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1.0 INTRODUCTION 

1.1 General 

This r e p o r t  presents  the  r e s u l t s  of a  research  i n v e s t i g a t i o n  on the  e f f e c t  

of g ra in  crushing on the  f r i c t i o n a l  c h a r a c t e r i s t i c s  of a  dr iven model p i l e  i n  

calcareous and s i l i c a  sands. Er t ec  c a r r i e d  o u t  the  work under the  Naval C i v i l  

Engineering Laboratory (NCEL) Contrac t  No. N62474-82-C-8269 dated March 15, 

1982, and i n  genera l  accordance with NCEL's s tatement of work dated December 

2 ,  1981. 

1.2 Background Information 

Calcareous sediments c o n s i s t  p r imar i ly  of calcium carbonate. These sediments 

d i f f e r  from ter r igenous  sediments i n  s e v e r a l  a reas  (Noorany, 1982h; Dat ta ,  e t  

a l ,  1981; McClelland Engineers, Inc., 1980): 

1 .  They a r e  p r imar i ly  a  product  of b i o l o g i c a l  a c t i v i t i e s .  

2. They a r e  s o f t e r  and have more in t ra -g ranu la r  voids,  and thus ,  they 

a r e  more suscep t ib le  t o  crushing.  

3 .  They a r e  more suscep t ib le  t o  post-deposi t ional  physica l  and chemical 

a l t e r n a t i o n .  

Various researchers  (Dat ta ,  e t  a l ,  1979, 1980, 1981; Agarwal, 1977; Demars, 

e t  a l ,  1976) have i d e n t i f i e d  t h e  fol lowing parameters a s  being most s i g n i f i c a n t  

i n  a f f e c t i n g  the  behavior of calcareous sediments: 

1 .  Carbonate Content 

2. Crushab i l i ty  

3 .  Degree of Cementation 



Because of the  behaviora l  d i f f e rence ,  c u r r e n t  design methodology f o r  p i l e s  i n  

conventional  te r r igenous  s o i l s  is  n o t  app l i cab le  t o  the  design of p i l e s  i n  

calcareous sands. An adequate determination of the  sk in  f r i c t i o n  charac- 

t e r i s t i c s  of p i l e s  i n  calcareous sediments r equ i res  a thorough understanding 

of the  s o i l - p i l e  i n t e r a c t i o n  mechanism, This mechanism i s  complex and poorly 

understood. There e x i s t  cons iderable  experimental evidence t o  i n d i c a t e  the  

fol lowing observat ions  f o r  p i l e s  i n  ca lcarous  s o i l s :  

1 .  Under s t a t i c  loading condi t ions ,  sk in  f r i c t i o n  r e s i s t a n c e  

of t h e  p i l e s  can be s i g n i f i c a n t l y  lower than the  p i l e s  i n  

te r r igenous  sands (Angemeer, e t  a l ,  1973, 1975). 

2 .  Cycl ic  loading can cause f u r t h e r  reduct ion  of the  sk in  f r i c t i o n  

value (King, e t  a l ,  1980). 

3 .  Grouted p i l e s  i n  calcareous sands p o t e n t i a l l y  y i e l d  much higher 

p i l e  load ca r ry ing  capac i ty  than dr iven p i l e s  of t h e  same types 

(Angemeer, e t  a l ,  1973, 1975). 

4. Current  design methodology f o r  p i l e s  i n  ca lcareous  sands i s  n o t  

r e l i a b l e  (Dat ta ,  e t  a l ,  1980). 

Unfortunately,  e x i s t i n g  experimental information cannot be f u l l y  explained by 

conventional  theory. Given the  uncer t a in ty  i n  c u r r e n t  design methodology, 

s i g n i f i c a n t  judqment i s  usua l ly  introduced i n  designing p i l e s  f o r  calcareous 

sediments. Where important  f a c i l i t i e s  a r e  planned, it i s  a normal p r a c t i c e  t o  

conduct p i l e  load t e s t s  t o  confirm load p red ic t ions .  These programs a r e  

c o s t l y  and time-consuming. They a r e  usua l ly  imprac t i ca l  f o r  most p r o j e c t s .  

Ins tead ,  l a r g e  f a c t o r s  of s a f e t y  a r e  normally introduced t o  account f o r  design 



uncer ta in ty .  However, t h i s  approach leads  t o  c o s t l y  over-design i n  many 

cases.  In  o the r  s i t u a t i o n s ,  the  l a r g e  s a f e t y  f a c t o r  is no t  s u f f i c i e n t ,  

r e s u l t i n g  i n  unsafe design,  

The proceeding summary i n d i c a t e s  t h a t  the  p resen t  design framework f o r  p i l e s  

i n  ca lcarous  s o i l s  r equ i res  f u r t h e r  improvement. I t  needs a sys temat ic  

research  and development program aimed towards a b e t t e r  understanding of the  

s o i l - p i l e  i n t e r a c t i o n  mechanism which c o n t r o l s  the  p i l e  behavior i n  ca lcareous  

sediments. 

1 . 3  Objective and Scope 

This research  i n v e s t i g a t i o n  i s  a p a r t  of NCEL's e f f o r t  t o  improve i t s  

understanding of the  physica l  mechanisms c o n t r o l l i n g  the  behavior of p i l e s  i n  

calcareous sands. The o b j e c t i v e  of t h i s  research  i n v e s t i g a t i o n  was t o  qua l i -  

t a t i v e l y  examine the  fol lowing i tems r e l a t e d  t o  p i l e s  i n  calcareous sands: 

1 .  The e f f e c t  of p i l e  d r iv ing  on the  deqree of q r a i n  crushing 

2. The e f f e c t  of g r a i n  crushing on the  f r i c t i o n a l  r e s i s t a n c e  charac- 

t e r i s t i c s  of p i l e s  i n  calcareous sands 

3 .  The e f f e c t  of cementation on t h e  c r u s h a b i l i t y  and f r i c t i o n a l  

r e s i s t a n c e  c h a r a c t e r i s t i c s .  

To accomplish the  ob jec t ive ,  a  s e r i e s  of l abora to ry  experiments were performed 

using a model p i l e  d r iven  i n t o  two sandy s o i l s .  These s o i l s  inc lude  ( 1 )  a 

Flor ida  sand supplied by NCEL, and ( 2 )  a  uniform s i l i c a  sand, Samples of each 

sand were prepared a t  two ( 2 )  d i f f e r e n t  d e n s i t i e s  and four  ( 4 )  d i f f e r e n t  



cement contents  a s  s p e c i f i e d  by NCEL. The scope of work included the  

fol lowing tasks :  

( 1 )  Design and f a b r i c a t i o n  of t e s t  s e t u p  and equipment 

( 2 )  Performance of a  l abora to ry  t e s t i n g  program which would 

inc lude  sample prepara t ion ,  p i l e  d r iv inq ,  p i l e  p u l l o u t  

t e s t i n g ,  and obta in ing specimens f o r  g r a i n  s i z e  determinations 

( 3 )  Data ana lys i s .  

1.4 Contents 

Sect ion  2 provides a  d e t a i l e d  d e s c r i p t i o n  of the  t e s t  s e t u p  and test 

mate r i a l s .  A d e s c r i p t i o n  of various test  procedures i s  provided i n  Sect ion  3 .  

The r e s u l t s  of t h i s  research  i n v e s t i g a t i o n  together  with d a t a  analyses  and 

r e l e v a n t  d iscuss ions  a r e  presented i n  Sect ion  4. Sect ion 5 provides our 

remarks and conclusions f o r  t h i s  research  inves t iga t ion .  Appendix A presen t s  

a  more d e t a i l e d  d e s c r i p t i o n  of step-by-step t e s t  procedures and various equip- 

ment u t i l i z e d  i n  t h i s  inves t iga t ion .  

1.5 Personnel 

This i n v e s t i g a t i o n  was performed under the  o v e r a l l  d i r e c t i o n  and management of 

D r .  B i l l  Lu. He was a s s i s t e d  by M r .  Apichart  Phuhunhaphan who d i r e c t e d  t h e  

l abora to ry  experiment program and p a r t i c i p a t e d  i n  t echn ica l  evaluat ion  and by 

M r .  Reynold J i e  who assembled the  t e s t  se tup  and performed the  tests. 

M r .  Hudson Matlock and D r ,  Donald Anderson provided continuous advice a s  wel l  

a s  t echn ica l  review of t h i s  r epor t ,  

NCEL's t echn ica l  r ep resen ta t ive  was M r .  Stephen C. McCarel. NCEL's Contract  

Administrator was M s .  E l len  Maggard. 



2.0 TEST SETUP 

2.1 General 

This s e c t i o n  provides a desc r ip t ion  of the  t e s t  ma te r i a l s  and t e s t  s e t u p  u t i -  

l i z e d  i n  t h i s  inves t iga t ion .  

2.2 Tes t  Mater ia ls  

Two sandy mate r i a l s  w e r e  u t i l i z e d  i n  t h i s  inves t iga t ion ;  one was a F lo r ida  

calcareous sand and t h e  o the r  was a n a t u r a l  s i l i c a  sand. Samples of each sand 

were prepared a t  two d i f f e r e n t  d e n s i t i e s  and four  d i f f e r e n t  cement contents .  

A t o t a l  of s i x t e e n  5-gallon drums of F lo r ida  calcareous sand was provided by 

the  NCEL. The calcareous sand i s  a uniformly graded sand with elongated and 

angular  g r a i n  p a r t i c l e s .  I t  conta ins  v a r i a b l e  amounts of s h e l l  fragments and 

l i t t l e  o r  no f i n e s .  The range of g r a i n  s i z e  d i s t r i b u t i o n  of the  ca lcareous  

sand t e s t e d  is shown i n  Figure 2-1. Microscopic examination of t h i s  F lo r ida  

calcareous sand i n d i c a t e s  t h a t  most of the  p a r t i c l e s  a r e  porous and have a 

rough t ex tu re .  Two microscopic photographs of t h e  s o i l  p a r t i c l e s ,  magnified 

a t  approximately 30 t i m e s ,  a r e  shown i n  Figure 2-2. The r e s u l t s  of l abora to ry  

t e s t s  ind ica ted  t h a t  the  s p e c i f i c  g r a v i t y  of t h i s  sand ranged from 2.81 t o  

2.85 with an average value of about 2.82. 

