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PREFACE 

This  r e p o r t  i s  in tended  t o  s e r v e  a  number of f u n c t i o n s .  F i r s t ,  

i t  r e p r e s e n t s  t h e  f i n a l  r e p o r t  on t h e  most r e c e n t  phase of t h e  r e s e a r c h  

p r o j e c t  "Dynamic S t u d i e s  on t h e  Bearing Capaci ty  of  P i l e s " .  Th i s  phase 

was t h e  f i f t h  and l a s t  i n  a  s e r i e s  which was sponsored a t  Case Western 

Reserve Un ive r s i t y  by t h e  Ohio Department of  T ranspor t a t ion  and t h e  

Federa l  Highway Admin i s t r a t i on .  The new developments coming ou t  of  t h i s  

phase of  t h e  work a r e  r e p o r t e d  h e r e .  

The second f u n c t i o n  o f  t h e  r e p o r t  i s  t o  s e rve  a s  a  means f o r  

summarizing t h e  r e s u l t s  o f  a  s e r i e s  o f  smal l  p r o j e c t s  sponsored by 

a  number of  s t a t e  highway depar tments .  These p r o j e c t s  had a s  t h e i r  

goa l  t h e  broadening of t h e  d a t a  base .  

The t h i r d  and perhaps most impor tan t  purpose of  t h e  r e p o r t  i s  t o  

summarize t h e  r e s u l t s  o f  t h e  t o t a l  p r o j e c t  and t o  p r e s e n t  a s t a t e - o f -  

t h e - a r t  r e p o r t  on t h i s  approach t o  p i l e  c a p a c i t y  de t e rmina t ion .  
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INTRODUCTION 

The concept  of u s ing  a  Newton-based approach t o  t h e  dynamic 

de t e rmina t ion  o f  p i l e  c a p a c i t y  was f i r s t  s t u d i e d  by Nara and Eiber  

( I ) *  a t  Case I n s t i t u t e  o f  Technology. I n  1964 t h e  Ohio Department 

of  T ranspor t a t ion  began t o  sponsor  r e s e a r c h  a t  Case t o  cont inue  and 

expand t h i s  concept .  The r e s u l t i n g  s e r i e s  of r e s e a r c h  s t u d i e s  has  

a l r e a d y  been e x t e n s i v e l y  r e p o r t e d  (2-11) .  -- 

By 1970 it became apparent  t h a t  t h e  r e s e a r c h  r e s u l t s  could be 

implemented f o r  des ign  and c o n s t r u c t i o n  c o n t r o l  of p i l e  d r i v i n g .  

However, t h e r e  was a  s e r i o u s  need f o r  f u r t h e r  d a t a  obta ined  on p i l e  

t ypes  and s o i l s  which had no t  been seen  i n  Ohio. To meet t h i s  need,  

r e s e a r c h  sponsorsh ip  was sought  from o t h e r  s t a t e  highway departments  

t o  p rov ide  d a t a  on p i l e s  which were be ing  load  t e s t e d  s t a t i c a l l y  t o  

f a i l u r e .  The s t a t e s  o f  Idaho, Minnesota, Pennsylvania ,  New York, 

Georgia,  and F l o r i d a  responded t o  t h i s  r eques t  and p i l e s  were t e s t e d  

a t  a  t o t a l  o f  t e n  s i t e s  i n  t h e s e  s t a t e s .  P i l e  types  c o n s i s t e d  o f  

t imber ,  p r e s t r e s s e d  conc re t e  and s t e e l  p i p e s .  S o i l  types  ranged from 

c l a y  t o  coa r se  sand.  These p r o j e c t s  have been r epor t ed  p rev ious ly  

(12-21) b u t  summary r e s u l t s  of t h e s e  t e s t s  w i l l  be  included i n  t h i s  

r e p o r t .  T e s t  work was a l s o  conducted i n  t h e  s t a t e  of  Nevada under 

o t h e r  arrangements wi th  t h e  Federa l  Highway Adminis t ra t ion  ( t h e  r e p o r t  

on t h e s e  t e s t s  is c u r r e n t l y  i n  p rog res s )  and t h e  r e s u l t s  a r e  conta ined  

i n  t h i s  r e p o r t .  

I n  t h e  p a s t  two yea r s  t h e  a u t h o r s  have been c a l l e d  upon t o  perform 

c o n s u l t i n g  s e r v i c e s  f o r  p r i v a t e  agenc ie s  around t h e  country.  These t e s t s  

have produced a  s u b s t a n t i a l  amount o f  d a t a  on p i l e s  which were s t a t i c a l l y  

load t e s t e d  and t h e s e  r e s u l t s  a r e  a l s o  conta ined  i n  t h i s  r e p o r t .  

Unfor tuna te ly ,  ex t ens ive  s o i l  d a t a  cannot  be made a v a i l a b l e  from t h e s e  

t e s t s  b u t  t h e  c o r r e l a t i o n  between dynamic and s t a t i c  measurements i s  

s u b s t a n t i a l l y  expanded a s  a  r e s u l t  of t h i s  d a t a .  

P r o j e c t  a c t i v i t i e s  can be d iv ided  i n t o  f o u r  s e p a r a t e -  groups.  F i r s t ,  

*Refers t o  r e f e r e n c e s  a t  end of t e x t .  



1 
since the onset of the project tlrere has been a continual development 

of instrumentation, data acquisition and data processing equipment. 

This work has continued through the current project and the current 

state of this equipment is described in Chapter 2. A second activity 

has been the continued development and refinement of the Case Method 

of capacity prediction (referred to as the "Simplified Method" in some 

previous reports). The Case Method capacity prediction involves 

simple computations and the most recent developments are described in 

Chapter 3. The third activity has been the development of the necessary 

analog electronic circuitry to make Case Method capacity predictions 

in the field. The resulting device appears to now be commercially 

viable. For the past two years development of this device has been 

carried on privately and has not caused the expenditure of project funds. 

However, as new field computers became available they have been used 

in project activities. The fourth activity has been the continued study 

and development of a computational technique known as the Case Pile 

Wave Analysis Program (CAPWAP). This computational procedure involves 

) the determination of both static and dynamic resistances and their 

distribution in the pile using as inputs the measurements of force and 

acceleration made at the pile top. This requires a substantial amount 

of computational time on a large digital computer; therefore, the 

procedure cannot be performed in real time in the field. However, it 

does provide considerable potential for future application both in pile 

capacity prediction and in other types of activities. The CAPWAP 

computational procedure is discussed and some sample results are presented 

in Chapter 4. 

The Case Method of pile capacity prediction has now progressed to 

the stage of routine application in pile design and construction control. 

At the present time (January, 1974) three state highway departments have 

acquired the Pile Capacity Analyzer and transducers to perform tests 

using their own personnel. In addition the Federal Highway Administration 

is involved in a demonstration project of this equipment and is currently 
. . 

using two Pile Capacity Analyzers in a demonstration projkct. Thus, it can 

be stated that implementation has been achieved and further expanded 
I @=? 

applications can be expected. f ,  



Chapter 2 

Data Acquisition and Processing 

2.1 Data Acquisition Equipment 

The prediction of pile bearing capacity; computation of transferre$ 

energy and investigation of other dynamic quantities (i.e. maximum 

stresses, etc.) require the accurate measurement of force and acceleration 

at the pile top. In this Chapter the state-of-the-art for the routine 

measurement of these quantities will be described. 

The acceleration measurements have become quite routine due to 

developments in electronics. Commercially available accelerometers 

are mounted on small aluminum blocks which are then bolted to the pile 

as shown in Figure 2.1. The mounting block must be as rigid as possible 

to avoid measuring accelerations arising from the response of the mounts. 

The total device must also be lightweight and mounted as close to the 

pile wall as possible to prevent large inertia forces due to the high 

accelerations in this mass. Piezoelectric accelerometers were used 

because of their high natural frequency and ruggedness. The particular 

model currently used is the PCB Piezotronics Model 302M21 with ground 

isolation. The model has a built-in amplifier to reduce problems of 

electronic noise from the cable. The nominal range is 1000 g's with 

a maximum shock limit of 5000 gls. The nominal sensitivity is 5 milli- 

volts/g. This accelerometer has a frequency range of 1 to 5000 Hz with 

a resonant frequency greater than 30,000 Hz. Results have been satis- 

factory. 

The measurement of force has had more project involvement. Initially 

the force was measured by attaching resistance strain gages directly to 

the steel pile wall. The strain was converted to force using the knom 

material modulus and cross sectional area of the steel pile. Routine 

application of this technique for a large number of piles under all 

weather conditions is not a reasonable procedure. Reusable transducers . . 

are desirable in that they reduce the time required for attachment and 

number of the strain gages used. Thus, the total cost and time lost to 

the contractor for making a routine test is reduced. These transducers 



I 
a r e  cons t ruc t ed  and c a l i b r a t e d  i n  t h e  l a b o r a t o r y .  

Two types  of  t r a n s d u c e r s  were developed.  One type  in t roduces  a  

f o r c e  measuring device  between t h e  p i l e  and t h e  hammer. The f o r c e  

t r ansduce r  i s  r e l a t i v e l y  l ighweight  compared wi th  t h a t  used i n  o t h e r  

s t u d i e s  (22) and thus  avoids  most of  t h e  d i f f i c u l t y  exper ienced .  

R e s u l t s  from t h i s  t r a n s d u c e r  have been compared wi th  s t r a i n  gages 

mounted d i r e c t l y  on t h e  p i l e  wi th  v e r y  good agreement.  Th i s  t r a n s -  

ducer  a t t empt s  t o  match t h e  c r o s s  s e c t i o n  shape of  t h e  a c t u a l  p i l e  

wi th  a small i n c r e a s e  i n  w a l l  t h i c k n e s s .  I f  damage occurs  n e a r  t h e  

p i l e  t op ,  t h e  t r a n s d u c e r ' s  i nc reased  wa l l  t h i c k n e s s  f o r c e s  t h e  damage 

t o  be i n  t h e  p i l e ,  t h e r e f o r e  p reven t ing  c o s t l y  damage t o  t h e  t r a n s -  

ducer  i t s e l f .  For t h e  common 12-inch p i p e  p i l e s  used i n  Ohio wi th  a  

wa l l  t h i c k n e s s  o f  0.179 inches ,  a  12-inch d iameter  p i p e  w i t h  a  3/8  

inch  w a l l  t h i c k n e s s  and 12-inch l eng th  has  performed s a t i s f a c t o r i l y .  

A f o r c e  t r ansduce r  is shown i n  F igure  2.2. A t  t h e  mid-length of  t h i s  

p ipe  s i x  dua l  element r e s i s t a n c e  s t r a i n  gages a r e  a t t a c h e d  a t  60 degree  

i n t e r v a l s  t o  minimize l o c a l  bending and end e f f e c t s  and o b t a i n  t h e  
) average  f o r c e  i n  t h e  p i p e .  One element i s  p a r a l l e l  and t h e  o t h e r  t r a n s -  F)t 

t *  
v e r s e  t o  t h e  a x i s  of  t h e  p i p e .  A l l  gages have 120 ohms r e s i s t a n c e  and 

a r e  wired t h r e e  elements  i n  s e r i e s  i n  each l e g  of  a  f u l l  b r idge .  One 

inch  t h i c k ,  14-inch s t e e l  p l a t e s  were welded t o  t h e  top  and bottom of  

t h i s  p i p e .  An 11-inch d iameter  h o l e  was c u t  i n  t h e s e  p l a t e s  t o  minimize 

t h e  t r ansduce r  weight and t h e  i n t r o d u c t i o n  of  bending e f f e c t s  a t  t h e  

ends.  The upper end of t h e  t r a n s d u c e r  i s  b o l t e d  t o  ano the r  s e c t i o n  of  

12-inch p i p e  welded on one end t o  ano the r  heavy p l a t e .  Th i s  t o p  

a d a p t e r  t hen  accep t s  t h e  d r i v i n g  helmet i n  e x a c t l y  t h e  same manner a s  

would t h e  a c t u a l  p i l e .  The bottom a d a p t e r  i s  an  unders ized  p i p e  which 

is welded t o  ano the r  heavy p l a t e  which i s  then  b o l t e d  t o  t h e  t r a n s d u c e r .  

The bottom a d a p t e r  then  becomes a male a d a p t e r  having a  snug f i t  i n s i d e  

t h e  p i l e  t o p .  High frequency a c c e l e r a t i o n s  can be mechanical ly  f i l t e r e d  

ou t  by in t roduc ing  plywood cushions between t h e  t r ansduce r  and t o p  a d a p t e r .  

The u s e  o f  more than  two inches  o f  plywood i s  discouraged a s  i t  modi f ies  

t h e  a c t u a l  even t  by an  amount u n d e s i r a b l e  f o r  u s e  wi th  t h e  Case ~ e t h b d .  

