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ABSTRACT

A l i t e r a t u r e  review covering the use of dynamic p i l e  dr iv in g  

e q u a t i o n s ,  wave equation methods, pi le  analyzers, and current practices by 

State Transportation Departments is  presented .  The l i t e r a t u r e  review  

shows t h a t  no one dynamic pi le  driving formula can be considered superior 

to all others.  However, the Hiley, Janbu, and Gates equations appear to be 

c o n s is t e n t ly  among the best in published comparisons of formula predictions  

versus p i l e  load t e s t  r e s u l t s .  The Engineering News formula and i t s  

modified v e r s io n s  are found, with one e x c e p t i o n ,  to be among the worst 

predictors of p i le  capacity in these studies.  When wave equation methods 

are included in comparisons of predic te d to measured capacity,  the wave 

equation p r e d ic t io n  i s  c o n s i s t e n t l y  equal to or b e t t e r  than th e  best  

formula.  P i l e  analyzer results  can be excellent;  however, the a b i l i t y  of 

the operations is  a crucial factor in i t s  successful use.

The m ajorit y  of  the 34 s t a t e s  responding to a survey indicated that  

they use the Engineering News formula in i t s  original or modified form. No 

other dynamic equation was mentioned. Several s tates  indicated a switch in 

recent years from the Engineering News formula to wave equation a n alyses  

with a resulting increase in accuracy. Only two sta te s  make regular use of  

a p i l e  analyzer, but they are very s a t i s f i e d  with i t .

Recommendations are made for  the improvement of current Washington 

State Department of Transportation procedures for c o n s tr u c t io n  control  of  

p i l e  driv in g and e s t im a t io n  of p i l e  c a p a c i t y .  Recommendations for  

additional research is  also included.



SUMMARY

Three general methods are presently available for construction control  

o f  p i l e  d r iv in g  and e s t im a t io n  of p i l e  load capacity: dynamic formulas,  

wave equation a n a ly s e s ,  and p i l e  a n a ly z e rs .  Many hundreds of  dynamic 

formulas are a v a i l a b l e ;  some of  these are empirical,  others are based on 

some form o f  Newton's laws of  motion. However, only a handful of  the  

a v a i l a b l e  formulas are used with any regulari ty.  Wave equation analysis  

i s  a more recent addition, although the theory was developed over a century 

ago. It took the development of numerical a n a l y s i s  and the general  

a v a i l a b i l i t y  of  computers to  make t h i s  method p r a c t i c a l .  The l a t e s t  

method, p i l e  a n a ly ze rs ,  i s  a c t u a l l y  an e x t e n s io n  of  the wave equation 

method. It incorporates data gathered by instrumenting the p i l e  into  a 

wave equation solution to back-calculate s t a t i c  p i le  capacity.

In a survey of s ta te  transportation departments in which 34 r espon ses  

were o b t a in e d ,  i t  was found that dynamic formulas are used most often in 

their  p i l e  driving work, with wave equation analyses the next most popular, 

and pil e  analyzer use very l imited,  except for a few s t a t e s .  Of the s tate s  

using formulas, all apparently use e i t h e r  the Engineering News or some 

modified v e r s io n  of  the Engineering News formula. No other formula was 

mentioned in the responses. Very few s t a t e s  have conducted any type of  

i n v e s t i g a t i o n  to compare the r e s u l t s  from d i f f e r e n t  methods and/or 

formulas.

Several s ta te s  have abandoned the use of  the Engineering News formula 

because of i t s  inaccuracy and have gone to wave equation a n a l y s e s .  Those 

th a t  have done so have in d ic a te d  that th ey  are now o b t a in in g  b e t t e r  

correlation between predicted capacity and p i l e  load t e s t  r e s u l t s ,  and are 

happy with the change.



