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R.P.AURO RA Senior Engineer, Marathon Oil Company,

L.C.REESE Professor of Civil Engineering, University of Texas, U.S.A.

SYNOPSI S F o u r  i n s t r u me n t e d  d r i l l e d  s h a f t s  0 . 7 5  t o  0 . 9 1  m i n  d i a me t e r  wi t h  p e n e t r a t i o n s  o f  a b o u t  7 m we r e  

i n s t a l l e d  i n t o  c l a y - s h a l e  b y  t h r e e  d i f f e r e n t  c o n s t r u c t i o n  p r o c e d u r e s .  T h e  t i p s  o f  t h e  s h a f t s  p e n e t r a t e d  1 . 0  t o

2 . 4  m i n t o  t h e  c l a y - s h a l e  l a y e r .  Ea c h  s h a f t  wa s  a x i a l l y  l o a d e d  t o  f a i l u r e  u s i n g  a  r e a c t i o n  s y s t e m i n  wh i c h  a l l  

t h e  t e n s i o n  s t e e l  c o u l d  b e  r e c o v e r e d  a f t e r  t e s t i n g .  I n s t r u me n t a t i o n  a l o n g  t h e  l e n g t h  o f  t h e  s h a f t s  a l l o we d  

c u r v e s  t o  b e  o b t a i n e d  s h o wi n g  l o a d  a s  a  f u n c t i o n  o f  d e p t h .  F i e l d  d a t a  we r e  a n a l y z e d  t o  f i n d  l o a d  t r a n s f e r  i n  

s i d e  r e s i s t a n c e  a n d  b a s e  r e s i s t a n c e .  Sh e a r  s t r e n g t h  o f  t h e  s o i l s  wa s  d e t e r mi n e d  f r o m l a b o r a t o r y  s t u d i e s  a n d  

f r csn i n  s i t u  t e c h n i q u e s  a n d  l o a d  t r a n s f e r  f a c t o r s  v ^ r e  c o mp u t e d  f o r  e a c h  me t h o d  o f  c o n s t r u c t i o n .

INTRODUCTION

T h e  u s e  o f  d r i l l e d  s h a f t s  ( a l s o  c a l l e d  d r i l l e d  p i e r s ,  

b o r e d  a n d  c a s t - i n - p l a c e  p i l e s ,  a n d  c a i s s o n s )  h a s  i n ­

c r e a s e d  i n  t h e  Un i t e d  St a t e s  b e c a u s e  i n  ma n y  i n s t a n c e s  

t h e r e  a r e  e c o n o mi c  a n d  o t h e r  a d v a n t a g e s  t o  t h i s  k i n d  

o f  d e e p  f o u n d a t i o n .  Un t i l  r e c e n t l y ,  d r i l l e d  s h a f t s  

we r e  d e s i g n e d  a s  s p r e a d  f o o t i n g s  a n d  t h u s  we r e  u s u a l l y  

u n d e r - r e a me d .  T h e  s t u d i e s  d e s c r i b e d  h e r e i n  a r e  a  p a r t  

o f  a  d e c a d e - l o n g  p r o j e c t  d u r i n g  wh i c h  1 9  i n s t r u me n t e d  

d r i l l e d  s h a f t s  h a v e  b e e n  l o a d e d  i n  t h e  f i e l d  t o  f a i l ­

u r e  ( L.  C.  Re e s e ,  e t  a l , 1 9 69 ;  W.  R.  Ba r k e r ,  a n d  L.  C.  

Rees e ,  1969? L.  C.  Re e s e ,  e t  a l , 1 9 73 ;  D.  E.  En g e l i n g  

a n d  L.  C.  Re e s e ,  1974 ) .

T h e  p r i n c i p a l  a i m o f  t h e  p r o j e c t  a n d  o f  t h e s e  s t u d i e s  

h a s  b e e n  t o  g a i n  i n f o r ma t i o n  o n  t h e  ma n n e r  i n  wh i c h  

a x i a l  l o a d  i s  t r a n s f e r r e d  t o  t h e  s u p p o r t i n g  s o i l  a n d  

t o  t r a n s l a t e  s u c h  i n f o r ma t i o n  i n t o  d e s i g n  r e c o n me n -  

d a t i o n s .