The l i n e a r i t y  of t h i s  t r ansduce r  i s  e x c e l l e n t  and h y s t e r e s i s  i s  no t  



noticeable during static calibration in a 200 kip universal testing 

machine. Transducers of this type have also been constructed for 

14-inch and 10-inch pipes with equally satisfactory results. Trans- 

ducers for steel H piles have been constructed with somewhat less 

satisfactory results. Due to the less regular shape it appears that 

the transducer length must be increased or the number of strain 

gages increased to avoid serious problems of linearity. The bottom 

adapter is also not as simple. Some type of fitting must be made 

to guide the transducer to fit well over the pile top or the heavy 

plate to which the transducer bolts must be tack welded directly to 

the pile top for each pile tested. 

Force transducers for concrete and timber piles,have not been 

satisfactorily designed. 

The second type of force measuring device can more accurately be 

described as a strain transducer. The current design is shown in 

Figure 2.1. This diamond shaped frame is attached to the pile at two 

points three inches apart along the pile axis. Four 350 ohm strain 

gages are attached to the "hinge" locations and are again wired in a 

full bridge arrangement. This frame then measures the average strain 

between the two points. If the strain transducer is too stiff, large 

forces are transmitted to the attachment points which can cause yield- 

ing of the transducer or slippage with respect to the pile causing 

. apparent large residual forces in the pile. The current design is 

very flexible (an axial static test of the transducer alone caused 3000 

from only six pounds). To avoid undesirable effects of inertia forces 

it is also lightweight and attached close to the pile wall. 

Because of their weight and size, the strain transducers are 

easily transported to different job sites. They can be attached to 

any pile type, shape or size. Clearance holes for 1/4 - 20 bolts are 
drilled in thin wall steel sections and the transducers mounted with 

bolts and nuts. In thick wall steel sections the holes can be drilled 

and tapped. Concrete piles are instrumented by drilling a 1/2-inch 
. . 

diameter, 1 inch deep hole and setting anchors for the 1/4 - 20 bolts. 

c A 1/8-inch pilot hole is drilled in timber piles and the transducer is 

t ! 
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t hen  a t t a c h e d  wi th  l a g  b o l t s .  The recorded  s t r a i n  i s  then  converted 

t o  f o r c e  us ing  t h e  p i l e  a r e a  and m a t e r i a l  modulus. For s t e e l  p i l e s  

t h e s e  v a l u e s  a r e  we l l  known. However, f o r  conc re t e  and t imber  p i l e s  

t h e  dynamic modulus must be computed from t h e  wave speed,  c ,  by 

where p i s  t h e  mass d e n s i t y .  The d e n s i t y  of  conc re t e  can be assumed 

t o  be  150 pounds p e r  cub ic  f o o t .  The d e n s i t y  of  c r eoso ted  t imber  

v a r i e s  widely from 40 t o  70 l b / f t 3  and, i f  a n  a c c u r a t e  modulus i s  t o  

be determined,  must be measured. The wave speed de termina t ion  i s  a  

s imple  p roces s  and has  been desc r ibed  elsewhere (13, 16, 17) .  

To cance l  any bending e f f e c t s  i n  t h e  p i l e ,  two acce lerometers  

and two s t r a i n  t r a n s d u c e r s  a r e  a t t a c h e d  d i a m e t r i c a l l y  oppos i t e  a s  

shown i n  F igures  2 .1  and 2 .3 .  The c a b l e s  from each t r ansduce r  a r e  

connected t o  a connect ion  box a s  i n  F igure  2 . 3 .  A s i n g l e  connec t ion  

c a b l e  c a r r y i n g  a l l  s i g n a l s  t hen  goes t o  a  power supply  f o r  t h e  a c c e l e r -  t"!@+ 
ometers and a  s i g n a l  c o n d i t i o n i n g  and ba l anc ing  u n i t  f o r  t h e  s t r a i n .  d 

The ou tpu t  can then  be observed on an o s c i l l o s c o p e  o r  recorded on a  

h igh  speed o s c i l l o g r a p h  o r  ana log  FM t a p e  r eco rde r  f o r  l a t e r  a n a l y s i s .  

The t a p e  r e c o r d e r  g i v e s  t h e  advantage o f  be ing  a b l e  t o  r e c r e a t e  t h e  

e l e c t r o n i c  s i g n a l  r eco rded .  Thus, p roces s ing  can be more e f f i c i e n t  

and a c c u r a t e .  

2.2 Data Process ing  Equipment 

Upon r e t u r n i n g  from t h e  f i e l d ,  t h e  ana log  magnetic t a p e  d a t a  a r e  

analyzed us ing  t h e  Case P r o j e c t  p roces s ing  system. The d a t a  a r e  

a u t o m a t i c a l l y  conver ted  t o  d i g i t a l  form us ing  an  a n a l o g - t o - d i g i t a l  

conve r t e r  c o n t r o l l e d  by a  smal l  d i g i t a l  computer. Those p o r t i o n s  o f  

t h e  r eco rd  con ta in ing  t h e  hammer blow a r e  t hen  s t o r e d  on d i g i t a l  

magnetic t a p e  f o r  f u r t h e r  a n a l y s i s .  The a c c e l e r a t i o n  r eco rd  i s  i n t e -  

g r a t e d  t o  o b t a i n  d isp lacement .  The f i n a l  d i sp lacement  can be compared 

with t h e  d r i v i n g  r eco rd  and i f  neces sa ry  t h e  a c c e l e r a t i o n  zero can be 

a d j u s t e d  t o  g ive  t h e  c o r r e c t  f i n a l  s e t .  I t  should be emphasized t h a t  

a l l  o f  t h e  above p roces s ing  s t e p s  a r e  performed a u t o m a t i c a l l y .  I t  i s  



C impor tan t  t h a t  a s  many checks a s  p o s s i b l e  be performed on t h e  d a t a  

t o  a s s u r e  i t s  c o r r e c t n e s s .  For i n s t a n c e ,  i t  i s  known t h a t  f o r c e  and 

v e l o c i t y  a r e  p r o p o r t i o n a l  a t  impact .  S i n c e  t h e s e  two q u a n t i t i e s  a r e  

ob ta ined  by two q u i t e  d i f f e r e n t  measurement systems t h e i r  comparison 

r e p r e s e n t s  a p a r t i c u l a r l y  e f f e c t i v e  check. 

The r e c o r d s  of  f o r c e  and v e l o c i t y  a r e  thkn used t o  p r e d i c t  t h e  

p i l e ' s  s t a t i c  c a p a c i t y .  I f  t h e  d a t a  was taken  a t  t h e  end of d r i v i n g ,  

t h e  Case Method c a p a c i t y  g i v e s  t h e  s t a t i c  c a p a c i t y  a t  t h i s  t ime .  

The l a s t  blows a r e  t h e  most impor tan t .  I f  d a t a  was taken  du r ing  a  

r e s t r i k e ,  t h e  s e r v i c e  c o n d i t i o n s  of  t h e  p i l e  i nc lud ing  any s e t - u p  

o r  r e l a x a t i o n  e f f e c t s  a r e  g iven .  During r e s t r i k e ,  t h e  l o s s  of t h e s e  

t ime dependent e f f e c t s  can occur  and, t h e r e f o r e ,  t h e  f i r s t  blows a r e  

t h e  most c r i t i c a l .  

Maximum p i l e  t o p  a c c e l e r a t i o n s ,  v e l o c i t i e s ,  d i sp lacements ,  f o r c e s ,  

s t r e s s e s ,  and Case Method c a p a c i t i e s  a r e  a l s o  p r i n t e d  f o r  each blow 

ana lyzed .  Hammer energy t r a n s f e r r e d  t o  t h e  p i l e  can be c a l c u l a t e d  

I: ' from t h e  express ion  

where t h e  energy, E ( t ) ,  f o r c e ,  F ( t ) ,  and v e l o c i t y ,  v ( t ) ,  a r e  a l l  f u n c t i o n s  

of t ime.  Th i s  i s  t h e  energy a v a i l a b l e  t o  t h e  p i l e  t o  do work and i t  

e l i m i n a t e s  t h e  u n c e r t a i n t y  r ega rd ing  t h e  magnitude o f  impact l o s s e s  

due t o  h e a t ,  f r i c t i o n ,  sound, combustion e f f i c i e n c i e s  o r  ram impact 

v e l o c i t y ,  and i n  e l a s t i c  c o l l i s i o n s  i n  t h e  d r i v e  cap assembly. The 

maximum and f i n a l  ene rg i e s  ( a f t e r  p i l e  rebound occurs)  a r e  a l s o  p r i n t e d .  

I n  a d d i t i o n ,  p l o t s  of a c c e l e r a t i o n ,  v e l o c i t y ,  displacement ,  f o r c e  and 

energy may be p l o t t e d  on a  CALCOblP drum p l o t t e r  a s  func t ions  of t ime.  

An example of  t h e s e  p l o t s  i s  shown i n  F igure  2 . 4 .  

Sample blows a r e  t hen  punched on punch paper  t a p e  and t r a n s f e r r e d  

t o  a  l a r g e  d i g i t a l  computer f o r  wave equat ion  a n a l y s i s .  - - . . 



2.3 Field Measurements 

Since the ultimate goal of this project has been to develop an 

easy-to-use method of accurately predicting a pile's static bearing 

capacity, the dynamic testing of piles which were also statically tested 

was emphasized. Only in this way could the techniques and prediction 

reliability be tested and improved. 

As early as December 1964 project personnel were given the opportunity 

to make dynamic measurements on piles which were also statically tested 

by the Ohio Department of Transportation. Data at that time was taken 

by strain gages mounted directly on the pile wall and recorded on a high 

speed oscillograph. During the next few years transducer development 

produced the reuseable force and strain transducers which were checked 

for accuracy by comparison of the record with strain gages mounted on the 

same pile. Accelerometers which were more rugged and had less electronic 

noise were also obtained. Through 1970 because of the limitations of the 

oscillograph, only a few blows per pile were recorded. They had to be 

manually converted to digital form for further analysis. The results 

from several of these early piles have since been determined to be of 

questionable accuracy. Many of the piles seem to have errors in their 

calibration of force or acceleration which are irretrievable. In some 

cases the oscillograph records were not converted to digital form with 

sufficient accuracy. For these reasons these piles are no longer being 

used for correlation with capacity. 

During the summer of 1970 the portable tape recorder became available 

due to a special grant from the Prestressed Concrete Institute and it was 

then used to record the data. In replacing the oscillograph, calibration 

errors were virtually eliminated and digital conversion, controlled by 3 

small computer, made it possible to analyze a large volume of data faster 

and with greater accuracy. This made pile testing more accurate and 

routine. As the reliability of the results improved more opportunities 

became available to make the field measurements and compare predicted and 

measured capacity. This also provided ample opportunity to further- improve 



t h e  t r ansduce r s .  During t h i s  t ime ana log  computer f o r  f i e l d  de t e rmina t ion  

of  s t a t i c  c a p a c i t y  had reached t h e  s t a g e  where i t  could be r o u t i n e l y  used 

a s  t h e  p i l e  was be ing  d r i v e n .  R e s u l t s  were good and t h e  computer has  . 
s i n c e  been f u r t h e r  modif ied and improved and i s  now i n  r o u t i n e  use  by 

s e v e r a l  o r g a n i z a t i o n s .  On many jobs t h i s  t e s t i n g  procedure has  r ep l aced  

o r  reduced s t a t i c  t e s t i n g  wi th  l a r g e  c o s t  s av ings .  Use of  t h e  technique, 

has a l s o  been a p p l i e d  t o  t h e  q u a l i t y  c o n t r o l  of  product ion  p i l i n g  t o  i n s u r e  

un i fo rmi ty  over  t h e  job s i t e  by random t e s t i n g .  Add i t iona l ly ,  s i n c e  

r e s u l t s  a r e  obta ined  f o r  every  blow, c a p a c i t y  as a  func t ion  o f  p e n e t r a t i o n  

can be e a s i l y  i n v e s t i g a t e d  t o  r e v e a l  t h e  most s u i t a b l e  bea r ing  s t r a tum 

and make more e f f i c i e n t  u se  o f  s t a t i c  load t e s t s .  

The c u r r e n t  l i s t  o f  p i l e s  where s t a t i c  and dynamic t e s t  r e s u l t s  a r e  

a v a i l a b l e  i s  g iven  i n  Table 2.1. This  d a t a  s e t  p rovides  t h e  b a s i s  f o r  

c o r r e l a t i o n  o f  Case Method c a p a c i t y  p r e d i c t i o n  wi th  a c t u a l  s t a t i c  load 

t e s t s  run  t o  f a i l u r e .  P i l e s  where load t e s t s  were no t  run  t o  f a i l u r e  

o r  where no s t a t i c  t e s t  was made a r e  no t  r epo r t ed  i n  t h i s  l i s t .  The 

m a j o r i t y  of t h e  p i l e s  t e s t e d  f o r  t h e  Ohio Department o f  T ranspor t a t ion  

were 12 inch  cas t - in -p l ace  closed-end s t e e l  p i p e s .  I n  Ohio t h e s e  p i l e s  

a r e  t y p i c a l l y  40 t o  80 f e e t  i n  l e n g t h .  