The s i l i c a  sand u t i l i z e d  i n  t h i s  i n v e s t i g a t i o n  was a commercially a v a i l a b l e  

c lean  coarse  t o  medium sand, commonly r e f e r r e d  a s  the  Lone S t a r  N o .  1/20 

s i l i c a  sand. Figure 2-3 shows the  g r a i n  s i z e  d i s t r i b u t i o n  of t h i s  sand. The 

s p e c i f i c  g r a v i t y  of the  s i l i c a  sand was determined t o  be about 2.65. 

2.3 Tes t  Equipment and Setup 

The t e s t  s e t u p  and equipment u t i l i z e d  i n  t h i s  i n v e s t i g a t i o n  were s p e c i f i c a l l y  

designed and b u i l t  t o  meet the  p r o j e c t  requirements. Figure 2-4 shows a 



schematic i l l u s t r a t i o n  of the  complete test setup.  The test se tup  consis ted  

of the  fol lowing systems: 

1 .  Model p i l e  and p i l e  d r i v i n g  system, 

2.  Sample r e t e n t i o n  system ( r e d  b a r r e l ) ,  

3. Sample prepara t ion  system, 

4. Pu l lou t  load test  system, and 

5. Instrumentat ion and da ta  a c q u i s i t i o n  system. 

2.3.1 Model P i l e  and Driving Assembly 

The model p i l e  was a 1.5-inch diameter and 18-inch long flat-ended s o l i d  steel 

rod. This model p i l e  had been u t i l i z e d  by t he  NCEL i n  a  previous s tudy and 

was provided f o r  use i n  t h i s  inves t iga t ion .  

The p i l e  d r iv ing  assembly consis ted  of a  guide rod, a  15-pound s t e e l  dead 

weight, and a guide p l a t e  assembly. The guide rod was 0.5 inch i n  diameter 

and 4 f e e t  long. The bottom end of t h i s  guide rod was concen t r i ca l ly  threaded 

i n t o  the  top  of the  model p i l e .  The top '  end of the  guide rod f i t s  through a 

guide p l a t e  which was supported by t h r e e  v e r t i c a l  s t e e l  pos t s  mounted onto  the  

t o p  p l a t e  of the  sample r e t e n t i o n  system ( red  b a r r e l  - r e f e r  t o  next  s e c t i o n )  

t o  provide s u f f i c i e n t  r i g i d i t y  and t o  ensure the  plumbness of the  guide rod. 

P i l e  d r i v i n g  was achieved by dropping the  dead weight from a d i s t ance  of one 

( 1  ) f o o t  above t h e  top  of model p i l e .  

2.3.2 Sample Retention System 

The s o i l  sample (Sect ion  2 . 3 . 3 )  was placed i n  a t e s t  drum, commonly r e f e r r e d  

a s  the "red-barrel" .  The red b a r r e l  u t i l i z e d  i n  t h i s  s tudy consis ted  of a  



30-inch diameter and 30-inch high hollow s t e e l  cycl inder  with end p l a t e s  

bol ted  t o  both ends of the  cyc l inder ,  and a p r e s s u r i z a t i o n  system. A schema- 

t i c  diagram of t h i s  t e s t  drum i s  shown i n  Figure 2-5. This test drum can 

apply up t o  100 p s i  of s t r e s s e s  t o  s imula te  overburden and l a t e r a l  s t r e s s  con- 

d i t i o n s  through a s e r i e s  rubber tubes (Fiqure 2-51 f i l l e d  with water pumped 

i n  by an e x t e r n a l  p ressu re  source. For t h i s  i n v e s t i g a t i o n ,  an o v e r a l l  con- 

f i n i n g  pressure  of 20 p s i  was appl ied  i n  every test ,  s imula t ing  a p i l e  a t  

about 50 t o  60 f e e t  below the  s e a f l o o r ,  

2.3.3 Sample Prepara t ion  Equipment 

Each s o i l  sample was 9 inches i n  diameter and 18 inches high. Each sample was 

prepared t o  t h e  prescr ibed dens i ty ,  moisture content ,  and cement content ,  

using a s p l i t  mold and a rubber membrane, The s p l i t  mold was capable of 

applying vacuum t o  s t r e t c h  the  rubber membrane a g a i n s t  t h e  mold wal l ,  Af ter  

sample prepara t ion ,  each sample was cured i n  a  moisture room f o r  a  minimum of 

t h r e e  ( 3) days p r i o r  t o  t e s t i n q ,  

2.3.4 Pu l lou t  Load Tes t  System 

The pu l lou t  load t e s t  system comprised of a  hydraul ic  loading system and a 

load frame. The hydraul ic  system consis ted  of a  hydraul ic  a c t u a t o r ,  a  

hydraul ic  pump, and a flow r a t e  a d j u s t e r ,  This system was used t o  p u l l  o u t  

the  p i l e  by displacement c o n t r o l  a t  a  slow r a t e .  The load frame consis ted  of 

a  s t e e l  p l a t e  which was supported by th ree  ( 3 )  v e r t i c a l  s t e e l  pos ts  r i g i d l y  

connected t o  the  t o p  end p l a t e  of the  red b a r r e l .  



2.3.5 Instrumentat ion and Data Acquisi t ion System 

The ins t rumenta t ion  f o r  p u l l o u t  t e s t s  cons is ted  of a  strain-gaged load c e l l  t o  

monitor the  p u l l o u t  fo rce  and a  displacement t ransducer (LVDT) t o  monitor the  

p i l e  displacement. The d a t a  a c q u i s i t i o n  system consis ted  of a  multi-channel 

condi t ioner  with d i g i t a l  and analog output ,  and an X-Y-Y recorder .  

The load c e l l  and displacement t ransducer  were continuously monitored and 

r e s u l t s  p l o t t e d  by t h e  X-Y-Y recorder  during the  p i l e  p u l l o u t  t e s t s .  
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3.0 TEST PROCEDURES 

3.1 General 

A t o t a l  of 20 l abora to ry  test s e r i e s  was performed on the  two d i f f e r e n t  sands 

prepared a t  various prescr ibed d e n s i t i e s ,  moisture contents  and cement con- 

t e n t s  (Sect ion  4 . 1 ) .  Each test genera l ly  cons is ted  of the  fol lowing sequence: 

1 .  Preparing and cur inq  the  sample 

2. P lac ing the  sample i n  the  red b a r r e l  ( t e s t  drum) and then applying 

an o v e r a l l  conf in ing pressure  of 20 p s i  

3 .  Driving t h e  model p i l e  i n t o  the  s o i l  sample 

4. Performing a p u l l o u t  t e s t  

5. Subsampling t o  ob ta in  s o i l  specimens a t  various depths and d i s t ances  

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

P r i o r  t o  the  i n i t i a t i o n  of l abora to ry  t e s t i n g ,  a s e t  of prel iminary t e s t  

procedures governing a l l  sequences of t e s t i n g  was developed. These t e s t i n g  

procedures a s  wel l  a s  t e s t  s e t u p  (Sect ion  2 )  were subsequently r e f ined  and 

modified through the  knowledge gained from a s e r i e s  of shakedown t e s t s .  

The f i n a l  test  procedures adopted f o r  t h i s  i n v e s t i g a t i o n  a r e  provided i n  

Appendix A. 

The fol lowing s e c t i o n s  provide a b r i e f  desc r ip t ion  of various t e s t  procedures. 



3.2 Sample Prepara t ion  

Two methods of sample prepara t ion ,  inc luding a tamping method and a r a i n i n g  

method, were u t i l i z e d  i n  t h i s  i n v e s t i g a t i o n ,  A d e t a i l e d  d e s c r i p t i o n  of these  

sample prepara t ion  methods i s  provided i n  Appendix A. In  genera l  t h e  adopted 

methods were refinements of those  methods spec i f i ed  i n  NCEL's s ta tement  of 

work. They were designed t o  achieve repeatable ,  uniform and homogeneous s o i l  

samples. 

In  accordance with NCEL's s tatement of work, samples were prepared t o  the  

fol lowing void r a t i o s :  

Void Rat ios  

Sand Type Raining Method Tamping Method 

Calcareous Sand 2.0 + 0.1 - 1.4 + 0.1 - 
S i l i c a  Sand 

Based on the  average s p e c i f i c  g r a v i t y  values (Sect ion  2.1) and t h e  above 

requirements, t h e  fol lowing d ry  d e n s i t y  values were prescr ibed f o r  t h i s  

inves t iga t ion :  

Dry Density ( gm/,, ) 

Sand Type Raining Method Tamping Method 

Calcareous Sand 0 -94 1.17 

S i l i c a  Sand 1.51 1.61 

A l l  prepared samples w e r e  then cured i n  a 100% humidity room f o r  a minimum of 

t h r e e  days before  they were placed i n  t h e  red b a r r e l  f o r  f u r t h e r  t e s t i n g .  This 

cur ing  period was determined on the  b a s i s  of unconfined compression tests which 

ind ica ted  t h a t  3-day and 7-day s t r e n g t h s  of the  samples were about  t h e  same. 



After  cur ing ,  the  t e s t  sample was placed on top  of a  prepared bed of s i l i c a  

sand i n  t h e  red  b a r r e l .  The annular  space between the  t e s t  sample and red  

b a r r e l  wa l l  was then f i l l e d  with s i l i c a  sand compacted i n  l aye r s  and with an 

approximate s t i f f n e s s  s i m i l a r  t o  the  t e s t  sample t o  maintain s i m i l a r  

compliance. The red b a r r e l  was then covered and a l l  pressure  l i n e s  connected. 

An a l l  around conf in ing pressure  of 20 p s i  was then appl ied  t o  the  test 

sample. 

3 . 3  P i l e  Driving 

After  the  sample was ' in  p lace  and the  conf in ing pressure  appl ied ,  t h e  p i l e .  

d r i v i n g  assembly was a t tached.  P i l e  d r iv ing  was accomplished by manually 

dropping the  15-pound deadweight hammer from a  d i s t ance  of 12 inches above the  

p i l e  head. P i l e  d r i v i n g  continued u n t i l  a  pene t ra t ion  of 12 inches was 

achieved. 

