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SUMMARY 

The p u r p o s e o f t h i s i n v e s t i g a t i o n was t o i n v e s t i g a t e 

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

p i l e b y means o f s i d e f r i c t i o n and end b e a r i n g . T h i s was 

a c c o m p l i s h e d b y means o f t w o m o d e l p i l e s , o n e o f c y l i n d r i c a l 

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

c o n t a i n e d i n t h e i r b a s e a p r o v i n g r i n g t o w h i c h was a t t a c h e d 

SR-4 e l e c t r o n i c s t r a i n g a u g e s . T h i s p r o v i d e d a d i r e c t 

measu remen t o f end b e a r i n g s t r e s s . The r e m a i n i n g s h a r e o f 

t h e t o t a l l o a d a p p l i e d t o t h e m o d e l was a s s i g n e d t o s i d e 

b e a r i n g . 

The two c o n f i g u r a t i o n s o f p i l e m o d e l w e r e t e s t e d a t 

v a r i o u s d e p t h s o f embedment and a l s o b y t w o m e t h o d s o f 

i n s t a l l a t i o n , n a m e l y : f o r c e d embedment and b u r i e d embedment . 

The same s o i l m a t e r i a l , a b e n t o n i t e c l a y , was u s e d t h r o u g h ­

o u t . 

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

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

moment o f f a i l u r e . A s i m u l t a n e o u s r i s e i n end b e a r i n g 

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

The c o m p a r i s o n o f t e s t s o f b u r i e d p i l e s w i t h t h o s e o f 

embeded p i l e s r e v e a l s t h a t a t t h e p o i n t o f f a i l u r e t h e y 

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

much l o w e r v a l u e o f end b e a r i n g . 
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When t h e m o d e l s w e r e f o r c e d o r d r i v e n i n t o t h e s o i l , 

t h e i n s t r u m e n t s r e c o r d e d a p e r s i s t e n t upward f o r c e on t h e 

b a s e o f t h e p i l e . T h i s f o r c e i s r e d u c e d as t h i x o t r o p y 

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

f i c i e n t o f s k i n f r i c t i o n , and t h e v a l u e o f t h i s c o e f f i c i e n t 

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

I t was f o u n d t h a t e v e n a s m a l l l o a d a p p l i e d t o t h e 

h e a d o f a f r i c t i o n p i l e h a s an i m m e d i a t e e f f e c t o n t h e b a s e 

o f t h e p i l e . A l t h o u g h b y f a r t h e g r e a t e s t s h a r e o f s u c h a 

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

s m a l l p r o p o r t i o n i s d i r e c t l y t r a n s m i t t e d t o t h e b a s e , and i s 

r e s i s t e d b y end b e a r i n g . 

The t e s t s a l s o d e v e l o p e d t h a t b o t h f r i c t i o n and end 

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

a p p l i c a t i o n o f l o a d . T h i s r e l a t i o n s h i p c e a s e s t o e x i s t when 

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

A n e e d f o r f u r t h e r t e s t i n g o f o t h e r p>hases o f t h e 

i n t e r - r e l a t i o n b e t w e e n s k i n b e a r i n g and end b e a r i n g i s 

e v i d e n t . S o i l s t r e s s e s b e l o w and a r o u n d t h e p i l e and a l o n g 

t h e p i l e s h a f t i t s e l f r e q u i r e c o n s i d e r a b l e a t t e n t i o n . An 

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

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

b e h a v i o r . 
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CHAPTER I 

INTRODUCTION 

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

f rom t o d a y ' s l a r g e r and h e a v i e r s t r u c t u r e s , a n e e d f o r a 

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

h a s b e c o m e e v i d e n t , A sound c o n c e p t i o n o f t h e manner i n 

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

d r i v i n g and how t h e y s u b s e q u e n t l y t r a n s m i t t h e i r l o a d t o t h e 

s o i l i s an i n v a l u a b l e a s s e t , and i t i s v i t a l l y n e c e s s a r y i f 

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

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

I t h a s l o n g b e e n r e c o g n i z e d t h a t t w o s e p a r a t e 

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

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

t i o n o The f o r m e r i s t h e d i r e c t v e r t i c a l r e s i s t a n c e t o 

f u r t h e r p e n e t r a t i o n o f t h e s o i l b e n e a t h t h e t i p o f t h e p i l e , 

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

p r e s s i n g a g a i n s t t h e s i d e s o f t h e p i l e « M o s t p i l e s e m p l o y 

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

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

n a n t . 

When p i l e s a r e d r i v e n i n a c o h e s i v e ( c l a y ) s o i l , t h e 

p i l e s a r e g e n e r a l l y c o n s i d e r e d t o b e s k i n b e a r i n g p i l e s , o r , 
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as t h e y a r e m o r e commonly c a l l e d , f r i c t i o n p i l e s . I t s h o u l d 

b e n o t e d t h a t t h e t e r m " s k i n b e a r i n g " i n c l u d e s b o t h t h e 

f o r c e s o f f r i c t i o n and o f a d h e s i o n b e t w e e n t h e s o i l and t h e 

p i l e . A s k i n b e a r i n g p i l e i s o n e o n w h i c h t h e e f f e c t s o f 

end b e a r i n g on t h e p i l e a r e c o n s i d e r e d t o b e o f r e l a t i v e l y 

l i t t l e e f f e c t when c o m p a r e d t o t h e l o a d b e a r i n g c a p a c i t y 

p r o v i d e d b y t h e s h e a r o f t h e s o i l a l o n g t h e s i d e s . H o w e v e r , 

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

p r o x i m i t y t o o n e a n o t h e r , i t h a s b e e n shown t h a t t h e y a c t a s 

a g r o u p . As s u c h , t h e y may h a v e an a p p r e c i a b l e end a r e a , 

and t h u s t h e p r e v i o u s l y n e g l e c t e d v a l u e f o r end b e a r i n g may 

assume c o n s i d e r a b l e i m p o r t a n c e . T h i s i s e s p e c i a l l y t r u e 

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

r e d u c e d . 

The p u r p o s e o f t h i s r e s e a r c h i s t o i n v e s t i g a t e t h e 

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

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

b e a r i n g and s i d e f r i c t i o n . The v a r i a b l e f a c t o r s i n v o l v e d i n 

t h e s t u d y w e r e t h e s h a p e o f t h e p i l e , t h e d e p t h o f embedment 

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

p l a c e d i n an e x c a v a t i o n . P a r t i c u l a r a t t e n t i o n was d i r e c t e d 

t o w a r d t h e p r o p o r t i o n o f t h e t o t a l l o a d c a r r i e d b y t h e t w o 

s o u r c e s o f s u p p o r t as t h e p i l e was p r o g r e s s i v e l y l o a d e d t o 

f a i l u r e . 

A l l t e s t s w e r e c o n d u c t e d i n an a r t i f i c a l l y p r e p a r e d 

b e d o f c o h e s i v e s o i l . Such s o i l p a r t i c l e s a r e s u r r o u n d e d b y 
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r e l a t i v e l y t h i c k l a y e r s o f a d s o r b e d w a t e r . T h i s g i v e s s o i l 

o f t h i s t y p e t h e a b i l i t y t o d e f o r m p l a s t i c a l l y w i t h o u t 

c r a c k i n g . 
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CHAPTER I I 

THEORY 

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

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

f r i c t i o n and end b e a r i n g . The end o f t h e p i l e may b e 

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

t r e a t e d a p a r t f rom a l l o t h e r f a c t o r s , may t h e n b e c o n s i d e r e d 

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

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

f a c e o f a c o h e s i v e s o i l . A c c o r d i n g t o M e y e r h o f f ( 1 ) , t h i s 

i s 

Q p = ( c N c 4- 7 D ) A ( 1 ) 

w h e r e Q d e n o t e s t h e l o a d t r a n s m i t t e d t o t h e s o i l b y t h e P J 

p i l e p o i n t 

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

p o i n t 

N c b e a r i n g c a p a c i t y f a c t o r 

7 " " u n i t w e i g h t o f t h e s o i l 

D n " d e p t h o f t h e p i l e p o i n t a t b a s e 

A n " a r e a o f t h e p i l e p o i n t 

T h e o r e t i c a l and e x p e r i m e n t a l e v i d e n c e i n d i c a t e s t h a t t h e 

f a c t o r N i s o f t h e o r d e r o f 9 , and t h a t t h e c o h e s i o n " c " i s c ' 
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t h e u n d r a i n e d s h e a r i n g s t r e n g t h o f t h e c l a y ( 2 ) . 

The t r a n s m i s s i o n o f t h e l o a d b y f r i c t i o n i s e x p r e s s e d 

b y 

Q s = mcS ( 2 ) 

w h e r e Q g d e n o t e s t h e l o a d t r a n s m i t t e d t o t h e s o i l b y s k i n 

f r i c t i o n 

c 1 1 1 1 a v e r a g e v a l u e o f t h e s h e a r s t r e n g t h o f 

t h e s o i l 

m " M c o e f f i c i e n t o f a d h e s i o n 

S " ! 1 1 s u r f a c e a r e a o f c o n t a c t : 

The c o e f f i c i e n t o f a d h e s i o n i s e m p l o y e d when t h e a d h e s i o n 

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

l e s s t han t h e s h e a r s t r e n g t h o f t h e s o i l . I t s v a l u e i s t h e n 

e q u a l t o o r l e s s t han o n e . 

T h e c o m b i n a t i o n o f t h e s e e f f e c t s i s s i m p l y 

Q = Q p + Q s ( 3 ) 

S u b s t i t u t i n g E q u a t i o n ( 1 ) and E q u a t i o n ( 2 ) , t h i s b e c o m e s 

Q = ( c N c + yD)A + mcS ( 4 ) 

The s e t t l e m e n t o f t h e p i l e h e a d i s made up o f p i l e 

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

t h e s o i l i s d r a g g e d down b y t h e p i l e , p l u s movement o f t h e 

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

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

t h u s , a c c o r d i n g t o S o l o m a n ( 3 ) : 

S t r e s s i n t h e s o i l q u i c k l y i n c r e a s e s f r o m z e r o a t t h e 

s u r f a c e t o a f a i r l y c o n s t a n t v a l u e i n h o m o g e n e o u s s o i l , t h e 

s h e a r i n g v a l u e o f t h e s o i l b e i n g i t s l i m i t . T h i s b e g i n s a t 

t h e u p p e r end and c o n t i n u e s u n t i l s u f f i c i e n t r e s i s t a n c e h a s 

b e e n m o b i l i z e d i n an u p p e r s e c t i o n o f p i l e l e n g t h shown a s 

l-^ 0 The r e s u l t a n t p i l e s h o r t e n i n g i s d e n o t e d b y V ^ . An 

i n c r e a s e d l o a d o f + R2 r e d u c e s t h e v a l u e o f 1^ b y V + 

and a l s o c a u s e s a new h y d r o d y n a m i c s t r e s s c o n d i t i o n i n t h e 

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

In o r d e r t o r e a c h e q u i l i b r i u m a g a i n , s o i l i n t h e l e n g t h 1~ 

w i l l a l s o b e s t r e s s e d „ The l e n g t h I2 w i l l b e s h o r t e n e d v ^ , 

and 1^ w i l l b e s h o r t e n e d b y an a d d i t i o n a l amount • The 

u n i t s t r e s s p ^ w i l l b e i n c r e a s e d t o p £ . T h i s p r o c e s s w i l l 

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

t h e l o a d r e a c h e s t h e t i p * 

A m o d i f i c a t i o n o f t h i s t h e o r y b y S e e d s t a t e s t h a t t h e 

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

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

i n g s o i l . B e c a u s e t h e s o i l w i l l i n v a r i a b l y d e f o r m m o r e 

r e a d i l y t h a n t h e p i l e , a l l p r a c t i c a l e x a m p l e s w i l l r e s u l t i n 

a p o r t i o n o f t h e l o a d b e i n g t r a n s m i t t e d t o t h e p i l e t i p ( 4 ) . 