Several  s t u d i e s  can be found in the l i t er a tu r e  in which the accuracy 

of d i f fe re n t  p i l e  driving formulas is  compared. These stud ies  show that no 

one equatio n is  b e s t ,  although the H ile y ,  Janbu, P a c i f i c  Coast Uniform 

Building Codes, Rabe, and Gates formulas appear to be somewhat better than 

th e  oth er  major formulas.  The Engineering News and Modified Engineering 

News formula are co n s isten t ly  among the worst in th e s e  comparisons,  with 

the e x c e p t i o n  of one study which concen tr ated on data from Alabama and 

surrounding s t a t e s .  In that study the Engineering News equation was found 

to g i v e  the  b e s t  c o r r e l a t i o n  with p i l e  load t e s t  r e s u l t s  of the formulas 

used.

In s t u d i e s  which included wave equation a n a l y s e s ,  t h i s  method 

c on s is t e n t ly  was shown to be equal to or better than the best formulas. All 

i n v e s t i g a t o r s  who included a wave equation a n a l y s i s  in t h e i r  study  

suggested i t s  use by practicing engineers.  S ign if ic ant advancements have 

been made in wave equation a n a l y s i s  computer codes since some of these  

comparisons were conducted; t h e r e f o r e ,  i t  i s  apparent t h a t  t h i s  method 

r e p r e s e n t s  a s i g n i f i c a n t  improvement over dynamic formulas.  Although i t  

w il l  always take more t r a i n i n g  and some a d d it io n a l  t ime to use wave 

equatio n methods, i t s  c om p le xity  has been reduced s i g n i f i c a n t l y  by the 

appearance of wave equation software for use with microcomputers.

A p i l e  analyzer can produce very accurate  e s t i m a t i o n s  o f  p i l e  

capacity.  However, a p i l e  analyzer is  r e l a t i v e l y  expensive to purchase and 

maintain and req u ir es  highly trained individuals to in t e r p r e t  the data i t  

c o l l e c t s .  Unless there  i s  enough p i l e  d r i v i n g  a c t i v i t y  to  keep a p i l e  

analyzer  crew busy during much of the year, i t  may be preferable to hire  

outside contractors to perform p i l e  analyzer work when ne cessary.



CONCLUSIONS

A review of l i tera tu r e  has shown that only  a few of the hundreds of  

p i l e  driving formulas which have been developed over the past 150 years are 

actually used today. Among the few that are in use,  no one formula i s  

c l e a r l y  superio r  to a l l  the o th e r s .  Studies of wave equation analysis  

methods, including pil e  analyzers, are more c o n s i s t e n t .  There i s  l i t t l e  

doubt that these methods are superior to all formulas.

A survey of s tate  transportation departments show a heavy r e l i a n c e  on 

th e  Engineering News formula in both i t s  o r i g i n a l  and modified forms. 

However, there appears to be a trend away from Engineering News toward wave 

equation methods and the p i le  analyzer.

With regard to the p r a c t i c e  of the Washington S t a t e  Department of 

Transportation, the following conclusions are made:

1. The Engineering News Formula in both i t s  original and modified 

versions is  very inaccurate and i t s  use should be discontinued.

2. It i s  l i k e l y  th at a s u b s t i t u t e  formula can be found which will  

provide greater accuracy. The formulas which appear to be b e s t  

s u i t e d  for  WSDOT are the Hi l e y ,  Gates, Janbu, and Pacific  Coast 

Uniform Building Code.

3. It i s  not p o s s i b l e ,  without a d d it io n a l  r e s e a r c h ,  to  determine 

which of the suggested formulas w i l l  prove b es t  for  Washington 

State conditions.

4. A wave equation a n a l y s i s  i s  c l e a r l y  superior to formula use and 

i t s  expanded use by WSDOT is  strongly encouraged.

5. P i l e  analy zers  can provide useful information on large projects,  

but may not be well suited to routine use by WSDOT.



RECOMMENDATIONS FOR FUTURE RESEARCH 

The r e s u l t s  of  t h i s  i n v e s t i g a t i o n  i n d i c a t e  that current WSDOT 

procedures can be improved* The Engineering News formula should be 

replaced by a more accurate formula to be used on small p i le  driv in g  jo b s .  

