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THE ANALYSIS OF PILE D R I V I N G  

GARY WHITED ,5 
L 

A STATE-OF-THE-ART 

By G. G. ~ o b l e l ,  Frank Rauschez and G. E. L i k i n s ,  ~ r . '  

INTRODUCTION 

During recent  years wave analyses, o r  analyses of the  e l a s t i c  p i l e ,  

were u t i l i z e d  w i t h  increasing frequency f o r  both p i l e  design and con- 

s t r u c t i o n  con t ro l .  These methods range from pur 'ely a n a l y t i c a l  t o  exper i -  

mental. They were developed t o  answer one o r  more of the  f o l l o w i n g  

questions: 

(1) What i s  the s t a t i c  bearing capac i ty  of the p i l e  g iven 

. observations taken dur ing p i l e  d r i v i n g ?  

(2) Can the p i l e  be d r i ven  given a complete desc r ip t i on  of 

p i l e ,  s o i l  and harmer p roper t ies  ( d r i v e a b i l  i t y ) ?  

( 3 )  I s  the p i l e  s t r u c t u r a l l y  sound ( p i l e  i n t e g r i t y ) ?  

( 4 )  What are the stresses i n  the  p i l e  dur ing  d r i v i n g ?  

( 5 )  What i s  the ef f ic iency o f  the d r i v i n g  system? 

The fo l low ing  discussion presents a review o f  ava i l ab le  a n a l y t i c a l  

methods and gives examples both o f  equipment used f o r  measurements and 

o f  r e s u l t s  ob ta i  ned. 

ANALYTICAL METHODS 

The f i r s t  analys is  of one dimensional wave propagation app l icab le  t o  

p i i e  d r i v i n g  was presented by S t .  Venant (39). He found the d i f f e r e n t i a l  
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equation governing one dimensional wave propagation in an e l a s t i c  rod and 

(? I also i t s  solution. This work presented the analysis of some limited cases 

of boundary conditions b u t  more importantly gave the basis for insight . into 

wave propagation. Further work in th is  direction was presented by Isaacs 

(19) and Fox (7 ) .  Their work i s  interesting since i t  was specifically for 

the analysis of pile driving. These closed form solution effor ts  had 

only limited success because of d i f f icu l t ies  i n  describing a real hamer- 

pile-soil system. A widely used method for pile driving was never developed. 

Wi th  the advent of the digital computer, discrete solutions of the 

wave equation became practical. Smith (34) developed the original model. 

His work i s  of general interest  since i t  was one of the very f i r s t  appli- 

cations of the digital  computer in the solution of mechanics problems. 

A generally usable program was prepared by researchers a t  Texas A & M Uni- 

C ' versi ty ( 4 )  as a direct  outgrowth of Smith's work. 

Computer programs used for th is  analysis became known as "Wave Equa- 

tions" in the United States. They were originally used for  bearing capacity 
--- __.______--- -- -- -.. --  --._ - 

and pile stress predictions. Wi th  increased need, particularly inoffshore  
L -- - - - - - . - - -- 

construction, the programs were la te r  also appl i ed to  the d r i  veabi 1 i ty 

probl em. 

Regarding bearing capacity predictions by the wave equation, the group 

a t  Texas A & M University performed extensive c.orrelation studies (21), (31). 

Stat ic  load t e s t  results were matched w i t h  wave equation predictions a t  an 

observed blow count t o  obtain recornendations for the necessary constants 

required in the analysis. 

Among the many case study papers pub1 i shed i nvol vi ng the wave-equation, 

I 

t -, 
two contrasting ones may be mentioned. Rempe (31) showed that  very good 

bearing capacity predictions (better than 10%) agreement may be obtained 



while Tavenas and Audibert ( 3 7 )  found no correlat ion a t  a l l  between wave 

equation results  and actual production p i le  performance. The difference 

between the two observations i s  probably a r e s u l t  of d i f fe ren t  construction 

control;  on the one hand, well controlled t e s t s ;  on the other hand, nor- 

mal ly  supervised p i le  d r i v i n g .  

~ o d a y ,  a number of programs a re  i n  general use i n  the United Sta tes .  

Among them are the TTI (22) and WEAP (12) programs which were writ ten 

'under the sponsorship of the U.S.  Department of Transportation. The TTI 

(Texas Transportation In s t i t u t e )  program i s  a modernized and updated version 

of the Texas A & M program w i t h  expanded and improved documentation. The 

HEAP program was developed to  improve the analysis bf diesel  driving systems. 

In.addition, for  the f i r s t  time,extensive correlat ions were performed 

between the calculated force and velocity-time records and available f i e l d  

measurements . 
- 

In Europe the solution of the wave equation has been obtained i n  a - - --- -- - ---_ _ --_- - _  .-- 

pseudo-closed form manner. De Juhasz ( 3 )  presented this method and Fischer 

( 6 ) , - c r c l e t  ( I ) ,  Laine (21) and others u t i l ized i t  in t he i r  s tudies.  I t  i s  

believed that  this method produces resu l t s  equivalent to  those from the wave 

equation and tha t  the p i le  is  modeled in e i t he r  case w i t h  su f f i c i en t  accuracy. 

