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Summary 

This paper reports the results of driving and loading tes ts  on two steel pipe piles driven 
lllto glacial till at the BRS Test Site at Cowden. The tests  had two primary functions:- 

(1) To field test  the prototype of a new hydraulic hammer. 

( 1 1 )  To assess theoretical predictions of the driving resistance of similar open ended and 
closed ended pipe piles and to compare their axial load carrying capacity. 
The two piles were 0.45 m 0.d. and were driven 9 m into a stiff till. One pile was open 

without a shoe and the other closed ended with a flat plate. Both were comprehensively 
kstrurncnted with strain gauges, accelerometers, and pore water and total pressure  celis. 

The tu.0 piles were tested to failure under asial compression at a constant ra te  of 
Fex t r3 t ion  a b u t  one ~norlth after driving. 

Wave equation studies of the pile and hammer a re  presented and comparisons made 
betweell measured and predicted axial capacity and s t resses  during driving. 
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1.0 INTRODUCTION 

The p a s t  few y e a r s  have seefl t h e  i n t r o d u c t i o n  of  h y c i r a u l i c a l l y  o p e r a t e d  drop 
hammers f o r  p i l e  d r i v i n g .  The mechanism of  such hammers p r o v i d e s  a u t o m a t i c  c o n t r o l  
o v e r  t h e  impact  enerqy  and t h e  s t r o k e  r a t e .  T h i s  makes them a t t r a c t i v e  f o r  o f f s h o r e  
a p p l i c a t i o n s .  Over wa te r  and under  wa te r  developments  a r e  envisaged.  The f i r s t  
o b j e c t i v e  o f  t h e  work d e s c r i b e d  h e r e  was t o  f i e l d  -.st a  new h y d r a u l i c a l l y  a c t i v a t e d  
hammer by d r i v i n g  two t e s t  p i l e s .  

- - Theore - t i ca l  c a l c u l a t i o n s  s y g g e s t  t h a t  d r i v i n g  c l o s e d  ended p i l e s  th rough  c l a y  
would be e a s i e r  t h a n  d r i v i n g  t h e  same p i l e s  open ended, and t h a t  t h e  former  would 
have a  h i g h e r  capac i ty .  However t h i s  h a s  n o t  been conf i rmed by f u l l  s c a l e  f i e l d  
t e s t s .  T h e r e f o r e  t h e  two t e s t  p i l e s  were t a k e n  open and c l o s e d  ended r e s p e c t i v e l y  
and a f t e r  d r i v i n g  were l o a d  t e s t e d  t o  f a i l u r e .  

The f i n a l  o b j e c t i v e  o f  t h e  p r e s e n t  work was t o  deve lop  r o b u s t  and r e l i $ b l e  
i n s t r u m e n t a t i o n  f o r  u s e  o f f s h o r e  i n  t h e  e v a l u a t i o n  o f  p i l e  i n s t a l l a t i o n  and i n -  
s e r v i c e  behaviour .  

The hammer used f o r  d r i v i n g  t h e  t e s t  p i l e s  was a BSP H.A. t y p e  hav ing  a  ram 
mass o f  3.5 tonnes .  T h i s  t y p e  o f  hammer p r e s e n t s  a  d r i v i n g  system which is  a new 
approach t o  b a s i c  p i l e  d r i v i n g  p r i n c i p l e s .  It p r o v i d e s  t h e  p i l i n g  c o n t r a c t o r  w i t h  
t h e  s i m p l e s t  and most r e l i a b l e  o f  p i l i n g  t o o l s  - t h e  d rop  hammer t o g e t h e r  w i t h  
modern t echno logy  c o n t r o l .  

The d rop  hammer o r  d r i v i n g  mass is  l i f t e d  by a l o o p  t h a t  is  a c t u a t e d  o v e r  a 
sheave  a t  t h e  t o p  o f  t h e  l e a d e r s ,  Fig .  1. The r o p e  t h e n  p a s s e s  down t o  t h e  lower  
p o r t i o n  o f  t h e  mast and round a sheave  a t  t h e  bottom o f  t h e  a c t u a t o r .  The end o f  
t h e  r o p e  i s  t h e n  f i x e d  t o  t h e  hammer gu ide  c a r r i a g e .  A s  t h e  h y d r a u l i c  ram i n  t h e  
a c t u a t o r  f o r c e s  t h e  sheave  downwards t h e  hammer l i f t s  and when t h e  ram r e t u r n s  t h e  
hammer d r o p s  under  f r e e  f a l l .  

The system o f f e r s  many a d v a n t a g e s  t h a t  a r e  s e l f  e v i d e n t  such  a s  s imple  drop 
mass; i s o l a t i o n  o f  mechanism from impact  a r e a ;  e a s y  v i s u a l  c o n t r o l  o f  d rop ;  low 
f r o n t  end weight and s o f t  d r i v i n g  a b i l i t y .  I n  a d d i t i o n  t h e r e  a r e  advan tages  t h a t  
a r e  embodied i n  t h e  a c t u a t o r  technology.  These i n c l u d e :  a u t o m a t i c  remote c o n t r o l  
and t h e  a b i l i t y  t o  v a r y  t h e  r e l a t i o n s h i p  between d rop  mass, eng ine  horsepower and 
blow r a t e .  T h i s  means t h a t  t h e  H.A. u s e r  h a s  a  p i l i n g  system t h a t  can r e a d i l y  
a d a p t  t o  s u i t  changes  o f  p i l e  c o n t r a c t s .  

