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i i  

ABSTRACT 

Previous inve s t i gat ions concerned wi th d i s turbance o f  

so f t  c lay b y  dr iving d i s p l ac ement p i l e s  a r e  summa r i z ed .  The 

i n i tiation of exc e s s  pore wat e r  pre s s ur e s  due to p i l e dr iving , 

and mecha n i sms o f  load trans f er are a l so d e s cribed , a l ong with 

the appl i c apabi l i ty o f  mode l  p i l e  te s t ing in anal y s i s  of the 

var ious phenomena .  

Load t e s t s  were conducted on a s s orted s i z e s o f  mode l  

fr i c t i on p i l e s  embedded i n  s ed imented s o i l s amp l e s  whi ch con

s i s ted o f  a s i lt and c l ay mi xture . Pi lot ho l e s  o f  various  

d iameters  wer e  c ut i n  the  s amp l e s . 

A theo r e t i c a l  load d i s tr ibution c urve wa s u s ed to c a lcu

late  the load tran s f erred to the soi l a s  a func t i o n  o f  p i l e  

embedment . Laboratory van e shear te s t  r e s u l t s  wer e c ompar ed 

to the load tran s f erred to the so i l  by the p i le . 

Re s u l t s  o f  the  r e s earch pr ogram i nd i c a t e  that: 1)  The 

rat i o  of the load tran s f erred to the so i l  to the undrai ned 

s t r ength of the so i l  c hange s wi th dep th i n  the s amp l e , and with 

the r a t i o  o f  the p i lot ho le d iameter to the p i l e d i ameter , 2) 

an optimum p i lo t  hole  s i z e  exi s t s  for each p i le wh i c h  o f fe r s  a 

ba lance be tween low so i l  d i s turbance and h i gh load c arrying 

cap a c i ty , 3 ) the s o i l sampl e  s i z e s hould be four to f ive time s 

the p i l e  s i z e to a chi eve va l id load t e s t  r e s u lt s , and 4) the 

u l t imate load that a f r i ct i on p i l e  c an support increas e s  with 

t ime a f ter p i l e  i n s er t i on and wi th increa s ed rate s o f  pene tration . 
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A. General 

I. INTRODUCTION 

As programs o f  large scale construction continue and 

expand, suitable foundation sites at strategic locations 

become less available. Where large, deep deposits of soft 

silts and clays are encountered, economics and practical 

design considerations dictate the use of "floating" pile 

foundations. These structures gain support from the skin 

friction developed between the soil and pile wall, and do 

not bear directly on firm strata below. By their nature 

they are subject to excessive settlements and occasional 

bearing capacity failures and are, therefore, subject for 

concern. 

Although considerable amount of information has been 

accumulated on soil-pile interaction by the driving of 

full-scale instrumented piles, the cost and equipment in

volved is usually restrictive. The complexity o f  most 

natural soil deposits renders generalizations based on the 

results of such tests questionable, and damage to sensi

tive instruments during driving may mean a small return 

of usable data gained from the investment. 

In recent years many investigators have turned to the 

use of model piles because they cost less and have greater 

flexibility with respect to the foundation geometry and 

soil conditions. To date many and varied test procedures 

have been chosen to achieve the desired compatibility 

1 
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be tween labo r a t o ry and f i e l d tes t resul t s . 

The p urpos e o f  this rese a r c h  prog ram was to i n t e rpret 

resu l t s  of  l o ad t es ts o n  mode l f r i c t i on p i l es . S e r i es o f  

tes ts we re condu c t ed such that the e f f e c ts o f  d i f f erent va lu e s  

o f  s e l e c ted var i a b l es could be s tudi ed . 

B .  Out l i n e o f  Res earch 

The research program was carr i ed out i n  s i x  general 

s t ep s: 

1 . A r evi ew o f  exis t ing l i tera tur e was p e r f o rmed to 

b ecome f ami l i a r  wi th s o i l-p i l e  i n t erac t i o n  i n  

g e n e ra l , and t o  act a s  a gu i d e  i n  the cho i c e  of 

s u i ta b l e  proc e dures  to a c h i eve val i d  resul t s . 

2. Two bas i c a lly pure so i l  typ e s  wer e  obtained and 

t es t s  were c ar r ied out to d e t e rmine the physical 

properties of each . 

3. A mixture of the two s o i ls was use d  i n  prepar i ng 

two sizes o f  s ed imen t e d  s amp les o f  the desir ed 

consistency . 

4 .  Funct i o n a l  and s en s i t ive equi pment c ommen sur ate 

with the de s i red degre e  of ac curacy was d eve loped . 

5.  Tes ts to s tudy the e f f e c t s  of p i l o t  ho l e  size, 

pile size and s amp le s i z e  we r e  conducted , a l ong 

with vane shear and unco n f i ne d  compression to 

correlate results . 

6 .  The results were anal yzed , conclusions draw� and 

recommendations given . 



I I . REVIEW OF L ITERATURE 

3 

A. S o il�Pile Interaction S tud i e s  wi th Ful l - S c a l e  P il e s  

1. The d i sturbance o f  cohe s ive s o i l s  by pi le  driving 

As ear l y  as 1 9 1 5 , Kar l  Z immerman o b s e rved and reported 

the i n f luence of p i le s ize and s hape on di s turbance to the 

s ur rounding s o i l. He noted that i n  varved c l ays  the di s tor-

t io n  wa s e a s i ly s e e n , and in some c a s e s  d i s turbed zon e s  occur-

red whi ch extended at l ea s t  one p i l e  d i amet e r  away from the 

pile . 

I n  1 9 3 2  C a s agrande put for t h  the f i r s t  s i gn i f i c ant theory 

con c e rn ing the a c t i on of p l a s t i c  c l ay around driven d i s p l a c e -

men t  p i l e s . The c lay s amp l e s  were from the Laurent i a n  Va l l ey 

in  C anada , a n  area  known for i t s  s en s i t ive c lays . From con-

f i ned and unconf ined compre s s i o n  t e s t s  run o n  und isturbed and 

remo lded s amp l e s  taken a t  var y i ng d i s ta nc e s  r a d i a l ly from the 

p i l e , it wa s d i s cove red that some c l a y s  near the pile e xperi-

enc e d  an i n c r e as e i n  t he i r  c oe f f i c i en t  o f  c ompr e s s ibi l i ty .  In  

some i n s t a nc e s  thi s increa s e  wa s so great tha t  the so i l  c om-

pre s s ed und e r  i t s  own weight . C a s agrande sugg e s ted that the 

c la y  immed i a t e ly surrounding the p i l e  would be remold ed
1 

to a 

d i s tance o f  one ha l f  of the p i le d i ame t e r , a nd to a di s tanc e of  

1 . 5 p i l e  d i ame t e r s  the c lay wou l d  be d i s turbed suf fic i e n t l y  to 

cau s e  a r a ther l arge i n c r e a s e  i n  compr e s s ib i l i ty .  

1
Remo l ding r e f e r s  to the d e s truc t ion o f  the a rrangement o f  the 

mo l e c u l e s in the absorbed laye r s  of the c lay particle s , and 
inj ury to the c lay s tructure that deve loped during sedimentation . 
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Us ing s imi l a r  exp e r imenta l analys es , Z eeva e r t  ( 1 9 5 0) 

s tud i ed t h e  e f f ec ts o f  driving wood p i l es i n t o  the s o f t  s en

s i t ive c l a y s unde r l y ing Mexi c o  C i ty . He con c luded tha t ther e  

a r e  three  z o n es o f  so i l  wi th d i f f ering p rope r t i es i n  the f o rm 

o f  a n nu l a r  r ings a round the new l y  driven p i l e . ( See  Fig . 1). 

Z one I represents comp l e te ly r emo l ded c l ay whi c h  is i n  con

s t a n t  movement dur ing the drivi ng proc ess . This zon e  of 

r emo lded s o i l ha s a thi ckne ss equa l to  0 . 2  t i me s  the p i l e  di

ame t er , and comp l e t e ly surround s  the p i le . 

Z one I I  i s  in the s hape of an annu l ar r ing surround i ng 

Z o n e  I and c on s i s t s  o f s o i l that is qui t e  d is turbed . Accord i ng 

to theory , the s o i l moves dur i n g  the d riving process , but very 

l i t t l e , and probabl y extend s to one d i ameter f r om the p i l e  

wa l l .  I n  Zone I I I  the c lay is assumed to rema in una l t e r ed 

during d r i ving , exc ept for  a t emporary upward e l as t i c  d e fo rma

t ion due to p r es sures caus ed by the d i s p l ac e d  vo l ume o f  r emo ld

ed c l ay dur ing d r i ving . 

A l t hough the e xa c t  va lue s f or the bounda r i es o f  the zon e s  

d o  not corre spond between t h e  C a s agra n d e  and Z eevae r t  theor i e s ,  

t h e y  ag r e e  in the b a s i c  i d e a  t h a t  the r e  a r e  z on es o f  s o i l  

und e rgoing local  a nd g e n e ra l s hear wh i le p i l es a r e  d r iven i n to 

the s trata . Gui d e d  by the s e  theor i e s , engin e e r s  c ame to 

be l i eve that dr iving p i l es i nt o  s o f t  c lay might c aus e s u f f i

c i en t  remo l d ing o r  d is turbanc e t o  produc e appr e c i ab l e s et t l e 

ment o f  the s u r f a c e  from t h e  wei ght o f  the s oi l  it s e l f , and that 

the p r e s enc e of p i le s may prove d e trimental i ns tead of bene

f i c ial . 
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In a s tudy by  C umming s ,  Kerkho f f  and P e c k  ( 1 9 50 )  con

c l u s io n s  c on f l i c t in g  to tho s e  above were dr awn . Undi s turbed 

s amp l e s  taken around wooden p i l e s  driven in a s trata of 

Detro i t c l ay ind i c a ted that the region o f  di s turbance is l imit

ed to a z o n e  wi t h i n  a f ew inche s o f  the p i l e , and tha t  the 

ma i n  vo lume o f  the  so i l  ma s s  i s  undi s turbed . The Detro i t  c lay 

con s i s t s  o f  a l a y e r  o f  s trat i f i e d  or v arved c l ay , and a l ayer 

of r e l a t i v e l y  homo g e nou s c lay . I t  wa s d i s cove r ed that a f t e r  

a s ho r t  time t h e  s trength o f  t h e  homogeneous c lay clo s e  to 

the p i l e  s howed an i nc r e a s e  in s trength , and the varved c la y  

showed a s l i ght i n c r e a s e  in s hear  s t r ength wi th the pa s s ag e  

o f  t ime . Mo i s ture content d e t e rmina t i o n s  made pr i or to a n d  

fo l l owing p i le d r i v i n g  s howed n o  ind i c a t ion of a migr a t i on of  

mo i s ture f rom the c lay adj acent to the p i le . From the s e  

f i nd i ng s  t h e  autho r s  c on c l uded that i t  wa s n e a r l y  impo s s ib l e  

t o  sus ta i n  a s e t t l ement o f  the s urfac e near the dr iven p i l e s . 

In the s tudy above the f i r s t  s amp l e s  wer e  taken one month 

a f t e r  d r i v i ng . Th i s  t i me l ap s e  was u s ed a s  a n  argument again s t  

the va l i d i ty o f  the  conc l u s i o n s  on t h e  ba s i s that " s e t - up " , o r  

t h i xo tropy , could have a s i zab l e  e f f e c t  wi t h i n  tha t pe r i od o f  

t ime . The prac t i c a l  concept o f  s e t- up i s  that water i s  

re l ea s ed by the s udden d i s turbance  o f  the c l ay soi l dur ing 

driving , and th i s  wat e r  t end s to  lubr i c ate the p i l e  as d r i v ing 

i s  continued . Read j u s tment o f  the di s turbed c l ay may occur 

withi n the f i r s t  o n e  or  two day s a f ter driving , and par t i a l ly 

exp l a i n s  the u s ua l  di f f i cu l ty me t if redriving i s  nece s s ary 

(Legge t , l 9 50 ) . It i s  inter e s ting to note that the water 



content of the clay studies by Cummings, et. al. lay almost 

midway between the plastic and liquid limit of the soil. 

Legget (1950) indicated that in many other cases cited, 

the soils under consideration were very near, at, or above 
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their liquid limit, and that in the final analysis the observed 

disturbance may depend on the sensitivity and liquidity index 

of the soil. 

Conclusions similar to those expressed by Cummings, et. 

al. were drawn from a study by Holtz and Lowitz (1965). Their 

tests in a lean clay with low sensitivity showed no significant 

loss in shear strength of the soil adjacent to the pile after 

driving. They concluded that pile driving did not produce 

shear strength and compressibility changes that would cause 

detrimental settlement to the structure. The vane shear tests 

performed immediately after driving were three feet from the 

pile, and possibly outside any zone of disturbance. Subse-

quent tests 1 1/2 feet from the pile were conducted six weeks 

later, possibly after a thixotropic regain of strength. 

In contrast, a recent investigation by Orrje and Broms 

(1967) with displacement piles in a Swedish quick clay gave 

results in agreement with Casagrande's theory. The sensitiv-

ity ratios of the clay ranged from 20 to 50 and the liquidity 

index was near one. The vane shear strength decreased within 

a region extending outward from the pile wall a distance 1.5 

times the pile diameter. A similar decrease in strength 

occurred within a pile group with a spacing between piles less 

than four pile diameters. The opposing results of these latter 
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two c a s e  h i s tor ie s further sugge s t  that the sens i t ivity o f  

the soi l ha s a de f inite  bearing on the amount and extent o f  

d i s turbanc e c r e ated by p i l e  dr iving . 

In a study by Rut l edge (1948), not d irectly conc ern ed 

with p i l e s , it wa s found that a s emi - logar i thmi c p lot o f  the 

c ompr e s s ive strength versus water content r e l a t i on i s  a c urve 

para l l e l  to the virgin portion of the con s o l idated c l ay s . 

Ba sed on this r e l ation , Rutl edge plotted r e sul t s  o f  wat er con-

tent determinat ions and shear strength te s t s  from the s tudy 

by Cumming s ,  e t . a l . , and showed tha t the s o i l  near the p i l e  

wa s i n  a condi t ion intermed i a t e  between comp l ete remoldi ng 

and an und i s turbed s tate . In short , he imp lied that C a sagrande ' s  

theory may be a bit exc e s s ive,and C umming s' a bit c on s erva-

tive, wi th the true s i tuat ion lying somewhere between , depen-

d i ng on the phy s i c a l  proper t i e s  of  the clay . 

The l a te s t  and po s s ibly the mo s t  compr ehen s ive studies 

on soil-pile interaction were conduc ted by Airhart (1967). He 

per formed s t a t i c  and dynami c loading tests  on f u l l y  ins tru-

mented p i l e s  equipped wi th pr e s s ure tran s duc ers , s train gages 

and acce l erometer s .  The re la tive extent o f the failure 

mechani sms wa s e s tabl i she d  through both direc t and indirect 

mean s . Bor i ng s  were made at  the s i te prior to and f o l lowing 

the driving operation at di f f erent d i s tanc e s  radi a l ly from the 

pile. Eva luations o f  the change s in shear s trength , voi d  ratio , 

wat e r  content and uni t weight o f  the soil were made from thos e  

borings .  In addi t ion, X-ray absorption technique s were used to 
' 

indi rectly observe changes in the soi l  s truc ture around the 



p i l e  by taking a ''s ide-view " o f  the l ocat ion a f ter the 

dr iving pro c e s s .  
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In A irhart ' s  f i n a l  ana ly s i s , the annular  ring of  d i s 

turbed s o i l around the p i le wa s divi ded into two d i s tinct 

z on e s  o f  local  and gener a l  shear . ( Se e  F i g . 2). The z on e  of 

local shear repr e s ents  that region c lo s e s t  to the p i le , and 

the soi l within that zone is brought to a c omp l e t e  p l a s t i c  

f a i lure w i th i t s  s tructure b e in g  d e s troyed . He ob s erved th i s  

z one to e xtend outward to a d i s tance 3 . 5  time s  the rad ius o f  

the p i le f rom the p i l e  wa l l .  He fur ther d i vided the f i r s t  

zone t o  i n c lude a dynamic f l ow zone in  which the so i l  i s  

c a r r i ed downward by the p i l e . Thi s s ub- zone extends to 

rough ly three fourths of the p i l e  radius  f r om the pi l e  fac e . 

The gene r a l  shear regi on , or that extending beyond the local  

shear zone , is  an area i n  whi ch the soil  i s  s tre s s ed who l ly 

within the e l a s t i c  range o f· the so i l . Compar i son o f  F ig s . 1 

and 2 ind i c ates  s ome s imi lar i ty between the theor i e s  of  

A i rhart and Zeevaert . 

Airhart ' s  method s o f  direct  and indi r e c t  obs e rvation 

o f f er exc e l l ent po s s ibi l i tie s for continued r e s earch on the 

ac t i on o f  c l ays near newly driven p i l e s . The re i s  no doubt 

that in s ome s o i l s  d i s turbance initi ated by p i l e  d riving 

may be e xc e s s ive to the po int of being detr imental to the 

s e rvice o f  the foundat ion and s truc ture . 

2. Po re water pre s sur e s  induced by p i l e  dr iving 

A phenomenom wh i ch has been ob s erved many time s dur ing 

the loadi n g  of saturated cohes ive s o ils is the bui ld-up of 
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pr e s sure in  the pore water o f  the sys tem .  I t  has been shown 

t ha t  this pore wa ter p r e s s ure i s  a function of load appl ica-

t ion, time, soil s truct ure, s ensitivity an d s tre s s  h i s tory . 

Thi s phenomenon i s  a l s o  noted with s o i l loadi ng a s  a r e s u l t  

o f  pile  driving . The d i s turbance o f  the s aturated s o i l 

s tructure around the surface o f  the p i l e  r e s ults in a ch ange 

in void ra tio and sub sequent change in por e wa ter pr e s sure . 

The s e  chang e s  in pre s s ure f urther a f f ect the comp lic a t ed 

mechani sms of  l o ad r e s pon s e  i n  a pil e - s oil s y s tem . Af ter 

l oading, t he d i ffer enc e b e tween the pore wa ter  p r e s s ure in the 

immediate vic i n i ty of the p i l e and in the n e i ghboring so i l  

. 
d d b 1 1  d d' . t' 2 ma s s  1s re uce y a proce s s  ca e 1s s1pa 1on It i s  

be l i eved that the magni tude and duration o f  th i s  p r e s s ure  

d i f f erenc e i s  a f unc t ion of the  extent  of  soil  dis turbanc e s , 

and the permeabi l i ty and d i f fus ivi ty of the s o i l  (Airhart et . 

al. , 1967) 

Se e d  and Re e s e  (1957), Soderberg (1962), and Airhart 

(1967) have inve s t i ga t ed the exces s pore wa ter pre s s ur e s  

developed during the p i le driving proc e s s , and have sought to 

corre late this d i s s ipation wi th the load-c arrying c apac i ty of  

the p i l e . 

Seed and Re e s e  (1957), u s i ng fu l l  s c a l e  ho l l ow s teel  

p il e s  ins t rumented wi th pore  water pre s sure  trans duc er s ,  observ-

ed exc ellent agreemen t  b e twee n  the r ate o f  inc r e a s e  in s hear 

2 d
' . . 

f Pore  pre s sure 1Ss1pa t1on re ers 
value of pore water  pres sure in a 
the migration o f  water . 

to the r educ tion in the 
g iven vo lume of soil by 
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strength o f  the s o i l  and the r a t e  o f  decrea s e  o f  e xc e s s  pore 

pre s sure s . They reported tha t the rate o f  i ncrea s e  o f  the 

bear ing capaci ty o f  the p i le  l a gged the proc e s s e s  above , but 

s ug g e s ted there was a t ime l ag in the deve l opment o f  bond 

between the s o i l  and the p i l e . To the prac t i c ing engineer , 

the s e  theor i e s  imp ly that an a c c urate metho d  o f  pred i c t i ng 

exc e s s  pore pr e s s ure  d i s s ipation wi l l  give the magnitude of 

the time interva l between p i le dr ivi ng and the time when the 

f u l l  s upporting capac i ty o f  the pi l e  i s  dev e l oped . More v a l i d  

loa d  te s t s  c an b e  p e r f ormed a f ter this t ime i n terva l . 