3.4 P i l e  Pu l lou t  Tes t  

Pu l lou t  t e s t s  were performed using the  previous ly  descr ibed hydraul ic  p u l l i n g  

system. The p i l e  was connected t o  the  v e r t i c a l  ram of the  hydraul ic  a c t u a t o r ,  

and pul led  v e r t i c a l l y  with a speed of about 0.04 inch per  second. The pu l lou t  

test continued u n t i l  a  maximum pu l lou t  fo rce  was reached. The pu l lou t  

r e s i s t a n c e  fo rce  and p i l e  displacement w e r e  cont inously  monitored on t h e  X-Y-Y 

recorder during each p u l l o u t  t e s t .  

3.5 Subsampling After  Pu l lou t  Tes t  

I t  was hypothesized t h a t  the  degree of g r a i n  crushing,  i f  any, would be more 

severe a t  o r  near the  p i l e  and s i g n i f i c a n t l y  decrease a s  the  d i s t ance  away 



from the  p i l e  increased.  Therefore, it was necessary t o  obta in  s o i l  specimens 

a t  o r  near  t h e  p i l e  wa l l  i n  t h i s  inves t iga t ion .  Subsampling of s o i l  specimens 

was accomplished by using a sc raper  t o  c a r e f u l l y  scrape  around the  wa l l  of 

sand a f t e r  removing t h e  model p i l e .  Since the  samples w e r e  moist and mostly 

cemented, the  c a v i t y  wa l l  of each sample was a b l e  t o  s tand v e r t i c a l l y  without  

co l l aps ing ,  A s  shown i n  Figure 3-1, nine (9) s o i l  specimens w e r e  taken from 

each test sample a t  t h r e e  ( 3 )  hor i zon ta l  d i s t ance  i n t e r v a l s  of 0 t o  1/4, 1 t o  

2, and 2 t o  3 inches from the  p i l e  perimeter  and a t  t h r e e  ( 3 )  depth i n t e r v a l s  

between 0 t o  4, 4 t o  8, and 8 t o  1 2  inches from t h e  s o i l  su r face  i n  each hor i -  

z o n t a l  d i s t ance  i n t e r v a l .  

3.6 Grain S ize  Analysis 

Specimens of cemented sample contained c e r t a i n  cemented Lumps. Separa t ion  of 

the  cementing agent  and sand g r a i n s  would be necessary f o r  a s sess ing  changes 

i n  g ra in  s i z e  d i s t r i b u t i o n .  Regular pu lve r i za t ion  method using physica l  o r  

mechanical fo rce  was not  acceptable  s i n c e  i t  would p o t e n t i a l l y  break and crush 

t h e  s o f t  calcareous sand g ra ins .  Pu lve r i za t ion  by chemical means was a l s o  

considered inappropr ia t e  s ince  the  chemical s o l u t i o n  would p o t e n t i a l l y  d i s s o l v e  

t h e  calcareous sand g ra ins  a s  wel l  a s  the  cement agent .  Ins tead ,  sepa ra t ion  

was accomplished by l i g h t l y  rubbing o f f  the  cementinq aqent  by hand. Extreme 

ca re  was taken t o  prevent  crushinq of the  sand g ra ins .  Af ter  sepa ra t ion ,  t h e  

specimens were soaked i n  d i s t i l l e d  water f o r  24 hours. Sieve analyses were . 
then performed on t h e  s o i l  specimens i n  accordance with ASTM D422 procedures. 





RESULTS, ANALYSES AND DISCUSSIONS 

4.1 Number of Tes ts  

A t o t a l  of 20 tests was performed. These t e s t s  included 5 non-scheduled t e s t s  

and 1 5  scheduled t e s t s  c a l l e d  f o r  i n  the  NCEL s ta tement  of work. The non- 

scheduled t e s t s  were ca tegor ized  a s  nshakedown tests" t o  c a l i b r a t e  and modify 

various test procedures. Relevant da ta  and c h a r a c t e r i s t i c s  of t e s t  samples a s  

we l l  a s  c e r t a i n  test  r e s u l t s  a r e  summarized i n  Table 4-1. 

I n  these  "shakedown testsn, c e r t a i n  a reas  of emphasis were s t r e s s e d  while 

l i t t l e  a t t e n t i o n  was paid t o  o t h e r  a reas .  Thus, the  r e s u l t s  of t h e  non- 

scheduled t e s t s  could only be used t o  supplement q u a l i t a t i v e l y  t h e  r e s u l t s  of 

scheduled t e s t s .  

4 .2 Resul ts  

4.2.1 P i l e  Driving 

P l o t s  of d r iv ing  energy versus p i l e  pene t ra t ion  f o r  the  scheduled t e s t s  a r e  

presented i n  Fiqures 4-1 t o  4-4. An examination of these  r e s u l t s  i n d i c a t e s  

the  f ollowing : 

1 . As expected, higher d r iv ing  energy is  required  t o  i n s t a l l .  t h e  p i l e  

i n t o  h igher  d e n s i t y  sand samples. 

2. For h igher  d e n s i t y  samples of calcareous sand and s i l i c a  sand, t h e  

fol lowing observations a r e  made: 

a.  The d r i v i n g  energy requi red  t o  i n s t a l l  t he  p i l e  inc reases  with 

inc reas inq  cement content .  



b. A t  each prescr ibed cement content ,  p i l e  d r i v i n g  r e s i s t a n c e s  

a r e  on t h e  same order  of magnitude f o r  higher d e n s i t y  

s i l i c a  and ca lcareous  sand samples. 

3. For lower d e n s i t y  samples of e i t h e r  s i l i c a  sand o r  ca lcareous  sand, 

an inc rease  i n  cement con ten t  does n o t  appear t o  s i g n i f i c a n t l y  

inc rease  p i l e  d r i v i n g  r e s i s t a n c e .  

4.2 .2  Pul lou t  Tes ts  

The r e s u l t s  of maximum p u l l o u t  r e s i s t a n c e  and corresponding p i l e  displacement 

d a t a  a r e  summarized i n  Table 4-1. A summary p l o t  of the  maximum'pullout f o r c e  

versus the  number of blows requi red  t o  advance the  p i l e  1 2  inches is  provided 

i n  Figure 4-5. Severa l  observations can be made: 

1 .  Although the  p i l e  d r i v i n g  r e s i s t a n c e  i n  h igher  d e n s i t y  s i l i c a  

sand samples i s  s i m i l a r  t o  the  d r i v i n g  r e s i s t a n c e  i n  higher d e n s i t y  

ca lcareous  sand samples, the  p u l l o u t  r e s i s t a n c e  i n  s i l i c a  sand i s  

two t o  f i v e  times of the  p u l l o u t  r e s i s t a n c e  i n  calcareous sand. 

The d i f fe rence  i n  p u l l o u t  r e s i s t a n c e  appears t o  inc rease  with the  

inc reases  of cement contents  and p i l e  d r iv ing  r e s i s t a n c e .  

2 .  I n  lower d e n s i t y  calcareous sand, p i l e  p u l l o u t  r e s i s t a n c e  appears t o  

inc rease  with the  inc rease  of p i l e  d r i v i n g  r e s i s t a n c e .  

3 .  In  s i l i c a  sand, p i l e  p u l l o u t  r e s i s t a n c e ,  i n  genera l ,  i nc reases  with 

the  inc rease  of p i l e  d r iv ing  res i s t ance .  

Based on the  above observat ions ,  it appears t h a t  p i l e  d r iv ing  r e s i s t a n c e  may 

n o t  be a r a t i o n a l  parameter f o r  use i n  p u l l o u t  capac i ty  p red ic t ion  f o r  p i l e s  

i n  calcareous sands. 
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4.2.3 Crushab i l i ty  

A s  described i n  Sect ion  3.5, subsamples of the  s o i l  specimens were taken a t  

various depths and d i s t ances  from t h e  p i l e  wa l l  a f t e r  each p u l l o u t  t e s t .  Grain I 
s i z e  analyses were then performed on these  specimens i n  accordance with proce- I 
dures described i n  Sect ion  3.6. 

I n  c u r r e n t  p r a c t i c e ,  the  degree of c r u s h a b i l i t y  of calcareous sands i s  usua l ly  

quan t i f i ed  by a  c r u s h a b i l i t y  index Cc, defined by Dat ta ,  e t  a 1  (1980) as:  

Percent  of sand p a r t i c l e s  f i n e r  than D10 a f t e r  being s t r e s s e d  
Cc = 

Orig ina l  percent  of sand p a r t i c l e s  f i n e r  than D I 0  

where 

D I 0  = p a r t i c l e  diameter a t  which 10 percent  of the  s o i l  by weight i s  
f i n e r  . 

This d e f i n i t i o n  was no t  followed i n  t h i s  i n v e s t i g a t i o n  because the  r e s u l t s  of 

g ra in  s i z e  analyses ind ica ted  t h a t  D10 a t  o r  near the  p i l e  wal l  f o r  most of 

the  higher dens i ty  calcareous sand samples was f i n e r  than the  No. 200 s ieve .  

Therefore, the  determination of D I 0  would have required the  use of hydrometer 

t e s t i n q  method. Hydrometer analyses  were no t  performed because of insuf-  

f i c i e n t  q u a n t i t i e s  of specimens. Ins tead ,  a  " f i n e s  content"  defined a s  the  

percent  of s o i l  by weight f i n e r  than the  No. 200 s e i v e ,  was used a s  a  crush- 

a b i l i t y  i n d i c a t o r  i n  t h i s  inves t iga t ion .  

The f i n e s  content  versus d i s t a n c e  from the  p i l e  wa l l  ( s o i l - p i l e  i n t e r f a c e )  

a r e  presented i n  Table 4-2 and Figures 4-6 t o  4-9, A s  can be noted from these  

r e s u l t s ,  most of t h e  q r a i n  crushing takes  p lace  a t  o r  near  the  p i l e  wall.  The 

degrees of g r a i n  crushing decrease s i g n i f i c a n t l y  with inc reases  i n  d i s t a n c e  

away from the  p i l e  wall .  



For i l l u s t r a t i v e  purpose, " a t  o r  near  the  p i l e  wall"  is  defined a s  a d i s t a n c e  

of 0 t o  1/4-inch from the  p i l e  wall .  