Coopera t ive  p r o j e c t s  were a l s o  begun i n  1971 wi th  v a r i o u s  o t h e r  

s t a t e  highway departments  t o  expand t h e  measurements t o  p i l e  types  which 

a r e  n o t  commonly used i n  Ohio. A s  a  r e s u l t  of t h i s  a c t i v i t y ,  f o u r t e e n  

s t a t i c a l l y  load t e s t e d  p i l e s  were added t o  t h e  d a t a  base ,  and t h e  c a p a b i l i t y  

and r e l i a b i l i t y  t o  t e s t  t imber  and p r e s t r e s s e d  conc re t e  p i l e s  was proven. 

Also a t  about  t h e  same t ime a  demand appeared from p r i v a t e  agencies  f o r  

t h i s  s e r v i c e  on a  c o n s u l t i n g  b a s i s .  The r e s u l t  has  aga in  been an i n c r e a s e  

of dynamical ly measured s t a t i c  load  t e s t  p i l e s .  These 19 p i l e s  have been 

inc luded  i n  Table 2 . 1  a s  Consul t ing  P i l e s  (CP1, CP2, ..., CP19) and a r e  

numbered i n  ch rono log ica l  o r d e r .  

The 74 p i l e s  r epo r t ed  h e r e  a r e  o f  s e v e r a l  t ypes .  A t o t a l  o f  46 of  t h e  

p i l e s  were e i t h e r  c lo sed  end c a s t - i n - p l a c e  (CIP) s t e e l  p i p e  p i l e s  o r  mono- 

tube.  I n  f a c t ,  t h e  f i r s t  27 load  t e s t e d  p i l e s  measured by p r o j e c t  pe r sonne l  

were of  t h i s  type  s i n c e  they  r e p r e s e n t  t h e  s t anda rd  Ohio Department of  



1 T r a n s p o r t a t i o n  p i l e  where it i s  n o t  d r i v e n  t o  rock.  Ten of  t h e  p i l e s  f ly ,  'sulu 

were t imber  p i l e s  and only  t h r e e  were s t e e l  H-pi le  s e c t i o n s .  The 

remaining 15 p i l e s  were p r e s t r e s s e d  conc re t e  p i l e s  o f  va r ious  c r o s s  . 

s e c t i o n .  The most common s e c t i o n s  were s o l i d ,  ranging  from 10 t o  18 

inches  square .  Two o f  t h e s e  p i l e s  were s o l i d  oc tagonal  s e c t i o n s  wi th  

a  14 inch  "diameter".  

The hammers used t o  t e s t  t h e  p i l e s  were of  s e v e r a l  t ypes ;  5 were 

double a c t i n g  a i r  steam hammers, 9 were s i n g l e  a c t i n g  a i r  s team, 20 were 

double a c t i n g  d i e s e l ,  and 40 were s i n g l e  a c t i n g  d i e s e l .  These were t h e  

hammers be ing  used on t h e  job s i t e s  and were no t  s e l e c t e d  f o r  any o t h e r  

r ea sons .  I n  gene ra l  t h e  d i e s e l  hainmers a r e  t hose  which a r e  most commonly 

seen  i n  t h e  midwest. The a i r  steam hammers were used i n  s t a t e s  which 

have r e s t r i c t i o n s  on hammer t y p e s .  No n o t i c e a b l e  d i f f e r e n c e  i n  t h e  

r e l i a b i l i t y  o f  t h e  Case Method c a p a c i t y  p r e d i c t i o n  has  been observed f o r  

any hammer type .  

The p i l e  l eng ths  have v a r i e d  from about  25 f e e t  t o  140 f e e t  f o r  t h e  

) load t e s t  p i l e s  r e p o r t e d  he re .  Longer p i l e s  have been t e s t e d  but  were 9 
no t  s t a t i c a l l y  loaded o r  had no s o i l  bor ing  a v a i l a b l e .  S h o r t e r  p i l e s  4 ? 
have been t e s t e d  b u t  i t  should be  noted t h a t  t h e  t ime r e q u i r e d  f o r  t h e  

f o r c e  i n c r e a s e  a t  impact becomes longer  when compared t o  t h e  t ime r equ i r ed  

f o r  t h e  Case Method. Conceivably t h i s  can adve r se ly  a f f e c t  t h e  p r e d i c t i o n  

r e l i a b i l i t y  and f o r  t h i s  r ea son  s h o r t  p i l e s  have been d iscouraged .  

Also inc luded  i n  Table  2.1 i s  a  gene ra l  s o i l  d e s c r i p t i o n  f o r  t h e  

p i l e s .  The s o i l  a t  t h e  p i l e  t i p  i s  most impor tan t  f o r  t h e  Case Method 

c a p a c i t y  p r e d i c t i o n s .  The p r e v a i l i n g  s o i l  type  along t h e  p i l e  i s  a l s o  

g iven  i n  c a s e s  where t h e  s i d e  s o i l  i s  g r e a t l y  d i f f e r e n t  from t h a t  a t  t h e  

p i l e  t i p .  A wide v a r i e t y  of  s o i l  t ypes  can be  observed.  

In a d d i t i o n  t o  t h e  load t e s t e d  p i l e s  r epo r t ed  h e r e ,  measurements of 

many a d d i t i o n a l  p i l e s  have been made. On most c o n s t r u c t i o n  s i t e s  where 

s t a t i c  t e s t s  were performed, i n  a d d i t i o n  t o  t h e  t e s t  p i l e  s e v e r a l  o t h e r  

job p i l e s  were randomly t e s t e d  t o  i n s u r e  uni formi ty  over  t h e  job s i t e .  
. . . . 

I t  i s  n o t  uncommon t o  t e s t  t h r e e  t o  f i v e  a d d i t i o n a l  p i l e s  i n  t h i s  manner. 



As the reliability of the method has improved it has become increasingly 

common that dynamic measurements have completely replaced static 

testing on many sites. As a reuslt several hundred dynamically measured 

piles have also been tested in addition to the 74 piles in Table 2.1. 



Chapter  3  

Case Method 

3 . 1  I n t r o d u c t i o n  

The Case Method of  p i l e  c a p a c i t y  de t e rmina t ion  has  been used wi th  

i n c r e a s i n g  frequency dur ing  t h e  p a s t  two y e a r s  f o r  bo th  des ign  and 

c o n s t r u c t i o n  c o n t r o l  of impact dr ' iven p i l e s .  A s  an  i n c r e a s i n g  amount - 
of  s t a t i c  load t e s t  d a t a  became a v a i l a b l e  f o r  c o r r e l a t i o n  t h e  compu- 

t a t i o n  methods were modif ied,  improved and r e f i n e d .  

The previous  d e r i v a t i o n  of t h e  fundamental Case Method equat ion  

has  g e n e r a l l y  been preceeded by t h e  assumption t h a t  t h e  p i l e  be t r e a t e d  

a s  a  r i g i d  body. The expres s ion  r e s u l t i n g  from t h e  a p p l i c a t i o n  of  

Newton's Second Law has then  been modif ied wi thout  a  complete d e r i v a t i o n  

be ing  p re sen ted  wi th  only  a  g e n e r a l  r e f e r e n c e  t o  wave equa t ion  a n a l y s i s .  

Th i s  type  of  p r e s e n t a t i o n  has caused t h e  method t o  be  c r i t i c i z e d  u n j u s t -  

) l y  as be ing  based on a  r i g i d  body assumption.  The r e l a t i o n s h i p  was - 
f i r s t  de r ived  and p re sen ted  i n  Reference 4.  I t  w i l l  be developed he re  d :$ 

1-1 

i n  a  b r i e f  way t h a t  w i l l ,  pe rhaps ,  be  more r eadab le .  Also t h e  v a r i o u s  

mod i f i ca t ions  which a r e  necessary  t o  account  f o r  d i f f e r e n t  s o i l  and 

p i l e  types  a r e  d i scussed .  

I n  o r d e r  t o  i l l u s t r a t e  many of  t h e  c h a r a c t e r i s t i c s  of  p i l e  mechanics 

a  t y p i c a l  f o r c e  and v e l o c i t y  r eco rd  f o r  an  impact d r i v e n  p i l e  i s  shown 

i n  F igure  3 .1 ,  where t h e  v e l o c i t y  was ob ta ined  by i n t e g r a t i n g  t h e  

measured a c c e l e r a t i o n  over  t ime.  Also, f o r  e a s e  of  p l o t t i n g  t h e  v e l o c i t y  

was m u l t i p l i e d  by a  cons t an t ,  EA/c (Young's modulus t imes c r o s s  s e c t i o n a l  

a r a a  d iv ided  by t h e  wave speed; a l l  p i l e  q u a n t i t i e s ) .  The t ime s c a l e  i s  

g iven  i n  mi l l i s econds  and i n  L/c u n i t s ,  i . e .  i n  u n i t s  of t h a t  t ime which 

a  s t r e s s  wave needs t o  t r a v e l  a long a  p i l e  of  l eng th  L .  

Th i s  r eco rd  was ob ta ined  from a  25 f t .  long conc re t e  p i l e  d r i v e n  by 

a  Delmag D-30 Diese l  hammer. The s t a t i c  r e s i s t a n c e  a s  determined by a  
. . 

load t e s t  was 550 k ips  which i s  low compared t o  t h e  f o r c e  a t  impact.  

As a  r e s u l t  t h e  p i l e  t op  f o r c e  dec reases  a t  t ime 2L/c a f t e r  impact,  i . e .  (I <,* 



when the impact wave returns after a (tension) reflection at the pile 

bottom. 

3.2 Wave Mechanics 

In the subsequent discussion it is assumed that the bar or pile 

is of uniform cross section. The derivation and solution of the one 

dimensional wave equation, a linear, second order differential equa- 

tion, is available from other sources (23) and will not be presented here. 

Figure 3.1 shows one important phenomenon of wave mechanics, 

namely the fact that force and velocity at a point on a bar are pzo- --- 
ortionad as long as stress waves-at--this._~-oint travel in-only one P - 

\- 

direction. A wave in a rod which is free at top and bottom always -- - 
has the same direction of velocity (while the sign of stress changes 

upon each reflection). The proportionality between the two curves is 

destroyed as soon as waves caused by soil resistance forces reach 

the pile top. However, for a completely free pile the top velocity 

due to a pile top force, Ft(t) , can be written 

Attimes later than 2L/c the effect of waves reflected from the pile 

bottom is felt at the top. Since a free top is assumed, the velcoity 

will be doubled under reflection and will always be positive (4). 

Theref ore 

2c 1 v (t) = - 2L 4 L 
t, F EA {T - Ft (t) + Ft (t - + Ft (t - T)  + . . . . .  } 3 . 2  

Resistance forces create a somewhat more complex wave behavior in 

a pile, since they, in general, act at intermediate locations along the 

pile. A suddenly applied force at such an intermediate location prbhuces 



I two waves. I f  t h e  f o r c e ,  a s  i n  t h e  c a s e  of  s o i l  r e s i s t a n c e  a t  a  l o c a t i o n  

x,  R ( t ) ,  i s  d i r e c t e d  upwards then  t h e  upwards t r a v e l i n g  wave w i l l  be 
X 

i n  compression and t h e  downwards t r a v e l i n g  one i n  t e n s i o n .  For r e a s o n s .  

o f  c o n t i n u i t y  and equ i l i b r ium,  t o g e t h e r  wi th  t h e  p r o p o r t i o n a l i t y  

requirement  between f o r c e  and v e l o c i t y ,  t h e  f o r c e s  i n  each wave must 

have a  magnitude t h a t  is one h a l f  o f  t h e  a p p l i e d  f o r c e .  The v e l o c i t i e s  . 
i n  both  waves a t  t h e  p o i n t  o f  f o r c e  a p p l i c a t i o n ,  xi ,  a r e :  

1 c  v  ( t )  = - - 
t , F i  R ( t )  2 EA xi 

Dealing aga in  wi th  a  f r e e  p i l e  on which t h i s  r e s i s t a n c e  f o r c e  a c t s ,  

t h e  v e l o c i t i e s  w i l l  always be  d i r e c t e d  upwards. The p i l e  t op  

v e l o c i t y  when e i t h e r  of t h e  two waves a r r i v e s  and r e f l e c t s  w i l l  b e  

twice  t h e  magnitude of  t h a t  i n  Equat ion 3 . 3 .  The only  d i f f e r e n c e  

between t h e  two waves i s  i n  t h e  a r r i v a l  t ime. The upwards t r a v e l i n g  

wave a r r i v e s  e a r l i e r  than  t h e  o t h e r  wave which i s  f i r s t  r e f l e c t e d  

) from t h e  bottom. 