SOI L  PROFI L E,  I NSTRUMENTATI ON,  AND SOI L  STRENGTH 

DATA

Tvr o t e s t  s i t e s ,  a b o u t  3 2 0  k m a p a r t ,  we r e  s e l e c t e d  i n  

t h e  s t a t e  o f  Te x a s ,  USA.  On e  t e s t  s i t e  wa s  i n  Mo n t o -  

p o l i s  ( n ea r  Au s t i n )  a n d  t h e  o t h e r  wa s  i n  Da l l a s .  T h e  

c l a y - s h a l e  l a y e r  wa s  f o u n d  a t  a  d e p t h  o f  a b o u t  6  m 

f r o m t h e  e x i s t i n g  g r o u n d  s u r f a c e  a t  b o t h  t e s t  s i t e s .

I n  t h i s  s t u d y  t h e  s o i l  r e f e r r e d  t o  a s  c l a y - s h a l e  me t  

t h e  c l a s s i f i c a t i o n  c r i t e r i a  s u g g e s t e d  b y  N.  R.  Mo r g e n -  

s t e r n  a n d  K.  D.  Ei g e n b r o d  ( 1974) .  T h e  s o i l  p r o f i l e  a t  

t h e  Mo n t o p o l i s  s i t e  i s  s h o wn  i n  Fi g s .  1  a n d  2  a n d  c o n ­

s i s t e d  o f  t h e  f o l l o wi n g  l a y e r s ,  s t a r t i n g  a t  t h e  g r o u n d  

s u r f a c e :  a  l a y e r  o f  me d i u n  t o  s t i f f  c l a y  a b o u t  3 m  

t h i c k ,  a  l a y e r  o f  wa t e r - b e a r i n g  s a n d  a n d  g r a v e l  a b o u t  

1 . 3  m t h i c k ,  a  l a y e r  o f  s t i f f  t o  h a r d  c l a y  a b o u t  1 . 7  m 

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

f i l e  a t  t h e  Da l l a s  s i t e  i s  s h o wn  i n  Fi g .  3 a n d  c o n s i s ­

t e d  o f  t h e  f o l l c wi n g  l a y e r s :  a n  u p p e r  l a y e r  o f  s a n d y  

c l a y  a p p r o x i ma t e l y  4 . 0  m t h i c k ,  a  l a y e r  o f  s a n d  a n d  

g r a v e l  a b o u t  1 . 8 m t h i c k ,  a n d  a  t h i c k  l a y e r  o f  c l a y -

ACC0 RDI NG TO UNI F I ED SOI L CL ASSI FI CATI ON 
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Fi g .  1  De t a i l s  o f  Sh a f t s  MT l  a n d  MT2  a t  Mo n t o p o l i s
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Fi g .  3 De t a i l s  o f  Sh a f t  DTl  a t  Da l l a s

0.0

12.2

s h a l e .  T h r e e  s h a f t s  we r e  t e s t e d  a t  t h e  Mo n t o p o l i s  

s i t e  a n d  o n e  a t  t h e  Da l l a s  s i t e .

As  s h o wn  i n  Fi gs .  1,  2,  a n d  3,  " Mu s t r a n "  c e l l s  t h a t  

a n p l o y  e l e c t r i c a l  r e s i s t a n c e  g a g e s  f o r  me a s u r i n g  

s t r a i n  we r e  s n b e d d e d  a t  v a r i o u s  d e p t h s  wi t h i n  e a c h  

s ha f t .  Re a d i n g s  f r o m t h e  Mu s t r a n  c e l l s  a l l o w f o r  a  

d e t e r mi n a t i o n  o f  t h e  d i s t r i b u t i o n  o f  a x i a l  l o a d  

a l o n g  t h e  l e n g t h  o f  t h e  s h a f t  ( W.  R.  Ba r k e r ,  a n d  

L.  C.  Re es e ,  1 9 6 9 ) .

Me a s u r e n e n t  o f  t h e  i n  s i t u  s h e a r  s t r e n g t h  o f  s o i l s  

wa s  ma d e  b y  b o t h  f i e l d  a n d  l a b o r a t o r y  t e c h n i q u e s .

