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EXECUTIVE SUMMARY 

A p i l e  l o a d  t e s t  program was c a r r i e d  o u t  f o r  t h e  new Lock and  Dam, 

2 6  on t h e  M i s s i s s i p p i  R i v e r .  r w e n t y - e i g h t  a x i a l  l o a d  t e s t s  and  two 

l a t e r a l  l o a d  t e s t s  were performed on H-p i l e s  and pipe p i l e s .  An i n  s i t u  

t e s t  program was conducted which cons i s t ed  of four  cone pene t r a t ion  t e s t  

(CPT) soundings, twe lve  pressuremeter t e s t  (PMT) borings and four  s  t a n -  

dard pene t r a t ion  t e s t  (SPT) borings. 

The s o i l  c o n s i s t e d  of about 10 f t  of a l l u v i a l  depos i t s  of poor ly  

graded sands (SP) wi th  some g r a v e l  having  SPT blowcounts ranging from 

15 t o  40 blows per  f o o t  (bpf).  Beneath t h i s  was about 45 f t  of g l a c i a l  

depos i t s ,  predominantly of medium t o  coarse  sand with g r a v e l  and cob- 

b l e s ,  h a v i n g  SPT b l o w c o u n t s  r a n g i n g  from 30 t o  9 0  bpf  w i t h  o c c a s i o n a l  

r e f u s a l  (>I00  b p f ) .  A h a r d  c l a y  l a y e r  w i t h  s a n d  and  g r a v e l  ( g l a c i a l  

t i l l ,  CL) about 3  f t  t h i c k  l a y  between the sand and the  l imestone bed- 

rock.  

O v e r a l l ,  t h e  s a n d  l a y e r s  had  t h e  f o l l o w i n g  p r o p e r t i e s :  d r y  u n i t  

weight - 110 pcf ,  water conten t  - 19%, f r i c t i o n  ang le  - 35O, average SPT 

blow count a long  the  s i d e  of t he  p i l e s  - 30 bpf ,  average  SPT blowcount 

a t  the  p i l e  t i p  - 65 bp f ,  average CPT s l e e v e  f r i c t i o n  - 0.8 t s f ,  average  

CPT po in t  r e s i s t a n c e  - 225 t s f ,  average PMT n e t  l i m i t  p ressure  a long  the 

s i d e  of the  p i l e s  - 17 t s f ,  average PMT n e t  l i m i t  p ressure  a t  the  p i l e  

t i p  - 32 t s f .  A s t a t i s t i c a l  a n a l y s i s  o f  1 3  SPT b o r i n g s  i n  t h e  g e n e r a l  

t e s t  a r e a  showed an average h o r i z o n t a l  c o e f f i c i e n t  of v a r i a t i o n  of 38%. 

The a x i a l  l oad  t e s t  program cons i s t ed  of 13 t ens ion  and 9 compres- 

s i o n  t e s t s  of d r i v e n  HP14x73 p i l e s  and one tens ion  and one compression 

t e s t  on  1 2  i n . ,  14  i n .  and 16  i n .  d i a m e t e r  p i p e  p i l e s .  The H - p i l e s  

v a r i e d  i n  l e n g t h  from 37  i t  t o  7 1  f t .  The p i p e  p i l e s  v a r i e d  i n  l e n g t h  



from 36 f t  t o  48 f t .  The p i p e  p i l e s  were f i l l e d  w i t h  s a n d  d u r i n g  t h e  

t ens ion  t e s t s  and wi th  concrete  during the  compression t e s t s .  T h i r t e e n  

of the  H - p i l e s  were d r i v e n  v e r t i c a l l y  and e i g h t  were d r i v e n  on a  1:2.5 

b a t t e r  t o  determine t h e  e f f e c t  of p i l e  b a t t e r  on a x i a l  capac i ty .  E leven  

of t he  H - p i l e s  were t e s t e d  using the  ASTM Standard procedure and e l e v e n  

were t e s t e d  u s i n g  t h e  ASTM Q u i c k  p r o c e d u r e  t o  d e t e r m i n e  t h e  e f f e c t  o f  

t e s t  procedure on p i l e  capaci ty.  The pipe p i l e s  were a l l  d r i v e n  v e r t i -  

c a l l y  and t e s t e d  us ing  the ASTM Standard procedure. 

The p i l e s  were a l l  d r i v e n  with an ICE 640 d i e s e l  p i l e  d r i v i n g  ham- 

mer w i t h  a  r a t e d  maximum ene rgy  of  4 0 , 0 0 0  f t - l b s .  The a v e r a g e  b l o w  

c o u n t  f o r  t h e  l a s t  f o o t  o f  p e n e t r a t i o n  r anged  from 9 t o  38  bpf  w i t h  a n  

a v e r a g e  o f  25 bpf  f o r  t h e  s h o r t  p i l e s  which s t o p p e d  i n  t h e  s o i l  a b o v e  

t h e  b e d r o c k ,  and from 6 3  t o  8 1  bpf  w i t h  a n  a v e r a g e  of  74 bpf  f o r  t h e  

long p i l e s  d r i v e n  t o  bedrock. 

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

s e t t l e m e n t  e q u a l  t o  one- t e n t h  of  t h e  p i l e  d i a m e t e r  p l u s  t h e  e l a s t i c  

compression of the  p i l e  under t h i s  load. The s t i f f n e s s  of t he  p i l e  i s  

def ined  a s  t he  a l l o w a b l e  l oad  (assuming a  f a c t o r  of s a f e t y  of 2) d i v i d e d  

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

approximately l i n e a r  up t o  t h i s  po in t  the s t i f f n e s s  i s  s imply the  i n i t -  

i a l  s l o p e  of t he  load - se t t l emen t  curve.  

The u l t i m a t e  l o a d  f o r  b a t t e r e d  H - p i l e s  averaged 1 2 %  h igher  i n  t e n -  

s i o n  and 25% lower i n  compression than comparable v e r t i c a l  H-p i l e s .  The 

i n i t i a l  s t i f f n e s s  of t he  b a t t e r e d  H-p i l e s  averaged 74% higher  i n  t e n s i o n  

and 23% higher  i n  compression than comparable v e r t i c a l  H-p i l e s .  

The u l t i m a t e  l o a d  f o r  Quick l o a d  t e s t s  on H - p i l e s  a v e r a g e d  6 5 %  

higher  i n  t ens ion  and 43% higher  i n  compression than Standard load  t e s t s  

i i i 



on comparable H-p i l e s .  The i n i t i a l  s t i f f n e s s  f o r  Quick load  t e s t s  on H- 

p i l e s  averaged 106% higher  i n  tens ion  and 5% lower i n  compression than 

Standard load  t e s t s  on comparable H-pi les .  

The u l t i m a t e  l oad  f o r  two H - p i l e s  with s i m i l a r  l e n g t h ,  b a t t e r  and 

l o a d  te:: r procedure i n  the same p i l e  group v a r i e d  by 84%. 

The s e t t l e m e n t s  a t  working l o a d s  were s m a l l ,  however ,  t h e  

s e t t l e m e n t s  of t he  H - p i l e s  averaged about th ree  times those of the p ipe  

p i l e s  i n ' b o t h  t ens ion  and compression. The f r i c t i o n  on the  H - p i l e s  i n  

t ens ion  averaged 24% lower than the  f r i c t i o n  of the  pipe p i l e s  i n  t en -  

s ion .  Both of t hese  f a c t s  may be due t o  t he  l a r g e r  d i sp l aced  volume of 

t he  pipe p i l e s ,  s i n c e  they were d r i v e n  closed-ended. 

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

t r i e s  t o  decompress a f t e r  t he  hammer blow. The r e s i d u a l  p o i n t  loads  on 

t h e  H - p i l e s  a v e r a g e d  2 6 . 5  t o n s  which i s  30% o f  t h e  a v e r a g e  p o i n t  l o a d  

measured i n  t he  compression t e s t s .  

Both dynamic c a p a c i t y  p r e d i c t i o n  methods,  t h e  E n g i n e e r i n g  News 

Formula and the  Case method, gave predic ted  u l t i m a t e  loads  which were 

much lower than the  u l t i m a t e  loads measured i n  t he  load  t e s t s .  A Wave 

E q u a t i o n  a n a l y s i s  showed t h a t  i n  o r d e r  t o  match t h e  u l t i m a t e  l o a d s  i n  

t h e  load  t e s t  a damping v a l u e  of zero had t o  be used. I n  o t h e r  words, a 

phenomenon s i m i l a r  t o  "setup" i n  c l a y  may have taken p l a c e  i n  t h i s  sand 

and g r a v e l  depos i t .  An a n a l y s i s  of the  load  t r a n s f e r  curves  on four  of 

t h e  i n s t r u m e n t e d  compres s ion  t e s t s  showed an a v e r a g e  quake o f  0.19 

in .  a t  t he  p o i n t  and 0.11 i n .  on the  s ide .  

