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Pile Loading Tests in Stiff Clays

Essais de chargement de pieux dans des argiles consistantes

by  R ic h a rd  J . W o o d w a r d , S en io r  P a r tn e r , W o o d w a rd -C ly d e -S h e ra rd  &  A sso c ia te s , O a k la n d , C a lifo rn ia  

R a y m o n d  L u n d g r e n , P a r tn e r , W o o d w a rd -C ly d e -S h e ra rd  &  A sso c ia te s , O a k la n d , C a lifo rn ia  

a n d

J o se p h  D . Bo j t a n o , J r . ,  D ire c to r , M a te r ia ls  T e stin g  L a b o ra to ry , D is tr ic t  P u b lic  W o rk s  O ffice, U . S. D e p a r tm e n t  o f  

th e  N av y , S an  B ru n o , C a lifo rn ia .

Summary

The results of load tests on pipe piles and drilled piers cons­
tructed in stiff clay soils are presented and analyzed. Conclusions 
are drawn concerning the relationship between soil strength and 
maximum skin friction Tor pipe piles driven in stiff clay. Com pa­
risons are also made between the performance of pipe piles and 
drilled piers, the actual supporting capacity of the piles and 
values computed from soil lest data, and the developed and 
computed values of skin friction in sands.

Introduction

T he developm ent o f  a irp o rt facilities at Lem oore, C alifornia , 

included the  design and  construc tion  o f  a series o f  hangars 

fo r w hich even sm all differential settlem ents w ould have 

undesirable effects. T hus, a lthough  the site was underlain  

by  sand and  relatively  stiff clays, it was necessary to  transfer 

the colum n loads by m eans o f piles to  relatively  incom ­

pressible clays located a t depths o f 45 to  60 feet below the 

g round  surface. Because o f the large num bers o f piles invo l­

ved, a  com prehensive series o f  load tests on  pipe piles was 

conducted  w hich enabled  values fo r the m axim um  skin 

friction developed in the stiff clay to  be determ ined. A dditi­

onal tests on a  series o f  drilled piers provided sim ilar in fo r­

m ation  fo r this type o f  foundation .

In a previous survey o f  the adhesion o f  piles driven  in 

clay soils, T o m lin s o n  [1] concluded tha t the availab le  data  

concerning the perform ance o f  pipe piles was too  m eager 

to  perm it even approx im ate  recom m endations to  be offered. 

I t was hoped, therefore, tha t the info rm ation  obta ined  from  

the  tests m ight help to  rem edy this deficiency and a t the sam e 

tim e enable com parisons to be draw n between the perfo r­

m ances o f pipe piles and drilled piers, the ac tual supporting  

capacity  o f  the piles and values com puted  from  soil test 

da ta , and  the developed and com puted  values o f skin fric tion 

in sands.

Soil Conditions a t  S ite

T he soil cond itions a t the site consist p rim arily  o f  silty 

and  sandy clays, w ith occasional sand lenses. H ow ever, a 

layer o f  m edium  dense silty sand, 12 to  30 ft. in thickness is 

located abou t 8 ft. below the ground  surface in som e areas, 

and  a layer o f  dense silty  sand , ab o u t 10 ft. th ick, appears 

to  underly  the entire site a t depths vary ing  from  42 to  85 ft.

D eta ils o f  the soil cond itions a t various locations are 

show n in Figs. 1, 2 and 3. T he unconfined  com pression 

streng th  (q H) o f the clays varied th rou g h o u t the site from  

ab o u t 1,500 lb. per sq. ft. to  7,400 lb. per sq. ft. and  the

Som m aire

Nous présentons et analysons dans ce rapport, les résultats 
d ’essais de chargement de pieux creux et pieux forés dans une 
argile de consistance moyenne. Nous en avons tiré des conclusions 
sur la relation entre la résistance au cisaillement du sol et le frot­
tement du terrain sur la surface du pieu.

N ous avons fait une comparaison entre la charge portante 
réelle et les valeurs calculées d 'après les résultats des essais de sol 
et entre le frottement superficiel réel et calculé pour des sables.

average pene tration  resistance o f  the sand  (N )  in the standard  

pene tra tion  test from  ab o u t 18 to  45.

P ile Tests

T he p ipe piles on w hich tests were conducted  had  an  in ternal 

d iam eter o f  12 in. and  an ex ternal d iam eter o f  12 3/4 in. 

T he bo tto m  o f each pile was sealed by a one-half inch plate, 

fillet welded to the outside o f  the pipe. The piles were driven 

w ith a  single acting R aym ond  N o. 1 ham m er (w eight o f 

ram  =  5 000 lbs., height o f fall =  3 f t . ) ; the resistance to 

pene tra tion  during  driv ing  is show n in Figs. 1, 2 and 3. 

W hen each pile had been driven to the required  depth 

(45 o r 60 ft. below the ground surface) the inside was ins­

pected to  ensure tha t the bo ttom  pla te  was in tact, and  the 

pile was filled w ith concrete.

F o r com pression tests, loads were applied by jacking  

against a  loaded sandbox  located centrally  above the pile. 

F o r  tension tests loads w ere applied by jack ing  against a heavy 

cross m em ber welded to  the pile, using a tim ber grillage 

resting on the ground  on each side o f  the pile as a reaction .