Increased use of wave equation analyses is  strongly recommended, and for 

the largest  jobs a p i l e  analyzer should be used. To f u l l y  implement th e s e  

recommendations, additional research will  be required as discussed below.

1. In order to pick the p i le  driving formula which is  best suited for 

Washington S t a t e ,  data from old p i l e  load t e s t s  should be 

examined. Whenever p o s s i b l e ,  c a l c u l a t i o n s  of  predic te d  f a i l u r e  

load based on va rio us  formulas should be compared to actual t e s t  

r e s u l t s . 1 WSDOT f i l e s  and th ose  o f  lo c a l  c o n s u l t a n t s  and 

municipalities  should be examined to bu ild  a s u f f i c i e n t l y  la r g e  

data base to perform s t a t i s t i c a l  analyses. It is  probable that 

modifications of an exis t in g  formula to better f i t  the data ( c . f .  

19) could be accomplished.

2. S tu d ie s  should be conducted on new p r o j e c t s  in which capacity  

predicted by various formulas, a wave equation analysis ,  and p i l e  

analyzer predictions are compared to p i l e  load te s t  r es u l t s .  This 

will help to evaluate the practical aspects of the use o f  each of  

these methods and provides a better t e s t  of their accuracy.

3. Successful application of wave equation methods r e q u ir es  c o r r e c t  

modell ing of  s o i l  c o n d i t i o n s ,  such as the selection of  the side  

and t i p  damping c o n s t a n t s .  S t u d ie s  are required to determine

1 Recommended formulas are: Hiley, Janbu, Gates, and Pacific Coast Uniform 
Building Code.



appropriate  v a lu e s  fo r  ty p i c a l  s o i l  c o n d i t i o n s  throughout the 

State of Washington.



INTRODUCTION

Pile foundations f r e q u e n t l y  are used to support brid ges  and other  

transportation structures.  In order to provide a safe,  yet economical pi le  

foundation, i t  is  necessary to use design methods which can p r e d ic t  with 

reasonab le  accuracy the necessary depth of penetration and the resultant  

capacity of a given p i le .  Because soil  conditions often vary s ig n i f i c a n t l y  

over a c o n s t r u c t i o n  s i t e ,  methods are needed which allow v e r if ic a t io n  of 

the design penetration during p i le  driving and, i f  necessary, adjustment of 

the desig n valu e.  Also,  an i n - s i t u  method of  determining actual pi le  

capacity, as driven, is  needed. Many methods have been developed during  

the past  100 years  to accomplish each of these tasks. Currently there is  

no one method which generally is  accepted as the best for any of the three.  

Differences,  even between two widely used and accepted methods, can be very 

1arge.

In order to determine i f  s ig nif ican t  improvements can be made in their  

methods of construction contr ol  of  p i l e  d r iv in g  and e s t i m a t i o n  of  p i l e  

c a p a c i t y ,  the Washington S t a t e  Department of Transportation (WSDOT) has 

funded the f i r s t  phase of a three-phase project  e n t i t l e d  "Development of  

G uidelines  for Construction Control of Pi le  Driving and Estimation of Pile  

Capacity." This report presents the results  of Phase I.

The objective of Phase I i s  to provide a state-of-the-art  report which 

includes the following:

1. A d e s c r i p t i o n  of  the formulas and analysis  techniques currently  

a v a i l a b l e  to  determine p i l e  c u t - o f f  c r i t e r i a  and s t a t i c  p i l e  

capacity.

2. A d e s c r i p t i o n  of  the s t r e n g t h s  and weaknesses of  the most 

promising methods described in ( 1 ) ,  in l ig h t  of WSDOT needs.



3. A determ in at io n  of  whether or not current WSDOT methods can be 

s i g n i f i c a n t l y  improved.