Eight s t a t i c  capac i ty  methods were used t o  p r e d i c t  the  p i l e  capac i -  

t i e s  u s i n g  t h e  i n  s i t u  t e s t s  r e s u l t s .  The A . P . I .  method was t h e  b e s t  



SPT method f o r  H - p i l e s  i n  t e n s i o n  and p i p e  p i l e s  i n  compress ion .  The 

BriaudiTucker method was the  bes t  SPT method f o r  H - p i l e s  i n  compression 

and  p i p e  p i l e s  i n  t e n s i o n .  The d e R u i t e r / B e r i n g e n  method was t h e  b e s t  

CPT method f o r  H - p i l e s  i n  tens ion  and compression, and the  Labora to i re  

des Ponts e t  Chaus'sees method was the b e s t  CPT method f o r  p ipe  p i l e s  i n  

t ens ion  and compression. Based on an a n a l y s i s  of the  p red ic t ions  i t  was 

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

me te r  of  t h e  e n c l o s i n g  r e c t a n g l e  f o r  p i l e s  i n  t e n s i o n .  However,  f o r  

compression capac i ty  the H - p i l e s  should be assumed t o  be h a l f - p l u g g e d ,  

a s  t h i s  g i v e s  much b e t t e r  agreement  w i t h  t h e  measured p o i n t  and s i d e  

l o a d  d i s t r i b u t i o n  than e i t h e r  the f u l l  -plugged o r  unplugged assumptions. 

The l a t e r a l  l oad  t e s t  program cons is ted  of two 67 f t  long  H - p i l e s  

which were jacked a p a r t  wh i l e  measuring the d e f l e c t i o n  of each p i l e .  The 

load ing  procedure inc luded  25 cyc l e s .  Three methods were used t o  pri'e- 

d i c t  the  monotonic p i l e  response: the convent iona l  P-y  curves  proposed 

by Reese e t  a l . ,  Broms' c o e f f i c i e n t  of subgrade  r e a c t i o n  approach  and 

Briaud e t  a l .  pressuremeter method. The convent iona l  P-y cure  e  p red ic -  

t i o n  was v e r y  conse rva t ive .  Broms' method matched the  measurel response 

w e l l  w i t h i n  the  working l o a d  range. The pressuremeter method matched 

the  e n t i r e  load-def  l e c t i o n  curve very  we1 1. 
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1. INTRODUCTION 

This r e p o r t  is a  summary of four  r epo r t s  analyzing the  r e s u l t s  of 

the load t e s t s  and capac i ty  pred ic t ions  based on i n  s i t u  t e s t  methods 

f o r  t he  p i l e  load t e s t  program performed by the  U.S. Army Corps of Engi- 

n e e r s ,  S t .  Louis D i s t r i c t ,  a t  the Locks and Dam 26 Replacement P r o j e c t .  

The f i r s t  r e p o r t  was an eva lua t ion  of i n  s i t u  t e s t s  p red ic t ion  methods 

f o r  H-pi les  (Briaud,  Huff, Tucker and Coyle, 1984).  The second r e p o r t  

eva lua ted  th ree  l a t e r a l  load p red ic t ion  methods (Briaud, - r a s u e l l  and 

Tucker, 1984).  The t h i r d  r epo r t  was a  wave equat ion computer program 

a n a l y s i s  t o  determine the values of quake and damping f o r  use i n  a  g r a -  

v e l l y  sand (Briaud,  Lawson and Tucker, 1984).  The l a s t  r e p o r t  was a  

f u r t h e r  eva lua t ion  of i n  s i t u  t e s t s  p red ic t ion  methods (Shihadeh, 1987).  

The load t e s t  program cons i s t ed  of twenty-eight  a x i a l  load t e s t s  which 

were performed t o  determine the e f f e c t s 1 o f  d i f f e r e n t  loading procedures 

and p i l e  b a t t e r  on the  compressive and t e n s i l e  capac i ty  of impact dr iven  

H-p i l e s  and pipe p i l e s .  Two l a t e r a l  load t e s t s  were performed on dr iven  

H - p i l e s .  

The s i t e  and s o i l  a r e  charac te r ized  and the i n  s i t u  t e s t  r e s u l t s  

a r e  presented .  The a x i a l  p i l e  load t e s t  program is d e t a i l e d  and the  

load t e s t  r e s u l t s  a r e  compared t o  show the  e f f e c t  of load  procedure,  

p i l e  b a t t e r  and s i t e  v a r i a t i o n .  The predic ted  a x i a l  p i l e  response based 

on p i l e  d r i v i n g  a n a l y s i s  and s t a t i c  capac i ty  p red ic t ions  from i n  s i t u  

t e s t s  r e s u l t s  i s  p resented .  These p red ic t ions  a r e  compared t o  the meas- 

ured response.  The l a t e r a l  load t e s t s  a r e  descr ibed and the  p red ic t ed  

and measured p i l e  response a r e  compared. 

Conclusions a r e  presented and recommendations a r e  made f o r  the  use 

o f  i n  s i t u  t e s t s  i n  p i l e  capac i ty  p red ic t ion .  
I 



2 .  THE SITE AND THE SOIL 

2.1 The Test Site Location 

The new Locks and Dam 26 is located on the Mississippi River at 

Alton, Illinois approximately 3 miles downstream from the old Locks and 

Dam 26 as shown on Figure 1. The project was constructed in three 

phases, the first of which consisted of six and one-half gatebays of the 

spillway and the stilling basin. The load test program was performed 

during this first phase. An area approximately 1000 ft by 800 ft was 

enclosed in cofferdams and the water evacuated. The load tests were 

performed in three groups located within the cofferdams as shown in 

Figure 2. 

2.2 Soil Conditions 

The overburden at the site may be divided into two categories: 

alluvial depostis, including Flood Plain Deposits, Recent Alluvium and 

Alluvial Outwash, and glacial deposits, including Wisconsonian Outwash, 

Illinoian Outwash and Illinoian Till (Conroy, 1985). The soil profile 

is shown in Figure 3. Before any pile driving took place, the river 

bottom within the cofferdams was lowered by excavating between 15 and 25 

ft of alluvial deposits (see Figure 3). The alluvial deposits are gen- 

erally poorly graded sand (SP) with some gravel, having standard pene- 

tration test (SPT) blow counts ranging from 15 to 40 blows per foot. 

The glacial deposits are outwash deposits ranging from clays to boul- 

ders, with a predominance of medium to coarse sand with gravel. The SPT 

blow counts ranged from 30 to 90 blows per foot with occasional refusal 

(>I00 blows per foot). The bedrock below the glacial deposits is a hard 

limestone of Mississippian age (Conroy, 1985). A plot of grain size 

distributions for the soil is shown in Figure 4. 
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The in situ test investigation consisted of 4 cone penetration test 

(CPT) soundings, 4 SPT borings and 12 pressuremeter test (PMT) borings. 

The location of the borings is shown on Figures 5 to 7 for the three 

pile groups. 

The CPT soundings were performed with a 20-ton cone truck pushing 

an electrical cone with point, friction sleeve and pore pressure mea- 

surements. The CPT results are presented in Figure 8. 

The SPT borings were performed with both the standard split spoon 

sampler according to ASTM D 1586 and also with a 3-in. outside diameter 

split spoon sampler driven by a 350-lb hammer with an 18 in. drop. A 

correlation between these two test procedures showed (Briaud et al. 

1984) that the SPT blow count is approximately equal to 1.5 times the 

blow count from the 3-in. sampler. This correlation has been used when 

necessary to obtain SPT profiles for the three pile groups. The SPT 

results are shown in Figure 9. 

Six different pressuremeters were used in the site investigation. 

They were the Menard, Oyo, Pavement, Slotted Tube, WES and TEXAM pres- 

suremeters All pressuremeters except the Slotted Tube and Pavement 

pressuremeters were inserted into a predrilled borehole prepared by 

rotary drilling with axial injection of drilling mud. The Slotted Tube 

pressuremeter was driven into the soil with the SPT hammer and the Pave- 

ment pressuremeter was inserted into a hand-augered borehole. The pres- 

* 
suremeter tests resulted in profiles of net limit pressure (pL), initial 

modulus (Eo) and reload modulus (Er) which are shown in Figures 10, 11 

and 12 for pile groups 1, 2 and 3 respectively. The results from the 

six pressuremeters compare quite well; most of the variation in results 
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can probably be attributed to actual variation in the soil rather than 

differences between pressuremeters. The values of the pressuremeter 
, . 

parameters used in the predictions are shown in the figures for each 

pile group. 

2.3 Soil variability 

A series of approximately 400 over-water borings was performed 

across the entire dam site before construction. An area 400 ft by 

200 ft corresponding to the pile test location was selected (Briaud and 

Tucker 1984) which contained 13 SPT borings. In order to obtain an 

indication of the soil variability, the soil was divided into 5 ft thick 

horizontal layers. All the SPT blowcounts within one layer from the 13 

borings were analyzed to obtain the mean, standard deviation and coeffi- 

cient of variation. This process was performed for each layer. The 

results are shown in Table 1. This analysis indicates that the average 

Table 1. Horizontal Variability of SPT Data 

Depth Me an Standard Coefficie. z 
Deviation of Variat~sn 

(ft) (blows/ft) (blows/ft) 
0-15 57.3 35.8 0.624 

Average 35.1 14.6 0.376 



horizontal coefficient of variation is 37.6%. It is reasonable to ex- 

pect that the pile capacities accross the site vary by at least that 

amount. 