T h e  f i e l d  me t h o d s  e mp l o y e d  we r e  t h e  d y n a mi c  c o n e  

p e n e t r o me t e r  t e s t ,  t h e  s t a n d a r d  p e n e t r a t i o n  t es t ,  

a n d  t h e  s t a t i c  p e n e t r o me t e r  t e s t .  T h e  s t a t i c  

p e n e t r o me t e r  c o n s i s t e d  o f  a  c o n e  a t  t h e  e n d  o f  a  

2 . 5 4  c m d i a me t e r  s t e e l  r od .  T h e  c o n e  h a d  a  b a s e  

d i a me t e r  o f  3 . 5 7  c m a n d  a  h e i g h t  o f  2 . 4 5  on .  Th e  

d y n a mi c  c o n e  h a d  a  b a s e  d i a me t e r  o f  7 . 6 2  c m a n d  a  

h e i g h t  o f  6 . 3 5  c m.  Th e  d y n a mi c  c o n e  wa s  d r i v e n  b y  

a  7 7 - k g  h a i me r  wi t h  a  f r e e  f a l l  o f  76  an .  St a t i c  

c o n e  t e s t s  we r e  c o n d u c t e d  i n  t h e  c l a y - s h a l e  b y  

d r i l l i n g  a  l a r g e  d i a me t e r  h o l e  t o  t h e  t o p  o f  t h e  

f o r ma t i o n .  T e c h n i c i a n s  wo r k e d  i n  t h e  h o l e  a n d  t h e  

c o n e  wa s  f o r c e d  i n t o  t h e  c l a y - s h a l e ,  u s i n g  t h e  k e l l y  

o f  t h e  d r i l l i n g  r i g  a s  t h e  r e a c t i o n .  St a n d a r d  

p e n e t r a t i o n  t e s t s  we r e  d o n e  o n l y  a t  Mo n t o p o l i s  u p  t o  

t h e  t o p  o f  c l a y - s h a l e .  Co r e  s a mp l e s  we r e  t a k e n  o n l y  

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

t oo l .

Un c o n s o l i d a t e d - u n d r a i n e d  t r i a x i a l  t e s t s  we r e  r u n  o n  

c o r e  s a mp l e s  o b t a i n e d  a t  t h e  Mo n t o p o l i s  s i t e  a n d  t h e  

u n d r a i n e d  s h e a r  s t r e n g t h ,  c  ,  wa s  e s t i ma t e d  mo s t l y  

f r o m t h e s e  t e s t s .  I n d i r e c t Tn e t h o d s  f o r  o b t a i n i n g  

s h e a r  s t r e n g t h  f r o m r e s u l t s  o f  d y n a mi c  p e n e t r a t i o n  

t e s t  ( R.  B.  Pe c k ,  e t  a l , 1974 ;  D.  E.  En g e l i n g ,  a n d  

L.  C.  Re e s e ,  1974)  we r e  u s e d  f o r  c a n p a r i s o n .  T h e  

r e s u l t s  o f  t h e  s t a t i c  c o n e  t e s t s  c o n d u c t e d  a t  t h e  

Mo n t o p o l i s  s i t e  we r e  u s e d  t o  e s t i ma t e  t h e  b e a r i n g  

c a p a c i t y  f a c t o r  f o r  t h e  c o n e ,  Nc , ,  a n d  i t  wa s  

f o u n d  t o  b e  a p p r o x i ma t e l y  e q u a l  t o  19.  T h i s  v a l u e  

o f  N  , wa s  u s e d  t o  o b t a i n  t h e  a p p r o x i ma t e  s h e a r

s t r engt f i ° of  c l a y - s h a l e  a t  t h e  Da l l a s  s i t e  f r o m 

r e s u l t s  o f  i n - h o l e  s t a t i c  c o n e  t e s t s .  T h e  s h e a r  

s t r e n g t h  o f  c l a y - s h a l e  a t  t h e  Da l l a s  s i t e  wa s  e s t i ­

ma t e d  t o  b e  a b o u t  3 1 0  k N/ m2 , wh i l e  t h e  c l a y - s h a l e  

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

7 1 0  k N/ m2 .