The energy is  r e l a t e d  t o  t h e  d rop  mass and a  range  o f  hammer masses a r e  
a v a i l a b l e .  The s t r o k e  is  i n f i n i t e l y  v a r i a b l e  between limits o f  X)O t o  1370mm. 
G e n e r a l l y  t h e  hammer works a t  40 blows p e r  minute when i t  produces  i t s  maximum 
energy,  bu t  t h i s  can be i n c r e a s e d  t o  60 blows p e r  minute when approx imate ly  h a l f  t h e  
maximum energy is  produced. The hammer is  c o n t r o l l e d  by a  remote e l e c t r o  h y d r a u l i c  
system a l l o w i n g  t h e  s t r o k e  t o  be a d j u s t e d .  It can be c o n t r o l l e d  f o r  s i n g l e  blow 
o p e r a t i o n  o r  f o r  a f u l l y  a u t o m a t i c  sequence. 

The system is s u i t a b l e  f o r  s o f t  d r i v i n g  a s  t h e  l o o p  of  rope  a l l o w s  t h e  hammer 
t o  fo l low t h e  p i l e  wi thou t  r e s t r i c t i o n .  , P i l e s  can be d r i v e n  wi th  r a k e s  up t o  9 
t o  t h e  hor ixon t . i l .  D r i v i n g  can be c a r r i e d  o u t  a t  r e f u s a l  f o r  long  p e r i o d s  o f  t ime 
sin:e t h e  a i t u z t o r  is i s o l a t e d  from t h e  impact zone. Power supp ly  is  from a d i e s e l  
h y d r a u l i c  power pack. 



I The t e s t s  were c a r r i e d  o u t  a t  a  s i t e  a t  Cowden on t h e  c o a s t  o f  Holderness ,  
n o r t h  o f  Kingston-upon-IIull ,  which h a s  been used e x t e n s i v e l y  by t h e  B u i l d i n g  Research 
~ s t a b l i s h m e n t ' a s  a t e s t  bed f o r  t h e  e v a l u a t i o n  o f  t h e  p r o p e r t i e s  o f  g l a c i a l  t i l l  and 
t h e  performance o f  s i t e  i n v e s t i g a t i o n  equipment,  Marsland (Ref.  1, 2).  A t  t h i s  s i t e  
t h e r e  is a  sequence o f  c l a y  t i l l s  which were l a i d  down d u r i n g  a  s e r i e s  o f  g l a c i a l  
advances,  hav ing  p l a s t i c i t y  i n d i c e s  r a n g i n g  from 1 2  t o  X)  p e r  c e n t  and a  c l a y  
f r a c t i o n  o f  30-40 p e r  cen t .  Layers  and l e n s e s  o f  f i n e  sand a r e  c o n t a i n e d  w i t h i n  
t h e  sequence. F ig .  2 g i v e s  t h e  undra ined  s h e a r  s t r e n g t h  v a r i a t i o n  o v e r  t h e  t o p  
13 met res  a s  o b t a i n e d  by Marsland (Ref .  2) u s i n g  865inm d i a m e t e r  p l a t e  b e a r i n g  t e s t s .  
These t e s t s  were performed i n  an a r e a  abou t  X X )  m e t r e s  d i s t a n c e  from t h e  t e s t  p i l e s ,  
but numerous CPTs have been c a r r i e d  o u t  o v e r  t h e  s u r r o u n d i n g  a r e a  and t h e  g e n e r a l  
uniformity o f  t h e  c l a y s 1  p r o p e r t i e s  e s t a b l i s h e d .  Four r e c o r d s  o f  cone t i p  r e s i s t a n c e  
and one of  s l e e v e  f r i c t i o n  from t sts performed i n  t h e  immediate v i c i n i t y  o f  t h e  t e s t  
p i l e s  a r e  shown i n  F ig .  2. 

The wa te r  t a b l e  i s  c l o s e  t o  t h e  s r f a c e .  A p l a n  o f  t h e  p i l e  t e s t  a r e a  i s  
given i n  Fig .  3 showing t h e  p o s i t i o n  of  t h e  i n s t r u m e n t e d  p i l e s  A and B, and t h e  
a d j a c e n t  cone pene t romete r  t e s t s .  The t e n  p i l e s  su r round ing  t h e  t e s t  p i l e s  were 
used f o r  r e a c t i o n  when t h e  s t a t i c  t e s t s  were performed. These were c a s t  i n - s i t u  i n  
h o l e s  l e f t  by t h e  e x t r a c t i o n  o f  a  c l o s e d  ended v i b r o p i l e .  

D e t a i l s  o f  t e s t  p i l e s  A and B a r e  shown i n  Fig.  4. A is i d e n t i c a l  t o  B 
except t h a t  t h e  2511x1 t h i c k  base  p l a t e  is omi t t ed .  The p i l e s  were 457mm 0.d. and 

The behav iour  o f  t h e  hammer d u r i n g  d r i v i n g  was observed by h i g h  speed  
photography. S t r a i n  gauges  and a c c e l e r o m e t e r s  were a t t a c h e d  t o  t h e  o u t s i d e  w a l l  
of t h e  p i l e  a s  shown i n  Fig .  4. 

The h i g h  speed camera o p e r a t e d  a t  X)O f .p.s.  The p o s i t i o n  o f  t h e  hammer 
r e l s t i v e  t o  a  f i x e d  s c a l e  p a i n t e d  on t h e  g u i d e s  was observed.  T h i s  enab led  t h e  
displacement- t ime behav iour  t o  be ob ta ined .  The impact  v e l o c i t y  o f  t h e  ram c o u l d  
then be c a l c u l a t e d .  

The s t r a i n  gauges  were A i l t e c h  SG 129,  120 ohm weldab le  gauges.  They were 
p o s i t i o n e d  a s  shown on F ig .  4.  A t  eacl- l e v e l  t h e r e  were two gauges  a t t a c h e d  
d i a m e t r i c a l l y  o p p o s i t e  each o t h e r .  The l e a d s  from each gauge t o  t h e  s i g n a l  
c o n d i t i o n i n g  u n i t s  were i n d i v i d u a l l y  s c r e e n e d  i n  o r d e r  t o  r e d u c e  n o i s e  t o  a  
n e g l i g i b l e  l e v e l .  The s i g n a l g  were t h e n  s t o r e d  on magnet ic  t ape .  By summing 
t h e  s i g n a l s  o r  d i f f e r e n c i n g  them a t  each l e v e l  a x i a l  and bending s t r e s s e s  c o u l d  
be deduced. 

