  REACI2. 3 ) ,  BMLEN.BMU1D,RL1, R L2 .E l.B U B O
COMMON DELTA. PO. SEO, SPAN. USTART. USTOP, UPROP. U l.  U2. U3. U4
COMMON DAMP. ELCV. ULOAD. UD I8P. ANO
6UMMMI-0. 0
CO 10 U'USTART, U8T0P

SUnnMT—SUMMMT♦ IPOSNIU) —POBNIU1 > )*S O IL IU )
CONTINUt

REACI1 . 3 )-6 U n n M T /IP 0 B N IU P R 0 P )-F 0 B N IU l) )
RE)URN 
ENM

C*4 *4 4 4 4 4 *4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 *4 4 4 4 4 4 4 4 4 *• •# * • *4 4 4 4 4 4 4 *4 4 4 4 *4 * *4 4 4 4 *
C <*» R o u t ln t  t o  c a lc u la t e  d e f le c t i o n  o f  p ro p p e d  c a n t i l e v e r  
C *«4 A -B  C due to  a e t  o f  t o l l  lo a d *
C#4»< 44 444444444444  4 4 4 *4 ** *4 4 *4 4 4 4 4 4 *4 *4 * *4 4 4 4 4 4 4  4 4 4 4 4 4 < 4 *4 4 4 *4

10
20

SUBROUTINE DBPCL2 
REAL MOM
COMMON R N U M IS O lI.P 0 8 N IS O I).D E F L I9 0 1 > ,D E F L IN IS O I> .S O IL !901> 
COMMON 1 P 0 8 I3 ).R E A C I2. 3 ) .  BMLEN. BMUID, RL1. R L 2 .E l.B U B O  
COMMON DELTA. PO. 6E0. SPAN. UBTART, USTOP. UPROP. U l.  U2. U3. U4 
COMMON DAMP.ELEV. ULOAD. UD1BP. ANO 
THFOLD-O. O 
DO 10 U* 1. 901 

D E F L IU l-O . O 
CONTINUt 

DO 20  U* 1. U l 
D E F L IN IU )—O. 0 
CONTINUE

DO 30 U< USTART. U2

30

40
C4>>
c**»
C»*4 
C*4 »

100 c* »* c**>
C *4  *  
C 44 *

160 
190 c»*» c»*»
C m  
C *  44

2U0

c*»* 
C ** » c*«*c »»#

290c *• *
C *4 *
C<<4

300

Cewes
C»4» 
C • •  4c*»*
C * 4 4

D E FLIN IU ) — I(P O S N (U )-P O S N IU l> > /R L l>«E LEV 
CONTINUt 

UJ J 2 H
CO 40 U U U .901 

D E FLIN IU l-D E LTA  
CONTINUt

C e lc u le t *  d * f l * c t l o n  o f  s lm p lg  * u p p o r t * d  bean A-B /  
A n g le  * t  8 due to  t o i l  lo e d t

THI-TBl-O . O 
DO 1 0 0  U* U 3TA RT• U3 

A—P O S N IU ) -POSN I U l )
THE T81 -T H F  T B 1 4B A N 01 ( R H .  E l .  B O I L I U ) .  A) 
CO 1 1 0  U U *U 3TA R T. U3 

T -P O S N IU U )- P O S N I U I )
V 1 - D I S P 1 I R L 1 .  E l .  S O IL  I U ) .  A. X)
D E F L IU U ) -D E F L I U U ) - V I  
CONTINUE 

C O N IIN U t

C a lc u la te  d e f le c t i o n  o f  c a n t i l e v e r  B C /  nom ent e t  B 
due to  t o l l  lo a d *

MQM-O.O
DO 190 U-U 4. USTOP 

A-POSNIU) POSNIUPROP) 
M0M-M0M4BM0H21 SO1L IU  >. A > 
CO 160 UU-U4, U2 

X-POSNIUU)- POSNIUPROP) 
V3-.D ISP3IE 1. B O IL IU ). A, X) 
D E FLIU J) -D E F LIU U ) -V 3  
CONTINUE 

CONTINUE

C a lc u la te  d a f la c t l o n  o f  t i n p l g  tu p p o r te d  t i ta n  A-B /  a n g le  
a t  B due to  Moment a t  B

DO 200 U- USTART. U3 
:i-R L l-(P O S N (U )-P O S N (U l ) ) 
V 2 -D IS P 2 IR L 1 . E l ,  MOM. X) 
C E FLIU )—OEr-LIU) *V2 
C O N IIN U t

THi- T D7-BAN021RL1. E 1. MOM >

C a lc u la te  d e f le c t i o n  o f  c a n t i l e v e r  B C due to  r o t a t i o n  
a t  B

THI-TB*-1 H H F T B l-T H E T b 2 )-T H F 0 L 0 )« 0 . 79<THi-CLD 
THt-OL D—THE IB 
CO 290 U-U 4. U2 

X—PO SN IU )•POSNIUPROP)
V4-D1SP4ITHETH. X)
D E F L IU )-0 E F L IU )4 V 4corn iNUt

Add I n i t i a l  d is p la c e m e n t*

CO 300 U- 1. 901 
D E F L IU )-D E *L IU ) <D£F L IN IU  >
CONTINUt

REAC1 2 .2 ) -D E F LIU 2 >
WHITE 11.▼ ▼S3)THETB 
FORMAT I 'T I Ia TB - ' .F IO .  B>

RE I URN 
END

R o u tin e  to  c a l c u la t e  s h e a r f o r c e t / b e n d ln g  m om ent* in  
d e f le c te d  beam