The s t a t i c f o r m u l a f o r f r i c t i o n p i l e b e a r i n g c a p a c i t y 

i s e x p r e s s e d ( 5 ) b y t h e f o r m u l a 
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f = 
u 

R - R / A o u t ' s ( 5 ) 

w h e r e f t h e u l t i m a t e s k i n b e a r i n g v a l u e i n pounds p e r 
u 

s q u a r e f o o t 

R t = t h e amount o f u l t i m a t e l o a d c a r r i e d on t h e t i p , 

i n pounds 

A g = t h e s u r f a c e a r e a o f t h e p i l e a c t i n g i n f r i c t i o n , 

i n s q u a r e f e e t 

S k i n b e a r i n g v a l u e s depend on t h e t y p e o f s o i l , d e p t h 

i n g r o u n d , d e g r e e o f n a t u r a l c o n s o l i d a t i o n and s a t u r a t i o n , 

s h a p e o f p i l e , and s o m e t i m e s on t h e t i m e i n t e r v a l b e t w e e n 

d r i v i n g and t e s t i n g . U n i t v a l u e o f s k i n b e a r i n g f o r a p i l e 

i n c o h e s i v e m a t e r i a l s may b e a s sumed a s u n i f o r m f o r t h e 

e n t i r e embedded l e n g t h , a l t h o u g h some c o n f l i c t i n g r e s u l t s 

h a v e b e e n p u b l i s h e d ( 6 ) . 

may v a r y w i d e l y f o r t h e same c l a y d e p e n d i n g upon t h e m e t h o d 

u s e d i n p l a c i n g t h e p i l e . D r i v i n g may h a v e r e m o l d e d t h e 

s o i l t o s u c h an e x t e n t t h a t t h e s t r u c t u r e h a s b r o k e n down 

and t h e c l a y become more p l a s t i c a r o u n d t h e p i l e . T h e r e f o r e , 

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

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

a p i l e p l a c e d b y some o t h e r m e t h o d w o u l d s u s t a i n an i d e n t i ­

c a l l o a d , e v e n i f t h e p e r i o d o f r e - g e l w e r e t h e s a m e . 

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

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

T h e u n i t v a l u e f o r s k i n f r i c t i o n f o r a p i l e i n c l a y 
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s k i n f r i c t i o n v a l u e i s l a r g e r p e r s q u a r e f o o t f o r r o u n d t h a n 

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

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

a p p r o x i m a t e l y f o u r t o t h r e e ( 7 ) . 
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CHAPTER I I I 

APPARATUS 

Two m o d e l p i l e s w e r e c o n s t r u c t e d f o r t h e s e r i e s o f 

t e s t s . The f i r s t was o f a luminum s h e e t m e t a l f o r m e d i n t o a 

s q u a r e p i l e 5 . 0 i n c h e s on a s i d e , and 3 6 . 5 i n c h e s l o n g . The 

s h a f t o f t h e p i l e was l e f t h o l l o w , and was open a t b o t h e n d s . 

T h e b a s e o f t h e p i l e was t h e h e a r t o f t h e m e a s u r i n g 

s y s t e m ( F i g . 1 6 ) . I t c o n s i s t e d o f a m e t a l p r o v i n g r i n g 3 . 0 

i n c h e s i n d i a m e t e r and 4 . 0 i n c h e s l o n g . To one s i d e o f t h i s 

was b o l t e d a m e t a l p l a t e s l i g h t l y s m a l l e r t h a n t h e o p e n i n g 

a t t h e end o f t h e s h a f t „ T h i s p l a t e was t h e n i n s e r t e d i n t o 

t h e end o f t h e p i l e and was f a s t e n e d r i g i d l y t o t h e s i d e s o f 

t h e p i l e s h a f t . The p l a t e and p r o v i n g r i n g w e r e f a s t e n e d i n 

s u c h a manner t h a t a s m a l l p o r t i o n o f t h e p e r i m e t e r o f t h e 

p r o v i n g r i n g e x t e n d e d b e y o n d t h e b a s e o f t h e s h a f t . T o t h i s 

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

r i n g t o t h e s i d e s o f t h e s h a f t , a s e c o n d p l a t e was f a s t e n e d . 

T h i s s e c o n d p l a t e was t h e same a r e a and c o n f i g u r a t i o n a s a 

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

s l i g h t p r o j e c t i o n o f t h e p r o v i n g r i n g , a gap o f a p p r o x i ­

m a t e l y o n e - e i g h t h i n c h was l e f t b e t w e e n t h e p i l e s h a f t and 

t h i s p l a t e , w h i c h a c t e d a s t h e b a s e f o r t h e p i l e . T h i s g a p 

a l l o w e d t h e p r o v i n g r i n g t o d e f l e c t f r e e l y when an a x i a l 
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l o a d w a s a p p l i e d t o t h e b a s e . I n o r d e r t o p r e v e n t m o i s t u r e 

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

g a p , i t w a s c o v e r e d b y a t h i n r u b b e r m e m b r a n e w h i c h w a s 

s e a l e d w i t h p l a s t i c a d h e s i v e t a p e . 

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

b a s e o f t h e p i l e m o d e l , f o u r B a l d w i n - L i m a - H a m i l t o n e l e c ­

t r o n i c s t r a i n g a u g e s , t y p e S R - 4 , w e r e i n s t a l l e d o n t h e 

p r o v i n g r i n g . T w o o f t h e s e w e r e d e s i g n e d t o a c t a s s t r a i n 

m e a s u r i n g g a u g e s a n d t w o a s t e m p e r a t u r e c o m p e n s a t i n g g a u g e s . 

T h e y w e r e i n s t a l l e d o n o p p o s i t e s i d e s o f t h e r i n g , a n d w e r e 

w i r e d i n t o t w o s e p a r a t e s y s t e m s s o t h a t t h e y m i g h t a c t a s a 

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

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

o n u p t h e s h a f t t o t h e o p e n t o p . 

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

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

e x p e c t e d o r s u b s e q u e n t l y e n c o u n t e r e d . R e p e a t e d t e s t s o n 

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

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

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

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

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

i n t o a r o u n d p i l e 5 . 9 4 i n c h e s i n d i a m e t e r , a n d 3 6 . 5 i n c h e s 

l o n g . T h i s y i e l d e d a p i l e o f a p p r o x i m a t e l y t h e s a m e b a s e 

a r e a a s t h e s q u a r e m o d e l . A s w i t h t h e s q u a r e m o d e l , t h e 

s h a f t o f t h e r o u n d p i l e w a s m e r e l y a h o l l o w s h e l l , o p e n a t 
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b o t h e n d s o T h e s a m e p r o v i n g r i n g w a s u s e d , a n d t h e s a m e 

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

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

t i o n . 

B o t h p i l e s w e r e c o a t e d w i t h a l i q u i d p l a s t i c 

p r e p a r a t i o n w h i c h , o n d r y i n g , f o r m e d a t h i n m e m b r a n e o v e r 

t h e s u r f a c e o f t h e p i l e . T h i s s e r v e d t h e t r i p l e p u r p o s e o f 

p r o t e c t i n g t h e i n t e r i o r o f t h e p i l e f r o m m o i s t u r e w h i c h 

m i g h t i n j u r e t h e s t r a i n g a u g e s , p r e v e n t i n g c o n t a c t o f t h e 

c o r r o s i v e c l a y m a t e r i a l w i t h t h e m e t a l o f t h e p i l e s h a f t , 

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

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

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

T h e s o i l s e l e c t e d f o r t h e t e s t s w a s t h e s a m e c o m m e r ­

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

p r o j e c t s i n t h e S o i l M e c h a n i c s L a b o r a t o r y o f t h e G e o r g i a 

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

s e n s i t i v e p l a s t i c c l a y w h i c h , w h e n m i x e d w i t h w a t e r , f o r m s a 

t h i x o t r o p i c g e l a n d s w e l l s t o s e v e r a l t i m e s i t s o r i g i n a l 

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

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

T h i s p r o p e r t y i s v e r y d e s i r a b l e a s i t e n a b l e s t h e s a m e m a s s 

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

F u r t h e r , t h e c l a y i s i d e a l l y c o h e s i v e , a n d p o s s e s s e s n o 

p r o p e r t i e s o f i n t e r n a l f r i c t i o n . 

T h e c l a y w a s c o n t a i n e d i n a c o r r u g a t e d s t e e l c y l i n d e r 
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3 6 i n c h e s i n d i a m e t e r a n d 5 0 i n c h e s d e e p . A t a l l t i m e s 

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

k e p t c o v e r e d b y a p o l y e t h y l e n e s h e e t t o p r e v e n t e s c a p e o f 

m o i s t u r e . 

P e r i o d i c t e s t s o f s h e a r s t r e n g t h w e r e m a d e w i t h a 

v a r i e t y o f a p p a r a t u s . T h e p r i n c i p a l r e s u l t s w e r e o b t a i n e d 

w i t h a c o n v e n t i o n a l v a n e s h e a r r o d . O t h e r t e s t s f o r c o m p a r ­

i s o n w e r e m a d e w i t h m e t a l p l a t e s c o a t e d i n p l a s t i c , a n d w i t h 

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

i n t h e c l a y . 

L o a d i n g o f t h e p i l e s w a s a c c o m p l i s h e d b y m e a n s o f a 

l e v e r s y s t e m w h i c h c o u l d b e a d j u s t e d t o v a r i o u s h e i g h t s o v e r 

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

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

t h r e e h u n d r e d p o u n d s . A s t a n d a r d m i c r o m e t e r d i a l g a u g e w a s 

e m p l o y e d i n m a k i n g o b s e r v a t i o n s o f t h e s e t t l e m e n t o f t h e 

p i l e u n d e r t h e a p p l i e d l o a d . 
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CHAPTER IV 

PROCEDURE 

The t e s t i n g program was d e s i g n e d t o i n c l u d e f o u r 

s e p a r a t e s e r i e s o f t e s t s w i t h t h e two p i l e m o d e l s . S p e c i f i ­

c a l l y , t h e s e c o n s i s t e d o f s u b j e c t i n g t h e m o d e l s t o l o a d i n g s 

s u f f i c i e n t t o p r o d u c e p r o n o u n c e d and c o n t i n u i n g d e f l e c t i o n 

a t e a c h o f t h r e e d e p t h s o f embedment . T h e p i l e s w e r e p l a c e d 

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

t i o n o f a p i t i n t o w h i c h t h e p i l e was p l a c e d . The l o a d was 

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

S t r a i n g a u g e r e a d i n g s p r o v i d e d d a t a on s t r e s s r e l a t i o n s h i p s 

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

and a f t e r t h e t e s t . 

From e a r l i e r t e s t s b y M a r t i n , i t was l e a r n e d t h a t t h e 

b e n t o n i t e g e l r e f o r m e d and r e - g e l l e d t h i x o t r o p i c a l l y a f t e r a 

p e r i o d o f t h r e e d a y s s u b s e q u e n t t o b e i n g d i s t u r b e d and 

r e m o l d e d b y t h e p l a c i n g o f a p i l e ( 8 ) . A c c o r d i n g l y , o n c e 

a l l p r e p a r a t i o n o f e q u i p m e n t was c o m p l e t e , t e s t i n g p r o c e e d e d 

on a t h r e e - d a y c y c l e . 

B e f o r e t h e p i l e was p l a c e d i n c o n t a c t w i t h t h e s o i l , 

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

g a u g e s w e r e c o n n e c t e d t o t h e s t r a i n m e a s u r i n g e q u i p m e n t , and 

t h e z e r o s t r e s s - s t r a i n r e a d i n g v e r i f i e d . T h e s e l e a d s w e r e 
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n o t d i s t u r b e d a t a n y t i m e d u r i n g t h e s e r i e s o f s i m i l a r 

t e s t s , s o t h a t a n y v a r i a t i o n i n t h e r e a d i n g s o b t a i n e d w o u l d 

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

t h e p i l e and n o t m e r e l y a d i f f e r e n c e i n r e s i s t i v i t y i n a new 

w i r i n g c o n n e c t i o n . 