A t  t h e  p i l e  head two FCB 5000g a c c e l e r o m e t e r s  were a t t a c h e d  d i a m e t r i c a l l y  
c r y c - c i t ?  ei?c!l e t h e r .  These were screwed i n t o  m a l l  m e t a l  b l o c k s  welded t o  t h e  
p l l e  wal l .  During t h e  d r i v i n g  o f  P i l e  B  a  mains supp ly  was used f o r  t h e  
acce le romete r s .  An e a r t h  l o o p  was e s t a b l i s h e d  a s  t h e  p i l e  p e n e t r a t e d  t h e  s o i l  
and t h e  n o i s e  d e r i v e d  the re f rom masked t h e  s i g n a l s .  The d i f f i c u l t y  d i d  n o t  a r i s e  
when a n  independent  power supp ly  was used. Screened  c a b l e s  were u s e d  t o  connec t  
t h e  a c c e l e r o m e t e r s  t o  t h e  s i g n a l  c o n d i t i o n i n g  u n i t s .  

A l l  s e n s o r s  and a s s o c i a t e d  c a b l e s  were p r o t e c t e d  by 38x38mm a n g l e s  welded 
a l c n g  t h e  l e n g t h  o f  t h e  p i l e ,  Fig .  4. D e t a i l s  o f  t h e  d r i v i n g  head a r e  shown i n  

The p r e s s u r e  c e l l s  used were o f  t h e  s t r a i n  gauged diaphragm t y p e  and  were 
i n i t i a l l y  c o n s t r u c t e d  by ,Transducers  (CEL) L t d  e s p e c i a l l y  f o r  f i t t i n g  t o  a 1372rnm 
d iamete r  p i l e  which was d r i v e n  i n  t h e  BP F o r t i e s  f i e l d .  The p o r e  p r e s s u r e  c e l l s  
d i f f e r e d  from t h e  t o t a l  p r e s s u r e  c e l l s  o n l y  i n  t h e  f a c t  t h a t  t h e  2 8 m  d i a m e t e r  



a c t i v e  face  was covered by a  porous d isc .  The p re s su re  c e l l s  opera ted  over  a  range 
o f  0-4137 IcN/d. 

5.0 DESCRIPTION OF TESTING 

5.1 Driving T e s t s  

P i l e  A was dr iven  on Tuesday, 2nd May over  a  per iod  of 45 minutes. There 
were two b r e i k s  i n  d r i v i n g  t o  prime the  pore p re s su re  c e l l s  and one break t o  . p a i n t  
a  cont inua t ion  of t h e  p e n e t r a t i o n  markings. The fol lowing morning t h e  p i l e  was 
re -dr iven  a  f u r t h e r  1Ymm. 

P i l e  B was d r iven  on t h e  fol lowing day t o  2.lm and then ex t rac ted .  It was 
t hen  dr iven  over  a  pr- iod of approximately 3 minutes with two i n t e r r u p t i o n s . .  

5.2 Loading T e s t s  

The p i l e  loading  t e s t s  we re . ca r r i ed  out  u s ing  BRE's p l a t e  loading  t e s t  
equipment which has  a  maximum capac i ty  of  500 tonnes. Fig. 6 shows t h e  equipment 
s e t  up i n  p o s i t i o n  over  t e s t  p i l e  B. Reaction was obtained us ing  two spreader  
beams which were each f i xed  t o  t h r e e  of t h e  t ens ion  p i l e s .  Head displacement was 
measured r e l a t i v e  t o  a r e f e r ence  beam which was supported on two concre te  A blocks 
p laced  ou t s ide  t h e  reg ion  of  i n f luence  of  t he  p i l e s .  Load. was measured us ing  a  
load  c e l l  placed between t h e  h y d r a u l i c a l l y  operated loading head and the  p i l e  cap. 
During t e s t i n g  a l l  q u a n t i t i e s  were recorded v i s u a l l y  and remotely. 

Each p i l e  was f i r s t  t e s t e d  under var ious  l e v e l s  of maintained load  over  a  
pe r iod  of  around t h r e e  days, l e f t  f o r  one day unloaded, and then  loaded under a 
cons t an t  r a t e  of  pene t r a t i on ,  even tua l ly  t o  f a i l u r e .  The r a t e  of loading  was 
0.374 of  t h e  p i l e  diameter  pe r  minute. T e s t s  on p i l e  A were completed before  t he  
t e s t  equipment was moved t o  p i l e  B. Both p i l e s  were l e f t  f o r  a  per iod  o f  around 
one month between d r i v i n g  and t e s t i n g  t o  f a i l u r e .  

5.3 Pressure-Measurements 

The s i g n a l s  from the  twelve p re s su re  c e l l s  were recorded on a  Sola t ron  
Compact da t a  logger  with tape  c a s s e t t e  a t  a r a t e  of  four  channels  per  second during 
t h e  d r i v i n g  phase. The i n t e r v a l  between suc -9s s ive  scans  was then increased  
accord ing  t o  t h e  expected r a t e  of change of  t he  s i g n a l s .  During d r iv ing  e f f o r t s  
were made t o  maintain t h e  pore p re s su re  c e l l s  i n  a  dea i r ed  s t a t e .  This  was done 
by p l ac ing  the  porous d i s c s  i n  p o s i t i o n  i n  a  water ' l l l e d  t rench  once each c e l l  
had gone j u s t  below ground l e v e l .  

A l a r g e  volume of  t e s t  d a t a  was co l l ec t ed .  Only a  r ep re sen ta t i ve  s e l e c t i o n  
of  t h i s  i s  given here in .  