Figures 4-10 t o  4-17 p resen t  the  r e s u l t s  of g ra in  s i z e  analyses  f o r  specimens 

taken a t  o r  near t h e  p i l e  wa l l  a f t e r  p i l e  d r i v i n g  and p u l l o u t  t e s t .  The gra- 

d a t i o n  curves of the  o r i g i n a l  sample p r i o r  t o  t e s t i n g  a r e  a l s o  presented i n  

these  f i g u r e s ,  Figures 4-10 t o  4-17 appear t o  i n d i c a t e  t h a t :  

1. ~t o r  near  the  p i l e  wal l ,  s i q n i f i c a n t l y  more g ra in  crushing occurs 

along the  bottom e i q h t  (8) inches of the  p i l e  than the  t o p  four  ( 4 )  

inches.  

2 ,  P i l e  d r i v i n g  causes a s i g n i f i c a n t  amount of g r a i n  crushing i n  

the  higher dens i ty  calcareous sand samples while i t s  e f f e c t  on g r a i n  

crushing i n  s i l i c a  sand and lower d e n s i t y  calcareous sand samples i s  

l e s s  pronounced. 

The observat ion  i n  above i tem 1 appears t o  be ques t ionable  s i n c e  it i s  contra-  

d i c t o r y  t o  the  genera l  b e l i e f  t h a t  g r a i n  crushing would be more pronounced near  

the  s o i l  su r face  where more shear  s t r e s s  cyc les  a r e  imposed by the  p i l e  

d r iv ing .  This appears t o  be caused by the  physica l  l i m i t a t i o n  of the  red 

b a r r e l  and p ressur i za t ion  system (Figure 2-5). The top  4 inches of the  p i l e  

have been subjec ted  t o  l e s s  complete confinement than the  bottom 8 inches of 

the  p i l e .  Thus, it can be hypothesized t h a t  q r a i n  crushing a l s o  depends on 

the  appl ied  confining s t r e s s .  

4.3 Data Analyses and Discussions 

The r e s u l t s  of t h i s  i n v e s t i g a t i o n  appear t o  i n d i c a t e  t h a t  the re  e x i s t  c e r t a i n  

d e f i n i t i v e  behaviora l  p a t t e r n s  which r e l a t e  t o  g r a i n  crushing ( o r  c r u s h a b i l i t y ) ,  



p i l e  d r iv ing  r e s i s t a n c e ,  p u l l o u t  r e s i s t a n c e  ( o r  s k i n  f r i c t i o n  r e s i s t a n c e ) ,  

cement content ,  and s o i l  dens i ty .  Thus, var ious  analyses  and d iscuss ions  of 

these  test r e s u l t s  can be made with r e s p e c t  t o  the  fol lowing topics :  

1 .  Crushab i l i ty  versus cement content  

2. Crushab i l i ty  versus p i l e  d r iv ing  r e s i s t a n c e  

3 .  Crushab i l i ty  versus p u l l o u t  r e s i s t a n c e  

4. Pu l lou t  r e s i s t a n c e  versus cement con ten t  

5. Pu l lou t  r e s i s t a n c e  versus d e n s i t y  

6 .  Pul lou t  r e s i s t a n c e  versus p i l e  d r i v i n g  res i s t ance .  

The l a s t  of these  top ics  has been described i n  Sect ion  4.2.2. The fol lowing 

sec t ions  provide an ana lys i s  and d iscuss ion of the  f i r s t  f i v e  top ics .  

4.3.1 Crushab i l i ty  versus Cement Content 

Figures 4-18 t o  4-21 provide summary p l o t s  showing the  change i n  f i n e s  con ten t  

a t  o r  near  t h e  p i l e  wa l l  versus cement content .  The fol lowing observations 

can he made: 

1. Crushab i l i ty  genera l ly  inc reases  with inc reas inq  of cement content  

f o r  both higher dens i ty  calcareous sand and s i l i c a  sand samples. 

2. No d e f i n i t e  r e l a t i o n s h i p  can he es t ab l i shed  f o r  lower d e n s i t y  

ca lcareous  sand and s i l i c a  sand samples. 

A summary p l o t  showing average changes i n  f i n e s  con ten t  along t h e  model p i l e  

a t  o r  near  the  p i l e  wal l  versus cement content  i s  provided i n  Figure 4-22. 

This f i g u r e  i n d i c a t e s  t h a t ,  f o r  both sands t e s t e d ,  h igher  d e n s i t y  samples 

e x h i b i t  more tendency f o r  g r a i n  crushing. This is  e s p e c i a l l y  pronounced i n  



i n  h ighe r  d e n s i t y  ca l ca reous  sand samples. A s  w i l l  be  d i s c u s s e s  i n  a l a t e r  

s e c t i o n ,  t h i s  is thought  t o  be due t o  t h e  e f f e c t  of p i l e  d r i v i n g  s i n c e  h ighe r  

d e n s i t y  samples would r e q u i r e  more d r i v i n g  energy t o  i n s t a l l  t h e  p i l e  and 

the reby  y i e l d  a h ighe r  degree  of g r a i n  c rushing .  

4.3.2 C r u s h a b i l i t y  Versus P i l e  P e n e t r a t i o n  Res i s t ance  

A p l o t  of d r i v i n q  r e s i s t a n c e  ( i n  terms of number of blows r equ i r ed  t o  d r i v e  

t h e  p i l e  1 2  inches.)  ve r sus  t h e  average change i n  f i n e s  c o n t e n t  a t  o r  near  t h e  

p i l e  w a l l  is  presented  i n  F igure  4-23. This  f i g u r e  e x h i b i t s  a d e f i n i t e  pa t -  

t e r n  i n  which t h e  change of f i n e s  c o n t e n t  i n c r e a s e s  w i th  i n c r e a s i n g  p i l e  

d r i v i n g  r e s i s t a n c e .  A s  expected,  t h i s  f i g u r e  a l s o  i n d i c a t e s  t h a t  s i l i c a  sand 

i s  l e s s  s u s c e p t i b l e  t o  g r a i n  c rush ing  than  ca l ca reous  sand under t h e  same p i l e  

d r i v i n g  energy. This  r e f l e c t s  t h e  d i f f e r e n c e s  i n  g r a i n  hardness  between t h e  

two sands.  

4.3.3 C r u s h a b i l i t y  Versus P u l l o u t  Res i s t ance  

A summary p l o t  showing t h e  average change i n  f i n e s  c o n t e n t  a t  o r  near  t h e  p i l e  

w a l l  ve r sus  maximum p u l l o u t  r e s i s t a n c e ,  is  presented  i n  !Figure 4-24. This  

f i g u r e  i n d i c a t e s  t h a t ,  f o r  t h e  h ighe r  d e n s i t y  ca l ca reous  sand,  t h e  maximum 

p u l l o u t  r e s i s t a n c e  appears  t o  remain e s s e n t i a l l y  c o n s t a n t  o r  decrease  somewhat 

wi th  i n c r e a s i n g  average change i n  f i n e s  con ten t .  This  sugges t s  t h a t  a 

s i g n i f i c a n t  amount of g r a i n  c rushing  could reduce t h e  p u l l o u t  capac i ty ,  

d e s p i t e  an  i n c r e a s e  i n  cement con ten t  o r  d r i v i n g  r e s i s t a n c e  f o r  a p i l e  i n  

denser  ca l ca reous  sand. I n  s i l i c a  sand and lower d e n s i t y  ca l ca reous  sand, t h e  

maximum p u l l o u t  r e s i s t a n c e  appears  t o  i n c r e a s e  wi th  t h e  changes i n  f i n e s  



con ten t  a t  o r  near  the  p i l e  wall .  This apparent  con t rad ic t ion  t o  the  above 

observation f o r  higher d e n s i t y  calcareous sand samples can poss ib ly  be 

explained by t h e  fol lowing way. Since these  ma te r i a l s  e x h i b i t  an i n s i g n i f i -  

c a n t  amount of g r a i n  crushing,  it can be pos tu la ted  t h a t  a  s l i g h t  reduct ion  i n  

p i l e  p u l l o u t  r e s i s t a n c e  due t o  a  small  amount of g r a i n  crushing i n  these  

ma te r i a l s  is compensated by an inc rease  i n  s o i l - p i l e  f r i c t i o n a l  r e s i s t a n c e  due 

t o  cementation. 

4.3.4 Pu l lou t  Resistance Versus Cement Content 

A summary p l o t  of average u n i t  sk in  f r i c t i o n  r e s i s t a n c e  versus cement content  

i s  presented i n  Figure 4-25. For p i l e s  i n  s i l i c a  sands, the re  i s  a genera l  

tendency f o r  the  sk in  f r i c t i o n  r e s i s t a n c e  t o  inc rease  a s  the  cement con ten t  

inc reases .  For p i l e s  i n  calcareous sands, no d e f i n i t e  p a t t e r n  can be 

es t ab l i shed  because the  e f f e c t  of inc reas ing  the  p i l e  p u l l o u t  r e s i s t a n c e  i s  

e i t h e r  p a r t i a l l y  o r  over ly  compensated by the  e f f e c t s  of inc reas ing  i n  

c r u s h a b i l i t y  due t o  d r iv ing .  An inc rease  i n  degree of g r a i n  crushing can 

s i g n i f i c a n t l y  reduce the  p i l e  p u l l o u t  r e s i s t ance .  

4.3.5 Pu l lou t  Resistance Versus Density 

A summary p l o t  of p i l e  p u l l o u t  r e s i s t a n c e  versus d ry  d e n s i t y  of the  ca lcareous  

sand samples is  provided i n  Figure 4-26. For zero  cement content ,  t h e  p u l l o u t  

r e s i s t a n c e  inc reases  with inc reas ing  d e n s i t y  of the  ca lcareous  sand. For 

o the r  cement contents ,  no regu la r  p a t t e r n  can be es tab l i shed .  This is  indica-  

t i v e  of t h e  complex, i n t e r r e l a t e d  e f f e c t s  of cementation, g r a i n  crushing,  and 

p i l e  d r i v i n g  r e s i s t a n c e  on the  p i l e  p u l l o u t  r e s i s t ance .  