3 .  THE AXIAL PILE LOAD TEST PROGRAM 

3 . 1  Object ives  

The a x i a l  p i l e  load t e s t  program was undertaken t o  i n v e s t i g a t e  the 

e f f e c t  of s eve ra l  f a c t o r s  o n . t h e  compression and t ens ion  c a p a c i t i e s  of 

I dr iven  s t e e l  H and pipe p i l e s  (Conroy 1985).  The main ob jec t ives  of the 

I program were t o  study 

the e f f e c t  of load t e s t  procedure on p i l e  capac i ty  
(ASTM Standard v s .  ASTM Quick) 

I , the e f f e c t  of p i l e  b a t t e r  on p i l e  capac i ty  

. H p i l e  v s .  pipe p i l e  capac i ty  

I . p i l e  capac i ty  v a r i a t i o n  across  the  s i t e  

3 . 2  The P i l e s  

The load  t e s t  program cons is ted  of 13 tens ion  and 9 compression 

t e s t s  on dr iven  HP14x73 p i l e s  and one tens ion  and one compressi&n t e s t  

on 12 i n . ,  14 i n .  and 1 6  i n .  diameter pipe p i l e s .  The H-p i l e s  v a r i e d  i n  

l eng th  from 37 f t  t o  7 1  f t .  The pipe p i l e s  va r i ed  i n  l eng th  from 36 f t  

t o  48 f t .  The pipe p i l e s  were f i l l e d  wi th  sand during the  t ens ion  t e s t s  

and with concre te  during the  compression t e s t s .  The p i l e s  were d r iven  

on a  5 f t  c e n t e r - t o - c e n t e r  spacing (Figures  5 t o  7 ) .  The time between 

d r i v i n g  and the s t a r t  of the load t e s t  ranged from 4 t o  133 days and 

averaged 22 days (Table 2 ) .  The were loaded t o  a  maximum of 400 tons  i n  

compression and 150 tons i n  tens ion  o r  u n t i l  the  p i l e  continued t o  move 

with no f u r t h e r  increase  i n  load.  De ta i l s  of the  p i l e s  a r e  -Fven i n  

Table 2.  

S ix teen  of the H-pi les  were instrumented with s i x  l e v e l s  of t e l l  

t a l e s  t o  ob ta in  p r o f i l e s  of d e f l e c t i o n  versus depth during the load 

t e s t s .  The t e l l  t a l e s  were mounted, a f t e r  d r iv ing ,  wi th in  two channels 



Table 2.  Description of Pi les  

Begin Axi a1  Blowcount 

Date Load Test P i l e  P i l e  a t  F ina l  
P i l e  Driven Teat Type Type Length Bat ter  Penetration 

Standard Tension 

Standard Tension 

Standard Comp. 

Standard Tension 

Standard Tension 

Quick Tension 

Quick Canp. 

Quick Canp. 

Quick Canp. 

Quick Canp. 

Quick Tension 

Quick Tension 

Quick Tension 

Standard Tension 

Standard Comp. 

Standard Comp. 

Standard Comp. 

Standard Tension 

Standard Comp. 

Standard Tension 

Standard Camp: 
Standard Tension 

Standard Comp. 

Standard Tension 

Standard Comp. 

Quick Tension 

Quick Tension 

Quick Tension 

12" Pipe 

12" Pipe 

14" Pipe 

14" Pipe 

16" Pipe 

16" Pipe 

BP14x73 

BP14x73 

EP14x73 

EP14x73 

Vert 

Vert 

ve rt 

Vert 

1:2.5 

Vert 

Vert 

Vert 

1 :2 .5  

1 :2 .5  

Vert 

1:2.5 

1 :2 .5  

1 :2 .5  

1 :2 .5  

1:2.5 

Vert 

Vert 

Vert 

Vert 

Vert 

Vert 

Vert 

Vert 

Vert 

Vert 

Vert 

Vert 

(C4x7 .25)  welded t o  each s ide  of the web of the H-pi les .  The de f l ec -  

t ions  were monitored using manually-read d i a l  gauges mounted on the 

p i l e s  a t  the  top of the t e l l  t a l e s .  For the remainder of the  p i l e s ,  

only the top load and set t lement were obtained. 

The p i l e s  were driven with an I C E  640 d i e s e l  p i l e  dr iv ing hammer 

with a  r a t e d  maximum energy of 40,000 f t - l b s .  The average blow count 

f o r  the l a s t  foot  of penet ra t ion  ranged from 9 t o  38 blows per  foot  



(bpf)  wi th  an average of 25 bpf f o r  the s h o r t  p i l e s  which stopped i n  the 

s o i l  above the  bedrock, and from 63 t o  81  bpf with an average of 74 bpf 

f o r  the  long p i l e s  dr iven  t o  bedrock. The blow counts f o r  each p i l e  a r e  

given i n  Table 2 and t y p i c a l  logs  of blow count versus  depth f o r  a  s h o r t  

p i l e  and a  long p i l e  a r e  shown i n  Figures 13 and 14 r e s p e c t i v e l y .  

3 . 3  ' The Load Tes t  Procedures 

The load t e s t s  were c a r r i e d  out  according t o  the  ASTM D1143-74 

Standard and Quick procedures.  Minor changes were made i n  the ASTM 

procedures b e c a ~ s e  increased  accuracy i n  the measurement systems and 

a d d i t i o n a l  displacement readings were requi red .  Also, the unloading 

p o r t i o n  of the t e s t s  was shortened i n  order  t o  reduce the time necessary 

t o  run the  t e s t s .  Table 2 i nd ica t e s  which p i l e s  were r e s t e d  us ing  the 

Standard procedure and which p i l e s  were t e s t e d  using the Quick proce- 

dure . 

3 . 4  Def in i t i on  of Measured Ult imate Load 

I n  order  t o  compare the  measured r e s u l t s  with p r e d i c t i o n s ,  o r  t o  

use the  load t e s t s  r e s u l t s  i n  a  design,  a  c r i t e r i o n  must be s p e c i f i e d  t o  

determine the  u l t ima te  load .  This i s  e s p e c i a l l y  necessary f o r  p i l e  load 

t e s t s  i n  sand where a  plunging load i s  seldom obtained.  I n  t h i s  s tudy 

the  u l t ima te  load  was def ined  a s  the  load ,  P u l t ,  corresponding t o  a  

s e t t l e m e n t ,  s :  

D - equiva len t  p i l e  diameter 
L - p i l e  length  
A = p i l e  c r o s s - s e c t i o n a l  a r ea  
E = p i l e  modulus of e l a s t i c i t y  



DRIVITG BESISTILI'CE (b lows  per f o o t )  

FIG. 13. T y p i c a l  D r i v i n g  R e s i s t a n c e  P r o f i l e  f o r  P i l e  
T e r m i n a t i n g  Above R o c k  

2 0 



DRIVISG XESISTXYCE (biows p e r  f o o t )  

FIG. 1 4 .  T y p i c a l  Dr iv ing  R e s i s t a n c e  P r o f i l e  f o r  P i l e  
Driven t o  Rock 



3.5 Load Tes t  R e s u l t s  

The l o a d  t e s t s  h a v e  been  d i v i d e d  i n t o  s i x  g roups  b a s e d  on  p i l e  

t y p e ,  d e p t h  o f  p e n e t r a t i o n  and  t e s t  t y p e ,  The s i x  groups  a r e  a s  

fol lows : 

1. H - p i l e s  - d r i v e n  t o  rock - compression t e s t s  

2 .  H - p i l e s  - d r i v e n  t o  rock - t ens ion  t e s t s  

3 .  H - p i l e s  - stopped above rock - compression t e s t s  

4. H - p i l e s  - stopped above rock - t ens ion  t e s t s  

5. Pipe p i l e s  - stopped above rock - compression t e s t s  

6 .  Pipe p i l e s  - stopped above rock - t ens ion  t e s t s  

3.5.1 U l t i m a t e  Loads. The load-  s e t t l emen t  curves  f o r  the ca tegor-  

i e s  a b o v e  a r e  shown i n  F i g u r e s  1 5  t o  20  w i t h  i n d i v i d u a l  p i l e s  marked. 

A l s o  marked on t h e s e  f i g u r e s  a r e  t h e  o r i e n t a t i o n  of t h e  p i l e  and  t h e  

t e s t  procedure used. The u l t i m a t e  loads  according t o  the  d e f i n i t i o n  i n  

Sec t ion  3.4 a r e  shown i n  Table 3 with t h e i r  corresponding s e t t l e m e n t s .  