S eed and Ree s e  ( 1 9 5 7 )  extended the concept o f  shear dif -

f u s ion to the r a d ia l  d i s s ipation o f exce s s  hydro s ta t i c  pre s-

s ur e  f rom the s u r f a c e  o f  a p i l e . A s s uming an i n s tantaneous 

sur f a c e  source of s t r e ng th , Q, a c ting over the s ur f ac e , an d  

t h a t  t h e  s o i l  i n t o  wh i c h  the p i l e  i s  dr iven behave s a s  a v i s -

cous  f l ui d , they de rive d  an. expre s s ion for t h e  pore water 

pre s sure a s  a funct i on o f  t ime a s  f o l l ows: 

u = _g_ 4TIKt 

whe r e  Q = s t rength o f i n s t a n t aneous 
sour c e  a t  t = 0 ,  

K = d i f f u s i v i ty con s t ant , 

t = t ime fr om drivi ng to the 
que s ti on , and 

sur f a c e  

time in 

u = exc e s s  pore water pre s sure a t  time t. 

An in sp e c t i on of the equat i on indic a t e s  that the s o lution 

i s i ndependent o f  the r a dius o f th e p i l e . In add i t i on, the 

a s s umption s u s ed i n  the derivat i on imp l y  that the material 

close to the p i l e  h a s  uni form di f fus ion charac teris ti cs, and 
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that the s ourc e o f  exc e s s  pore water pressur e exi s ts in the 

immed i ate  a r e a  o f  the p i l e sur f a c e . I t  wa s suggested i n  the 

previous s ec t io n  th a t  the soi l ext e r i o r to the pi le d i f f e r s  in 

cha r a c t er w i t h  r a d i a l  d i s tance f rom the pi l e - s o i l  inte r f a c e . 

I t  f o l l ow s  that an area o f  remo ld ing , however sma l l ,  do e s 

e x i s t  and that th i s  a r e a  a c t s  a s  a source o f  exc e s s  p re s sur e . 

In  the i r  comp a r i son o f  pore  pre s s ure r e a d i n g s  and resul t s  

o f  the equa t i on c i ted b e fore , S e ed a n d  Re ese repo r t  t h a t  thei r 

equat ion g i ve s s omewha t erron e o u s  an s we r s  for sho rt t ime s , but 

that the c o r r e l a t i on i n c r e a ses s ligh t ly wi th i ncre ase s in t ime , 

provided the i r  t r a n s duc e r  mea s ureme n t s  were a ccur ate . 

Soderberg (1962) made a s i gn i ficant step i n  rea l izing 

the phys i c a l s i t ua t i on o f  pore pressur e s  around p i les . He  

r e s t r i c ted his  s o l ution to one a s s umed i n i t i a l  excess po r e  

pre s sure s o urc e , but he  exp e c t e d  the dis s ip a t i on c urve s to  

f o l low e it h e r  o f  two b a s i c  a s s ump ti o n s  rega r d i ng the behavior 

of s o i l  as an engin e e r i n g  mat e r i a l . The f i r s t  assump t i on i s  

that the s o i l  a c t s  a s  a per f ec t l y  e l a s t i c - p l a s t i c  ma ter i a l , 

and t he s e c ond i s  that , a t  the i n s tant o f  dr iving , the soil 

a c t s a s  a v i s co u s  l iqui d . Hi s s o lut i on s  a re too l engthy f or 

r e producti on in thi s pape r , bu t i t  may be we l l  to note th a t  

the s o lut i o n s  ba s e d  on e a ch a ssumption p lot very c lose on a 

graph by the c o e f f i cie n t  o f  c on s o l id a t ion a s  the a b s cis s a .  

The v i s co u s  f l uid a s sump t ion g i ve s s l i gh t ly h i ghe r va lue s  f o r  

the percentage d i s s ipat i on . Mo s t  important i s  the fac t  that 

in Soderbe r g' s  f in a l  anal y s i s , the la t eral d imension o f  the 

p i l e  and the c o e f fic i en t  of c on s o l id at ion of the s oil 
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de termine s  the time requi�ed for pore water dis s ipati on. It 

doe s  not, however ,  recogni z e  the e f f e c t  of  the di sruption of 

the exi s ting soi l s truc ture in the region immedi ately surround
ing the p i l e  which i s  simi lar to the drawback a s s o c ia ted with 

Se ed and Re es e ' s work. 

In a study for the Texa s Transporta t i on In s t i tute , 

Airhar t , H i r s ch and Coyle (1 9 6 7 )  do not average the soi l prop -

ert i e s  of the var i ous z ones  o f  d i s turbanc e over the extent 

o f  i n f luenc e , as done i n  the work s c i ted previous ly . Ins tead , 

they continued from the study by Airhart ( 19 6 7 )  and a s sumed 

the type s and extents of d i s turbance a s put forth in the 

previous s ect ion , i . e . , zones o f  loc a l  and gener a l  shear. 

The i r  derivation i s  ba s ed on a ma thematica l mode l  having two 

source area s o f  hea t  dif fus ion wi th di f fering inten s i ti es ,  

s imi l ar to the z one s o f  di s turbance . The i r  f i na l  equation 

i s  expr e s s ed a s  f o l lows: 

Q = 

where Q = 

4 u1K2k1t 

K1a 2 

exc e s s  pore water pre s sure i n  the region 
o f  local shear fai lure , 

u1 = exc e s s  pore pre s sure i n  soi l ad j acent to 
t he p i l e  surface , 

K1 = permeability o f  region o f lo c a l  shear f a i l ure , 

K2 = permeabi lity o f  region of  general shear fai lure , 

k1 = d i f f us iv i ty o f  region o f  loc a l  shear fai lure , 

t = time in  que s t io n , and 

a = radia l d imen s ion of r egion of loc a l  shear 
f a i lure ( 4 . 5  r f rom c enter o f the p ile ) 
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An examina t i on of thi s expr e s s ion s hows that it  invo lves t he 

permeabi l i ty and d i f f u s ion proper t i e s  of the so i l  i n  the 

r egions  o f  d i s turbanc e , and the rad i a l  ext e n t  of  l o c a l  shear 

f a i lure , the z on e  wi th whi ch r esearchers  are genera l ly mo s t  

conc erned . The l a tter i s a func tion o f  both the l a tera l dimen-

s i on s  of the p i l e  and the p l a s t i c  s tr ength o f  the c lay s o i l , 

a s  d i s c u s s ed pr evious ly . 

Whi l e  the expre s s i ons  p rovided by Soderberg , and Ree s e  

and S eed work we l l  f o r  long term pre s s ure d i s s i pat ions , the 

equa tion derived by A i rhart , e t . a l . s eems to accurately pre-

d iet the d i s s ipat ion pro ce s s  for a much wi der time in terva l . 

Soderberg ' s r e s u l t s , when p l o tted on a s emi - logarithmic 

s cal e , show rap i d  i n i t i a l d i s s ipa t i on wi th the proce s s  

s l owing down gradua l ly wi th t ime . F or t ime p e r i o d s  c l o s e ly 

following p i le dr iving , A i rhart ' s  mathemati c a l  mod e l  indic at e s  

a l i near d i s s ipat i on proc e ss , which i s  s lower comp a r ed to 

Soderberg ' s  r e s u l t s . Airhar t , et . a l . be l i eve the i r  mod e l  
--

more c lo s e ly repr e s ents the phy s i c a l  s i tua t ion , whe re driving 

produc e s  a z one of l o c a l  shear and thus an area o f  remo ld ed 

s o i l  wh i ch ac t s  to s l ow down t he d i s s ipa t i on pro c e s s  shortly 

after dr iving , i n s t ead o f  inc r e a s ed d i s s ipa t i on during the 

very ear l y  s tage s , as other theor i e s  sugg e s t .  

3 .  Load tran s f e r  b y  a singl e f r i c t i o n  pi l e  

Lo ad tran s f er i s ,  a s  the term imp l i e s , the tran s f er of 

the conc entrated lo ad at the top of  the p i l e  to the soi l 

s urrounding the p i l e , and to the soi l located beneath the pile 
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t i p . A l arge amount o f  s tudy h a s  been devot ed to the sub

j e c t  in r e cent year s , and many of th e r e s ul t s  have c a u s ed 

ideas  that wer e once con s idered ba s i c truth s abo ut p i l e  load 

tran s fer to be d i s carded . 

In thi s s e c t i on l oad tran s f er a t  the t i p  wi l l  a l so b e  

cons idered s ince f i e ld l oad t e s t s  nec e s s ari ly inc l ud e  some 

t i p  loading , however sma l l , wh i ch interac t s  with the s ide 

f r i c t i on i n  s uppo r t i ng th e pile load . 

The mo s t  s uc c e s s ful metho d  of d e t ermi n i ng load tran s fer 

to date is  the i ncorporation of s trai n gage s mounted a long 

the l ength of the i n s tr umented pi l e  to be d ri ved . The s train 

gag e s  mea s ure the strain , and thus the load , in the p i le at 

var ious dep th s . That load i s  s ubtrac ted f r om the impo s ed load 

at  the p i l e  butt , and the r e s u l ting load thu s repr e s ents the 

load that has been tran s f erred to the s o i l above the dep th 

in que s tion (D ' Appolonia and Hr ibar , 1963). 

Johanne s s en and Bj errum (196 5) caution that a s ingl e  

report o f  a s et o f  poor mea s u r ement s c an g ive r i s e  to a wh o l e  

n e w  theory o f  l o a d  trans fer . F or thi s rea s on the i n s trumen

t a t ion for te s t  p i l e s  s hou ld be  inve s tiga ted a s  muc h a s  

po s s ib l e  be fore t he te s t s  are con s i dered re l i ab l e . Heavy duty 

SR-4 s tr a i n  gag e s  are cons idered the b e s t  d evi ces f or mea s ur

ing s tra i n s  in s t eel pi l e  wa l l s  at pre s ent ( Cranda l l , 1948). 

The two ba s i c  typ e s  o f  s i tuations  in whi c h  p i l e s  are 

us ed are t ho s e  where p i l e s  transmit th e impo s ed but t  load 

through a c ompr e s s ib l e  s trata to a l ay er of material sui ted to 

carry the load , o r  the case where p i l e s  transmit the impos ed 
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load to the s ur rounding so i l  th rough s k in f r i ction , wi th the 

p i l e ti p  not r e s t in g  on hard s t ra ta ( C he l l i s , 195 1 ) . In 

the cont ext of thi s the s i s , skin f r i c t i on is  co n s i d ered a 

s tr e s s  r e s u l ting f r om the mutua l e f f e c t o f  s o i l s and s truc

tur e s  in the tran smi s s i on of f o rc es f r om one to the othe r 

ac ro s s  a contact  s u r f a c e . 

Johanne s s en and Bj err um (196 5)  give s imp le  me chan i ca l  

c onc epts to the s it uati o n s  c i te d  above . In the f i r s t  c a s e , 

the p o i n t  bear i ng p i l e , a s  the p i le i s  loaded the maximum 

mov ement o f  the p i l e  with r e s p e c t  to the so i l  occur s at the 

top , or butt . Ther e f o r e  the load t ra n s f er s hould l e ad to 

the u l timat e  s k i n  f r i c t i o n  at t he upp e r  por t i on of the p i l e , 

with the tran s f er spread ing d ownward a s  the l oad i s  i nc re a s ed . 

�fuen s uf f i c i ent movement oc cur s a l ong the p i l e to mobi l i z e  

a l mo s t  a l l  the s k i n  fri c ti o n , the adde d  l o a d  i s  tran s ferr e d  

to t h e  t ip .  In the latter ins t ance , the f r i c t i on p i l e , a l l  

o f the above conc ept s app ly , but the t ip c an move more eas i ly 

and deformati ons  c a n  be  greater . A l l  o f  the s e  con c e pts can 

be mod i f i ed by the s o i l p r o f i l e , the s t i f fne s s  o f  the pile 

or t ip e f f e c t s  i n  d i l atant s o i l s ; ther e fo r e  l o ad t r an s f e r  may 

var y  from z ero to 100%, and even be negati ve , a s i n  the case 

o f the s o i l  "dragging " the p i l e  downward . 

Sowe r s  and Mar t in (1961) g ive a d i f f e r e nt exp l an a t ion for 

the unequa l load d i s tr ibuti on a long a f r i c ti on p i l e. From 

the theory o f  e la s t ic ity , ver t i c a l  d i s p l a c ement d ecreas e s 

with depth for a verti c a l ly app l i ed point load on a homogeneous 

semi-infinite elastic sol i d . They rea son that with a rigid 
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p i l e  in c ontac t w i t h  the so i l  th e f u l l  p i l e l ength , a constant 

vert i c a l  s tr a i n  f r om top to bo t t om wi l l  nec e s s i tate  a greater 

load transfer at the bot tom . In sh or t , they sugges t that in  

o r d e r to k e ep the s tr a i n  c o n s t a n t  wi th d epth , more l oad i s  

tran s f e r r e d  a t  t h e  botto m , wi th the f a i lur e progre s s i ng up

war d  and the dis t r i bu t i on b ec omi ng mor e  un i fo rm a s  the ult i 

mate l oad i s  approached . 

A c omp l e te ly r ig id p ile i s  practic a lly non - exi s tant and 

e l a s t i c c ompress i o n  of t he p i l e  a l low s  lo ad trans f er n e ar the 

top . I n  a s tudy by Broms and H e l lman (1 9 68 )  wi th an i n s tru 

ment e d  p i l e , more than 50% o f  the tota l skin fri c ti on d eveloped 

be f ore any mov ement resulted at the tip . Thi s ind icate s  the 

theory proposed by S ower s  an d Mar t in may not f ul ly app l y  to a 

s o i l - p i l e  s y s t em . 

Van We e l e  (1 9 5 7 ) pr opo s e s  that the s e tt l ement o f  the p il e  

but t  i s  due to 1) elastic compre s s ion i n  the p il e , 2) elastic 

c omp re s s i on o f  the s o i l layer s b e l ow the p i l e  t i p , 3) r e s idual 

s e t t l ement o f  the s u b s o i l ,  and 4) any smal l  bendi ng that may 

take  p l ac e i n  the p ile . In add i t i on , he  the o r i z ed tha t the 

t o t a l s k i n  f r i c t i on r ema i n s  e s s en t i a l ly  the s ame a f t e r  a c e r

t a i n  depth , and that the value o f  the c o e f f i c i ent o f  s ub

grad e r ea c t i on , k ,  dep end s on the d imen s i on s o f  the p il e  po i nt . 

Thurman and D ' Appo l o n i a  (1965) found tha t  a reduction i n  

k reduc e s  the to t a l f r i ct i on fo r c e , a n d  thu s  t h e  u l t i mate 

l oad of the  p i le . They noted a n  i ncr e a s e  o f  butt movement 

even w i th l ow lo ad s i f  k i s  sma ll , bec ause  a la rger load is 

tran smi tted a l ong the ful l  l ength of the p il e . Thei r equations 



p r e d ic t ing load tran s f er at the p i l e  tip show a dec r eas i ng 

d i f f erence between u l t imate  l oad s of  f r i c tion and end -

bea r i ng p i l e s  a s  overburden b e c ome s a domin an t factor . As  

examp l e , they computed the u l t ima t e  load o f  a 90 f o o t  p i l e  

end - bear ing a s  50,000 p s i , whi c h  i s  greater than the p i le 

str ength . Thi s s ugge s t s  that p l ac ing p i l e s  to deep bedrock 

may not be  j us t i f i ab l e  i n  some i n s tanc e s . 
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Man s ur and Kaufman ( 1 9 5 8 ) conduc t ed load t e s t s  wi th 

tap ered p i p e  pi l e s  dr iven from 45 f e e t  to 8 0  f e e t  through s i lt 

onto s and . They r eported very low load tra n s fer n e a r  the t ip . 

S e ed and R ee s e  (1957) mea sured l oad t r an s f e r  r i ght down to 

the p i l e  p o i nt in the i r  t e s t s  wi th p i l e s  dr iven into San 

Franc i s co " Bay Mud " . Thi s imp l i e s  tha t  t i p  tran s f e r  might be 

dependent upon the so i l  on wh i c h  the t i p  r e s t s . In l ine w i th 

thi s imp l i c at i on , Davisson (1956) spec u l a t e s  that l ow load 

trans f e r  a t  the tip  occur s in s o i l s  tha t d i l ate  wi th s h e ari ng , 

such a s  granular so i l s , s t i f f  c l ay ,  o r  s i l t. 

Mohan , Jain  and Kumar (19 6 3 ) car r i ed out load t e s t s  with 

p i l e s  i n  medium s and , s i lt and c l ay ,  and found the s k i n  f r i c 

t i o n  to be  max imum a t mid-depth , al though the s o i l s  a t  the 

bo ttom of the p i l e  po s s e s s ed greater shear s trength , where 

gr e a t er l o ad transf er might be e xpected . S ch l i tt (1952 )  ha s 

r eported s im i l a r  r e s ul t s . 

P eck a nd Davi s son (1963) conc luded that load tran s fer i s  

a l s o  a fun c t i on o f  the pil e  mat e r ia l . Load t e s t s  on s i ngle 

p i l e s showed that a ho l low s t e e l pipe p i l e  deve loped 35% of 

the vane s hear s tr ength a s  s k i n  f r i ction wh ereas  a wooden pi le  
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deve l oped 70% o f  the vane shear . While the s e  perc e n tage f i gur e s  

ma y  be unique f o r  each te s t  s i t e , P e c k  be l i eve s th i s  devi a t ion 

i s due t o  di f f erenc e s  in the ro ughne s s  and e l a s t i c  modu l i  o f  

the  p i l e s , and the a b i l i ty o f  pore wa t e r  t o  migr a t e  into the 

wood gra i n , thu s a i d ing exce s s  pore wa ter p r e s s ur e  d i s s i p a t ion . 

By na ture , wooden p i l e s  have a s l i ght t aper whi ch m i gh t  in

crea se load trans fer  a t  the p i l e  s id e s  by the added vert ica l 

c omponent o f  s upport .  Toml inson ( 1 9 5 7 ) found that p ile t a per 

gre a t ly increa ses t he u l tima t e  p ile load in s t i f fer c l ays , 

but the e f f e c t s  a r e  reduced a s  the c on s i s t enc y of the clay 

become s s o f ter . 

It i s  evi d en t tha t p i l e  l oad trans f e r  i s  a f unct i on o f  

the shear s trength , d ilatancy a s pe ct s , and c o e f f i c ie n t  o f  

subgrade r ea c t i o n  o f  the so i l , along wi th the  particu la r  d ep th 

under con s iderat i on . Load trans f er i s  a l s o  dependent on the 

roughne s s , taper , e la s t ic compr e s s ion and po s s ib l y  o the r  

phy s i c a l  charac t er i s t i c s  o f  the pile . 

The se c a s e  h i s tor i e s  s erve to show that the c ombinat i on 

o f  ful l s c a l e ins trumented p i le s  and t rai ned , exp er ienced 

ob s erver s ha s proved inval uable in contribu t i ng to t he f ie ld 

of knowledge conc erning s o i l - p i l e  inte r a c t i on . 

B .  S tudies wi th Mode l  Pi l e s  in C ohe sive S o i l s  

T e s t i ng wi t h  mode l pil e s  i n  rela t i ve ly inexpen s ive , c an 

be conduc t e d  in l e s s  t i me , and produc e s  re s u l t s  qu i ckly wi th 

g r e ater c o n tro l ove r s o i l cond i tions and equi pment . In the 

context o f  thi s d i s cus s ion , model p ile s will be con s idered 

gene r a l ly one i n ch or le s s  in d i ameter with l e ngth to diame ter 
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r a t i o s  equiva l e n t  to coromerc i a l  p i l i n g  u s e d  in  con s truc t i o n . 

An u l t imat e  probl em encountered when u s i ng mod e l p i l e s  

i s  how we l l  the data obtai ned wi l l  app ly t o  the f u l l-s c a l e  

phy s i c a l  s i tuat i o n . S evera l notabl e s tud i e s  with s i ng l e  

mod e l  p i l e s  have b e e n  conducted t o  an swer thi s que s ti o n  a n d  to 

i nve s t i g a t e  other a s p e c t s . Kondner ( 1 9 62 ) took a dimen s i on a l  

a na l y s i s  appro a c h  to the so lution o f  t h e  prob l em .  U s i n g  the 

Buc k i ngham Pi theorem (Murphy , 1 9 50 ) and c er t a i n  p a r ameter s of 

t he mode l s y s t em , such as p i l e  length , s o i l shear s t r ength , 

and u l t imat e  load , he d e r ived equati on s  con t a i n in g  d imen s i on

l e s s  fun c t i o n s  whi ch wer e  con s i dered to mathemat i c a l l y  de

s c r i be the act ion o f p i l e  foundatio n s . In  the s in g le mode l  

p i l e  te s t s  i t  wa s a s s umed tha t  the p i l e s  wou ld deve l op sk in 

f r i c t i on e qua l to the s hear s trength o f  the s o i l  a s  d e termined 

by the unco n f i ned compre s s ion t e s t . Kondner noted that the 

p i l e  "p lunged" at an u l t imat e  load equa l to the s o il shear 

s t rength t i me s  the s ubmerged surface area o f  the pi l e , one o f  

hi s derived equa t i on s . No other de f i n i t i on o f  f a i lure , b e s ide s 

p lungi ng , was g i ven . It may have been po s s i b l e  to exper i ence  

exc e s s ive s e t t l emen t , another form o f  fai l ur e , under equi l ib 

rium con d i t i o n s  a t  sma l l e r  loads  tha n  tho s e  that made the 

p i le p l unge . 