SUBROUTINE MOMENT 
DIMENSION ARM!901 )
COMMON RNUM I901) , P 0 S N I9 0 1 ) . 0 E * L I9 O I) . D E F L IN I9 0 1 ) , S 0 1 L I9 0 I ) 
COMMON IP O S !3 )  • REAC12. 3 ) .  BMLEN. DMUIO. RL1. RL?. E l.  BUBO 
COMMON DELTA, PO. SEO, SPAN. USTART. USTOP. UPROP. U l . U2. U3, U4 
COMMON DAMP. ELEV. ULOAD.UD1SP.ANO 
COMMON/MOM/SItEAR I 901 ) .  DM0MNTI901 )
3Ui190l -O. 0suriMm-o. o
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05
05
00

ARM < J ) “ POEM < J )  - POSH( J 1 )
BMOMNT C J ) -B O IL ( J ) -ARM( J )

10 CONTINUt
CO 20 J  J8TART. JBTOP 

BUMSOL-BUMBOLrBmL( J  >
SUMMMT—BUr1r1MT4BMOMN I < J )

20 CONTINUE
REACI1 . 2)-<BUMMHT-REAC<1 .3 > 4 <POBN<JPROP>-PO SN<J1> ) J/SPAN 
REAC(1 . 1 >-BUT130L-REAC < 1 .2  > —REAC< 1 .3 )
DO 30 J  J8TART. JPROP 

BUrtMMT-O. O 
5UMB0L-0. O 
DO 40 JJ -JB T A R T .JBUMMMI -BU<1H.1T-< ( ARM( Jl-ARMIJJ) ) *BOIL< J J ) > 
BUM30L-BU180L-80IL(J J >

40 CONTINUE
BHOMNT( J ) -8UMMMT4REAC <1. 1 >*ARH<J)
SHE AR( J ) -SUM30L4REAC(1 . 1>

30 CONTINUE
DO 30 U* J4 , J3T0P 

SUMrlMT —O. O 
SUMBOL-O. 0 
Dn 60 U J-JB T A R T .J

BUHMMl -SUMMNT— < < AAM< J ) -ARM( J J ) )*S O IL<  J J )  )
8UMS0L-SUMS0L-SOIL( J J )

60 CONTINUEBMOMNT ( U ) —BUMMMT+ < REAC <1.1 >4ARM<J) ) *<REAC <1.3)
A »<ARM< J)-ARM< JPROP) ) )

SHEAR < J)-SUMSOL+REAC<1. 1 ) *REAC<1.3>
30 CONTINUE

DO 100 J -  1. U1 
BHOMNT< J ) - 0 .  O 
SHEAR < J )-0 . 0 

100 CONTINUE
DO 110 J - J 2 . 301 

BMOMNT<J ) - 0 . 0 
SHEAR <U )-0 . 0 

110 CONTINUE
RE I URN 
ENii

C *» *  R out I n *  To p lo t  lo » d - d l» p l4 C # n » n t  g ra p h  f o r  
C»»» d l tp la c a m a n t  -1 0  -  *4 0  no

* *444444444444** *44*
SUBROUTINE SHAPE
IN I EGER O UI. OTSUFD, OUTFIL
DIMENSION X < 6 1 ).Y < 6 1 ) _ .
COMMON RNU.KSOl ) .  POSNOOl ) ,  D E F LO O l ) .  D E F U N O O l ) .  S0 IL<301 ) 
COMMON IPOS < 3 ) . REAC < 2. 3 ) .  BMLEN. BMU1D,RL1. RL2.E l.SU U Q  
COMMON DELTA. PO, SEC. SPAN. JSTART■ JSTOP. JPROP. J l .  J2 . JO. J4 
COMMON DAMP.ELEV,ULOAD, UDIBP.ANQ
COMMON/FILES/INSUFD<1 2 ). OTSUADT1 2 ) , IN F IL ( 1 6 ) ,  O U TFIL<16),

C IT S U F D I12 ). I T lF I L < 1 6 ) . LDSUFU<1 2 ) . L O F IH 16 ).
C IN . OUT. ITT . LO

W— -11 . 0 
DO 10 U—1,61 
W4-U4-1. 0 
X<JT-U
Y < J ) -LC0NS3 < U.SUBO, PO)

10 CONTINUt
WKITE(0 .3 8 0 0 )
W H IT E IB ,3810)
DO 20 J- 1. 61 

Mh IT E IB . 3 3 2 0 )X < J ),Y < J )
20 CONTINUE

WHITE < 8 .3 6 3 0 )
XU1-UDI5P
VU1*UL0AD
XU2» X U I“ ( YU 1/430 0 ) 4 2 .0  
VU2*0. 0
MKITE < 8, 381 0) XUI, YU1. XU2. YU2 
WHITE< 8 ,3 6 3 0 )
RE 1 URN

3800 FORMAT < 'D U p  1 IX , 'P r a • 1 u r a ' .  7X )
3810 FORMAT < 6X, 'n n '. 7 X ,6 X .  'kN /m m 2 ',4 .< )
3820 FORMAT < 2 < F 13. 3 ) )
3830 FORMAT('END OF CYCLE')
3840 FORMAT <2<F13. 3 ) /2 < F 1 3 . 3 ) )

EMU

H)

C«*» F u n c t io n  to  c a l c u la t *  d l lp la c # m # n t i  dua to  c o c a n tr a ta d  
Caaa lo a d  on l im p ly  lu p g o r ta d  baan ^ ^