The load  t e s t s  on the  H - p i l e s  which were d r iven  t o  rock d i d  not  achieve  

enough movement i n  e i t h e r  compression o r  tens ion  t o  determine an u l t i -  

mate load.  Also shown i n  Table 3 a r e  t he  a l l o w a b l e  loads  f o r  a  f a c t o r  

of  s a f e t y  of  2 w i t h  t h e i r  c o r r e s p o n d i n g  s e t t l e m e n t s  and s t i f f n e s s  

v a l u e s .  The s t i f f n e s s  i s  def ined  a s  the  a l l o w a b l e  l oad  d iv ided  by the  

corresponding se t t l emen t .  Since the  load - se t t l emen t  curves  a r e  approxi-  

mately l i n e a r  up t o  t h i s  po in t  the  s t i f f n e s s  i s  simply the  i n i t i a l  s l o p e  

of the  load - se t t l emen t  curve.  

Since the  H - p i l e s  were instrumented, the load  d i s t r i b u t i o n  between 

s i d e  l o a d  and p o i n t  l oad  cou ld  be determined. The d i s t r i b u t i o n  i s  shown 

i n  Tab le  4 f o r  t h e  four  s h o r t  H - p i l e s  t e s t e d  i n  compression. Except f o r  
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Table 3. Pile Load Test Results 

Ultimate Allowable - - 

Pile Load Settlement Lo ad Settlement Stiffness 
(tons) (in.) (tons) (in. ) ( tons/in) 

1-1 * 

* Pile did not reach failure. 

Table 4. Load Distribution in Compression Tests 

Pile Side Load Point Load Total Load 
( tons ) ( tons ) ( tons ) 

1-3A 161 152 313 



p i l e  1-3A, t he  p i l e s  c a r r i e d  from 75% t o  82% of the load i n  f r i c t i o n .  

The average u l t ima te  u n i t  s i d e  f r i c t i o n  f o r  the H-pi les  t e s t e d  i n  

t ens ion  was 0 . 6 2  ksf  (us ing  the  ou-ide pe r ime te r ) ,  while t he  average of 

the  p ipe  p i l e s  was 0.77 k s f ,  o r  approximately 24% higher  than  the  H -  

p i l e s .  This could be due t o  the  l a r g e r  volume of s o i l  d i sp l aced  by the 

pipe p i l e s  which were dr iven  c losed  ended. 

3.5.2 Residual Loads. During each hammer blow, t he  p i l e  moves 

downward, rebounds and then  o s c i l l a t e s  around a  f i n a l  p o s i t i o n .  A t  i t s  

f i n a l  p o s i t i o n  the  p i l e  i s  i n  equi l ibr ium under a  c e r t a i n  p o i n t  l oad  and 

a c e r t a i n  f r i c t i o n  load .  These two loads a r e  equal and oppos i te  s i n c e  

the load  a t  t h e  p i l e  head i s  zero .  I n  a  conventional l oad  t e s t  t hese  

r e s i d u a l  loads  aze ignored because the  instrumentat ion i s  zeroed a f t e r  

d r i v i n g  the p i l e ,  thus  assuming t h a t  the  p i l e  i s  s t r e s s - f r e e  a f t e r  i n -  

s t a l l a t i o n .  I f  a  t ens ion  t e s t  i s  performed on such a  p i l e ,  t he  i n s t r u -  

mentat ion w i l l  r e g i s t e r  a  t ens ion  load a t  the  p i l e  t i p  which inc reases  

during the  load  t e s t .  If t h e  p i l e  is  pu l l ed  f a r  enough, t h i s  p o i n t  load  

w i l l  i nc rease  t o  the  value of  the r e s i d u a l  po in t  load a f t e r  d r i v i n g  and 

then remain cons tan t  throughout t he  r e s t  of the  t e s t .  The r e s i d u a l  

loads could be obta ined  i n  t h i s  manner f o r  four  p i l e s  i n  t h i s  load  t e s t  

program. As can be seen i n  Table 5 ,  the r e s i d u a l  load was a s  h igh  as 5 2  

tons and averaged 26.5 tons ,  which is 30% of the average u l t ima te  p o i n t  

load measured i n  the  compression t e s t s .  This i l l u s t r a t e s  t he  f a c t  t h a t  

the  r e s i d u a l  loads can g r e a t l y  a f f e c t  the  i n t e r p r e t a t i o n  of load  t e s t  

r e s u l t s  when load  d i s t r i b u t i o n  da t a  is needed. The r e s i d u a l  loads were 

no t  measured f o r  any of the  compression t e s t s  i n  t h i s  load t e s t  program. 



Table 5. Measured Residual Point Loads 

Pile Residual Point Load Ultimate Load 
(tons) ( tons ) 

1 - 2 20 122.5 

3.5.3 Shape of Load-Settlement Curve. The load-settlement curves 

have been replotted after normalization to the defined point of failure. 

The normalized load is the load divided by the failure load and the 

normalized settlement is the settlement divided by the settlement at the 

failure load. The resulting plots are shown in Figures 21 to 24. These 

plots reveal that the shape of the load-settlement curves are very simi- 

lar, especially for the pipe piles It also shows that at working loads 

(normalized load = 0.5) the relative movements for the compression tests 

are larger than for the tension tests, being 81% larger for the H-piles 

and 67% larger for the pipe piles. These figures also show that the H- 

piles have a relative movement at working loads which is approximately 

twice that of the pipe piles in both tension and compression. This may 

again be due to the fact that the H-piles are low displacement piles 

whereas the pipe piles which were driven closed-ended were full dis- 

placement piles. 

3.5.4 Effect of Pile Batter. In order to quantify the effect of 

pile batter on the pile response, the allowable loads and stiffnesses of 

similar piles are compared in Table 6. The piles were compared if the 

lengths were similar and if the test procedure was the same. In ten- 

sion, the allowable load for the battered pile was 12.1% higher than 

that of the vertical piles. In compression, however, the allowable load 







Table 6 .  Comparison of V e r t i c a l  and Bat te red  p i l e  Response 

P i l e  V e r t i c a l  Bat te red  B a t t e r e d p e r t i c a l  (3) 

Allowable Load ( tons )  
Tens ion  
1 - 2  61 .3  
1 - 3B 33.3 1 1 2 . 1  
2 - 4  5;. 3 
Compression 
1 - 3A 156.5 - 

S t i f f n e s s  ( t ons / in )  
Tens i on  

Compression 

f o r  t he  b a t t e r e d  p i l e s  was 24.7% lower on the  average than the  al lowable 
I 

load f o r  the  v e r t i c a l  p i l e s .  The s t i f f n e s s  of the b a t t e r e d  p i l e s  was 

74.4% higher  i n  t ens ion  and 22.5% higher  i n  compression than the  v e r t i -  

c a l  p i l e s .  

3.5.5 E f f e c t  of  Load T e s t  Procedure. A comparison of a l lowable 

loads and s t i f f n e s s e s  f o r  Standard versus  Quick load t e s t  procedures i s  

shown i n  Table 7 .  The p i l e s  were compared only i f  t h e i r  l ength  and 

b a t t e r  were s i m i l a r .  I t  can be seen t h a t  t he  Quick t e s t  r e s u l t e d  i n  

h igher  al lowable loads than the  Standard t e s t  i n  every case .  The al low- 

ab le  loads f o r  the  Quick t e s t s  were 64.8% higher  i n  t ens ion  and 43 .3% 

higher  i n  compression than the  Standard t e s t s .  The s t i f f n e s s e s  of the 

Quick t e s t s  were 105.8% higher  i n  tens ion  and 5 .3% lower i n  compression 

than the  Standard t e s t s .  



Table 7. Comparison of Standard and Quick Test Procedures 

Pile Standard Quick Quick/Standard ( % )  

Allowable Load (tons) 
Tens ion 

3 - 16 48 .0  
Compression 
1- 3A 156.5 

Stiffness (tons/in) 
Tens ion 
1-2 125 
1 - 3B 160 282.6 
2-1 403 
2 - 8  357 
3-15 427 128.9 
3-16 494 
Compression 

-- 

3.5.6 Variability Across The Site. The variability of pile capaci- 

ty across the site can be seen from Figures 15 through 2 0 .  Out of the 

28 piles only two sets of two piles each could be found with similar 

length, batter and load test procedure. These sets are piles 1-2 and 1- 

3B and piles 3-15 and 3-16. The allowable loads on these two sets vary 

by 84% and 6% respectively, and the stiffnesses vary by 22% and 14% 

respectively. This variability in pile capacity, coupled with the soil 

variability shown in previous sections, points out the need to include 

the concepts of statistical distribution and probability of failure in a 

capacity sdiction method. This would then allow the engineer to use a 



factor of safety which results in an acceptable level of risk. 

3.6 Load Transfer Curves 

Under a compression load, a pile develops resistance from friction 

along the side of the pile and from bearing at the point of the pile. 

In an instrumented load test these components can be separated and be 

plotted versus the pile movement to result in load transfer curves. 

Four of the H-piles were tested in compression and were pushed far 

enough to fail the piles: piles 1-3A, 1-6, 1-9 and 2-5. The point load 

transfer curves are shown in Figure 25 and the average side load trans- 

fer curves are shown in Figure 26. 