I n  Kondner ' s  ( 1 9 62 )  t e s t s  th e s o i l wa s a comp acted c lay 

wi th a maximum she ar s tr ength of 650 pounds per s quar e  foot . 

The mode l founda t i o n s  were one-e ighth inch d i ameter br ass 

p i le s . The p i l e s  were te s ted s i ngu l a r l y  and i n  group s o f  

varying con f i gura t i o n s  to eva l ua t e  group e f f ic iency.  Pec k  and 
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Davi s son ( 1 9 6 3 ) app lied Kondner ' s  group e f f i c iency equa t ions 

to s eve r a l  t e s t s  on mod e l  p i l e  group s re por t ed by Ghanem 

( 1 9 5 3 ) and  con c l uded that the expr e s s ions  were ove r - con s erva

t ive by a fac tor of 2 or mor e . P eck and Davi s son a l so s ta ted 

that in f i e ld te s t s  with s i n g l e  s t e e l  p i l e s , as litt l e  as 3 7 % 

o f  the soi l shear s t r e ng th wa s  mobi l i zed a s  s k i n  f r i c t ion . 

The s e  di s c repanc i e s  i n f e r  tha t  Kondne r  ha s n e g le c t ed such 

f a c tor s as so i l  d i s turbance and th i xo tropy . It appe a r s  that 

d imen s io n a l  ana lys e s  and pur e ly mathema t i c a l  mode l s  have yet 

to be deve loped whi ch wi l l  f u l ly de s c r ibe the ac t i o n  of p i l e s  

i n  c lay . 

Cooke and Whi taker ( 1 9 61 ) conduc ted a mode l s tudy in 

brown London c l ay u s ing 3 / 4  inch p i l e  sha f t s  wi th di f fer i ng 

lengths and en l arged ba s e s  o f  2 , 3 ,  and 4 time s  the sh a f t  d i a 

meter , on e  of th e  few te st s o f  thi s type . Thei r  t e s t s  s howed 

that the re s i s tance o f  the shaft wa s mobi l i z ed at very smal l  

penetrat i o n  movements ( about 0 . 5 % o f  s ha f t  d i ameter ) ,  whi le  

p e n e tr at i o n s  o f 1 0 %  to 1 5 %  of the e n l a rged b a s e  d i ame t er were 

n e ce s sary to deve lop u l t imate bearing capac i t i e s  f o r  the ba s e . 

The s e  r e s u l t s  sugg e s t  that the shaft r e s i s tanc e for  s i ng le 

p i l e s  i s  more a function o f  s o i l - p i l e  adhes ion , requ i r i ng very 

sma l l  f a i lure s t r a i n s  on the order of 0 . 0 0 4  inch . On the 

other hand , ba s e fai l ure i s  a func t i o n  of the s o i l shear 

s tr ength c hara ct er i s t i c s ,  and r equi r e s  l arger fai l ur e  s trains . 

The s e  tre nds may a l so s ugge s t  that f a i lure s train s  are  dep en

dent on p i le shape . 
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Ano ther , very s igni f icant te s t  proc edure has been inve s 

t i g ated b y  Whi taker and C ooke ( 1 9 6 1 ) . They compared d i f fer ing 

mode s  o f  l oad app l i c a t i on to d e termi ne whi c h  wa s mo s t  con s i s 

tent and gave the h i ghe s t  corre lation w ith f i e ld te s t s  in 

c lay . They u s ed ma intained load increments  ( the s tandard l oad 

te s t ) , a con s tantly inc r e a s ing l oad app l i ed by j ack , and a 

large dead l oad caus ing the pi l e  to p l unge to re fusal . The 

l a s t  t e s t  wa s conducted by mea s ur ing the fo r c e  nec e s s ary t o  

maintain a cons tant penetration rate for the p i le . The la tter 

method was found to give the be s t  corre lati on between f i e ld 

load t e s t s  wi th square concrete p i l e s and mode l te st s  wi th 

1/4  inch bra s s  p i l e s . Thi s corr e l at i on wa s j udged by the s imi

l ar i ty betwe en the load- s ett l ement curve s and reproducibi l i ty 

o f  r e s u l t s . The i r  subs equent l abo ratory te s t s showed that for 

a wide var i a t i on i n  load ing rate s , the con stant rate of pene

trat i on te s t  ( here a f ter d enoted a s  the C RP te s t ) gave u lt imate 

load s  varying only 4 per cent . In the f i e ld te s t , two 

ident i c a l  p i l e s  wer e  driven at 0 . 0 6 4  and 0 . 0 3 1  inch per minute 

and both f a i led a t  1 3 2  tons wi th 0 . 3 5 i nch o f  penetration . 

Whi taker and C ooke exp l a i n  that i n  the ma i n tained load 

te s t  (ML ) , the f i r s t  ment ioned above , the loads are s uppos ed 

to be appl ied s lowl y  to repr e s en t  equi l i br ium cond i tions . In 

the f i e ld , the load t e s t  is conduc ted too fa s t , gen e r a l ly for 

ec onomi c rea s on s , and the en d point for s ett lement i s d i f f i 

c u l t  to determine . In the CRP t e s t  the u l timate lo ad on the 

j ack can be de termined e a s i ly and quickly , and the d e s i gn load 

can be c ho sen . The s e t t l ement f rom the de s ign load c an then 



be determined by the ML te s t . 

Ha l c row and Sharman ( 1 9 6 1 ) we re very enthu s i a s t i c  wi th 

the  interchange capabi l i t i e s  o f  the C RP and ML forms o f  

te s t ing , and be l i eved that the C RP me thod cou ld be wr i tten 

into many con s truc t i on spec i f ic ation s  dea l i ng with f r i c t i on 

p i l e s  in  c lay . 

2 4 

Ho l t z  and Lowi t z  ( 1 9 6 5 )  s tudi ed the c hanges in compr e s s i 

b i l i ty o f  lean c lay due t o  the driving of 1/ 2 inch diame ter 

wooden dowe l s  (mode l p i l e s ) into She lby tube sampl e s  o f  the 

c l ay . The s amp l e s  with the p i l e s  showed l i t tle overa l l  c hange 

in compre s s i on i ndex , but a tota l l y  r emo lded samp l e  showed a 

s imi lar sma l l  change . They obs erved a 100 % i nc rease in  

driving re s i s tance one day af ter init i a l  dr iving , and at t ime s 

th i s  i ncr e a s e  took place  in only one hour . The s e  obs e rvat ions 

ind i cate that mod e l  p i l e s  create soi l di sturbance and expe r i

ence gai n s  i n  u l t imate load
'
capaci ty j ust  a s  do fu l l - s c a l e  

pi l e s  in  t h e  fi e ld . 

A rec ent s er i e s  o f  t e s t s  wi th three e i ghths inch and one 

ha l f  inch smooth and rough s t e e l  mode l  p i l e s  ha s been car+ ied 

out by Coy l e  and Ree s e  ( 1 9 6 6 ) . The p i l e s  were p laced in 2 1/2 

inch diameter s amp l e s  whi c h  were then con s o l idated for about 

four day s under various  conf in ing pre s sures in a large tr i axial 

c e l l  to s imulate depth . Using a penetrat ion rate of 0 . 0 6  inch 

per minute in the CRP t e s t  method , i t  wa s found there was a 

stra ight- l ine re l ationship be tween load transfer  and s ettle

ment for smal l  pene trations . 
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C oy l e  and Ree s e  d i s covered that the maximum load tran s 

f e r  i s  a f unc t i o n  o f  con fining pres sure , wi thi n c e r t a in 

l imi t s .  Above con f i ning pre s sur e s  o f  4 5  ps i there wa s l i tt le 

d i f f erenc e between the ul tima t e  load s deve loped by the rough 

and smooth p i l e s . I t  i s  bel i eved the h igher c on f i n i n g  pr e s -

s u r e s  forc ed a s o i l- to - s o i l  f a i lure away from the p i l e  wa l l , 

and the load wa s a func t i on o f  the s o i l ' s  s hear s trength . At 

lower co n f i ning p r e s sure s  the p i le s  deve loped l e s s than the 

vane shear s treng t h  of the soi l . In thi s  in s tance f a i lure 

took p lac e a t  the so i l - p i l e  interface and the maximum l oad 

tran s f erred wa s a function of the adhe s ion b e tween the p i l e  

and soi l .  At con f i n i ng pr e s sur e s  le s s  than 4 5  p s i , t h e  rough 

p i l e s  deve loped s l i ght ly higher adhe s ion tha n  the smooth 

p i l e s . F ami l i e s  o f  curve s were deve l oped whi ch show the s k i n  

fr i c t ion mob i l i z ed increa s ing a s  con f i n in g  p r e s sure i s  i n

c r e a s ed . Thi s compar e s  wi th Thurman and D ' Appo l on i a s ' ( 1 9 6 5 }  

th eorie s .  The r e s u l t s  f rom two smooth p i l e s  t e s t ed a t  low 

con f ining pre s s ur e s  showed tha t  the sma l ler p i le deve l oped more 

adhe s ion . 

Ghanem ' s inve s t igat ion ( 1 9 5 3 }  produced s imi l a r  r e s u l t s . 

In  order t o  eva luate p i l e  group e f f i c i ency , i t  wa s nec e s s a ry 

to c ompare the u l t imate  l oad o f  a s i ng le p i l e  wi th the ave rage 

l oad a s imi l ar p i l e  carr i e s  as a membe r  of a parti c u l a r  group . 

It  wa s obs erved that the s ingle  p i l e s  deve loped l e s s than the 

soi l ' s  shear s trength a s  skin f r ic ti on , but the p i l e s  in group 

ac t i on deve loped the ful l  sh ear s trength of the s o i l  at the 

group ' s per imeter and ba se . 
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Po tyondy ( 1 9 6 1 ) conducted an inve s t iga t i on conc erning 

s k i n  f r i c t i o n  be tween s o i l s  and various  con s t ruction ma ter i a l s . 

Re s u l t s  from te s t s  with c l ay and s tee l p l a t e s  o f  varying 

roughne s s , s imu l a t i ng s te e l  p i l e s , s howed that  the  s k i n  f r i c 

t i o n  incre a s ed wi th norma l l o a d  t o  a l imiting po int . A f ter 

thi s there was no further gain i n  the s k in f r i c t i on and it 

rema i ned s omewhat l ower than the shear s trength o f  the c lay . 

Be low thi s  l imi t i n g  norma l s tre s s  the r e  wa s a var i a t i on in the 

den s i ty of the c lay , due to chang e s  in s a tur a t i on , pore water 

pre s s ur e s , and expu l s ion o f  air near t he contact area . When 

the s o i l wa s subj e c t ed to a 48 hour p e r i od of pre loading , the 

l imi ting norma l f o r c e  dec r e a s ed s l ight l y  and the s k i n  f r ic t i on 

c l o s e ly approached the c l ay ' s s hear s tr ength a s  an upper 

l imi t . In no c a s e  did  the i ni t i a l  adhe s ion equa l the shear 

s t rength or cohe s ion of the c lay , regard le s s  of norma l load ing . 

Potyondy theor i z ed tha t s k i n  f r i c t i on i s  depende n t  on 

the phy s ic a l  s ta te of  the c lay a t the contact area , whe ther 

day , mo i s t , s emi - f luid , o r  l ubr i c ated . Conc ern ing the c on

s truc t i on mat er i a l , the sk in f r i c ti on d epend s on the c lean

l ine s s , humidi ty ,  a tmo spher i c  d u s t , oxides  or f i lms p r e s ent , 

s ur f ace  f i n i sh , v e l oc i ty o f  s l i d i ng , contact pre s sure , tern

per a t ur e , gra i n  s i z e , dir ec t i on o f  gra i n  and any s tat i c  load s 

or v ibrat i on s  pre s ent . The r e la t ive i n f luenc e of each i s  un

known a t  the pre s en t  time . 

Recent s t a t i c  loading t e s t s  wi th model  p i l e s  conducted 

by Raba ( 1 9 6 8 ) wer e  o f  inter es t  becau s e  of  the newly devi s ed 

equi pment and proc edur e s  used . Extruded 2 . 8 0 inch d i ameter 
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r emo lded c l ay s amp l e s  wer e enc a s ed i n  a s t e e l j ac k e t  to pre

vent bu l g ing a t  the bottom wh i le a 1 . 0 0 inch d i ame t e r  smo o th 

ho l low a luminum p i l e , i n s trumented w i th thr e e  s tr a i n  gage 

ro s e t te s , wa s pu s hed comp l e t e l y  thro u gh the s amp l e . No s e t  

t ime interva l between p i l e  i n s e rtion and load t e s t ing wa s 

in d i c ated . The s ta t i c  t e s t s  were conducted by the C RP method 

u s i ng a p e n e tr a t i on rate  of 0 . 0 5 inch per minute . A c ircu l ar 

p i lot ho l e  wa s c u t  i n  the s amp le to guard a g a i n s t  radia l  

cr a ck ing o f  the s amp l e  wh i le the p i l e  wa s i n i t i a l ly i n s er t ed . 

I n  Raba ' s  r e search program a pre l iminary s tudy wa s 

ca r r i ed out to determi ne i f  a n  optimum p i l o t  ho l e  d i ame ter 

ex i s t s . The p i l o t  ho l e s  were cut with ho l low a luminum tube s 

al i gned by a r enovated t r i axi a l  c e l l frame . I t  wa s conc luded 

th a t  d i f f e r ing p i l o t  ho l e  d i ameters  b e l ow 0 . 7 5 inche s  had 

l i tt l e  or no e f f ec t  on the u l t imate s ta t i c  load . Between 

p i l o t  ho l e  d i ameter s of 0 . 7 5 and 1 . 0 0 inch , the maximum l o ad 

de c r e a s ed grea t l y , wi th the l owe s t  l o ad occurr ing wi th a p i lot 

d iameter equiva l e n t  to the p i l e  d iameter , or one i n c h . The 

r e s u l t s  and proc edur e s  of tho s e  t e s t s  gave r i s e  to s everal 

que s t ion s . The r e  wa s s ome doubt : 1 )  whe ther ther e  may be a 

par t ic u l ar op timum p i l o t  ho l e  d i amet e r , 2 )  i f  the r a t i o  o f  

op t imum p i l o t  ho l e  s i z e  t o  p i l e  d i ame ter change s wi th p i l e  

s i z e , and 3 )  i f  s amp l e  s i z e  p l ays  a p a r t i c u l a r  ro l e . 

I t  i s  c lear that r e s earch i ncorporat i n g  model p i l e s  not 

on l y  reproduc e s  the ac t i on o f  f u l l- s c a l e  p i l e s  in the f i e ld , 

bu t  a dd s  s i gni f i cant knowl edge to the subj e c t  o f  s o i l - p i le 

intera c t i on through i nc r e a s ed f lexibi l i ty i n  the evaluat i on o f  

a l l  variabl e s . 
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The t e s t ing p rogram wa s s e l ec ted t o  s tudy the e f f e c t s  of  

certain parameter s ,  such a s  p i l e  s i z e , s amp l e  s i z e  and p i lot 

ho l e  s i z e , on the behavior o f  unconf i n ed mode l fri c t i on p i l e  

te s t s . S e d imen t ed s amp l e s  1 . 4  a nd 2 . 5  inch e s  in  a d i ameter 

wer e  prepa r e d  with a soi l con s i s t ing o f  4 0 per cent c l ay and 

6 0 per cent s i lt . As sorted s i z e s  of p i lot ho l e s  were cut in 

the s o i l s amp l e s  a f ter they were enc a s ed i n  l uc i te j acke ts .  

Bra s s  and hol low s t e e l  p i l e s  l / 4 , l/ 2 , a nd 3/ 4 inch in d i am

eter were i n s e r t ed in the s amp l e s  u s ing th e  p i lot ho l e s  and 

two guide f r ame s to a l i gn the p i l e s vertical l y . 

Re s u l t s  of CRP ( co n s t an t  rate  o f  penetration } t e s t s  on  

the mode l  p i le s were produc ed in the f o rm o f  l oad ver s u s  pene

tra t i on c urves giv i ng t he ul timate load tran s f erred f rom the 

p i l e  to the s o i l  by skin fr i c t i on . Vane shear s treng th va lues 

from t e s t s  per formed next to the pi l e s  at  d e f i n i te depths were 

us ed as a b a s i s  of compar i son be tween the f indin g s  o f  the 

var ious load t e s t s . The vane sh ear t e s t s  a l s o  o f f e r e d  a mean s 

o f i nve s t i g a t ing the var ia t ion o f  shear s trength i n  e ach 

samp le . 

The c h ange i n  u l t ima te load carr i e d  by the p i l e  wi th 

var i ous time interva l s  b e tween p i l e i n s ertion and load t e s ti ng 

wa s a l so noted . I n  add i tion , s evera l t e s t s  were conduct ed to 

mea s ure the e f fe c t s  o f d i f f e r e n t  pene trat ion rates i n  the CRP 

te s t . 
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F l oa t i ng p i l e  fo unda t io n s  are  norma l ly cons truc ted on 

s o f t e r  soi l s , the r e fo r e , the s o i l u s ed in mod e l  te s t i ng s hould 

be of s imi l a r  c on s i s tency . To s imul a t e  f i e ld condi t i on s  so i l  

with a shear s trength o f  5 0 0  p s f  o r  l e s s  was d e s ired for 

t e s ting . 

A l though the l abora tory i s  equipped with a Vac -Aire ex

t r u s ion mac h i ne capabl e of producing homogeneo u s  s aturated 

c lay s amp l e s , the machine had only one s i z e  of extr u s ion t em

p l a t e , and two s i z e s  o f  s amp l e s  wer e n eeded . Homogeneous 

s aturat ed s amp l e s  could be mad e w i th e x i s ti n g  s ed iment tube s 

o f  2 . 5  and 1 . 4  inch d i amete r s . The d e c i s i on to s ed iment s am

p l e s , there for e , d i c ta t ed that a mixture o f  s i lt and c l ay be 

u s ed . The t e s t ing s chedul e  wou ld not a l l ow a dequa t e  time for 

c omp le t e  c o n s o l i d a t i on o f  a pure c lay s lurry , wher e a s , the 

add i t ion o f  s i l t- s i z ed parti c l e s  wou l d  decr e a s e  the time 

requi red to c on s o l idate s amp l e s  ( Spenc er , 1 9 6 8 ) . 

A kao l in i t i c  c lay was obt a ined f rom a d e ep min i ng exc a 

va t i on in Kentucky . Atterberg l imi t s  were d e t e rmined a c c ord

ing t o  A S TM s tandards ( 1 961 ) , a nd the s e  va l ue s , a l on g  wi th 

other phy s i c a l  propert i e s  of the c lay , a re r eported in Tabl e I .  

Be c a u s e  t h e  l iquid l imi t and p l a s t i c i ty index were con s idered 

h i gh for a norma l kao l i n i te , and the s p ec i f ic gravi ty s omewhat 

low , an  x- ray ana l y s i s  of the c l ay wa s per formed for the pur

pos e  of f ur ther c la s s i f i c a t i on . The a n a ly s i s  showed dominant 

keo l inite p e ak s , i ndi c a t ing a h i gh perc entage of this miner a l  



TABLE I .  Phy s i c a l  Prope r t i e s  of  the 
Soi l s  u s ed in Re s earch 
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C lay S i l t  and C l ay Mixture 

Liquid Limi t , % 6 4  2 8  

P l a s t ic Limit , % 3 1 1 7  

P l a s tic ity Index , % 3 3  1 1  

Spec i f i c  Gravity 2 . 5 9 2 . 6 5 

Per c ent f i ner than 2 �  8 7  3 3  

AA S HO C l a s s i f icat ion A- 7 - 5 ( 2 0 } A- 6 ( 8 }  

Un i f ied C la s s i f i c ation CH CL 
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pre s ent . A s e co ndary mon tmor i l l o n i t e  peak o c c urred whi ch 

ind i c a ted a sma l l  amount (proba b l y  7 to 10 per c ent ) o f  thi s 

minera l wa s a l so p r e s ent , enough to a c c ount f or the phy s ic a l  

proper t i e s  ob s erved ( G r im , 1 9 5 3 ) . 

A hydrome ter ana l y s i s  o f  the c l ay i nd i c a t ed tha t n e a r l y  

8 0 p e r  c e n t  b y  we i ght  wa s f i n e r  and 2 � . ( Se e  F ig .  3 ) . The 

po s i t ion of the c l ay on C a s agrande ' s  mod i f i e d  p l a s t i c ity 

char t is i nd i cated in F ig . 4. 