4. If  s ign if ican t  improvement is  deemed possible,  a recommendation of  

whether or not ad d it io n al  research i s  n ec es s a ry  b efore  new 

c r i t e r i a  can be established.

To accomplish th e s e  t a s k s ,  a survey of  other  s t a t e  t r a n s p o r t a t i o n  

departments was conducted to determine methods currently in use.  Als o,  a 

review o f  th e  t e c h n ic a l  l i t e r a t u r e  concerning dynamic formulas,  wave 

equation methods, and p i l e  analyzers was conducted with the help of  the  

WSDOT 1 ibrary.  Approximately 200 references were received and reviewed. 

Based on th is  l i t e r a tu r e ,  a d is c u s s io n  of  dynamic methods of  e s t im a t in g  

s t a t i c  p i l e  capacity (equations,  wave analysis ,  and analyzers) is  presented 

in the following sect ion.  Included in th is  section is  an evaluation of  the  

s t r e n g t h s  and weaknesses of  each of  the  methods described. In the next 

sect ion,  the current practices of other s t a t e  t r a n s p o r t a t i o n  departments  

are described and compared to current WSDOT procedures.

The next section reviews published comparisons between actual  p i l e  

load t e s t  r e s u l t s  and p i l e  c a p a c i t y  predicted by various formulas, wave 

equation methods, and p i l e  an alyzers.  This inform atio n,  along with the  

information provided by th e  various  s t a t e  t r a n s p o r t a t i o n  departments,  

provide the bulk of  the  data used to formulate the  c o n c l u s i o n s  and 

recommendations of t h is  report.



DESCRIPTION OF AVAILABLE METHODS 

Dynamic Pile  Driving Formulas 

Dynamic p i l e - d r i v i n g  formulas have been available for over 160 years 

to predict the s t a t ic  bearing capacity of p i l e s .  Smith (25)  s tates  that in 

the early 1960s the editors of Engineering News-Record had 450 dynamic pi le  

formulas on f i l e .  All these formulas are based on the assumption that the 

ultimate capacity of the pil e  under s t a t i c  loading is  d i r e c t l y  r e l a t e d  to  

the driving resistance of the p i l e  in i t s  la s t  stages of embedment.

The stress-stra in  relationship in a p i l e  during d r iv in g  i s  extremely  

c o m p lica te d ,  making an exact  theoretical  treatment impractical. A small 

percentage of the available pile-driving formulas are empirical  in t h e i r  

e n t i r e t y ;  however, most formulas are based on Newton's law of impact and 

conservation of energy principles and are modified to account for  energy  

l o s s e s  during impact and during the propagation of s tres se s .  An inherent 

discrepancy involved in using impact laws in pile-driving formulas i s  th at  

Newton h im se lf  ( 6 )  said that the impact th eory should not be used for 

"bodies . . . which suffer some such extension as occurs under the s tr o k e s  

of a hammer." It is  evident,  therefore,  that Newton did not intend for the 

impact theory to be used on p i l e  driving type problems, making one wonder 

how the use of impact laws a ffec ts  the accuracy of p i le  driving formulas.

In 1859, Redtenbacher proposed the fo l l o w i n g  formula th a t  Jumikis  

(14) terms the "pure, c l a s s i c a l ,  complete dynamic pile-driving formula":

8

(1)

1 2 3 4 5 6

e.E, = R s + e, E. 
h h u h h

w(l - n ) 

W + w
+ KR

2A1E ' 2AE



where

1 = total  applied energy

2 = useful work, i . e . ,  energy used to move pi le  a distance s

3 = lo ss  in impact

4 = lo ss  in cap due to e l a s t i c  compression

5 = lo ss  in p i le  due to e l a s t i c  compression

6 = lo ss  in soil  due to e l a s t i c  compression plus other lo s se s .

The d e f in it io n  of individual terms is  given in Table 1.