Work needs to be done t o  compare the r e su l t s  from the two methods. 
- 

Finally, a few extensions of the wave-equation approach should be re- 

ferenced. Holloway (17) showed tha t  residual s t resses  remaining in  the p i l e  
- - -  - -. - _ - 

and soi l  a t  the end of a hammer blow can be included in the analysis  and may 
-- - 

be important. Matlock and Foo (24) presented a d iscre te  algorithm t h a t  may 
L_ _- - 

be used for  e i ther  s t a t i c  or  dynamic predictions and included Holloway's 

residual s t r e s s  analysis.  The wave analysis techniques were fu r ther  advanced 
-- 

by including more elaborate hammer models, e.g. Goble and Rausche (12) and' 
--- - - - - - - - - 

- 3- 



Rempe and Davisson ( 3 2 ) .  Also improvements in the soil and pile splice - 

tension models were made and tested ( 3 7 ) .  Recently, Parker (25)  succeeded 

i n  developing tables necessary for  tension s t ress  analysis of concrete 

piles in easy driving, thereby avoiding the need for a new computer execu- 

t i o n  f o r  each problem. 

MEASUREMENT TECHNIQUES 

Apparently the f i r s t  attempt to  make dynamic s t ress  measurements in 

p i  1 e driving was made by Glanvi l l e  e t  a1 (9 ) .  Strain measurements were made 

using pi ezoel ectr i  c force transducers on concrete pi l es and recorded on an 

oscilloscope. In about 1960 a large research. project was performed by the 

, Michigan Department of Highways (18). They used a specially designed force 

i 
, transducer to measure the force a t  the pi le  top  and a1 so added a s t ra in  gage 

- accelerometer on the transducer. The primary purpose of the t e s t s  was to  

evaluate hamner performance. Data was recorded on a high speed oscillograph. 

The resul ts  of the force measurements were controversial and were 

finally explained by Rausche and Goble (29) i n  a paper that  also gave i n -  

I 
sight into the design procedure for transducers. The Michigan researchers 

used their  dynamic megsurements primarily for  calculating hammer energy de- 

livered t o  the pile ( E N T H R U ) .  The problems w i t h  their  force measuring 
\ system did not prevent the measurements from producing correct energy data. 

While the Michigan project did not produce a large volume of useful data, 

i t  was remarkable that measurements were made successfully a t  that-time. 

The most extensive program of s t ress  wave measurement began a t  Case 

Insti tute of Technology (now Case Western Reserve University) i n  1964 and 

I was continuously active for  12 years. During th i s  time, measurement techni- 
4 .  

ques and equipment were developed and theoretical studies were performed. 



A large volume of l i te ra ture  was produced. A summary of the work i s  con- 

c t a i  ned in References ( l o ) ,  (13),  (1 4) and (1 5 ) .  

A t  the beginning of the Case project, s t ra in  measurements were made 

by mounting resistance s t rain gages directly on the wall of steel pipe 

piles (the most cornnon pile type in the early part of the project). The 

resulting signal was ampl if ied by an AC amplifier and recorded on a high 

speed osci 1 lograph ( 2  m/s) . Acceleration measurements were made using high 

impedance quartz crystal accelerometers. This f i r s t  system produced sa t i s -  

factory measurements in the f ie ld b u t  i t  was d i f f i cu l t  and time consuming 

to use. As developments occurred i n  electronics, the improvements were 

i ncl uded i n the equi pment. 

Force transducers were developed and tested for  use on pipe piles. 

These devices are ideal where a transducer of some weight can practically 

be brought to the job s i t e .  Lightweight, reusable bol t-on s t ra in  transducers 

were developed for use w i t h  any type of pile.  New developments i n  signal 

condi t i  oners and ampl i f i  ers produced DC instruments of satisfactory- accuracy 

that were much easier to  use than the AC amplifiers. Low output impedance 

quartz crystal accelerometers were developed and relatively inexpensive 

portable instrumentation tape recorders became generally available in about 

1970. The system i s  summarized by the schematic shown i n  Figure 1. 

One of the important advantages of the record on' analog magnetic tape 

i s  t h a t  the event can be recreated in the laboratory. I t  can then be pro- 

cessed automatically by converting the analog signal t o  digi ta l  form and 

then storing only the important part of the record. Further analysis and 

plotting can be easily accomplished using a minicomputer and a variety o f  

peripheral devices. The processing system i s  shown schematically in Figure 2 

and a sample of plotted force and velocity records are shown in Figure 3 .  



The system has been used to  t e s t  thousands of p i l es  in  the past 10 

years. I t s  f l ex ib i l i t y  and ease of use have been well proven in t h i s  

C application. 