D r i v e n p i l e s . - - T h e m o d e l s w h i c h w e r e t o b e c o n s i d e r e d a s 

d r i v e n p i l e s w e r e f o r c e d i n t o t h e b e n t o n i t e b y h a n d . When a 

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

t o p u s h i n g , l e a d w e i g h t s w e r e added u n t i l t h e p i l e c o u l d 

a g a i n b e f o r c e d downward. More w e i g h t s w e r e a d d e d u n t i l t h e 

p i l e h a d b e e n p u s h e d t o t h e d e s i r e d d e p t h . 

A f t e r t h e p i l e had b e e n p l a c e d i n t h i s m a n n e r , t h e 

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

f o r t h e t h r e e - d a y p e r i o d . The p o l y e t h y l e n e c o v e r was 

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

t h i s p e r i o d . 

S t r a i n g a u g e r e a d i n g s w e r e t a k e n a f t e r d r i v i n g was 

c o m p l e t e d and a g a i n a t t h e end o f t h e t h r e e - d a y " s e t t i n g - u p " 

p e r i o d , i m m e d i a t e l y b e f o r e commencing t h e l o a d i n g t e s t 

i t s e l f . A l s o , b e f o r e t h e t e s t was commenced, a m i c r o m e t e r 

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

s e t t l e m e n t o On t h e h e a d o f t h e p i l e was p l a c e d a s m a l l f l a t 

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

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

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

r e s t r a i n e d a 0 . 5 i n c h d i a m e t e r b a l l b e a r i n g t h r o u g h w h i c h 
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t h e l o a d i n g a p p a r a t u s a c t e d . T h i s i n s u r e d a x i a l l o a d i n g . 

W i t h a l l p r e p a r a t i o n s c o m p l e t e d , t h e l e v e r arm o f t h e 

l o a d i n g a p p a r a t u s was l o w e r e d g e n t l y o n t o t h e b a l l b e a r i n g . 

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

i n c r e m e n t o f l o a d on t h e p i l e f o r t h i s p a r t i c u l a r t e s t . A 

r e a d i n g was t h e n made on t h e s t r a i n g a u g e e q u i p m e n t t o 

d i s c o v e r t h e e f f e c t o f t h i s l o a d on t h e b a s e o f t h e p i l e . A 

m e a s u r e m e n t o f d e f l e c t i o n was made on t h e m i c r o m e t e r s t r a i n 

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

l o a d i n g i n c r e m e n t . 

When t h e t h r e e n e c e s s a r y m e a s u r e m e n t s ( two e l e c t r o n i c 

s t r a i n g a u g e r e a d i n g s and t h e m i c r o m e t e r ) h a d b e e n o b t a i n e d , 

a l o a d w e i g h t was p l a c e d on a t r a y a t t h e end o f t h e l e v e r 

arm. T h e l o a d i n g was c o n t i n u e d u n t i l a c l e a r and p r o n o u n c e d 

f a i l u r e o f t h e p i l e o c c u r r e d . 

When t h e t e s t was c o m p l e t e d t h e l o a d i n g a p p a r a t u s was 

d i s a s s e m b l e d and removed» R e a d i n g s o f t h e s t r a i n g a u g e s 

r e v e a l e d t h e s t r e s s on t h e p i l e u n d e r z e r o l o a d i m m e d i a t e l y 

s u b s e q u e n t t o f a i l u r e „ The p i l e was t h e n f o r c e d t o a new 

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

on t h e p i l e . T h e s t r a i n g a u g e s w e r e r e r e a d a f t e r t h e new 

d e p t h h a d b e e n r e a c h e d and t h e w e i g h t s w e r e r e m o v e d . T h e 

p i l e was l e f t u n d i s t u r b e d f o r t h e t h r e e - d a y p e r i o d b e f o r e 

t h e n e x t t e s t was b e g u n . 

T h e p r o c e d u r e o u t l i n e d a b o v e was f o l l o w e d f o r b o t h 

r o u n d and s q u a r e p i l e s when t h e s e r i e s o f t e s t s i n t e n d e d 
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r e q u i r e d f o r c e d o r d r i v e n embedment o f t h e p i l e m o d e l . 

B u r i e d p i l e s . - - W h e n p l a c e d o r b u r i e d embedment was c a l l e d 

f o r , a p i t was dug i n t h e c l a y t o a d e p t h o f a p p r o x i m a t e l y 

one p i l e d i a m e t e r ( o r w i d t h ) b e l o w t h e d e s i r e d d e p t h o f 

embedment . T h e p i t was b a c k f i l l e d u n t i l t h e b o t t o m was t h e 

d e s i r e d d i s t a n c e b e l o w t h e s u r f a c e o f t h e b e n t o n i t e . The 

p i l e m o d e l was p l a c e d v e r t i c a l l y i n t h e p i t , w h i c h was t h e n 

b a c k f i l l e d a r o u n d t h e p i l e . L o a d i n g and m e a s u r i n g m e t h o d s 

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

A t t h e c o n c l u s i o n o f t h e t e s t t h e p i l e was e x c a v a t e d b y hand 

and t h e p i t d e e p e n e d f o r t h e p l a c i n g o f t h e p i l e a t t h e n e x t 

d e s i r e d d e p t h . 

I n t h e s e t e s t s a t h r e e - d a y w a i t i n g p e r i o d was a l s o 

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

h a r d e n i n g o f t h e r e m o l d e d c l a y . S i n c e t h e end o f t h e p i l e 

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

m e n t , no s t r a i n g a u g e r e a d i n g s w e r e made a t t h e s t a r t o f t h e 

t h r e e - d a y p e r i o d . I n a l l o t h e r r e s p e c t s t h e same p r o c e d u r e 

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

m o d e l s . 

R e l a t e d t e s t s . - - B e s i d e s t h e p r i n c i p a l p i l e m o d e l t e s t s , a 

number o f r e l a t e d t e s t s w e r e c o n d u c t e d . T h e end p l a t e s o f 

b o t h t h e r o u n d and s q u a r e p i l e s w e r e p l a c e d on a b e d o f 

b e n t o n i t e w h i c h h a d b e e n r e m o l d e d t h r e e d a y s p r e v i o u s l y , and 

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

d e t e r m i n e d t h e s u r f a c e b e a r i n g c a p a c i t y o f a s i m p l e f o o t i n g 
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o f t h e same s h a p e and a r e a o f t h e p i l e b a s e „ 

A s e r i e s o f t e s t s o f v a r i o u s t y p e s was made t o d e t e r ­

m i n e t h e f r i c t i o n a l r e s i s t a n c e o f t h e b e n t o n i t e t o t h e 

p l a s t i c c o a t e d m e t a l o f t h e p i l e s . Vane s h e a r t e s t s w e r e 

made r e p e a t e d l y t o o b t a i n b o t h 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 

and t h e s e n s i t i v i t y o f t h e s o i l . M e t a l p l a t e s o f b o t h s t e e l 

and aluminum w e r e c o a t e d w i t h t h e l i q u i d p l a s t i c and t h e 

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

t h e b e n t o n i t e was m e a s u r e d . F i n a l l y , an a luminum t u b e o f 

1 . 2 5 i n c h e s d i a m e t e r , w h i c h h a d i t s e l f b e e n u s e d a s a p i l e 

m o d e l i n a p r e v i o u s s e r i e s o f t e s t s , was d r i v e n t o a d e p t h 

o f one f o o t i n t o t h e c l a y a n d , a g a i n a f t e r a t h r e e - d a y 

i n t e r v a l , r o t a t e d . T h e t o r q u e r e q u i r e d t o i n d u c e t h i s 

r o t a t i o n was u s e d a s an i n d i c a t i o n o f s i d e f r i c t i o n 

r e s i s t a n c e „ 

A t t e m p t s w e r e made d u r i n g t h e c o u r s e o f t h i s t e s t i n g 

p r o g r a m t o s e c u r e d a t a o f a r e l a t e d n a t u r e . S p e c i f i c a l l y , 

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

u n d e r t h e t i p o f t h e p i l e , and t h e s t r e s s v e r s u s d e p t h o f 

embedment a l o n g t h e p i l e s h a f t i t s e l f . T h e f i r s t was d o n e 

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

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

w h e r e t h e t i p o f t h e p i l e w o u l d s u b s e q u e n t l y b e p l a c e d . The 

r e s u l t s o b t a i n e d f rom t h i s w e r e somewhat e r r a t i c and i t was 

f e l t t h a t an a d e q u a t e e v a l u a t i o n was i m p o s s i b l e w i t h t h e 

l i m i t e d d a t a a v a i l a b l e , and t h a t i n v e s t i g a t i o n o f t h i s f i e l d 
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s h o u l d b e t h e s u b j e c t o f a s e p a r a t e r e s e a r c h p r o j e c t . 

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

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

a t t e m p t e d o n l y on t h e r o u n d p i l e m o d e l . B e c a u s e t h i s was 

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

a x i a l c o m p r e s s i v e s t r e s s i n s m a l l a r e a s s o t h a t s u f f i c i e n t 

s t r a i n w o u l d o c c u r t o r e g i s t e r on t h e g a u g e s . To a c c o m p l i s h 

t h i s , t h e c y l i n d e r was c u t i n s u c h a manner t h a t i t was 

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

m e t a l . On t h e s e t h e s t r a i n g a u g e s w e r e p l a c e d . T h e c u t s 

w e r e k e p t e x t r e m e l y n a r r o w s o t h a t t h e c o n f i g u r a t i o n o f t h e 

p i l e was n o t a l t e r e d . D a t a o b t a i n e d h e r e was v e r y u n s a t i s ­

f a c t o r y , and i t i s f e l t t h a t a d e q u a t e i n v e s t i g a t i o n o f t h i s 

f i e l d m u s t b e done w i t h a p i l e made o f m a t e r i a l o f s u f f i ­

c i e n t l y l ow m o d u l u s o f e l a s t i c i t y s o t h a t no a r t i f i c i a l 

c o n c e n t r a t i o n o f s t r e s s e s i s n e c e s s a r y . 
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CHAPTER V 

DISCUSSION OF TEST RESULTS 

The r e s u l t s o f t h e t e s t i n g program a r e d iagrammed 

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

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

o t h e r and t o t h e t o t a l l o a d . T h e s e g r a p h s a r e d i v i d e d i n t o 

f o u r g r o u p s c o r r e s p o n d i n g t o t h e f o u r s e r i e s o f t e s t s r u n . 

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

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

l o a d s and l o a d d i s t r i b u t i o n . F o l l o w i n g t h e s e c t i o n c o n t a i n ­

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

p r o p e r t i e s , t h e o r e t i c a l b e a r i n g c a p a c i t i e s , and r e l a t i o n ­

s h i p s e s t a b l i s h e d b e t w e e n e x p e c t e d and a c t u a l r e s u l t s . 

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

d a t a on t h e b e h a v i o r o f a s i m u l a t e d p i l e l o a d e d t o f a i l u r e 

i n a s e n s i t i v e c o h e s i v e s o i l . P a r t i c u l a r l y i n f o r m a t i v e was 

t h e i n f o r m a t i o n g a i n e d on t h e r e l a t i v e b e h a v i o r and b e a r i n g 

c a p a c i t i e s o f t h e end b e a r i n g and s i d e b e a r i n g e l e m e n t s o f 

t h e t o t a l s t r e n g t h o f t h e p i l e . 

T h e f i r s t s e r i e s o f t e s t s was c o n d u c t e d w i t h t h e 

s q u a r e p i l e m o d e l u n d e r c o n d i t i o n s o f f o r c e d embedment . 

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

r e s i d u a l c o m p r e s s i v e f o r c e on t h e b a s e was i n d i c a t e d b y t h e 



20 

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

s i d e f r i c t i o n w e r e a c t i n g i n o p p o s i t i o n t o an upward f o r c e 

on t h e p i l e b a s e . T h i s e f f e c t was o b s e r v e d i n a l l c a s e s 

w h e r e t h e p i l e was f o r c e d i n t o t h e s o i l . A p p r o x i m a t e l y t h e 

same m a g n i t u d e o f v e r t i c a l f o r c e s was d e v e l o p e d b y b o t h t h e 

s q u a r e and r o u n d m o d e l s a t t h e v a r i o u s d e p t h s o f embedment . 