6.1 Hamrner Impact Veloc i ty  

Nine h i g h  speed filrns were made cover ing  a  range of  pene t r a t i ons  f o r  p i l e s  A 
and B. F ~ C T  these  f i f t e e n  hammer d isphcenel l t - t ime curves were cons t ruc ted  us ing  
frame by frame a n a l y s i s  of t he  negat ive .  The average impact v e l o c i t y  of  the  hammer 
f o r  p i l e s  A and B was found t o  be 4.11 d s  and 4.21 d s  re spec t ive ly .  

6.2 P i l e  A Tes t  Resu l t s  

590 blows xere  r equ i r ed  t o  d r ive  P i l e  A t o  a  f i n a l  pene t r a t i on  o f  9.14m. A t  
i n t e r v a l s  o f  9 blows throughout t he  d r i v e  two o r  t h r e e  consecutive blows have been ' 
analysed. From t h e s e  t h e  v a r i a t i o n s  on a  blow by blow b a s i s  and dur ing  the  course 



c,f t h e  whole d r i v e  cou ld  be asse5sed.  The s c a t t e r  on a l l  d a t a  was o f  t h e  o r d e r  o f  

1%. T h i s  i s  deemed t o  be a c c e p t a b l e .  

F igs .  7 and 8 show- t y p i c a l  s e t s  - f d a t a  cor responding  t o  p e n e t r a t i o n s  o f  
4.572 and 9.144111. S e v e r a l  checks based upon t h e  t h e o r y  f o r  p r o p a g a t i o n  o f  a 
s o l i t a r y  wave i n  a  p i l e  can be made on ,he c o n s i s t e n c y  of  t h i s  da ta .  To h e l p  
f a c i l i t a t e  t h e s e ,  t h e  s t r e s s e s  a t  t h e  v a r i o u s  l e v e l s  a r e  p l o t t e d  below each o t h e r  
a t  d i s t a n c e s  a p a r t  p r o p o r t i o n a l  t o  t h e  l e v e l s  of t h e  gauges on t h e  a c t u a l  p i l e .  

R e f e r r i n g  t o  F ig .  7 i f  a  l i n e  a b  i s  drawn through t h e  p o i n t s  cor responding  t o  
the  i n i t i a t i o n  o f  t h e  d i s t u r b a n c e  a t  each l e v e l ,  then  t h e  s l o p e  o f  t h i s  l i n e  s h o u l d  
be e q u a l  t o  t h a t  o f  t h e  speed of sound i n  s t e e l .  From some 2 1  t e s t s  s o  a n a l y s e d  
an average  v a l u e  o f  5200 d s  was ob ta ined .  

I f  t h e  hammer i s  s t r i k i n g  un i fo rmly  t h e  peak s t r e s s  and t h e  peak a c c e l e r a t i o n  
a t  t h e  p i l e  head should  be a lmos t  independent  o f  t h e  s o i l  c o n d i t i o n s .  F o r  2 1  blows 
the  average  v a l u e s  o f  t h e s e  was found t o  be 138 M W d  and 224 g r e s p e c t i v e l y .  The 
i n i t i a l  s l o p e  o f  t h e  a c c e l e r a t i o n - t i m e  curv  should  a l s o  be independent  o f  t h e  s o i l  - f condi t ions .  An average  v a l u e  o f  146 g  rns was found f o r  t h i s .  The a v e r a g e  
s c a t t e r  i n  a l l  t h e s e  r e s u l t s  was o f  t h e  o r d e r  

The time t o  z e r o  a c c e l e r a t i o n  and t h e  t ime t o  peak s t r e s s  a t  t h e  p i l e  head 
should be n e a r l y  equal .  Average v a l u e s  o f  2.25 m s  and 2.4 m s  were o b t a i n e d  f o r  
these.  

E igh teen  h o u r s  a f t e r  complet ing t h e  main d r i v e  a  r e d r i v e  t e s t  waS c a r r i e d  ou t .  
The p i l e  was advanced a  f u r t h e r  1% mm by means o f  21 blows. T h i s  is  e q u i v a l e n t  
t o  138 blowdm and should  be compared w i t h  131 blowdm a t  t h e  end of  t h e  main d r i v e .  
The se t -up  is  t h e r e f o r e  smal l .  

By s u b t r a c t i n g  t h e  s i g n a l s  from d i a m e t r i c a l l y  o p p o s i t e  p a i r s  o f  s t r a i n  gauges 
the bending s t r e s s  may be ob ta ined .  T y p i c a l  r e s u l t s  a r e  shown i n  Fig.  9. The 
peak bending s t r e s s e s  were g e n e r a l l y  o f  t h e  o r d e r  o f  28 M N f r n 2 .  

6.3 P i l e  B T e s t  R e s u l t s  

351 blows were r e q u i r e d  t o  d r i v e  t h e  p i l e  t o  a  f i n a l  p e n e t r a t i o n  o f  9.144m. 
The exper imenta l  d a t a  o b t a i n e d  was checked i n  t h e  same manner a s  P i l e  A. I n  
g e r . ~ r a l  t h e  q u a l i t y  o f  t h e  d a t a  matched t h a t  o f  P i l e  A. 

Figs .  10 and 11 show t y p i c a l  s e t s  o f  d a t a  cor responding  t o  p e n e t r a t i o n s  of 
4.572 and 9.144111. These r e s u l t s  show t h a t  a  c l o s e d  end produces  n o t i c e a b l y  
h igher  t o e  s t r e s s e s  than  an open end. The passage  o f  t h e  peak s t r e s s  down and up 
the  p i l e  can be more r e a d i l y  seen ,  i . e .  a  s t r o n g e r  r e f l e c t i o n  i s  observed. 