S i l t  wa s obtained by f ra c t i ona l s ed imen t a t i on o f  c oa r s e

gra i ned , pr imary l oe s s  taken f rom the A l ton i an s o i l forma t i on 

in  a l o e s s  b l u f f  a d j a c e n t  to the Mi s s i s s ippi River f l ood 

p l a i n . The b l u f f i s  near F r e n c h  Vi l l a g e  in S t . C l a i r  County , 

I l l i no i s , and the l oe s s  wa s a Roxana Type I I  depo s i t ed dur i ng 

Wi s co n s in g lac i a t i on . A hydrometer ana l y s i s  sh owed that 1 0  

per cent o f  the lo e s s  wa s f iner  than 2 � and 3 per c en t  wa s 

r e t a ined o n  a No . 2 0 0  s i eve . The r ema ining 8 7  per c ent wa s 

s i l t- s i z ed .  

A s er i e s  o f  hydrome ter ana ly s e s  w i th tap wa ter i nd i cated 

tha t c a l gon so l u t i on s  o f  mo re than 1 per c en t  c onc entration 

wou l d  a l l ow f loc culat ion of  the  silt  and c lay par t i c l e s  o f  the 

loe s s . A f t e r  the loe s s  wa s  a i r  dried and pu lver i z ed , approxi

ma t e ly 9 0  pounds we r e  p l ac ed i n  a sma l l  wat e r i n g  tank wi th a 

s o l u t i on o f  tap wa ter a nd 1 per c ent c a l gon . The tank wa s 

f i l l ed to a depth o f  3 6  e rn , corre spond i ng to the h e i ght o f  the 

wa t e r  c o l umn for hydrometer ana l y s e s . The l oe s s  and water was 

s t i rr ed br i sk ly wi th a s hove l  fo r f i ve minute s  for c omp l ete 

par t i c le s eparat ion and a g i t a t i o n . Immed i a t e ly a f te r  s t i rring 
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a 100 0 ml . cyl inder wa s dipped into the tank , and wi th one 

sweeping motion f rom bottom to top , f i l led to the 36 em . mark ; 

the purpo s e  being to conduct an analy s i s  to monitor th e prog

r e s s  o f  s ed iment a t i on i n  the tank . The gray color  o f  the 

s i l t  and b rown c o lor o f  the c lay gave eviden ce when mo s t  o f  

the s i lt s ettled out , a nd the c lay and wa ter were drawn of f 

the  top wi th a s i phon . 

The tank wa s aga in f i l led to the mark wi th t ap water and 

1 pe r  cent c a l gon , the s ed iment s t irr ed from the tank bot t om , 

a nd the proc e s s  repeated unt i l  the s ed imenta t i on anal y s i s  

ind icated l e s s  than 1 pe r cent c lay- s i z e  par t i c l e s  rema i n ing . 

The s ed iment wa s then r e t r i eved , air-dr i ed , pulver i z ed , and 

s i eved through a No . 20 0 s i eve , and the por t i on r e t a i n e d  o n  

thi s s i eve wa s r e j ected . The gra in- s i z e d i s tribu t i on o f  the 

r e s u l ting s i lt i s  a l so ind i cated in F i g . 3 .  The spec i f i c  

gravity o f  the s i lt par t i c l e s  i s  2 . 7 0 .  

C .  So i l  Samp l e  P reparation 

Ja c k s o n  (1968 )  ha s s hown that a s o i l  mixture c ompr i s ed of  

60 per cent s i l t  and 4 0  per c ent clay wi l l  c o n s o l i d a t e  rather 

qui c k l y  but exhib i t  no incre a s e  in vo l ume dur i ng shearing 

under undr a i ned c o nd i t i on s . The gra in - s i z e d i s tr ibut i on o f  

the component s o i l s  u s ed by Jack son w a s  ac tual ly 7 2  per c en t  

s i l t - s i z e  part i c l e s  a n d  28 p e r  c ent c lay- s i z e  part i c l e s  ba s ed 

on the M I T  Soi l s  C la s s i f i cat ion (Ter z aghi and Peck , 1967 ) . 
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A mixture o f  6 0  per  cent s i lt and 4 0  per cen t c lay wa s 

mixed a c c o r d ing to the va lue s obtained from the ma thema t i c a l  

exp r e s s ion : 

P er c ent s i l t  = 
we i ght o f  s i l t  + we i gh t o f  c lay  

we ight of  s i l t  
x 1 0 0  per cent 

A grain- s i z e  d i s tr ibu t i on chart shows that 6 7  per c ent o f  the 

r e s u l t ing mixtur e wa s s i l t- s i z e  and 3 3  per c en t  wa s f iner than 

2 � .  ( See F ig . 3 ) . The h igher percen tage o f  c l ay- s i z e par ti-

c l e s  s erved to  p revent di latancy and po s s i b l e  bui ld -up of 

negat ive pore wa ter pre s s ur e  wh i ch wou l d  re s u l t  in too-h i gh 

s hear s tr ength value s of  the s oi l . The p l a s t i c i ty c h arac ter-

i s t i c s  and certain phy s ic a l  prop er t i e s o f  the mi xtur e appear 

in Tabl e I and F ig . 4 .  

A mea s ured amount o f  d i s t i l l ed , de-a ired water wa s s l owly 

added to 2 2 0  grams of the s o i l  mixtur e  and b l ended wi th a 

me t a l s pa tu l a  unt i l  a thin s lurry ( IL= S ) wa s obtained . Thi s 

s l urry wa s whipped with a commerc i a l  f ood  mixer f o r  a mi nimum 

o f  two minu t e s  and tran s f erred to 1 . 4 inch d i ameter ( I . D . ) 

luc i t e  s ed iment t ank s wh e r e  the s lurry wa s  de-ai red wi th a 

va cuum l ine  for a t  lea s t  f ive minut e s . ( S e e  P hotogr a ph 1 . ) 

Pre l iminary te s ting showed that comp l e t e  con s o l ida t ion o f  the 

mea s ur ed amount o f  s lurry occurred in 3 6  hour s under a load ing 

of 2 kg/cm2 . The product wa s a f ive inch high samp l e wi th an 

average vane shear st rength of 3 0 0  p s f .  

With the s trength r equi r ements be ing met , twenty s imi l ar 

s amp l e s  wer e  s ub s equent ly prepared . The s amp l e s  were wrapped 

in c l ear s a ran p las t i c , s ea l ed , and p laced in la rge p la s t ic 



Photo gr aph 1 .  1 . 4  Inch d i ame t e r  
1uc i t e  s e d i mentati on tube s .  

Pho to graph 2 .  Soi lte s t  mod e l  0 -252 
c ons o li d ation c e ll wi th 2 . 5  inc h 
d i ame te r  luo i te s e d i mentation tube . 
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bag s  accord ing t o  the chrono l ogi ca l  order i n  wh ich they were 

prepared . The s amp l e s  were s tored in a moi s t  room ma in-

0 tai ned at 70 F .  and near 100 per cent humid i ty unti l tes ting 

t ime . Ea c h  samp l e  wa s rotated every few day s to m i n imi z e  

mo i sture migrati on . 

Samp le s  o f  s imi lar con s i s tency were prepared i n  a r eno-

vated Soi lt e s t  mode l C - 2 5 2  con s o l idat ion c e l l . I t  wa s 

equipped wi th an 8 inch high , 2 . 5  inch di ame ter ( I . D . ) luc i t e  

s ed iment tube wi th a corre spond ing- s i z ed pi s ton and l oading 

p l a tform . ( S ee  P hotograph 2 . ) In order to achieve a c on s o l i -

dat i on l o a d  o f  2 kg/cm2 , nearl y 1 40 pound s were p l a c ed on the 

c i rcu lar l oading p latform .  Photograph 2 a l s o  shows the extra 

steel  rods , cast  i ron c o l lars , and p l exigla s s  a l ignment 

bracket whi c h  enab led the load ing p l a t f orm and s t e e l  pis ton 

rod to s upport the weight without canting to one s id e , caus ing 

th e  p i s ton to b ind aga i n s t  the cyl inder wal l . 

The l ow height o f  the 2 1/ 2 inch s ediment tube impos ed 

a r e s tr ic t i on on the vo lume o f  s lurry that cou ld be p l ac ed in 

the tube for con s o l idation . To obta in samp l e s  wi th a f i na l  

he i ght o f  4 1/ 2 inche s the s lurry wa s prepared t o  a th i cker 

con s i s tency ( IL= 3 )  than that u s ed in the 1 . 4 inch s amp l e s . 

The metho d s  o f  mixing and de-a i ri ng the s lurry were s imi lar to 

tho s e  d i s cu s sed previou s ly and the re s ul tant s amp l e s  wer e  

wrapped , s tored , and rotated wi th the sma l l e r  s amp le s under 

s imi lar cond i t i ons  unti l needed . 

Hydrometer ana ly s e s  conduc ted by Jackson showed that no 

par t i c l e  s egre gation oc curred during s ed imentation o f s l urr i e s  
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w i th l iqui d i ty i nd i c e s  equiva l en t  t o  tho s e  i nd i c a t ed above . 

D .  Equi pment and In s t r umentation 

1 .  Mod e l pi l e s  

T e s t i ng t h e  e f f e c t s  o f  mod e l  p i l e  s i z e  requ i re d : ( 1 )  the 

u s e  o f  s evera l c o nven i ent s i z e s  of p i le s , ( 2 ) tha t  the range 

of p i l e  d i ame ter s be r e lative l y  larg e , and ( 3 )  the p i l e s  be 

of su f f i c i ent durabi l i ty to r e s i s t  buc k l i ng and d e t er iora t i on 

dur ing the te s t i ng program . The s e  c r i ter i a  wer e  b e s t  f u l 

f u l l ed u s ing p i l e s  1/ 4 , 1 / 2 , a n d  3/ 4 i nch i n  di amet e r , a l l  

c o n s t r uc t ed f r om meta l s tock . ( See Photograph 3 . )  

The 1 / 4  inch p i l e  wa s obtai ned i n  the f orm o f  a s o l id 

b r a s s  we l d ing rod . T h e  rod wa s cut to  an 1 8  inch s ec t ion , 

rounded a t  the dr iving end , and beve led 3 0° t o  the verti c a l  

for  o n e  s ixteenth i n c h  o n  t h e  oppos i te end . The p i l e  wa s then 

r oughened wi th c o a r s e  garnet paper by hand . 

The 1 / 2  and 3 / 4  i nc h  p i l e s  wer e  made from h o l l ow s t e e l  

a l loy condu i t  c u t  i n t o  1 8  inch long s ections . The 3 / 4 inch 

p i l e wa s a c tua l l y  0 . 7 0 5  inch in d i ame ter but wi l l  be r e f e r r ed 

t o  a s  3 / 4  inch f o r  s ake o f  e xped i ency . Each p i le wa s chucked 

i n to a met a l  l at h e  and po l i s h ed wi th coar s e  emory c loth and 

s te e l  woo l to r emove s ur f a c e  di rt and f i lm c o l lec ted d ur i ng 

s torage . They wer e then roughened over the bo ttom 8 inch 

s e c t i o n  of the i r  l ength with the edge o f  a metal  f i l e whi l e  

r o t a t ed s lowly by t h e  l athe . The dep th o f  s tr i at i on wa s about 

0 . 0 1 inch fo r the s t e e l  p i l e s . The roughened bra s s  p i l e  was 



Pho to graph 3 .  As sorted bras s pi lo t 
ho le cutters ( le f t ) and mo d e l  pi le s 
( right ) .  

Photo graph 4 .  He avy-duty aluminum frame . 
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smoother t o  the touc h . Al l p i l e s  wer e  subj ec ted to a i r  and 

mo i s ture s imul taneou s l y  wi th wet paper  towe l ing for over f ive 

day s ,  but no r u s t  or surface  f i lm deve l oped on the p i le s . 

Numerous  long i tud i n a l  s l i t s wer e  cut  i n  the bottom one 

h a l f inch of the ho l l ow- s tee l p i l e s  w i th a me ta l s aw and the 

remaining n ib s  were hammered i nward unti l they touch ed , forming 

a taper abo u t  3 0 ° to the vert i c a l .  Thi s  taper wa s c r eated to 

a i d  in c ente r i ng the p i le in the p i l o t  hol e , and e l iminate the 

s harp open e nd o f  the ho l l ow p i le s . An open- ended p i l e  would 

cut a new p i lo t  ho l e  equa l to the p i l e  diameter  dur i n g  ins er

t i on and era s e  the e f f e c t s  o f any sma l l er p i l o t  ho l e  formed 

previous ly . Pho tograph 3 a l so shows a s s o r t ed drawn-bra s s  

tubing u s ed i n  cutting p i lot ho l e s  i n  the s o i l  s amp l e s . The 

out s ide d i ameter s and rat i o s  o f  the bra s s  tube d i ame t e r s  to 

the three p i l e  d i ameters  for a l l the t ubes are enumerated in 

Table I I . 

2 .  A l i gnment frame s  

I n i t i a l tes t ing proved that human error invo lved in  both 

cutting the p i l o t  ho l e s  and i n s erting the p i l e s  by hand w i th

out a means o f mechan i c a l a l ignment p roduced c anted p i lot 

ho l e s  and p i l e s . Mi s a l ignment o f  the p i l e  wi th respect to 

the p i lo t  ho l e  would g ive non- s ymmetr i c a l  z on e s  of s o i l  d i s 

turbanc e .  I f  the p i l e s  were  not driven i n  a ver t i c a l d i r e c ti on , 

bearing c ap a c i ty r e s i s tanc e to driving unre l at ed to skin fric

t i on would be produced , a s  with a battered p i l e . 



TABLE I I . 

D iameter 
o f  bra s s  
p i l o t  ho l e  
cutter , 
in  inc h e s  

S i z e s  o f  P i lot  Ho l e  C u t t er s U s ed a n d  Ra ti o s  to 
P i l e  D iame t e r s  

1 / 8  

3 / 1 6  

7 / 3 2 

l/ 4 

3 / 8  

7 / 1 6  

9 / 2 0 

1/2 

t . Rd ratJ.o  
f o r  1 / 4  
inch p i le 

0 . 5 0 

0 . 7 5 

0 . 8 7 5  

l .  0 0  
* 

* 

* 

* 

Rd ratio  
for 1/2  
inch p i le 

* *  

* *  

* *  

0 . 5 0 

0 . 7 5 

0 . 8 7 5  

0 . 9 0 

1 . 0 0 

t R = Ra tio o f  p i lot  ho l e  d i ameter to p i l e  
d d i ame ter 

* 

* *  

No R ra t io pos s ib l e  - p i l o t  ho l e  larger 
thandp i l e  
R

d 
not u s ed i n  p i lot ho l e  s tudy 
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A heavy-duty f r ame mea s ur i n g  1 0  inches wide , 1 5  inche s 

long and 1 1  inch e s h i gh wa s con s truc ted o f  quarter - inch 

a luminum p l at e s  s epar a t ed by four 10 i nc h  by 1 inch d iame t e r  

c a s t  i ron p ip e s  a n d  p i p e  f l an g e  f i t t i n g s . ( Se e  pho tograph 4 . } 

Thr e e - qua r t er inch ho l e s  were dr i l l ed in  the c en t er o f  the 

p l a t e s , but it b e c ame evi d e n t  that thi s l imi t i ng- s i z e  ho le 

woul d  not contribute add i tiona l a l i gnment t o  the sma l l er p i l e s  

a n d  br a s s  t ubing to  t h e  extent d e s ir ed . 

A s e co nd f r ame , shown in  P hotograph 5 ,  was de s i gned to  

prov i d e  adequa t e  a l i gnment for each s i z e  o f  p i l e  and p i lot 

ho l e  cutt e r . I t  wa s connec t ed to the und e r s i de o f  the top 

p l a t e  of the l a r g e r  frame with fo ur one-qua r t e r  inch bo l t s  

and wing n u t s . Thi s  s econd f rame con s i s t ed o f  two three

qua r t er inch thi c k  p l ex i g l a s s p lates  s eparated by  1 1 / 2  inch 

wood b lock s .  A l i gnment ho l e s  mea s ur ing one s ixty-fo urth inch 

larger than each of the p i lot ho l e  cutter s and p i l e s  were 

d r i l l ed through bo th the top and bo ttom p l ex i g l a s s  p l a te s  o f  

the sma l l e r  frame .  Each a l ignment ho l e  had i t s  r e s p e c t ive 

four mount i n g  ho l e s  such that it could be c en tered unde r  the 

larger ho l e  in  the met a l  frame , a s  needed . The p l e xi g l a s s 

frame a l l owed o n ly a 0 . 0 5 inch d evi ation from the vert i c a l  a s  

the p i lot ho l e  c u t t e r s  and p i l e s  were pus hed through the 

a l i gnment ho l e s  and i n to the s o i l  s amp l e s . 



Photo graph 5 .  Plexi glas s alignment f rame 
f or mode l  pile s and pilot hole c u t t e rs . 

Photo graph 6 .  Ste e l  loading ring 
wi th s train gage arrangement . 
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3 .  Rigid s o i l  s ampl e  j ackets 

Two 5 inch long s ections  o f  c y l i ndrical  p l exig la s s  

tubing , one 2 . 5  inche s i n  d i ame ter and the othe r 1 . 4 inche s 
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in  d i ameter , wer e  used to encase the respective s i z ed s o i l 

s amp l e s  during the cutting o f  the p i lot h o l e , p i l e  ins e r t ion , 

and p i l e  l oadi ng . The s e  p l ex i g la s s  j acket s  app l i ed a con

f ining pr e s sure to the samp l e  only when or if the s amp l e  tend

ed to expand radica l ly ,  henc e  the termino l ogy " uncon f i n ed " 

mode l  p i l e  te s t . In short , the j acke t s  s e rved thr e e  purpo s e s :  

( 1 }  they s topped the s o i l  s amp l e s  from bul ging rad i a l ly and 

crack ing dur in g  p i l e  i n s ertion , ( 2 } they prevented damage of 

the s amp l e s  s ub j ected to hand l ing through the var ious te s ting 

procedure s ,  and ( 3 }  they helped guard again s t  moi s ture l o s s  of 

the samp l e  dur i ng the time i nterva l between pile i n s er t i on and 

load t e s t ing . 

4 . Load and penetration mea sur i ng i n s truments 

Preparatory te s t s  conduct ed to  e xamine the p erformance o f  

the newly deve loped equipment indicated that the 1/ 4 inch bras s  

p i l e  would f a i l under a load o f  roughly 2 pound s a t  a s e ttle

ment o f  near 0 . 004 inch . With the mea suring instrument s in

vo lved o n l y  two accurate reading cou ld be recorded before 

fai lure , too f ew to  adequate ly d e f ine the l oad- s e tt l ement 

charac t er i s t i c s of the p i l e . P i l e  p enetra t io n  wa s mea sured 

with a gage s en s i t ive to 0 . 0 01 inch , and a 4 1/2 inch diameter 

s t e e l  loading r ing equipped w i th a 0 . 0001 inch divi s ion 



deforma tion gage indicated only about a pound per divis ion . 

Thi s s en s i t ivi ty wa s con s idered too low .  

An Ame s de formation gage with a s en s i t ivi ty o f  0 . 0 0 0 1  
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inch was u s ed thereafter to measur e penetration thu s increas ing 

t e n- fold the accuracy of these readings .  The load ing ring 

wa s  di smant led and c leaned thorough ly wi th s teel woo l  and 

s cour ing powder . The exact mid-he ight of the ring wa s located 

on both c r e s c ents , both ins ide and out , and marke d . Four BLH 

A- 5 - l  bonded wire strain gages  were mounted to the ring a t  

tho se  po s i tions with D uPong Grip . They were he ld i n  pos i tion 

wi th C-c lamp s  and hard rubber cushions for 2 4  hour s , enabl ing 

the g lue to dry completely with the wire gages  in intimate 

contact wi th the ring . Later , the gage s were sprayed wi th 

Gage Cote , a c lear waterproof ing materia l .  ( See Photograph 6 . )  

The gages were connected in a wheatstone bridge arrange

ment so that the change in e lectri cal re s i s tance of the two 

gage s due to shortening o f  the inner f iber s of the r i ng , 

dependent on the compre s s ion of the ring under load , would be 

averaged . The same wiring procedure wa s fo l lowed for the 

gages in tens ion on the outer fiber s of the r ing , which were 

e longated . Thi s  arrangement provided automat ic compensation 

fo r  any pos s ible eccentri c  loading on the ring . The bridge 

l eads were connec ted to a Budd Mod e l  HW-1 d i g i tal s train 

indicator wi th a deformation s ensitivity o f  1 micro- inch per 

inch .  