T h i s f o r c e i n c r e a s e d w i t h t h e d e p t h t o w h i c h t h e p i l e had 

b e e n d r i v e n , b u t d i d n o t a p p e a r t o i n c r e a s e s o r a p i d l y a s 

g r e a t e r d e p t h s w e r e r e a c h e d . 

An e x a m i n a t i o n o f t h e v a l u e s o f s k i n b e a r i n g 

d e v e l o p e d b y t h i s r e s i d u a l f o r c e ( T a b l e 8 ) shows t h a t t h e s e 

v a l u e s f a l l w i t h i n a n a r r o w r a n g e . (An e x c e p t i o n i s t h e 

v a l u e y i e l d e d b y t h e round p i l e d r i v e n t o 17 i n c h e s embed­

ment . T h i s p i l e p r o v i d e d a v a l u e c o n s i d e r a b l y l o w e r t h a n 

a n y o t h e r i n t h i s c a s e , a s i n s e v e r a l o t h e r s . ) T h i s r a n g e 

o f v a l u e s was 0 . 2 1 4 p s i t o 0 . 2 6 5 p s i , a l l n e g a t i v e . I t i s 

e m p h a s i z e d t h a t t h i s was a t t h e end o f t h e t h r e e - d a y w a i t i n g 

p e r i o d a f t e r p l a c i n g t h e p i l e , and t h a t t h i x o t r o p i c a c t i o n 

i n t h e c l a y s h o u l d h a v e b e e n n e a r l y c o m p l e t e . T h i s c o n s i s t ­

e n c y i n t h e e f f e c t i v e s k i n f r i c t i o n o v e r a r a n g e i n d e p t h o f 

embedment and end b e a r i n g l o a d s seems t o i n d i c a t e t h a t i t i s 

t h e s k i n f r i c t i o n w h i c h d e t e r m i n e s t h e m a g n i t u d e o f t h i s 

r e s i d u a l upward f o r c e . 

When l o a d t e s t i n g o f a l l o f t h e p i l e m o d e l s 

commenced, an i m m e d i a t e e f f e c t on t h e b a s e o f t h e p i l e was 

i n d i c a t e d b y t h e e l e c t r o n i c s t r a i n g a u g e s . The end l o a d 
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b e g a n t o i n c r e a s e , s h o w i n g a u n i f o r m i n c r e m e n t o f s t r e s s 

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

t h e p i l e . H o w e v e r , t h e p r o p o r t i o n o f t h e t o t a l l o a d on t h e 

p i l e w h i c h was t r a n s m i t t e d t o t h e b a s e was v e r y s m a l l i n 

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

t r a t e d b y t h e g r a p h s o f t o t a l l o a d v e r s u s end and s i d e 

l o a d s . ( F i g s . 1 t h r o u g h 6 and 7 t h r o u g h 1 2 . ) T h e y show 

t h a t t h e s i d e l o a d s i n c r e a s e much more r a p i d l y t h a n t h e end 

l o a d s . T h e y r i s e f rom a c o n s i d e r a b l e n e g a t i v e v a l u e when 

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

w h i c h i s a p p r o x i m a t e l y e q u a l t o t h e end l o a d a s f a i l u r e i s 

r e a c h e d . In c o n t r a s t , t h e end l o a d a t t h e s t a r t o f t h e t e s t 

i s a l r e a d y o v e r 6 0 p e r c e n t o f i t s f i n a l f a i l u r e l o a d . 

T h e s e r e s u l t s a r e n o t c o m p a t i b l e w i t h t h e t h e o r y o f 

So lomon ( 3 ) , who c l a i m e d t h a t no l o a d was t r a n s m i t t e d t o t h e 

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

do s u p p o r t t h e a n a l y s i s o f S e e d ( 4 ) , w h i c h c o n c l u d e d t h a t 

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

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

f r a c t i o n o f t h e l o a d t o t h e b a s e . T h e s e p i l e m o d e l s , w i t h 

t h e i r much g r e a t e r r a t i o o f c r o s s - s e c t i o n a l a r e a t o l e n g t h , 

a r e much m o r e s e n s i t i v e t o v a r i a t i o n s i n end l o a d s t h a n a 

more c o n v e n t i o n a l s l e n d e r p i l e . The much l o w e r r a t e o f 

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

t h a t S o l o m o n ' s a p p r o a c h i s e s s e n t i a l l y a p p l i c a b l e e v e n i n 

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

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

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

a p p r o a c h e d . I t m i g h t h a v e b e e n e x p e c t e d t h a t s i n c e t h e b a s e 

was r e c e i v i n g a p o r t i o n o f t h e l o a d from t h e v e r y f i r s t 

i n c r e m e n t , t h e s h a r e o f t h e t o t a l t r a n s m i t t e d t o t h e b a s e 

m i g h t i n c r e a s e a s t h e l o a d i n g p r o g r e s s e d , and a c u r v e 

c o n c a v e upwards d e v e l o p . T h i s was n o t t h e c a s e i n a n y o f 

t h e t e s t s , h o w e v e r . 

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

end and s i d e r e s i s t a n c e s w i t h r e s p e c t t o t h e t o t a l l o a d 

o c c u r r e d a s t h e p i l e s t r e s s a p p r o a c h e d f a i l u r e . The c u r v e 

o f end b e a r i n g showed a r a p i d i n c r e a s e i n v a l u e and as sumed 

a n e a r l y v e r t i c a l s l o p e . T h i s i n d i c a t e d t h a t a l l , o r a l m o s t 

a l l , a d d i t i o n a l l o a d p l a c e d on t h e p i l e a f t e r t h e moment o f 

f a i l u r e i s r e c e i v e d a t t h e b a s e o f t h e p i l e . I n d e e d , i n 

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

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

was. i n d i c a t e d a t t h i s p o i n t on t h e g r a p h o f s i d e f r i c t i o n 

v e r s u s t o t a l l o a d . 

T h i s f a i l u r e a p p e a r e d t o b e a s u d d e n " s e m i - r e l e a s e 1 1 

b y t h e r e s t r a i n i n g s k i n f r i c t i o n and may b e a s c r i b e d t o t h e 

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

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

s q u a r e p i l e b u r i e d a t 1 5 i n c h e s , t h e p i l e was c o n t i n u e d a t a 

l o a d i n e x c e s s o f f a i l u r e , and t h e c u r v e o f s k i n f r i c t i o n 
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a p p e a r e d t o a p p r o a c h a c o n s t a n t v a l u e . 

I t was o b s e r v e d t h a t t h e m e t h o d o f p l a c e m e n t o f t h e 

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

s h i p o f t h e two f a c t o r s i n v o l v e d i n b e a r i n g c a p a c i t y . 

P l a c i n g t h e p i l e b y b u r y i n g ( F i g s . 4 t h r o u g h 6 and 1 0 t h r o u g h 

1 2 ) r a t h e r t h a n b y d r i v i n g ( F i g s . 1 t h r o u g h 3 and 7 t h r o u g h 

9 ) had t h e e f f e c t t h a t i n s t e a d o f a c o n s i d e r a b l e r e s i d u a l 

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

t h e s k i n f r i c t i o n , b o t h o f t h e s e f o r c e s w e r e a t z e r o when no 

l o a d was a p p l i e d t o t h e p i l e . As n o t e d e a r l i e r , t h e v a l u e 

o f t h e s k i n f r i c t i o n ' s s h a r e o f t h e t o t a l l o a d i n c r e a s e d 

much m o r e r a p i d l y t h a n t h a t o f t h e end b e a r i n g . S i n c e b o t h 

w e r e b e g i n n i n g from z e r o , t h i s meant t h a t i n t h e b u r i e d 

p i l e s , s k i n f r i c t i o n c a r r i e d a much l a r g e r s h a r e o f t h e 

t o t a l l o a d t h a n was t h e c a s e w i t h t h e d r i v e n p i l e s . 

I t seems o b v i o u s t h a t s k i n f r i c t i o n e n t i r e l y c o n t r o l ­

l e d t h e b e h a v i o r o f t h e s e p i l e m o d e l s when t h e y w e r e p l a c e d 

b y b u r y i n g . I n no c a s e d i d t h e end l o a d a t f a i l u r e f o r a 

b u r i e d p i l e , e i t h e r r o u n d o r s q u a r e , e x c e e d 21 p e r c e n t o f 

t h e c a l c u l a t e d t h e o r e t i c a l v a l u e . I n f a c t , t h e a v e r a g e o f 

t h e s i x b u r i e d t e s t s was o n l y 1 2 . 5 p e r c e n t o f t h a t v a l u e . 

I n c o n t r a s t , t h e p i l e s embeded b y d r i v i n g d e v e l o p e d an end 

f a i l u r e l o a d o f up t o 6 4 p e r c e n t o f t h e t h e o r e t i c a l v a l u e , 

f o r an a v e r a g e o f 5 2 . 5 p e r c e n t . 

A l s o i n s u p p o r t o f t h i s c o n t e n t i o n i s t h e o b s e r v a t i o n 

t h a t t h e c o e f f i c i e n t s o f s k i n f r i c t i o n d e v e l o p e d b y t h e 
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b u r i e d p i l e s f a l l i n a much n a r r o w e r r a n g e t h a n t h o s e d e v e l ­

oped b y t h e d r i v e n p i l e s ( T a b l e 1 4 ) . The l o w e s t v a l u e 

o b t a i n e d f o r a b u r i e d p i l e was 0 . 3 2 8 p s i and t h e h i g h e s t was 

0 . 4 1 9 p s i . I n c o n t r a s t 3 t h e d r i v e n p i l e s d e v e l o p e d c o e f f i ­

c i e n t s r a n g i n g from 0 . 2 1 4 p s i t o 0 . 3 9 6 p s i , a s p r e a d e x a c t l y 

t w i c e a s g r e a t . F u r t h e r , t h e a v e r a g e c o e f f i c i e n t o f s k i n 

f r i c t i o n was more t h a n 27 p e r c e n t g r e a t e r f o r b u r i e d p i l e s 

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

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

b u r i e d m o d e l s , t h e i r t o t a l b e a r i n g c a p a c i t y was m a r k e d l y 

l o w e r t h a n f o r t h e d r i v e n p i l e s ( T a b l e 1 1 ) . T h i s r e s u l t e d 

from t h e much h i g h e r end b e a r i n g o f t h e d r i v e n p i l e s w h i c h 

m o r e t h a n made up f o r t h e i r l o w e r s i d e f r i c t i o n . T h e r e was 

no e x c e p t i o n t o t h i s c h a r a c t e r i s t i c , e i t h e r . I n no c a s e d i d 

t h e b u r i e d p i l e e x c e e d 9 8 p e r c e n t o f t h e e q u i v a l e n t d r i v e n 

p i l e , and t h e a v e r a g e was 9 0 p e r c e n t f o r t h e s q u a r e p i l e s 

and o n l y 67 p e r c e n t f o r t h e round p i l e s , a l t h o u g h t h e 

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

d r i v e n p i l e s w e r e embeded t o a d e p t h o f two i n c h e s g r e a t e r 

t h a n t h e b u r i e d p i l e s . I f a d i r e c t c o m p a r i s o n i s made b y 

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

t i o n a l two i n c h e s a c t i n g i n s k i n b e a r i n g , t h e a v e r a g e i s 

s t i l l o n l y 7 0 p e r c e n t f o r t h e r o u n d p i l e s ( T a b l e 1 5 ) . 