Assuming t h a t  t h e  d i s t r i b u t e d  s o i l  r e s i s t a n c e  i s  concen t r a t ed  

a t  n  l o c a t i o n s ,  x i = 1, ..., n (xi measured from t h e  top)  whose i ' 
magnitudes a r e  R i = 1, ..., n  and which a r e  of  t h e  i d e a l  p l a s t i c  i ' 
t ype  such t h a t  

where H ( t  - a )  i s  t h e  Heavyside s t e p  f u n c t i o n  which i s  0 f o r  t < a  

(nega t ive  arguments) and 1 f o r  t > a .  With t = 0 being t h e  t ime o f  - 
impact t h i s  s o i l  r e s i s t a n c e  law i m p l i e s  t h a t  t h e  r e s i s t a n c e  f o r c e s  

a c t  on ly  a f t e r  t h e  impact wave has reached  t h e i r  r e s p e c t i v e  l o c a t i o n  

and t h a t  t hey  a r e  c o n s t a n t  t h e r e a f t e r .  

The e f f e c t  of  t h e  upwards t r a v e l i n g  wave caused by Rx ( t )  i s  f e l t  

a t  t h e  t o p  wi th  a  t ime de l ay  x . / c ,  and t h a t  of  t h e  downwaras trave17fng 
1 

wave wi th  a  d e l a y  ( 2 L  - x i ) / c  ( a f t e r  r e f l e c t i o n  a t  t h e  bot tom).  Th i s  n 
means t h a t  t h e  f i r s t  e f f e c t  of Rx ( t )  c a r r i e d  by t h e  downwards t r a v e l i n g  

i 



wave i s  f e l t  t o g e t h e r  wi th  t h e  bottom r e f l e c t e d  impact wave a t  

t ime 2L/c a f t e r  impact .  

For a l l  t imes  one can w r i t e  t h e  t o p  v e l o c i t y  due t o  t h e  

upwards t r a v e l i n g  v e l o c i t y  caused by R ( t )  a s  
X i 

u  C 2xi 2xi + 2L 2xi + 4L 
V ( t )  = - - R .  (H( t  - -) + H( t  - t , i  EA 1 c c ) + H( t  - 

C 
) + . . I  3.5 

remembering aga in  t h a t  because o f ' t h e  r e f l e c t i o n  a t  t h e  f r e e  t op  t h e  

wave v e l o c i t y  has  doubled. 

The downwards t r a v e l i n g  wave causes  a top  v e l o c i t y  

d  c 2L 4 L 6L 
v  ( t )  = - - R .  {H(t  - + H(t  - -) + H ( t  - -) + ... 1 
t , i  EA 1 c c 3.6 

The t o t a l  v e l o c i t y  caused by t h e  impact f o r c e ,  F  ( t ) ,  and a l l  n  r e s i s -  
t 

t ance  f o r c e s  R i = 1, 2 ,  ..., n  can be w r i t t e n  a s  
i ' 

m c j  2 L  
v t ( t )  = a i iFt(t)  + 2  1 F t ( t  - -1 

C 
j = 1  

where m i n d i c a t e s  t h e  t ime i n t e r v a l  a f t e r  impact:  

3 . 3  Evalua t ion  of  bleasurements 

I f  t h i s  s i m p l i f i e d  s o i l  model f o r  t h e  r e s i s t a n c e  f o r c e  were c o r r e c t  

then  v  ( t )  would be equal  t o  v M ( t )  ( i . e .  t h e  measured v e l o c i t y )  when 
t 

. . 
t h e  measured f o r c e  F  ( t )  was s u b s t i t u t e d  f o r  F t ( t )  i n  Equation 3 . 7 .  Thus, M 



The t h i r d  term i n  Equat ion 3.8, t h e  summation over  a l l  r e s i s t a n c e  

f o r c e s  is shorn  g r a p h i c a l l y  i n  F igure  3 .2 .  The f i r s t  p o r t i o n  of  t h e  

term i s  due t o  t h e  f i r s t  a r r i v a l  a t  t h e  p i l e  t o p  of t h e  upward t r a v e l -  

i n g  wave due t o  t h e  r e s i s t a n c e  a t  t h e  l o c a t i o n  x The f u l l  value-  
2x. i ' 

i s  f e l t  a t  --A a f t e r  impact and s t a y s  on f o r  t h e  remainder of  t h e  blow 
C 

a s  shown by t h e  s o l i d  b a r  i n  F igu re  3 . 2 .  The second p o r t i o n  o f  t h e  

term is  due t o  t h e  same wave a f t e r  r e f l e c t i o n s  from t h e  t o p  and bottom. 

Thus, f o r  t h e  f i r s t  and succeeding t ime i n t e r v a l s  m t h e  e f f e c t s  a r e  

f e l t  2L/c a f t e r  t h e  preceeding  i n t e r v a l  m - 1 ,  and a r e  r ep re sen ted  by 

t h e  s t r i p p e d  b a r s  i n  F igure  3 .2 .  The t h i r d  p o r t i o n  of  t h e  t h i r d  term 
1 

i s  due t o  t h e  e f f e c t  o f  t h e  downward t r a v e l i n g  wave. The wave a r r i v e s  

a t  2L/c a f t e r  impact and aga in  remains on f o r  t h e  remainder o f  t h e  

blow. Due t o  subsequent  r e f l e c t i o n s  t h e  same e f f e c t  i s  f e l t  every 

2L/c. T h i s  p o r t i o n  is  d e p i c t e d  by t h e  wh i t e  b a r s  i n  F igure  3 . 2 .  S ince  

a l l  o f  t h e s e  e f f e c t s  a r e  of equal  magnitude it  can be  seen  from Figure  

3.2 t h a t  t h e  t h i r d  term becomes 

where m i s  t h e  t ime i n t e r v a l .  I f  t h e  measured v e l o c i t y  i s  taken a t  any 

time t *  

. . . . 
and i f  t h e  measured v e l o c i t y  a t  a  t ime.2L/c  l a t e r  i s  s u b t r a c t e d ,  then  t h e  

r e s u l t  i s  f l  



I 

el* 
+ '  
* 
C, 



I For a uniform rod with 

and ?I = LAp (p is the mass density, M the total pile mass) direct 

substitution gives 

Thus, Equation 3.13 can also be written as 

which shows that the prediction R can be considered as an average of 

two force values 2L/c apart plus an inertia term using an average m. 
i F 

acceleration over the dame time period. Equation 3.13a reduces to 

Newton's Second Law as L approaches zero. 

While the pile elastic properties and the distribution of resistance 

forces were properly considered in the above derivation, the resitsance 

force versus time variations were neglected. These variations exist 

because both dynamic resistance forces (soil damping) and unloading 

(pile rebound) occur. 

Originally (2) it was proposed to choose the time t*, yet to be 

decided upon, at the time when the pile top velocity became zero. Then, 

it was argued, soil damping forces would have become small. Results 

obtained in this way were usually somehat low when compared with the 

ultimate capacity of the pile as determined in a static load test. There 

was an indication, however, that a correct correlation was to be made 

with a penetration related capacity (less than ultimate). This approach 
. . 

has been abandoned as it is difficult to use in construction control 



Later, it was found, when analyzing data from piles whose 

capacity was large compared to the hammer driving capability, or 

which had long lengths L (t* + 2L/c was then at a very late time) 

that unloading had occurred. The predictions were then too low. 

For steel pipe piles in granular soils empirical correlation 

with ultimate capacity was best when choosing t* at the time when 

the first relative maximum of velocity was reached (here called the 

time of impact). Such empirical correlation studies showed, further, 

that piles in cohesive soils required some time delay between the time 

of impact and t*. 

3.4 Time Delay blethods 

The Case Method capacity equation is 

* 

This procedure using dynamic measurements has been applied to 60 

piles which were also statically load tested. A wide variety of pile 

types, soil conditions, and hammer combinations are now represented and 

the results are very promising. Depending upon the pile-soil combination, 

dynamic forces, commonly called damping, related to the relative pile 

velocity can occur. For most pile types the majority of both the static 

soil resistance and dynamic forces have their origin at the pile tip 
- C - 

rather than-- sidprp- -_- -- ce. This hypothesis has been 

confirmed by using a wave equation analysis on the dynamically measured 

data (4) and also through strain gages located along the pile length 

where readings were taken during the static load tests: Because the 

largest static resistances usually occur at the pile toe an extensive 

study was performed to correlate the time t* with the pile type and 

soil type at the pile toe. If the time r* is chosen as the time of the 
first velocity maximum, tmax' the Case Method capacity, given by 

Equation 3.16 is a good approximation to the sum of static resistance 

t 
and the maximum damping. If damping forces are negligible, then using 



tmax f o r  t *  i n  t h e  Case Method should  y i e l d  a  good e s t i m a t e  o f  t h e  

s t a t i c  c a p a c i t y .  For p i p e  p i l e s  d r i v e n  i n t o  a sand,  t h e  u s e  o f  t h e  

wave equa t ion  on dynamical ly measured f o r c e  and a c c e l e r a t i o n  showed 

ve ry  l i t t l e  damping. I n  t h i s  s i t u a t i o n  t h e  Case Method us ing  t max 
has  done ve ry  we l l  i n  p r e d i c t i n g  t h e  s t a t i c  c a p a c i t y .  

In  cases  where p i p e  p i l e s  have been d r i v e n  i n t o  a  f i n e r  g ra ined  

bea r ing  s t r a tum such a s  s i l t  o r  c l a y ,  damping f o r c e s  can  be  s u b s t a n t i a l  

( t o  t h e  p o i n t  o f  exceeding t h e  s t . a t i c  r e s i s t a n c e )  and us ing  t could max 
lead  t o  e r r o r s  i n  Case Method. Between t and 2L/c l a t e r  t h e  v e l o c i t i e s  

max 
i n  t h e  p i l e  a r e  u s u a l l y  a t  t h e i r  l a r g e s t  magnitude. S ince  damping 

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

damping f o r c e s  i t  i s  neces sa ry  t o  w a i t  u n t i l  t h e  v e l o c i t i e s  i n  t h e  

p i l e  a r e  sma l l e r .  A t ime de l ay  from t h e  t ime o f  t h e  f i r s t  r e l a t i v e  

maxirnum i n  v e l o c i t y ,  
tmax ' t hen  becomes neces sa ry .  Because t ime,  

r e f e renced  t o  t h e  p i l e ,  i s  measured i n  2L/c u n i t s  t h e  exp res s ion  f o r  t *  

i n  t h e  Case Method Equat ion 3 .16  becomes 

The computat ional  procedure i s  i l l u s t r a t e d  on a  sample measurement 

r eco rd  i n  F igure  3.3.  

For p i p e  p i l e s  v a r i o u s  c o n s t a n t s ,  6 ,  were t r i e d  f o r  v a r i o u s  s o i l  

c o n d i t i o n s .  R e s u l t s  can be seen  i n  F igu re  3 . 4 .  The s o l i d  b a r s  r e p r e s e n t  

t hose  r e g i o n s  of 6-va lues  which g i v e  a  Case Method p r e d i c t i o n  w i t h i n  

15% o f  t h e  load t e s t  va lue .  For n o n p l a s t i c  s i l t  6  is  chosen a s  0.25;  

f o r  weak p l a s t i c  s i l t  and s o f t  c l a y  6 i s  1 .40;  f o r  s t i f f  c l a y  6  i s  chosen 

a s  1 .20 .  I t  would appear  t h a t  a s  t h e  s o i l  bea r ing  s t r a tum becomes weaker 

( a s  determined from t h e  s o i l  bor ing  logs)  t h e  d e l a y  t ime must be  inc reased .  

For p i l e  types  o t h e r  than  s t e e l  p i p e  p i l e s ,  s i m i l a r  ana lyses  o f  t h e  d a t a  

were made. 

A s  t h e  p i l e  weight and s t i f f n e s s  of t imber  p i l e s  i s  s i m i l a r  t o  t h a t  

o f  s t e e l  p i p e  p i l e s ,  t h e  6-values f o r  t h e  v a r i o u s  s o i l  c o n d i t i o n s  f o r  

p i p e  p i l e s  apply  e q u a l l y  we l l  t o  t imber  p i l e s .  For conc re t e  p i l e s  t h e  



l a r g e  p i l e  mass can cause l a r g e  p r e d i c t i o n s  due t o  t h e  a c c e l e r a t i o n  

r e l a t e d  i n e r t i a  term i n  Equat ion 3.16. Large f o r c e s  a l s o  occur  a t  

impact.  I f  t h e  bea r ing  s t r a tum is s t r o n g ,  no t ime de l ay  i s  neces sa ry ;  . 

however, 6-values of 0 .25  have been used s u c c e s s f u l l y  on a l l  conc re t e  

p i l e s .  For p r e s t r e s s e d  conc re t e  p i l e s  i n  weaker m a t e r i a l ,  l a r g e r  

6-values a l s o  work w e l l .  More d a t a  i s  needed-. For H p i l e s  n o t  

d r i v e n  t o  rock t h e  s t a t i c  r e s i s t a n c e  gained pu re ly  from p o i n t  bea r ing  

i s  s m a l l e r  than  f o r  o t h e r  p i l e  t ypes  d r iven  i n  a  s i m i l a r  s o i l .  P i l e  

t i p  damping i s  a l s o  inc reased .  From t h e  l i m i t e d  d a t a  acqui red  on 14 

p i l e s  t o  d a t e  a  &-value  of  1 .50  seems a p p r o p r i a t e .  