CONSTRUCTION DETAILS

T h r e e  s h a f t s  MTl ,  MT2 ,  a n d  MT3  we r e  c o n s t r u c t e d  i n  

Mo n t o p o l i s  u s i n g  t h e  f o l l o wi n g  s c h e n e .  T h r e e  a n c h o r  

s h a f t s  wi t h  e n l a r g e d  b a s e s  we r e  b u i l t  s u c h  t h a t  

t h e i r  l o c a t i o n s ,  i n  p l a n ,  we r e  a t  t h e  v e r t i c e s  o f  a n  

e q u i l a t e r a l  t r i a n g l e  wh o s e  s i d e s  we r e  a b o u t  5 . 5  m 

ea c h .  On e  t e s t  s h a f t  wa s  l o c a t e d  a t  t h e  mi d p o i n t  o f  

e a c h  s i d e  o f  t h e  t r i a n g l e .  T h e  s c h a r e  u s e d  f o r  t h e  

r e a c t i o n  s y s t a n  i s  s h o wn  s c h e ma t i c a l l y  i n  Fi g .  4.  

T h i s  a r r a n g a n e n t  p e r mi t t e d  e a c h  a n c h o r  s h a f t  t o  b e  

u s e d  t wi c e  d u r i n g  t h e  t h r e e  l o a d  t e s t s .  Be s i d e s ,  

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

c o mp l e t i o n  o f  l o a d  t e s t s .  Hi g h  s t r e n g t h  b a r s  we r e  

a l s o  u s e d  f o r  t h e  l o a d  t e s t  o n  t h e  t e s t  s h a f t  DT I  a t  

t h e  Da l l a s  s i t e .

Sh a f t  MT l  wa s  b u i l t  b y  t h e  c a s i n g  me t h o d .  Dr i l l i n g  

wa s  d o n e  t o  a b o u t  2 . 5  m f r o m g r o u n d  s u r f a c e  wi t h o u t  

t h e  a i d  o f  b e n t o n i t e  s l u r r y .  T h e r e a f t e r  s l u r r y  wa s  

u s e d  t o  d r i l l  t h e  h o l e  u p  t o  t h e  t o p  o f  c l a y - s h a l e ,
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B A RS ,  3 5  M M  D I A E A C H  CA S E D 

I N A P L A S T I C T U B E  UP  T O 

T OP  OF  A N C H O R  S H A F T

Fi g .  4 Sc h e ma t i c  De t a i l s  o f  Re a c t i o n  Sy s t e m

k e e p i n g  t h e  l e v e l  o f  s l u r r y  wi t h i n  0 . 7 5  m f r o m 

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

a u g e r  we r e  c o n t i n u o u s l y  e x a mi n e d  t o  ma r k  s t r a t a  

c h a nges .  Dr i l l i n g  wa s  s t o p p e d  t e mp o r a r i l y  a n d  a  

s t e e l  c a s i n g  wa s  " s c r e e d 1'  i n t o  t h e  d r i l l e d  h o l e  

u n t i l  t h e  c a s i n g  p e n e t r a t e d  a b o u t  0 . 1 0  m i n t o  t h e  

s ha l e .  Al l  d r i l l i n g  mu d  wa s  c l e a n e d  f r o m wi t h i n  t h e  

c a s i n g  a n d  a n o t h e r  a u g e r  wa s  l o we r e d  t h r o u g h  t h e  c a s ­

i n g  t o  d r i l l  a  d r y  h o l e  i n t o  t h e  c l a y - s h a l e  b e l o w t h e  

b o t t o m o f  t h e  c a s i n g  wi t h o u t  t h e  a i d  o f  s l u r r y .  T h e  

s t e e l  c a g e ,  wi t h  Mu s t r a n  c e l l s ,  wa s  l o we r e d  i n t o  t h e  

f i n i s h e d  c a s e d  h o l e  a n d  c o n c r e t e  wa s  p l a c e d  wi t h  t h e  

a i d  o f  a  t r e mi e .  T h e  c a s i n g  wa s  g r a d u a l l y  p u l l e d  o u t  