Equation ( 1 )  can be solved for the ultimate bearing capacity, R, and 

then the s a f e  bearing c a p a c i t y  o f  the p i l e ,  Rf, can be determined by 

dividing R by a factor of safe ty ,  F.

Except for  th ose  formulas based e n t i r e l y  on empirical r e s u l t s ,  all  

other dynamic pile-driving equations are s im pli fications  of Redtenbacher1s 

complete formula produced by intro ducin g d i f f e r e n t  assumptions on the 

energy l o s s  terms. An example i s  a formula commonly known as 

Redtenbacher1s formula, in which a completely in e la s t ic  impact is  assumed 

(n=0). This formula is  given in Table 1. Also shown in Table 1 are oth er  

commonly used dynamic p i l e  driving formulas, several of which are discussed  

in detail  below.

Engineering News-Record

This formula was published in 1888 by A.M. W ellingt on, e d i t o r  of  

Engineering News, and o r i g i n a l l y  was developed for use in measuring the 

bearing c a p a c i ty  of  l i g h t - w e i g h t  timber p i l e s  with f a i r l y  uniform 

penetration driven by drop hammers. The formula, as shown in Table 1,  was 

modified for use with steam hammers. Wellington derived the equation by 

equating the appl ied energy to  the energy obtained by g r a p h i c a l l y



Table 1. Commonly Used Dynamic Pile Driving Formulas

Formula Name Equation

Eytelwein (Dutch) R =
euEu h h (drop hammers)

R =
e u Eu h h

s + 0 - i  5

(steam hammers)

Weisbach R = -
sAE 2 e hEh AE fsAEl

Redtenbacher R = AE
L -s +/ s2 + e hEh*

Engineering News-Record 
(ENR)

R =
ehEh

u s + z

Navy-McKay R = 
u

GnE. h h

1 + 0.3

Gates R = 27 /e, E, (1 - log s)  
u h h ' a

e^ = 0 .7 5  for drop hammers

e, = 0 .8 5 for all  other hammers 
h

Ru (k ip s) ,  s ( i n ) ,  Eh (ft-kips)

Reference Number Year Recommended
Safety Factor

(15) 1820
( 3)

(15) 1850

(15) 1859 3
( 2)
(18)

(15)  1888 6
( 3)

( 3) 
(15)

( 3) 
(15)

1957

O



Table 1. Continued

Formula Name

Rankine

H i 1 ey

Janbu

Equation

R =

R =

R =

_ 2AEs euE, L
i  + - P -  - 12

s EA

ehEh W + n w

Reference Number Year 

(15)

(19)

e h Eh
K s 

u
K = C , 

u d 1 + 1 +
Cd J

( 3) 1951

Recommended 
Safety Factor

3-6

Pacif ic  Coast Uniform 
Building Code 
(PCUBC)

R = e hEh
W + Kw 

W + w

s +
R L 

u
AE

Cd = 0.7 5  + 0 .15 ^

a _ h hA --------- j -
AEs

K = 0 .2 5 for 
steel  piles  

= 0.10 for all  
other piles

( 3) 
(18)



T a b l e  1 .  C o n t i n u e d

F o r m u l a  N a m e E q u a t i o n R e f e r e n c e  N u m b e r  Y e a r
Recommended 

Safety Factor

Danish R = u
h h

s + h h 
2AE

( 19) IS 67 3 -6

Rabe R =
e u E. h h

s + C w +
( 15) 1946

Modified ENR*
p F 2

h h W + n w
s + z W + w ( 18) 1965

Canadian National 
Building Code

R = u

n W + n (0 . 5w) 
ehEh ------------ W + w—  '

s +
Ru
2A I  + 0 .0001

( 3 )
( 5 ) .

There are several formulas that are modifications of the ENR formula and are known as Modified ENR. The 
Modified ENR presented here was proposed by the Michigan State Highway Commission in 1965.

NOTE: To be consistent,  the net hammer energy is given in a l l  equations as euE^ even though many of the 
formulas were developed fo r  drop hammers where the hammer energy is  given by Wh. No units are given for  
any terms (except for  empirical formulas) so that any consistent set of units can be used.