Resu l t s  of a l l  Case Method p r e d i c t i o n s  f o r  a l l  p i l e  s o i l  types  

u s ing  t h e  va lues  recommended above a r e  p l o t t e d  a g a i n s t  t h e  corresponding 

s t a t i c  load t e s t  i n  F igure  3 .5 .  Using a  l e a s t  squares  c o r r e l a t i o n  r o u t i n e ,  

a  c o r r e l a t i o n  c o e f f i c i e n t  of  0 .981 was obta ined  wi th  a  s t anda rd  d e v i a t i o n  

of  19.7 k i p s .  The average p r e d i c t e d  d iv ided  by measured va lue  was 1.01.  

D i f f e rences  due t o  t h e  d e f i n i t i o n  o f  f a i l u r e  f o r  a  s t a t i c  t e s t  a r e  a s  

l a r g e  a s  t h e  s c a t t e r  r ep re sen ted  h e r e .  The r e s u l t s  f o r  va r ious  p i l e  

types  a r e  shown s e p a r a t e l y  i n  F igures  3.6-3.9.  

3 . 5  Der iva t ion  of  Damping Es t imate  

Equat ion 3.13a has been de r ived  u s i n g  a  very  s imple model f o r  s o i l  

behavior .  An improvement i n  t h i s  model and a  commonly used approximation 

i s  t o  assume t h a t  t h e  f o r c e s  R. a r e  r e a l l y  made up of two p o r t i o n s .  The 
1 

f i r s t  p o r t i o n  i s  due t o  s t a t i c  r e s i s t a n c e  f o r c e s  R and t h e i r  sum R is 
i , s  s 

then  t h e  a c t u a l  f a i l u r e  load. The second p o r t i o n  R i , d  i s  due t o  dynamic 

r e s i s t a n c e  f o r c e s  (damping) which a r e  u s u a l l y  t r e a t e d  a s  be ing  p r o p o r t i o n a l  

t o  v e l o c i t y .  The sum of  t h e s e  dynamic f o r c e s  R i s  important  on ly  dur ing  D 
t h e  d r i v i n g  of  t h e  p i l e  and i s  o f  no f u r t h e r  p r a c t i c a l  va lue .  Thus, t h e  

t o t a l  d r i v i n g  r e s i s t a n c e  R can be broken up i n t o  two d i s t i n c t  p o r t i o n s  

I n  o r d e r  t o  more c l o s e l y  approximate t h e  p i l e ' s  s t a t i c  capac i ty  from' 

dynamic measurements an e s t i m a t e  of  t h e  t o t a l  damping f o r c e s  R must be made. c D 



Because the damping effects of soil and unloading due to pile 

rebound diminish the force and velocity waves in a rather short time 

period, only the first 2L/c period is usually available for estimation ' 

of the maximum damping resistance R Further, as described in D ' - 
Section 3.6 the majority of this damping resistance is concentrated 

- - -  - -  - -. - -- / 

near the pile tip. The bottom velocity of thk pile for the free pile . 
--.-- 

solution after the impact velocity arrives and reflects is 

L 3 L  for - < t < -. 
C -  - C  

The effect of the downwards traveling wave caused by R (t) on the 
X. 

bottom velocity is given by twice the magnitude of Equation 3.3 due to 

reflection. 

The pile top velocity characteristically shows a relative maximum 

in the beginning of the blow (impact) and then diminishes in magnitude 

with time. In cases of very easy driving, the large tip penetrations 

and tensile reflections cause a large increase in pile velocity at 2L/c 

after impact. In several cases the top velocity after the impact 

reflection from the weak tip can become significantly larger than the 

pile velocity at impact. Because piles are rarely considered acceptable 

for capacity in such easy driving, they are not of great importance. 

However, in the cases where they have been encountered by the project the 

velocity estimates are satisfactory. The bottom velocity will reach a 
L relative maximum value at time t = t + - (t is the time of impact) max c max 

and is given by 



(The e f f e c t  of  t h e  upward t r a v e l i n g  wave caused by R x  w i l l  be  zero 
i L + 

2x 
a t  t ime L/c because a l l  Heavyside s t e p  f u n c t i o n s  14(t - 

C 
i, a r e  

z e r o ) .  

I f  t h e  damping f o r c e  i s  t r e a t e d  a s  p r o p o r t i o n a l  t o  t h i s  bottom 

v e l o c i t y  t hen  t h e  maximum damping f o r c e  becomes 

- - 
R ~ ,  max ' ' ~ , m a x  

EA v  
' J c  c B,max 3.22 

where Jc is a  d imens ionless  damping parameter  ( s e e  Appendix A ) .  Use of  

Equat ion 3.13a wi th  t *  equal  t o  t g ives  t he  maximum d r i v i n g  r e s i s t a n c e  
max 

Rrnax . Rearranging Equation 3.18 and us ing  Equat ions 5 . 1 ,  3.12, 3.21 and 

3.22 g ives  t h e  maximum s t a t i c  r e s i s t a n c e  R S  ,max as , 

- - E A 
R~ ,max Rmax - J c ( 2  - v ( t  

c  t max ) - Rmax) 3.23a 

Use of  Equat ion 3.23 can then  be made wi th  t h e  measured f o r c e  and 

v e l o c i t y  f u n c t i o n s  of t ime and t h e  a c t u a l  f a i l u r e  load of t h e  p i l e  a s  

determined from a  s t a t i c  load t e s t  t o  determine t h e  c o r r e c t  va lue  of  

J f o r  any p a r t i c u l a r  p i l e .  
C 

3 .6  Resu l t s  of  Damping Approach 

For most p i l e s ,  i f  t h e  damping can be  assumed t o  be  concen t r a t ed  

a t  t h e  p i l e  t i p ,  t h e  a c t u a l  damping r e s i s t a n c e  was shown i n  Equation 

3.23 t o  be  p r o p o r t i o n a l  t o  t h e  p i l e  p r o p e r t i e s  (EA/c), bottom v e l o c i t y  

(which can be c a l c u l a t e d  from t h e  t o p  v e l o c i t y ,  p i l e  p r o p e r t i e s  and 

t o t a l  d r i v i n g  r e s i s t a n c e ) ,  and a  damping cons t an t  Jc which i s  r e l a t e d  t o  

t h e  s o i l  type  a t  t h e  p i l e  t i p .  Data has  been obta ined  on 71 t e s t  p i l e s  

where s t a t i c  load t e s t  c a p a c i t y ,  s u f f i c i e n t  s o i l  bo r ings ,  and t o t a l  
. . 



1 d r i v i n g  r e s i s t a n c e  R a r e  a v a i l a b l e .  Th i s  approach was i n v e s t i g a t e d  
max 

s e v e r a l  months a f t e r  t h e  t ime de l ay  methods. During t h e  i n t e r v e n i n g  

p e r i o d  e l even  a d d i t i o n a l  s t a t i c  t e s t  p i l e s  were t e s t e d  which b r i n g  

t h e  t o t a l  d a t a  s e t  t o  71 p i l e s .  Of t h e s e  p i l e s ,  43 a r e  c lo sed  end 

s t e e l  p i p e s ,  15 a r e  p r e s t r e s s e d  conc re t e ,  t e n  a r e  t imber  and t h r e e  

a r e  H p i - l e s .  For each p i l e  a  damping c o n s t a n t  J was c a l c u l a t e d  which ' 
C 

produced a  p r e d i c t i o n  which was equal  t o  t h e  s t a t i c  load t e s t  v a l u e .  

I n  a d d i t i o n  damping c o n s t a n t s  which produce only  20 p e r c e n t  e r r o r  i n  

Case Method p r e d i c t i o n  were determined.  Any damping c o n s t a n t  Jc 

chosen between t h e s e  two l i m i t i n g  v a l u e s  w i l l  g i v e  Case Method 

p r e d i c t i o n  which w i l l  b e  i n  e r r o r  from t h e  s t a t i c  load t e s t  va lue  by 

l e s s  than  20 p e r c e n t .  Negat ive damping c o n s t a n t s  a r e  p h y s i c a l l y  meaning- 

l e s s  and a r e  t h e r e f o r e  s e t  t o  zero should  they  occur .  A p l o t  of t h e  

non-negat ive damping c o n s t a n t  J w i t h i n  20 pe rcen t  of t h e  load  t e s t  v a l u e  
C 

is  g iven  a s  a  f u c n t i o n  oE s o i l  ty-pe r e g a r d l e s s  of p i l e  type  (because a l l  

p i l e  types  show t h e  same c h a r a c t e r i s t i c s )  i n  F igure  3.10.  For p i l e s  

wi th  an u l t i m a t e  c a p a c i t y  l e s s  than  150 k i p s  t h e  20 pe rcen t  range 
) 

becomes l e s s  than  30 k i p s .  Measurement e r r o r s  i n  t h e  dynamic and s t a t i c  as 
@J) 

t e s t s  a s  we l l  a s  t h e  type  and i n t e r p r e t a t i o n  of  t h e  s t a t i c  load  t e s t  

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

range  of 30 k i p s  i n s t e a d  of  20 p e r c e n t  be cons idered  accep tab le .  Th i s  

a d d i t i o n a l  range i n  t he  a c c e p t a b l e  damping c o n s t a n t  v a l u e  i s  i n d i c a t e d  

i n  F igure  3 .10  wi th  t h e  dashed l i n e s .  I t  can be seen  t h a t  as t h e  s o i l  

g r a i n s  become f i n e r  t h e  damping c o n s t a n t ,  Jc, must become l a r g e r .  Th i s  

was t h e  expected r e s u l t .  

For any g iven  s o i l  type  on any job  s i t e  where a  s t a t i c  t e s t  i s  

a l s o  run ,  a  dynamic t e s t  on t h e  s t a t i c  t e s t  p i l e  w i l l  g ive  t h e  c o r r e c t  

damping c o n s t a n t  which can then  be used on a l l  remaining dynamically 

t e s t e d  p i l e s  d r i v e n  t o  t h e  same s o i l  s t r a tum.  For job s i t e s  w i th  

no s t a t i c  t e s t  t o  c o r r e l a t e  w i th ,  t h e  previous  exper iences  shown i n  

F igure  3.10 can then  s e r v e  a s  a  gu ide  i n  choosing t h e  p rope r  damping 

c o n s t a n t  which w i l l  y i e l d  a  Case Method p r e d i c t i o n  w i t h i n  20 p e r c e n t  

of t h e  s t a t i c  t e s t  r e s u l t  w i th  a  good degree  of  conf idence .  Recommended 

va lues  a r e  J p  equal  t o  0 .05  f o r  sand ,  0.15 f o r  s i l t y  sand,  0 .2  f o r  sandy - /"41 
f !  



silt.,_0,3- ffr. sil_t,_-O-.55.fo.r silty - c l a y s  .-- and c layey  s i l t ,  and 1.1 f o r  
---___--._I______ 

c l a y .  The seemingly h igh  v a l u e  f o r  c l a y  i s  t o  p r o t e c t  a g a i n s t  a  - 
p o s s i b l e  f a i l u r e  i n  a  s o i l  t ype  where r e l a t i v e l y  l i t t l e  exper ience  . 
has  thus  f a r  been ob ta ined .  I t  should  be noted from Equat ion 3.23 

t h a t  a s  t h e  damping c o n s t a n t  i s  inc reased  t h e  r e s u l t i n g  s t a t i c  pre-  

d i c t i o n  becomes more c o n s e r v a t i v e .  Thus, t o - a s s u r e  t h a t  t h e  Case 

Method i s  conse rva t ive ,  a h i g h e r  damping c o n s t a n t  t han  would normally 

be a s s o c i a t e d  wi th  t h e  s o i l  t ype  need only  be s e l e c t e d .  I t  can be seen  

t h a t  t h e  above recommended v a l u e s  a r e  w i t h i n  20 percent  o r  a r e  a t  l e a s t  

conse rva t ive  i n  a l l  b u t  t h r e e  c a s e s .  Two o f  t h e s e  cases  were f o r  very  

low c a p a c i t y  p i l e s  i n  s i l t y  c l a y  which were n o t  product ion  p i l i n g ,  b u t  

r a t h e r  were d r i v e n  e s p e c i a l l y  f o r  p r o j e c t  personnel  i n  t h e  e a r l y  s t a g e s  

of t h e  p r o j e c t  when measurement techniques  were no t  a s  advanced. The 

t h i r d  p i l e  was w i t h i n  25 pe rcen t .  I n  g e n e r a l ,  t h e  r e s u l t s  of  t h e  Case 

Method us ing  damping p r o p o r t i o n a l  t h e  p i l e  c r o s s  s e c t i o n  p r o p e r t i e s  

EA/c appear  very  promising.  A p l o t  of  t h e  p r e d i c t e d  ve r sus  measured 

c a p a c i t i e s  u s ing  t h e  Case damping a p p l i e d  t o  t h e  Case Method p r e d i c t i o n  

i s  shown i n  F igure  3 .11 ,  and uses  t h e  above recommended damping c o n s t a n t s  

One a d d i t i o n a l  damping approach was cons idered .  In  t h e  approach 

o r i g i n a l l y  developed by Smith f o r  t h e  wave equa t ion ,  t h e  damping was 

assumed t o  be p r o p o r t i o n a l  t o  t h e  s t a t i c  s o i l  r e s i s t a n c e  (24) .  The 

expres s ion  f o r  t h e  damping then  becomes 

- 
R~ - J~ Rs 'bottom 

S 

and t h e  exp res s ion  f o r  t h e  s t a t i c  r e s i s t a n c e  a f t e r  r ea r r ang ing  then  

becomes 

R 
R = max 

S 

+ J~ Vbottom 1 

The same 20 pe rcen t  o r  30 k i p  (whichever i s  g r e a t e r )  c r i t e r i a  was app l i ed  . . 

t o  t h e  p i l e  wi th  t h i s  equa t ion .  The r e s u l t s  a r e  shown i n  F igure  3.12 

wi th  t h e  damping cons t an t  J a s  a  f u n c t i o n  o f  s o i l  t ype .  The d i f f e r e n c e s  
S 



1 
between t h e  two d e f i n i t i o n s  o f  damping cause  r a t h e r  l a r g e  d i f f e r e n c e s .  P Y  

I .  