A variation of the Case approach was introduced by TNO (40). Displace- 

ment measurements were made using an optical  system and then were d i f fe r -  

entiated to  obtain velocity. Velocity was i n i t i a l l y  interpreted as force 

which i s ,  however, only correct  f o r  a shor t  time during impact. Improve- 

ments of t h i s  method were introduced when s t r a in  measurements were a l so  i n -  

cluded and described by Smoltczyk e t  a1 (35).  The TNO system includes, 

besides analog signal conditioning and recording equipment, a minicomputer 

which performs the necessary cal ~ u l a ~ t i o n s .  

ANALYTICAL METHODS FOR INTERPRETATION OF PILE TOP RECORDS 

Beari nq Capacity 

C '  In general the bearing capacity of a p i l e  can only be determined from 

top measurements i f  - both the force and a motion quantity are  available.  - 
This fac t  was recognized early by the Case project.  The methods and techni- 

ques a t  Case evolved over a period of several years. I n i t i a l l y  the so i l  

resistance, R ,  was computed from the r i g i d  body equation 

where F ( t )  and a ( t )  are the p i le  top force and acceleration measured as 

functions of time and m i s  the p i l e  mass. Later s tudies of the e l a s t i c  ( 2 7 )  

pi 1 e produced the fol 1 owing re1 a t i  on 

R = 4{F(tl) + F( t2 )1  + 2 { v ( t l )  - v ( t 2 ) 1  
. . 

where t, = tl + 2L/c and tl  i s  some selected time d u r i n g  the blow. The p i l e  

f length below the point of measurement i s  L ;  v i s  the par t ic le  velocity a t  the 



a .  

\ 

p i l e  top obtained from the  acce lera t ion  by in t eg ra t ion ;  c  i s  t h e  ve loc i ty  
\ 

C of wave propagation. .Note t h a t  mc/L i s  of ten r e fe r red  t o  as  t h e  p i l e  i m -  

pedance. Usually the  time associated w i t h  the  f i r s t  r e l a t i v e  maximum i n  

the  force and ve loc i ty  i s  used f o r  t l .  

The penetrat ion r e s i s t ance ,  R ,  i s  assumed a s  in  t h e  d i s c r e t e  wave 

equation ana lys is  t o  c o n s i s t  of two par t s :  a  s t a t i c  component, S ,  and a  

veloci ty  dependent port ion,  D. Thus the  R found by Equation 2 has t o  be 

reduced t o  y i e l d  the s t a t i c  pi 1.e bearing capaci ty  

I t  i s  now assumed t h a t  0 i s  proportional t o  the  p i l e  bottom ve loc i ty ,  

where J i s  the  damping constant .  A simple closed form wave ana lys i s  leads 

"toe given v ( t )  and R .  Thus ,  

toe R = 2v(t1) - - mc 

J i s  used in  dimensionless form by d iv is ion  by mc/L ( then  refer red  t o  a s  

jc) .  Of course, jc i s  dependent on s o i l  type. Subs t i tu t ing  f o r  R ,  D and 

'toe using Equations 2, 4 and 5 i n  Equation 3 y i e l d s  the  Case Method bearing 

capacity,  S. 

Concurrently w i t h  the  development of the  Case Method, t h e  Case P i l e  

Wave Analysis Program (CAPWAP) was conceived and t e s t e d  (30) .  This ana lys is  

technique a l s o  makes use of the measurements of force  and acce le ra t ion .  A 

brief  descr ip t ion  of t h i s  d i g i t a l  computation method i s  appropriate .  

Ei ther  p i l e  top force o r  p i l e  top ve loc i ty  ( in t eg ra t ed  f r i  the  measured 

t' 
accelerat ion)  can be used i n  a dynamic ana lys is  a s  a boundary value.  The 

dynamic ana lys is  can be performed e i t h e r  in closed form o r  i n  the wave ana lys is  



procedure common t o  "Wave Equati on" programs ( d  i screte form) . Soi 1 re- 

sistance forces must be described. 

The soil forces are passive and in CAPWAP, as in the Smith type wave 

equation analyses, they are expressed as a function of pi le  motion only. 

Thus, three soil constants must be known for  each pile element in the em- 

bedded portion: s t a t i c  resistance, R u ;  quake, q:  and damping, j. 

In the computation, a reasonable assumption i s  made regarding the soil  

parameters, and then the motion of the pi le  i s  i n p u t  using the measured 
\ 

top acceleration as the boundary value. O u t p u t .  results are not only a l l  

pile element motions and soil resistance forces, b u t  also the computed 

pi le  element forces, a l l  as functions of time. 

The computed and measured pile top forces w i  11 in general not agree in 

a1 1 time. The agreement can be improved i terat ively by changing the assumed 

\ 
soil resistance parameters. When a computed pi le  t o p  force i s  obtained that 

0 gives an agreement w i t h  the measured force which cannot be improved, the 

associated soil parameters are considered to  be the best estimate values. 