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

c r e t e  r o s e  i n s i d e  t h e  a u g e r e d  h o l e .  Sh a f t  DT I  wa s  

a l s o  c o n s t r u c t e d  b y  c a s i n g  me t h o d ,  wi t h  t h e  e x c e p t i o n  

t h a t  s l u r r y  wa s  n o t  u s e d  a t  a n y  s t a g e .  Sh a f t  MT2  wa s  

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

p r o c e d u r e  d e s c r i b e d  b y  L.  C.  Re e s e ,  e t  a l  ( 1973) .

Sh a f t  MT3  wa s  d r i l l e d  wi t h o u t  a n y  s l u r r y .  A  c a r d ­

b o a r d  t u b e  ( Sonot ube)  wa s  u s e d  a s  a  f o r m f o r  t h e  

u p p e r  p o r t i o n  o f  t h e  s h a f t  ( s ee Fi g .  2) .  An  a i r  v o i d

wa s  k e p t  b e t we e n  t h e  o u t e r  s t e e l  c a s i n g  a n d  t h e  So n o ­

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

c l a y - s h a l e .  Th u s ,  s h a f t s  MT1  a n d  DT l  we r e  c o n s t r u c ­

t e d  b y  t h e  c a s i n g  me t h o d ,  MT2  b y  t h e  s l u r r y  d i s p l a c e ­

me n t  me t h o d ,  a n d  MT3  b y  t h e  d r y  me t h o d .

T EST  RESUL TS AND I NTERPRETAT I ON

Ty p i c a l l y ,  l o a d  wa s  a p p l i e d  t o  t h e  t o p  o f  a  t e s t  s h a f t  

b y  t v* D h y d r a u l i c  j a c k s  wh i c h  we r e  p r e s s u r i z e d  b y  me a n s  

o f  a  h y d r a u l i c  p u mp .  Ea c h  l o a d  i n c r e me n t  wa s  a p p l i e d  

i n  a b o u t  3  mi n u t e s  a n d  Mu s t r a n  c e l l  r e a d i n g s  we r e  

t a k e n  30  s e c o n d s  a f t e r  t h e  l o a d  i n c r a n e n t  h a d  b e e n  

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

f a c e  we r e  u t i l i z e d  t o  o b t a i n  c a l i b r a t i o n  c u r v e s  f o r  

t h e  o u t e r  Mu s t r a n  c e l l s  wi t h i n  t h e  t e s t  s h a f t ,  b e c a u s e  

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

c o u l d  b e  c o r r e l a t e d  t o  t h e  k n o wn  l o a d  a p p l i e d  b y  t h e  

c a l i b r a t e d  h y d r a u l i c  j a c k s .  T h e  s e t t l e me n t  n e a r  t h e  

t o p  o f  t h e  s h a f t  wa s  me a s u r e d  b y  d i a l  gage s .

T h e  l o a d - s e t t l e n e n t  c u r v e s  f o r  t h e  t e s t  s h a f t s  a r e
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APP L I E D L OAD ( k N )

s h o wn  i n  Fi g .  5.  T h e s e  c u r v e s  i n d i c a t e  t h a t  t h e  

s h a f t s  a t  t h e  Mo n t o p o l i s  s i t e  f a i l e d  a t  a p p l i e d  l o a d s  

o f  a b o u t  5 0 0 0  k N,  wh i l e  t h e  s h a f t  a t  t h e  Da l l a s  s i t e  

f a i l e d  a t  a p p l i e d  l o a d s  o f  a b o u t  3 5 0 0  k N.  T h e  s e t t l e ­

me n t  o f  t h e  t o p s  o f  t h e  s h a f t s  a t  t h e  f a i l u r e  l o a d s  

wa s  i n  t h e  o r d e r  o f  4 an.