Loads were applied in a series o f increm ents, each increm ent 

being m ainta ined  until the ra te  o f  settlem ent o f  the pile had  

reduced to  0-012 in. per hou r or less. D eflections were m easured 

by dial gauges relative to  a stiffened beam  supported  on 

the ground  a t a  d istance o f  8 ft. from  the center o f  the pile.

A  to tal o f  14 indiv idual pipe piles (num bered  I to X IV ), 

together w ith a  3-pile group w ere driven, but n o t all the 

piles were loaded to  failure. T he results o f  all tests carried  

to  failure together w ith pertinen t inform ation  concerning 

the soil cond itions and  the penetration  resistance during  

driv ing  are show n in Figs. 1, 2 and  3.

D rilled P iers

The drilled piers w ere constructed  by excavating  a shaft 

to  the desired depth  (30 to  46 ft.) using a bucket rig , casing
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S t i f f  b r o w n  

s i l t y  c l a y  

w i t h  l e n s e s  

o f  s a n d

8 ‘ q u = 2 7 0 0  p s f

6 ‘ q u = 2 7 0 0  p s f

2 9 '  q u = 7 4 0 0  p s f  

D r i v i n g  R e s i s t a n c e

0  2 0  4 0

D r i v i n g  r e s i s t a n c e  -  

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

D r i v i n g  r e s i s t a n c e  -  

b lo w s  p e r  f t . p e n e t r a t i o n

PILE  NO. VIII PILE NO. VI

U l t i m a t e  C a p a c i t y :

C o m p r e s s i o n  = 7 0  t o n s

U l t i m a t e  C a p a c i t y :

T e n s i o n  = 1 0 0  t o n s  

C o m p r e s s i o n 2 110 t o n s

Fig. 1 Test data for piles driven in clay.

Résultats des essais relatifs à des pieux battus dans de l’argile.

P I L E  N O .  I l l

U l t i m a t e  C o p a c i t y :

T e n s i o n  = 6 0  t o n s 

C o m p r e s s i o n :  115 t o n s

P I L E  N O .  X I I I

U l t i m a t e  C a p a c i t y :

T e n s i o n  = 7 5  t o n s 

C o m p r e s s i o n *  1 0 0  t o n s

P I L E  NO. X I I

U l t i m a t e  C a p a c i t y :  

T en si o n  = 

Co m p r es si o n  =

1 3 0  t o n s  

> 12 0  t o n s

P I L E  N O .  I l

U l t i m a t e  C a p a c i t y ;

T e n s i o n  = 1 3 0  t o n s  

C o m p r es si o n  = > 1 2 0  t o n s

Fig. 2 Test data for piles driven in sand and clay.

Résultats des essais relatifs à des pieux battus dans du sable et de l’argile.
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D r i vi n g  r e s i s t an ce  -  

b lows p er  f f . p en et r at i o n
D r i vi n g  r e s i s t a n c e  — 

b lo w s p e r  f t .  p e n et r a t i o n

P I L E  N O .  V

U l t i m a t e  C a p a c i t y :

T en s i o n  = 1 4 0  t o n s

P I L E  N O .  X

U l t i m a t e  C a p a c i t y :  

Co m p r e s s i o n  =

0 20 40
D r i v i n g  r e s i s t a n c e  — 

b lo w s p e r  f t .  p en et r a t io n

P I L E  N O .  X I

U l t i m a t e  C a p a c i t y :

C o m p r e s s i o n  = M O  t o n s

Fig. 3 Test data for piles driven in sand and clay.

Résultats des essais relatifs à des pieux battus dans du sable et de l’argile.

b ein g  p ro v id ed  o n ly  w h en  the sid es o f  th e h o les ten d ed  to  

cav e  in . W h en  casin g  had  to  be used  i t  w as fo u n d  t h at  b o th  

t he d r i l l in g  t im e an d  co n cret in g  t im e in creased  co n sid erab ly , 

as th e in s t a llin g  and  rem o val o f  the casin g  w as d if f icu lt .

Fa lse  b o tt o m s w ere p laced  at  the b o tt o m s o f  t h e m a jo r it y  

o f  the p ie r  ex cavat io n s p r io r  t o  p lac in g  co n crete. Th ese 

co n sisted  o f  15- in. d iam eter  cy lin d e rs  o f  N o . 10 g au g e sh eet 

m eta l, 8  in . in  d ep th , w it h  an  18- in. d iam eter  p la t e  o n  th e 

to p  sid e. Co n cre te w as p laced  to  f i l l  th e sh af ts im m ed ia te ly  

on  co m p le t io n  o f  th e ex cavat io n .

Co m p ressio n  tests on  th e p iers w ere co n d u cted  in  the 

sam e m an n er  as f o r  the p iles. H o w e ve r , in  cases w h ere fa lse 

b o tt o m s w ere u sed , o n ly  sk in  f r ic t io n  on  th e sid es o f  the 

sh af t  co n t r ib u ted  t o  the su p p o r t in g  cap a c it y  o f  th e p ie r . 

A lt h o u g h  a t o t a l o f  10 p iers (n u m b ered  I  t o  X )  w ere co n st ru c ­

t ed , n o t  a l l  tests w ere car r ied  to  f a ilu r e . T h e su p p o r t in g  

cap acit ies o f  p ie r  sh af ts and  the so il co n d it io n s at  f o u r  test  

lo cat io n s p erm it t in g  d ir ec t  co m p ar iso n  o f  th e p er fo rm an ce 

o f  p iers an d  p iles are p resen ted  in  Fig . 6 .