FUNCTION D I8 P 1 < L .E I .P .A .  X)
REAL L 
B -L -A
I F < X. OT. A) COTO 10 
TfcRITl— L » *2  -  B *# 2  -  Xaa2 
D IS P 1 — ( < 1 0 0 0 *P *B *X ) /<  6 « L « E I) ) *TERM1 
COTO 20 

10 CONTINUt
T tR H l-  L * * 2  -  Ba#2 -  X * *2  
TERM2* C X—AJ *» 3
D IS P 1 — < C 1 000*P *B *X ) / < 6 « L « E I) aTERM l) ♦ <1 0 0 0 * P /<6 a E I ) ) 4TEHM2 

20 CONTINUt 
RE I URN 
END

C>444M44444«t.4444  4 4 4 « 4 . . t .»M <4 « <4 44 . IM 4 44 4 4 44 4 4 44 4 44 4 l44 .<4 4
Caaa F u n c t io n  t o  c a l c u la t a  d l ip la c a / n a n t *  dua t o  momant a t  and 
Caaa o f  l im p ly  a u p p o r ta d  baam
C»*4 4*44 #444a444 #44 4 44 4 4 I •44**444444444444*44444 »*44444444444444

FUNCTION DISPZCL. E l ,  M. X)
REAL L .M
T E R n i-< 2 4 L 4 4 2 -3 a L 4 X 4 X **2 >
D IB P 2 *(» 0 0 0 4 M a x *T E R M l> /< 6 « L *E I)
RE I URN 
END

C>»4* •*4 4444444444•**4*444  4 444* *4444444*44 «444444444444«4444444
Ca4 4  F u n c t io n  t o  c a lc u la t a  d l* p la c a m a n t*  dua t o  c o n c a n tra ta d  
C *»a lo a d  on e a n t l la v a r
C * t l> * 4 4 4 4 4 t a t4 « 4 4 4 4 4 4 4 ta 4 * « * * 4 4 « * « * a * * a a < 4 4 l4 4 * l* * « 4 4 » 4 * 4 4 * ) «

FUNCTION D IB P 3 IE I.P ,  A. X )
IF< X. OT. A100T0 10
D1BP3*<1 0 0 0 4 p » X a # 2 a < 3 *A -X )) /< 6 a E I)
COTO 20  

10 CONTINUt
D IS P 3 -< 1 0 0 0 4 P * A ta 2 a < 3 a x -A ) ) / (6 « E I)

20 CONTINUt 
RETURN
END ,

Ca * * **4 4 444 44 4 44 44 * ** 44 4 4 * » X1 4 4 4 4 * 4 4 4 4 * 4 4 44 4 *4 44 4 44 4 4* 4  *444444
C **»  F u n c t io n  to  c a lc u la t a  d 1«p 1a c a m a n tt a t  and o f  c a n t l l a v a r  
Ca#4 B C d u * to  r o t a t i o n  a t  B
C11*1 .4  14**444444444*4*4*44#4#44444444*#*44»*4444444**4*4*4444

FUNCTION DISP4(AN0, :<>
DISP4-lOOOaANO *X
RE I URN
END

C»*41 .444441*14444»»»4»*<44** *444 4*4*  *4444*4*4444444444444
C *» * F u n t lo n  to  c a l c u la t *  lo a d  r a q u ir a d  f o r  g lv a n  
C * *  • d l t p la c a n a n t  on l im p ly  tu p p o r ta d  baan
C4 *4 4 **<444*4*44*44444*41  <444*4*4414*4*«1#444<44***4444444

FUNCTION P R O P (L ,E l, X.V>
REAL L
PROP— < O. 0 0 1 4 V *6 « L *E 1 )/< 2 4 X 4  4 2 4 <L-X > *42 )
RETURN
END

C*«**44»4*<4**44  4 444 44 4 41»4« •4 4 *4 **4 4 4 » * 4 * 4• *444•4  *4444*41444
C **»  F u n c t io n  to  c a l c u la t *  a n g l*  a t  and o f  l im p ly  lu p p o r ta d  
C a **  baan d u * to  ln ta r m a d la t *  c o n c a n tr a ta d  lo a d
C **4*1*4*444*144441 * *4 *4 *44 *  * * 4 4 4 < » * * « * • * • * *4 1 4 4  *«•444 *44*444

FUNCTION BAN01<L. E l ,P .  A)
REAL L 
B -L  -A
BAN01* < P *A 4 B *< L 4 A )) /< 6 « L 4 E I)
RETURN
END

C4 * * • *4 4444*4 444 444 44 *4414 * * * * 4 4 4 *  *4# 4* •< * •1  *44444#44444*«444
Ca 4 4  F u n c t io n  to  c a l c u la t *  a n g l*  a t  and o f  l im p ly  lu p p o r ta d  
C»*» b ta n  d u *  to  momant a p p l la d  a t  t h a t  and
C * 1 4 * *44441 *4 *4  * 4 4 4 * 4 * 4 4 # < 4 # * # 4 * 4 4 * 4 4 a a # a a 4 * *444444* 14 14**4 «*

FUNCTION BAN02< L> E l . M >
REAL L.M
BANC2-* < M * L ) /< 3 * E I>
REIURN 
END

C l l l  1 1444 4* 14444 144** *1  t > 4 4 ** * *4 4 *  14 14*1**14 1444*14*14***<44*
C **>  F u n c t io n  to  c a l c u la t *  momant a t  B du* to  c o n c a n tra ta d  
C<*» lo a d  on e a n t l la v a r  B-C
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o>a>co