A t  b l o ~  250 a  s t r s i n  gauge a t  t h e  t o e  ceased  t o  func t ion .  The r e a s o n  f o r  
t h i s  is  unknown. P r i o r  t o  f a i l u r e  i t  had been o p e r a t i n g  s a t i s f a c t o r i l y .  

A s  z c x t i o n e d  e ? r l i e r  t h e  a c c e l e r o m e t e r  d a t a  had a n o i s e  component super imposed 
upon i t  due t o  an  e a r t h  loop  caused by u s i n g  a mains power supply.  Hence no 
useab le  d a t a  was ob ta ined .  

6.4 b o l l e y  Compression T e s t s .  

On complet ion o f  t h e  f i e l d  work t h e  p i l e  cap was t e s t e d  i n  a  6000 kIi 
compression t e s t i n g  machine. Seven c y c l e s  o f  l o a d i n g  and un load ing  were a p p l i e d  
and a  t y p i c a l  c y c l e  i s  shown i n  Fig.  5. 

The s t i f f n e s s  o f  t h e  cush ion  d u r i n g  l o a d i n g  and un load ing  was found by 
f i t t i n g  a  s t r a i g h t  l i n e  through t h e  l o a d i n g  and un load ing  c u r v e s  r e s p e c t i v e l y .  
Average v a l u e s  o f  1.1x106 Wrn and 1 . 5 ~ 1 0 ~  k I V m  r e s p e c t i v e l y  were ob ta ined .  The 
c o e f f i c i e n t  o f  r e s t i t u t i o n  i s  given by s q u a r e  r o o t  o f  t h e  r a t i o  o f  t h e s e  two. An 



a v e r a g e  v a l u e  of  0.9 was ob' l ined.  

6.5 T h e o r e t i c a l  C a l c u l a t i o n s  

The d r i v e a b i l i t y  s t u d i e s  were c a r r i e d  o u t  by t h e  wave e q u a t i o n  method 
Smith (Ref. 3). F o r  t h i s  t h e  damping paramete rs  J' ( s i d e )  and J ( p o i n t )  and t h e  
s o i l  quake Q a r e  needed. 

No measurements o f  J '  o r  J a r e  known f o r  Cowden Clay. Because t h i s  m a t e r i a l  
h a s  a  c l a y  con-tent o f  o n l y  4% and h a s  l a y e r s  and l e n s e s  o f  sand  i t  i s  thought  t o  
b e ' r e l a t i v e l y  i n s e n s i t i v e  t o  r a t e  o f  deformat ion.  Thus J t  w i l l  be c l o s e r  t o  t h a t  
o f  sand t h a n  t h a t  o f  pure  c lay .  Accordingly a  va lue  o f  J' = .328 sec/m h a s  been 
used. For  c l a y s  t h e  work of L i t k o u h i  (Ref.  4) h a s  shown t h a t  J is s m a l l ,  
a c c o r d i n g l y  a  v a l u e  o f  0.00328 sec/m h a s  been used. 

Q u a l i t a t i v e  i n f o r m a t i o n  on Q may be deduced from Fig.  16. T h i s  i n d i c a t e s  
Q is i n  t h e  r e g i o n  2.54mm. 

F o r  mode l l ing  t h e  p i l e / s o i l  adhes ion  a  c o n s t a n t  v a l u e  o f  85 Wm2 h a s  been 
assumed. 

A t  t h e  conc lus jon  o f  d r i v i n g  P i l e  A ,  t h e  pl.ug was found t o  have r i s e n  40°/, 
o f  t h e  p e n e t r a t i o n .  Hence under  a l l  d r i v i n g  c o n d i t i o n s  a  p l u g  h e i g h t  o f  40°/, of  
p e n e t r a t i o n  h a s  been assumed and t h e  adhes ion  on t h e  i n s i d e  w a l l  t aken  a s  85 kN/m2. 

F o r  P i l e  B  t h e  base p r e s s u r e  was taken a s  9 CU x base a r e a .  

The r e s u l t s  of  t h e  d r i v e a b i l i t y  c a l c u l a t i o n s  a r e  g iven  i n  F igs .  .7, 8 and 1 0 , l l .  
Agreement between exper imenta l  and t h e o r e t i c a l  c u r v e s  is  on t h e  whole s a t i s f a c t o r y .  

6.d Discuss ion  o f  D r i v i n g  R e s u l t s  

P r i o r  t o  e n t e r i n g  t h e  f i e l d  an  e x t e n s i v e  l a b o r a t o r y  i n v e s t i g a t i o n  t o  determine 
t h e  b e s t  method o f  a t t a c h i n g  s t r a i n  gauges and c a b l e  l e a d s  t o  t h e  p i l e  w a l l  was 
undertaken.  A l l  i n s t r u m e n t s  and c i r c u i t s  were thoroughly  t e s t e d  i n  t h e  l a b o r a t o r y .  

A r e h e a r s a l  was h e l d  a t  the  main works o f  BSP t o  t e s t  t h e  p rocedures  which had 
been d e v i s e d  and modify them i n  t h e  l i g h t  o f  t h e  exper ience  gained.  

The importance o f  thi .s  p r e p a r a t o r y  work i n  r e d u c i n g  unforeseen  d i f f i c u l t i e s  
i n  t h e  main t e s t s  cannot  be o v e r s t a t e d .  A s  a  r e s u l t  i n s t r u m e n t  f a i l u r e  was reduced 
t o  an  i n s i g n i f i c a n t  l e v e l ,  and t h e  t ime s p e n t  on s i t e  was minimised. 

Throughout t h e  t e s t  s e r i e s  t h e  performance o f  t h e  hammer was found t o  be very 
uniform. T h i s  was confi rmed by t h e  h i g h  speed photography and t h e  s t r a i n  gauge 
da ta .  A s c a t t e r  o f  lo0/, was observed  on t h e  hammer d a t a .  