T h e r e was no e x c e p t i o n t o t h e p a t t e r n o f s t r e s s r e l a ­

t i o n s h i p s a t f a i l u r e . R e g a r d l e s s o f t h e s h a p e o f t h e p i l e , 

t h e m e t h o d o f embedment , o r t h e d e p t h o f embedment , t h e 



25 

a p p r o a c h o f f a i l u r e was i n d i c a t e d b y a s h o r t p e r i o d i n w h i c h 

t h e end b e a r i n g assumed a g r e a t e r and g r e a t e r s h a r e o f t h e 

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

l e s s and l e s s u n t i l t h e s i d e f r i c t i o n s u d d e n l y d r o p p e d o f f 

and end b e a r i n g r e c e i v e d a l l o f t h e a d d i t i o n a l l o a d . 

The m o s t u n e x p e c t e d r e s u l t o f t h e t e s t s was t h e v e r y 

low v a l u e o f s k i n f r i c t i o n d e v e l o p e d ( T a b l e 1 0 ) . Vane s h e a r 

m e a s u r e m e n t s made a f t e r t h e t e s t s d e v e l o p e d an a v e r a g e v a l u e 

o f 0 . 9 5 0 p s i . I t was r e a l i z e d t h a t t h e c o e f f i c i e n t o f 

f r i c t i o n b e t w e e n t h e p l a s t i c c o a t e d p i l e s h a f t and t h e c l a y 

w o u l d b e l o w e r t h a n t h i s , and w o u l d t h e r e f o r e c o n t r o l t h e 

amount o f l o a d c a r r i e d i n f r i c t i o n . O t h e r a t t e m p t s t o 

o b t a i n a v a l u e o f t h e f r i c t i o n a l c o e f f i c i e n t b e t w e e n t h e 

b e n t o n i t e and t h e p i l e s h a f t w e r e m a d e . T h i n m e t a l p l a t e s 

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

c i e n t o f 0 . 8 8 5 p s i when f o r c e d t h r o u g h t h e c l a y . T h i s was 

s t i l l g r e a t e r t h a n t h e m e a s u r e d v a l u e i n t h e p i l e t e s t s b y a 

f a c t o r o f 2 . 6 6 . A c y l i n d r i c a l a luminum t u b e embeded i n t h e 

b e n t o n i t e t o a d e p t h o f o n e f o o t and s u b j e c t e d t o a t o r q u e 

p r o d u c e d a s h e a r s t r e n g t h v a l u e o f 0 . 7 0 5 p s i , o r 2 . 1 2 t i m e s 

t h e a c t u a l a v e r a g e v a l u e and 1 . 6 8 t i m e s t h e h i g h e s t v a l u e o f 

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

One e x p l a n a t i o n w h i c h c a n b e o f f e r e d i s t h a t t h e 

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

t h e a c t u a l t e s t s w e r e v e r y i n a c c u r a t e . T h e m e t a l p l a t e s , 

a l t h o u g h t h i n , n e v e r t h e l e s s p r e s e n t e d an a p p r e c i a b l e end 
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a r e a w h i c h u n d o u b t e d l y a f f e c t e d t h e r e s u l t s o b t a i n e d f rom 

them. The a p p a r a t u s u s e d t o a p p l y a t o r q u e t o t h e aluminum 

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

an e r r o r , a l t h o u g h t h i s seems t o h o l d t h e p r o m i s e o f b e i n g 

t h e m o s t a c c u r a t e means o f e v a l u a t i n g t h e f r i c t i o n a l c o e f f i ­

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

i n r e l a t i v e s t r a i n b e t w e e n t h e p i l e and t h e s o i l . 

A m a j o r f a c t o r t o t h i s l o w a p p a r e n t v a l u e o f s k i n 

b e a r i n g was p r o b a b l y a p r o g r e s s i v e f a i l u r e as o u t l i n e d b y 

W i l s o n ( 9 ) . In s u c h a c a s e , f r i c t i o n d e v e l o p e d a l o n g a p i l e 

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

w i t h i n c r e a s i n g d e p t h . A s h a r p i n c r e a s e o c c u r s n e a r t h e 

b o t t o m o f t h e p i l e j u s t p r i o r t o f a i l u r e . F a i l u r e t h e n 

f i r s t commences a t t h e t i p o f t h e p i l e . S h o u l d t h i s h a v e 

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

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

i n s t a n t , and a r e s u l t i n g l o w v a l u e o f a p p a r e n t s k i n b e a r i n g 

w o u l d b e n o t e d . 

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

c o e f f i c i e n t o f f r i c t i o n b e t w e e n t h e p i l e and. t h e b e n t o n i t e 

( e x c l u d i n g t h e r e s u l t s o f t h e r o u n d p i l e d r i v e n t o 17 i n c h e s 

w h i c h i s much l o w e r t h a n a n y o t h e r ) i n d i c a t e t h a t t h e s e a r e 

e f f e c t i v e v a l u e s ( T a b l e 1 4 ) . T h e y showed n o s i g n i f i c a n t 

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

i n e a c h s e r i e s was o b t a i n e d a t t h e l e a s t d e p t h o f embedment , 

i n c l u d i n g t h e e x t r e m e l y l o w r e a d i n g c i t e d a b o v e . 
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The v a l u e s o b t a i n e d i n end b e a r i n g w e r e a l s o much 

b e l o w t h o s e p r e d i c t e d b y t h e M e y e r h o f f a n a l y s i s ( 1 ) . I t i s 

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

i t e i s p r i n c i p a l l y r e s p o n s i b l e h e r e a l s o . T e s t s w i t h t h e 

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

t h e s e t e s t s had a s e n s i t i v i t y v a l u e o f a p p r o x i m a t e l y 2 , 

w h i c h means t h a t i t s r e m o l d e d s t r e n g t h was o n l y one h a l f o f 

i t s u n d i s t u r b e d s t r e n g t h . 
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CHAPTER V I 

CONCLUSIONS 

1 . An upward f o r c e o f a p p r e c i a b l e m a g n i t u d e a f f e c t s 

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

a f t e r d r i v i n g . As t h i x o t r o p y p r o g r e s s e s , i t s m a g n i t u d e i s 

r e d u c e d . H o w e v e r , i t may p e r s e v e r e l o n g a f t e r t h e s o i l h a s 

a p p e a r e d t o h a v e r e - g e l l e d c o m p l e t e l y . I t i s c o u n t e r a c t e d 

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

s k i n f r i c t i o n r e s i s t a n c e t o t h e v e r t i c a l h e a v e d e t e r m i n e s 

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

2 . Even a s m a l l l o a d a p p l i e d t o t h e h e a d o f a f r i c ­

t i o n p i l e h a s an i m m e d i a t e e f f e c t on t h e b a s e o f t h e p i l e . 

A l t h o u g h b y f a r t h e g r e a t e s t s h a r e o f s u c h a s t r e s s i s 

r e c e i v e d b y t h e s i d e s o f t h e p i l e i n f r i c t i o n , a s m a l l 

p r o p o r t i o n i s d i r e c t l y t r a n s m i t t e d t o t h e b a s e , and r e s i s t e d 

b y end b e a r i n g . 

3 . B o t h f r i c t i o n s t r e s s on t h e s i d e s o f t h e p i l e and 

end b e a r i n g s t r e s s on t h e b a s e i n c r e a s e i n u n i f o r m i n c r e ­

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

c e a s e s t o e x i s t when t h e f a i l u r e o f t h e p i l e i s i m m i n e n t . 

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

a f t e r t h e moment o f f a i l u r e . S h o r t l y b e f o r e f a i l u r e , a 

g r e a t e r and g r e a t e r s h a r e o f e a c h a d d i t i o n a l i n c r e m e n t o f 
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l o a d i s r e c e i v e d i n end b e a r i n g , w h i l e l e s s i s a s c r i b e d t o 

f r i c t i o n a l r e s i s t a n c e . A f t e r f a i l u r e , t h e t o t a l s t r e s s o f 

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

f a i l u r e . 

5 . A p i l e p l a c e d b y b u r y i n g i n s o i l w h i c h h a s b e e n 

r e m o l d e d b e l o w t h e b a s e a s w e l l a s a b o u t t h e s i d e s o f t h e 

p i l e w i l l d e v e l o p o n l y a f r a c t i o n o f t h e t h e o r e t i c a l end 

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

i s r e a c h e d and t h e p i l e f a i l s . 
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CHAPTER V I I 

RECOMMENDATIONS 

1 . E f f o r t s s h o u l d b e d i r e c t e d t o w a r d s an i n v e s t i g a ­

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

T h e s e i n v e s t i g a t i o n s s h o u l d a t t e m p t t o r e l a t e v a r i a t i o n i n 

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

s t r e s s . 

2 . I n v e s t i g a t i o n o f s o i l s t r e s s e s i n t h e v i c i n i t y o f 

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

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

f i e l d , b u t p r o b l e m s i n v o l v i n g s e n s i t i v i t y and m o i s t u r e 

p r o o f i n g w i l l b e e n c o u n t e r e d , a s w i l l p r o b l e m s i n a c c u r a t e 

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

3 . A m o r e a c c u r a t e m e t h o d o f e v a l u a t i n g f r i c t i o n a l 

c o e f f i c i e n t s s h o u l d b e d e v i s e d . P e r h a p s t h e b e s t w o u l d b e a 

s m o o t h c y l i n d r i c a l t u b e t o w h i c h a t o r q u e w r e n c h c a n b e 

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

l o a d . 



3 1 

A P P E N D I X 



3 2 

120CL 25 (X 
D e f l e c t i o n 

1 0 0 2 0 0 3 0 0 
T o t a l Load ( p o u n d s ) 

4 0 0 5 0 0 

F i g . 1 . P i l e Load D i s t r i b u t i o n : S q u a r e , F o r c e d , 15 ' 

1 2 0 0 - 25 0 r 

o 
0 •i-l 

O 
o 
o 

1 0 0 0 U S 

8 0 0 L S h -

o •I-l 
4J 
O 
0) 

r-l 
0) 

Q 

9 0 0 -

20O-

rH 6 0 O - 3 5 0 L 

1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 
T o t a l Load ( p o u n d s ) 

F i g . 2 . P i l e Load D i s t r i b u t i o n : S q u a r e , F o r c e d , 2 2 " 



3 3 

End 

- - " V ' D e f l e c t i o n 
I&> S i d e 

T I T O Z U D 3 T J U £ O U 5 0 0 

T o t a l Load ( p o u n d s ) 

F i g . 3 . P i l e Load D i s t r i b u t i o n : S q u a r e , F o r c e d , 3 0 * 

D e f l e c t i o n 
1 2 0 0 R 2 5 0 -

£1 o 

•H 
O 
O 
O 

O i—I 

G 

•rH 
• P 
O (U rH <4-l 
0) 

Q 

1 0 0 0 

1-co 
-a 

3 1 5 0 

8 0 0 K & 

6 0 0 

9 0 0 

2 0 0 

0 

CO 

" 3 5 0 

a) xi 
M 

* « - 5 0 H 

X I 
A 

W 

1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 

T o t a l Load ( p o u n d s ) 

F i g . 4 . P i l e Load D i s t r i b u t i o n : S q u a r e , B u r i e d , 1 5 " 



3 4 



3 5 

1 2 0 0 

o 
•H 
O 
O 
O 

l O O O h o 

pi 
o 

•r-l 
4J 
o 
r-l 
M-l 
Q 

8 0 0 

6 0 0 

4 0 0 

2 0 0 

0 

25Q-

§ 1 5 0 

1g 
T3 5 q 

•H 

* - 5 0 | 

2 

End 

S i d e 

D e f l e c t i o n 

1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 
T o t a l Load ( p o u n d s ) 

F i g . 7 . P i l e Load D i s t r i b u t i o n : Round, F o r c e d , 1 7 " 



3 6 
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T o t a l Load ( p o u n d s ) 

F i g . 1 2 o P i l e Load D i s t r i b u t i o n : Round, B u r i e d , 3 0 " 



3 8 

— x — F o r c e d 
— o — B u r i e d 

1 0 0 4 0 0 2 0 0 3 0 0 

T o t a l Load ( p o u n d s ) 

F i g . 1 3 . D e f l e c t i o n o f S q u a r e P i l e M o d e l 

5 0 0 

1 0 0 2 0 0 3 0 0 4 0 0 
T o t a l Load ( p o u n d s ) 