C a l ibration of the ring wi th the strai n indicator yielded 

a constant load factor of exactly 2 5  micro- inche s per inch per 
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k i logram , or a maximum equiva l ent l o ad s en s i t ivity o f  

0 . 0 8 8  pound . Chang e s  o f  temperature i n  t h e  labora t ory c a u s ed 

the z ero- load s t r a in r e ad ing f rom the gage s to shi f t  con

s id e rably a s  a r e s u l t  o f  therma l expan s ion o f  the load ing 

r i ng . A tota l of ten  c a l ibr a t i on c h e cks  w e r e  made d uring the 

t e s t ing program , and a l though the z e ro- load s tra i n  var i ed , 

the c a l ibration c urve s rema i ned per f ec t l y  para l l e l . Thi s 

s y s t em o f  i n s trumen tat i on a l l owed the r e c o r d ing o f  s ix to 

e i ght acc urat e  load -penetrat i on read i n g s  b e f ore the u l t i mate 

l oad of  the p i l e s  wa s re ached . 

5 . Vane s h�ar d evi c e  

A Farnel l  mod e l  2 8 0 l aboratory vane s h ear d e v i c e  wa s 

u s ed to mea sure the shear s tr e ngth o f  th e s o i l . The s e  va lues  

of  s hear s trength were r e l a t ed to the s k i n  f r i c t i o n  re s i s t

a nce  that wa s mobi l i z ed by the so i l  and me a sured wi th a load 

r i ng . A c a l ibrat ed spring whi c h  app l i e s  3 i nch-po und s o f  

torque wi th an angu l ar movement o f  1 8 0° wa s cho s e n  f o r  i t s  

a pplicabi l ity i n  s o f t e r  s o i l s . The h e i gh t , diamet e r , and 

th ickne s s  of the four - wi nge d  vane u s ed was 1 3 . 0 rnm ,  1 2 . 8  rnm ,  

and 0 . 9rnm ,  r e s p ec tive ly . 

E .  Labo r a tory Te s t Proc edure s 

The f i r s t  pha s e  o f  the t e s t i n g  program wa s devo ted to 

s tudy ing the e f f e c t s  o f  d i f f erent s i z ed p i l ot ho l e s  bo r ed for 

each p i l e  wh i l e  inve s t igatin g the l o ad t r ansfer a s pec t s of 

each p i l e- s o i l s ys t em . 



1 .  Samp l e  enc a s e me n t  and p i l e  i n s e r t i on 

S o i l  s amp le s  wer e  c ho s en f o r  t e s t i n g  from the c ur i ng 

r o om in t he c hr on o l o g i ca l  ord e r  of prepara t i on and s torage 
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to min imi z e  t ime-dependent th i xo tropi c  e f f e c t s . A f t e r  the 

s a r a n  wrapp ing wa s r emoved f rom the s amp le the p l exi g l a s s  

j ackets  were s l ipped downward over the s amp l e s . The 2 . 5  inch 

j a cke t shaved a bit o f  the s amp l e  f r om the s id e s  dur ing 

enca s ement and f i t  t i gh t ly . Damp pap e r  towe l ing wa s wrapped 

around the 1 . 4 inch s amp le s to f i l l  a sma l l  annu l a r  s p a c e  

be tween the sma l l e r  j acket and s amp l e . 

The j acketed s amp l e s  wer e  c entered over the ho l e  in the 

bo t tom p l a t e  o f  the metal f r ame and the p l e x i gl a s s f r ame wa s 

ad j u s ted w i t h  the d e s i red pi lot  cutter guide ho l e  c entered 

unde r  the c o rre sponding ho l e  in the upper p l a t e . The p i lot 

ho l e s  wer e c u t  by pushing the cho s en bra s s  t ube s through the 

s o i l  s amp l e  wh i l e  being gui ded by the p l exigl a s s  f r ame . The 

tub e s  wer e  pul l ed on through the s amp l e  f rom underneath the 

frame so a s  not to reve r s e  the d irect ion of r emo ld ing . In 

s ever a l  t e s t s  no p i lot  ho l e  wa s u s ed . The p lexig l a s s  frame 

wa s then ad j us ted to guide the par t i cu l ar p i l e  bein g u s ed and 

the p i l e  wa s i n s e r ted into the s amp l e  wi th a s l ow c o n s tant 

p u s h  by hand unt i l abo u t  one inch o f  the p i l e  proj e c ted b e l ow 

the s amp l e . The h e i gh t  o f  the s amp l e  wa s cons idered the 

depth o f  p i l e  embedment .  Saran wa s wrapped around the s amp l e  

top and p i le t o  avo i d  mo i s ture l o s s  and s y s t em wa s a l l owed to 

s e t  for 9 0  minute s .  The l i terature s ugge s ted no precedence 
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for th i s  wa i ting per iod , whi c h  wa s cho s en arbi trari ly to 

al low d i s s ipat ion of pore pr e s s ure cr eated by p i l e  i n s e r t i on . 

Af t e r  the wai t ing period the metal frame wa s centered in the 

Farne l l  c ompr e s s ion machine equipped with the load ing ring 

de s c r i bed i n  the previous s ection . A two inch spac er wa s 

s i tua ted b e l ow the frame to a l low f r e e  ver t i cal movement o f  

t h e  p i l e  t i p . ( Se e  Photograph 7 . ) 

2 .  P i le load t e s t i ng 

Load t e s t s  wer e  c onducted u s ing the CRP t e s t me thod ,  

a c comp l i shed by mea s ur ing the load ne c e s sary to mai ntain a 

constant rate  o f  penetrat i on imposed on the p i le . Thi s me thod 

o f  t e s t i ng has been u s ed wi th succ e s s  by Whitaker and Cooke 

( 1 9 6 1 ) , Co y l e  and Ree s e  ( 1 9 6 6 ) , and Raba ( 1 9 6 8 ) . 

F a i lure wa s d e f in ed a s  the point at  whi c h  the load on 

the p i l e  f a i l ed to increa se
. 

or began to decre ase . Prior 

te s t ing showed that f a i lure took place between 0 . 0 0 1 5  and 

0 . 0 0 7 5  inch , there fore a cons tant pene tration rate o f  0 . 0 0 2  

inch per minute wa s cho s en , wi th fai lur e tak ing plac e in 

about thr e e  minute s . 

3 .  Shear s t r ength te s t ing 

A f ter the p i l e  load t e s t  the p i l e  was extracted and vane 

sh e a r  t e s t s  were conducted throughout the entire s amp le to 

inve s t i gate changes in s hear s trength with d ep th . The vane 

spring wa s ro tated 1 0° per minute , within the l imit s  sugges ted 

by Goughnour and S a l l berg ( 1 9 6 4 ) for t e s ts in so i l s  of low 



Pho to graph 7 .  Pile lo ad ing sys tem 
and ins trumentati on . 

Pho to graph 8 .  Minia ture " She lby" tube and 
s e ve ral f ai le d  s ample s from unc onfine d 
c ompre s s i on te s ts . 
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pla s t i c i ty . Six inch long " dummy " pi l e s  of each di ameter 

were ava i l able  f or in sertion in to the sample whe r e  the 

or ig inal p i le had been to prevent so i l  f rom bulging in to a 

vacant spac e during the vane shear te s t s . 

In the 2 . 5  inch s amples , there wa s amp le room next to 

a l l  s i z e s  of dummy p i l e s  to conduct two vane shear tests  at 

eac h  of four depth s . Vane tests  were a l so carried out at 
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each o f  e ight dep ths i n  some samples to obta in shear s trength 

ver s u s  depth relat ionships . ( See F ig . 5 . ) A mo i s tu r e  con tent 

determination was made at  each po s i tion of  a vane shear test . 

Before the 3/4  inch pi le wa s tes ted in the 1 . 4 inch 

samp l e s , the vane s hear tests were performed in the midd le o f 

the samp l e . The remo lded a r e a s  were then cut from the s amp le 

as a 1/2 inch diameter pi lot hole was formed by the usual 

proc edure . For the 1/4 and 1/2  inch p i les in the 1 . 4  inch 

samp l e s , there was too l i tt le space to conduct vane she ar 

te s t s  between the dummy p i l e  and the j acket wa l l .  Any vane 

te s t s performed at mid - s ample before the p i l e  te s t  would have 

remolded an area outs ide the p i l e  per imeter . Ins tead , the 

load test wa s conducted as usua l , whereupon the samp le moi s ture 

contents at s e l ected dep th s were corr e lated with vane shear -

water content re lationships der ived from 1 . 4 inc h  samples . 

4 . Corr e l a t i o n  o f  vane s hear to uncon f i ned 
compre s s 1ve s trength 

In mo s t  s o i l - p i l e  adhe s i on s tud i e s  the shear s trength 

of the so i l  i s  expres s ed in terms of the unconfin ed compres s ion 
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s tr ength . An a t t empt wa s made to correl ate the numerous 

vane shear val ue s  determined dur ing th is  re s earch wit h  the 
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uncon f ined compr e s s ive s trength o f  the t e s t  s oi l . S i n c e  the 

shear s t r e ngth o f  the s o i l d e c r e a s ed with s ample dep th , no 

a c curate corr e l a t i on wa s po s s i b l e  by performing an unconf i ned 

c ompr e s s i o n  te s t  on a l arge s amp l e  and comparing the r e s u l t s  

wi th s ever a l  vane t e s t s  mad e a l ong the s amp l e  dep th . Fai l ure 

in  the unconf ined s amp l e  wou ld take p l ace a t  the weake s t  

s ec t ion , i . e . t h e  s amp l e  bottom , wh i l e fai lure b y  the van e  i s  

impo sed on a ver t i c a l  p lane s urround i ng the vane . Ano the r 

d i f f i cu l t y  invo lved i s  the wide var i a t ion be tween individual 

s amp le s . 

To overcome the probl em ,  a sma l l  s t e e l  " She lby " tube 

wa s too l e d  and po l i shed on a l athe to i n s i d e  and out s ide 

d i ameter s of 0 . 6 2 5  and 0 . 6 7 5  inch , r e spec t ive ly . The tube wa s 

pu s hed into a 2 . 5  inch s ample to the d e s i red depth and h e ld 

in po s i ti on . The vane wa s then i n s e r ted c lo s e  to the tube to 

a s imi la r d ep th and the vane shear t e s t  wa s conduc t ed . F igure 

6 is a s c h ema t i c  d i agram o f  the re lat ive po s i tion s  o f  the tube 

and vane during t e s ting . Af t e r  the tube wa s extrac ted , the 

s oi l  c or e  wa s r e t r i eved and t r immed to the proper height f or 

a l ength t o  d i ameter r a t i o  o f  2 . 0  and p laced in the Farne l l  

c ompr e s s i on mac h i ne . Uncon f in ed c ompre s s ion t e s t s  were c a r r i ed 

out wi th the sma l l  s amp l e s  us ing  a s train rate of 1 . 5  per 

cent per minute .  The sma l l  s t e e l  tube and s ever a l  f a i led s am

p l e s  are p i c tured in P ho tograph 8 .  
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5 .  Te s t ing f or e f f ec t s  o f  e laps ed time 

A s e r i e s  o f te s t s  wa s executed to mea s ur e  the gain  i n  
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the u l t imat e  load on the p i l e  wi th t ime a f ter p i l e  embedment . 

A 1 / 2  inch p i l e  wa s inse rted into a j acketed 2 . 5  inch s amp l e  

w i t h  n o  p i lot  ho l e . The u l timate  load supported by the p i le 

wa s mea s ured two minu t e s  a f ter in s er t i on , and sub s equent 

u l t imat e  load t e s t s  wer e  conduc ted a t  5 ,  1 0 , 1 5 , 5 0 , 6 0 , 9 0 , 

1 7 0 , 3 1 5 , 6 1 0 , 1 2 6 0 , 3 4 0 0 , and 7 2 0 0  minute i nterva l s  a f ter 

e a c h  previ ous t es t . The s e  time interva l s  were cho s en so that 

t h e i r  di s tr ibuti on on a logar i thmic s c a l e  would be evenl y  

spaced . The s o i l - p i l e  sy s tem wa s wrapped wi th saran and 

p l aced in the mo i st room dur ing the interva l s  that were longer 

than 9 0  m inute s . 

6 .  T e s t i ng for e f f e c t s  o f  penetration rates 

The e f fect s of  d i f f er in g  penetration rates  on the u l t i 

mat e  p i l e  load were a l s o  inve s t igated s i nc e  penetration rate s  

u s ed i n  thi s r e s earc h were  much s lower than tho s e  c i t ed i n  the 

l i teratur e . U l t ima te loads on a 1/ 2 inch p i l e  in a 2 . 5  inch 

s amp l e  with no p i lot ho le  were mea sured at  ten minu t e  inter

va l s  us i ng penetration rates  of 0 . 0 0 2 , 0 . 0 0 4 , 0 . 0 0 8 , 0 . 0 1 6 , 

and 0 . 0 3 2  inch per minute . 



IV . TE ST RE SULT S AND ANALYS I S  

A .  Phys i c a l  Prope rtie s o f  the So i l  Sample s 

1 .  Shear str ength di s t r ibutions 

Pr ior to i nve s t i ga t i ng the load tran s f e r  between the 

5 5  

so i l  and mod e l  p i l e s , i t  was nec es sary to know the s trength 

proper t i e s of a l l the s o i l  s amp l e s  us ed . Pre l imina ry t e s t i ng 

indi cated the vane shear strength and mo i s ture content var i ed 

wi t h  depth in the s ed imented s amp l e s . Thi s  s e c t ion i s  devoted 

to d e s cr i b i ng the nature and magnitude o f  the var ianc e of 

the s e  prop e rt i e s . 

As  d e s c r ibed in the preceding chapter , vane s hear te s t s  

wer e  c onducted next t o  the pi l e s  a t  pre-determined depths in 

the 2 . 5 i n c h  s amp l e s . In the f i r s t  s er i e s  o f  t e s t s  with the 

1/4 inch p i l e  in 1 . 4  inch s o i l  s amp l e s , the g enera l  proce

dur e s  wer e  mod i fi e d  due to l ac k  o f  spac e between the p i l e  and 

so i l  j ac k e t  for vane s hear t e s t i ng . Each o f  the s ix p lotted 

po i n t s  on the g r aph o f  F ig .  7 r epre s en t s  the r e s u l t s  o f one 

van e  s hear-mo i s ture content determinat ion in a one inch long 

s ec t i on of s o i l cut from the top or bottom o f  each of  s i x 

s amp l e s . A l l  o f  the s amp l e s  u s ed in this s e r i e s  were approx i

ma te ly th e  s ame i n i t i a l heigh t  and age . Rut l edge ( 1 9 4 8 )  

found that the mo i s tur e content ver s u s  log s hear str ength 

re l a t i on s hip is l inear for a norma l ly con s o l idated c l ay ,  thus 

a s t r a ight l ine was f i tted to the s ix data p o ints by the 

method o f  l e a s t  square s .  Mo i s ture content s wer e taken in the 
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rema ining por tion o f  each s amp l e  wh ich wa s u s ed for a pi l e  

load t e s t . With the se mo is ture content va lue s the r espec

t ive vane s hear s t rengths we re obta ined f rom the best- f i t  

l ine o f  F ig . 7 a n d  p lotted versus the dep ths in each s ampl e  

f rom wh ich the mo i s ture contents  wer e  taken . ( See F ig . 8 . ) 

5 7  

A l though the poi n t s  plotted fo r each s amp le do not determine 

a s tra i gh t  l ine in a l l  cases , the shear s trength d i s tr ibut ions 

were a s s umed l inear for the sake of uni formi ty and s imp lic ity . 

The s l ight non- l inear trend i s  di scus s ed later . Each l ine , 

whi ch wa s f i tted by the method of lea s t  squares , repres ent s  

the vane shear s t r ength di stribution wi th depth i n  o n e  par

ticu lar s amp le . 

Al l s amp l e s  were given a code number wh ich wou ld identify 

it s s i z e  a nd u s e . Re ferr ing to the l egend o f  F i g . 8 ,  s amp l e  

# 1- 1 . 4 - � - 0 denote s the s ample number , the s amp le d i ameter , 

the d i ameter of the p i le , and the diameter o f  the p i l o t  ho l e , 

re spective ly .  Al l mea surements are in inche s . 

I t  i s  evident from an inspection o f  the curve s o f  Fig . 8 

tha t the vane shear s trength o f  the s o i l  dec reased with dep th 

in the samp le s . The magn i tude of thi s  decrease from the top 

to the bottom of t he sample  i s approximately 50 per c ent of  

the max imum vane s hear s tren gth . The reason for thi s decrea se 

in s hear s t r ength wa s the di s s ipation o f  ef fective stre s s  with 

dep th in the s o i l s amp le duri ng the sedimentat ion proc e s s . It  

i s  thought thi s  d i s s ipation of s tre s s  wa s partly due to wal l  

f r i c t ion between the s o i l  parti c le s  and the s ed iment tube . 
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Th i s  wou l d  c a u s e  the bo ttom of  the s amp le to be l e s s con

s o l idated than the top . 
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The r e su l t s  o f  vane shear t e s t s  in  2 . 5  inch s amp l e s  u s ed 

wi th the 1 / 4  inch p i l e  are shown in F ig . 9 .  The s hear 

s t r ength d i str i but i o n s  of the s e  s amp l e s  are pre s ented on two 

graphs for  ea s e  o f  i nterpre tat ion . The vane shear s trengths 

wer e  p lo t t ed ver sus depths a t  wh ich they wer e  per f o rmed , and 

no mo i s tur e c ontent- shear s trength correlation as d e s c r i bed 

be f ore wa s nece s s ary . A c lo s e  i n spec t i on of the po s i t ions of  

the p lo t t ed po i n t s  o f  F i g . 9 i nd icate s there was a s l ight 

t rend for the shear s tr ength to decrea s e  mor e  near the top 

o f  the s amp l e  than through the midd l e  or bottom . Thi s trend 

i s  r ea l i s t ic  con s idering the greater portion o f  s tr e s s  d i s 

s i pated immed i at e l y  und er  the l oad , a s  theori z ed b y  Bous s i nesq 

( T e r z aghi and P ec k , 1 9 6 7 ) . The trend was not  evident nor 

equa l ly prominent in  a l l  s amp l e s , the r e fore a l inear decrease  

o f  strength wi th depth wa s a s s umed . Each s t r a i ght l ine sh owing 

the s hear s trength d i s t r ibuti ons  wa s f i t  by the me thod o f  

l e a s t  square s .  

L i t t l e  exp l anation can be o f fered a s  to why the shear 

s trength d i s tr i bu t i o n s  for s imi larly pr epared s amp l e s  are not 

para l le l  nor co inc iding . I n  some i n s tan c e s  the load on the 

s ed imen t i n g  s amp l e s  wa s mai n t a in ed f or an add i tiona l 1 2  to 7 2  

hour s , and the extra t ime spent i n  s econdary con s o l idation 

could have r e s u lt ed in s l igh t l y  s tronge r  samp l e s . Some o f  the 

s amp l e s  wer e s ed imented dur i ng the da y l ight hour s wh i le othe r s  
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underwent pr ima r y  con s o l idation dur ing the night when tem

p e r a tur e s  in the l aboratory could d rop subs tant i a l l y dur i ng 

the co l d e r  mon th s . Thi s temperature d i f f e r enc e c o u l d  have 

a f f e cted the cons o l ida t i on proc e s s  and thu s the s trength 

p rop e r t i e s  of the s amp l e s . 

6 1  

A f t e r  the l / 2  inch p i l e  wa s t e s ted in the 1 . 4  inch 

s ampl e s , i n suf f i c i en t  space wa s ava i l ab l e  to conduc t the vane 

shear t e s t s . The van e  s hear-mo i s ture content re l a t ion s h i p  

repre s en t e d  in F i g . 7 could n o t  be u s ed b e c au s e  o f  an  age 

d i f f er e n c e  whi c h  mi gh t have me ant a s trength d i f fe r ence between 

the two group s o f  s amp l e s . Three 1 . 4  inch s amp l e s  known to 

be of the same age  were cho s en , and one s amp l e  wa s us ed f o r  

a vane s he ar-mo i s ture content re lat i o n s hi p . ( Se e  F i g . 1 0 . )  

Very l itt l e  s c a tter o f  the points  about the be s t- f i t  l ine  

o c c ur s , whi ch is  contrary to r e su l t s  shown i n  F i g . 7 .  The 

mo i s ture content ver s u s  log shear s t r ength re l a t i on sh ip gained 

f r om a s ingle s amp le wa s quite  li nea r . From a compa r i son of 

r e s u l t s  s hown in F i g s . 7 and 1 0 , it appear s the r e l a t i o n ship 

is  unique for each s amp l e  t e s t ed . This  co uld be due to the 

f a c t  that each s amp l e  wa s con s o l idated under one particu l ar 

s e t  o f  condi t i on s . 