FU NC T IO N  B M 0 M 2 I P , X )
8MOM2«P »X 
r e iu r nEND

C t 4 . 4 . 4 4 4 4 4 4 4 4 4 4 4 4 .............4 4 4 4 4 4 4 . 4 4 4 4 4 4 4 4 4 4 4 . 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 . 4 4
C « * »  F u n c t i o n  t o  c a l c u l a t e  t o l l  p r t t e u r e  f o r  g l v t n  d l i p l a c a m t n t
C 4 > < 4 . 4 < 4 4 . 4 4 . 4 4 . 4 4 4 4 4 4 4 4 < < I 4 4 4 < 4 4 4 4 4 4 4 4 . 4 4 4 4 1 . 4 < 4 4 4 4 . 4 4 4 . 4 . < 4 4 4

FUNCTION LCONB1(DBP,Cl. PO)
C I F ( D 8 P .  LT.  OI OOTO 10
C L C O N 3 1 - ( D S P « C 1 > 4 P o
C COTO 2 0
C I O  CONTINUE
C L C 0 N 3 1 - P 0
C 2 0  CONTINUE

L C C N S 1 - P O  
R E 1URN 
END

C 4 » 4 4 . 4 . 4 . . 4 . 4 4 4 4 4 < 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 . . 4 4 4 . 4 4 4 . 4 4 4 4 4 4 4 4 . 4 4
C < 4 4  F u n c t i o n  t o  c a l c u l a t e  t o l l  p r i t i u r t  f o r  g l v t n  d l t p l a c t m c n t
C » * . . . 4 4 4 1 4 4 4 . 4 . 4 4 4 4 4 4 4 . . 4 4 4 . 4 1 . 4 4 4 4 4 4 4 4 4 4 4 4 4 . 4 . 1 . 4 4 . 4 4 4 4 4 4 4 4 4 4 4

FUNC TI ON  L C 0 N 3 2 ( D S P , C 2 . P O )
IF1DSP. CT. 10. 0} QOTO 10 LC0NS2-!tD8P/10)4P04i)*P0 
COTO 20 10 CONTINUE
LCONS2-CPOM )+P0 20 CONTINUE
RE I URN 
EMU

C » » 4 4 . 4 4 4 4 . 4 4 . 4 4 4 4 . . . 4 4 4 4 4 4 4 4 * 4 4 4 4 4 4 4 4 4 4 4 4 4 . 4 4 4 4 4 * 4 4 4 4 4 1 4 4 4 4 4 4 4 4
C t  *■
C»»

10

20

30

F u n c t i o n  t o  c a l c u l a t e  t o l l  p r t t t u r t  f o r  g l v t n  d 1 t p l a c e m e n t

F U NC TI ON  L C 0 N S 3 ( D S P , C 3 .  PO)
I F ( D S P .  LT.  0 .  0 ) COTO 1 0  
I F I O S P .  CT. 2 0 .  OI OOTO 2 0
L C 0 N S 3 - 4 3 O .  0 - ( ( < 2 0 . O - D S P ) / 2 0 .  0 ) 4 4 3 ) 4 < 4 3 0 - P 0 )
COTO 3 0
CONTINUE
L C 0 N S 3 * P 0
COTO 3 0
CONTINUE
L C 0 N S 3 —t  3 0
CONTINUE
RETURN
EMU

C > .  t «  .  . 4 4 4 4 . 4 4 4 4 4 4  4 4 4 4 4  4 4 4 4 4  4 4 4  44 4 4 4 4 4 4 4  4 4  4-4 4 4  4 4  4 44 4  4 4 4  4 4 4 4 4 4  >44
C t a t  F u n c t i o n  t o  c a l c u l a t e  t o l l  p r t t t u r t  f o r  g l v t n  d l t p l a c t n t n t  
C * * *  ( U n l o a d i n g  n o d e )  >
C t . 4 4 . 4 4 4 4 4 . 4 4 4 4 4 4 4 4 4 4 4 . 4 4 4 4  4 4 4 . 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4  4 4 4 4 4 4 4 4 4 4 . 4 4

FU NC T IO N  U C O N S U D S P ,  ULO/vD. U D 1 S P )
1 F (D E P .  LT .  O. OIOOTO 10 
U C 0 N 8 1 - U L O A D - ! ( U D I S P - D S P ) / 2 .  0 ) * 4 3 0 . 0  
COTO 2 0  

10  CONTINUE
U C O N 3 1 -0 .  0 

2 0  CONTINUE
RETURN 
ENn

BLUNT PROGRAM

2010

40
30

30

3 00 0

3 0 1 0

3 0 2 0
3 0 3 0
3 0 4 0
3 0 3 0
3 1 0 0
3 6 0 0

3 6 1 0

3 6 2 0
3 7 0 0

3 7 1 0
3 7 2 0

C * 4 4 * 
C * *  4 
C 4 4 4

COMMON DAMP. X.XXX, ULOAD. U D I SP
C O M M O N / F 1 L E S /1N S ' JPD < 1 2 ) . 0 T 9 U F D I 1 2 ) .  I N F I L I 1 6 ) . O U T F 1L <16) .