A n alysis o f  Pi le  Lo ad  Test  Resu lt s

(a ) Piles D riven Essentially in  S t i f f  Clay— T est  d ata f o r  

tw o  p iles, n u m b ers V I  an d  V I I I ,  d r ive n  essen t ia lly  in  c la y , 

are p resen ted  in  Fig . 1. Fo r  p ile  V I ,  th e u lt im ate cap ac it y  

o f  th e p ile  t ip  w as co m p u ted  u sin g  th e b ear in g  cap ac it y  

f o rm u la , </Uit =  9 i  lb . p er . sq . f t . w h ere s  is  th e sh ear  st ren g th  

o f  th e so i l  a t  th e t ip  o f  th e p ile  (an d  is eq u al t o  o n e h a l f  the 

u n co n f in ed  co m p ressio n  st ren g th , q u). Su b t rac t in g  t h e t ip  

cap a c it y  f ro m  th e t o t a l co m p ressio n  c ap a c it y  o f  th e p ile , 

t he su p p o r t  p ro v id ed  b y  the sh af t  is d eterm in ed , an d  d iv id in g  

th is b y  th e em b ed d ed  area o f  th e p ile  lead s t o  an  averag e 

va lu e o f  th e sk in  f r ic t io n  at  f a ilu r e  o f  950 lb . p er sq . f t . In  

co m p u t in g  th is va lu e  i t  w as assu m ed , sin ce th e d efo rm at io n s

o f  a p ile  d u r in g  d r iv in g  cau se a la t e r a l d efo rm at io n  o f  th e 

s o i l, t h at  in  s t if f  c la y  t h ere w o u ld  b e a loss o f  co n t act  b etw een  

th e p ile  an d  s o i l  in  the u p p er f o u r  feet  o f  the p ile . T h e sam e 

assu m p t io n  is m ad e th ro u g h o u t  the f o llo w in g  an alyses.

Referen ce t o  Fig . I sh o w s th at  th e va lu e f o r  the m ax im u m  

sk in  f r ic t io n  is less th an  th e averag e sh ear st ren g th  o f  t h e 

so il su r ro u n d in g  th e p ile . H o w eve r , the m ax im u m  sk in  

f r ic t io n  can  co n ve n ie n t ly  b e ex p ressed  b y  t h e re la t io n sh ip  : 

M ax im u m  sk in  f r ic t io n  =  Red u ct io n  co ef f ic ien t  (AT) x  sh ear 

st ren g th  o f  c la y ,

and  th e ap p r o p r ia te  va lu e  o f  th e red u ct io n  co ef f ic ien t  K  can  

r e a d i ly  b e d et erm in ed ; f o r  t h is p ile , d r iven  in  c la y  h av in g  

an  averag e sh ear st ren g th  o f  1,000 lb . p er sq . f t . , K  — 0- 95.

A p p ly in g  a s im ila r  ap p ro ach  t o  p ile  V I I I  an d  u t i liz in g  

th e ap p ro x im ate r a t io  o f  th e red u ct io n  co ef f ic ien t s f o r  s  =  

1,350 an d  s  =  3 ,7 00  lb . p er  sq . f t . in d icat ed  b y T o m lin so n  

lead s t o  th e valu es o f  K  in d icated  in  T a b le  1.

(b ) Piles Driven in S im ila r  Deposits o f  S a n d  a nd  Clay—  

Fo u r  p iles, f o r  w h ich  th e ten sio n  cap acit ies w ere d eterm in ed , 

w ere d r iven  in  essen t ia lly  s im ila r  co n d it io n s o f  san d  and  

c la y  (Fig . 2 ). Sin ce  these p iles h ad  d if feren t  len g th s, a d ir ect  

co m p ar iso n  o f  th e sh af t  su p p o r t  f o r  a n y  t w o  o f  the p iles 

can  be used t o  estab lish  valu es f o r  t h e m ax im u m  sk in  f r ic ­

t io n  p ro v id ed  b y  the san d  an d  the ap p r o p r ia te  r ed u ct io n  

co ef f ic ien t s f o r  th e s t if f  c lays . F o r  ex am p le, p iles X I I  and  

X I I I  m ay  b e co m p ared  as f o llo w s :

Le t  K 1 =  red u ct io n  co ef f ic ien t  f o r  s  =  2 ,3 50  lb . p er sq . f t .

K 2 =  r ed u ct io n  co ef f ic ien t  f o r  s =  3 ,300 lb . p er  sq . f t .

S  =  t o t a l m ax im u m  sk in  f r ic t io n  in  san d .

T h en  f o r  p ile  N o . X I I ,  f o r  w h ich  the d iam eter  is 1- 06 f t . 

and  the m easu red  va lu e  o f  th e sh af t  su p p o r t  is 130 to n s : 

3- 14 x  1- 06 x  13 x  1- 2 x  K Y -  3- 14 x  1- 06 x  20  x  1*65 

x  K9 -i- S  =  130 to n s
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TABLE 1

Reduction Coefficients for Piles in Clay

P ile
No.