Mo i s ture conten t s  were taken i n  th e othe r  two 1 . 4  i nch 

s amp le s  a f te r  the p i l e  load t e s t , and the corre spond i ng vane 

s he a r  a t  each depth wa s taken from the c urve of  F ig . 10 a nd 

p l otted in the manner previous l y  d e s cribed . The r e s ul t i ng 

shear s tr e ngth d i s t r ibutions for the s e  and a l l  rema i n ing s am

p l e s  ar e  shown in the f i gure s  of Appendix A .  
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The method of vane shear-mo i s ture content correlation 

to obta in shear s trength d i s t r ibut ions produced as l ittle  

s c atter o f  the  p lotted po ints about the be st- f i t  l ine s as  

that obtained from direct vane shear te sti ng at each dep th . 

Thi s l a c k  of  exc e s s ive scatter , a s suming lack o f  s catter as a 

v a l i d c r i t e r i on for j udgement , in f e r s  that both methods u s ed 

to obtain shear strength d i s tr ibuti on s  in the soi l were 

equa l ly va l id . 

On the other hand , the di rect method , vane s hear tes ting 

next to the p i l e , d i d  not invo lve an a s s ump tion r egarding the 

va l id i ty o f  one shear s trength-mo i s ture content r e lation for 

s evera l samp l e s . In addi tion , the non- l inear shear strength 

d i s tribut ions , which s eems more rea l i s t ic , wa s mo st  evident 

in the te s t  r e s u l t s  from s amples  t e s ted directly wi th the 

vane devi ce . Thi s leads to the conclus ion that the d i r ect 

method o f  vane t e s ting wa s more accurate , and c ertainly more 

favorable from the s tandpo int of sp eed and ea se  in interpre

ta tion . 

2 .  Variation o f  moi s tur e  content 

The var i ation of moi s ture content wi th depth in the soi l 

s amp l e s  doe s  not appear to be l inear . Mo i s ture content d i s 

tributions of  two repres enta tive s amp l e s  are shown i n  F i g . 1 1 . 

The s e  s amp l e s wer e  cho s en on the ba s i s  that their shear 

s trength d i s tr ibutions and 1og vane  shear mo is ture content 

r elation ship s showed a high degree of l inearity . Moi s ture 
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content s were taken f rom t he same 1 . 4  inch samp l e  used for 

the vane s h e ar-mo i s tur e content corre lat ion shown in F ig .  1 0 . 

The o t h e r  mo i s ture content value s are from s amp l e  # 4 - 2 . 5 - � - � . 

( See F i g . 3 1  , Appendix A ) . 

A s igni f i cant point r egardin g the s e  curve s i s  tha t  the 

r a ng e  i n  wat e r  content , and thus the range in shear s trength , 

f r om the top to the bottom o f  the s amp l e  i s  con s iderab l y  

g r e a t e r  in t h e  1 . 4  i nch s amp l e . Mo st  1 . 4 inc h  s amp l e s  had a 

l ength- to- d i ameter ( L/D ) r a t i o  greater than 3 . 0 .  Thi s L/D 

r a t i o ,  a s  oppo s ed to one le s s  than 2 . 0  for the 2 . 5  inch samp l e s , 

l e ad s t o  mor e  f r i c t iona l  drag between so i l  parti c l e s  and the 

s ed iment tube wa l l  per uni t  vo lume o f  s o i l samp l e . Inc rea s ed 

f r i c t i o nal  r e s i s ta n c e  give s r i s e  to greater d i s s ipation o f  

e f f e c t ive s tr e s s . Lower e f fective stre s s  near the s amp le 

bottom re s u l t ed in  a l e s s  den s e  s tructure , high e r  voi d  ratios , 

and h igher mo i s ture content s .  

3 .  Corr e la t i on of  vane shear to unconfined compre s s ive 
strength 

The proc edur e s  u s ed to obta in t e s t  value s  to corr e l ate 

the vane shear s tr ength and the she ar s trength d etermined by 

the unc on f i n e d  comp re s s ion test  were out l i ned in detai l in 

the previous chapt e r . The graph i c a l  repre s enta t i on of thi s 

corr e l a t ion i s  ' i l l u s trated in  F ig . 1 2 . The curve s whi c h  were 

f i tted to the data by the l e a s t- s quar e s  method , inter s ect at 

a wat e r  content value near 2 7  per c ent , which is s l ightly 

be l ow the l iquid l imit o f  the so i l . The ratio o f  vane shear 
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s tr ength to one hal f  o f  the unco nf ined compre s s ive strength 

changes w i th the water content , or void ratio , of  the so i l , 

and thu s change s with depth i n  each s ample . The ratio var i ed 

from 0 . 9 3 to 0 . 7 5 wi thin  the range o f  water c onten t s  found 

in any one s ed imented s ample . 

Goughnor and S a l lberg ( 1 9 6 4 )  found tha t soi l s  with a 

p l a s t i c i ty index ( P I ) l e s s  than 1 4  per c ent had vane shear

to- unconf in ed ratios  le s s  than 1 . 0 .  One exp lanation is that 

a s o i l having a low P . I .  has a n  intergranular f r i c t i on force 

tha t is mob i l i z ed in the unconf ined compre s s ion  t e s t  but 

pos s ibly not in the vane shear test , thus the low r a t i o s . 

Nea r  the s amp l e  top where the s o i l s t r ucture i s  a s s umed more 

den s e  beca u s e  the mo i s ture con tent is  lower , a r e s u l t i ng 

higher intergr anular fr i c tion might explain the higher unc on

f ined compre s s ive s trengths r e lative to the vane sh ear 

s t rengths . 

Another pos s ibi l i ty i s  tha t  since  the s amp les  were 

ani s otrop i c a l ly consol idated , the va lues of shear s trength 

determined f rom f a i lure on di f ferent p lanes wou ld d i s agree . 

The var i ance o f  shear strength found in  each s ample wa s 

muc h greater than wa s expected a t  the beginning o f  thi s 

re s earch . Th i s  var i ance of phy s ical propert i e s  wa s primar i ly 

due to the larg e  l ength- to-diameter ratios of the s edimented 

s amp l e s .  A l though the exi s tence of a shear s trength d i s tri

bu t ed wi th s amp le dep th s imulates  a natura l s o i l  depo s i t , i t  

e l iminated the po s s ib i l i ty o f  choo s ing wi th exper imental soi l-



P i le adhe s ion va l ue s . An a l t e  t '  th d f rna 1ve me o or compa ring 

s o i l shear s trength to skin f r i ction i s  introduc ed in the 

f o l lowing sect i on . 

6 8  

B .  Load Tran s fer o f  Mode l  P i le s  a s  a F unc t i on o f  P i lot Ho le , 
P i le , and S amp le S i z e  

1 .  Theore t i c a l  cons iderations 

Ac c o rding t o  the theor i e s  of Z e evaert ( 1 9 5 0 } and Airhart , 

e t . a l  ( 1 9 6 7 } , a p i le driven into s o f t  c l ay d i splac e s  the 

s o i l  beneath the tip by the action o f  a soi l wedge created 

at the t ip . As thi s soi l is di splaced to the side of the 

p i le , i t s  s tructure i s  comp lete ly de s troyed . C utt i ng a p i lot 

hol e  in a s amp l e  to be tested , extrac ts soi l that wou ld 

o therwi s e  be located b e low the p i le tip , and reduc e s  the 

amount o f  so i l  that i s  d i sp l aced , remolded , and forced to the 

s ide . Thi s reduction in the vol ume o f  remo lded soi l beneath 

the p i l e  tip a l l ows a decre a s e  in the radia l extent and 

degree o f  d i s turbance o f the s o i l  ne ar the pi le . 

Mathe s ( 1 9 6 8 }  ha s shown that th i xotropic effec t s  are 

t ime- dependent . By mea s uring soi l-p i le adhe s i on at a def inite 

i nterva l o f  t ime a f ter p i le i n s ertion , 9 0  minutes in thi s 

r e s earch , the magni tude o f the s trength gain wi th i n  that inter-

va l wi l l  be con s t ant f or each test . I f  the di sturbanc e 

c r eated by p i le in ser t i on i s  sma l l , then the magni tude of the 

regained s trength wi l l  r e s u l t  in a higher adhe s i on va lue than 

i f  the i n i tial  d i s turbance i s  qui te large . I f  the 
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a s s umpt i o n s  s t a ted above are correct the r e lative d i s turba nce 

due to d i f f erent rat i o s  o f  p i lot hole s i z e  to p i l e  d i ame ter 

can be d etermi ned by mea s ur ing soi l - p i l e  adh e s ion . 

One mea sure o f  s o i l - p i l e  adhe s ion  i s  the magn i tude of  

the l oad tha t can be tran s f erred from the  pile  to the s oi l . 

The maximum s o i l - p i l e adhe s i on would occur i f  the load tran s

f e rred to the s o i l equa l l ed t he shear s tren gth o f  the s o i l ; 

there fore a r e l ative mea s ure of adh e s ion  i s  the r a t i o  of  the 

lo ad tran s fer to the so i l shear strength . The s e l e c tion o f  

o n e  par t i c u lar shear s trength va lue f rom t h e  en t i r e  s amp l e  

for compa r i s on with the average load tran s f erred would n o t  be 

va l id because  the shear s trength chan ges wi th depth in each 

s o i l s amp l e . A lthough the s he ar strength di s t r ibutions  are 

f a i r l y  l inear , and the vane s hear s trength at  mid-d epth r epre

s en t s  the average vane shear in the s ample , th e p i l e  load 

trans ferred to the s o i l is n e i ther con s tant with depth , nor 

t o ta l ly d ependen t on the so i l ' s  shear strength . Coyle and 

Re e s e  ( 1 9 6 6 )  have shown that the ratio of load tran s fer to 

s o i l shear s trength change s  wi th p i l e  penetration and depth . 

At pre s ent , the on ly va l id method of determin i ng load 

d i s t r i but i on wi th dep th is to instrument stee l-wal led p i l e s  

wi th s t r a i n  gage s ,  and , knowing the e l a s t ic prope r t i e s  o f  the 

p i l e , c a l c u late the load rema i ni ng in the p i l e  at  cho s en 

d epth s .  The mod e l  p i l e s  u s e d  in thi s research were not so  

i n s t rumen t ed , therefor e a theo r i z ed load di s tribu t i on curve 

that wou l d  g ive r e a sonable values  for load tran s f er wi th d epth 

in the s o i l samp le s  wa s requ ir ed . 
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A typ i c a l  l oad d i s tr i buti on c urve in c l ay deve l oped by 

Re e s e  and S e ed (1955) wa s f i r s t  c o n s i d e r ed f o r  u s c . P r e l imi

nary c a l c u l at i o n s  b a s e d  on the g eome t r y  o f the c u r v e  p r o d u c ed 

load tran s f e r  va l u e s  exc e e d i n g  the s h e a r  s t rength o f  the so i l  

a t the l ower depths . A to ta l rega i n i ng o f  sh ear s tr ength o f  

the l e a n  c l ay s o i l  on ly 9 0  minute s a f ter remo l d i ng s e em e d  

q u i t e  un l ikely , the r e fore both the tran s f e r  va l ue s and the 

c urve wer e  a s sumed incorrec t .  The c u rve d i d  no t f u l l y  app ly 

be c a u s e  the te s t  s o i l i n  Ree s e  and S e ed ' s  r e search exh i b i ted 

f a i r ly c o n s ta n t  va l ue s  o f  shear s t r ength wi th dep th , u n l i k e 

th e  so i l  s amp l e s  u s e d  i n  thi s r e s earch . 

Airhart , e t . a l . ( 1 9 67) have g iven s evera l l o ad d i s t r i 

bu t i o n  c urve s obta i ned f rom two f u l l - sc a l e  i n s t rumen ted ho l l ow 

s t e e l p i l e s  driven i n to a s o i l  depo s i t  cons i s t i ng ma i n l y of  

s i l ty c l ay .  Bec a u s e  the s o i l type i n  tha t r e s earch r e s e mb l ed 

th e  s o i l u s ed i n  thi s s tudy , a nd the sh ear s tr ength d i s t r i 

bution f o r  bo t h  the s oi l s  wer e  s imi lar , i . e .  d e c r e a s i n g with 

depth , th e  load d i s t r i buti on c u rve s were c o n s i de r e d  app l i c a

b l e . The load d i s t r ibution curve i l lustrated i n  F i g . 1 3 ( B )  

i s  co n s id e r ed t o  repr e s ent the gener a l  prope rti e s  o f  the 

c urve s f r om the t e s t s  by Airhart , e t .  a l . , and i s  not an exa c t  

copy o f  any one  part i cu l ar c urve . The typ i c a l  curve of F i g . 

1 3 ( B )  d i f f e r s f rom the one d eve l o p e d  by S e e d  and R e e s e  ( 1955 )  

i n  t h a t  i t d i s tr i bu t e s the l arge s t  perc entage of  the load to 

th e  s o i l f rom the p i l e ' s mid - s ec t i on s . Thi s d i f f erence  ar i s e s  

f rom d i s s imi l a r  s hear s trength di s t r i bu t i o n s  of  t h e  soi l s  o f  

th e  two s t udi e s . 
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The f a i lure mechan i sms o f  the f i e ld p i le s  o f A irhart , 

e t . ,  a l . ( 1 9 6 7 ) and the mode l p i l e s  o f  this  s tudy d i f f er . 

A f t e r  a f i e ld p i l e  ha s been driven and a l lowed to s e t  for 

s ever a l  day s , the so i l  that  wa s remo l ded a d j ac ent to the p i l e  

a s s ume s a more den s e arrangement after d i s s ipation t o  exc e s s  

por e wat er pre s sure and con s o l idation . Wi th a s t e e l p i l e , 

c l a y  part ic le s  make intimate c o ntact wi th the pi l e  wal l  by 

mean s o f  a mutua l oxide coa t i ng and a ro ugh s u r f a c e  o f  contac t . 

Dur i ng load te s t s  the s o i l  p ar t i c l e s  wi thin a zone s l ight l y  

away f rom t h e  p i l e  move re lative t o  each other and produc e a 

l e s s  dens e arrangement where in pore water c an conc entrate and 

r e s u l t  in weakened par t i c l e  bonds . The s e  weaker bonds give 

r i s e  to a progr e s s ive s o i l - to - so i l  f a i lure away f rom the p i l e  

wa l l . Thi s exp l a in s  the thin l ayer o f  c l ay that i s  oc c a s i ona l ly 

s e e n  adher i ng to the f i e ld p i l e  a s  i t  i s  pu l l ed . 

In the mod e l  p i le te s t s o f  thi s s tudy the time a l lowed 

f o r  cons o l i dation wa s s horter than for the f i e ld p i l e  and the 

c o n so l id a t ion p re s sur e s  much sma l ler . The f a c t  that the mode l  

p i l e s  deve loped no rus t  or other oxide f i lm a f ter  o n e  week o f  

s o a k i ng i n  wat e r  ind ic a t ed that water d i d  not bind e l ec tro

c h emi ca l ly with the mod e l  p i l e  s urfac e as wi th the s t e e l  f ie ld 

p i l e . The l ower bond at the p i l e  wa l l  a l lowed fai l ure at  the 

wa ter- l ubr i c a ted s t e e l  sur fac e . Thi s  exp l a i n s  why on ly a 

s l i ght d ul l  s heen on the p i l e , due to soi l and wat er c aught in 

the s t r i a t i on s , was ob s erved a f ter extract ion of the mod e l  

p i l e . F a i lure at the s o i l - p i l e  interface  i nfers  t ha t  load 

trans fer in the mode l pile s  i s a f unc tion o f  s o i l - p i l e adh e s ion , 
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wh i ch depends partly o n  the s h e ar s trength o f the s o i l . 

Al though the f a i lure me chani sms o f  the f i e ld and mode l 

p i le  are no t exactly the s ame , the lo ad dis tributi on curve o f  

F i g . 1 3 ( B ) i s  cons idered re as onab le f o r  the mode l p i le s . The 

theo ry i s  that the s ens i t i vi ty of the soi l and the amount of 

remo l d i ng a l lows the load di s tribution curve to be va l i d  b as ed 

e i ther on s o i l - p i le adhes i on or the s hear strength o f  the s oi l .  

The sens i t i v i ty o f  the s o i l to remo lding incre a s ed w i th 

depth i n  the s o i l s amp le b e c a u s e  the wate r content a l s o  i n 

c re a s ed wi th s amp le depth . I n  the upper reg i on o f  the s amp le , 

wh e re the mo i s ture content and s ens i t i vi ty to remo lding was 

re l a t i ve ly low , the remo ldi ng ene rgy provi ded by p i le i n s e r

t i on produced the lowe s t  amoun t o f  di s turbance i n  the s o i l 

a d j acent to the p i le . The overburden at the s amp le  top was s o  

l ow th at the d i s turbed or remo lded s o i l w a s  only s l i ght ly 

forced agai n s t  the pi le . Th i s  means that soi l-p i l e  adhe s ion 

w a s  low . Alon g  the mi ddle o f  the s amp le the moi s ture content 

and s en s i ti vi ty was i n termedi ate between tha t at the top and 

b o ttom , and the remo lding ene rgy produced a h i gher de gree o f  

d i s turbance than at the top . The ove rburden pre s s ure at mid

s e c t i on was s l i gh t ly h i gh er than at the top and th e di s turbed 

s oi l  next to the p i le , acted upon by a higher normal force , 

caused h i gher adh e s i on . 

Near the s amp le bottom the water content and s en s i t i vi ty 

t o  remo l d i ng was  h i ghe s t . The gi ven amount  o f  remo lding 

ene rgy p roduced a h i gh degree of d i s turbance , or remo lding , 

a t  a wat e r  con tent near the l iquid l imi t whi ch a l l owed a 

r e l e a s e o f pore water that l ub r i cated the s o i l - p i l e  i nter f ace . 
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Al though the overburden at the bottom wa s greate s t , the hi gher 

l u br i c a t ion at the p i l e  wa l l  pr even t e d  the adh e s ion be ing 

greater than the adhe s ion near the midd l e . The load th at wa s 

tran s f erred to the s o i l wa s a s sumed d ep endent on the soi l - pi le 

adhe s ion the r e f o r e  mo s t  of the load tran s f e r  occ urred nea r  

the mid - s e c t io n  o f  the mod e l  p i l e . 

Re f erring again to F ig . 1 3 ( B )  the load d i s tr ibution curve 

gives  va lues , in dec ima l fo rm ,  repr e s enting the portion of th e  

u l timate load , Q, rema i n ing i n  the pile  a t  that pa r t i cu lar  

d ep th . The dec ima l values given in  F ig . 1 3 (A ) repre s ent the 

por t i on of Q tran s ferred to t he soi l in  tha t s egmen t ,  and are 

the d i f f erenc e s  between the load s in the p i le at the top and 

bo ttom of each re sp e c t ive s egmen t . The curve of  F ig . 1 3 (A ) 

r epre sents  the s o i l  reaction , or the d i s tr i but i on of  load 

c a rrying capa c i ty o f  the so i l . The perc entage o f  u l t imate 

l oad tran s f erred in each s egment i s  con s idered a point load 

app l i ed at  the midd le o f  each segment rather than a di s tr ib 

uted l oad , wh i c h  i s  the phys ic a l  s i tuati on . Thi s a l lowed the 

load to be mor e  ea s i l y  compared wi th the vane sh ea r strength 

a t  the middle o f  each s egment . The exac t method o f  c ompar i son 

i s  exp l ained in deta i l  later . 

2 .  Load te s t s  with 1 / 4  inch pi le 

Re s u l t s o f  load t e s t s  u s ing the 1 / 4  inch p i l e  in  1 . 4 

inch s amp l e s  wi th var i ous s i z e s  of p i lot hol e s are shown in 

F ig .  1 4 . 
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The shear  s trength o f  the s o i l wa s not con s idered in the 

c o n s truc t i on o f  the s e  curve s , there fore the s amp l e wh ich 

gave  the  h i gh e s t  u l t imate load did not nec e s s a r i l y  produc e 

the h i ghe s t  r a t i o  o f  l oad tran s f er 3 wi th re spec t to the s hear 

s tr ength of the so i l . The ul timate load wa s con s i dered the 

highe s t  point on the load-penetration curve . I f  the h i ghest 

point d i d  not oc cur before a penetration o f  0 . 0 1 inch , i t  wa s 

taken a t  that pene tration , a l though loading did not c e a s e  

unt i l  a tota l p i l e  movement o f  0 . 1 5 inch wa s reached . 