C 1 TSUF D < 1 2 ) .  1 T T F 1 L 1 1 6 ) .  LD SU FD  < 12 ). I P l ‘ IL < 16 ),
C IN , OUT. ITT .  LD

COMMON/ 1 TER/NN. MM, KA, L L .  NNAR < 1 0 0 ) .  MMAR < 1 0 0 ) .  KKAR < 1 00 ) ,
C L L A R  < 100 ) .  FORC <100)

C O M M O N/M OM /SH EARO O l  ).  3M0MNT1 301 )
C A L L  MOMENT
I F ( O U T . E G  0 )  OOTO 10
W R I T E ( 6 . 3 6 0 0 )
W R I T E ( 6 . 3 6 1 0 )
DO 2 0  J - l , 301

W R I T E ( 6 , 3 6 2 0 )  R N U M ! J ) , P O S N < J ), D E F L < J ) ,  D E F L I N !  J>. S O I L ( J ) .
W S H E A R ! J ) ,  OMOHNT(J)

C ONTI  HUE 
CONTINUE

1F ( I T T . E Q . 0 )  OOTO 30  
W R I T E ( 7 . 3 7 0 0 )
W R I T E < 7 . 3 7 1 0 )
DO 4 0  J - l ,  100

W R I T E ( 7 , 3 7 2 0 )  H N A R < J ) , K K A R ( J ) , L L A R ( J ) . MMAR( J ) . FO RC<J)
CONTINUE

CO NTINUE
1 F ( L D . E O .  0 )  OOTO 30  
C A L L  SHAPE  
CONTINUE  
C A L L  C LEAR  
WR I TE  (1 . 3 0 0 0 )
W R I T E !  1 . 3 0 1 0 )  BMLEN , R L 1 . R L 2 ,  E l .  SUBO. D ELTA .  PO, DPROP, SEC . SPAN.

1) XXXX. 3MWID. J S T A R T ,  J S T O P .  NSTOP
W R I T E ( 1 . 3 0 2 0  > ( I P C S ( 1 ) .  I - 1 . 3 )
W R I T E ! 1 . 3 0 3 0 ) ( R P O S ( 1>. 1 - 1 . 3 )
W R I T E ! 1 . 3 0 4 0 ) ( R E A C ! 1, J ) .  J - l ,  3 )
W R I T E !  1 . 3 0 3 0 )  ( R E A C (2 ,  J ) .  J - l .  3 )
W R I T E ! 1 . 3 1 0 0 ) ( 0 U T F 1 L ! I ).  I —1. 16)
W R I T E ! 1 . 3 7 0 0 )
R E A D ! 1 , t )
RETURN

^FORMAT! ' P R O F I L F  r t t u l t l V

F O R M A T ! 'B e a m  l e n g t h  -  F 1 0 .  3 . 2X ,  ' L e n g  t h  L I  -  ' . F 1 0 .  3 /
F  ' L e n g t h  L 2  -  F 1 0 .  3 , 2X , ' E l  v a l u e  -  ' . F 1 0 . 3 /
F  ' S u b g r a d e  m o d u l u t  -  ' .  F 1 0 .  3 . 2X .  ' D e l  t a  -  ' , F 1 0 .  3 /
F  ' I n i t i a l  t p r i n g  l o a d  -  ' .  F 1 0 .  3 . 2X , 'DPROP -  ' . F 1 0 .  3 /
F  ' S e g m e n t a l  l e n g t h  -  ' . F 1 0 .  3 . 2X .  ' S p a n  l e n g t h  -  ' , F 1 0 .  3 /
F  ' X X X X  -  ' ,  F 1 0 .  3 . 2X .  'BMWID « ' . F 1 0 . 3 /
F  ' J S T A R T  -  ' .  14, 2 X .  ' J S T O P , -  ' .  14,  2X , 'NSTOP  ■  ' , 1 4 )

FORMAT( ' R e a c 1 1 o n  p o l l t l o n  n u m b e r t  ( I n t e g e r )  ' . 3 ( 1 4 ) / )
F O R M A T ! ' R e a c t i o n  p e t i t i o n  n u m b t r t  ( R e a l )  : 3 < F 1 0 . 3 ) / )
FORMAT! ' R e a c t l o n t  : ' . 3 ( F 1 0 , 3 ) / )
F O R M A T ! ' R e a c t i o n  a l a v a t i o n t  : ' , 3 < F 1 3 . 3 > / >
F O R M A T ! ' A r r a u  d a t a  h a l d  i n  D JF>PROFOUT> ' . 16A2 )
FORMAT! ' R N U M \  11X .  ' P O S N ' .  11X . ' D E F L ' .  M X .  'D E F L 1 N * .  9X . ' S O I L ' .  11X. 

F  ' S H E A R ' .  10X . 'M O M EN T '.  9 X )
FO R M A T( 6 X . 'N o . ' . 6 X . 6 X .  ' m ' . 0 X . 6 X .  ' m m ' . 7 X . 6 X .  ' m m ' , 7 X . 6 X .  ' k N ' . 7 X ,

F  6X .  ' I N ' .  7 X . 6 X .  ' kNm ' , 6 X 1
F 0 R M A T ( 7 ( F 1 3 .  3 ) )
FORM AT !  ' N N A R ' .  M X .  ' K K A R  ' .  M X .  ' L L A R  ' .  M X .  'MMAR ' ,  1 IX .