TABLE 4-1. SUMMARY OF THE TEST PROGRAM AND RESULTS 

Tes t  
Dry Moisture 

Densi ty  Content Sample Cement Curing 
Maximum 
P u l l o u t  Displace- 

Sample S o i l  W/CC gm/cc P repa ra t i on  Content Per iod  Blow- Pene t r a t i on  Force men t 
No . TYPe ( % )  ( % I  Method ( % I  (days) Count ( Inches ) ( l b s  ( Inches  ) 

Calcareous 
Calcareous 
Calcareous 
Calcareous 
Calcareous 
Calcareous 
Calcareous 
Calcareous 

Tamping 0.0 
Tamping 0.5 
Tamping 1.0 
Tamping 2 .O 
Raining 0 .O 
Raining 0.5 
Raining 1 .O 
Raining 2 .O 

S- I S i l i c a  1.61 10 Tamping 0.0 0 95 12 .O 
S-2 S i l i c a  1.61 10 Tamping 0 .5 4 242 12.0 
S-3 S i l i c a  1.61 10 Tamping 1.0 3 245 12.0 
S-4 S i l i c a  1.61 10 Tamping 2 .O 3 353 12 .O 
S-5 S i l i c a  1.51 10 Raining 0.0 0 11 6 12.0 
S-6 S i l i c a  1.51 10 Raining 0.5 3 144 12.0 
S-8 S i l i c a  1.51 10 Raining 2 .O 3 137 12.0 

SC-2 Calcareous 1.07 19 Tamping 0.5 4 50 12.1 
SC-3 Calcareous 1.07 19 Tamping 1 .O 3 110 12.0 
SS-3 S i l i c a  1.61 10 Tamping 1 .O 4 223 12.0 
SC-8 Calcareous 0.94 19 Raining 2 .O 3 3 1 12.1 
SC- 1 Calcareous 1.07 19 Raining 0.0 0 4 7 12.0 

NOTES: 1. Tes t  Sample N o s .  C-1 through C-8 and S-1 through S-8 a r e  scheduled tests. 
2. Tes t  Sample Nos. SC-1, SC-2, SC-3, SC-8 and SS-3 a r e  non-scheduled tests. 



TABLE 4-2. CHANGES I N  FINES CONTENT 

Tes t  
Sample 

No. 

C-1 
C-2 
C-3 
C-4 
C-5 
C-6 
C-7 
C-8 

S-1 
S-2 
5-3 
S-4 
S-5 
S-6 
S-8 

Type of 
Sample 

Calcareous 
Calcareous 
Calcareous 
Calcareous 
Calcareous 
Calcareous 
Calcareous 
Calcareous 

S i l i c a  
S i l i c a  
S i l i c a  
S i l i c a  
S i l i c a  
S i l i c a  
S i l i c a  

Dry Density 
( q/cc I  

1.17 
1.17 
1 .17 
1 .I7 
0.94 
0.94 
0.94 
0.94 

1.61 
1 .61 
1 .61 
1.61 
1.51 
1.51 
1.51 

Water 
Content 

( % I  

19 
19 
19 
19 
19 
19 
19 
19 

10 
10 
10 
10 
10 
10 
10 

Cement 
Content 

( % I  

2-3 i n .  from 
P i l e  Wall 

Average 
Fines 

Content 

0 .O 
0.5 
1.0 
2.0 
0.0 
0.5 
1.0 
2 .O 

0 .O 
0.5 
1 .O 
2 .O 
0.0 
0.5 
2 -0 

Average 
Change i n  

Fines 
Content 
0-1 2 i nch  

( %  I  

A t  o r  

Change 
I n  Fines 
Content 
0-4 i nch  

( % I  

8.2 
11.6 
12.2 
13.2 
1.6 
2.2 
1.1 
1.6 

0.3 
1.4 
1.4 
1.8 
0.5 
0.8 
0.8 

2.3 
2.8 
2.6 
3.7 
2.6 
2.5 
2 .6 
2.9 

0 .O 
0.5 
0.8 
1.5 
0 .O 
0.4 
1.3 

Near t h e  

Chanqe 
I n  Fines 
Content 
4-8 inch  

( % I  

2.6 
4 l 2 
5.7 
7 .9 
0.5 
0 .6 
0.8 
0.3 

0 .O 
0.1 
0.4 
0.4 
0.2 
0.2 
0.2 

I 

9.4 
12.0 
1 1  .I 
11.3 
0 .9 
2 .O 
1.5 
2.5 

0.5 
1.5 
1.6 
2.4 
0.6 
0 .8 
0.8 

P i l e  Wall 

Chanqe 
In  Fines 
Content 
8-12 inch  

( % I  

6.7 
9.3 
9.7 
10.8 
1 .O 
1.6 
1 .1 
1.5 

0.3 
1.0 
1.1 
1.5 
0.5 
0.6 
0.6 

I 



SYMBOL 

0 

0 

Q 

0 

SAND TYPE TEST NO. 

C a l c a r e o u s  

C a l c a r e o u s  

C a l c a r e o u s  , 

C a l c a r e o u s  

CEMENT 
CONTENT (%)  

I DRIVING ENERGY VERSUS PILE PENETRA- 
TION - HIGHER DENSITY CALCAREOUS I 
SAND 



SAND TYPE 

C a l c a r e o u s  

C a l c a r e o u s  

C a l c a r e o u s  

C a l c a r e o u s  

TEST NO. 

C- 5 

C-6 

C-7 

C-8 

CEMENT 
CONTENT ( % )  

( D R I V I N G  LNERGY VERSUS PILE PEXETRA- I 
1 TION - LOWER DENSITY CALCAREOUS 

SAND 

3 



CEMENT 
TEST NO. CONTENT ( % )  

DRIVING ENERGY VERSUS P I L E  PENETRA- 
TION HIGHER DENSITY SILICA SAND 

SYMBOL 

0 

SAND TYPE 

Si l ica  

a Si l ica  

a Si l ica  

0 Si l ica  



SYMBOL 

0 

B 

0 

SAND TYPE 

Silica 

Silica 

Silica 

CErnNT 
TEST NO. CONTENT ( % )  

PENETRATION - LOWER DENSITY SILICA 



--. , 1 ' I I * ?  
-,- - -- -- 

DeOP H E I G H T  - / FT 

NUMBER O F  BLOWS REQUIRED FOR P I L E  TO PENETRATE 1 2  INCHES 

DRY PREPARATION 
SAND TYPE DENSITY (g/cn?) METHOD 

C a l c a r e o u s  1 . 1 7  T a m p i n g  
C a l c a r e o u s  1 .07 T a m p i n g  
C a l c a r e o u s  0.94 R a i n i n g  

F I G U R E  4 - 5 

P I L E  D R I V I N G  RESISTANCE 

NOTE: A r r o w  d i rec t ions  indicate  
c e m e n t  contents :  



T e s t  No. C-1  

Cenent Content = 0 

Tes t  No. C-3 

Cement Content  = 1% 

T e s t  No. C-4 

Cenent Content  = 2 %  

1 3 3 

15 -4 

T e s t  Elo. C-2 

.8.r 

l o  fl 10- 

- 
o\o - 
E 

Cement Content  = 0.5% 

z 
5-l 
E z 
8 5-@ 
m w z 
H 
E 

0 

5 

h 4 I r, 

I 8 I -ma-+ 

I 1 I 0 
0 1 2  3 0 1 

1 I 1 
2 3 

15 -a 

09 10- 
Y 10 - 

5 -  

irr 

0 
I 

0 
I 

1 
I 

2 3 
O 1 I 1 I 

0 1 2 3  
Dis tance  of  Specimen from t h e  p i l e  Dis tance  of  Specinen from t h e  
wall ( i nches )  p i l e  wall ( i nches )  

Symbol Depth I n t e r v a l  ( i nches )  

cO--1 0 - 4 
'--a+ 4 - 8  
c-Q--4 8 t o  12 

Notes: 1. P i l e  p e n e t r a t i o n  i s  1 2  i nches  
2 .  Dry d e n s i t y  = 1.17 gm/cc 

---mkuclrrr, 
I 

FIGURE 4 - 6 
I 

FINES CONTENT VERSUS DISTANCE OF 
SPECIMEN FROM THE PILE WALL - 
HIGHER DENSITY CALCARZOUS SAND 

I 



T e s t  No. C-7 

Cement Content  = 1% 

t i 
3 4 

5- 
T e s t  N o .  C-5 T e s t  No. C-6 

Cement Content  = 0% P Cement Content  = 0.5% 

i& 

i 
4-  

i 
h 

&' 

i - 
B z 
Cr3 w z 
0 u 
02 
ir! z 
!5.l 

2 

0 1 3 0 1 
I 

2 
I 

2 3 

T e s t  No. C-8  

Cement Content  = 2 %  

Dis tance  of  Specimen from p i l e  wa l l  Dis tance  o f  Specimen f r o m  p i l e  
wa l l  ( i nches )  

Depth I n t e r v a l s  ( i nches )  

NOTES: 1. P i l e  P e n e t r a t i o n  i s  12" 
2 .  Dry Densi ty = 0.94 gm/cc FINES CONTENT 

SPECImN FROM 

A 

3 3  I - 4 

1 r 3  
Y t - 

C h rn 
V I U t 

I I I I 



T e s t  N o .  S-4 
C e m e n t  C o n t e n t  = 2% 

T e s t  N o .  S - 1  
C e m e n t  C o n t e n t = O %  

3 5 

3 - 3 -  

T e s t  N o .  S-3 
-& C e m e n t  C o n t e n t  = 1% - 2 -  

6Q 
Y 

E+ 

-0 
2 

-0 
I 
t-------O A , 

I 

I I r 

z 
W 
E+ 

E 

0 1 2 3 0 1 2  3 

3- 

T e s t  N o .  S - 2  
C e m e n t  C o n t e n t  = 0.5% 

2 - 4 4  

1- 

DISTANCE O F  SPECIMEN FROM P I L E  DISTANCE O F  SPECIMEN FROM P I L E  
WALL ( i n c h e s  ) WALL ( i n c h e s )  

DEPTH INTERVAL ( i n c h e s )  

NOTE: 1. P i l e  P e n e t r a t i o n  i s  1 2  " F I N E S  CONTENT VERSUS DISTANCE O F  
SPECIMEN FROM P I L E  WALL - HIGHER 

2 .  D r y  D e n s i t y  = 1.61 grn/cc 
DENSITY S I L I C A  SAND 

U 

m 1 -  W 
5 
kl 

0 

1 

I I i 0 



T e s t  N o .  S-6 
C e m e n t  C o n t e n t  = 1% 

3- 

T e s t  N o .  S-8 
C e m e n t  C o n t e n t  = 2 %  

1 - 

DISTANCE O F  SPECIMEN FROM DISTANCE O F  SPECIMEN FROM 
P I L E  WALL ( i n c h e s )  P I L E  WALL ( i n c h e s )  