Static computations can be used to predict the s t a t i c  load t e s t  curve 

the pile. In Figure 4 ,  three successive comparisons of calculated and 

measured force are shown as the agreement i s  improved on repeated analyses. 

The different soil assumptions for these curves are presented in Table 2. 

Table 3 then presents the calculated force time histories d u r i n g  impact for  

several other locations in the pile. 

The original application of the technique in 1970 produced a computer 

program t h a t  was fully automated ( 2 7 ) .  This program produced satisfactory 

solutions for piles which were not more than 25 meters i n  length. . . For longer 

pi 1 es computation times became excessive. A recent program performs the 

f computations i teratively in a man-machine interactive mode. The engineer 

inputs a set  of assumed resistance parameters and the machine then displays 



the associated force comparison curves. The engineer then inputs a new 

set  of resistances based on his analysis of the results.  The cycle i s  

repeated until further improvement cannot be achieved. In th is  appl i -  

cation, a minicomputer w i t h  32K words of core memory i s  used and the ' re -  

svl t s  are displayed on a drum plotter.  

The bearing capacity prediction by the TNO method i s  different from 

both Case Method and CAPWAP. The basic assumption i s  that the impact 

force is  a t e s t  load and the ensuing pile se t  i s  measured, Choosing larger 

and larger loads (increasing the impact velocity of the t e s t  ram) and 

plotting pile se t s ,  a load deformation curve i s  obtained. Obviously th i s  

method was developed for  use w i t h  special impact t e s t  equipment while the 

Case Method evaluates impact data from any type of pile driving equipment. 

The TNO method also includes the prediction of skin fr ic t ion.  F i rs t  

the pile displacement time relation i s  differentiated and a pi le  velocity 

f ' i s  obtained. The difference between force and velocity, just  before the 

impact wave returns a f t e r  reflection a t  the pile bottom, i s  interpreted as 

skin friction. This approach i s  only correct for short r i se  time impacts 

and ideal plastic soil behavior. 

I nteqri t y  

The records of force and velocity are proportional before s t ress  wave 

reflections arrive . a t  the pile t o p  fromresu. ,- -- 
tance effects or pi le  cross 

- 

sectional changes. Resistance effects cause the force t o  increase re1 ative 
r--- 

t o  the velocity. A cross sectional reduction causes the opposite effect .  

Defining the pi le  impedance ( for  uniform piles) as 

where E i s  Young's modulus and A i s  the p i le ' s  cross sectional area, then 



C , before any upwards traveling waves arrive a t  the pi le  t o p .  

If the pile changes i t s  impedance from I1 to  I,, then an impact wave 

havi ng force Fi w i  11 generate an upwards traveling wave wi t h  . force 

The correspondi ng vel oci t y  i s. 

Given Fu and vu  t h r o u g h  measurement, one may also determine the lower cross 

section or impedance from 

Usually Fu  i s  superimposed on other waves so i t  can only be determined by 
' 

comparison w i t h  the velocity record. Further detai ls  and refinements of 0 
t h i s  method are discussed by Rausche and Goble (28). 

Stresses 

b18 i t u  
During pi le  driving, stresses in the pi le  a t  locations other than the 

v point of measurement may be cr i t ica l .  Compression stresses are dangerous 

either i f  pi le  top stresses are high o r '  i f  the resistance i s  concentrated. 

In t h e ' f i r s t  case,the measurements can be used directly.  In the l a t t e r  

case, the larger of the measurements or Equation 2 gives a good estimate 

of thegaximurn pile stress.  

For concrete piles the maximum tension stresses may be more detrimental 
- - - -- - . - 

than the compression forces. Their magnitude and location of occurrence 
- -  - - - - - 

I 
depends greatly on the distribution of skin fr ic t ion.  Utilizing again the 

-- - 
w 

measurements of force and velocity, the tension s t resses ,  occurring a t  a 



. 
dis tance x below the p o i n t  o f  measurement, i s  g iven by 

L ' L -  x where t ime t, i s  as i n  Equation 2 and t, = tl + 2- 

D r i v i n q  System Performance 

Any a n a l y t i c a l  p i l e  analys is  depends p r i m a r i l y  on a  r e e l i s t i c  pre- '  

d i c t i o n  o f  hammer and d r i v i n g  system performance. An e f f i c i e n c y ,  i .e. the 

r a t i o  o f  actual  t o  ra ted  hamer k i n e t i c  energy, i s  used i n  the wave equa- 

t i o n  approach t o  account f o r  a  v a r i e t y  o f  losses. 