F  ' P R O P ' .  M X )
FORMAT ! 4 ( 6X . 'N o .  ' . 6 X ) . 6 X .  ' t N ' . 7 X >
F O R M A T ( 4 ( 1 4 ) .  F I  3. 3 )
F O R M A T ! / / ' R U N  COMPLETED  -  T g pe  RETURN t o  c o n t i n u e ' )
END

R o u t i n e  t o  d e f i n e  i t e r a t i v e  t c h e m e

S UB RO U TI NE  1TRATE
COMMON RNUtH 3 0 1  ) .  P O SN ! 3 0 1  >. DEFL ( 3 0 1  >, D E F L 1 N !  3 0 1  ) ,  S O I L  < 3 0 1 )  
COMMON 1 P 0 S ( 3 > > R P 0 S ! 3 > ,  R E A C ( 2 .  3 ) .  B M LE N ,B M W 1D ,R L1 . R L 2 , E l , S U B O  
COMMON DELTA. PO .  SE O . SPA N . DP ROP. J S T A R T ,  J S T O P ,  NSTOP 
COMMON DAMP .XX X X .U LO A D , UD1S P
COMMON/1 T E R /N N .  M M . K K . L L . N N A R ( 1 0 0 ) . MMAR( 1 0 0 ) . KKAR( 1 0 0 ) .

C L L A R (1  GO ) , F O R C ( 1 0 0 )
K N - 0  
KK—O 
L L —O 
MM-0
CALL 1 TRPR P ( 0 .  1 )
RETURN
END



Appendix 10.1 
(cont.)

CTi<JO

C • « •  R o u t l m  t o  I t e r a t e  u n t i l  p r o p p i n g  f o r e *  w i t h i n  
C •  •  •  s p e c i f i e d  1 1 1 11
.....................................................I .................................................................................................................. ......

SUBROU TINE 1 T R P R P ( R T P R P )
COMMON R N U M O O l  >. P O s N O O l  >. D E F L O O l  >. D E F L I N I 5 0 1  >. S O I L ! 5 0 I  > 
COMMON I P O S < 3 > .  R P 0 S ( 3 > ,  REAC ( 2 ,  3 ) .  BMLEN, BMW ID .  R L I . R L 2 .  E l .  W f lG  
COMMON DELTA. PO . SEC . SPAN. DPROP. J S T A R T ,  J S T O P .  NSTOP 
COMMON DAMP. XXXX.ULOAD. U D I SP
COMMON/I TE R /N N . MM, XK. LL.  NNAR ( 1 0 0 ) ,  MMAR ( 1 0 0 ) .  KHAR ( 1 0 0 ) ,

C L L A R ( 1 0 0 ) ,  F O R C < 1 0 0 )
10  CONTINUE

P R P O L D - R E A C t l ,  3 )
CALL SPRCAL 
CALL DSPCAL 
CALL PRPCAL 
W RIT E ! 1 . 9 9 0 0 )  RE AC ( 1 . 3>

9 9 0 0  F O R M A T ! ' P R O P -  ' , F 1 0 .  3 )
N N - N N . 1 
MM-MM+1
F O R C I N N ) - R E A C 1 1 . 3 )
NNAR( N N ) -NN 
KHAR 1NN ) -KK 
L L A R 1 N N I - L L  
MMAR(NN)-MM
P R C N T - A B S ! ( ( R E A C ( 1 , 3 ) - P R P O L D ) / R E A C ( 1 . 3 ) > * 1 0 0 )
I F ( P R C N T .  LE.  RTPRP ) COTO 5 0  
GOTO 10 

5 0  CONTINUE 
RETURN 
ENO.........................

C « •  •  R o u t i n e  t o  a d j u s t  l e n g t h  L I
C - * « * . * » e * * * * * « * . * > i • < < « > • • • • « • • • • • • » • • • • • • • • • • • • *

SUBROU TINE I T R L 1 ( I T L 1 . R T P R P )
COMMON RNUM( 5 0 1  ) .  P O S N I 5 0 1 ) .  D E F L ( 5 0 1 ) .  D E F L I N ( 5 0 1 ) . S 0 1 L ( 5 0 1  ) 
COMMON I P O S O ) .  R P O S O ) ,  R E A C ( 2 .  3 ) .  BMLEN, BMWID, R L I ,  R L 2 .  E l .  SUBG 
COMMON D E L T A . P O . S E C . S P A N ,  DPROP, J S T A R T .  J S T O P . N S T O P  
COMMON DAMP. XXXX, ULOAD. U D I S P
COMMON/I TE R /N N . MM. KK, LL.  N N A R ! 1 0 0 ) .  MMAR!1 0 0 ) . K H A R ! 1 0 0 ) ,

C L L A R ! 1 0 0 ) . F O R C ! 1 0 0 )
I N D I C - 0  
J l - J S T A R T - 1  

10 CONTINUE
S L O P E - ( D E F L !  JS T A R T  ) - D E F H J l  ) l / S E C  
W R I T E ! 1 . 9 9 1 0 ) J S T A R T . S L O P E  

9 9 1 0  FORMAT ! ' J S T A R T -  1 4 .  ' S L O P E -  ' ,  F  1 0 .  5 )
I F I S L O P E .  CE. 0 .  0 )  COTO 2 0  
I F ! I N D 1 C . E Q  2 ) COTO 12  
I N D I C - 1  
OOTO 1 5  

1 2  CONTINUE
I N D 1 C - 3

1 5  CONTINUE
J S T A R T - J S T A R T  + I T L 1 
J 1 - JS T A R  T - 1 
OOTO 3 0

2 0  CONTINUE
I F I I N D I C . E Q  1 )  COTO 1 0 0  
I N D I C - 2
J S T  A R T - J S T  A R T - I T L 1 
J l - J S T A R T - 1  

3 0  CONTINUE
I P O S ! 1 l - J S T A R T  
R P O S ( 1 )» R N U M < JST A RT )
S P A N - ! RNUM( J S T O P ) -RNUM ( J S T A R T ) + 1 ) »SEC 
DO 4 0  J - l .  5 01