A l t hough the r e l a t ive pos i t io n s  o f  the curves  in  F ig .  1 4  

i nd i c a t e  l it t l e , the geometry of the c urves show that there 

is a l inear r e l at ion ship between load and penetration for very 

sma l l  p i l e  movements ,  as noted by C oy l e  and Re e s e  ( 1 9 6 6 ) . 

The load d i s tribution curve i n  F ig .  1 3 ( A )  wa s u s ed to 

c a lculate  the ratio  o f  the uni t load tran s ferred to the soi l 

by the p i l e  t o  the sh ear s trength o f the soi l , herea f ter 

r e f er r ed to as  the T- S r a t io . The dete rmination o f  the T- S 

r a t i os in each samp l e  wa s carried out in four s t ep s  as  fo l lows : 

1 . Each s o i l  s amp l e  wa s divided into s ix imaginary 

hor i zonta l s egments of equa l height , usua l ly 3 / 4  inch .  

2 .  The average vane s hear s t r ength o f  each s egment , 

taken from the vane s hear versu s depth curve , was 

mul t i p l i ed by the s urface area of the model p i l e  

in that s e gment . The se value s , in pound s , 

3Load trans f er r e f e r s  to the pi le load d ivided by the surfac e  
area o f  p i l e  embedment and h a s  uni t s  of stres s , such a s 
pound s per square foot . 
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r epr e s ented the maximum l oad that the s o i l  segmen ts  

could have c arried i f  the so i l-p i l e  adh e s ion wa s 

equa l to the shear s trength o f  the so i l . 

3 . The u l t ima te load determined in  the p i l e  load 

t e s t , i n  pound s , wa s mu lti pli ed by the l oad 

d i s tr ibution f actor for each s e gmen t . ( See 

F ig .  1 3 (A ) . )  The s e va lue s r epr e s ented the loads 

that were a s sumed tran s fe rred to each r e s pec t ive 

soi l s egment . 

4 .  For each segmen t , the load calcu lated in  s tep 3 

wa s d ivided by the load d e termin ed in s t ep 2 ,  

giving the T- S ratio . 

The f i n a l produ c t s  o f  the ca lculati ons enumerated above 

wer e  s i x  T- S r a t i o s  for each p i l e  t e s t . In  the context of  

the d i s cus s ion that f o l low s , the ratio o f  the p i lot ho l e  diam-

eter to the p i le d i ameter wi l l  be referred to as  the R
d 

ra t i o . 

I n  F i g . 1 5  the T- S r a t io s for the 1 / 4  inch p i le i n  the 

1 . 4 i n c h  samp l e s  are shown wi th var i ous Rd ratio s .  The T- S 

r a t i o s  were p lo tted ver s u s  the mid- height o f  each respec t ive 

ima g i nary s o i l s e gmen t .  The curve s connect ing the T- S ratio s 

a t  the s e lected depths ind i cate that the T- S r a t i o  i s  a func

t ion o f  the depth in  the s ampl e , a s  sugg e s ted by Coyle and 

Re e s e  ( 1 9 6 6 ) . The curve s a l so show the T- S rat i o to be fairly 

c o n s t a n t  throughout the l ower ha l f  of  the s amp l e  due to the 

c owbination o f chang ing shear s tr e ngth o f  the s o i l  wi th depth , 
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and the proper t i e s o f  the l oad d i s tr i but i on c urve . 

The  h i gh e s t  T- S r a t i o  occur r ed in the s amp l e  with the 

1/ 8 i n c h  p i l ot ho l e , or Rd = 0 . 5 ,  and imp l i e s  tha t a p i lot 

ho le one  ha l f  the d i ameter o f  the p i l e  wa s optimum for the 

cond i ti o n s in the t e s ting procedure . The lowe s t  curve in  the 

f i gur e , Rd = 1 . 0 ,  shows there i s  a po s s i b i l ity that l e s s  than 

fu l l  p i le- to- s o i l c on tac t r e s u l t ed wi th a p i l o t  ho l e  equa l to 

the p i l e d i ameter . The l ow curve for the s amp l e  wi th no p i l o t  

ho l e , Rd = 0 ,  ind i c a ted that the so i l  d i s turba n c e  adj ac ent to  

the p i l e wa s h i gher than when p i lot hole s sma l l e r  than  the 

p i l e d iameter wer e  u s e d , thus the relat ively low adhe s ion 

va l ue s  a t  the t ime of  t e s ting . 

The l ower c urve o f  F i g . 1 8  shows more c l ea r l y  th e r e l a 

t i on o f  the maximum T- S r a t i o  to the r e s pec tive Rd r a t io in 

each s amp l e . The opti mum T- S ratio o f the curve in fer s that 

an op t imum p i l o t  ho l e  s i z e  do e s  exi st wh i ch g i v e s  a proper 

ba l an c e  between low s o i l  d i s turban ce dur i ng p i le i n s e r t ion 

and h i gh so i l- p i l e  adhe s ion for the par t i cular soi l s amp l e . 

Ba s i c a l ly ,  the p i l e  deve loped r o ughly one hal f o f  the so i l ' s 

s hear s trength a s  s k i n  f r i c t i on . Only  four te s t s  wer e con

duc t ed f o r  the p i l o t  ho l e  s tudy above because the 1 . 4  inch 

s o i l samp l e s  were found s o f t and s en s i t ive to the touch , a s  

wel l  a s  gen e r a l ly und e s i rable for the te s ti ng procedure 

bec a u s e  of the i nvo lved mo i s tur e content-vane s hear r e l ation-

ships requi red . 
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A s econd p i l o t  hol e  study for the 1/4 i nc h  pile wa s 

ca r r i ed out in 2 . 5  inch s amp l e s  to check th� val idi ty of  the 

f i r s t  s tudy , and d e termi ne  whether s amp l e s i z e  can c au s e  any 

chan g e  in r e s u l t s . The load ver s us pene trati on curve s der ived 

f rom the t e s t s on the 1/ 4 inch p i le in 2 . 5  inch s amp l e s  

appear in F i g . 1 6 . The s ame general  rule s tha t appl i ed to the 

s imi la r curves for the previous s tudy a l so app ly to the s e  

curve s i . e . , the s amp l e  and pi lo t  h o l e  that produced the 

highe s t  u l t ima t e  l oad did not n ec e s s ari ly deve lop the highe s t  

T- S r a t i o becaus e  the load tran s ferred wa s not compared to the 

shear s tr e ngth o f  the s oi l . 

Re f e r r i ng to the curves o f  F i g . 1 6 , th e s ame l in ear 

r e l a t i on sh i p  betwe en load and penetrat ion for ini tia l p i l e  

movements , a s  witne s s ed wi th the 1 . 4  inch s amp l e s , occurred 

in the 2 . 5  inch s ample s .  However , fai lure in  a l l  the 2 . 5  

inch s amp l e s  took p lace at r e l a t ive ly low penetration va lue s , 

abou t  0 . 0 0 3  inch , regard l e s s  o f  pi lot ho le s i z e . The fact 

that the 2 . 5  inc h  s o i l s amp l e s  a re genera l ly s t i f fer than the 

1 . 4  inc h s amp l e s  is  o f f ered as  a po s s ib l e  exp lanation for thi s 

phenomenon . 

The T- S r a t i o s  for  the 1 / 4  i nch p i le in the 2 . 5  inch 

samp l e s  wer e  c a l c ulated a s  prev iously outl ined , and appear i n  

F ig . 1 7 . There a r e  notab le  d i f f e renc e s  in  the re sul t s  o f  thi s 

s eco nd p i l o t  ho l e  s tudy .  A s amp l e  wi th an Rd ratio o f  0 . 7 5  

d eve loped the highe s t  T- S r a t i o  at al l depth s . The val idity 

o f that par t i cular t e s t  wa s che cked by conduc tin g another 

s imi l ar te s t , and the r e s u l t s  agreed wi th in 6 per ce n t .  As an 
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add i t i ona l c heck , a s amp l e  wi th a 7/3 2 i nch p i lot hol e  

( Rd = 0 . 8 7 5 )  was t e s ted and the r e sul t i ng T- S ra tio s wer e 

near l y  a s  hi gh a s  tho s e  obtai n ed in the samp l e s wi th Rd 
r at i o s equa l to 0 . 7 5 . The 2 . 5 inch s amp le wi th an Rd ratio 

o f 1 . 0 d eve l oped very low T- S r a t i o s  wi th re spect to the 

othe r te s t s . Thi s trend di d not occur in the 1 . 4 inch 

8 3  

s amp l e s . Since  the 2 . 5  inch s amp l e s  were s t i f fer in  con s i s t-

ency than the  sma l l e r s amp l e s , the s o i l wa s unabl e  to c lo s e  

i n  around the p i l e  under the ava i lab le overburden pre s sure 

and l e s s  s o i l - p i l e  adhe s i on deve l oped . 

Ref e r r ing to the upper c urve o f  F i g . 1 8 , the maximum 

T- S  r a t i o s  in the 2 . 5  inch s amp l e s  indi cate that the optimum 

R
d 

r a t i o  f o r  the 1/ 4 inch p i l e  i s  near 0 . 7 5 .  The max imum T-S 

rat i o s  compared in F i g . 18 occur a t  depths f r om 2 . 0  to 3 . 5 

inc he s in the s amp le s . No spec i f ic d epth wa s cho s en for 

compar i son of the T- S r a t i o s , but F i g . 1 7  shows that the 

ord er of the r at i o s  may change wi th depth , a l t hough not 

s i gn i f i cant ly .  

Af ter the f i r st te s t  wi th the 1 . 4 inch s amp l e s  the 

s t r i a ti o n s  on the 1 / 4  i nch bra s s p i l e  became c logged wi th s o i l  

pa r t i c l e s . Thi s  c logging wa s though to have negl i g ib l e  e f f ec t s  

on t h e  roughn e s s o f  the p i le a t the time , and wa s i n i t ia l ly 

ignored . The smoothne s s  of the 1/4 i nch p i l e  when t e s ted in 

the 1 / 4  inch s amp l e s  may have accounted for the d i s s imi lar 

r e s u l t s  o f  the two t e s t  s er i e s . In  the second set  o f  t e s t s  

u s i ng t h e  2 . 5  in ch s amp l e s  t h e  p i le wa s c l eaned and roughened 

be f ore each tes t . 
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Another pos s ib l e  exp l anat ion for the d i f fe rent optimum 

Rd r a t i o  and higher T- S ratio s in the 2 . 5 inch samp le s  wa s 

8 5  

the exi s tenc e o f  added con fining pre s sure . A s  no ted pre

vious ly , the 2 . 5  inch luc i te j acket fit the s amp l e  snugly , 

whi l e  a sma l l  annular area , f i l led wi th paper  towe l ing , oc cur

red between the 1 . 4 inch samp l e s  and their r e spective j acke t . 

P i l e  i n s e r t i on created radi a l  forces that t ended to expand 

or c rack the s amp l e s . In the 2 . 5  inch samp l e s  tho s e  forces  

may have been d i s s ipated by e la s tic deforma t i on of  the so i l  

o r  r ebounded f rom the r i gid j acket wa l l .  E i ther the e la s t i c  

rebound o f  the s o i l after d i s s ipation of exc e s s  po re wa ter 

pr e s sur e s  or  the r ef lect ion of radial  forc e s  from the rigid 

j ac k e t  could have produc ed a conf ining pre s sur e on the p i l e . 

I f  p i l e  loading i s  a partially drai ned proc e s s  than an in

c re a s e  in con f ining pres sure could have cau s ed the increa s ed 

lo ad bear i ng capac i ty o f the p i le . 

The 1 . 4  inch s amp l e s  had a sma l l diameter and lacked 

the r ig i d  wa l l  i n  intimate contact with the s oi l , s o  that 

r a d i a l forces  were not d i s s ipated or r e f le c t ed , and per

manent expan s i on of the s amp l e  resulted wi th l i t t l e  or no 

c on f ining pres sure on the p i l e . A lack of confining pre s sure 

may have r equired a sma l ler p i lot ho l e  ratio to achi eve the 

h i ghe s t  so i l -pi l e  adhe s ion .  The exi s tenc e  o f  higher conf in ing 

pr e s sure s , a s s umed po s s ible in the 2 . 5  inch s ample s , wou ld 

have forced the s o i l against the p i l e  and produced hi gher 

adh e s ion va lue s with s l ightly larger pilot  ho les than in the 

1 . 4 inch s amp le s .  The added confining pre s s ure , or the pr ac -
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tic e o f  roughening the p i l e  before each te s t , or a combi nat i on 

o f  the s e  i s  thought to have accounted for the con s i s t ently 

h i gher adhe s ion in the 2 . 5  inch samp le s .  

In the f ina l anal ys i s , it  appears  tha t an opt imum pi lot 

ho l e  di ameter equa l to about 0 . 7 5 time s the pile d i ameter 

exi s ted f or the 1/4 inch p i l e . The p i lot hole s tudy in the 

2 . 5  inch s amp l e s  wa s cons idered mor e  val id becau s e  more  tests  

of  better qua l ity were invo lved . The fact that s imi lar pi lot 

ho le stud i e s  in two s amp le s i z e s  yie lded s l i ghtly d i f f erent 

r e sults  imp l i e s  that s ome cond i tions o f  tes ting , s uch a s  con

f in ing p r e s sure and p i l e  roughne s s , were not the s ame for 

both t e s t  batteri e s . Attemp t s  were made to contro l or  e l iminate 

s uc h  var i a b l e s  but , apparently , th e mechani sms of soi l - p i l e  

adhe s ion in mode l t e s t ing are  much more compl icated and d i f 

f icult to i so late than f i r s t  a s sumed . 

3 .  Load te s t s  wi th 1/ 2 inch pi le 

A third p i lot ho l e  s tudy wa s conduc ted to determine if 

the . opt imum R
d 

ratio change s  with p i l e  s i z e . The s tudy wa s 

made with 2 . 5 inch s amp le s because more wer e  ava i lable , they 

c ou ld be hand led ea s i ly , and vane shear tes ting in the larger 

s amp le s  wa s a simple  procedur e . 

The load ver s us penetrat ion c urve s for the 1/2  i nch p i le 

t e s ted i n  2 . 5  inch s amp l e s  app ear in Fig . 1 9 . The curve s are 

a l l  genera l ly s imi l ar in that l inear portions are evident at 

the lower penetration value s , and fai lure occurred between 

o . 0 0 3  and 0 . 0 0 5  inch . I n  a l l  t e s t s  the loads reached an ulti-
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ma te va lue and thereafter fai led to d ecrea se perc eptively . 

A s teel ba l l was placed between the hol low butt of  the 

l/2  i nch p i l e  and the load ing ring to minimi z e  ecc entr ic  

load in g . Sea t ing of the steel  ba l l  produced initi a l  load 

reading s with very l i ttle pi l e  movement .  After the ba l l was 

properly s eated the load increase  bec ame l inear , therefore 

the l inear portion of the curves wer e  adj us ted to z ero pene

t ra t i o n . In  the te st  wi th R
d 

- 1 . 0  th e load nece s sary to 

cause f a i l ure wa s not large enough to seat the ba l l  completely , 

and the penetration o f  the p i le and movement  o f  the ba l l a l one 

dur i ng seating were d i f ficult to separate and plo t . Little 

or no soi l- to-p i le  contact at certain loca t ions along the pile  

mi ght account for th i s  very low ultimate load . 

The var i anc e of  the T- S ratio s wi th samp le d epth and 

p i lot ho le  s i z e , or R
d 

ratio , is qui te s imi lar to the trends 

noted us ing the 2 . 5  inch samples wi th the 1/4 inch pi le . 

( See F i g . 2 0 . ) The samp le wi th the 3/8  inch p i lo t  hole , 

R
d = 0 . 7 5 yie lded the highe st T- S ratio . The samp le wi th no 

p i lot ho l e , Rd = 0 ,  produc ed T- S ratios l e s s  than tho se from 

s amp l e s  with p i lot ho les smal ler than the p i le diameter . Thi s 

s ugge s ted that i n s ertion o f  the mode l  p i l e  without a pi lot 

ho l e  d i s turbed the soil to a greater extent than i f  a pi lot 

ho le  wa s used . 

The low T- S rati o s  for the sample wi th Rd = 1 . 0  indicates 

that the con f i n ing pre s sure s avai lable in the 2 . 5 inch samp le 

were not of  s u f f i c i ent magni tude to cause an e l a s t ic deforma

tion o f the so i l against the p i l e  wa l l , and low soi l-pi le 
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adhe s ion wa s developed . A s  s ugge s t ed previou s l y , there 

ma y  have been s ections of the pile tha t did not make contact 

wi th the s oi l when R d  = 1 . 0 ,  fo r a f ter a f ew such tests very 

l i tt l e  s o i l wa s s een trapped in the p i le s triation s . However , 

in ca lculating the T- S ratio s in samp l e s  wi th R
d 

= 1 . 0 ,  the 

s o i l-to- p i l e  contact wa s a s sumed uni form a s  in a l l  other 

s amp l e s , even though the phy s i cal s i tuation may have dif fered . 

The maximum T- S ratio a s  a func tion o f  the R
d 

ratio in 

thi s study is shown more c l ear ly in F i g . 2 1 . The highe st  

po i nt on the curve indicates that a pi lot ho l e  equa l to  0 . 7 5 

t imes the 1/2 inch p i l e  diameter i s  opt imum in the 2 . 5 inch 

s ampl e s . Attention is c a l led to the high degree o f  s imi larity 

between thi s curve and the upper curve of F i g . 1 8 , which a l s o  

app l i e s  to tes t s  in 2 . 5  inch s amp l e s . The abso lute value s of 

the T- S ratios i n  bo th the curves referred to d i f fer by l e s s  

than 7 pe r  cent . The fact that the 1/2  inch pile wa s rougher 

than the 1 / 4  inch p i l e  eas i ly accounts fo r the s l i ghtly 

h i gher adhe s ion va lues in thi s las t p i lot ho le s tudy . The 

maximum T- S  ra t i o  wh i ch occurred in the bottom hal f of  the 

s amp l es were us ed for compar i son �n F igs . 1 8  and 2 1 .  The 

order o f  the ratios may have changed at sha l low depth s  where 

the T- S ratio va lues were c l o s e ly grouped . 

It appear s that the optimum R
d 

rati o doe s  not change 

within the l im i t s  of the p i l e  s i z e s  s tudi ed , provi ded suc h  

f actors a s  samp l e  s i z e  and con s i sten cy , conf ining pre s sure 

and p i l e  roughne s s  do no t change perceptively from test to 

t e s t . 
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Load tests  with the 1/ 2 inch p i l e  were a l so conduc ted 

u s i ng two 1/4  inch s amp l e s  to s tudy any e f fect on load trans 

f e r  from a change in s amp l e  s i z e . No pi lot hole s tudy wa s 

carr i e d  out  for the 1/2 inch p i le in 1 . 4  inch samp l e s due to 

the s hortage and und e s irable charac ter i s ti c s  of the sma l l e r  

s amp l e s . For thi s reason the optimum pi lot ho le  s i z e  deter

mined in the s t udy on the 1/2 inch p i l e  above , 3/ 8 inch , wa s 

u s e d  in  the sma l ler samp l e s . 

The load ver sus penetratio n  curves for the two t e s t s  are 

g i ve n  in F i g . 2 2 . I t  i s  beli eved the re lative so ftne s s  of 

the smal l e r  samp l e s  caus ed the l inear portions of  the two 

curve s to be l e s s  s teep than in the c urve s from t e s ts  in 2 . 5  

i nc h  samp l e s . A lthough the ultimate load for s amp l e  # 2  wa s 

the lower of  the two , the vane shear s trength di str ibut ion 

for that s amp l e  i s  genera l ly higher . ( See F ig .  3 0 , Appendix 

A . ) S ince  the p i lot ho le si z e  wa s the same for bo th tests , 

the oppo s i t e  trend s e emed reasonable . 

The T- S ratios  of  s ample  # 1  are ne arly equiva l ent to 

tho s e in the 2 . 5  i nch samp l e  wi th the 3 / 8  inch p i l ot ho le . 

( Se e  Fig . 2 3 . ) Un l ike the 1/4  inch p i l e  in the sma l ler 

s amp l e s ,  the 1/2  inch p i l e  cou ld have forced enough soi l 

a g ai n st the j acket to generate higher conf in ing pre s sures , 

and thus the re l ative ly high adhe s ion ,  or T- S ratio s . The 

l ow T- S ratios  for s ample # 2 are not cons idered wi thin the 

a s s umed range o f  norma l error ( 5  to 1 0  per c ent ) a s soc iated 

wi th te s t s  conduc ted under s im i l ar condition s . 
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4 .  Load t e s t s  wi th 3 / 4  inch p i l e  
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Load t e s t s  wi th the 3 / 4  inch p i le  in both s i z e s  o f  s am

p l e s  wer e  conduc ted to study the l o ad tran s f er a spects  of a 

mode l p i l e tha t i s  re lative ly large compared to the samp l e  

s i z e . No p i lot ho l e  s tudy wa s carr i ed out for the 3 / 4  inch 

p i l e  due to the lack o f  a s s or ted p i lot ho le cutt e r s  large 

enough to  provide a wide and us eful range of Rd rat ios . A 1/2  

i nc h  pi lo t  hol e  cutter wa s the large st avai lable , and it  wa s 

u s ed i n  a l l  te s t s  wi th the 3/4  inch p i le ,  givin g an R
d 

ratio  

equa l to  0 . 6 6 .  