5 0 0 

F i g . 1 4 . D e f l e c t i o n o f Round P i l e M o d e l 



3 9 

S q u a r e 
Round 

T o t a l Load ( p o u n d s ) 

F i g . 1 5 . P l a t e Load T e s t s : Round and S q u a r e B a s e s 



E l e c t r o n i c 
S t r a i n 
Gauges 

Upper P l a t e 

TT 
7 

n i i 

P i l e S h a f t 

C o n n e c t i o n t o 
P i l e S h a f t 

1 1 / 3 " 
T ^ - B a s e P l a t e 

F1 & 16 Dl 3 ? T ^ t i r» -F 5 r v a c e Mz=» o c u ^ i n n n^^n' m,* 1 n i> „ 
O • O v^j. wrfc-J-v-uu i l l f t v j. ̂  c J.H i; i. i. S Deist; 



4 1 

T a b l e 1 . S q u a r e P i l e M o d e l - - F o r c e d Embedment 

( D a t a S h e e t ) 

D e p t h o f 
Embedment 
( i n c h e s ) 

T o t a l 
Load 

( p o u n d s ) 
D e f l e c t i o n 

( i n c h e s ) 

S t r a i n Gauge 
# 1 

( i n c h e s ) 

S t r a i n Gauge 
# 2 

( i n c h e s ) 

0 0 0 0 
0 1 , 1 2 0 1 , 0 6 5 

1 5 * 0 0 7 5 0 7 0 5 
1 5 29 0 . 0 1 0 0 7 9 0 7 2 5 
1 5 6 9 0 . 0 3 1 2 8 7 6 8 2 0 
1 5 1 0 9 0 . 0 5 5 0 9 8 0 9 2 5 
15 1 4 9 0 . 0 7 0 5 1 , 1 1 0 1 , 0 6 0 
15 1 8 9 0 . 1 0 2 0 1 , 2 5 5 1 , 2 1 0 
15 2 2 9 f a i l u r e 1 , 5 8 0 1 , 5 6 5 
15 0 - - 9 8 5 9 3 5 

2 2 * 0 — 1 , 5 3 0 1 , 4 9 0 
2 2 0 0 1 , 1 0 5 1 , 0 5 4 
2 2 20 0 1 , 1 3 5 1 , 0 8 0 
2 2 4 0 0 . 0 1 2 0 1 , 1 6 5 1 , 1 1 5 
2 2 6 0 0 . 0 1 2 0 1 , 1 9 5 1 , 1 4 5 
2 2 8 0 0 . 0 1 2 5 1 , 2 3 0 1 , 1 8 5 
2 2 1 0 0 0 . 0 1 9 0 1 , 2 7 0 1 , 2 2 0 
2 2 1 2 0 0 . 0 2 2 5 1 , 3 0 0 1 , 2 5 5 
2 2 1 4 0 0 . 0 2 7 0 1 , 3 4 5 1 , 2 8 5 
2 2 1 6 0 0 . 0 3 9 0 1 , 3 7 5 1 , 3 3 0 
2 2 1 8 0 0 . 0 4 4 0 1 , 4 2 0 1 , 3 7 5 
2 2 2 0 0 0 . 0 4 9 8 1 , 4 7 0 1 , 4 2 5 
2 2 2 2 0 0 . 0 5 8 0 1 , 5 1 5 1 , 4 7 0 
2 2 2 4 0 0 . 0 6 4 5 1 , 5 6 2 1 , 5 2 0 
2 2 2 6 0 0 . 0 7 7 0 1 , 6 2 0 1 , 5 8 0 
2 2 2 8 0 0 . 0 8 8 5 1 , 7 6 0 1 , 7 0 0 
2 2 2 9 0 f a i l u r e 1 , 9 5 0 1 , 9 5 5 
2 2 0 -- 1 , 3 4 5 1 , 3 4 0 

3 0 * 0 — 1 , 7 8 0 1 , 7 8 7 
3 0 * 0 0 1 , 2 9 9 1 , 3 0 0 
3 0 3 2 0 . 0 0 0 2 1 , 3 3 8 1 , 3 3 7 
3 0 7 2 0 . 0 0 0 4 1 , 3 8 6 1 , 3 8 8 
3 0 1 1 2 0 . 0 0 9 1 1 , 4 4 0 1 , 4 4 5 
3 0 1 5 2 0 . 0 1 7 0 1 , 4 9 8 1 , 5 0 5 
3 0 1 9 2 0 . 0 2 6 2 1 , 5 5 3 1 , 5 6 5 
3 0 2 3 2 0 . 0 3 4 2 1 , 6 2 0 1 , 6 2 8 
3 0 2 7 2 0 . 0 4 4 2 1 , 6 8 5 1 , 7 0 0 
3 0 3 1 2 0 . 0 5 8 2 1 , 7 7 2 1 , 7 8 5 
3 0 3 3 2 0 . 0 7 4 2 1 , 8 7 0 1 , 8 9 0 



4 2 

T a b l e 1 . C o n t i n u e d 

Depth o f T o t a l S t r a i n Gauge S t r a i n Gauge 
Embedment Load D e f l e c t i o n # 1 # 2 
( i n c h e s ) ( p o u n d s ) ( i n c h e s ) ( i n c h e s ) ( i n c h e s ) 

3 0 3 4 0 0 . 0 9 2 2 1 , 9 4 0 1 , 9 6 0 
3 0 3 4 8 f a i l u r e 2 , 0 9 0 2 , 1 5 5 
3 0 0 - - 1 , 6 0 2 1 , 6 3 3 

P l u s 3 d a y s . 

S h e a r v a l u e = 3 0 i n c h - p o u n d s 
S e n s i t i v i t y = 2 
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T a b l e 2 . S q u a r e P i l e M o d e l - - B u r i e d Embedment 

( D a t a S h e e t ) 

Depth o f 
Embedment 
( i n c h e s ) 

T o t a l 
Load 

( p o u n d s ) 
D e f l e c t i o n 

( i n c h e s ) 

S t r a i n Gauge 
# 1 

( i n c h e s ) 

S t r a i n Gauge 
# 2 

( i n c h e s ) 

15 0 0 0 0 
1 5 23 0 . 0 1 4 0 3 0 3 8 
15 5 5 0 . 0 1 8 2 77 8 5 
15 87 0 . 0 2 1 5 1 3 0 1 4 1 
1 5 1 1 9 0 . 0 6 5 5 1 8 9 1 9 1 
15 1 5 1 0 . 1 4 7 0 5 1 5 5 2 2 
1 5 1 8 3 0 . 2 3 4 0 9 0 5 9 1 3 
1 5 2 1 5 f a i l u r e 1 , 3 1 5 1 , 2 4 8 
15 0 8 6 0 8 5 8 

2 2 0 0 0 0 
2 2 29 0 . 0 1 6 8 6 0 5 0 
2 2 6 9 0 . 0 3 2 0 1 3 0 1 1 5 
2 2 1 0 9 0 . 0 5 0 8 2 1 0 1 9 0 
2 2 1 4 9 0 . 0 7 4 0 2 9 0 2 7 5 
2 2 1 8 9 0 . 1 0 0 0 3 9 0 3 6 5 
2 2 2 2 9 f a i l u r e * 6 6 0 6 6 5 
2 2 237 0 . 2 2 4 0 8 1 0 8 2 5 
2 2 257 0 . 3 9 3 0 1 , 1 2 0 1 , 1 2 5 
2 2 0 6 6 5 6 0 0 

3 0 0 0 0 0 
3 0 3 2 0 . 0 0 5 0 4 0 3 5 
3 0 7 2 0 . 0 1 3 5 8 5 9 0 
3 0 1 1 2 0 . 0 2 2 0 1 3 5 1 4 5 
3 0 1 5 2 0 . 0 3 2 0 1 9 5 2 0 0 
3 0 1 9 2 0 . 0 4 4 0 2 5 5 2 6 0 
3 0 2 3 2 0 . 0 5 7 5 3 2 5 3 4 0 
3 0 2 7 2 f a i l u r e 6 2 5 6 1 0 
3 0 2 9 2 -- 1 , 0 9 5 1 , 1 1 0 
3 0 0 — — 8 5 5 8 7 0 

P a r t i a l . 



4 4 

T a b l e 3 . S q u a r e P i l e M o d e l - - F o r c e d Embedment 

( L o a d D i s t r i b u t i o n ) 

D e p t h o f T o t a l A v e r a g e End S i d e 
Embedment Load Load Load 
( i n c h e s ) ( p o u n d s ) ( p o u n d s ) (pound; 

15 0 9 5 - 9 5 
15 0 * 6 4 - 6 4 
15 29 6 8 - 3 9 
1 5 6 9 7 5 - 6 
1 5 1 0 9 8 4 25 
15 1 4 9 9 6 5 3 
15 1 8 9 1 0 9 8 0 
15 2 2 9 1 3 9 9 0 
15 0 8 4 - 8 4 

2 2 0 1 3 5 - 1 3 5 
2 2 0 * 9 8 - 9 8 
2 2 20 1 0 1 - 8 1 
2 2 4 0 1 0 4 - 6 4 
2 2 6 0 1 0 7 - 4 7 
2 2 8 0 1 1 0 - 3 0 
2 2 1 0 0 1 1 3 - 1 3 
2 2 1 2 0 1 1 6 4 
2 2 1 4 0 1 1 9 21 
2 2 1 6 0 1 2 2 3 8 
2 2 1 8 0 1 2 5 5 5 
2 2 2 0 0 1 3 0 7 0 
2 2 2 2 0 1 3 4 8 6 
2 2 2 4 0 1 3 9 1 0 1 
2 2 2 6 0 1 4 4 1 1 6 
2 2 2 8 0 1 5 6 1 2 4 
2 2 2 9 0 1 7 4 1 1 6 
2 2 0 1 1 9 - 1 1 9 

3 0 0 1 5 9 - 1 5 9 
3 0 0 * 1 1 6 - 1 1 6 
3 0 3 2 1 1 9 - 8 7 
3 0 7 2 1 2 3 - 5 1 
3 0 1 1 2 1 2 8 - 1 6 
3 0 1 5 2 1 3 3 1 9 
3 0 1 9 2 1 3 9 5 3 
3 0 2 3 2 1 4 4 8 8 
3 0 2 7 2 1 5 0 1 2 2 
3 0 3 1 2 1 5 8 1 5 4 
3 0 3 3 2 1 6 8 1 6 4 
3 0 3 4 0 1 7 4 1 6 6 



4 5 

T a b l e 3 . C o n t i n u e d 

Depth o f T o t a l A v e r a g e End S i d e 
Embedment Load Load Load 
( i n c h e s ) ( p o u n d s ) ( p o u n d s ) ( p o u n d s ) 

3 0 3 4 8 1 8 9 1 5 9 
3 0 0 1 2 3 - 1 2 3 

P l u s 3 d a y s . 
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T a b l e 4 . S q u a r e P i l e M o d e l - - B u r i e d Embedment 

( L o a d D i s t r i b u t i o n ) 

D e p t h o f T o t a l A v e r a g e End S i d e 
Embedment Load Load Load 
( i n c h e s ) ( p o u n d s ) ( p o u n d s ) ( p o u n d s ) 

15 0 0 0 
15 23 4 19 
1 5 5 5 8 47 
1 5 87 1 2 7 5 
15 1 1 9 17 1 0 2 
1 5 1 5 1 4 5 1 0 6 
15 1 8 3 8 2 1 0 1 
1 5 2 1 5 1 1 2 1 0 3 
15 0 7 5 - 7 5 

2 2 0 0 0 
2 2 29 5 2 4 
2 2 6 9 1 1 5 8 
2 2 1 0 9 1 8 9 1 
2 2 1 4 9 2 4 1 2 5 
2 2 1 8 9 3 1 1 5 8 
2 2 2 2 9 57 1 7 2 
2 2 237 7 3 1 6 4 
2 2 257 1 0 0 1 5 7 
2 2 0 55 - 5 5 