These transfer cur:es can be modelled by a linear elastic-plastic 

model which requires two parameters: an ultimate resistance - given by 

the peak of the transfer curve, and a quake - given by the movement 

required to reach the peak value. If the pile is pushed far enough 

during a load test, the ultimate resistance is obtained when the trans- 

fer curves reach a constant load with increasing movement. However, the 

value of the quake depends on what secant is drawn through the curve. 

An illustration of a 25% secant quake is shown in Figure 27. The secant 

is drawn through the curve at 25% of the ultimate resistance. Values of 

25% and 50% secant quakes for the four piles are shown in Table 8 

Table 8. Measured Quake Values 

50% Secant Quakes 25% Secant Quakes 
Pile Point Side Point Side 

(in. ) (in. ) (in. ) (in. ) 
1-3A 0.57 0.40 0.20 0.12 

Average 0.40 0.30 0.19 0.11 









4. PREDICTEI) AXIAL PILE RESPONSE 

4.1 Pile Driving Analysis 

4.1.1 Pile Driving Analyzer. Dynamic field measurements made using 

the Pile Driving Analyzer Model GA developed by Goble were made avail- 

able for four piles: piles 1-3A, 1-6, 1-9 and 2-5. The parameters 

obtained are 

FMAX, the maximum measured compression force at the transducer 

location, kips. 

RSTC, the Case-Goble method static resistance using damping (J), 

kips. 

EMAX, the maximum value of energy transmitted past the transducer 

location, kip-feet. 

RMAX, the maximum Case-Goble method resistance using damping, kips. 

The average values of these parameters for the last 'foot of penetration 

during initial driving are given in Table 9. The Case-Goble method has 

been calibrated to ultimate loads given by Davisson's failure criterion 

(Peck et al., 1974). The ultimate loads given by this criterion are 

shown in Table 9 for comparison. It can be seen that the value of RSTC 

averages 58% of the ultimate load measured in the load test, and RMAX 

averages 66% of the ultimate load measured in the load test. This indi- 

cates that the damping value, J ,  used in the Case-Goble method was too 

high or that the pile gained capacity between the end of driving and the 

time of the load test. 

4.1.2 Wave Equation Analysis. A wave equation analysis was per- 

i formed for the four H-piles for which load transfer curves were avail- 

able (Briaud et al., 1984). The analysis was performed using the pro- 
I 

gram TIDYWAVE (Lowery, 1982), and used a multiple blow option to account 



Table 9.  P i l e  Driving Analyzer Measurements 

Ult imate Load 
P i l e  FMAX RSTC EMAX RMAX Davisson C r i t .  

( k ip s )  (k ips )  (k ip  - f t )  (k ips)  (k ips )  
1-3A 590 367 13 .8  372 450 
1 - 6 465 3 8 8  26.4 391 600 
1 - 9 47 3  240 NA 304 560 
2-5 46 9  173 10 .6  244 400 

f o r  r e s i d u a l  d r iv ing  s t r e s s  e f f e c t s .  An ana lys i s  of p i l e  1-3A using the 

measured quakes presented i n  Sect ion 3 .6  showed t h a t  the  25% secant  

quakes produced b e t t e r  c o r r e l a t i o n  with measured r e s u l t s .  Bearing 

. graphs were developed f o r  p i l e s  1-3A, 1 - 9  and 2-5 us ing  damping values 

o f :  

Jpo in t  - 0.00 s e c / f t  

0 .05  s e c / f t  

0.15 s e c / f t  

0.30 s e c / f t  

J s i d e  ' J p o i n t  

The r e s u l t s  a r e  shown i n  Figures 28, 29 and 30. The r e s u l t s  f o r  p i l e  1- 

6  were unusual because of i t s  comparatively high s t a t i c  s o i l  r e s i s t a n c e  

and i t s  abnormally l a r g e  s i d e  quake va lue .  Due t o  t he  high s i d e  quake 

va lue  the  wave equat ion ana lys i s  showed the  p i l e  coming out  of the  

ground wi th  each blow ins t ead  of pene t r a t ing .  Therefore,  t he  r e s u l t s  of 

t h i s  p i l e  a r e  no t  repor ted .  Figures 28 through 30 show t h a t  a  damping 

va lue  of 0 . 0  y i e l d s  t he  c l o s e s t  r e s u l t s  t o  the  measured u l t ima te  load 

from the  load t e s t ,  and t h a t  a  negat ive damping value would be r equ i r ed  

t o  a c t u a l l y  match the  measured r e s u l t s .  The low predic ted  r e s i s t a n c e s  

could be a t t r i b u t e d  t o  s o i l  s e tup .  However, the  p i l e s  would have t o  

experience a  6 7 %  ga in  i n  s t r eng th  i n  order  f o r  the p red ic t ions  t o  match 

3 8 
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the  measured r e s i s t a n c e s ,  which would be unusual i n  a  medium t o  coa r se  

r e l a t i v e l y  c l e a n  sand (7%< #ZOO s i eve ) .  

4.1.3 Engineering News Formula. The Engineering News Formula (ENF) 

i s  one o f  t h e  most w i d e l y  used  dynamic f o r m u l a s  f o r  d e t e r m i n i n g  p i l e  

c a p a c i t y  a t  the  time of d r iv ing .  For doub le -ac t ing  d i e s e l  hammers the  

formula is  a s  fo l lows :  

where Q = a 1  lowable load ,  kips  

E - r a t e d  energy, k ip-  f t  

S - a v e r a g e  p i l e  s e t  d u r i n g  t h e  l a s t  f o o t  of  p e n e t r a t i o n ,  
inches .  

The r e s u l t s  a r e  shown i n  Table 10 f o r  the  seven  p i l e s  t e s t e d  i n  compres- 

s i o n  which reached f a i l u r e  and a r e  compared t o  the  measured a l l o w a b l e  

l oad  assuming a  f a c t o r  of s a f e t y  of two. Table 11 shows the  mean, s t a n -  

dard d e v i a t i o n  and c o e f f i c i e n t  of v a r i a t i o n  of the  r a t i o  of p red ic t ed  

ove r  measured a l l o w a b l e  load. These parameters a r e  shown f o r  H - p i l e s ,  

pipe p i l e s  and o v e r a l l .  I n  genera l  the  ENF is ve ry  c o n s e r v a t i v e .  I t  

can be seen t h a t  t he  formula is  more conse rva t ive  f o r  t he  H - p i l e s  than  

Table  10. Engineering News Formula P red ic t ions  

Predic ted  Measured 
Average A 1  lowable Al lowable  

P i l e  Blowcount Load Load 
(b  1 ows/f t )  (kips)  (k ips)  

1-3A 3 1 164 313 
1 - 6 3 8 192 428 
1 -9  2 9 156 337 
2 - 5 24 133 2 2 5  
3 - 1 13 7 8 132 
3 - 4  2 8  151 130 
3 - 7 2 2 124 18 3 



Table 11. S t a t i s t i c a l  Analysis of ENF Predic t ions  

Standard Coef f i c i en t  Number 
M e  an Deviation of Var ia t ion  of Items 

H-pi les  0 .51  0.07 0 .13  4 
pibe p i l e s  0 . 8 1  0 .31  0.38 
Overa l l  0 .64 0.24 0.38 

f o r  p ipe  p i l e s .  However, t he re  i s  more s c a t t e r  i n  the  p red ic t ions  f o r  

the  p ipe  p i l e s  than f o r  the  H-p i l e s .  

4 . 2  S t a t i c  Capacity P red ic t ion  Methods 

The s t a t i c  c a p a c i t i e s  of the t e s t e d  p i l e s  were predic ted  by var ious  

methods based on the  i n  s i t u  t e s t  r e s u l t s  presented i n  Sec t ion  2 . 2 .  

Eight  methods were used t o  p r e d i c t  p i l e  c a p a c i t i e s ,  with four  methods 

us ing  SPT d a t a ,  t h r e e  methods us ing  CPT d a t a  and one method using PMT 

d a t a .  Table 12 shows the s o i l  d a t a  needed f o r  t he  e i g h t  methods and the  

r e f e rences  where d e t a i l s  of the  methods can be found. 

The s o i l  da t a  used i n  the  p red ic t ions  was taken from the  c l o s e s t  

boring t o  the  r e spec t ive  p i l e  group. I n  the  case of the CPT t e s t s ,  

boring B22 i n  p i l e  group 2 and boring 5C i n  p i l e  group 3 d id  not  reach a  

s u f f i c i e n t  depth t o  p r e d i c t  the  p i l e  c a p a c i t i e s .  I n  these  two cases  the 

CPT d a t a  was completed by using boring 6A which was loca ted  ou t s ide  p i l e  

group 3 .  The va lues  f o r  t he  pressuremeter parameters f o r  each p i l e  

group were an  average of the  da t a  a v a i l a b l e  a t  each group. These va lues  

a r e  shown i n  Figures  10 through 12. The s o i l  da t a  used i n  t he  p red ic -  

t i o n s  f o r  each p i l e  group a r e  summarized i n  Table 13 .  None of the  met- 

hods made any recommendations f o r  change i n  p i l e  capac i ty  due t o  r a t e  of 

loading o r  due t o  p i l e  b a t t e r .  