Using measurements of force and acce lera t ion ,  the energy t rans fer red  

t o  the p o i n t  of measurement can be determined by us ing 

( where ~ ( r )  i s  the in tegra ted  accelerat ion.  The maximum o f  t he  E ( t )  f unc t i on  

occurs j u s t  before p i l e  rebound s ta r t s .  I t i s  the  maximum t h a t  was re fe r red  

t o  as ENTHRU by the Michigan researchers. A new e f f i c i e n c y  value can be 

def ined as the r a t i o  of ENTHRU t o  r a t e d  hamner energies. This e f f i c i e n c y  

may be as low as 10% and reaches as much as 85% under favorable condit ions. 

APPLICATIONS 

Stress wave theory and measurements are meeting r a p i d l y  increasing 

app l i ca t i ons  i n  pract ice.  Actual ly, the use i n  p r a c t i c e  i s  moving much 

fas te r  than i s  the repo r t i ng  o f  these app l i ca t i ons .  I n  t h i s  Section, app l i -  

cat ions,  both i n  comnon use and proposed, w i l l  be reviewed. 

P red ic t i on  of Bearinq Capacity C... 
The use o f  Wave Equation analyses fo r  bear ing capaci ty  p red i c t i on  i s  



we l l  es tab l i shed  i n  the  Un i t ed  States.  While dynamic formulas are s t i l l  

C i n  use, they  are being rep laced and i t  i s  e n t i r e l y  poss ib le  t h a t  the  use 

of the formulas w i  11 have complete ly  disappeared i n  a  few years.  The ex- 

amples presented i n  the  l i t e r a t u r e  a re  much too  numerous t o  rev iew here.  
' 

S ix  programs are i n  use: 

1. The Raymond Company program ( p r o p r i e t a r y )  

2.  The TTI program which i s  s i m i l a r  t o  1  and i s  no t  much 

d i f f e r e n t  from Smi th 's  o r i g i n a l  program. 

3 .  The WEAP program which conta ins an accurate d iese l  hamner 

model . 
4. DIESEL-1 by Rempe ( p r o p r i e t a r y ) .  

5. DUKFOR, a  program t h a t  i s  s i m i l a r  t o  the  TTI program b u t  
i t  conta ins a  r e s i d u a l  p i l e  and s o i l  s t r ess  ana l ys i s  ( p r o p r i e t a r y ) .  . 

6. SWEAP, a  combinat ion o f  3 and 5 ( p r o p r i e t a r y ) .  

Other programs e x i s t  b u t  a re  seldom referenced. I n  any o f  these p ro -  

grams, t he  process o f  bear ing  capac i t y  determi n a t i o n  i s  the  f o l l ow ing .  

A mass-spring model of bo th  hamner and p i l e  i s  const ructed (see F igu re  5)  

and the  f o l l o w i n g  s o i l  constants a re  se lec ted  a t  each embedded element: 

Ru, t he  u l t i m a t e  res is tance;  q, t he  e l a s t i c  displacement o f  the s t a t i c  s o i l  

res is tance  (quake) ; j , t h e  damping constant. The most commonly employed -. 
values o f  3 and q a re  a l s o  g iven  i n  F igure  5. A dynamic ana lys is  i s  then 

performed by g i v i n g  t he  ram mass element an i n i t i a l  v e l o c i t y .  A t  t he  end 

o f  the ana l ys i s  t he  displacement ( s e t )  i s  ca lcu la ted .  Successive analyses 

are performed by g i v i n g  the  i n d i v i d u a l  R,, values p ropo r t i ona l  increases and 

each t ime determining t he  assoc ia ted set .  The sum o f  a11 o f  the  res is tances  

i s  then p l o t t e d  as a  f u n c t i o n  o f  s e t  g i v i n g  a  r e l a t i o n s h i p  gene ra l l y  known 

as a  bear ing graph. An example i s  i l l u s t r a t e d  i n  F igure 6. Usua l l y  s t r e s s  
I 

( .maximum and s t roke  are a l s o  p l o t t e d  together  w i t h  bear ing capac i ty .  Wi th  
/ ' 



the bearing g r a p h  available, pile capacity i s  predicted when blow count i s  

known or driving resistance can be estimated for  a given driving system and 

assumed soi 1 resistances. 

A reliable Wave Equation bearing capactty analysis depends on the 

avai labi l i ty  of accurate soil  data and reliable d r i v i n g  system performance. 

Recommendations are given in References (12) and (22). If  soil  parameters 

are correctly selected and hammer performance i s  as assumed, accurate capa- 

c i ty  predictions can be expected 'for the assumed conditions d u r i n g  d r i v i n g  (or 
, . 

restr iking) .  If the capacity changes. due t o  setup or relaxation prior to 

load testing or i f  the d r i v i n g  system behaves differently t h a n  assumed, 

the wave equation prediction cannot be expected to  agree with the s t a t i c  

measurement. 