Average Shear 
Strength of Clay 

Along Shaft

( lb . /  sq. f t )

Ultimate Capacity 

of P ile  (tons)

Computed
Tip

Capacity

( tons)

Reduction Coefficient

Tens ion Compression

VI 41 f t .  @ 1,000 _ 70 5 s = 1,000 lb .s q .f t .  K = 0.95

V II I 12 f t .  6 1,350 

29 f t .  6 3,700
100 110 - s = 1,350 lb .s q .f t . K = 0.73 

s = 3,700 lb .s q .f t .  K = 0.43

TABLE 2

Analysis of Load Test Data for Piles Driven 

in Similar Deposits of Sand and Clay

P ile  

No.

Depth
Sand
( f t . )

Penetration 

Resistance 

of sand

(b low s/ft.)

Unit Skin Friction  

of Sand 

( tons so. f t .)

Depth 

Clay 

( f t .  )
Reduction Coefficient for 

Adhesion of Clay

X II 23 20 0.38
N
J5 33 s = 2,350 lb .s q .f t .  K = 0.67 

s = 3.300 lb .s o .f t .  K = 0.59

X I I I 23 20 0.38
N
53 18 s » 2,350 lb .s q .f t .  K = 0.67

I I 21 30 0.64
N
47 35 s = 2,200 lb .s q .f t .  K = 0.73 

s = 3,050 lb .s q .f t;  K = 0.51

I I I 28 18 0.33
N
53 13 s = 3,500 lb .s q .f t .  K = 0.54

TABLE 3

Réduction Coefficients for P iles Driven in Sand and Clay

Pile
No. Ultimate Capacity (tons)

Computed
Tip

Capacity

(tons)

Computed Shaft 
Support From 

Sand (tons) Reduction Coefficient
Tension Compression

V 140 - 42 to 84 s = 2,250 lb .s q .f t .  K = 0.59 to 0.92

- 55 7 35 s = 1,800 lb .s q .f t .  K = 0.23

XI - 110 20 25.5 s = 2,500 lb .s q .f t .  K = 0.39

Sim ilarly , fo r pile N o. X I I I ,  which has a  m easured  value o f 

shaft suppo rt o f 75 tons :

3-14 x  1-06 x 18 x 1-15 x  K x +  S  =  75 tons 

If, in add ition , the relationship  between reduction  coefficient 

K  and  shear streng th  s  is considered to  be sim ilar in form  to 

tha t show n by T o m lin s o n  [1] for concre te piles, then approxi-

m ately  - =  113 
K2

R eduction  o f  these equations leads to  the following values :

S  =  29 to n s ; AT, =  0*67; K 2 =  0-59 

A nalysis o f the unit skin friction in the sand based on S  =  29 

tons leads to  a value o f 750 lb. per sq. ft. I f  th is is expressed 

as a  p ropo rtion  o f  the s tanda rd  pene tration  resistance as 

suggested by M e y e r h o f  [2] the skin fric tion  in the sand 

N
( N  =  20) is thus equal to  —  tons per sq. ft.

S im ilar analyses with m ino r m odifica tions fo r variations 

in conditions for the o ther piles show n in Figs. 2 leads to

the  values o f  reduction  coefficients and  skin friction  values 

fo r sand show n in T ab le 2.

I t  will be noted tha t the skin fric tion  in the sand, indicated 

by these analyses, is in excellent agreem ent w ith the value o f

N
— suggested by M eyerhof. In view o f  this agreem ent it is

considered reasonable to ad o p t this value for analysis of 

o th e r piles a t this site for w hich load test da ta  a re  available.

(c) Other Piles Loaded to Failure—T he load test d a ta  and 

soil cond itions for three o ther piles loaded to failure are 

show n in Fig. 3. By com puting  the shaft suppo rt con tribu ted  

by the sand as discussed above and  determ ining  the tip 

capacity  fo r piles in clay as previously described, values o f the 

skin friction  developed in the clays and  the corresponding 

reduction  coefficients can readily  be determ ined. Values 

determ ined in this w ay are presented in T able 3.

(d) Sum m ary o f  Reduction Coefficients—T he reduction 

coefficients listed in T ables 1 to 3 are p lo tted  in relation  to

1 8 0



th e sh ear  st ren g th  o f  th e c la y  in  Fig . 4 , A s  no ted  b y  T o m ­

l in so n , the red u ct io n  co ef f ic ien t  ten d s t o  d ecrease as th e sh ear 

st ren g th  o f  th e so i l  in creases. H o w ever , th e averag e valu es 

d eterm in ed  a t  Lem o o re are ap p r ec iab ly  h ig h er t h an  the 

averag e valu es f o r  co n crete p iles an d  f o r  a l l  t yp es o f  p ile  

sugg ested  b y  T o m lin so n .

K  0 .4 0

0.20-----------------------------------------------------------------------------------

O'------------------------------------------------
0 5 0 0  1000 1500 2 000  2 500  3 0 0 0  3 5 0 0  4 0 0 0

Sh ea r  St r en g t h  — lb s. p er  sq . f t .

Fig. 4 Relationships between reduction coefficient and shear 
strength o f clay.

Relat io n  en tre le rap p o r t  du fro t tem en t d u p ieu su r  le 

so l à la résistance au cisaillem en t d e celu i- ci.