Table 12.  summary of P red ic t ion  Methods 

Method Reference S o i l  Data Used 
Coyle Coyle and caste110 1981 S PT 
Briaud/Tucker Briaud and Tucker 1984 S PT 
Meyerhof Meyerhof 1976 S PT 
A .P . I .  A.P . I .  1984 S PT 

Labora to i re  des  Ponts 
e t  Chaussees ( L P C )  Briaud e t  a l .  1985 CPT 

deRuiter/Beringen deRuiter and Beringen 1979 CPT 
Schmertmann Schmertmann 1978 CPT 

L.P.C. Briaud e t  a l .  1985 PMT 

Table 13.  Summary of S o i l  Borings Used f o r  P red ic t ions  

Boring - 
P i l e  Group S PT C PT PMT 

1 B19 B12 see  Fig.  8 
B2 1 B22 + B6A see  Fig.  9  
B20 B5C + B6A see  F ig .  10 

4 . 3  Comparison of  P red ic t ed  and Measured Resu l t s  

The p red ic t ed  and measured u l t imate  loads f o r  e i g h t  H-o i l e s  and 

t h r e e  p ipe  p i l e s  loaded i n  tens ion  a r e  shown i n  Table 14.  T: e p r e d i c -  

t i o n s  f o r  t he  H-pi les  loaded i n  tens ion  assumed t h a t  t he  p i l e s  were 

f u l l y  plugged between the  f l anges .  This assumption produces the  smal- 

l e s t  per imeter  and t h e r e f o r e  the  sma l l e s t  p red ic t ed  capac i ty .  

The p red ic t ed  and measured u l t imate  loads f o r  t h ree  H-pi les  and 

th ree  p ipe  p i l e s  loaded i n  compression a r e  shown i n  Table 15 .  The p r e -  

d i c t i o n s  of the  u l t ima te  load  f o r  the H-p i l e s  have been made us ing  th ree  

assumptions. F i r s t ,  t he  c a p a c i t i e s  were p red ic t ed  assuming t h a t  che 

p i l e s  were f u l l y  plugged between the f l anges .  Second, t he  c a p a c i t i e s  

were p red ic t ed  assuming t h a t  the p i l e s  were unplugged, so t h a t  the  p i l e s  

4 4  



Table 14 .  P red ic t ed  and Measured Ultimate Loads i n  Tension 

P i l e  No. 1 - 2  1-3B 2 - 1  213 2-4 2-8 3-2 3-5 3-8 3-15 3-16 
Method Load (k ips )  

Coyle 332 332 362 490 389 229 139 158 171 207 207 
Briaud/Tucker 311 311 336 446 359 222 131 155 177 202 202 
Meyerhof 331 331 406 618 449 214 1 2 1  144 164 187 187 
A . P . I .  ' 222 222 232 392 266 106 59 71 81 9 3 9 3 

L.P.C. CPT 301 301 348 438 368 251 149 176 201 229 2 2 9  
deRuiter/Beringen 149 149 243 317 262 1 6 1  101 121 136 158 158 
Schmertmann 487 487 467 555 484 324 99 1 1 6 .  131 171 1 7 1  

L.P.C. PMT 446 446 446 606 496 319 166 197 150 248 248 

Measured 245 133 272 312 212  100 1 2 2  137 200 180 1 9 2  

f a i l e d  along the  a c t u a l  s t e e l - s o i l  i n t e r f a c e  around the p i l e .  The t h i r d  

assumption was t h a t  the  p i l e s  were ha l f -p lugged ,  which i s  t h e  average of 

the  f i r s t  two cases .  

I n  an e f f o r t  t o  quant i fy  which method performed the  b e s t ,  a  

s t a t i s t i c a l  a n a l y s i s  was performed of the  r a t i o  of the p red ic t ed  over 

the  measured u l t ima te  load .  The mean, s tandard  dev ia t ion  and 

c o e f f i c i e n t  of v a r i a t i o n  of t h i s  r a t i o  is  shown i n  Table 16 f o r  the  

t ens ion  t e s t s  and i n  Tables 17 through 20 f o r  che compression t e s t s .  

The r a t i o s  were computed f o r  po in t  load ,  s i d e  load and t o t a l  load f o r  

the  H-p i l e s  t e s t e d  i n  compression. A p e r f e c t  p red ic t ion  method would 

have a  mean of one, a  s tandard  devia t ion  of zero and a  c o e f f i c i e n t  of 

v a r i a t i o n  of ze ro .  

4 . 4  Discussion of  the Resul t s  

The s t a t i s t i c a l  a n a l y s i s  of the  tens ion  t e s t s  shows t h a t ,  f o r  t he  

H - p i l e s ,  t he  A . P . I .  method was the  b e s t  SPT method and the  

deRuiter/Beringen method was the b e s t  CPT method. For the pipe p i l e s  i n  



Table 1 5 .  Predicted and Measured Ultimate Loads in Compression 

Pile No. 1-3A 1-6 2-5 3-1 3-4 3-7 

Method 
p s t p s t Qp Qs Ot Qp kyss Qt Qp kyss a, Qp Qt 

( k i ~ s )  (kips) 
Plugged 
Coyle 345 332 677 345 323 668 345 398 743 196 204 400 267 233 500 349 262 611 
BriaudtTucker 242 311  553 240 304 544 260 366 626 127 180 307 171  212 383 223 246 469 

Meyerhof 586 331 917 581 319 900 677 460 1137 191  278 469 369 225 594 479 261  740 
A.P.I. 221  222 443 216 211 427 249 277 526 .87 110 197 120 132 252 159 154 313 

L.P.C. CPT 217 307 524 205 301 506 276 375 651  155 197 352 208 232 440 226 269 495 
deRuiter/Beringon 432 194 626 432 189 621 432 333 765 246 190 436 335 192 527 437 261 698 
Schertmann 484 478 962 478 463 941 755 489 1244 367 161 528 369 157 526 615 218 833 

L.P.C. F W  116 446 562 116 435 551 109 505 614 56 102 158 77 139 216 100 162 262 

Unplugged 
Coyle 49 539 588 49 524 573 49 645 694 

BriaudITucker 34 504 538 34 492 526 37 598 635 

Meyerhof 83 537 620 82 517 599 96 753 849 
A.P.I. 31  359 390 31  342 373 35 454 489 

L.P.C. CPT 31  498 529 29 488 517 39 608 647 

deRuiter1Beringen 6 1  314 375 6 1  306 367 6 1  544 605 
Schmertmann 69  755 824 68 751  819 107 793 900 

L.P.C. EMT 17 721 738 16 705 721 17 820 837 

Average of Plugged and Unplugged 
Coyle 197 435 632 197 423 620 197 521 718 

BriaudITucker 138 407 545 137 398 535 148 482 630 

Meyerhof 334 434 768 331 418 749 386 607 993 
A.P.I. 126 290 416 123 277 400 142 365 507 

L.P.C. CPT 124 402 526 117 394 511 157 492 649 

deRuiter1Beringen 246 254 500 246 248 494 246 439 685 
Schertmann 276 617 893 273 607 880 431 641 1072 

L.P.C. EMT 66 584 650 66 570 636 63 662 725 

Measured 304 322 626 152 704 856 92 358 450 --- --- 264 --- --- 260 --- --- 366 

Table 16.  Statistical Analysis of Tension Tests 

H-Piles Pipe Piles 
Standard Coefficient Standard Coefficient 

Method Mean Deviation of Variation Mean Deviation of Variation 
Coyle 1 .64  0 .53  0.32 1 .05 0 .17  0 . 1 6  

BriaudITucker 1 . 5 5  0 . 4 9  0 .32  1.03 0 .13 0 .13 

Meyerhof 1 .70  0.56 0 .33  0 . 9 5  0 . 1 2  0 . 1 3  
A.P.I. 1 . 0 0  0.40 0 .40 0 .47 0 . 0 6  0 .12  

L.P.C. CET 1 . 6 1  0 . 5 1  0 .32  1 .17 0 . 1 5  0 . 1 3  

deRuiterlBeringen 1 . 0 2  . 0 .30  0.30 0 .80 0 . 1 1  0 .13 
Schmertmann 2 .06  0 .99  0 .48 0 .77  0 .10  0 . 1 3  

L.P.C. EMT 2 . 1 2  0 .78  0.37 1 .18  0 .38  0 . 3 2  

46 . 