T e s t  N o .  S-5 
C e m e n t  C o n t e n t  

DISTANCE O F  SPECIMEN FROM 
PILE WALL ( i n c h e s )  

SYMBOL DEPTH INTERVAL 

F I G U R E  4 - 9 

NOTE: 1. P i l e  P e n e t r a t i o n  is 1 2  inches 
DENSITY 'SILICA SAND 



3 7 

10 1 0.1 
GRAIN DIAMETER (mm) 

FIGURE 4 - 1 

Original Sample 
------ Specimen at Depth Interval between 0 and 4" 
. Specimen at Depth Interval between 4" and 8" 
3 --. -- . Specimen at Depth Interval between 8" and 12" 

Notes : 

Test No. : C-1 
Sand Type : Calcareous 
Dry Density (gm/cc) : 1.17 
Cement Content ( % )  : 0 
Water Content ( % I  : 19 
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10 1 0.1 

GRAIN DIAMETER (mm) 

FIGURE 4 - 11 

IN SIZE DISTRIBUTION CURVES FOR 
SPECIMENS AT OR NEAR THE PILE WALL 

REOUS SAND 

Original Sample ------ Specimen at Depth Interval between 0 and 4" 
- . - , -  Specimen at Depth Interval between 4" and 8" 
. - - . - - . Specimen at Depth Interval between 8" and 12" 

Notes : 

Test No. : C-2 
Sand Type : Calcareous 
Dry ~ensity (gm/cc) : 1-17 . . 
Cement Content ( % I  : 0 .5  
Water Content ( % I  : 19 



33 

10 1 1 .0  

GRAIN DI-TER (mm) 

SPECIMENS AT OR NEAR THE PILE WALL - 

O r i g i n a l  Sample 
-- - Specimen a t  Depth I n t e r v a l  between 0 and 4" 
-.-.- Specimen a t  Depth I n t e r v a l  between 4" and 8" 

*--*--. Specimen a t  Depth I n t e r v a l  between 8" and 12" 

Notes : 

T e s t  No. : C-3 
Sand Type : Calcareous 
Dry Density(gm/cc) : 1.17 
Cement Content  ( % )  : 1.0  
Water Content  ($1  : 1 9  



1 

GRAIN DIAMETER (mm) 

O r i g i n a l  S a m p l e  ------ S p e c i m e n  a t  D e p t h  Interval b e t w e e n  0 and 4" 
-.-.-.- S p e c i m e n  a t  D e p t h  In te rva l  b e t w e e n  4" and 8" - 
------• Specimen a t  D e p t h  Interval  b e t w e e n  8" and 1 2 "  

N o t e s  : 

T e s t  No.  : C-4 
Sand T y p e  : C a l c a r e o u s  
D r y  D e n s i t y  ( g m / c c )  : 1.17 
C e m e n t  C o n t e n t  ( % I  : 2.0 
Water C o n t e n t  (%)  : 1 9  

I II FIGURE 4 - 13 

GRAIN S I Z E  DISTRIBUTION CURVES 
FOR S 2 Z C I m N  AT OR NEAR THE P I L E  
WALL - EiGHER DENSITY CALCAREOUS SAN 
(CEMENT CONTENT = 2 % )  



I 4 1 

10 1 0.1  

GRAIN DIAMETER (mm) 

FIGURE 4 - 14 

Or ig ina l  Sample 
---- Specimen a t  Depth I n t e r v a l  between 0 and 4" 
- ,- . -  Specimen a t  Depth I n t e r v a l  between 4" and 8" 

Specimen a t  Depth I n t e r v a l  between 8" and 12"  

Notes : 

Test  N o .  : C-5 
Sand Type : Calcareous 
Dry Density (gm/cc) : 0.94 
Cement Content (%)  : 0 
Water Content ( % I  : 19 



GRAIN DIAMETER (rnrn) 

Or ig ina l  Sample ------ Specimen a t  Depth I n t e r v a l  between 0 and 4" 
- . - . - .  Specimen a t  Depth I n t e r v a l  between 4" and 8" 
. -- . --. Specimen a t  Depth I n t e r v a l  between 8" and 1 2 "  

Notes : 

Test  No. : C-6 

Sand Type : Calcareous 
D r y  Density (gm/cc) : 0 - 9 4  
Cement Content ( % I  : 0.5 
Water Content ( % )  : 19 

F I G U R E  4 - 15 

I GRAIN S I Z E  D I S T R I B U T I O N  CURVES FOR 1 

I SPECIMENS AT OR NEAR THE P I L E  WALL 
- LOWER DENSITY CALCAREOUS SAND 
(CEMENT CONTENT = 0.5% ) I 
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10 1 0.5 

GRAIN DIAMETER (mm) 

F I G U R E  4 - 16 

SPECImNS AT OR NEAR THE PILE WALL - 

O r i g i n a l  Sample ---- Specimen a t  Depth I n t e r v a l  between 0 and 4" -.--- Specimen a t  Depth I n t e r v a l  between 4" and 8" 

.--.--. Specimen a t  Depth I n t e r v a l  between 8" and 1 2 "  

Notes: 

T e s t  No. : C,7 

Sand Type : Calcareous 
D r y  Dens i ty  (grn/cc) : 0.94 
Cement Content  (%)  : l .O  
Water Content  ( % )  : 19 
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GRAIN DIAMETER (rnrn) 

O r i g i n a l  Sample ---- Specimen a t  Depth I n t e r v a l  between 0 and 4" 

-.-.- Specimen a t  Depth I n t e r v a l  between 4" and 8" - ----. Specimen a t  Depth I n t e r v a l  between 8" and 12" 

Notes: 

Tes t  N o .  : C-8 
Sand Type : Calcareous 
Dry Density(gm/cc) : 0-94 
Cement Content (%)  : 2 0 
Water Content (%)  : 19 
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SYME3OL DEPTH INTERVALS ( i n c h e s )  

0 0 t o  4 
a 4 t o  8 
A 8 t o  1 2  

MOTES: 1. P i l e  p e n e t r a t i o n  i s  12 i n c h e s  
2 .  D r y  D e n s i t y  = 1 . 6 1  g m / c c  
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CHANGE IN FINES CONTENT AT OR NEAR 
THE P I L E  F7ALL VZRSUS CEMENT CONTENT 
- HIGHER DENSITY SILICA SAND 

" 
FIGURE 4 - 20 
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DRY DENSITY OF CALCAREOUS SAND (gm/cc) 

* 

5 3 

0 Higher  d e s n t i y  c a l c a r e o u s  samples  ( T e s t  No. C-1 ,  C-2, C - 3 )  

Medium d e n s i t y - c a l c a r e o u s  samples  ( T e s t  No. SC-1, SC-2 and sC-3) 

Lower d e n s i t y  c a l c a r e o u s  samples  ( T e s t  No. C-5, C-6, and C-7 )  

NOTES: 1. Arrow d i r e c t i o n  i n d i c a t e s  
cement content:~=O%,-+=O.5% 
and = 1% 

2.  P i l e  d i a m e t e r  = 1 . 5  i n c h e s  

I 

1 

IlDlFl 
w-LmJllyCrerrr, 

L 

FIG,, 4-26 

I 

PILE PULLOUT FL5SISTANCE VZRSUS DRY 
DENSITY OF CALCAREOUS SAND 

. 



5.0 SUMMARY, REMARKS AND CONCLUSIONS 

5 . I  Summary 

The fo l lowing  summarized comments can he  made wi th  r e s p e c t  t o  c r u s h a b i l i t y ,  

cement con ten t ,  p i l e  d r i v i n g  r e s i s t a n c e  and p u l l o u t  r e s i s t a n c e :  

P i l e  Dr iv ing  Res i s t ance  

o  induces g r a i n  c rush ing  p r o p o r t i o n a l  t o  t h e  amount of d r i v i n g  

energy; 

o  i n c r e a s e s  wi th  an  i n c r e a s e  i n  cement con ten t  i n  h ighe r  d e n s i t y  

s i l i c a  sand and ca l ca reous  sand; 

o  i n c r e a s e s  wi th  an i n c r e a s e  i n  s o i l  d e n s i t y ;  

o  does n o t  have a  d e f i n i t i v e  r e l a t i o n  wi th  t h e  cement con ten t  i n  

lower d e n s i t y  s i l i c a  and ca l ca reous  sand samples; and 

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

p i l e s  i n  ca l ca reous  sands. 

P i l e  P u l l o u t  Res i s t ance  

o  i n c r e a s e s  w i th  t h e  d e n s i t y  i n  non-cemented ca l ca reous  sand 

samples ; 

o  i n c r e a s e s  wi th  i n c r e a s i n g  cement con ten t ,  s o i l  d e n s i t y  and 

d r i v i n g  r e s i s t a n c e  f o r  p i l e s  i n  s i l i c a  sand; 

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

f o r  p i l e s  i n  lower d e n s i t y  ca l ca reous  sand; 
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ARROX D I R E C T I O N S  
I N D I C A T E  CEMENT CONTENT= - = 0.5% 

AVERAGE CHANGE I N  F I N E S  CONTENT ( % )  A T  OR NEAR THE PILE XALL 

MOISTURF, - 

C a l c a r e o u s  1 .17 
a C a l c a r e o u s  0 .94  

S i l i c a  F I G U R E  4 - 2 3  
1) S i l i c a  

NOTE: 1. 15-Pound dead weight hammer P I L E  D R I V I N G  RESISTANCE VERSUS 

2 .  D r o p  Height = 1 foo t  AVERAGE C W I G E  I N  F I N E S  CONTENT AT 
OR NEAR THE P I L E '  WALL 



0 1 2 3 4 5 6 7 8 

AVERAGE CHANGE I N  F I N E S  ( % )  

SYMBOL SAND TYPE DRY DENSITY PREPARATION 
( g m / c c )  m T H O D  

0 C a l c a r e o u s  1 . 1 7  T a m p i n g  
4 C a l c a r e o u s  0.94 R a i n i n g  
ab S i l i c a  1.61 T a m p i n g  
ch Si l i ca  1.51 R a i n i n g  

NOTE: A r r o w  d i rec t ions  ind ica te  
c e m e n t  contents:  

MAXIMUM PULLOUT RESISTANCE VERSUS 
AVERAGE CHANGE I N  F I N E S  A T  OR NEAR 
P I L E  WALL 
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5.0 SUMMARY, REMARKS AND CONCLUSIONS 

5.1 Summary 

The fol lowing summarized comments can he made with r e s p e c t  t o  c r u s h a b i l i t y ,  

cement content ,  p i l e  d r i v i n g  r e s i s t a n c e  and p u l l o u t  r e s i s t ance :  

1 . P i l e  Driving Resistance 

o induces g r a i n  crushing propor t ional  t o  t h e  amount of d r iv ing  

energy; 

o inc reases  with an inc rease  i n  cement content  i n  h igher  d e n s i t y  

s i l i c a  sand and calcareous sand; 

o inc reases  with an inc rease  i n  s o i l  dens i ty ;  

o does not  have a d e f i n i t i v e  r e l a t i o n  with t h e  cement content  i n  

lower d e n s i t y  s i l i c a  and calcareous sand samples; and 

o is  not  a r a t i o n a l  parameter i n  a s sess ing  p u l l o u t  capac i ty  f o r  

p i l e s  i n  ca lcareous  sands. 