The Case Method avoids the Wave Equation problems with hammer perfor- 

mance and to some extent w i t h  soil parameter selection. Since measurements 

f are made a t  the pile top, the model used i n  deriving the equations excludes 

the d r i v i n g  system. The only assumption then contained in the method i s  

the soil  damping constant used. I t  i s  possible to  evaluate the sensi t ivi ty  

of the results to  the damping constant selection. Setup or relaxation 

effects are easily considered. 

Results of bearing capacity are given in Table 1 for the sample data 

se t .  This pile had previously been driven into a cohesive s o i l .  Measure- 

ments were made d u r i n g  restrike af ter  soil setup had occurred. The f i r s t  

10 blows sbow a dis t inct  decrease in capacity as setup i s  destroyed. The 

second s e t  of data, a f t e r  approximately 300 additional blows, shows even 

more capacity reduction. Conditons d u r i n g  t h i s  s e t  were then similar to 
. . 

those on other piles on that s i t e  which were tested a t  the end of in i t i a l  

d r i v i n g .  



Recommended values fo r  jc were reported in Reference (10). I f  these 

_ recommendations are used, the correlat ion between the s t a t i c  capacity as ' 
obtained in a s t a t i c  load t e s t  evaluated by Davissonls procedure (26) and 

the Case Method i s  given in Figure 7 fo r  102 s e t s  of available data. 

Similar correlations have been obtained by Fellenius e t  a1 (5)  using the 

Case Method measuring system. 

Since the Case Method i s  computationally simple, i t  can be accomplished 

in real time in the f ie ld .  Special'purpose instruments, known as P i le  Driving 

Analyzers, have been developed t o  calcula te  and display the resu l t s .  

The CAPWAP method avoids a l l  assumptions and provides a d i r ec t  estimate 

of bearing capacity and resistance dis t r ibut ion.  No so i l  constants need 

t o  be assumed i n  order to make the analysis .  Experience has proven the 

method to  be re l iable .  A correlat ion plot  f o r  79 data s e t s  is shown i n  

Figure 8. For the same sample data s e t  and the demonstrated p i l e  top force 

t 'I 
matches of Figure 4 ,  resistance vs depth plots  a re  shown i n  Figure 9. The 

predicted capacity was also entered in Table 1. 

Applications of the Case Method and CAPWAP approach have been discussed 

by LaFond (20) and Gi 1 bert  e t  a1 (8 ) .  

Dri veabi 1 i t y  

The driveabil i  t y  problem is the inverse of the bearing capacity question: 

* I f  a1 1 hamner-pi le-soi 1 parameters a re  given, what will be the driving be- 

havior? Of course, only a purely analytical  method i s  of in te res t .  The 

problem i s  part icularly d i f f i cu l t  due t o  the nonlinear character of the 

bearing graph. I f  blow counts that  are  re la t ive ly  high a re  predicted (over 
. . 

120 blows per foot or 400 blows per meter) then a small er ror  in the capa- 

( c i t y  estimate will produce a large change in the predicted blow count. 

Figure 6 ( l i ne  2 )  indicates the predicted blow count, p i l e  s t resses  and 



hammer stroke for a n  ultimate capacity value that was determined by s t a t i c  

analyses. 

An interesting approach to  the driveabi 1 i ty question has been proposed 

for the offshore application by Goble and Rausche (11 ) . Dynamic measure- 

ments are made d u r i n g  the driving of conductor pipes for  exploratory wells. 

The CAPWAP analysis i s  then used to  determine the soil  constants. I f a  

producing platform i s  to be constructed, the CAPWAP so i l  constants can be 

used in a Wave Equation driveabil i ty analysis. The concept was tested w i t h  

good results a t  one s i t e  i n  the Gulf of Mexico. 

Control of Inteqrity 
f 

The most comnon approach t o  pi le  integrity testing is the use of a low 

mass impact or a low strain,  steady s t a t e  excitation. Reflections coming 

from cross section changes or discontinuities are then evaluated. This method 

f ' has been extensively tested. One of the most interesting , tes t  programs was 

performed by Steinbach and Vey (36) and i t  i s  strongly recomnended that th is  

paper be reviewed by anyone attempting the use of th is  general approach.. 

The Case Method measurements can be used to  t e s t  integri ty  (28) and th is  

approach i s  now we1 1 proven. The derivation was discussed above and an  ex- 

ample i s  now given. Measurements were obtained d u r i n g  the d r i v i n g  of a 

concrete pile. Damage and breakage occurred while the measurements were 

being made. In Figure 38 the pile i s  s t i l l  sound i n  the early records. 

Successive h a m r  blows damage and f inal ly  completely break the pi le .  

Table 1 gives a B integrity factor which i s  the ra t io  of the reduced area 

a t  the point of damage to  'the uniform section area (see Eq. 10). The location 
. . 

of damage i s  indicated i n  Figure 38 t o  be 18 meters below the top of this  

t 
I 

22.5 meter pile.  This same approach has been used w i t h  some success. on 

cast-in-place piles. 