Table 17. Statistical Analysis of Compression Tests on 8-Piles - Plugged Case 

Point Load Side Load Total Load 
Standard Coefficient Standard Coefficient Standard Coefficient 

Method Mean Deviation of Variation Mean Deviation of Variation Mean Deviation of Variation 
Coyle 2.38 1.31 0.55 0.87 0.36 0.41 1.17 0.44 0.38 
BriaudITucker 1.73 1.02 0.59 0.81 0.32 0.40 0.97 0.39 0.40 
Meyerhof 4.37 2.76 0.63 0.92 0.43 0.46 1.68 0.76 0.45 
A.P.I. 1.62 1.00 0.62 0.59 0.25 0.43 0.79 0.34 0.43 

L.P.C. CPT 1.69 1.18 0.70 0.81 0.33 0.41 0.96 0.44 0.46 
deRuiterIBeringen 2.99 1.64 0.55 0.60 0.33 0.55 1.14 0.50 0.44 
Schmertmann 4.31 3.46 0.80 1.17 0.45 0.38 1.80 0.86 0.48 

L.P.C. Fm 0.78 0.40 0.52 1.14 0.45 0.40 0.97 0.37 0.38 

Table 18. Statistical Analysis of Canpression Tests on 8-Piles - Unplugged Case 

Point Load Side Load Total Load 
Standard Coefficient Standard Comfficient Standard Coefficient 

Method Mean Deviation of Variation Mean Dwtation of Variatian Mean Deviation of Variation 
Coyle 0.34 0.19 0.55 1.41 0.58 0.41 1.05 0.45 , 0.43 
BriaudITucker 0.25 0.15 0.60 1.31 0.53 0.41 0.96 0.41 0.42 
Meyerhof 0.62 0.39 0.63 1.50 0.70 0.47 1.19 0.62 0.52 
A.P.I. 0.23 0.14 0.62 0.96 0.41 0.43 0.72 0.34 0.47 

L.P.C. CPT 0.23 0.14 0.62 1.31 0.54 0.41 0.96 0.43 0.45 
deRuiter1Beringen 0.42 0.23 0.55 0.98 0.54 0.56 0.79 0.49 0.62 
Schmertmann 0.61 0.49 0.80 1.88 0.70 0.38 1.42 0.53 0.37 

L.P.C. PMP 0.12 0.07 0.56 1.84 0.73 0.40 1.29 0.52 0.40 

Table 19. Statistical Analysis of Compression Tests on 8-Piles - Half-plugged Case 

Point Load Side Load Total Load 
Standard Camfficient Standard Coefficient Standard Coefficient 

Method Mean Deviation of Variation Mean Deviation of Variation Mean Deviation of Variation 
Coyle 1.36 0.75 0.55 1.14 0.47 0.41 1.11 0.44 0.40 
BriaudITucker 0.99 0.59 0.59 1.06 0.43 0.41 0.97 0.40 0.41 
Meyerhof 2.49 1.57 0.63 1.21 0.56 0.46 1.44 0.69 0.48 
A.P.I. 0.92 0.57 0.62 0.77 0.33 0.43 0.75 0.34 0.45 

L.P.C. CPT 0.96 0.67 0.70 1.06 0.44 0.41 0.96 0.43 0.45 
deRuiter1Beringen 1.70 0.94 0.55 0.79 0.44 0.55 0.97 0.49 0.51 
Schrnertmann 2.46 1.97 0.80 1.59 0.45 0.28 1.61 0.70 0.43 

L.P.C. FMT 0.45 0.23 0.52 1.49 0.59 0.40 1.13 0.44 0.39 



Table  20. S t a t i s t i c a l  Analysis  of Compression Tes ts  of Pipe P i l e s  

Standard Coeff ic ien t  
Method - Mean Deviat ion of V a r i a t i o n  
Coyle 1.70 0 . 2 1  0.12 
Briaud/Tucker 1 .31  0.16 0.12 
Meyerhof 2.03 0.25 0.13 
A . P . I .  0 .87 0 .11  0 .13  

L.P.C. CPT 1.46 0.20 0.14 
deRu i t e r /Be r ingen  1.86 0.19 10 
Schmertmann 2.10 0 .15  0 7  

L.P.C. PMT 0.72 0.12 0.16 

t e n s i o n  t h e  C o y l e ,  Br iaud/Tucker  and Meyerhof methods a 1  1 p r e d i c t e d  

c a p a c i t i e s  v e r y  w e l l  u s ing  SPT da ta ,  and a l l  t h r ee  CPT methods ranked 

about t he  same. 

I n  a n a l y z i n g  t h e  H - p i l e  compres s ion  t e s t s  i t  c a n  be  s e e n  t h a t ,  i n  

g e n e r a l ,  the plugged, unplugged and ha l f -p lugged  cases  produced s i m i l a r  

s t a t i s t i c s  f o r  the  t o t a l  l o a d  f o r  a  g iven  method. However, the plugged 

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

u n d e r e s t i m a t i o n  o f  t h e  s i d e  l o a d .  The unp lugged  a s s u m p t i o n  l e d  t o  a n  

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

l o a d .  The h a l f - p l u g g e d  a s sumpt ion  gave  t h e  b e s t  r e s u l t s  i n  t e rms  of  

p r e d i c t i n g  n o t  o n l y  u l t i m a t e  l oad  but  a l s o  the  v a l u e  of t he  p o i n t  l oad  

and of the  s i d e  load. The Briaud/Tucker method was the  b e s t  SPT method 

and  t h e  L.P.C. method was t h e  b e s t  CPT method. 

For  t h e  p i p e  p i l e s  i n  compres s ion ,  most o f  t h e  methods t e n d e d  t o  

o v e r p r e d i c t  t h e  p i l e  c a p a c i t i e s .  The A.P.I.  method was t h e  b e s t  SPT 

method and t h e  L.P.C. method was the b e s t  CPT method. The p red ic t ed  and 



measured u l t i m a t e  l oads  a r e  compared i n  Figures  31 through 34 f o r  t he  

b e s t  p r e d i c t i o n  method i n  each categorv. 

An i n t e r e s t i n g  r e s u l t  of the  s t a t i s t i c a l  a n a l y s i s  i s  t h a t  t he  coef -  

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

t h a t  of t he  H - p i l e  p red ic t ions  f o r  the tens ion  t e s t s ,  and is  about  one- 

f o u r t h  t h a t  of the H - p i l e  p red ic t ions  f o r  the compression t e s t s .  This  

i n d i c a t e s  t h a t  the measured H - p i l e  c a p a c i t i e s  v a r i e d  much more than  t h e  

measured p ipe  p i l e  c a p a c i t i e s .  A p o s s i b l e  cause of t h i s  may be cobb le s  

o r  bou lde r s  being lodged i n  between the  f l a n g e s  of the  H - p i l e s  o r  damag- 

ing  the  t i p s  of the  p i l e s  such a s  was observed by Fruco and Assoc ia tes  

(1973) i n  a  p i l e  d r i v e a b i l i t y  s t u d y  done i n  t h i s  same a r e a .  S i n c e  t h e  

pipe p i l e s  were d r i v e n  closed-ended and t o  sha l lower  depths than  the  H -  

p i l e s  these  problems would not  a f f e c t  t h e i r  c a p a c i t i e s .  











5. THE LATERAL LOAD TEST PROGRAn 

5.1 The Load T e s t  Program 

L a t e r a l  l o a d  t e s t s  were per formed on two H - p i l e s  w i t h  embedded 

l e n g t h s  o f  67 f t .  The l o a d  t e s t  s e t u p  i s  shown i n  F i g u r e  35. The two 

p i l e s  were jacked . apa r t  and the  l a t e r a l  displacement of each p i l e  was 

measured.  The l o a d i n g  s c h e d u l e  c o n s i s t e d  of monotonic l o a d i n g  t o  0 . 5  

i n .  d e f l e c t i o n ,  f o l l o w e d  by 25 c y c l e s  from 0 t o  14 t o n s ,  and t h e n  

l o a d i n g  t o  2 i n .  d e f l e c t i o n .  The l o a d  was a p p l i e d  6.5 i n .  above  t h e  

ground su r f ace  and the d e f l e c t i o n s  were measured a t  t h a t  same poin t .  

5.2 The Pred ic t ion  Methods 

The c o n v e n t i o n a l  P-y c u r v e s  p roposed  by Reese e t  a l .  ( 1974) ,  a  

subgrade  r e a c t i o n  method (Broms 1964) and P -y  c u r v e s  d e r i v e d  from 

p r e s s u r e m e t e r  t e s t s  ( B r i a u d  e t  a l .  1982) were used  t o  p r e d i c t  t h e  

l a t e r a l  load-def  l e c t i o n  behavior  of the H-pi les .  

Reese e t  a l .  d e f i n e  t h e  s o i l  r e s i s t a n c e ,  P, a s  a f u n c t i o n  of  t h e  

f r i c t i o n  a n g l e ,  4 ,  t h e  a v e r a g e  e f f e c t i v e  u n i t  w e i g h t  of  t h e  s o i l ,  t h e  

p i l e  width and the  depth t o  the  des i r ed  P-y curve. By c a l c  L l a t i n g  P and 

the  a s soc i a t ed  d e f l e c t i o n ,  y ,  of th ree  defined po in t s ,  the  P-y curve  can 

be determined a t  a  g iven  depth. Figure 36 shows sample P-y curves  f o r  

v a r y i n g  d e p t h s ,  X. The i n i t i a l  l i n e a r  p o r t i o n  of  t h e  P-y c u r v e  h a s  a  

3  s l o p e  KsX, where Ks  i s  a  c o n s t a n t  ( l b / i n  ) depending  o n l y  upon t h e  

3 r e l a t i v e  dens i ty  of the  sand. A Ks v a l u e  of 125 l b / i n  (dense sand) was 

used f o r  the  p red ic t ions .  Using t h i s  recommended Ks v a l u e  the i n i t i a l  

l i n e a r  p o r t i o n  of the  P-y curves  a t  g r e a t e r  depths was not  s t i f f  enough 

t o  y i e l d  a  smooth c u r v e  t o  p o i n t  m a s  i l l u s t r a t e d  i n  F i g u r e  36. I n  

t h e s e  c a s e s ,  a  s t r a i g h t  l i n e  was assumed from t h e  o r i g i n  t o  p o i n t  m .  