The magnitude of  t h e  Smith damping c o n s t a n t s  J a r e  only  about  one t e n t h  
S 

t h o s e  o f  t h e  Case damping c o n s t a n t s  Jc. P i l e s  w i th  low c a p a c i t y  seem t o  

e x h i b i t  h i g h e r  damping c o n s t a n t s  t han  do t h e  h i g h e r  c a p a c i t y  p i l e s  i n  

t h e  same s o i l  type .  I t  i s  p o s s i b l e  t h a t  t h i s  i s  due t o  t h e  d e f i n i t i o n  of  

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

t h e  low c a p a c i t y  p i l e s ) .  Due t o  t h e  d i v i s i o n  o f  t h e  damping term i n  

t h e  Smith method, a s  opposed t o  t h e  l i n e a r  s u b t r a c t i o n  o f  t h e  Case 

damping, t h e  low c a p a c i t y  p i l e s  have comparat ively l a r g e  ranges  o f  

accep tab le  Smith damping c o n s t a n t s .  I n  a d d i t i o n  t h e  Smith p r e d i c t i o n  

cannot  go nega t ive  b u t  w i l l  on ly  a sympto t i ca l ly  approach zero as t h e  

product  J s 'bottom 
becomes l a r g e .  One l a s t  p o i n t  i s  t h a t  when t h e  

p i l e  c a p a c i t y  is sma l l ,  t h e  p i l e  c a p a c i t y  R i s  more c l o s e l y  equal  
S 

t o  t h e  p i l e  p rope r ty  EA/c and t h e  damping c o n s t a n t  more c l o s e l y  

approaches t h e  more n a t u r a l  Case damping approach. The combination 

of  t h e  above f a c t o r s  makes t h e  Smith damping approach a  good one f o r  

low c a p a c i t y  p i l e s  i f  t h e  damping c o n s t a n t  J i s  chosen s l i g h t l y  
S 

) 
h i g h e r  t han  h i g h e r  c a p a c i t y  p i l e s  i n  t h e  same s o i l  type .  

For p i l e s  where t h e  s t a t i c  c a p a c i t y  Rs i s  c l o s e  t o  t h e  u l t i m a t e  

d r i v i n g  r e s i s t a n c e  Rmax, t h e  damping c o n s t a n t  J must be  small and 
S 

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

= p i l e s  wi th  normal o r  h igh  c a p a c i t y  t h e  fo l lowing  Smith dam- 

c o n s t a n t s  a r e  recommended based on c u r r e n t  exper ience :  J p  equals  0.010 
- J - 

f o r  sand,  0.015 f o r  s i l t y  sand and 0.020 f o r  sandy s i l t ,  0.035 f o r  
. ,  

~ i l t ,  0.040 f o r  c layey  s i l t  and s i l t y  c l a y ,  and 0.090 f o r  c l a y s .  The 
/ 

u s e r  must be  aware tha t -  these valuBS-WjJ-ive v e r y  unconserva t ive  
- --_- 'A -k 

r e s u l t s  f o r  low c a p a c i t y  p i l e s  as shown i n  F i a x e  7 ~ 1 2 .  The above --____ -- __ .- ------ - 
recommended v a l u e s  g ive  r e s u l t s  which a r e  w i t h i n  t h e  20 p e r c e n t  ( o r  30 

k ips )  o r  a r e  c o n s e r v a t i v e  i n  a l l  b u t  s i x  ca ses .  Four of t h e s e  c a s e s  

a r e  low c a p a c i t y  p i l e s  which have a l r e a d y  been noted a s  g iv ing  u n s a t i s -  

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

p i l e s  which a r e  undes i r ab ly  non-conserva t ive  were conc re t e  p i l e s  i n  

c l a y  and i n  sandy s i l t  and were i n  e r r o r  by 50.8 and 28.3 p e r c e n t  - 

r e s p e c t i v e l y .  To be i n  e r r o r  by 50 p e r c e n t  unconse rva t ive ly  i s  t o  



eliminate the common factor of safety of 2.0 completely. This is very 

undesirable. Because of such features it is advisable to also compute 

the capacity using the Case damping approach and if the numbers are 

greatly different then use the lower of the two capacity estimates. I t  

is often impossible to judge a priori whether or not the pile is a low 

capacity pile and that the Smith damping constant should be increased. . 
In addition 

. For these reasons it 

would appear that the Case damping approach (damping proportional to 

pile properties and not static capacity) is the better method. 

In addition to the piles reported here, three closed end steel 

pipes had computed bottom velocities which were negative. As this was 

physically meaningless the damping was assumed to be zero. The 

resulting error from using the entire maximum driving resistance R 
max 

as the static capacity was conservative in all cases. One case had an 

error less than 15 percent and the other two cases had errors less than 

two percent. Many additional piles had load tests which were not run 

to failure of the soil resistance. The piles represented in this report 

generally had driving resistances between 12 and 200 blows per foot. 

For larger blows per foot where the entire soil resistance of the pile 

is not mobilized, the Case Method capacity can only be expected to give 

the soil resistance which was mobilized. This has usually resulted in 

a conservative prediction as compared with the static capacity. These 

piles are also represented in Figure 3.11. 



Chapter 4 

RESISTANCE DISTRIBUTION 

4.1 Description of Resistance Distribution 

During Project Phase I11 the capability was developed to determine- 

the . m ' a ' ~ i r t ~ f i * a R d f " d ~ t ~ ~ ~ - e ~ i l e  using 

as input, measurements of forte* and -acce&er&Gion. made.&* thecpi$e e e p a e  

This computational procedure can also separate the static and dynamic 

resistance forces using a simple model for soil resistance consisting 

of an elastic-plastic spring and a linear dashpot. During the current 

project phase no further work was done on this computational procedure 

and there was no opportunity to make static measurements of resistance 

distribution for correlation with the dynamic predictions. However, 

since this report represents a state-of-the-art review it is appropriate 

to summarize the computational algorithm and the results which have 

been obtained. 
) 

Consider the physical basis behind this computational method. In 
fl c,; 

Figure 4.1 a drawing is shown which depicts an orthogonal view of the 

pile force given as a function of both pile location and time. It was 

obtained from dynamic measurements made at selected locations along 

the pile. Several lines shown were interpolated from the measured 

values. The particular record shown in Figure 4.1 was obtained during 

the testing of a special test pile at a site in Rittman, Ohio. These 

tests were reported in Reference 5. This record was taken after fifty 

feet of the pile had been driven with the pile tip in a very soft 

material. As can be seen there was very little resistance at the tip. 

The resistance that was there can be largely characterized as being 

dynamic or velocity dependent since it decreases later in the record as 

the velocity decreases. Since there is a very weak resistance at the 

pile tip a tension force is reflected back on the oncoming compression 

force creating a  alley'^ which progresses to the top of the pile at 
. . 

approximately 2L/c after the time of impact. 



I n  F igure  4 . 2  a  s i m i l a r  drawing i s  shown. I t  r e p r e s e n t s  t h e  same 

fo rce - loca t ion - t ime  p l o t  based on d a t a  taken  on t h e  same p i l e .  I n  

t h i s  ca se ,  however, t h e  p i l e  had been extended an  a d d i t i o n a l  e i g h t  

f e e t  caus ing  t h e  t i p  t o  be embedded i n  a  ha rd  s o i l  l a y e r .  A t  t h e  t ime 

when t h e  impact r eaches  t h e  t i p  t h e  f o r c e  i n c r e a s e s  t o  a  very  l a r g e  

va lue  which ma in t a ins  i t s e l f  a t  t h e  p i l e  t i p  Tor an extended per iod  o f  

t ime.  There i s  l i t t l e  s i g n  of  v e l o c i t y  dependent r e s i s t a n c e .  Fur ther -  

more, t h i s  h igh  r e s i s t a n c e  f o r c e  r e f l e c t s  back t o  t h e  p i l e  t o p  a s  a  

compression f o r c e  superimposed on t h e  oncoming compression caus ing  an 

i n c r e a s e  i n  t h e  p i l e  t o p  f o r c e  a t  2L/c a f t e r  impact.  An examinat ion 

of t h e s e  two f i g u r e s  r e v e a l s  t h a t  -p;h lo  +n 

w. The Case P i l e  Wave Analys is  

Program CAPWAP, performs t h i s  i n  a  s y s t e m a t i c  f a s h i o n .  

The measured v e l o c i t y  ob ta ined  by i n t e g r a t i o n  of t h e  a c c e l e r a t i o n  

\ 
r eco rd  i s  taken a s  an i n p u t  q u a n t i t y .  From t h i s  i npu t  and an assumed 

s e t  o f  s o i l  r e s i s t a n c e  f o r c e s ,  t h e  p i l e  t op  f o r c e  can be computed us ing  
I a  lumped mass-spring system a s  i s  commonly used i n  a l l  p i l e  wave equat ion  f )  1 

I programs. By a d j u s t i n g  t h e  r e s i s t a n c e  f o r c e s  and ba lanc ing  them between 

s t a t i c  and dynamic r e s i s t a n c e  it is p o s s i b l e  t o  a d j u s t  t h e  computer f o r c e  
I s o  t h a t  i t  ag rees  w i th  t h e  measured f o r c e  r e c o r d .  The CAPWAP program 

performs t h i s  f u n c t i o n  a u t o m a t i c a l l y .  The d e t a i l s  of  t h e  computation a r e  

beyond t h e  scope of  t h i s  r e p o r t  and have been r e p o r t e d  elsewhere (Ref.  4 )  

The above desc r ibed  c a p a b i l i t y  i s  u s e f u l  f o r  two r easons .  F i r s t ,  

i t  i s  sometimes necessary  t o  make e s t i m a t e s  o f  t h e  r e s i s t a n c e  d i s t r i b u t i o n  

a long  t h e  p i l e  l eng th .  There i s ,  however, ano the r  u s e  f o r  t h i s  program 

which may be of  g r e a t e r  va lue  than  t h e  r e s i s t a n c e  d i s t r i b u t i o n .  S ince  a  

very  thorough e l a s t i c  dynamic a n a l y s i s  is performed i t  would be expected 

t h a t  t h e  c a l c u l a t e d  t o t a l  r e s i s t a n c e  f o r c e  would be more r e l i a b l e  than 

va lues  ob ta ined  by t h e  Case Method. Th i s  has  no t  been proven t o  be t r u e  

based on c o r r e l a t i o n  s t u d i e s  which have been made. However, it should 

be recognized t h a t  t h e  Case Method has been c a l i b r a t e d  by p i l e  and s o i l  
. . 

types  s o  t h a t  t h e  r e s u l t s  c o r r e l a t e  we l l  wi th  t h e  a v a i l a b l e  d a t a .  I f  

T 1  t h e r e  i s  a  l a r g e  volume of p rev ious  exper ience  on any g iven  p i l e - s o i l  



1 t y p e  combination t h e n , i t  would be  expec ted  t h a t  cons ide rab le  r e l i a b i l i t y  
n 
-Y' 

could  be achieved on f u t u r e  s i t e s  w i th  t h e  same combination. I n  some 

combinations o f  p i l e  type  and s o i l  t ype  r a t h e r  modest amounts o f  d a t a  ' 

have been used t o  perform t h i s  c o r r e l a t i o n  and t h e r e f o r e  i t  can be  

expected t h a t  a  c e r t a i n  amount of  d i f f i c u l t i e s  may occur  when t h e  

method i s  a p p l i e d  t o  o t h e r  s i m i l a r  combinat ions.  I n  ca ses  such a s  t h i s , .  

exper ience  has  shown t h a t  wh i l e  t h e  CAPWAP method has  n o t  produced such 

h igh  c o r r e l a t i o n  va lues  a s  achieved by t h e  Case Method, it does n o t  make 

a  s u b s t a n t i a l  unconserva t ive  e r r o r  and p rov ides  cons ide rab le  conf idence  

i n  t h e  p r e d i c t e d  p i l e  c a p a c i t y .  