P O S N ( J ) -  1R N U M ( J ) * S E C ) - S £ G / 2  
4 0  CONTINUE

P O S N ! J 1 l - P O S N ! J 1 I . S E C / 2  
P O S N ( J 2 ) - P O S N I J 2 ) - S E C / 2  
DO 6 0  J - J S T A R T .  JS T O P

D E F L I N ! J ) - t ( ! ! PNUM( J ) -RNUM ! J S T A R T ) ) « S E C ) ♦ S E C / 2 ) / S P A N ) -D EL TA  
6 0  CONTINUE

D E F L I N ! J l ) - 0  0
KK —J S T  AR T
CALL I T P P R P ( R T P R P )
F O R C ( N N ) - R E A C ( 1 . 3 )
NNA R( NN >-NN  
KKAR( N N ) -KK

100

C * •  * 
c « « «

10

9 9 2 0

20

2 5

3 0

4 0

6 0

100

L L A R ( N N ) - L L  
MMAR( N N ) -MM
I F ! I N D I C .  EQ 3 )  OOTO 1 0 0
OOTO 1 0
CONTINUE
I L 1 - I P O S ( 3 ) - J S T  ART
R L 1 — ( RNUM1 1 L 1 ) + 0 .  S l - S E O
RETURN
END

R o u t i n e  t o  i l j u i t  l e n g t h  L 2

SUB RO U TI NE  I T R L 2 ! I T L 2 , R T P R P ) * * * * * * *
COMMON RNUM!5 0 1 ) .  P O S N ! 5 0 1 > ,  DE FL I SO 1 ) ,  D E F L I N I 5 0 1 ) ,  S 0 I L ! 5 0 1 ) 
COMMON I P O S ! 3 ) .  R P O S O ) ,  R E A C ( 2 .  3 ) .  BMLEN. DMWID. R L I ,  R L 2 .  E l .  SUBC 
COMMON DELTA. PO . SEO.  SPAN . DPROP. J S T A R T .  J S T O P .  NSTOP 
COMMON DAMP. XXXX. ULOAD. U D I S P
C O M M O N / I T E R / N N , M M . H K , L L . N N A R ( 1 0 0 > , MMAR( 1 0 0 ) . KKAR( 1 0 0 > ,

C L L A R ! 1 0 0 ) .  F O R C ! 1 0 0 )
1 N D 1 C - 0
J 2 - J S T 0 P + 1
CONT INUE
S L O P E - ( D E F L ! J 3 T 0 P ) - D E F L ( J 2 ) ) / S E C  
W R I T E ! 1 . 9 9 2 0 ) J S T O P ,  SLO PE 
FORMAT! ' J S T O P -  ' ,  1 4 ,  ' S L O P E - ' .  F 10 .  5 )
I F I S L O P E .  LE.  0 .  0 )  COTO 2 0  
I F ! I N D I C . E Q .  2 ) C 0 T 0  1 0 0  
I N O I C - 1
J S T O P - J S T O P ♦ I T L 2  
J 2 - J S T O P . 1 
OOTO 3 0  
CONT INUE
I F ! I N D I C .  EQ. 1 )  COTO 2 2
I N D I C - 2
OOTO 2 5
CONT INUE
I W D I C - 3
CONT INUE
J S T O P - J S T O P - I  TL2
J 2 - J S T 0 P + 1
CONT INUE
I P O S ! 2 ) - J S T O P
RPO S ( 2  >-RNUI1< J S T O P )
S P A N - ! RNUM! J S T O P  >-RN UM ! J S T A R T ) ♦ 1 ) #S EQ 
DO 4 0  J - l .  SOI

P O S N ! J ) - ( RNUM! J ) # S E Q ) - S E G / 2  
CONT INUE
P O S N ! J l ) - P O S N < J l 1 . S E 0 / 2  
P O S N ( J 2 ) - P O S N I J 2 ) - S E G / 2  
DO 6 0  J - J S T A R T ,  JS T O P

D E F L I N I J ) — ! I I I R N U M ( J ) - R N U M ( J S T A R T ) ) » S E C ) + S E C / 2 ) / S P A N ) *DELTA 
CONT INUE

D E F L I N ! J 2 ) - D E L T A  
L L - J S T O P
CALL I T R P R P ( R T P R P )
F O R C ! N N ) - R E A C ( 1 , 3 )
NNAR ( NN > -NN 
KKAR! N N ) »HK 
L L A R ( N N ) - L L  
MMAR( N N ) -MM
I F ( I N D I C .  EQ. 3 )  OOTO 1 0 0
COTO 1 0
CON TI NUE
I L 2 —J S T O P  —I P O S ( 3 )
R L 2 - ( RNUM( I L 2 ) + 0 .  3 M S E 9
RETURN
END

u * • » • • * # • * . # * * » * * • * « » l
C » . »  R o u t i n e  t o  c a l c u l a t e  l o a d *  d u e  t o  a  s e t  o f  g i v e n  
C - * -  d 1 s p 1 a c t h e n t t  
C « • • > « • • • • . • # • • • • • # «  « i « . i i . » .