3 0 0 0 0 
3 0 3 2 2 3 0 
3 0 7 2 7 6 5 
3 0 1 1 2 1 1 1 0 1 
3 0 1 5 2 17 1 3 5 
3 0 1 9 2 2 2 1 7 0 
3 0 2 3 2 3 0 2 0 2 
3 0 2 7 2 5 5 217 
3 0 2 9 2 9 9 1 9 3 
3 0 0 77 - 7 7 



47 

T a b l e 5 . Round P i l e M o d e l - - F o r c e d Embedment 

( D a t a S h e e t ) 

Depth o f 
Embedment 
( i n c h e s ) 

T o t a l 
Load 

( p o u n d s ) 
D e f l e c t i o n 

( i n c h e s ) 

S t r a i n Gauge 
# 1 

( i n c h e s ) 

S t r a i n Gai 
# 2 

( i n c h e s 

0 0 0 0 
17 0 7 7 0 6 3 5 
1 7 * 0 0 6 2 0 5 1 0 
17 29 0 6 7 0 5 6 0 
17 9 3 0 . 0 0 9 6 8 2 5 7 0 5 
17 1 5 8 0 . 0 1 6 9 1 , 0 2 9 8 9 7 
17 2 2 2 f a i l u r e 1 , 7 2 0 1 , 5 5 5 

24 0 — 1 , 4 5 5 1 , 2 8 0 
2 4 * 0 0 1 , 1 6 5 1 , 0 0 5 
2 4 29 0 . 0 0 1 0 1 , 2 0 5 1 , 0 4 0 
2 4 6 9 0 . 0 0 8 5 1 , 2 6 0 1 , 0 9 5 
2 4 1 0 9 0 . 0 2 0 5 1 , 3 2 0 1 , 1 5 0 
24 1 4 9 0 . 0 2 7 5 1 , 3 9 0 1 , 2 1 5 
2 4 1 8 9 0 . 0 3 8 0 1 , 4 6 5 1 , 2 8 5 
2 4 2 2 9 0 . 0 4 8 0 1 , 5 4 5 1 , 3 5 7 
24 2 6 9 0 . 0 5 5 0 1 , 6 2 5 1 , 4 3 5 
2 4 3 0 9 0 . 0 6 3 0 1 , 7 2 0 1 , 7 2 5 
24 3 4 9 0 . 0 7 4 0 1 , 8 9 0 1 , 7 2 5 
24 3 8 9 f a i l u r e 2 , 4 5 0 2 , 2 3 0 
24 0 -- 1 , 3 9 5 1 , 2 0 5 

3 2 0 — 1 , 9 8 0 1 , 7 1 0 
3 2 * 0 0 1 , 5 1 5 1 , 3 0 0 
3 2 29 0 1 , 5 6 0 1 , 3 4 3 
3 2 6 9 0 . 0 0 6 5 1 , 6 1 0 1 , 3 8 5 
3 2 1 0 9 0 . 0 1 2 0 1 , 6 7 0 1 , 4 4 0 
3 2 1 4 9 0 . 0 2 7 5 1 , 7 3 5 1 , 4 9 5 
3 2 1 8 9 0 . 0 3 5 5 1 , 8 1 0 1 , 5 6 0 
3 2 2 2 9 0 . 0 4 1 5 1 , 8 8 0 1 , 6 2 0 
3 2 2 6 9 0 . 0 5 1 5 1 , 9 5 0 1 , 6 8 5 
3 2 3 0 9 0 . 0 6 0 0 2 , 0 4 6 1 , 7 6 5 
3 2 3 4 9 0 . 0 7 1 5 2 , 2 0 0 1 , 8 3 5 
3 2 3 8 9 0 . 0 8 2 5 2 , 2 7 5 1 , 9 3 5 
3 2 4 2 9 f a i l u r e 2 , 8 0 0 2 , 5 9 5 
3 2 0 2 , 0 9 0 1 , 7 9 5 

M i n u s 3 d a y s . 



4 8 

T a b l e 6 . Round P i l e M o d e l — B u r i e d Embedment 

( D a t a S h e e t ) 

D e p t h o f T o t a l S t r a i n Gauge S t r a i n Gauge 
Embedment Load D e f l e c t i o n # 1 # 2 
( i n c h e s ) ( p o u n d s ) ( i n c h e s ) ( i n c h e s ) ( i n c h e s ) 

1 5 0 0 0 0 
1 5 29 0 . 0 1 0 0 5 1 4 4 
15 6 9 0 . 0 1 5 0 1 4 6 1 3 7 
1 5 1 0 9 0 . 0 3 3 5 2 5 6 2 5 2 
1 5 1 4 9 0 . 0 7 5 5 5 4 1 5 5 2 
1 5 1 5 7 0 . 1 0 3 0 6 4 6 6 3 7 
1 5 0 2 8 1 277 

2 2 0 0 0 0 
2 2 29 0 4 5 4 0 
2 2 6 9 0 . 0 1 6 0 1 1 0 1 0 0 
2 2 1 0 9 0 . 0 2 9 0 1 7 7 1 5 8 
2 2 1 4 9 0 . 0 4 4 0 2 5 5 2 2 3 
2 2 1 8 9 0 . 0 5 8 0 3 3 5 2 9 0 
2 2 2 2 9 f a i l u r e 1 , 0 4 5 9 6 0 
2 2 0 — 6 7 0 5 9 5 

3 0 0 0 0 0 
3 0 29 0 3 0 3 5 
3 0 6 9 0 . 0 0 9 5 1 1 0 1 1 0 
3 0 1 0 9 0 . 0 1 8 0 1 4 0 1 4 0 
3 0 1 4 9 0 . 0 2 5 5 1 9 5 1 9 5 
3 0 1 8 9 0 . 0 3 3 5 2 4 5 2 4 0 
3 0 2 2 9 0 . 0 4 1 5 2 9 0 2 9 0 
3 0 2 6 9 0 . 0 4 6 0 3 5 0 3 5 0 
3 0 3 0 9 f a i l u r e 7 7 0 8 1 0 
3 0 0 4 4 5 4 3 0 

S h e a r V a l u e = 2 9 . 7 i n c h - p o u n d s 
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T a b l e 7 . Round P i l e M o d e l — F o r c e d Embedment 

( L o a d D i s t r i b u t i o n ) 

D e p t h o f T o t a l A v e r a g e End S i d e 
Embedment Load Load Load 
( i n c h e s ) ( p o u n d s ) ( p o u n d s ) ( p o u n d s ) 

17 () 6 6 - 6 6 
17 0 * 5 3 - 5 3 
17 29 5 8 - 2 9 
17 9 3 7 2 2 1 
17 1 5 8 9 1 67 
17 2 2 2 1 5 3 6 9 

24 () 1 2 8 - 1 2 8 
24 0 * 1 0 2 - 1 0 2 
24 29 1 0 6 - 7 7 
2 4 6 9 1 1 0 - 4 1 
2 4 1 0 9 1 1 7 - 8 
24 1 4 9 1 2 2 27 
24 1 8 9 1 2 9 6 0 
24 2 2 9 1 3 6 9 3 
24 2 6 9 1 4 4 1 2 5 
24 3 0 9 1 5 2 1 5 7 
2 4 3 4 9 1 7 0 1 7 9 
24 3 8 9 2 2 1 1 6 8 
24 0 1 2 2 - 1 2 2 

3 2 0 1 7 4 - 1 7 4 
3 2 0 * 1 3 2 - 1 3 2 
3 2 29 1 3 7 - 1 0 8 
3 2 6 9 1 4 1 - 7 2 
3 2 1 0 9 1 4 6 - 3 7 
3 2 1 4 9 1 5 2 

C
O

 

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

Minus 3 d a y s . 
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T a b l e 8 . Round P i l e M o d e l - - B u r i e d Embedment 

( L o a d D i s t r i b u t i o n ) 

D e p t h o f T o t a l A v e r a g e End S i d e 
Embedment Load Load Load 
( i n c h e s ) ( p o u n d s ) ( p o u n d s ) ( p o u n d s ) 

1 5 0 0 0 
1 5 29 5 2 4 
1 5 6 9 1 4 5 5 
1 5 1 0 9 23 8 6 
1 5 1 4 9 5 0 9 9 
15 1 5 7 5 9 9 8 
1 5 0 25 - 2 5 

2 2 0 0 0 
2 2 29 4 25 
2 2 6 9 1 0 5 9 
2 2 1 0 9 17 9 2 
2 2 1 4 9 25 1 2 4 
2 2 1 8 9 3 0 1 5 9 
2 2 2 2 9 97 1 3 2 
2 2 0 59 - 5 9 

3 0 0 0 0 
3 0 29 3 26 
3 0 6 9 1 0 5 9 
3 0 1 0 9 1 3 9 6 
3 0 1 4 9 1 8 1 3 1 
3 0 1 8 9 23 1 6 6 
3 0 2 2 9 2 8 2 0 1 
3 0 2 6 9 3 3 2 3 6 
3 0 3 0 9 7 5 2 3 4 
3 0 0 4 1 - 4 1 
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T a b l e 9 . P l a t e Load T e s t R e s u l t s 

P l a t e T y p e P l a t e A r e a Load D e f l e c t i o n P l a t e T y p e 
( s q u a r e i n c h e s ) ( p o u n d s ) ( i n c h e s ) 

S q u a r e 2 5 . 0 0 0 
S q u a r e 2 5 . 0 3 0 0 . 0 2 8 6 
S q u a r e 2 5 . 0 3 8 0 . 0 3 3 6 
S q u a r e 2 5 . 0 4 6 0 . 0 4 3 6 
S q u a r e 2 5 . 0 5 4 0 . 0 5 9 4 
S q u a r e 2 5 . 0 6 2 0 . 0 6 6 4 
S q u a r e 2 5 . 0 7 0 0 . 0 7 5 1 
S q u a r e 2 5 . 0 7 8 0 . 0 8 6 6 
S q u a r e 2 5 . 0 86 0 . 1 0 6 6 
S q u a r e 2 5 . 0 9 4 0 . 1 2 4 6 
S q u a r e 2 5 . 0 1 0 2 0 . 1 5 5 6 
S q u a r e 2 5 . 0 1 1 0 0 . 1 8 7 6 
S q u a r e 2 5 . 0 0 0 . 0 5 6 6 

Round 2 8 . 3 0 0 
Round 2 8 . 3 3 0 0 . 0 1 8 8 
Round 2 8 . 3 5 0 0 . 0 5 9 0 
Round 2 8 . 3 7 0 0 . 0 7 7 0 
Round 2 8 . 3 7 8 0 . 0 8 9 0 
Round 2 8 . 3 86 0 . 1 0 5 0 
Round 2 8 . 3 9 4 0 . 1 2 6 0 
Round 2 8 . 3 1 0 2 0 . 1 5 9 0 
Round 2 8 . 3 1 1 0 0 . 1 7 8 0 
Round 2 8 . 3 1 1 8 0 . 2 1 8 5 
Round 2 8 . 3 0 0 . 0 9 9 5 



T a b l e 1 0 . Summary o f S o i l T e s t R e s u l t s 

1 . U n d r a i n e d s h e a r s t r e n g t h ( v a n e s h e a r ) = 0 . 9 5 5 p s i 
( s q u a r e p i l e - - f o r c e d ) 

2 . U n d r a i n e d s h e a r s t r e n g t h ( v a n e s h e a r ) = 0 . 9 4 5 p s i 
( r o u n d p i l e - - b u r i e d ) 

3 . A d h e s i o n : p l a s t i c - c l a y ( p l a t e t e s t ) = 0 . 8 8 5 p s i 

4 . A d h e s i o n : p l a s t i c - c l a y ( p i l e r o t a t i o n ) = 0 . 7 0 5 p s i 

5 . U n i t w e i g h t o f b e n t o n i t e = 2 , 4 3 5 grams p e r l i t e r o r 1 5 2 
pounds p e r c u b i c f o o t 