Table 1 . Continued

A = cross-sectional area of p i le

A 1 = cross-sectional area of cushion block

B = stat ic  supplement factor in Rabe's formula (see ( 27) for c la r i f i c a t io n )

C = temporary compression loss  in the cap, p i l e ,  and s o i l ;  used in Rabe's formula (see ( 27 ) for  
c la r i f i c a t io n )  

c l » c2»c3 = coeff icients  for  H iley  equation 
e^ = ef f ic iency  of s t r ik ing  hammer (<1 . 0 )

E = Young's modulus of e l a s t i c i t y  of p i le

E' = Young's modulus of e l a s t i c i t y  of the cushion block
E  ̂ = manufacturer's hammer energy rat ing
F = factor of safety

h = height of free fa l l  of hammer

K = a c o e f f i c i e n t  to account f o r  e l a s t i c  compression plus other  losses in Redtenbacher's classical 
formula

L = length of p i le  '

L' = axial length of cushion block

n = coefficient  of res t i tu t io n

Ru = ultimate bearing capacity of p i le  in soil
Rp = safe bearing capacity of p i le

s = p i le  penetration for last blow, also cal led "set"
w = weight of pi le
W = weight of hammer

z = 0 . 1  for  steam hammers; 1 . 0  for drop hammers



integrat ing the area under typical load-sett l  ement curves for  timber pi les 

driven by drop hammers, and a l l  the losses  are taken in to  account by a 

s in g le  f a c t o r ,  z .  U s u a l l y  i s  assumed equal to 1 when using the ENR 

formula.

T h is  formula probably  i s  the most w ide ly  used dynamic p i le -d r i v in g  

formula c u r r e n t l y  in  use in the United S ta te s ,  mainly because of i t s  

s i m p l i c i t y  and the fa c t  that  i t  is  easy to use. However, several 

i n v e s t ig a t o r s  have noted the extremely wide range of sa fe ty  fa c to rs  

determined when using th is  formula ( e . g . ,  1 , 5 , 19,27) .  This should not be 

surprising due to the s impl ic i ty  of the formula and the way in which i t  was 

developed. Details of f ie ld  studies which report comparisons between p i le  

capacity predicted by the Engineering News formula (and other formulas) and 

p i l e  load t e s t  r e s u l t s  are presented in the section t i t l e d  "Comparative 

Studies."

Hi 1 ey

Olson and Flaate ( 19) reported that Hiley developed his formula in an 

attempt to eliminate some of the e r ro rs  associated with the t h e o r e t i c a l  

e va luat ion  of energy absorption by a p i l e - s o i l  system during dr iv ing .  The 

f a c t o r  1/2 (Ci+C2+C3 ) is  analogous to the factor Z in the ENR formula. Ĉ  

represents the peak temporary e last ic  compression in the p i le  head and cap. 

C h e l l i s  ( 5 ) has compiled values of C\. The factor C2 + C3 represents the 

combined temporary compression of p i le  and supporting ground and is  based 

on f i e l d  measurements. The H i le y  formula is  used extensively in Great 

B r ita in  and in Europe.
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Eytelwein (Dutch)

The Eyte lwein formula was developed at a time when steel and concrete 

p i les  were being used more frequently in place of timber p i l e s ,  r e s u l t in g  

in h e a v ie r  pi les and concomitant higher dr iv ing energies. Combinations of 

e i ther  a l i g h t  hammer and a heavy p i le  or a heavy hammer and a l i g h t  p i l e  

r e s u l te d  in  values of s that  yielded widely varying results when the ENR 

formula was used. The ENR formula was modified in an attempt to account 

for  th is  variat ion by adding an expression fo r  the re lat ive  weights of p i le  

and hammer. Th is  modif ied form of the ENR is  known as the Eyte lwein  

formula.