In  o rd er  to  t h ro w  f u r th er  l ig h t  o n  th e red u ct io n  co ef f i ­

c ien t s ap p licab le  t o  p ip e p iles, a su m m ary o f  a l l  a v a ila b le  

valu es f o r  th is t yp e  o f  p ile  is p resen ted  in  Fig . 5. In  ad d it io n  

t o  valu es d eterm in ed  b y  t h e tests a t  Lem o o re, t h e f ig u re 

in clu d es valu es d et erm in ed  f ro m  d ata rep o r ted  b y  

R .  B .  Pec k  [3 ] f o r  tests co n d u cted  in  the Cu yao g a R iv e r  

v a l le y  an d  b y  To ml in so n  [1 ] f o r  a test  a t  th e Is le  o f  G r a in . 

T h e p lo t ted  valu es f o r  tests in  the C u yah o g a R iv e r  v a l le y  w ere 

d eterm in ed  in  essen t ia lly  t h e sam e m an n er as t h a t  d escr ib ed  

ab o ve.

I t  w i l l  b e seen  t h at  th ere is a co n sid erab le v a r ia t io n  in  

valu es, the resu lt s f o r  the C u yah o g a V a l le y  tests b ein g  co n s­

is t e n t ly  lo w er  t h an  th o se at  t h e o th er  tw o  sites. Po ss ib ly  th is 

va r ia t io n  is in f lu en ced  to  som e ex ten t  b y  va r ia t io n s  in  the

o I— —— —I- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - -
5 0 0  1000 1500 2000 2500 3 000  3500 4000

Sh e a r  St r en g t h  — lb s. p er  sq . f t .

Fig . 5 Relat io n sh ip s between red uct ion  coeff icien t  and  shear 

strength o f  c lay  fo r  p ipe p iles.

Relat io n s en tre le coeff icien t  de réd uct ion  et  la résistance 

au cisaillem en t de l ’arg ile p ou r des « p ieux  tuyau x  ».

in t e r v a l b etw een  p ile  d r iv in g  an d  test in g  b u t  n o  d ef in it e 

co n clu sio n  reg ard in g  th e effect  o f  th is fact o r  can  be d raw n  

f ro m  th e in fo rm at io n  ava ilab le .

A n  averag e cu rve  f o r  a l l  tests o n  p ip e p iles is sh o w n  in  

Fig . 5 w h ich  m ig h t  b e used  f o r  est im at io n  o f  su p p o r t in g  

cap ac it ie s ; i t  w i l l  b e n o ted  t h at  th is cu rve  is q u it e s im ila r  

to  th at  sugg ested  b y T o m lin so n  f o r  co n crete p iles. H o w ever , 

u p p er  and  lo w er  l im it s  a re  a lso  in d icat ed  on  th e f ig u re to  

em p hasiz e th e f a c t  t h at  su b stan t ia l va r ia t io n s  fro m  these 

averag e valu es m ay  b e ap p licab le t o  d if feren t  sites. Fu r t h e r  

in fo rm at io n  o f  th is t yp e  f o r  o th er  sites is ex t rem ely d esirab le.

( f )  Prediction o f  Pile Performance— T h e averag e cu rves 

sh o w n  in  Fig . 5 m ay  be u sefu l in  p red ict in g  the su p p o r t in g  

c ap ac it y  o f  f r ic t io n  p iles. T o  i l lu s t r a t e  th e p o ten t ial accu racy  

o f  t h e resu lt s, co m p u tat io n s o f  th e su p p o r t in g  c ap ac it y  in  

ten sio n  an d  co m p ressio n  h ave been m ad e f o r  the 14 p iles 

test  lo ad ed  at  Lem o o re. Co m p u tat io n s w ere m ad e as f o llo w s :

( 1)  t h e t ip  resistan ce an d  sk in  f r ic t io n  fo r  p iles in  san d  

w ere d eterm in ed  b y  the m etho d s sug gested b y  M e y e r h o f  [2 ] 

b ased  o n  th e resu lt s o f  stan d ard  p en et rat io n  tests,

( 2 ) t h e u lt im ate b ear in g  cap ac it y  o f  p ile  t ip s in  c la y  w as 

co n sid ered  t o  b e eq u al to  9  t im es th e sh ear  st ren g th  o f  th e 

c la y ,

(3 ) th e m ax im u m  sk in  f r ic t io n  in  c la y  w as assum ed  t o  b e 

eq u al t o  th e sh ear  st ren g th  o f  th e so i l  m u lt ip lied  b y  the 

ap p r o p r ia te  red u ct io n  co ef f icien t  d eterm in ed  fro m  th e averag e 

cu r v e  in  Fig . 5.

A  co m p ar iso n  o f  th e p ile  su p p o r t in g  cap acit ies co m p u ted  in  

t h is w ay  w it h  tho se m easu red  in  th e tests is sh o w n  in  T ab le  4 . 

Fo r  th e fo u r teen  tests an alyz ed , th e m ax im u m  d iscrep an cies 

in  co m p u ted  valu es w ere ab o u t  +  40 p er cen t  —  a d eg ree o f  

accu racy  co m p at ib le w it h  t h at  ach ieved  in  o th er  asp ects o f  

so i l  m ech an ics.

Analysis of P ier Load Test Results

(a ) Direct Comparison o f  the Supporting  Capacities o f  Piles 

and Piers— T h e test  p ro g ram  co n d u cted  fo r  t h is p ro ject  

p ro vid ed  f o u r  lo cat io n s at  w h ich  i t  w as p o ssib le t o  m ak e a 

d ir ec t  co m p ar iso n  o f  th e sh af t  su p p o r t  d evelop ed  o n  d r iven  

p ip e p iles an d  o n  d r illed  and  cast- in - p lace co n crete p iers. 