-1 5- 



The above approach i s  effective i f  a pi le  breaks some place along i t s  

length. I t  i s  less satisfactory for cases where damage occurs a t  the pi le  

t i p  since i t  would be detected by an ea r l i e r  arrival of the t i p  reflection. 

Accuracy considerations make i t  impractical to  detect small amounts o f ' t i p  

damage. A n  approach t o  this  problem was presented by Teferra, (38). In th i s  

solution, parametric relations for force and displacement w i t h  respect to  ' 

time can be obtained i f  the shaft  resistance i s  known. Thus, a force dis- 

placement relationship can be obtained for the p i le  t i p .  A sharp reduction 

of the st iffness i s  an indication of damage. 

D r i v i n g  Stresses 

Dynamically induced stresses must be kept w i t h i n  the limits required by 

material properties. This means that  compression stresses must be limited 

in a11 materials and tension stresses mus t  be controlled for concrete. 

( ' The limits that should be placed on these parameters are materials questions 

not within the scope of this  paper. Pile d r i v i n g  stresses are obtained i n  

Wave Equation analyses and included in the beari ng graph (see Figure 6 ) .  

However, these predictions are sensitive to changes i n  the driving system 
... - - 

parameters and skin friction distribution. Furthz~or-e-dXe~en~t-Wave 
- - - - 

Equation programs can give . substantially different stresses for a particular 
-.- - --- -- - ---- _ _..-- - -- --. - 

se t  of parameters. The WEAP program i s  the only one for which any substantial 
- - - - - - - _____.__ --- _ _  

nbmber of correlations were made w i t h  measured stresses (12) and,  therefore, 
- - ---  -- 

i t  can be expected t o  produce the most re l iable  s t ress  predictions. However, 
- _  _ _ _ - -  - 

these predictions must be compared with measured stresses rather than with a 

mere evidence of failure which could be due to  system misalignment or other 
. . 

unpredictable problems. I n  many cases, the fact  that piles have been 
I 

( successfully driven where other Wave Equation programs had predicted very - 



h i g h  stresses should n o t  be used as evidence of pile material strength. -. 
C ,  Probably the h i g h  stresses were not present. 
\ ' Field measurements give an accurate assessment of the s t resses  present 

--- -- -- ________ - - -- -- 

a t  the l-ap of measurement. I t  was shown in Table 1 that  measured - 
force and velocity records allow for the determination of s t ress  maxima 

and the i r  location. The same table indicates how tension s t resses  increase 

as compression stresses and bearing capacity decrease. Again the Pile 

Dr iv ing  Analyzer provides the necessary data in the field.  Before going 

i n  the f i e ld ,  wave equation analyses, and a f t e r  taking data, CAPWAP, provide 

a complete pi le  s t ress  history (see also Table 3 ) .  

Driving  System Performance 

The most direct  approach to the determination of driving system perfor- 

mance i s  the use of the Pile Driving Analyzer. As described above, i t  deter- 

( ) mines and displays maximum force and energy delivered to  the pi le  top. 

Usually the system i s  used to  display force and velocity records on an 

oscilloscope and this  visual display can also be used for  system performance 

control. For instance, preignition of diesel hammers can be easily detected 

by examining the force record. Table 1 l i s t s  maxima of both pi le  t o p  force 

and energy from consecutive blows. They would be printed by the Analyzer in 

the f ie ld in a similar fashion. The use of the Analyzer in evaluating 

driving system performance where problems had been encountered has been 

discussed by Chen e t  a1 ( 2 ) .  

Another approach t o  d r i v i n g  system control has been used by Hirsch e t  

a1 (16) in offshore applications. I n  this  case, a series of Wave Equation . . 

analyses are made prior to  going t o  the f ie ld ,  and force time records are 

plotted for various assumptions o f . d r i v i n g  system performance. Force measure- 



ments are made in the f ie ld and are compared with the various computed 

values. The system performance parameters are then obtained indirectly. 

I n  the offshore case, rams are relatively l ight  compared to  the pi le  mass 

and, therefore, the input force has largely decayed prior to the return' 

of the stress wave from the pile t i p .  For land applications lwhere piles 

are shorter and the pile-ram weight i s  larger,  the i n p u t  wave i s  not so,  

nicely separated from the reflected wave. Thus the approach i s  then l e s s  

accurate. 

A s t i l l  lower level of cbntroi i s  available for open end diesel hammers. 

The WEAP program provides ram stroke as an  output. If  the system i s  per- 

forming as assumed i n  the Wave Equation analysis, the calculated and 

measured stroke can be expected to  be about the same. A device measuring 

stroke of open end diesel hammers, called SAXIMETER, has been developed and 

i s  i n  routine usage on construction s i t e s  i n  the USA. 