The load ver sus penetration curves for the four t e s t s  are 

s hown in F i g . 2 4 .  The s ame steel  ba l l  used wi th the 1/2 inch 

p i l e  wa s s eated in the top of the hol low 3/4 inch p i le , there-

fore the s ame sma l l  initial  non- l in ear portions of the curve s 

wer e ev id ent , and the s teep l inear por tions were ad j u s ted to 

z ero penetrat i on .  The two upper curves , for te s t s  us ing the 

2 . 5 inch samp l e s , have we l l  defi ned l inear por tions with 

f a i lur e  occurr ing at 0 . 0 0 6  inch . S ample # 2 - 2 . 5  developed a 

h i gh u l t imate l oad r e lative to samp le # 1 - 2 . 5  cons idering its  

sh ear s treng th di s tr ibution is on ly sl igh t ly grea ter .  ( See 

F i g . 3 2 ,  Appendix A . ) As mentioned previous ly , the s o- c a l led 

3/ 4 inch p i l e  wa s a c tual ly 0 . 7 0 5  inch in diameter ,  and the 

neare s t - s i z ed guide ho le in the p l exigla s s  frame tha t would 

mainta in proper a l i gnment , 2 3 / 3 2  inch , provi ded only 0 . 0 1 3  

inch c l earance for the p i l e . Any s l ight shi ft of the me tal 

fr ame i n  the loading machine would have caused the pile to 
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bind again s t  the p l exi g l a s s  f r ame and produce a f ri c t i on a l 

f o r c e  independent o f s oi l - p i le ad h e s i on .  A l th oug h r e a son ab l e  

car e wa s taken i n  a l l  the t e s t s , th i s  fr i c ti on wou ld have 

a c counted for unu sua l l y h i gh u l t imate l oad s . 

The u l t ima te l o ad fo r s amp l e # 2 - 1 . 4 ,  shown in F i g . 2 4 ,  

i s  har d ly mo r e  than one ha l f  the u l tima t e  loa d  for the other 

1 . 4  i n c h  s amp l e  a l though thei r sh e ar s t rength di s tributions  

ar e  v e ry s im i l a r . ( S ee F i g . 3 2 , Appe ndi x A . ) I t  i s  t h ought 

that ba s e  fa i lure may have been the caus e for such a l ow u l t i 

mate l oad , compared to the re s ul t s  o f  the othe r t e s t s . Ba s e  

fa i l ur e oc c ur r e d  when the load o n  the pi le , due t o  so i l - pi l e 

adhe s ion bui l t  up dur i ng the te s t , wa s suf f i c i ent to cause 

ver t i c a l  d e f ormat ion in the bo ttom o f  the samp l e wh e r e  the 

so i l  c on s i s tency i s softe s t . 

During ba s e fa i lure the p i l e  movemen t wa s n o t  c omp l e t e l y  

r e la t ive to t h e  s o i l  s amp l e , and th e pi l e  and s amp l e , ac t i ng 

a s  a uni t , moved downward a s  the bas e o f  the s amp l e  wa s corn

p re s s ed . Bec ause the p i l e  wa s moving through the s amp l e  very 

l i t t l e , lower adhe s ion wa s deve l oped be fo re  a total p i l e  move

ment o f 0 . 0 1 inch wa s r e a c h ed . The con c ept of ba s e  fa i lure 

s e ems par t icular i ly app l i c abl e whe re the mode l pi l e i s 

l a rg e  and the s amp l e sma l l  and r e l ative l y  soft at the ba s e . 

I t  c ou l d  have a l s o  caused the err a t i c  r e s u l t s  o f  t e s t s  on 

the 1 / 2 i n c h  p i l e  i n  1 / 4  inch samp l e s . 

The var i ance o f  the maximum T- S ratios from s amp l e  to 

s amp l e  showed l i t t le d e f in i t e  tr ends . ( See F ig .  2 5 ) . The 

r e sp e c t ive T- S va l ue s of the two curve s for the 2 . 5  inch 
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samp l e s  d i f f e r ed by nearly 3 0  per cent , and the curve s for 

the sma l ler  samp l e s  d i s agree by a f ac tor of 4 0 per c e n t  o r  

mor e . A devi a t i on o f  r e s u l t s  of th i s  magn i tude between t e s t s  

conduct ed und e r  s imi lar cond i ti on s wa s not expec ted . 

Apparently the i n s ertion o f  such a large mode l p i l e , 

compared to the s amp l e  s i z e s , d i s rupted , and pos s ib ly damaged , 

the s amp l e s  to such an extent a s  to impo s e  t e s t i ng cond i t i ons 

tha t  var i e d  f rom te s t  to te s t . Whatever fac tors contributed 

to the incon s i s tent r e s u l t s  of the 3/4 inch p i l e t e s t  s e r i e s , 

i t  i s  evid ent that i n  mod e l p i l e  te s t s of thi s nature the 

s amp l e  d i ameter s hould be a t  l e a s t  four to f ive time s the 

d i ame t e r  o f  the p i l e  i n  order to achi eve reproduc i b le r e su l t s . 

C .  Load Tran �fe r  a s  a F unc t i on o f  Time 

A r eview o f  l i terature e s tabl i shed the f act  that the 

ultimate l.oad that a p i l e  can support increa s e s  wi th time 

a f ter  i t  i s  dr iven . A 1/2 inch p i l e wa s ins erted into a 2 . 5  

inch samp le  wi th no p i lot ho l e  and t e s ted at s et time inter

va l s to d e te rmin e  whe ther the s ame phenomenon wou ld occur with 

th e  mode l  p i le- so i l  sy s tem of thi s r e s earch . Knowl edge wa s 

al so de s i red conc erning how the ul timate load at 9 0  mi nute s , 

the usua l  time the p i l e  wa s a l l owed to s e t  before testing , 

c ompared wi th the ult imate load dete rmined immed iat e ly af ter , 

a nd s ever a l  days a f t e r  i n s e r t i on of the pi le . The r e s u l t s  

of tho s e t e s t s  appear i n  F ig .  2 6 .  
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The ultimate load whi ch the p i l e  supported increased 

with time simi lar to the compr e s s ion of  a c onf i ned soi l l ayer 

under cons tant load , and imp l i e s  tha t  s imilar mechan i sms may 

app ly to bo th c a s e s . There i s  a s l ight dip in  the c urve ne ar 

the 1 5 0  minute in terva l tha t devi ates from the smoo th con s o l i 

da t i on-type curve drawn . N o  exp lana t ion could b e  given for 

thi s devi ation wi th the ava i lable data . As the curve of F ig .  

2 6  shows , f ive days af ter ins ertion the ultimate load had 

doub l ed and there  wa s no tendency for the rate of increa s e  o f  

u l t imate load to leve l o f f . 

The c urve s o f  F i g . 2 7  show how the T-S ratios within the 

s amp l e  increas ed wi th time . The curve for the 9 0  minute t e s t  

gave T - S  va lue s h igher than tho s e  from s imi lar te s t s  reported 

previou s ly . Due to the method of tes ting , the p i l e  wa s loaded 

9 0 minu t e s  after a previous t e s t , and not strictly 9 0  minutes 

a f ter i n s ertion , there fore a s l ight d i f ference in results . 

U n l ike other T- S ratio curves , F ig .  2 7  shows the T- S 

r a t i o s  increa s ing above 1 . 0 .  It  mus t  be kept in mind tha t 

the vane shear va l ue s  used to c a lculate the T - S  ratio s were 

obtained from te s t s  per formed at l e a s t  1/4 inch away from the 

pi le sur face . The fact that T - S  rati o s  greater than 1 . 0  

occurred doe s not sugge st  the deve lopment o f  adhe s ion greater 

than the shear s trength of the so i l , but simply tha t  the shear 

s trength of the so i l  next to the p i l e  inc rea sed , and thus the 

adhe s ion incre a s ed . Thi s  increa s e  wa s due to di s turbance 

( or r emo l ding ) , den s i f ication , consol idation and thixotropic 

hardening of  the soi l immed i at e ly surrounding the pile . The 
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T- S  r a t i o s  greater than 1 . 0  resul ted from comparing the 

adhe s io n  between the p i l e  and the newly deve loped s o i l  s truc

ture wi th the s hear s trength of the soi l before d i s turbance 

and ga in in s trength . Cumming s ,  et . al . ( 1 9 5 0 ) h ave noted 

s imi lar result s . 

A greater amount o f  s o i l wa s s een adhering to the p i l e 

a s  it  wa s extracted a f ter the e l ap s ed time test than in any 

p r ior t e sts . The more den s e  struc ture and greater adhe s ion 

that wa s deve loped a t  the p i le- soi l inter face wi th the pa s s age 

o f  t ime cou ld have ea s i ly a ccounted fo r thi s . 

The r e s u l t s  o f  thi s  t e s t  indicated that insertion o f  the 

p i l e c au s ed d i s turbance that resu lted in a subsequent ga in in 

s t rength above the or igina l s trength of the soi l . Also , it  

appear s that  the  load  tran s fer between the p i le and  so i l  be

c ame l e s s  dep endent on soi l - p i le adh e s i on , and more a func

tion o f  the s o i l ' s s hear s trength wi th the pass age of time . 

D . Load Tra ns fer a s  a F unction o f  Penetration Rate 

Load te s t s  with var iou s  pene tration ra tes were carr ied 

out on the 1/2 inch p i le i n  a 2 . 5  i nch s amp le wi th no pi lot 

hole , and the change i n  u l timate load with the change i n  pene

trat ion rate wa s no ted . The resu l t s  o f  tho se te s t s  are 

shown in the graph of F ig . 2 8 . 

Irrespe c t ive o f the r ate s of pene tration u s ed , attainment 

o f  the ultimate loads took p lace at  a p i l e  movement of  0 . 0 0 4  

t o  0 . 0 0 5  i nch . A CRP ( cons tant rate o f  penetra t ion } o f  0 . 0 3 2  
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inche s per mi nute , s ixteen times the norma l C RP u s ed , yi e lded 

a 2 0  per cent increa s e  in th e u lt imate load over tha t ob t ained 

with a rate o f  0 . 0 0 2 inche s per minute . I t  appear s that wi th 

rap id l o ad ing f rom the high CRP ' s br idging occurred in the 

so i l  s truc ture and lower pore water pres sure s were deve loped . 

Lower pore  pre s sur e s  a l lowed h igher  e f fective stre s s  and the 

s o i l  s tructure suppor ted more load f rom the p i l e . Richardson 

and Wh i tman ( 1 9 6 3 )  r eported the increase in  lo ad capa c ity of 

so i l  wi th high s train rate s wa s mo s t  promi nent at  low s trains , 

a s in the load t e s t s  o f thi s research . F a i lure occurred in 

on ly 12  s econds at the C RP o f  0 . 0 3 2  inches per mi nute , thu s 

no t e s t s at  h igher r a t e s  wer e  conduc ted due to the inabi l i ty 

to moni tor the measuring i n s trument s at a f a s ter rate . 

F i gure 2 9 ,  ba s ed on the s ame data a s F ig . 2 8 , shows 

there wa s a near- l inear r e lationship between the increa s e  of 

u l tima t e  load a nd the loga r i thm of the rate of penetra tion 

f or the range of CRP ' s tes ted . On ly a mor e  extens ive and 

detai l ed s tudy of the same nature wou ld i ndicate i f  thi s type 

o f r e la t ionship i s  va l id in a l l  soi l- p i l e  sys tems and ranges 

o f penetrat ion rate . 

Wh i taker a nd Cooke ( 1 9 6 1 )  ob served only a 4 per cent 

increa s e  in u l t imat e  load wi th the highes t mu l t ip l e  ( 8 ) o f  

thei r s ta ndard C RP . Fai l ure i n  the i r t e s t s  occurred i n  three 

to ten minute s ,  a lthough the s tandard C RP was 0 . 0 6  inche s 

per m i nut e , thi rty t ime s the standard penetrati on rate i n  thi s 

r e s earch . 
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The nec e s s i ty of such a r e lative ly s l ow CRP , and fa i lure 

at the very low pene tra tion values , a l s o indi cate s that 

fai lure wa s a func tion of soi l -pile  adhe sion in thi s  re s ea rch . 

It i s  thought that so i l -to- so i l  fai l ure , noted in other model 

pi le  stud i e s , would have occurred a t  much greater p i le move

men t s  compared to the penetrat ions at fa i lure in thi s research . 



V .  SUMMARY AND CONCLU SIONS 

1 0 8  

A r eview o f  l i terature on soi l - p i l e i n tera c t i on s tud i e s  

with fu l l- s c a l e i n s trumented p i l e s  shows that d i s p l a c ement 

p i l e s  dr iven into s o f t  c lay cause  d i s t urbanc e to the s o i l 

s truc ture and an increase in the pore wat er pr e s sure of the 

sys tem .  The d egree o f  di sturbanc e i s  dep endent on the l i qu id

ity i nd ex and sens i t iv i ty o f  the s o i l .  Many pro gr ams o f  

r e s earc h  have shown that model  p i l e s  r epr oduce the ac tion  of 

f u l l- s ca l e  pi l e s  and of fer the advantage of incr e a s ed f l exi -

b i l i ty wi th r e spect to the founda tion geome try and so i l  con -

di tion s . 

In thi s r e s ear ch load tes t s  on mod e l  f r i c ti o n  p i l e s  were 

conducted by mea s ur ing the load requ i r ed to main tain a con s tant 

rate  o f  penetration ( CRP )  of  the p i l e . Three s i z e s  o f  me t a l  

p i l e s  were in s erted into two s i z e s  of  enc a s ed s edimented soi l 

s amp l e s  con s i s t ing o f  a definite proportion of s i l t  and c l ay .  

A s sorted s i z e s  o f  p i lot ho l e s  were cut in the samp l e s  before 

p i l e  i n s ertion and spec ia l ly-made a l i gnment frame s and l oad 

mea suri ng in s truments were incorporated in the te s t  proc edur es . 

The purpose o f the s e  te s t s  was to s tudy the eff ec t s o f varyi ng 

p i l e , s amp l e  and p i lot ho le s i z e  on the u ltimate load c apac ity 

o f  the p i le s . 

Vane shear te s t s  were carried out i n  order to  obtain  

s hear s trength d i s tr i bution curves for  each soi l sample , and 

to c orre l ate vane shear strength to the uncon fined compre s s ive 

s trength of  the s o i l . A theoreti c a l  load d i s tr ibut ion c urve 



1 0 9  

for the p i l e  wa s d eveloped whe reby the load transmi tted to 

the so i l  c ou ld be compared to t he vane shear s trength of the 

so i l  at s i x  depths in the s amp le s .  

The conc lus i on s  f rom thi s s tudy are : 

1 .  The vane s hear str ength of  the soi l decrea s ed wi th 

s amp l e  depth whereas the mo i s ture con tent and vo id 

ratio  increa s ed wi th depth . 

2 .  The ratio o f  the vane s hear s trength to one half 

the uncon f ined compre s s ive s tr ength wa s a lway s  

l e s s  than 1 . 0  and var ied with the mo i s ture c ontent 

o f  the s ed imented so i l . 

3 .  The load on the pi le varied l i near i l y wi th p ene

tration f o r  sma l l  p i l e  moveme nts  before fai lure . 

4 .  The va l ue o f  penetration at f a i lure wa s con s tant 

wi th t ime a f te r  pi�e in s erti on and wa s not generally 

a f unc t i on o f  p i le  di ameter , p i lot ho le  s i z e  of 

samp l e  s i ze .  

4 .  No mode l fri ction p i l e  d eve l oped the vane shear 

s tr ength of the s o i l  as skin f r iction wi th in 9 0  

mi nut e s  a f ter p i le i n sertion . 

6 .  The very low penetrati on at f a i l ure and lack of so i l  

adhering to the p i l e  i n f err ed that f a i lure wa s a 

function o f  s o i l - p i l e  adhe s ion in the s tandard 9 0  

m i nute te s t . 



7 .  The r a t i o  of the load tran s f e rred to the s oi l  

to the shear s trength o f  the soi l changed wi th 

s amp le depth and wa s h i ghe s t  near the s amp le 

bo ttom . 

1 1 0  

8 .  The T- S ratios  in the soi l s amp l e were a func t i on 

o f  the ratio o f  p i lot hol e d i ame ter to the p i l e  

d i amete r , or Rd ratio . 

9 .  The r e  wa s an opt imum R
d 

rati o , usual ly 0 . 7 5 ,  tha t 

o f f ered a ba lance b e tween low soi l di sturban ce 

wi th p i l e  i n s ertion and hi gh load carrying c apac 

i t y o f  the p i le . Thi s optimum value did not 

c hange wi th p i l e  s i z e , but did change wi th s amp le 

s i ze due to uncontrol lable conf ining pres sures  

initiated by  pile  ins ertion . 

1 0 . When the s i ze o f  s amp le used wa s l e s s  than 4 to 5 

t ime s the p i le d i ameter erra tic  r e s ul ts and po s

s ibly ba s e  fa i lure occurred . 

Load tes t s  were a l so conduc ted a t  var ious time interva ls  

a f te r  p i l e  in s e r tion to  s tudy the e f f e c t s  of  time on the 

u l t imate  load capac i ty of the p i l e . The conc lusions  from thi s 

s tudy are : 

1 .  The u l timate  load that the p i l e  could support 

incre a s ed wi th t ime a f ter p i l e  insertion . 

2 .  The T- S ratio s  increa s ed wi th time and even tua l ly 

became great e r  than 1 . 0  wh en compared to the vane 



sh ear s trength of the undi s turbed s o i l . I t  i s  

a s s umed that p i l e  i n s ertion caus ed r emo l d i ng and 

c onso l i da t ion that r e sul t ed in a more den s e  soi l 

s truc ture and higher s hear s trength ad j ac ent to 

the p i le wa l l . 

3 .  I t  i s  be l i eved the f a i lure mechan i sm became less  

1 1 1  

a function o f  s oi l- p i l e  adh e s ion and more d ependent 

on the shear strength of the soi l wi th the pas sage 

o f  time . 

Loa d  t e s t s  u s in g  var io u s  penetrat ion rates in the CRP te s t  

showed that the ultimat e  l o a d  c apac i ty o f  the pi l e  increased 

with an increa s e  in penetration rate . F a i lure in each t e s t  

oc curred a t  the s ame pen etra t i on val u e , and the incre a s e  in 

l oad capac i ty va r i ed a lmo s t l inear i ly wi th the logarithm of 

the penetration rate . 



VI . RECOMMENDATIONS 

1 1 2  

Much o f  the time devo ted to thi s  res earch wa s consumed in 

the deve lopment and bu i lding of equipment , thus the tes ting 

program was l imited . Many mor e  te sts  are needed to determine 

the l imi t s  of the var i ables  for wh ich the conc lusions pre

v i ous ly dr awn are  va l i d . The resu l t s  of  thi s  res earch s erve as 

a ba s i s  for the recommendations regarding future s tudy on 

model  t e s ting o f  thi s nature . 

1 .  The use  o f  a model p i l e  instrumented wi th s train 

gage s would produce a more accurate load d i s tr i 

bution curve f o r  u s e  in the analy s i s  o f  results . 

2 .  If , a f ter p i l e  inserti on , confining pre s sures of 

known magni tude were impos ed on s edimented soi l 

s amp l e s  wi th L/D rat i o s  of 2 . 0 or le s s , then more 

homogeneous s amp le's would r e sult . The problem of 

unknown conf i ning pres sure s af fecting re sults  would 

a l so be par t i a l ly so lved . 

3 .  A longer t ime per iod between pile  insert i on and 

load t e s ting , 3 to 5 days , wo uld a l low the d i s s i 

pation o f  pore water pre s sure s and _ more c omp lete 

conso l idation of th e so i l  around the pile . Wi th 

the added t ime the mechani sms of fai lure would be 

more s imi lar to  that of a f i e ld pile . 

4 .  Re su l t s  o f  s o i l shear s trength tests  conducted 

under varied cond i t i ons o f  drainage in a triaxial 



c e l l  could be  corre lated with p i l e  l oad tran s 

f e r  value s i n  a n  attempt t o  d e t e rmine the exa c t  

s oi l -p i l e  f a i lure mechan i sm .  

1 1 3  
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