The exper imenta l  d a t a  and t h e  wave equa t ion  c a l c u l a t i o n s  confirmed t h a t  t h e  
mechanism by which t h e  hammer impulse  i s  t r a n s m i t t e d  down t h e  p i l e  is  o f  t h e  n a t u r e  
of  a  wave propaga t ion  phenomena. 

A t  t h e  completion of  each main d r i v e ,  t h e  r e s i d u a l  s t r a i n s  i n  t h e  p i l e  were 
observed. They were o f  t h e  o r d e r  o f  50 m i c r o s t r a i n ,  which i n d i c a t e s  a  h i g h  l e v e l  
o f  s t r e s s  r e l a w t i o n  i n  t h e  s o i l  a d j a c e n t  t o  t h e  p i l e  wal l .  These s t r a i n s  
c c r r e s ~ o n d  t o  abcu t  5% of  t h e  peak observed d u r i n g  d r i v i n g .  

A t  f i n a l  p e n e t r a t i o n  t h e  blow c o u n t s  o f  p i l e s  A and B were observed t o  be 
131 and 98 bl/m r e s p e c t i v e l y .  The r a t i o  o f  t h e s e  is 1:.75. The v a l u e s  c a l c u l a t e d  
by t h e  wave equa t ion  were 107 and 78 bl/m which g i v e  a  r a t i o  o f  1:.73. Thus 
a l though  t h e  a b s o l u t e  v a l u e s  o f  t h e  observed  and t h e o r e t i c a l  blow c o u n t s  d i f f e r ,  due 
t o  l a c k  o f  measured d a t a  on J' and J ,  t h e  r a t i o s  a r e  i n  c l o s e  agreement. From t h i s  
i t  can be concluded t h a t  r e l a t i v e  movement t a k e s  p l a c e  between t h e  s o i l  p lug  and 
t h e  i n s i d e  p i l e  w a l l  and t h e  h y p o t h e s i s  t h a t  under  dynamic c o n d i t i o n s  t h e  p i l e  does 



'not plug appears  t o  be proved. 

1 7.0 PRFSSLJRE CELL RESULTS AND INT?ZRPRETATION 

1 7.1 Resu l t s  
I 1 : ,  

! Measurements during d r iv ing  were o f  l i m i t e d  use because of t he  slow response 
i 1 , ;  1 < '  
i of the  p re s su re  c e l l s .  Seve ra l  of t he  c e l l s  appear  t o  have su f f e r ed  from 
i s i g n i f i c a n t  zero changes during d r iv ing ,  even before  they  en tered  t h e  ground. 

i Addi t iona l ly  i t  appeared from the  r e s u l t s  t h a t  the major i ty  of  t he  pore p re s su re  
f c e l l s  r e t a i n e d  some a i r .  Consequently readings  continued t o  i nc rease  a f t e r  
I 
i 

driving.  

! I : 
Fig. 1 2  shows measurements from pore p re s su re  c e l l  AP2 dur ing  d r iv ing ,  , , toge ther  with those  from the  t h ree  l e v e l s  of t o t a l  p r e s su re  c e l l s  on p i l e  A ,  1 

Fig. 13 shows the  readings  from t h e  two lower l e v e l s  of  t o t a l  p ressure  c e l l s  on I I 
, , p i l e  B  dur ing  driving.  The per iods  during which d r i v i n g  took p lace  a r e  marked I 

on the  f igures .  

Fig. 14 shows t h e  p re s su re  measurements a f t e r  d r iv ing  f o r  both p i l e s  f o r  a 
per iod  of  around 27 days. Events  a f f e c t i n g  readings  a r e  marked. P re s su re  
changes were a l s o  monitored during a x i a l  load  t e s t i n g  and changes were found t o  
be very small.  

7.2 Discussion 

It i s  d i f f i c u l t  t o  draw many q u a n t i t a t i v e  conclusions from t h e  measurements. 

C it can be seen from Fig. 12  t h a t  t he  immediate response t o  d r iv ing  is a  reduct ion  
i n  both t o t a l  p ressure  and pore pressure ,  followed by a  s t eady  increase .  The 
only l e v e l  a t  which t h i s  was not  observed t o  occur was near  t h e  bottom of t he  c lo sed  
ended p i l e  ( R ) ,  where t he  l a t e r a l  p r e s su re s  a r e  l i k e l y  t o  be s i g n i f i c a n t l y  a f f e c t e d  
by the  pene t r a t i on  of  t he  p i l e  t i p .  It i s  poss ib l e  t h a t  t h e  pressure  drop is 
caused b y ' t h e  i r r ecove rab le  s t r a i n s  i n  t he  s o i l  c r ea t ed  by t h e  r a p i d  expansion of  
t he  p i l e  under t he  f i r s t  hammer blow Heerema (Ref. 5). However t h e  magnitude of  
the  change is  g r e a t e r  than would be expected. 

i t  i s  not pos s ib l e  t o  make a  d i s t i n c t i o n  between the  va lues  of p re s su re  
generated by t h e  two d i f f e r e n t  p i l e s .  The summation o f  t h e  changes t h a t  t ake  
piace during d r iv ing  g ives  a  maximum t o t a l  p r e s su re  change a t  t h e  t i p  of  the  
p i l e  of about 700 Wm2 , i.e. around 6 x CU. 