. , 

4.2 Sample CAPWAP R e s u l t s  

Many p i l e s  have been t e s t e d  du r ing  t h e  p a s t  two y e a r s  by p r o j e c t  

pe r sonne l .  To provide  a comprehensive d e s c r i p t i o n  of each p i l e  i n  t h i s  

r e p o r t  i s  p r o h i b i t e d  by t h e  l a r g e  volume o f  d a t a  and t e s t  exper ience  

acqu i r ed  i n  t h i s  p r o j e c t  phase .  The re fo re ,  on ly  example p i l e s  w i l l  be 

d i scussed .  

A 50 f o o t  long 10HBP57 s t e e l  H p i l e  was d r i v e n  on a  t e s t  s i t e  on 

t h e  Purdue U n i v e r s i t y  campus i n  L a f a y e t t e ,  Ind iana  by a Delmag D - 1 2  

open end d i e s e l  hammer w i t h  a manufac tu re ' s  r a t e d  energy o f  22,500 f t -  

pounds. The s o i l  was g e n e r a l l y  a  medium sand grading  g r a v e l  wi th  depth .  

A gray  c l ayey  s i l t  (ML) l a y e r  was l o c a t e d  below t h e  p i l e  t i p  a t  f i n a l  

p e n e t r a t i o n .  Th i s  t e s t  was performed i n  connect ion wi th  t h e  1972 ASCE 

S o i l  Mechanics and Foundation Engineer ing  S p e c i a l t y  Conference. The 

t e s t  r e s u l t s  a r e  r e p o r t e d  i n  d e t a i l  i n  Reference 25. 

I n  a d d i t i o n  t o  t h e  s t anda rd  i n s t r u m e n t a t i o n  a t  t h e  p i l e  t op ,  r e s i s -  

t ance  s t r a i n  gages were a t t a c h e d  a long  t h e  p i l e  l eng th .  Thus, measure- 

ments o f  s t r a i n  a t  f i v e  l o c a t i o n s  were made and a long  wi th  two a c c e l e r a t i o n  

r eco rds  a t  t h e  p i l e  t o p  were recorded  on two t a p e  r e c o r d e r s .  The dynamic 

r eco rds  of  s t r a i n  i n  t h e  p i l e  a s  a  f u n c t i o n  o f  time and p i l e  l eng th  were 

p l o t t e d  and a r e  shown i n  F igure  4 .3 .  S t r a i n  t ime r e l a t i o n s  f o r  p i l e  

l o c a t i o n s  which were n o t  measured were i n t e r p o l a t e d  .from - the  measured 

d a t a .  A compressive f o r c e  from impact can be seen  t r a v e l i n g  a t  t h e  wave 

speed from t h e  p i l e  top  t o  t h e  t o e .  Because o f  r e l a t i v e l y  small end 



bearing forces this oncoming compression produces a tensile reflection 

wave which travels back toward the pile top. This tensile reflection 

almost completely cancels the downwards propagating hammer compression ' 

force creating a valley of near zero forces. Therefore, it can be 

observed that the pile top force decreases to nearly zero at 

approximately 2L/c after impact. This decrease gives an indication 

of the tip resistance by only observing the pile top force. 

Another interesting phenomenon can be observed in Figure 4 . 3 .  

The toe force, which was actually measured 1.5 feet above the pile 

tip, first reaches a relatively large maximum and then decreases and 

oscillates near 30 kips. The high peak is a result of the inertia of 

the 1.5 foot section and viscous damping due to the high tip velocities 

at this time. The average value at the later time is due to the static 

resistance below this point which is the same as was measured during the 

static load test. In general, however, static soil resistances cannot be 

so easily extracted from dynamic measurements at locations other than the 

pile toe. Intermediate locations exhibit forces due to hammer impact, 

static and dynamic soil resistances and pile inertia which only a detailed 

dynamic analysis can separate. 

The static load test was run to failure at a constant rate of pene- 

tration of 0.02 inches per minute. Jack pressure, pile top displacement 

and the strains at the five locations along the pile length were recorded. 

This load test data is plotted in Figure 4 . 4 .  All forces are plotted as 
' 

a function of pile top displacement. After pile yielding, the load test 

was run to 0.8 inches penetration. Elastic rebound was 0.22 inches. 

The soil resistance between gage locations can be obtained by subtracting 

the force readings of the two gages. In this way it is noticed that the 

major portion of the static soil resistance of this pile occurred between 

gage locations 3 and 5 which were 21 and 4 feet respectively above the 

pile tip. 

A few blows were anlayzed automatically by CAPWAP. A sample computed 

top force is shown in Figure 4 . 5  for one of the last blows during driving. 

Agreement is quite good with the measured forces until around 2L/c after 



) 
impact. Dif ferences  can b e  a t t r i b u t e d  t o  t h e  s o i l  model. The f o r c e  f-3 

" u 

d i s t r i b u t i o n  p red ic t ed  by CAPWAP is  shown i n  Figure  4.6b by t h e  s o l i d  

l i n e .  The measured va lues  ( a t  155 k i p s  top  f o r c e  ) a r e  presented  by ' 

c i r c l e s .  I n  genera l  t h e  two d i s t r i b u t i o n s  agree  w e l l .  F igure  4.6a 

shows a p l o t  of t h e  p r e d i c t e d  and measured load t e s t  curves .  The 

p red ic t ed  load t e s t  curve was obta ined  au tomat i ca l ly  us ing  a s t a t i c  

a n a l y s i s  of  t h e  r e s i s t a n c e  d i s t r i b u t i o n  obta ined  i n  t h e  CAPWAP a n a l y s i s .  

A 12 inch  O . D .  wi th  1 /4  inch .wal1  p i p e  p i l e  was d r iven  n e a r  Oneonta, 

New York i n t o  a  r a t h e r  uniform s i l t  (15).  The s tandard  measurements of 

f o r c e  and a c c e l e r a t i o n  were made a t  t h e  p i l e  top .  A Constant Rate of 

Pene t ra t ion  (CRP) t e s t  was run  two weeks a f t e r  i n i t i a l  d r i v i n g  t o  an 

u l t i m a t e  va lue  of  217 k i p s .  Dynamic d a t a  was recorded one day a f t e r  

t h e  CRP t e s t  a s  a  r e s t r i k e  t e s t .  The hammer used was a  Vulcan #I .  The 

p i l e  showed inc reas ing  p i l e  s e t s  wi th  continued r e s t r i k i n g  a s  we l l  a s  a  

s u b s t a n t i a l  s t r e n g t h  i n c r e a s e  over  i n i t i a l  d r i v i n g ;  it i s  l o g i c a l  t o  

assume t h a t  a  s u b s t a n t i a l  s e t u p  e f f e c t  was p r e s e n t .  

Five s e l e c t e d  blows were analyzed wi th  CAPWAP. The blows were 
1 

s e l e c t e d  t o  r e f l e c t  t h e  l o s s  of capac i ty  dur ing  t h e  e a r l y  s t a g e s  of 

r e d r i v i n g  and t h e  capac i ty  and s o i l  r e s i s t a n c e  d i s t r i b u t i o n  a t  t h e  end 

of  r e s t r i k e .  

The r e s u l t s  from Blow Number 1 a r e  most important  f o r  c o r r e l a t i o n  

wi th  t h e  s t a t i c  t e s t .  The computed and measured fo rces  curves a r e  shown 

i n  Figure 4 .7 .  Excel lent  agreement was achieved over a l l  t ime. The 

agreement of t h e  p red ic t ed  c a p a c i t y  (204 k ips )  wi th  the  s t a t i c  t e s t  i s  

a l s o  good. The-measured load t e s t  and CAPWAP pred ic t ed  load t e s t  a r e  

shown i n  Figure 4.8a wi th  c l o s e  agreement. The curve i n  Figure 4.8b 

f o r  Blow Number 1 can be i n t e r p r e t e d  a s  fo l lows.  There i s  a zero f o r c e  

i n  t h e  p i l e  a t  t h e  bottom. About s i x t e e n  f e e t  above t h e  p i l e  t i p  t h e  

f o r c e  i s  76 k i p s .  This means t h a t  a  s o i l  r e s i s t a n c e  of 76 k ips  a c t s  

over  t h e  bottom 16 f e e t  of t h e  p i l e .  The r e s t  of t h e  s t a t i c  s o i l  

r e s i s t a n c e  (204 - 76 = 128 k ips )  a c t e d  i n  a  r e l a t i v e l y  uniform manner 

along t h e  upper 69 f e e t  of t h e  p i l e .  Thus, t h e  p i l e  is  mainly a  f r i c t i o n  

p i l e .  The maximum t o t a l  dynamic r e s i s t a n c e  f o r  t h i s  blow was 93 k ips  o r  



46 p e r c e n t  o f  t h e  s t a t i c  p r e d i c t i o n .  

The o t h e r  blows analyzed f o r  t h i s  p i l e  show a r a p i d  c a p a c i t y  

breakdown wi th  i n c r e a s i n g  blow number. Also t h e  r e s i s t a n c e  d i s t r i b u t i o n  

changes r a p i d l y  from s i d e  f r i c t i o n  t o  t o e  r e s i s t a n c e  wi th  an  i n c r e a s e  

of t o e  r e s i s t a n c e .  This  d i s t r i b u t i o n  change i s  apparent  even i n  t h e  

second blow and by blow 8 t h e  s t a t i c  c a p a c i t y - o f  on ly  89 k i p s  was 

e n t i r e l y  end bea r ing .  Such dramat ic  changes i n  s o  few blows can only  

be s t u d i e d  from such measurements, e i t h e r  by an a n a l y s i s  s i m i l a r  t o  

CAPWAP o r  by measurements a long  t h e  p i l e  l eng th  a s  i n  t h e  Purdue t e s t .  

The maximm dynamic r e s i s t a n c e  f o r  Blow 8 was 231 k i p s  o r  260 pe rcen t  

o f  t h e  s t a t i c  c a p a c i t y .  The s t a t i c  c a p a c i t y  cont inued t o  dec rease  t o  

a  va lue  of  65 k i p s  f o r  Blow 122, t h e  l a s t  blow analyzed.  I t  i s  imposs ib le  

t o  a s c e r t a i n  whether o r  n o t  t h e  s t a t i c  c a p a c i t i e i  a r e  c o r r e c t  f o r  t h e s e  

l a t e r  blows wi th  t h e  l a r g e  dynamic t o  s t a t i c  r a t i o s .  I t  would seem 

t h a t  f o r  such h igh  r a t i o s  t h a t  t h e  s imple  Case Method cannot  y i e l d  a  

s u f f i c i e n t l y  r e l i a b l e  r e s u l t .  On t h e  o t h e r  hand t h e  l i n e a r  v i scous  

damping model used i n  CAPWAP i s  a l s o  only  an approximation.  

The e n t i r e  Case P r o j e c t  approach t o  p i l e  d r i v i n g  was o r i g i n a l l y  

developed and t e s t e d  e x c l u s i v e l y  on t h e  p i l e  types  which were commonly 

used i n  t h e  s t a t e  of  Ohio, namely s t e e l  p i l e s .  I n  o r d e r  f o r  t h e  procedure 

t o  be completely g e n e r a l ,  t h e  method should a l s o  work we l l  on o t h e r  p i l e  

types .  The t e s t i n g  of  t imber  and c o n c r e t e  p i l e s  were performed i n  

coope ra t ion  wi th  o t h e r  highway departments .  The r e s u l t s  which were 

obta ined  i n d i c a t e d  t h a t  t h e  procedure worked and t h a t  t h e  method was 

independent of  t he  p i l e  t ype .  

A t imber  p i l e  wi th  a  non-uniform c r o s s  s e c t i o n  was t e s t e d  near  

Yon t i ce l lo ,  Minnesota w i th  a  L inkbe l t  440 hammer (13) .  The s o i l  was a 

r a t h e r  uniform sand wi th  s i l t  l a y e r s .  The u l t i m a t e  c a p a c i t y  from t h e  

CRP t e s t  was 132 k i p s .  Data was taken  du r ing  t h e  l a s t  170 blows of 

d r i v i n g .  F ive  blows were analyzed wi th  CAPWAP, t h r e e  from e a r l y  r eco rds  

and two a t  t h e  end of  d r i v i n g .  P l o t s  of  p r e d i c t e d  and measured f o r c e  

curves  a r e  shown i n  F igure  4.9 and 4.10 f o r  e a r l y  and l a t e  blows r e s j e c t i v e -  

l y .  The match i s  g e n e r a l l y  very  good except  a t  about  2L/c a f t e r  impact .  