L o a d  d i s t r i b u t i o n  c u r v e s ,  s i mi l a r  t o  t h e  o n e  s h o wn  i n  

Fi g .  6,  we r e  o b t a i n e d  f o r  a l l  t h e  t e s t  s h a f t s .  By

L OA D ( k N )

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

t i o n  c u r v e s ,  c u r v e s  c a n  b e  o b t a i n e d  a s  a  f u n c t i o n  o f  

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

r e l a t i v e  mo v e n e n t  b e t we e n  t h e  s h a f t  a n d  t h e  s o i l .  I n

DI S P L A CE ME NT  ( CM)

Fi g .  7 l o a d  T r a n s f e r  Cu r v e s :  Sh a f t  DTI

p e r f o r mi n g  t h e  a b o v e  c o mp u t a t i o n s  i t  wa s  n e c e s s a r y  t o  

h a v e  t h e  t o p  s e t t l e me n t  a n d  t h e  s h a f t ' s  g e a n e t x y  

a n d  e l a s t i c  p r o p e r t i e s .  An  e x a mp l e  o f  s u c h  c u r v e s  i s  

s h o wn  i n  Fi g .  7  f o r  s h a f t  DTI .  T h e  u p p e r  t v »  c u r v e s  

i n  t h i s  f i g u r e  s h o w a n  u n u s u a l  d r o p  i n  l o a d  t r a n s f e r  

f o l l o wi n g  t h e  p o i n t  o f  ma x i mu m l o a d  t r a n s f e r .  T h i s  

i s  p r o b a b l y  d u e  t o  e x p e r i me n t a l  e r r o r .  Cu r v e s  o f  

l o a d  t r a n s f e r  i n  s i d e  r e s i s t a n c e  f o r  s h a f t s  MPl  a n d  

MT 2  c o u l d  n o t  b e  d i r e c t l y  o b t a i n e d  d u e  t o  ma l f u n c t i o n  

o f  s o me  Mu s t r a n  c e l l s ,  a l t h o u g h  t h e  i n f o r mt i o n  o n  

ma x i mu m l o a d  t r a n s f e r  i n  s i d e  r e s i s t a n c e  wa s  o b t a i n e d  

i n d i r e c t l y .  T h e  b a s e  r e s i s t a n c e  v e r s u s  b a s e  mo v e me n t  

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

y s i s  o f  f i e l d  i r eas u r emen t s  a n d  a r e  p r e s e n t e d  i n  Fi g .  8.

I n  Ma r c h  1 9 7 6 ,  s e v e r a l  p a p e r s  we r e  p u b l i s h e d  a s  t h e  

Ge o t e c h n i q u e  Sy mp o s i u m i n  Pr i n t  o n  Pi l e s  i n  We a k  Ro c k ,  

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

a x i a l l y  l o a d e d  c a s t - i n - p l a c e  b o r e d  p i l e s  t e s t e d  t o  

f a i l u r e  o r  n e a r  f a i l u r e  ( D.  J .  Ma l l a r d  a n d  J .  L.  

Ba l l a n t y n e ,  1 9 7 6 ?  D.  L .  We b b ,  1 9 7 6 ;  a n d  L .  C.  Wi l s o n ,  

1 9 7 6 ) .  I n  wr i t i n g  t h e  p r e f a c e  t o  t h e  a b o v e  n o t e d  

s y mp o s i u m,  M.  J .  T o ml i n s o n  ( 1976)  p r e s e n t e d  a n  i n t e r ­

e s t i n g  s u mn a r y  o f  o b s e r v e d  u l t i ma t e  s i d e  r e s i s t a n c e  

a n d  b a s e  r e s i s t a n c e  o f  p i l e s  i n  we a k  r o c k .  T h e  u p p e r  

p o r t i o n  o f  T a b l e  I  i s  a b s t r a c t e d  f r a n  To ml i n s o n ' s  

s u mn a r y  a n d  t h e  l o we r  p o r t i o n  s h o ws  t h e  o b s e r v e d  

r e s u l t s  f r o m t h e  s t u d y  r e p o r t e d  h e r e i n .