It appears  from t h e  measurements a f t e r  d r i v i n g  t h a t  p r e s su re s  have a t  l e a s t  
s t a b i l i s e d  by day 20, al though some o f  t h e  c e l l s  a r e  e x h i b i t i n g  inexp l i cab l e  
behaviar during the  per iod  15-23 days. L i t t l e  change is apparent  a t  t he  uppermost 
leve l .  This  i s  probably explained by t h e  proximity o f  a h igher  permeabi l i ty  l a y e r  
between 2 and 3 metres. Fig. 15 shows the  p l c t  r e s u l t i n g  from the  s u b t r a c t i o n  o f  
tile pore p re s su re  measurements from the  t o t a l  p r e s su re s ,  which enables  t h e  changes 
i:; e f f e c t i ~ e  s t r e s s  t o  be e r ~ i n e d .  It is  apparent  t h a t  over t h e  time pe r iod  
shown =mall i n c r e a s e s  i n  r a d i a l  e f f e c t i v e  s t r e s s  have been recorded on p i l e  B ,  a t  
the  lower l e v e l s  but  not  on p i l e  A. 

t' 8.1 Resu l t s  

The r e s u l t s  of t h e  cons tan t  r a t e  of  pene t r a t i on  t e s t s  on p i l e s  A and B a r e  
presented i n  Fig. 15 i n  t he  f0v.n of  a  p l o t  of  app l i ed  load a g a i n s t  p i l e  d e f l e c t i o n  
a t  mudline. Before t he  p i l e s  were loaded t o  f a i l u r e  both were sub jec t ed  t o  a  load  
cyc le ;  p i l e  A t o  50 tonnes,  p i l e  B t o  75  tonnes. I n  both ca ses  t h e  response t o  
loading  was i d e n t i c a l  t o  t h a t  shown i : Fig. 15 over  t h e  same p o r t i o n  o f  t h e  i n i t i a l  



l o a d i n g  curve.  

The recorded  maximum l o a d s  were 

p  max = 1 4 3  tonnes  f o r  t h e  c l o s e d  ended p i l e  B 
p  max = 118 t o n n e s  f o r  t h e  open ended p i l e  A 

P i l e  B which was unloaded a f t e r  a  p e n e t r a t i o n  o f  around @mm had been reached  was 
r e l o a d e d  t o  f a i l u r e  and maximum l o a d  o f  137 tonnes  was achieved.  

The t e s t s  were s topped  when a  p e n e t r a t i o n  o f  around 8.a of  t h e  p i l e  d iamete r  
had been reached. 

8.2 Discuss ion  

The l o a d - d e f l e c t i o n  c u r v e s  from t h e  two p i l e  t e s t s  show some marked d i f f e r e n c e s .  
The open ended p i l e ,  A ,  very c l e a r l y  h a s  a  b i l i n e a r  response  b e f o r e  f a i l u r e  i s  reached 
where t h e  m a j o r i t y  of s h a f t  f r i c t i o n  h a s  been mobi l i sed  by a  d e f l e c t i o n  o f  lo/, o f  
t h e  d iamete r ,  and t h e  i n c r e a s e  i n  l o a d  i s  t h e r e a f t e r  t aken  by t h e  plugged p i l e  base.  
The d i f f e r e n c e  between t h i s  and t h e  curve  f o r  p i l e  B i s  caused by t h e  f a c t  t h a t  t h e  
response  is  s t i f f e r  due t o  t h e  s t r e s s e s  locked i n  under  t h e  s o l i d  base  a f t e r  d r i v i n g ,  
Cooke (Ref. 6 ) .  T h i s  i s  i n  c o n t r a s t  t o  p i l e  A ,  i n  which t h e  base r e s i s t a n c e  can 
o n l y  by m o b i l i s e d  once s u f f i c i e n t  movement h a s  o c c u r r e d  between t h e  i n t e r n a l  column 
o f  s o i l  and t h e  s h a f t  t o  cause t h e  p i l e  t o  plug.  

The p i l e s  behaved i d e n t i c a l l y  under  i n i t i a l  load ing .  It i s  p o s s i b l e  t o  
deduce t h e  e l a s t i c  p r o p e r t i e s  o f  t h e  s o i l  from t h e  i n i t i a l  l o a d i n g  curve u s i n g  t h e  
s imple  mathematical  model sugges ted  by Randolph (Ref.  7) which models t h e  p i l e  a s  
a n  a x i a l l y  loaded  e l a s t i c  rod  which i s  r e s t r a i n e d  by e l a s t i c  t r a c t i o n s  a l o n g  i ts  
l e n g t h  and a t  t h e  base.  For  t h e  sake  o f  comparing r e s u l t s  from l a r g e  s c a l e  p l a t e  
t e s t s  a  s e c a n t  s l o p e  o f  t h e  l o a d  d e f l e c t i o n  curve  is  taken  between 0 and 50 tonnes  
load.  It can be shown t h a t  by making s e n s i b l e  assumptions about  t h e  r e l a t i o n s h i p  
between p i l e  movement and mobi l i sed  t r a c t i o n s ,  a  v a l u e  of t h e  s h e a r  modulus (Gs) 
l y i n g  between 1 4  and 18 MPI/m2 is  ob ta ined .  I n  a d d i t i o n ,  by a n a l y s i n g  t h e  response  
o f  p i l e  A d u r i n g  t h e  p e r i o d  t h a t  base  r e s i s t a n c e  was be ing  mobi l i sed  i n  t h e  same 
manner a s  a  p l a t e  b e a r i n g  t e s t  r e s u l t  would be t r e a t e d  ( e g  Marsland, Ref. 1), a 
v a l u e  o f  Gs  o f  14 I.lP?/m2 i s  ob ta ined .  T h i s  l a t t e r  v a l u e  compares v e r y  favourab ly  
wi th  t h e  v a l u e s  o b t a i n e d  from p l a t e  b e a r i n g  t e s t s  on t h e  s i t e .  