T h e  so i l  co n d it io n s and  th e len g th s and  su p p o r t in g  cap acit ies 

o f  th e p iles an d  p iers a t  these lo cat io n s are p resen ted  in  

Fig . 6 . It  sh o u ld  be n o ted  t h at  t h e sh af t  su p p o r t  f o r  th e 

p iers w as d eterm in ed  b y com p ressio n  tests on  p iers co n st ru c ­

ted  w it h  fa lse b o tto m s. H o w ever , at  th ree o f  th e f o u r  lo ca ­

t io n s th e sh af t  su p p o r t  f o r  t h e p iles w as m easu red  b y  ten sion  

t e s t s ; a t  th e f o u r t h  lo ca t io n  the su p p o r t in g  cap ac it y  o f  th e 

p ile  in  co m p ressio n  w as d eterm in ed  an d  th e co m p u ted  t ip  

cap ac it y  su b t racted  f ro m  th is test  resu lt  t o  d eterm in e th e 

sh af t  su p p o r t .

In  g en eral, the p iles an d  p iers a lso  h ad  d if feren t len g th s an d  

d iam eters. H o w eve r , th e sh af t  cap ac it y  f o r  a p ile  can  be 

red u ced  to  th e va lu e co r resp o n d in g  t o  th e p ier  len g th , w h ere 

n ecessary, b y  d ed u ct in g  fro m  th e m easu red  cap ac it y  th e 

sk in  f r ic t io n  d evelo p ed  in  the ad d it io n a l len g th  o f  p iles, u sin g  

th e red u ct io n  f ac t o r  o r  sk in  f r ic t io n  in  sand  com p u ted  p re ­

v io u s ly  f o r  th e p ile  in  q u est io n . T h e sh af t  su p p o r t  f o r  a 

p ier  o f  sm aller  d iam eter  w as d eterm in ed  b y red u cin g  th e 

m easu red  cap ac it y  in  p ro p o r t io n  to  th e r a t io  o f  th e d esired  

and  act u al em b ed d ed  areas.

B y  ap p ly in g  ap p r o p r ia te  co r rect io n s in  th is w a y , the 

test  resu lt s p erm it  a d irect  co m p ar iso n  o f  th e sh af t  su p p o r t  

o n  p iles an d  p iers co n st ru cted  a t  th e sam e lo cat io n . T h e  

co r rected  valu es f o r  sh af t  su p p o r t  are p resen ted  in  T ab le  5. 

I t  w i l l  be seen  t h at  in  g en eral the p iers a t  t h is site d evelo p  

so m ew h at  less sh af t  su p p o r t  t h an  th e p iles, th o u g h  th e d if f ­

eren ce is n o t  g reat  an d  is u n l ik e ly  in  a n y  case t o  ex ceed  ab o u t

25 p er cen t.
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TABLE 4 

SUMMARY OF PILE DATA

P ile
No.

Length
S o il at Tip S o ils  Along Shaft

Computed 
Supporting Capacity

Actual 
Supporting Capacity

Computed Supporting Capaciti

1 45 S t i f f  s i l t y  clay 
q ■ 3600 psf

4 f t .  f i l l  
10 f t .  c lay q - 3800 psf

15 f t .  sand N - 32
16 f t .  c lay qu= 4000 psf

Tension Compression Tension Compression Tension Compression

81 88
— >120

(
<0.73

11 60 S t i f f  s i l t y  clay 
qu - 2600 psf

4 f t .  f i l l
5 f t .  c lay qu= 6100 psf 

21 f t .  sand N = 30
30 f t .  c lay qu= 4400 psf

100 105 135 >120 0.74 <0.78

111 45 S t i f f  s i l t y  clay 
qu • 7000 psf

4 f t .  f i l l
2 f t .  c lay q ■= 14000 psf 

28 f t .  sand N = 18 
11 f t .  c lay q - 7000 psf

60 74 60 115 1.00 0.65

IV 80 S t i f f  s i l t y  clay 
q = 6600 psf

4 f t .  f i l l
8 f t .  Clay q « 6100 psf 

18 f t .  sand N - 26 
50 f t .  c la y  q = 5800 psf

130 143 > 130 <1.10

v 45 Dense sand 
N > 45

4 f t .  f i l l  
27 f t .  c lay qu= 4500 psf 

14 f t .  sand N - 45

85 243 140 >120 0.61.
"