T h e  f a c t o r  a  i s  d e f i n e d  a s  t h e  r a t i o  o f  t h e  ma x i mu m 

u n i t  l o a d  t r a n s f e r  i n  s i d e  r e s i s t a n c e  t o  t h e  s h e a r  

s t r e n g t h  o f  c l a y - s h a l e .  T h e  v a l u e s  o f  a  f o r  t h e  

c l a y - s h a l e  we r e  f o u n d  t o  b e  0 . 58 ,  0 . 52 ,  0 . 97 ,  a n d

0 . 9 1  f o r  MTl ,  MT2 ,  MT3 ,  a n d  DTI ,  r e s p e c t i v e l y .  Th e
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0

B A S E  R E S I S T A N C E  ( k N / M 2 )

10 15 2 0  2 5  3 0  3 5  4 0  4 5  5 0  5 5  6 0  6 5  x 1 0 0

MT 3

T a b l e  I  Ul t i ma t e  Si d e  Re s i s t a n c e  a n d  Ba s e  Re s i s t a n c e  o f  

Dr i l l e d  Sh a f t s  i n  St i f f  So i l s  a n d  Ro c k s

T y p e  o f  So i l  

o r  Ro c k

Ul t i ma t e  

Si d e  Re s i s t a n c e  

k N/ m2

Ul t i ma t e  

Ba s e  Re s i s t a n c e  

k N/ m2

Di a me t e r  o f  

Dr i l l e d  Sh a f t  

i r m

Re f e r e n c e

Ch a l k 50 0 - 1 0 5 0

Di a b a s e

( weak ,  c l a y e y )

Mu d s t o n e

( weak ,  c l a y e y ,  c r e t a c e o u s )

1 22  

1 2 0  t o  1 84

2 6 5 0

6 8 0 0

61 5

67 0

M.  J .

To ml i n s o n

( 1976)

Sh a l e

( f r agmen t ed )
2 5 0 - 90 0

Cl a y - Sh a l e  

( at  Da l l a s )

Cl a y - Sh a l e

( at  Mo n t o p o l i s )

2 7 8  

366  t o  6 9 0

24 4 3  

5 1 2 5  t o  6 1 3 1

889 *

7 3 7 *  t o  7 87*

*  Ba s e  Di a me t e r

Th i s

St u d y
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u lt im a te  base re s is ta n c e  i s  d e f in e d  as th a t  c o rre s ­

ponding to  a  t i p  movement o f  5% o f  th e  t i p  d ia m e te r .  

The v a lu e s  o f  th e  b e a r in g  c a p a c ity  f a c to r  Nc were  

found to  be 8. 0,  7. 2,  8. 6,  and 8 .5  f o r  M T l, MT2 , MT3 

and D T I, r e s p e c t iv e ly .

G e n e ra lly , le s s  th a n  0 .5  an movement was re q u ire d  to  

m o b il iz e  rraximum lo ad  t r a n s fe r  i n  s id e  re s is ta n c e  o f  

c la y -s h a le .  Study o f  c u rves  p re s e n te d  i n  F ig .  8 

re v e a le d  th a t  base movements o f  about 4 cm w ere r e ­

q u ire d  to  m o b il iz e  u l t im a te  base re s is ta n c e .

W ith  re g a rd  to  th e  e f f e c t s  o f  v a r io u s  c o n s tru c t io n  

te c h n iq u e s , i t  can be n o ted  th a t  th e  t e s t  s h a f ts  

MT3 and D T I, w hich w ere c o n s tru c te d  w ith o u t any  

s lu r r y ,  e x h ib ite d  h ig h  a  v a lu e s , in  excess o f  0 .9 0 .