The e f f e c t  o f  c l o s i n g  t h e  end o f  t h e  p i l e  was t o  ir1c;rease i t s  c a p a c i t y  by 
approx imate ly  21'4 under a x i a l  compressive loading.  There  was no a p p a r e n t  
s i g n i f i c a n t  v a r i a t i o n  i n  s o i l  p r o p e r t i e s  w i t h i n  t h e  r e g i o n  where t h e  p i l e s  were 
dr iven.  The o n l y  f a c t o r  d i f f e r i n g  from one p i l e  t o  t h e  o t h e r  a p a r t  from geometry 
was t h e  l e n g t h  o f  t ime between d r i v i n g  and t e s t i n g .  However, t h e  observed r a t e  o f  
pore  p r e s s u r e  d i s s i p a t i o n  i n d i c a t e s ,  and measured p e r m e a b i l i t i e s  ( 1  t o  10x10'9 d s e c )  
would p r e d i c t  t h a t  a l l  e x c e s s  pore  p r e s s u r e s  genera ted  d u r i n g  d r i v i n g  had d i s s i p a t e d  
b e f o r e  e i t h e r  o f  t h e  p i l e s  were t e s t e d .  

The d i f f e r e n c e  between t h e  u l t i m a t e  c a p a c i t i e s  o f  t h e  two p i l e s  can o n l y  be 
exp la ined  by look ing  a t  t h e  e f f e c t i v e  s t r e s s  changes t h a t  t a k e  p l a c e  i n  t h e  s o i l  
around t h e  p i l e ;  and t h e  e f f e c t  t h a t  t h e s e  have on t h e  s h a f t  r e s i s t a n c e .  I f  
p i l e  d r i v i n g  i s  modelled a s  a  c y l i n d e r  which is expanded i n t o  t h e  low p e r m e a b i l i t y  
s o i l ,  and t h e  s o i l  i s  t...n a l lowed  t o  c o n s o l i d a t e ,  i t  car, be demonstra ted 
t h e o r e t i c a l l y ,  Wroth e t  a 1  (Ref.  8) t h a t  t h e  e f f e c t i v e  r a d i a l  s t r e s s  on t h e  p i l e  
s u r f a c e  a f t e r  c o n s o l i d a t i o n  i n c r e a s e s  a s  t h e  r a t i o  

2 

p  = 1 - ( ri/ r e )  i n c r e a s e s  

where C .  is  t h e  i n t e r n a l  r a d i u s  o f  t h e  p i l e  
1 and ,- i s  t h e  e x t e r n a l  r a d i u s  

' e  



The e f f e c t  o f  an i n c r e a s e  i n  t h e  r a d i a l  e f f e c t i v e  s t r e s s  i s  t o  i n c r e a s e  bo th  t h e  r dra ined  and undrained r e s i s t a n c e  t h a t  can be mobi l i sed .  

The u l t i m a t e  c a p a c i t i e s  of t h e  two p i l e s  have been a n a l y s e d  i n  t e rms  of  some 
of t h e  common p r e d i c - t i v e  t h e o r i e s .  

( i )  The a method. I f  undra ined  s h e a r  s t r e n g t h s  (CU) a r e  t aken  from t h e  
p l a t e  b e a r i n g  t e s t  r e s u l t s  (F ig .  2 ) ,  and i t  i s  assumed t h a t  t h e  base r e s i s t a n c e  
mobi l i sed  is  g iven  by 

then  a = ( U l t i m a t e  l o a d  ( ~ u l t )  - 

where C i s  t h e  v a l u e  a t  t h e  base  
(c:)~,, is  t h e  average  va lue  down t h e  s h a f t  

AB i s  t h e  base  a r e a  o f  t h e  p i l e  

A s  i s  t h e  t o t a l  s h a f t  a r e a .  

F o r  p i l e  A ,  a = 0.64 
p i l e  B,  a = 0.8 

( i i )  The CPT method. Le t  i t  be assumed t h a t  t h e  t o t a l  r e s i s t a n c e  o f  t h e  
p i l e  i s  g iven  by 

QiLt = (AB x(qCltip + AS x ( f S l a v e )  x b 

where ( q c ) t i p  = Measured cone r e s i s t a n c e  a t  p i l e  t i p  

( fSlave = Average measured s l e e v e  f r i c t i o n  a l o n g  t h e  
t o t a l  dep th  of t h e  p i l e .  

From t h e  r e s u l t s  f o r  

p i l e  A 6 . = 0.73 
p i l e  B = 0.88 

( i i i )  The i n t e r p r e t a t i o n  o f  t h e  l o a d  t e s t  r e s u l t s  i n  terms o f  t h e  e f f e c t i v e  
s t r e s s  method e n a b l e s  v a l u e s  o f  t h e  r a t i o  K = c' /c~ t o  be c a l c u l a t e d ,  where 
6: i s  t h e  r a d i a l  e f f e c t i v e  s t r e s s  on t h e  p i l e  a t  ghe t ime of t h e  t e s t ,  and c; 

i s  t h e  i n i t i a l  i n - s i t u  v e r t i c a l  e f f e c t i v e  s t r e s s .  The v a l u e s  o f  K range  from 
4 t o  6 ,  w i t h  lower v a l u e s  r e l a t i n g  t o  t h e  open ended p i l e .  

9.0 CONCLUSIONS 

The t e s t s  confirmed t h a t  t h e  h y d r a u l i c a l l y  a c t u a t e d  hammer behaved v e r y  
uniformly whi le  d r i v i n g  t h e  t e s t  p i l e s .  

The c l o s e d  ended p i l e  drove more e a s i l y  than  t h e  open ended p i l e  and had a 
g r e a t e r  a x i a l  capac i ty .  T h i s  j u s t i f i e s  f u r t h e r  i n v e s t i g a t i o n .  

The t e s t s  s u c c e s s f u l l y  demonstra ted t h a t  p i l e s  can be i n s t r u m e n t e d  t o  g i v e  
r e l i a b l e  f i e l d  o b s e r v a t i o n s  o f  s t r e s ? ,  a c c e l e r a t i o n ,  t o t a l  p r e s s u r e  and p o r e  
p ressure .  

F u r t h e r  i n t e r p r e t a t i o n  of t h e  f i e l d  d a t a  o b t a i n e d  i s  sti l l  b e i n g  c a r r i e d  
out. 
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