VI 45 S t i f f  s i l t y  clay 
q - 2200

4 f t .  f i l l  
41 f t .  c lay qu-  2000 psf

61 .5 65 70
-- 0.93

VII 45 Dense sand 
N - 45

2 f t .  f i l l  16 f t .  c lay q - 2800 psf 

24 f t .  c lay q = 4400 psf 

3 f t .  sand N = 40

74 215 > 120

VIII 45 S t i f f  sandy clay 
qu - 7400

2 f t .  f i l l  
14 f t .  clay qu= 2700 psf 

29 f t .  c lay q ■ 7400 psf

75 90 100 110 0.75 0.82

IX 60 Dense sand 
N - 46

4 f t .  f i l l  
14 f t .  c lay q « 2800 psf 

26 f t .  c lay qu~ 5200 psf 

16 f t .  sand N = 50

120 282 >150 >120 <0.8

X 45 S t i f f  clay 
q * 3600 psf

2 f t .  Clay q = 5000 psf 

24 f t .  sand N = 22 
19 f t .  c lay q = 3600 psf

67 74 " 55
" 1.34

XI 60 S t i f f  s i l t y  clay 
q = 10000 psf

2 f t .  c lay q ■ 5200 psf 

19 f t .  sand N -  20 
39 f t .  c lay q - 5000 psf

90 110 110
~ 1.00

XII 60 S t i f f  s i l t y  clay 
qu ■ 6600 psf

6 f t .  c lay Qu- 5500 psf 

23 f t .  sand N = 20 
11 f t .  clay q = 4800 psf

88 101 130 >120 0.68 <0.78

XIII 45 S t i f f  s i l t y  clay 
q - 4600 psf

6 f t .  c lay qu= 4000 psf 

23 f t .  sand N = 20 
16 f t .  clay qu= 4600 psf

60.5 69.5 75 100 0.81 0.70

XIV 60 Dense sand 
N - 45

5 f t .  c lay q - 5800 psf 

31 f t .  sand N = 30 
15 f t .  c lay qu= 4000 psf 

9 f t .  sand N * 40

111 269 > 120

(b ) Reduction Coefficients for Piers in Clay— T h r e e  o f  

t h e test  p iers p ro v id ed  w it h  f a lse b o tt o m s w ere co n st ru cted  

e n t ir e ly  in  s t if f  c la y s . T h u s th e averag e sk in  f r ic t io n  a t  f a i lu r e  

co u ld  be d ir e c t ly  d eterm in ed  an d  co m p ared  w ith  t h e averag e 

sh ear st ren g th  o f  t h e so i l. T h e  p er t in en t  d a ta  f o r  these p iers 

are p resen ted  in  T a b le  6 . In  each  case th e m ax im u m  sk in  

f r ic t io n  is su b st an t ia lly  less t h an  th e sh ear st ren g th , co r res ­

p o n d in g  t o  red u ct io n  co ef f ic ien t s ran g in g  f r o m  0- 49 t o  0- 52 

fo r  so i l  sh ear  st ren g th s o f  ab o u t  2 ,0 0 0  lb . p er sq . f t . T h e  

co m p u ted  red u ct io n  co ef f ic ien t s a re  p lo t ted  in  Fig . 4 . I t  

w i l l  b e seen  t h a t  t h e r ed u ct io n  co ef f ic ien t s f o r  th e p ie rs are 

s l ig h t ly  less t h an  th o se d eterm in ed  f o r  p iles d r ive n  at  t h is 

site.

(c ) Piers in Sand and Clay— Fo u r  o f  th e test  p ie rs co n st ru c ­

t ed  w it h  fa lse b o tt o m s w ere em b ed d ed  in  san d  an d  c la y . 

B y  d ed u ct in g  t h e sh af t  su p p o r t  m o b iliz ed  in  th e c la y  f ro m  

the m easu red  cap a c it y , t h e sh af t  su p p o r t  p ro v id ed  b y  t h e 

san d  co u ld  be evalu ated . D e t a i ls  o f  t h e so i l  co n d it io n s , 

su p p o r t in g  cap ac it ies, an d  p er t in en t  ca lcu la t io n s  a re  p resen ted  

in  T a b le  7 . T h e  sh af t  su p p o r t  p ro v id ed  b y  t h e c la y  w as 

co m p u ted  u sin g  a  r ed u ct io n  f a c t o r  o f  0*5 (as  d eterm in ed  

ab o ve) w h en  th e sh ear  st ren g th  o f  th e c la y  w as o f  t h e  o rd er

o f  2 , 0 0 0  lb . p er sq . f t . ; t h e ap p r o p r ia te  red u ct io n  co ef f ic ien t  

w as co n sid ered  t o  b e in  t h e ran g e b etw een  0- 5 an d  a  va lu e  

s l ig h t ly  less t h an  t h a t  d eterm in ed  f o r  p iles w h en  t h e sh ear  

st ren g th  w as co n s id erab ly  g reater  th an  2 , 0 0 0  lb . p er  sq . f t . 

I t  w i l l  b e seen  t h a t  t h e u n it  sk in  f r ic t io n  o f  t h e san d  act in g  

N  N
on  the p iers ran g es f ro m  —  t o  —  lb . p er  sq . f t . A s  m ig h t

b e ex p ected , these valu es are so m ew h at  less th an  th e sk in  

f r ic t io n  va lu es d eterm in ed  f o r  p iles.

Conclusions

Based  on  th e resu lt s o f  lo ad  tests o n  p ip e p iles, t ap ered  

p iles and  d r i lled  p iers co n d u cted  a t  Lem o o re, C a l i f o r n ia , 

the f o llo w in g  co n clu sio n s m ay  b e d raw n  w it h  reg ard  to  

t h e su p p o r t in g  cap ac it ies o f  these t yp es o f  f o u n d at io n s at  

t h is sit e  :

(1 ) T h e  m ax im u m  sk in  f r ic t io n  d evelo p ed  f o r  p ip e p iles 

d r iven  in  s t if f  c la y  is su b st an t ia l ly  less t h an  th e sh ear st ren g th  

o f  the c l a y ; red u ct io n  co ef f ic ien t s ex p ressin g  th e m ax im u m  

sk in  f r ic t io n  as a  p ro p o r t io n  o f  t h e sh ear st ren g th  d eterm in ed
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Direct Comparison of Shaft Support 