2.  P i l e  Pu l lou t  Resistance 

o inc reases  with t h e  d e n s i t y  i n  non-cemented ca lcareous  sand 

samples ; 

o inc reases  with inc reas ing  cement content ,  s o i l  d e n s i t y  and 

d r i v i n g  r e s i s t a n c e  f o r  p i l e s  i n  s i l i c a  sand; 

o inc reases  s l i g h t l y  with inc reas ing  p i l e  d r i v i n g  r e s i s t a n c e  

f o r  p i l e s  i n  lower d e n s i t y  ca lcareous  sand; 



o i s  s i g n i f i c a n t l y  reduced due t o  g r a i n  c rush ing  f o r  

h ighe r  d e n s i t y  ca l ca reous  sand; and 

I 

p i l e s  i n  

o cannot  be  determined s o l e l y  by p i l e  d r i v i n g  r e s i s t a n c e  

f o r  p i l e s  i n  ca l ca reous  sand due t o  g r a i n  c rush ing  e f f e c t .  

3 .  Crushabi l i t y  : 

o depends on i n t e r r e l a t e d  e f f e c t s  of g r a i n  hardness ,  p i l e  penetra-  

t i o n  r e s i s t a n c e  t o  d r i v i n g ,  cement con ten t ,  and s o i l  d e n s i t y ;  

o i s  p r o p o r t i o n a l  t o  p i l e  d r i v i n g  r e s i s t a n c e ;  

o t a k e s  p l a c e  predominantly a t  o r  near  t h e  p i l e  w a l l  and dec reases  

s i g n i f i c a n t l y  a s  t h e  d i s t a n c e  away from t h e  p i l e  w a l l  i n c r e a s e s ;  

o i n c r e a s e s  wi th  an  i n c r e a s e  i n  cement c o n t e n t  f o r  both h ighe r  

d e n s i t y  ca l ca reous  sand and s i l i c a  sand; 

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

p i l e s  i n  h ighe r  d e n s i t y  ca l ca reous  sands; and 

o i s  n e g l i g i b l e  i n  s i l i c a  sands and lower d e n s i t y  ca l ca reous  

sand. 

5.2 Remarks 

The behavior  of p i l e s  i n  ca l ca reous  sand i s  complex. The r e s u l t s  of this 

i n v e s t i g a t i o n  e s t a b l i s h e d  c e r t a i n  d e f i n i t i v e  behav io ra l  p a t t e r n s  wi th  r e s p e c t  

t o  c r u s h a b i l i t y ,  cement con ten t ,  d e n s i t y ,  d r i v i n g  r e s i s t a n c e  and p u l l o u t  

r e s i s t a n c e .  I t  is c l e a r  t h a t  t h e  f r i c t i o n a l  c h a r a c t e r i s t i c s  of a p i l e  i n  



calcareous s o i l  depend on the  i n t e r r e l a t e d  e f f e c t s  of these  i tems and none of 

these  i t e m s  a lone  can adequately expla in  t h e  observed behavior. 

I t  should be noted t h a t  the  f r i c t i o n a l  c h a r a c t e r i s t i c s  of a  p i l e  i n  calcareous 

sands a r e  a  funct ion  of t h e  f r i c t i o n  parameter between t h e  p i l e  and s o i l ,  and 

the  l a t e r a l  s o i l  s t r e s s  on the  p i l e .  Grain crushing might s l i g h t l y  reduce the  

c o e f f i c i e n t  of f r i c t i o n  between the  s o i l  and p i l e  (Noorany, 1982a). But t h i s  

reduction a lone  cannot f u l l y  expla in  the  extremely low p i l e  p u l l o u t  r e s i s t a n c e  

values of p i l e s  i n  ca lcareous  sand. I t  is reasonable t o  p o s t u l a t e  t h a t  g r a i n  

crushing a l s o  s i g n i f i c a n t l y  reduces the  l a t e r a l  s o i l  s t r e s s  on the p i l e s .  No 

reasonable design methodology can be es t ab l i shed  without  well-documented, 

r e a l i s t i c  pi le- load test da ta  ( i n  l abora to ry  and i n  the  f i e l d ) .  These da ta  

should inc lude  measurements of a x i a l  shear  t r a n s f e r  and l a t e r a l  s t r e s s  a t  o r  

near  the  p i l e  wall .  It is important  t h a t  load tests should be performed on 

p i l e s  of various s i z e s  t o  account f o r  p o t e n t i a l  s c a l e  ( s i z e )  e f f e c t s .  

Measurements a t  a l l  s t ages  of p i l e  loading ( i n s t a l l a t i o n ,  set-up, s t a t i c  and 

c y c l i c  loadings)  can then be analyzed with the  ob jec t ive  of developing an 

improved design procedure f o r  p i l e s  i n  ca lcareous  sand. 

Other a reas  of f u r t h e r  research  and development may inc lude  the  i n v e s t i g a t i o n s  

of the  following: 

1 .  E f f e c t  of o the r  i n s t a l l a t i o n  techniques such a s  d r i l l i n g  and 

grout ing ,  jacking,  and v ib ra to ry  methods 

2. Fundamental research  towards f u r t h e r  understanding the  engi- 

neering behavior of various calcareous sediment types. 



5.3 Conclusions 

A s e r i e s  of l abora to ry  experiments were success fu l ly  performed using a  model 

p i l e  driven i n t o  calcareous sand and s i l i c a  sand samples, prepared a t  two d i f -  

f e r e n t  d e n s i t i e s  and four  d i f f e r e n t  cement contents .  The r e s u l t s  of t h i s  

i n v e s t i g a t i o n  demonstrated the  e f f e c t s  of 

1 . p i l e  d r iv ing  on s o i l  g r a i n  c r u s h a h i l i t y ,  

2. c r u s h a b i l i t y  on p i l e  p u l l o u t  r e s i s t ance ,  and 

3 .  cement content  on p i l e  p u l l o u t  r e s i s t a n c e  and 

s o i l  g r a i n  c r u s h a b i l i t y .  

The summary described i n  Sect ion  5.1, i n d i c a t e s  t h a t  t h e  behavior of p i l e s  i n  

calcareous sand depends on a  number of i n t e r r e l a t e d  key parameters,  These 

parameters inc lude ,  bu t  a r e  no t  l imi ted  t o ,  c r u s h a b i l i t y ,  p i l e  pene t ra t ion  

r e s i s t a n c e ,  s o i l  dens i ty ,  p i l e  p u l l o u t  r e s i s t a n c e  and cement content .  

The behavior of p i l e s  i n  calcareous sand is  complex. None of the  above items 

a lone  can f u l l y  expla in  the  p i l e  behavior observed i n  t h i s  inves t iga t ion .  

While t h i s  i n v e s t i g a t i o n  rep resen t s  one of t h e  i n i t i a l  s t e p s  toward e s t a b l i s h i n g  

a  b e t t e r  understanding of s o i l - p i l e  i n t e r a c t i o n  mechanism f o r  p i l e s  i n  

calcareous s o i l s ,  f u r t h e r  research  and development work a r e  necessary t o  

e s t a b l i s h  a  r a t i o n a l  design methodology f o r  p i l e s  i n  ca lcareous  sediments. 

One of the  most urqent  needs i s  the  establishment of well-documented, 

r e a l i s t i c  p i l e  load t e s t  da ta  i n  the  l abora to ry  and i n  the  f i e l d  f o r  p i l e s  of 

various s i z e s  i n  various calcareous sediments, Together with a n a l y t i c a l  

s t u d i e s ,  these  da ta  can be evaluated t o  b e t t e r  understand p i l e  behavior i n  



calcareous sediments with a  view towards e s t a b l i s h i n g  an improved p i l e  design 

methodology. Any well-documented p i l e  load t e s t  d a t a  should inc lude  a  

d e t a i l e d  c h a r a c t e r i z a t i o n  of the  calcareous sediments a s  w e l l  a s  measurements 

of shear  t r a n s f e r  and l a t e r a l  s o i l  stress a t  o r  near t h e  p i l e  wall  under a l l  

s t a g e s  of p i l e  loading condi t ions  ( i n s t a l l a t i o n ,  se tup ,  s t a t i c  and c y c l i c  

loadings 1 . 
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APPENDIX A 

TEST EQUIPMENT AND PROCEDURES 

A. 1 Equipment 

Most equipment used i n  t h i s  t e s t i n q  proqram was custom-built  i n  accordance 

with p r o j e c t  requirements and app l i ca t ions .  Apparatus a r e  l i s t e d  a s  follows: 

a .  Miniature P i l e  - A 1.5-inch diameter and 18-inch long, s o l i d  s t e e l  

rod with a f l a t  t i p .  

b. P i l e  Driver  - A d r i v i n g  assembly c o n s i s t i n g  of a 0.5-inch diameter ,  

4-foot long s t e e l  rod and hammers. 

c .  Red Barre l  - A 30-inch diameter,  30-inch high t e s t  drum capable 

of applying confining pressure .  

d .  P i l e  Guiding Assembly - a s e t u p  c o n s i s t i n g  of t h r e e  s t e e l  pos t s  

mounted onto the  cover of the  red b a r r e l ,  and a bear ing  p l a t e  having 

a 0.5-inch diameter hole  a l igned with a 1.5-inch diameter hole  on 

the  cover of the  red b a r r e l  f o r  the  p i l e  t o  go through. 

e .  S p l i t  Mold - A 9.0-inch diameter,  18-inch long s p l i t  tube f o r  

preparing t e s t  samples. 

f .  Membrane - A rubber membrane having a 9-inch diameter and a 

0 -025-inch thickness.  

g. Instrumentat ion - A strain-gaged load c e l l  a t tached t o  the  top  of t h e  

p i l e  t o  monitor p i l e  p u l l o u t  r e s i s t ance ,  and a displacement t ransducer  

t o  monitor p i l e  head displacement. 



h. Tamper - A tamper having a con tac t  s u r f a c e  a rea  equal  t o  approximately 

one-half of the  s o i l  su r face  being compacted and a rod which could be 

adjus ted  t o  the  th ickness  of the  s o i l  beinq compacted. 

i. Recorder - A high frequency c h a r t  record with a th ree  channel X-Y-Y 

output  

j. Signal  Condit ioner - A Daytonic s i g n a l  condi t ioner  connected t o  a 

load c e l l  and a displacement t ransducer,  and having d i g i t a l  output .  

k. Actuator - A hyrau l i c  ac tua to r  having a 40,000 pound p u l l i n g  capaci ty .  