The load t e s t  curve  p r e d i c t e d  from CAPWAP f o r  t h e  blow a t  t h e  end of 

d r i v i n g  shows good agreement w i th  t h e  CRP t e s t  curve  a s  shwon i n  

F igure  4.11a.  

The r e s i s t a n c e  d i s t r i b u t i o n  f o r  a l l  f i v e  blows i s  shown i n  F igure  

4.11b. The e a r l y  blows showed c a p a c i t i e s  of  about  90 k i p s ,  and t h e  

p r e d i c t e d  c a p a c i t i e s  of  t h e  l a s t  blows was around 120 k i p s .  Th i s  

i n d i c a t e d  c a p a c i t y  bu i ldup  was a l s o  noted i n  t h e  f i e l d  by inc reased  

d r i v i n g  r e s i s t a n c e .  A s  can be seen  no r e s i s t a n c e  was found t o  a c t  

above grade  a s  should be expec ted .  For Blow 11-135, 80 k i p s  i s  t h e  

f o r c e  i n  t h e  p i l e  2.5 f e e t  above t h e  t i p .  Th i s  means 44 k ips  (124-80) 

r e s i s t a n c e  a long  t h e  s k i n  wi th  r a t h e r  uniform d i s t r i b u t i o n .  Thus, 

about  2/3 o f  t h e  t o t a l  r e s i s t a n c e  was end bea r ing .  

Due t o  t h e  reduced a v a i l a b i l i t y  and inc reased  c o s t  of  s t e e l  p i l i n g ,  

p r e s t r e s s e d  conc re t e  p i l e s  a r e  becoming more economical throughout  t h e  

count ry .  A t e s t  was performed i n  Miami, F l o r i d a  on 18 inch  s o l i d  s e c t i o n  

p r e s t r e s s e d  p i l e s  d r i v e n  w i t h  a  Delmag D-30 hammer (19) .  Dynamic d a t a  

on t h e  load t e s t  p i l e  was t aken  a f t e r  t h e  CRP t e s t  had f a i l e d  a t  358 k i p s .  t-4 

The CAPWAP f o r c e  match, i n  F igure  4.12,  agreed  w e l l .  The p r e d i c t e d  ,+ '4 

c a p a c i t y  of 372 k i p s  ag rees  w e l l  wi th  t h e  measured va lue  and t h e  measured 

and CAPWAP p r e d i c t e d  load t e s t  curves  show s a t i s f a c t o r y  agreement a s  seen  

i n  F igure  4.13a.  The r e s i s t a n c e  d i s t r i b u t i o n  shown i n  F igure  4.13b shows 

very  l i t t l e  s t a t i c  c a p a c i t y  a long  t h e  upper  2/3 o f  t h e  p i l e  l eng th .  

While such r e s u l t s  f o r  t h e  p r e s t r e s s e d  p i l e  p re sen ted  h e r e  a r e  

i n t e r e s t i n g  and show t h e  method t o  be a p p l i c a b l e ,  f u r t h e r  t e s t s  on 60 

f o o t  long,  18 inch  conc re t e  p i l e s  a t  t h i s  s i t e  show ano the r  i n t e r e s t i n g  

a p p l i c a t i o n  of  t h e  CAPWAP a n a l y s i s .  Curren t  s p e c i f i c a t i o n s  f o r  t h e  

d r i v i n g  of  pres t res ' sed  conc re t e  p i l e s  t r y  t o  p r o h i b i t  t h e  c racking  of  

t h e  conc re t e  dur ing  impact by c o n t r o l l i n g  t h e  hammer p r o p e r t i e s .  Because 

t h e  p i l e  t i p  r e s i s t a n c e  i s  sma l l e r  than  t h e  impact f o r c e ,  t h e  impact com- 

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

I f  t h e  r e f l e c t e d  t e n s i l e  f o r c e  i s  l a r g e r  t han  t h e  oncoming compression 
. . 

f o r c e  a  n e t  t e n s i l e  f o r c e  can occur  which, i f  l a r g e  enough, can cause 

s t r u c t u r a l  damage i n  t h e  form of  t e n s i l e  c r acks .  The CAPWAP a n a l y s i s ,  



because it can compute the effects of impact, reflections and soil 

forces and their time of arrival at various locations along the pile 

length, can also produce a predicted force-time-pile length curve 

similar to that measured in Purdue. The only inputs required are the 

measured top force and acceleration which are necessary (and easy to 

perform using the current system) for the Cas-e procedures. The 

cqmputer can then find the location and magnitudes of the most critical 

tensile and compressive stresses. Because of Florida's interest in 

tensile stresses, strain measurements were also made at the mid length 

of these piles. Comparisons of the measured stresses at this location 

with that predicted by CAPWAP for the same location from measurements 

taken at the pile top for easy and medium driving resistances are shown 

in Figures 4.14 and 4.15 respectively. Agreement of the maximum stress 

magnitudes is excellent. In addition, the stress-time curves also match 

quite well. Thus, it can be concluded that -'- 
-Te-~ap. CAPWAP then becomes an effective tool for investigating 

impact induced structural damage. 



Chapter 5 

Conclusions 

1. The instrumentation developed during the course of the project 

provides a reliable and accurate means of measuring force and acceleration 

at the pile top during driving. These measurements can be made on a 

routine basis requiring only a very short interruption of the contractor's 

operation. 

2 .  Using the automatic processing system developed by the project 

a large number of hammer blows can be processed and analyzed. Useful 

driving parameters such as pile top energy, maximum velocity, maximum 

force, etc. can be easily calculated and printed. Also computer controlled 

plots of the driving record can be made automatically from the digital 
,Y f T * $  

record. 

3 .  The Case Method capacity using time delay gives an excellent , 

) correlation with statically measured values. 6 
k, 4J 

4.  The Case Method capacity using a soil dependent damping constant .%. 

also shows good agreement with the statically measured value. It has 

the advantage of greater rationality compared with the time delay approach 

and, in addition, conservatism can be achieved at the judgement of the 

engineer by use of a larger damping constant. 

5. The CAPWA? procedure can obtain the resistance distribution and 

can separate the static and dynamic resistances using the dynamic pile 

top measurements only. LVhile the results show a somewhat larger correlation 

coefficient with the static measurements than does the Case Method, the 

improved model used to describe the soil and the pile should be expected to 

produce better results in unfamiliar conditions. 

6. CAPWAP can also be used to evaluate particular problems of driving 

stresses. 
. . 

7 .  Limited implementation has been achieved and the application of 

this work is expanding rapidly. 
I 



APPENDIX A 
, 

Der iva t ion  of  J 
C 

Replacing t h e  p i l e  by a mass-spring-damper system Newton's Second 

Law becomes 

I f  we now d e f i n e  (26) 

b < = -  and w 2 k  = - ,  
2mw n m n 

where 5 i s  t h e  v i scous  damping f a c t o r  and b i s  t h e  c o e f f i c i e n t  o f  

v i scous  damping, then  

E A where, f o r  t h e  p i l e ,  t h e  mass m i s  pAL and t h e  s t i f f n e s s  k i s  - 
L 

Reca l l i ng  Equat ion 3.14,  t h e  va lue  f o r  5 becomes 

and i s  c r i t i c a l l y  damped when 

in t roduc ing  J = 25 we g e t  
C 

f o r  0 < Jc < 2 .  
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T i p  S o i l  --- 

s i l t y  c l a y  

s i l t y  c l a y  

P i l e  Type --- P i l e  Length - 

12" CIP 76.5  

S i d e  S o i l  Number Date Ilanuner 

18" CIP 7  6  

sandy g r a v e l  

sandy s i l t  

si l t  

s i l t  

12" monotube 59 

12" CIP 

12" CIP 

12" CIP 

12" CIP 

12" CIP 

12" CIP 

12" CIP 

12" CIP 

12" CIP 

s i l t  

8  F60A 

9  C I N  68 

10 272 

11 TO50 

12 T050A 

s i l t  

g r a v e l l y  sand 

sandy s i l t ,  s t o n e  

s i l t y  c l a y  

s i l t y  c l a y  ' 

P s i l t y  c l a y  r 

s i l t  

s i l t  

s i l t  

s i l t  

12" CIP 6 0  

12" C I  P  60 

12" CIP 5 8  

s i l t y  c l a y  

s i l t y  c l a y  

s i l t y  g r a v e l l y  sand 15 Logan 

12" CIP 5 6 . 3  

12" CIP 78.2  

12" CIP 4 1 

c l a y  

c l a y  

g r a v e l l y  sand 

s i l t y  c l a y  12" CIP ' 5 0  

TABLE 2 . 1  
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Rated Energy [F'T-LB] 

Delmag Dl2 22,500 

Delmag Dl5 

Delmag D22 

Delmag D30 

Fa i r ch i  l d  1:20 

liera H39 

Kobe K13 

Kobe K22 

Kobe K25 

Kobe K60 

Linkbel t  LB312 

Linkbel t  LB440 

Linkbel t  LB520 

Linkbel t  LB660 45,000 

~c~iernan- err^ C5 . 16,000 

McKiwnan-Terry DE20 16,000 

Raymond 65c 

Vulcan V 1  

Vulcan V06 

-- 

Ram Weight [LD] 

Open end d i e s e l  

Open end d i e s e l  

Open end d i e s e l  

Open end d i e s e l  

S ing le  a c t i n g  a i r  steam 

Open end d i e s e l  

Open end d i e s e l  

Open end d i e s e l  

Open end d i e s e l  

Open end d i e s e l  

Closed end d i e s e l  

Closed end d i e s e l  

Closed end d i e s e l  P 
0 

Closed end d i e s e l  

Double a c t i n g  a i r  steam 

Open end d i e s e l  

D i f f e r e n t i a l  steam 

S ing le  a c t i n g  a i r  steam 

S i n g l e  a c t i n g  a i r  steam 

TABLE 2 .1  ( con t . )  



2.1 Photograph of lightweight accelerometer (1) and strain 
transducer (2) bolted to steel pipe section. An 
identical transducer set is bolted to the other side and 
all wires are connected to connection box ( 3 )  with single 
cable then leading to electronic recording system. 



2 . 2  Photograph of Case f o r c e  t r ansduce r  f o r  1 2  i nch  p i p e  
p i l e s .  Accelerometers  a l s o  a r e  a t t a c h e d  t-o i n s i d e  . 

of  t h e  f o r c e  t r ansduce r .  



@ ACCELEROMETERS 

@ STRAIN TRANSDUCERS 

0 SYSTEM CONNECTING BOX 

ACCELEROMETER POWER 
SUPPLIES AND OUTPUT BOX 

STRAIN AMPLIFIER 

0 MICROPHONE 

@ TAPE RECORDER 

F i g u r e  2 . 3 :  Schematic of t ransducer attachmerlt and da ta  acqu i s i t ion  system. 
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TIME 25msec inch 
VELOCITY 2 5  f t  sec inch 

ENERGY 25 k - f t  inch 
FORCE 300 kips inch 

Figure 2.4: Sample dynamic records plotted automatically by Case 
Processing system 









0 1.0 
TIME DELAY FACTOR 

FOR PIPE PILE ONLY 

Figure 3.4: Time delay  factor versus s o i l  type 
at t h e  pile t i p  giving prediction 
within 15% of load t e s t .  













CASE DAMPING CONSTANT Jc 

F i g u r e  3 . 1 0 :  Case clamping c o n s t a n t  ,Ic g i v i n g  Case  Method 
p r e d i c F i o n  w i t h i n  20% o f  t h e  s t a t i c  t e s t  
v e r s u s  s o i l  t y p e  a t  tile p i l e  t i p .  





SMITH DAMPING CONSTANT Jc 

n 
Figure  3 .12 :  Smith damping cons t an t  Jc  g iv ing  Case PletI~od p r e d i c t i o n  witv 

4 
20°0 of  t h e  s t a t i c  t e s t  r e s u l t  ve r sus  s o i l  type a t  t h e  p i l e  'L z ~ .  









TOP PENETRATION IN INCHES . 

F i g u r e  4 . 4 :  bleasured f o r c e s  i n  p i l e  d u r i n g  Purdue s t a t i c  
load t e s t .  



PURDUE LOAD TEST PILE 
LAST BLOW 

5 M s e c  

F O R C E  [M] 
--- F O R C E  [C ]  
-------- V E L O C I  T Y  r E A / C  [M] 

Figure  3 . 5 :  Force match computed by CAPKAP 
. f o r  Purdue p i l e .  
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