For Pipe Piles and D rilled  Piers 

(where piles and piers tested at same location)

Length 

( f t .  )

Diameter

( f t . )

Shaft Support 
for P ile

(tons)

Shaft Support 
for Pier 

( tons)

_ . .  . Shaft Support for Pier 

10' Shaft Support for P ile

35 1 .06 80 to 110 69 0.63 to 0.86

40 1 .06 70 69 0.98

45 1 .06 70 to 102 72.5 0.71 to 1.03

35 1 .06 41 55 1.34

TABLE 6

Analysis of Load Test Data for Piers in Clay

Pier 

No.
Embedded
Length

( f t .  )

Ultimate
Shaft

Capacity

(tons)

Average 

Skin Friction

( tons sq. f t .)

Average Shear 
Strength of Clay 

(tons sq . f t .)

Reduction
Coefficient

Ill 45 105 0.59 1.12 0.52

IV 46 110 0.47 0.95 0.49

VI 36 92 0.50 1 .02 0.49

TABLE 7

Analysis of Load Test Data for Piers In Sand and Clay

Pier 

> No. Soils Along Shaft

Ultimate
Shaft

Capacity

(tons)

Estimated 

Shaft Support 
from Clay 

(tons)

Shaft Support 
from Sand 

(tons)

Unit 
Skid Friction  

from Sand

(tons sq . f t .)

I 4 f t .  f i l l  

10 f t .  s il ty  clay,
qu = 3,800 psf

15 f t .  dense sand,
N = 32 

6 f t  s il ty  clay,

qu = 4, 000 psf

120 62.4 to 81.4 38.6 to 57.6 N to N

VII 2 f t .  f i l l  

24 f t .  sand, N = 22 

9 f t .  s il ty  clay
qu = 3, 600 psf

90 25 67 N
TZ

IX 6 f t .  s il ty  clay,
qu = 5,500 psf 

23 f t .  s il ty  sand,
N = 20

11 f t .  s i l ty  clay,
qu = 4,800 psf

105 55 50 N
4B

5 f t .  s i l ty  clay,
qu = 5,800 psf 

27 f t .  sand, N = 30

50 13.5 36.5 N
TT0
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A p

Co m p a ct ed  f i l l

S t i f f  s i l t y  a n d  

s a n d y  c l a y
16 q u = 2 8 0 0 p s f

2 4 '  q u = 4 4 0 0 p s f

M e d i u m  d e n s e  

s i l t y  s a n d

S t i f f  s i l t y  

c l a y 19 ' q u  = 3 6 0 0  p s f

I

!!
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Fig. 6 Comparison of supporting capacities of piles and drilled piers.

Comparaison des capacités portantes des pieux battus et forés.

b y  the tests a t  Lem o o re, p resen ted  in  Fig . 4 , are so m ew h at  

h ig h er t h an  valu es p re v io u s ly  rep o r ted . A ver ag e  valu es o f  

r ed u ct io n  co ef f ic ien t s ap p licab le f o r  p ip e p iles, b ased  o n  a l l  

a v a ila b le  test  d ata, are sh o w n  in  Fig . 5.

(2 ) A n a ly s is  o f  lo ad  test  d ata f o r  f o u r  p ip e p iles sh ow s 

t h a t  th e u n it  sk in  f r ic t io n  o f  san d , a t  f a ilu r e , var ied  f ro m  

N  N
—  to  —  to n s p er sq . f t . w h ere N  is  the p en et rat io n  resis tan ce

o f  the san d  in  b lo w s p er  f t . m easu red  in  th e stan d ard  p en e­

t r a t io n  test .

(3 ) Fo r  fo u r teen  test  p iles d r ive n  a t  t h is s ite , th e use o f  

th e cu r ve  o f  averag e red u ct io n  co ef f ic ien t s (Fig . 5 ) an d  o f  

th e m eth o d s sug gested  b y  M e y e r h o f  f o r  d eterm in in g  th e 

su p p o r t in g  cap a c it y  o f  p iles d r iven  in  sand s lead s t o  co m p u ted  

valu es o f  su p p o r t in g  cap a c it y  w h ich  d o  n o t  d if f e r  b y m o re 

t h an  4 0  p er  cen t  f ro m  th e valu es m easu red  b y  lo ad  tests.

(4 ) T h e  su p p o r t in g  cap a c it y  o f  d r i lled  p ie rs a t  t h is site 

is so m ew h at  less t h an  t h a t  o f  p ip e p iles o f  the sam e len g th  

an d  d iam eter  ; h o w ever , co m p ar iso n  o f  les t  resu lt s a t  fo u r  

lo ca t io n s d id  n o t  sh o w  a d if feren ce o f  m o re th an  25 p er cen t .

(5 ) Re d u c t io n  co ef f ic ien t s f o r  d r i lled  p iers co n st ru cted  in  

s t if f  c la y  w ere so m ew h at  less t h an  th o se ap p licab le  to  p ip e 

p iles.

( 6 ) A n a ly s is  o f  lo ad  test  d a ta  f o r  fo u r  p iers sh o w s th at  

t h e u n it  sk in  f r ic t io n  d evelo p ed  b y  san d  a t  f a i lu r e  var ied

N  N  ,  
f ro m  —  t o  —— ton s p er  sq u are f t .

4 0  110
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