1. Hydraulic System - A system c o n s i s t i n g  of a hydraul ic  pump with a 

needle valve f o r  ad jus t ing  r a t e  of loading. 

m. Other accessor i e s  - a i r  compressor, vacuum pump, pressure  gages, 

water tank, rubber tubes ,  b o l t s  and nuts ,  and e t c .  

A.2 Sample Prepara t ion  

The fol lowinq sample prepara t ion  methods were developed during the  progress of 

t h i s  t e s t i n g  program. These methods were developed t o  achieve uniform, homo- 

genous samples. The step-by-step sample prepara t ion  procedures a r e  described 

a s  follows: 

A.2.1 Air-dry t h e  ma te r i a l  ( s i l i c a  and calcareous sands)  

A,2.2 Prepare each test sample i n  18 one-inch high, l aye r s .  For each l aye r ,  

the  amount of d r y  sand requi red  t o  achieve the  prescr ibed void r a t i o  

was ca lcu la ted  a s  follows: 



Sample 
Dry Sand Prepara t ion  

Type of Sand Void Rat io  Required (gm) Methods 

Calcareous 1.4 1226 Tamping 

Calcareous 

S i l i c a  

S i l i c a  

Raining 

Tamping 

Raining 

A.2.3 Add the  required amount of Port land cement Type I (0, 0.5, 1 ,  o r  2 per- 

cen t  by weight) t o  t h e  d ry  sand and mix them thorouqhly. 

A.2.4 Add water (19 percent  f o r  calcareous sand, o r  10 percent  f o r  s i l i c a  

sand) t o  the  sand-cement mixture, and blend thoroughly. 

A.2.5 Setup a s p l i t  mold with a membrane s t r e t c h e d  i n s i d e  by applying vacuum. 

A.2.6 For the  tamping method, a d j u s t  the  tamping rod s o  t h a t  1 -inch l a y e r  of 

compacted sample can be achieved. Pour t h e  moist  sand-cement sample 

from t h e  bag i n t o  the  mold. Tamp the  sample u n t i l  t he  su r face  of com- 

pacted sample is  smooth. Repeat t h i s  s t e p  u n t i l  an 18-inch high sample 

i s  achieved. 

A.2.7 For the  r a i n i n g  method, screen the  moist  sand-cement sample from each 

bag through a No. 10 s i eve .  S o i l  p a r t i c l e s  a r e  then dropped f r e e l y  

t o  form a loose dens i ty .  Smooth the  su r face  of the  sample f o r  each 

l a y e r  of screening.  Repeat t h i s  s t e p  u n t i l  t he  he igh t  of sample i s  

18 inches.  

A.2.8 Release the  vacuum and disconnect  vacuum l i n e s .  

A.2.9 Bring the  compacted sample with the  mold i n t o  the  humidity room and 

cure  it f o r  a t  l e a s t  3 days. 



A.2.10 P*repare the  red b a r r e l  by compacting moist s i l i c a  sand a t  the  bottom of 

t h e  red b a r r e l  u n t i l  a 10-inch l a y e r  of compacted sand i s  achieved. 

A.2.11 Smooth and l e v e l  the  su r face  of the  compacted sand and place  t h e  round 

plywood s h e e t  with a 10-inch diameter hole  a t  the  cen te r  onto t h e  com- 

pacted sand. This round plywood is used t o  c e n t e r  the  t e s t  sample 

while p lac ing it  i n  t h e  red  b a r r e l .  

A. 2.1 2 Bring the  test  sample with the  mold from t h e  humidity room and place  it 

on the  cen te r  of the  plywood. 

A.2.13 Remove the  round plywood and then dismantle the  mold c a r e f u l l y .  

A.2.14 Pour the  s i l i c a  sand around the  t e s t  sample and compact i n  l a y e r s ,  

each l aye r  beinq about 6 inches ,  u n t i l  reachinq the  top  of the  red 

b a r r e l .  

A. 2.1 5 Smooth t h e  top  su r f  ace of t h e  sand, and place t h e  bear ing  p l a t e  on top  

of the  t e s t e d  sample. Cover the  bearing p l a t e  with a rubber tube. 

A.2.16 Connect pressure  l i n e s  t o  t h e  rubber tubes. 

A.2.17 Close t h e  cover of the  red b a r r e l .  

A.2.18 Apply 20 p s i  t o  t h e  rubber tubes through an air-water  i n t e r f a c e  tank. 

Wait u n t i l  t he  water l e v e l  i n  the  tank becomes s t a b l e ,  which i n d i c a t e s  

t h e  equi l ibr ium of the  e ressu re  i n s i d e  the  red  b a r r e l .  

A.3 P i l e  Tes t ing  

This s e c t i o n  covers the  procedures f o r  d r i v i n g  and p u l l i n g  the  p i l e .  The 

d r iv ing  system was designed and b u i l t  t o  achieve a v e r t i c a l  pene t ra t ion  of the  



p i l e .  The p u l l i n g  system was desiqned and b u i l t  t o  p u l l  t h e  p i l e  a t  a  

slow speed of pu l l ing .  The procedures a r e  described a s  follows: 

A.3.1 Mount t h e  p i l e  guiding u n i t  onto the  cover of the  red b a r r e l .  

A.3.2 Connect one end of the  0.5-inch diameter rod t o  the  top  of the  p i l e .  

I n s e r t  the  o the r  end of the  rod throught  t h e  guiding hole ,  and rest 

the  t i p  of the  p i l e  on the  t o p  of the  t e s t  sample. 

A.3.3 Drive the  p i l e  using a 15-pound hammer and 12-inch drop height .  Record 

t h e  pene t ra t ion  versus blowcount u n t i l  a  pene t ra t ion  of 12-inches i s  

reached. 

A.3.4 I n s t a l l  p n l l o u t  t e s t  assembly by connecting the  top  of t h e  p i l e  t o  t h e  

bottom of the  load c e l l  and t h e  o the r  end of load c e l l  mounted t o  the  

p u l l i n g  ac tua to r .  

A.3.5 I n s t a l l  t h e  displacement t ransducer.  

A.3.6 P u l l  t h e  p i l e  a t  a speed of 0.04 inch per  second and continuously 

monitor p u l l o u t  load and p i l e  displacement with an X-Y-Y recorder .  

A.4 Subsampling f o r  Grain S ize  Analyses 

A.4.1 Dismantle the  p i l e  p u l l i n g  t e s t  assembly inc luding tens ion rods,  

bearing p l a t e ,  load c e l l ,  and displacement t ransducer.  

b 

A.4.2 Release confining pressure.  

6 

A.4.3 Remove t h e  p i l e  with extremely c a r e  t o  prevent  co l l aps ing  of t h e  hole. 

The hole  should s tand up f o r  e i t h e r  cemented o r  non-cemented sand 

samples. 



A .6 

A.4.4 Using a sampling cup, scrape t h e  sand wa l l  outward i n  t h r e e  4-inch 

l ave r s .  For each l a y e r ,  t h r e e  specimens should be taken a t  t h r e e  

zones: 0 t o  0.25 inch,  1 t o  2 inches and 2 t o  3 inches from the  p i l e  

wall .  

A.5 Grain S ize  Analysis 

A.5.1 Oven-dry t h e  c o l l e c t e d  specimens. 

A.5.2 Separate the  cement agent  and s o i l  g r a i n s  by l i g h t l y  rubbing t h e  

cemented lumps with f inger s .  Extreme c a r e  should be taken t o  prevent  

breakage o r  crushing of the  s o i l  g ra ins .  

A.5.3 Weiqh the  dry  specimen and then soak it with d i s t i l l e d  water f o r  a t  

l e a s t  24 hours. 

A.5.4 Wash the  s o i l  specimen using t a p  water through a No. 200 s i eve .  

A.5.5 Oven-dry the  r e t a ined  s o i l  ma te r i a l s .  

A.5.6 Weigh the  s o i l  ma te r i a l s  and perform s ieve  ana lys i s  using ASTM D-422. 

A.6 P i c t o r i a l  Documentation 

A p i c t o r i a l  i l l u s t r a t i o n  of the  above step-by-step procedures i s  a t tached.  



Figure A-1. Compacting sample. Figure A-2. Sample. after compaction. 

- - 

~igure A-3. Sample placed on 

precompacted san?. . 
~igure A-4, Sample surrounded by 

compacted sand. 



Figure A-5. Rubber tubes placed on Fiyure A-6. Assemble t h e  cover. 

t o p  of sand. 

Figure A-7. I n s t a l l  p i l e  d r i v i n g  system. 



Figu re  A-8. P u l l o u t  se tup .  F igure  A-9. LVDT measuring d isp lacement .  

F igu re  A-10. X-Y-Y' k e c o r d e r  p l o t t i n g  load  
ve r sus  displacement .  



Figure A-11 .  Removing cover ? l a t e .  Figure A-12.  Af ter  removing rubber 
tubes.  

- - 

Figure A-13.  Af ter  n i l e  removal. 