The parameters used i n  computing the P-y curves  a r e  g iven  i n  Table 21. 



Test Pile 3-12 Test  P i l e  3-13 

FIG. 35. L a t e r a l  Load Test S e t u p  





Table 21. Parameters Used fo r  Reese e t  a l .  P-y Curves 

F r i c t ion  Angle 34' above 40 f t  
42' below 40 f t  

Tota l  Unit Weight 116 l b / f t 3  

Broms' method f o r  predic t ing  de f l ec t ions  of a l a t e r a l l y  loaded p i l e  

a t  working l o a d s  i s  based  on t h e  c o e f f i c i e n t  of l a t e r a l  subgrade  

reac t ion  (Broms 1964). The de f l ec t ions  of a  free-head p i l e  a r e  computed 

from the fo l lowing equation: 

3  where nh i s  the  coe f f i c i en t  of hor izonta l  subgrade reac t ion  ( l b / i n  ) f o r  

a  long s t r i p  with a  width of uni ty  a t  a  depth of uni ty  below the ground 

surface ,  and E I  i s  the  p i l e  s t i f f n e s s .  The recommended va lue  nh of 34 

t o n s / f t 3  f o r  dense sa'nd bglow t h e  w a t e r  t a b l e  was used  f o r  t h e  

p red ic t ions .  

The method proposed by Briaud e t  a l .  (1982) f o r  de r iv ing  P-y curves 

from pressuremeter da ta  is  based on the analogy of the l a t e r a l l y  expand- 

i n g  p r e s s u r e m e t e r  probe  t o  a  l a t e r a l l y  d e f l e c t i n g  p i l e .  The method 

considers  t h a t  the  l a t e r a l  res is tance  has two components: f r i c t i o n  and 

f r o n t a l  res is tance .  This d i s t i n c t i o n  is rou t ine ly  made f o r  the a n a l y s i s  

of v e r t i c a l l y  loaded p i l e s  but has not been used f o r  l a t e r a l l y  loaded 

p i l e s .  Both the  f r i c t i o n  and f r o n t a l  r e s i s t ances  a r e  der ived from the 

p r e s s u r e m e t e r  c u r v e  and a r e  then  added t o  o b t a i n  t h e  P-y c u r v e .  The 

method has the advantage of using P-y curves which a r e  measured i n  s i t u .  



5.3 Comparison o f  Predic ted  and Measured Resu l t s  

The p r e d i c t e d  and  measured l o a d - d e f l e c t i o n  c u r v e s  a r e  shown i n  

F i g u r e  37 .  I t  c a n  be s e e n  t h a t  t h e  Briaaud e t  a l .  p r e s s u r e m e t e r  method 

p r e d i c t s  t he  measured d a t a  q u i t e  w e l l .  Broms' method a l s o  does w e l l  a t  

working loads .  The Reese e t  a l .  p red ic t ions  a r e  very  conse rva t ive .  



DEFLECTION ( i n . )  
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FIG. 37. Comparison of  P r e d i c t e d  and ~ e a s u r e d  L a t e r a l  D e f l e c t i o n s  



6. CONCLUSIONS 

The s i g n i f i c a n t  c o n c l u s i o n s  from t h i s  s t u d y  c a n  be  summarized a s  

fol lows : 

1. Both dynamic c a p a c i t y  methods,  t h e  E n g i n e e r i n g  News Formula 
and the  Case method, gave predic ted  u l t i m a t e  loads which were 
much lower than the  u l t i m a t e  loads  measured i n  the load  t e s t s .  
This may be due t o  s o i l  se tup ,  a l though u n l i k e l y  i n  t h i s  r e l a -  
t i v e l y  c l e a n  :- - 5ium dense t o  dense sand and g r a v e l .  

2 .  A damping v a l u e  of  0.0 was found t o  be  t h e  b e s t  v a l u e  t o  u s e  
i n  a  wave equat ion a n a l y s i s  t o  match measured r e s u l t s .  This 
low damping v a l u e  could  exp la in  why the Case p red ic t ion  method 
was very  conserva t ive .  

3 .  R e s i d u a l  p o i n t  l o a d s  a v e r a g e d  26.5 t o n s  which i s  30% of t h e  
average measured po in t  load. 

4 .  The s e t t l e m e n t s  a t  working l o a d s  were s m a l l ,  however ,  t h e  
s e t t l e m e n t s  of the  H-p i l e s  averaged about th ree  t imes those of 
t h e  p i p e  p i l e s  i n  b o t h  t e n s i o n  and compress ion .  T h i s  may b e  
due t o  t he  l a r g e r  volume of the  d i sp l aced  s o i l  by the c losed -  
ended pipe p i l e s  c r e a t i n g  a denser surrounding s o i l .  ; 

5 .  The a l l o w a b l e  l o a d  ( f a c t o r  of s a f e t y  - 2) f o r  b a t t e r e d  H-p i l e s  
was 12% h i g h e r  i n  t e n s i o n  and 25% lower  i n  compres s ion  t h a n  
comparable v e r t i c a l  H-piles.  

6 .  The i n i t i a l  s t i f f n e s s  o f  b a t t e r e d  H - p i l e s  was 7 L . k  h i g h e r  i n  
t ens ion  and 23% higher  i n  compression than comparabLe v e r t i c a l  
H-p i l e s .  

7 .  The a l l o w a b l e  l o a d  ( f a c t o r  of s a f e t y  - 2)  f o r  Quick load  t e s t s  
on H - p i l e s  was 6 5 %  h l  ;ner  i n  t e n s i o n  and  43% h i g h e r  i n  com- 
p re s s ion  than  comparable Standard load  t e s t s .  This s i g n i f  i -  
c a n t  r a t e  e f f e c t  t e n d s  t o  make t h e  s o i l  " s e t u p "  ment ioned  i n  
conclus ion  1 more p l a u s i b l e .  

8. The i n i t i a l  s t i f f n e s s  f o r  Quick load  t e s t s  on H-p i l e s  was 106% 
higher  i n  tens ion  and 5% lower i n  compression than comparable 
Standard load  t e s t s .  

9 .  The a l l o w a b l e  l o a d o n  two s i m i l a r  p i l e s  i n  the same p i l e  group 
v a r i e d  a s  much a s  84%.  An a n a l y s i s  o f  1 3  SPT b o r i n g s  showed 
an average c o e f f i c i e n t  of v a r i a t i o n  of 38%. 

10.  The f r i c t i o n  on the H-p i l e s  i n  tens ion  averaged 24% lower than 
the  f r i c t i o n  on the  pipe p i l e s  i n  tension.  This may be due t o  

he  f a c t  t h a t  H p i l e s  a r e  low d i s p l a c e m e n t  p i l e s  w h i l e  t h e  
osed-ended pipe p i l e s  a r e  l a r g e  displacement p i l e s .  
\ 



11. The methods which b e s t  p r e d i c t e d  t h e  measured a x i a l  l o a d  
c a p a c i t i e s  were : 

S PT CPT 
H - p i l e  Tens ion A.P.I .  deRuiter/Beringen 
H - p i l e  Comp. Briaud/Tucker d e ~ u i  t e r / ~ e r i n g e n  
Pipe p i l e  Tension Briaud/Tucker L.P.C. 
P i p e  p i l e  Comp. A.P.I. L.P.C. 

1 2 .  The c a p a c i t y  o f  a n  H - p i l e  i n  t e n s i o n  s h o u l d  b e  c a l c u l a t e d  
us ing  the  perimeter  of the enc los ing  r e c t a n g l e ,  a s  t h i s  w i l l  
g i v e  t h e  l o w e s t  p r e d i c t e d  c a p a c i t y .  Most of  t h e  p r e d i c t i o n  
methods s t i l l  overest imated the  p i l e  capac i ty  even using t h i s  
per imeter .  

13 .  The capac i ty  of an H - p i l e  i n  compression should  be c a l c u l a t e d  
assuming t h a t  the  p i l e  is  h a l f  -plugged. This  g i v e s  much b e t -  
t e r  agreement with the measured po in t  and s i d e  load  d i s t r i b u -  
t i o n  than e i t h e r  t he  f u l l - p l u g g e d  o r  unplugged assumption. 

14 .  The B r i a u d  e t  a l .  (1982) p r e s s u r e m e t e r  method g a v e  t h e  b e s t  
p r e d i c t i o n s  of the  measured l a t e r a l  l oad  t e s t  r e s u l t s .  
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