I t  m ust be p a in te d  o u t th a t  th e  a  v a lu e s , re p o rte d  

h e r e in ,  a r e  based upon th e  s h ea r s tre n g th  o f  c la y -  

s h a le  de te rm in e d  by a p p ly in g  a  c o n fin in g  p re ss u re  

e q u a l to  th e  e s t im a te d  e f f e c t i v e  overburden  p re s ­

s u re . An a v a lu e  o f  0 .5  may be a  re as o n a b le  e s t i ­

m ate f o r  s h a f ts  c o n s tru c te d  by s lu r r y  d isp la c em e n t 

method o r  c a s in g  method when s lu r r y  i s  used; w h ile  

a c o n s e rv a tiv e  a  v a lu e  o f  0 .7 5  may be a p p ro p r ia te  

f o r  s h a f ts  u s in g  d ry  method o r  c a s in g  method w ith ­

o u t any use o f  s lu r r y .  The Nc v a lu e s  d e te rm in ed  

from  u l t im a te  t i p  r e s is ta n c e  d a ta  a ls o  suggest 

th e  b e n e f ic ia l  e f f e c t s  o f  a v o id in g  th e  use o f  

s lu r r y .  Nc v a lu e  o f  8 .5  f o r  s h a f ts  c o n s tru c te d  

by d ry  m ethods, and a v a lu e  o f  7 .5  f o r  s h a f ts  

c o n s tru c te d  by use o f  s lu r r y ,  seen a p p ro p r ia te  

f o r  d e s ig n  purposes, based on t h i s  l im i t e d  e xp e r­

ie n c e .

CONCL UDI NG REMARKS

1 . The u l t i i r a t e  a x i a l  c a p a c ity  o f  d r i l l e d  s h a f ts  in  

c la y -s h a le s  i s  a f fe c te d  by th e  c o n s tru c t io n  m ethod.

2 . D r i l l e d  s h a f ts  in s t a l le d  w ith o u t th e  a id  o f  s lu r r y  

d e p ic te d  a v a lu e s  in  excess o f  0 .9 ,  in  com parison  

to  a  v a lu e s  c lo s e  to  0 .5  f o r  s h a f ts  i n s t a l le d  w ith  

th e  a id  o f  s lu r r y .

3 . The Nc v a lu e s  o f  d r i l l e d  s h a f ts  in s t a l le d  w ith o u t  

th e  a id  o f  s lu r r y  w ere a bout 8 .5 ,  in  com parison to  

Nc v a lu e s  as  low  as 7 .0  f o r  s h a f ts  i n s t a l le d  w ith  

th e  a id  o f  s lu r r y .

4 . Less th a n  0 .5  cm movement was r e q u ire d  to  m o b iliz e  

maximum lo ad  t r a n s fe r  i n  s id e  r e s is ta n c e  o f  c la y -  

s h a le s , w h ile  a  base movement o f  a bou t 4 an  was 

needed to  m o b il iz e  u l t im a te  base r e s is ta n c e .  

T h e re fo re , f o r  compu t in g  a llo w a b le  a x i a l  lo ad s  on 

d r i l l e d  s h a f ts  i n  c la y -s h a le s ,  lo w e r fa c to r s  o f  

s a fe ty  f o r  s k in  f r i c t i o n  rray be used in  com parison  

to  th e  f a c to r  o f  s a fe ty  f o r  base r e s is ta n c e .

5 . The m agnitude o f  lo a d  t r a n s fe r  in  s id e  re s is ta n c e ,  

ra n g in g  from  366 to  690 kN/m2 i s  r a th e r  s i g n i f i ­

c a n t . Many codes o f  p r a c t ic e  ig n o re  s id e  r e s is ­

ta n c e  o f  d r i l l e d  s h a f ts .  The r e s u l ts  o f  t h is  

stu d y  suggest t h a t  th e s e  codes a re  o v e r ly  conser­

v a t iv e .

6 . R a th e r h ig h  base re s is ta n c e  v a lu e s  ra n g in g  from  

5125 to  6131 kN/m2 , measured in  t h is  s tu d y ,  

suggest t h a t  c la y -s h a le s  can be used e f f e c t i v e l y  

to  d es ign  an econom ical fo u n d a tio n  s y s ts n  us in g  

d r i l l e d  s h a f ts .  These v a lu e s  a re  f a r  in  excess  

o f  oomnonly used d es ign  v a lu e s .
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