SU BRO U TI N E SPRCAL
D I M E N SI O N  S O L O L D ( 5 0 1 ) .  SOLMEWISOl >
COMMON RNUM( 5 0 1  > , P O S N ( 5 0 1 ) , D E F L I S O l  >. D E F L I N I 5 0 1 ) . S 0 I L I 5 0 1  )
COMMON I P O S ( 3 ) ,  R P O S ( 3 ) ,  R E A C ( 2 ,  3 ) .  OMLEN. D M W I D . R L I , R L 2 .  E l .  SUnC
COMMON D E L T A . P O , S E C . S P A N ,  DPROP. J S T A R T .  J S T O P . N S T O P
COMMON DAMP, XXXX.ULOAD, U D I S P
J l - J S T A R T - 1
J 2 - J S T O P * 1
J P R O P - I P O S ( 3 )
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o

1 0

20

100

2 0 0

2 10

2 5 0

260

3 0 0

3 2 0
3 5 0

C««* 
C* * •
C*»« I

10

c.*« « 
c*«« o*» 
C«*»«

1)0 1 0  J - J S T A R T .  J S T O P  
S O L O L D l J 1 - 5 0 I L < J !
CON TI NUE 

DO 2 0  J - l .  JP RO P
SOLNEWM J > - L C 0 N S 3 C D E F L < J > .  SUDC. PO ) •  SEC«DI1U! 1 D 
SO IL  < J  > « <SOLNEW< J ) - S 0 L 0 L D ( J ) ) *DAMP ♦ S O L O L D 1J ) 
C O N T 1NOE

J - J . l
0 L D « 0 .  0
MODE-O
CONT IN UE
D 1 F F - D E F L 1 J ) - O L D
I F 1 D I F F . L T .  0  0 ) COTO 2 0 0
S O L N E W l J ) - L C 0 M S 3 ( D E F L < J ) .  SUOC. P O ) *5EG*DMWID 
SO I L  < J  > -  < SOLNEW( J ) -S O LO L D  < J ) ) .DAMP ♦ S O L O L O ( J )  
I F 1 J .  EO. J 3 T 0 P ) COTO 3 0 0  
O L D - D E F L l J )
J - J * l  
OOTO 1 0 0  
CON TI NUE 
M O D E - l  
J U - J
U L O A D - S O I L ( J ) / <  S C u e B M U I D )
U D I S P - D E F L l J )
DO 2 1 0  J - J U .  J S T O P

S 0L N E U 1 J 1 - U C 0 N S 1  <DEI-L( J > .  U L O A D . U D I S P ) • S E 0 » n i1 W I D  
SO 1L < J  > •  < S O L N E U ( J ) - S O L O L D  ( J ) >-DAMP * S O L O L D ( J )  
CON TI NUE 

DO 2 3 0  J - l .  U1 
S O I L !  J > - P 0 * B ! 1 W I U « 5 E C  
CON TI NUE 

DO 2 6 0  J - J 2 . 3 0 1
SO 1H  J ) - U C 0 N 3 1 ( DELTA .U LO AD . U D 1S P ) *SEG»UMWID 
CO NT IN UE  

COTO 3 3 0  
CONT IN UE  
DO 3 1 0  J - l .  J 1

s o i l i j >-p o »emw  i d - s e c
CO NT IN UE  

DO 3 2 0  J - J 2 .  3 0 1
S O I L  ( J )  - L C 0 N 5 3  ( DELTA. SUBC. P0>« BM W 1D *SEG  
CO NT IN UE  

CONT INUE 
RETURN 
END

R o u t i n e  t o  c a l c u l a t e  p r o p p i n g  F o r c e  t o  g i v e  c o r r e c t  
d 1 s p 1i c e m e n t  e t  p r o p  p o s i t i o n

SU B RO U T IN E  PRP CAL
COMMON R N U H iS O I >. P 0 3 N 1 3 0 1 ) .  D E F L I 3 0 1  ) .  D E F L 1 N O 0 1  ) .  S 0 I L 1 3 0 I  )
COMMON 1 P 0 S 1 3 ) .  R P O S O ) .  R E A C 1 2 , 3 ) .  D M L E N . D M U 1 D . R L 1 . R L 2 .  E l .  SUDC
COMMON D E L T A . P O . S E O . S P A N . D P R O P . J S T A R T , J S T O P . N S T O P
COMMON DAMP.XXX X.ULOA D. U D I S P
J P R O P - I P O S  <31
D P R O P - D E F L < J P R O P 1
D I F F - R E A C ( 2 . 3 1 - D P R O P
X - < ( R P 0 S < 3 ) - R P 0 S ( 1 > ) * S E O )  ♦ S E C / 2
P - P R O P  < SPA N. E l .  X . D I F F )
A-X
DO 1 0  J J - J S T A R T .  J S T O P  

X - C R N U M ! J J > - R N U M < J S T A R T ) > * S E C + S E C / ;  
V - D I S P ( S P A N .  E l . P .  A.  X )
D EFL < J  J ) - D E F L  ( J  J ) -t-V 
CO NT IN UE  

R E A C H .  3 ) - P  
D P R O P - D E F L ( I P O S ( 3 ) )
RETURN
END

R o u t i n e  t o  c a l c u l a t e  d e f l e c t l o  o f  s i m p l y  s u p p o r t e d  
beam  d u e  t o  s e t  o f  g i v e n  l o a d s

S U 3 R 0 U T I N E  DS PCAL
COMMON R N U 1 K 3 0 1  ) .  P O SH ! 3 0 1  ) . DE FL < 3 0 1  ) .  D E F L I N O O I  ) .  S O I L  ( 5 0 1  ) 
COMMON 1P O S ( 3 ) .  R P O S ( 3 > .  REAC ( 2 .  3 ) .  DMLEN, D11W1D. R L 1 .  R L 2 .  E l . SUOC 
COMMON D E L T A . P O . S E O . S P A N .  D P R O P . J S T A R T , J S T O P . N S T O P  
COMMON DAMP.XX XX .ULOAD . U D I S P  
J 1 - J S T A R T —1