T a b l e 1 0 - a . S o i l P r o p e r t i e s Used i n C a l c u l a t i o n s 

1 . A v e r a g e u n d r a i n e d s h e a r s t r e n g t h o f b e n t o n i t e = 0 . 9 5 0 p s i 

2 . A d h e s i o n o f b e n t o n i t e t o p l a s t i c c o a t e d m e t a l = 0 . 7 0 5 p s i 

3 . U n i t w e i g h t o f b e n t o n i t e = 1 5 2 pounds p e r c u b i c f o o t 
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T a b l e 1 1 . C a l c u l a t e d B e a r i n g C a p a c i t i e s 

B e a r i n g c a p a c i t i e s a r e c a l c u l a t e d a c c o r d i n g t o E q u a t i o n ( 4 ) 

Q = ( c N c + Y D ) A + mcS 

C o n s t a n t s u s e d t h r o u g h t h e f o l l o w i n g c a l c u l a t i o n s a r e : 

c = 0 . 9 5 0 pounds p e r s q u a r e i n c h 

N c - 9 ( e x c e p t f o r p l a t e l o a d t e s t s w h e r e N c = 6 . 2 ) 

y = 1 5 2 pounds p e r c u b i c f o o t 

m = 0 . 7 0 5 + 0 . 9 5 0 = 0 . 7 4 2 

1 . P l a t e Load T e s t s : 

a . S q u a r e p i l e b a s e - - D = 0 . 0 ; A = 2 5 . 0 s q u a r e 
i n c h e s ; S = 0 

Q = 1 4 7 pounds 

b . Round p i l e b a s e - - D = 0 . 0 ; A = 2 7 . 7 s q u a r e 
i n c h e s ; S = 0 

Q = 1 6 3 pounds 

2 . S q u a r e P i l e : 

a . Embedded 1 5 N - - D = 1 5 " ; A = 2 5 . 0 s q u a r e 
i n c h e s ; S = 3 0 0 s q u a r e i n c h e s 

Q = 247 + 2 1 2 = 4 5 9 pounds 

b . Embedded 2 2 " - - D = 2 2 N ; A = 2 5 . 0 s q u a r e 
i n c h e s ; S = 4 4 0 s q u a r e i n c h e s 

Q = 2 6 2 + 3 1 0 = 5 7 2 pounds 

c . Embedded 3 0 " - - D = 3 0 " ; A = 2 5 . 0 s q u a r e 
i n c h e s ; S = 6 0 0 s q u a r e i n c h e s 

Q = 2 9 0 + 4 2 3 = 7 1 3 pounds 
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3 . Round P i l e : 

a . Embedded 1 7 " - - D = I ? " ; A = 2 7 . 7 s q u a r e 
i n c h e s ; S = 3 1 8 s q u a r e i n c h e s 

Q = 2 7 8 + 2 2 4 = 5 0 2 pounds 

b . Embedded 2 4 " - - D = 2 4 " ; A = 2 7 . 7 s q u a r e 
i n c h e s ; S = 4 4 9 s q u a r e i n c h e s 

Q = 2 9 5 + 316 = 6 1 1 pounds 

c . Embedded 3 2 " - - D = 3 2 " ; A = 2 7 . 7 s q u a r e 
i n c h e s ; S = 5 9 8 s q u a r e i n c h e s 

Q = 3 1 5 + 4 2 2 = 7 3 7 pounds 

d . Embedded 1 5 " - - D = 1 5 " ; A = 2 7 . 7 s q u a r e 
i n c h e s ; S = 2 8 0 s q u a r e i n c h e s 

Q = 2 7 3 + 1 9 7 = 4 7 0 pounds 

e . Embedded 2 2 " - - D = 2 2 " ; A = 2 7 . 7 s q u a r e 
i n c h e s ; S = 4 1 1 s q u a r e i n c h e s 

Q = 2 9 1 + 2 9 0 = 5 8 1 pounds 

f . Embedded 3 0 " - - D = 3 0 " ; A = 2 7 . 7 s q u a r e 
i n c h e s ; S = 5 6 1 s q u a r e i n c h e s 

Q = 3 1 0 + 3 9 5 = 7 0 5 pounds 

T a b l e 1 1 . C o n t i n u e d 
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T a b l e 1 2 . C o m p a r a t i v e B e a r i n g C a p a c i t i e s 

7o M e a s u r e d o f 
C a l c u l a t e d 

C a l c u l a t e d M e a s u r e d 

1 . P l a t e ( s q u a r e ) 1 4 7 85 5 8 

2 . P l a t e ( r o u n d ) 1 6 3 86 5 3 

3 . P i l e ( s q . F , 1 5 " ) 

a . End 247 1 1 0 4 5 
b o F r i c t i o n 2 1 2 8 0 3 8 
c . T o t a l 4 5 9 1 9 0 4 1 

4 . P i l e ( s q . B , 1 5 " ) 

a . End 247 1 8 7 
b . F r i c t i o n 2 1 2 1 0 7 5 1 
c . T o t a l 4 5 9 1 2 5 27 

5 . P i l e ( s q . F , 2 2 " ) 

a . End 2 6 2 1 5 0 57 
b . F r i c t i o n 3 1 0 1 2 5 4 0 
c . T o t a l 5 7 2 2 7 5 4 8 

6 . P i l e ( s q . B , 2 2 " ) 

a . End 2 6 2 5 6 2 1 
b . F r i c t i o n 3 1 0 1 6 4 5 3 
c . T o t a l 5 7 2 2 2 0 39 

7 . P i l e ( s q . F , 3 0 " ) 

a . End 2 9 0 1 7 0 59 
b . F r i c t i o n 4 2 3 1 6 5 39 
c . T o t a l 7 1 3 3 3 5 47 

8 . P i l e ( s q . B , 3 0 " ) 

a . End 2 9 0 5 2 1 8 
b . F r i c t i o n 4 2 3 2 1 8 5 2 
c . T o t a l 7 1 3 2 7 0 3 8 

9 . P i l e ( r d . F , 1 7 " ) 

a . End 2 7 8 9 0 3 2 
b . F r i c t i o n 2 2 4 6 8 3 2 
c . T o t a l 5 0 2 1 5 8 3 2 
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T a b l e 1 2 . C o n t i n u e d 

C a l c u l a t e d M e a s u r e d % M e a s u r e d o f 
( p o u n d s ) ( p o u n d s ) C a l c u l a t e d 

1 0 . P i l e ( r d . B , 1 5 " ) 

a . End 2 7 3 28 1 0 
b . F r i c t i o n 1 9 7 9 2 4 7 
c . T o t a l 4 7 0 1 2 0 26 

1 1 . P i l e ( r d . F , 2 4 " ) 

a . End 295 1 7 0 5 8 
b . F r i c t i o n 3 1 6 1 7 8 5 6 
c . T o t a l 6 1 1 3 4 8 57 

1 2 . P i l e ( r d . B , 2 2 " ) 

a . End 2 9 1 3 0 1 0 
b . F r i c t i o n 2 9 0 1 6 0 5 5 
C o T o t a l 5 8 1 1 9 0 3 3 

1 3 . P i l e ( r d . F , 3 2 " ) 

a . End 3 1 5 2 0 0 6 4 
b . F r i c t i o n 4 2 2 1 9 0 4 5 
c . T o t a l 7 3 7 3 9 0 5 3 

1 4 . P i l e ( r d . B , 3 0 " ) 

a . End 3 1 0 3 5 1 1 
b . F r i c t i o n 3 9 5 2 3 5 6 0 
c . T o t a l 7 0 5 2 7 0 3 8 
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T a b l e 1 3 . A v e r a g e E f f i c i e n c y ' 

1—
1 S q u a r e p i l e , e n d , f o r c e d 54% 

2 . S q u a r e p i l e , f r i c t i o n , f o r c e d 39% 
3 . S q u a r e p i l e , f r i c t i o n , b u r i e d 

, e n d , b u r i e d 
e n d , f o r c e d 

43% 
4 . S q u a r e p i l e 

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

e n d , f o r c e d 
15% 

5 . Round p i l e , 

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

e n d , f o r c e d 51% 
6 . Round p i l e , f r i c t i o n , f o r c e d 

e n d , b u r i e d 
44% 

7 . Round p i l e , 
f r i c t i o n , f o r c e d 
e n d , b u r i e d 10% C

O
 Round p i l e , f r i c t i o n , b u r i e d 51% 

P e r c e n t m e a s u r e d o f c a l c u l a t e d s t r e n g t h 

T a b l e 1 4 . R e s i d u a l S i d e F r i c t i o n 

( F o r c e d P i l e s A f t e r T h r e e D a y s ) 

4 
5 
6 

S q u a r e , F, 15 
S q u a r e , F, 2 2 " 
S q u a r e , F, 3 0 " 

A v e r a g e s q u a r e 0 . 2 3 4 p s i 

Round, F, 1 7 " 
Round, F, 2 4 " 
Round, F, 3 2 " 

A v e r a g e r o u n d ( l e s s N o . 4 ) 0 . 2 3 1 

A l l 0 . 2 3 3 

0 . 2 1 4 p s i 
0 . 2 2 2 p s i 
0 . 2 6 5 p s i 

0 . 1 6 7 p s i 
0 . 2 2 7 p s i 
0 . 2 3 5 p s i 
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T a b l e 1 5 . M e a s u r e d S k i n F r i c t i o n 

T e s t S i d e F r i c t i o n S u r f a c e A r e a S k i n F r i c t i o n 
( p o u n d s ) ( s q . i n c h e s ) ( p s i ) 

1 . S q . F , 1 5 " 8 0 3 0 0 0 267 
2 . S q . F , 2 2 " 1 2 5 4 4 0 0 2 8 4 
3 . S q . F , 3 0 " 1 6 5 6 0 0 0 2 7 5 
4 . S q . B, 1 5 " 

2 2 " 
1 0 7 3 0 0 0 3 5 7 

5 . S q . B, 
1 5 " 
2 2 " 1 6 4 4 4 0 0 3 7 2 

6 . S q . B, 3 0 " 2 1 8 6 0 0 0 3 6 4 
7 . Rd. F , 1 7 " 6 8 3 1 8 0 2 1 4 
8 . Rd. F , 2 4 " 1 7 8 4 4 9 0 3 9 6 
9 . Rd. F , 3 2 " 1 9 0 5 9 8 0 3 1 8 

1 0 . Rd. B, 1 5 " 9 2 2 8 0 0 3 2 8 
1 1 . Rd. B , 2 2 " 1 6 0 4 1 1 0 3 9 0 
1 2 . Rd. B , 3 0 " 2 3 5 5 6 1 0 4 1 9 

A v e r a g e s q u a r e p i l e s 0 . 3 2 0 p s i 
A v e r a g e r o u n d p i l e s 0 . 3 7 0 p s i ( o m i t t i n g r d . F , 17 ) 
A v e r a g e f o r c e d p i l e s 0 . 2 9 2 p s i 
A v e r a g e b u r i e d p i l e s 0 . 3 7 2 p s i 
O v e r a l l a v e r a g e 0 . 3 3 2 p s i 

T a b l e 1 6 . M o d i f i c a t i o n o f B e a r i n g C a p a c i t i e s o f Round P i l e s 
( F o r c e d ) t o Compare w i t h S t a n d a r d D e p t h 

P i l e 
M o d e l 

S k i n 
F r i c t i o n 

( p s i ) 

F r i c t i o n from 
A d d i t i o n a l 2 

( p o u n d s ) 

M e a s u r e d 
B e a r i n g 
C a p a c i t y 
( p o u n d s ) 

C o m p a r a t i v e 
B e a r i n g 
C a p a c i t y 
( p o u n d s ) 

R d . F , 1 7 " 0 . 2 1 4 8 . 0 1 5 8 1 5 0 
Rd. F , 2 4 " 0 . 3 9 6 1 4 . 8 3 4 8 3 3 3 
Rd. F , 3 2 " 0 . 3 1 8 1 1 . 8 3 9 0 3 7 8 
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