CONCLUSIONS 

The current state-of-the-art of the analysis of pile d r i v i n g  has been 

summarized. Techniques are available to  solve most piling design and i n -  

s ta l  lation control problems using dynamic analyses and measurements. These . 
techniques are now coming into engineering practice. 
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Table 2: CAPWAP T r i a l  Run Parameters 

Run U l t ima te  Capaci ty Case Damping , Quake 
I d e n t i  f. Skin  Toe To ta l  Sk in  Toe Sk in  Toe 

MN MN MN mm m 

Low Damping 1.36 .42 1.78 .35 .10 3.6 4.1 

High S t a t i c  1.72 .53 2.25 .55 .20 3.6 4.1 

High Sk in  1.65 .13 1.78 .55 . .20 3.6 . 4.1 

F i n a l  1.36 .42 1.78 .55 .20 3.6 4.1 



Table 3: P i l e  Forces vs Time From CAPWAP 

F o r c e s  a t  L o c a t i o n s  Below Top 



PDA 

MIC. 

S T  a S T R A I  N.. TRANSDUCER 
ACC, a ACCELEROMETER 
PDA., , P I L E  DR I V I NG A N A L Y Z E R .  
T R , , , ,  TAPE RECORDER (ANALOG, .4-CHANNEL) 

F I GURE 1 : SCHEMATI C OF I NSTRUMENTATI  ON 



TAPE RECORDER SYSTEM 
MULTIPLEXER 
ANALOG-TO-DIGITAL CONVERTER 
32 K . WORD MI N I COMPUTER 
DISC STORAGE 
PR I NTER 
PLOTTER 
SCOPE 

FIGURE 2: SCHEMATIC OF LABORATORY PROCESSING SYSTEM 
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A - Early Records of Retapping 

Figure 3: Example of Processed Data Plots, Solid l ine i s  Force, 
Dashed l ine i s  Velocity (mu1 tip1 ied by EA/c)-.' 

Pile: 46 cm sauare prestressed concrete. . - 

Wave Speed c = '3.87 m / ~ s  
Length L .  = 22.5 rn; 2L/c = 11.6 Ms (Time between ~ i c k  Marks) 



B - Records During Damage Occurrence 

12 

Damage Location Below Point 
of Measurement 

. . . . 

Figure 3: Continued 

F i r s t  graph ( 4 )  : no damage; Second graph (5) :  s l i gh t  damage; 
l a s t  graph (13): p i le  broken. All graphs are from con- 
secuti ve blows. 



1: MEASURED FORCE CURVE 
2 :  LOW DAMPING 
3 :  HIGH STATIC RESISTANCE 
4 :  HIGH SKIN FRICTION, LOW END BEARING - 

5: FINAL SOLUTION 

FIGURE 4 :  PILE TOP FORCE MATCHES FOR FOUR DIFFERENT 
SETS OF SOIL RESISTANCE PARAMETERS,' 
FOR FURTHER DETAILS SEE TABLE 2. 



(A )  ACTUAL SYSTEM (B) MODEL 
DIESEL 

AIR / STEAM 

r] - ANVIL- 

- H E L M E T  - CAPBLOCK - 
&n\y A\-\\ A\=\\ 7/\\vs 1 

- PILE - 

J - 
0 
V) 

//AV// 

'1 1 
L 

( C )  S O I L  RESITANCE: 
>- 

R E C M N D E D  S O I L  PARAMETERS Q 

J cohes. Skin/toe (s/m)= . 6 6 / . 0 3  
J non-c. Skin/toe (s /m)= .16 / .49  V E L O C I T Y  DISPLACEMENT 

q always (m) = 2.5 

Figure 5: Hammer-Pi le-Soi 1 Model of  Wave Equation 



2 

COMPRESSION STRESS 

l2 - 
TENSION STRESS 

I 
4 
2 

BLOWS PER FOOT 

1: WITH MEASURED BLOW COUNT FIND PREDICTED BEARING 
CAPACITY STRESSES AND STROKE, 

. - . . 

2: WITH BEARING CAPACITY FROM STATIC ANALYSIS F I N D  
PREDICTED BLOW COUNT, 

- 

FIGURE 6: BEARING GRAPH INCLUDING STRESS AND 
HAMMER STROKE V S  BLOW COUNT RELATION 



STATIC LOAD TEST RESULTS IN MN 

F I G U R E  7 : CASE METHOD AND STATIC LOAD TEST 
CAPACITY CORRELATION, 



0.5 1 .O 1.5 2.0 2.5 3 .O 3.5 

STATIC LOAD TEST RESULTS IN MN 

FIGURE 8 :  CAPWAP AND STATIC LOAD TEST 
CAPACITY CORRELATION 



RESISTANCE FORCES PER 1.5M PlLE SEGMENTS IN MN 

- LOW DAMPING AND FlNAL - -. HIGH RESISTANCE 

0 TOE RESISTANCE 

FIGURE 9 :  SKIN FRICTION DISTRIBUTION AND END BEARING 
FORCES FROM CAPWAP ITERATIONS OF FIGURE 4 
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