A problem develops when th is  formula is used fo r  pi les driven by drop 

hammers where the p i le  set,  s,  is small. Note from the formula f o r  drop 

hammers shown in Table 1 that as s approaches zero,  Ru approaches i n f i n i t y .  

This obviously is not possible,  and indicates that the predic ted u l t im ate  

capacity is  too high for  small values of s.

Janbu

Th is  formula does not d i r e c t l y  in v o lv e  the law of impact. Janbu 

factored a series of variables that are d i f f i c u l t  to  evaluate out of the 

conserva t ion  of energy equation and combined them in his  d r i v i n g  

c o e f f i c i e n t ,  C^. The driv ing coeff ic ient  includes terms representing the 

dif ference between s ta t ic  and dynamic capacity ,  the rate of t r a n s fe r r a l  of 

load in to  the s o i l  with respect  to depth, and hammer e f f ic iency  and is 

correlated with the ra t io  of the weight of the p i l e  to  the weight of  the 

hammer. The overal l  fac tor ,  Ku modifies the dr iv ing  coeff ic ient  by a term 

that  includes X, which incorporates the length and cross-sectional area of
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the p i l e ,  Young's modulus f o r  the p i l e ,  the hammer energy, and the pi le  

set.

Danish

Sorensen and Hansen ( 26 ) based the Danish formula on a study done 

using dimensional analysis, s ta t is t ic a l  analysis,  and by s im p l i f y in g  some 

of the more complicated formulas.  Th e i r  analysis was predicated on the 

fol lowing rationale taken d i r e c t l y  from the ir  report:

Due to the fact that al l  the practical  formulae are fundamentally 
wrong on several points,  i t  cannot be assumed or even expected 
that  the best formula i s  the one that  considers  the greatest 
numbers of energy losses or appears to be the most comprehensive.
The only c r i te r io n  by which any sound judgment can be made is the 
s ta t is t ica l  analysis of the agreement between formula and load 
t e s t s ,  and i f  s i m p l i c i t y  can be combined with accuracy, so much 
the better.

Gates

The Gates formula is a s t r i c t l y  empirical relationship between hammer 

energy, f inal set,  and test  load resu l ts .  I t  was developed by apply ing  a 

s t a t i s t i c a l  adjustment (based on approximately 100  load t e s t s )  to a 

s ig n i f i c a n t ly  simplif ied form of exist ing  equations. In his r e p o r t ,  Gates 

( 7 ) did not include the data on which his study was based and did not give 

an indication of the amount of scatter.  I t  seems, however, that  a l l  s o i l  

types were included in the study.

Ranki ne

The Rankine formula is  a special  case of Redtenbacher' s classical 

formula in which the impact is considered to be perfect ly  e la s t ic  (n=l)  and



the p i l e  is  considered to be supported e n t i re ly  by f r i c t i o n .  Therefore, 

Rankine's formula is the opposite l imit  expression from the Redtenbacher1 s 

formula shown in Table 1 in which the impact is considered to be perfect ly  

ine last ic  (n=o).

Gow

Based on exper ience and in tu i t ion ,  the Gow equation was developed by 

a d jus t ing  the denominator of  the ENR formula to represent the ex t ra  

energy-absorbing character ist ics  of precast concrete p i les .

Rabe

Rabe's formula is empirical,  but is more complex than other empirical 

formulas. I t  is a combination stat ic  and dynamic formula that accounts for 

s o i l  co n d i t io n s  as well as most of the other factors that influence pi le  

capacity.

Th is  formula can be cumbersome to use because to solve i t  requires 

extensive computation and several t r i a l  estimates of load. I t  is necessary 

to perform many of the computations pr ior  to d r i v in g ;  otherwise, i t  becomes 

d i f f i c u l t  to use in the f i e l d .

Modified Engineering News-Record (Michigan)

This is one of many so-cal led Modified ENR formulas. This version was

proposed in 1965 by the Michigan State Highway Department ( 18) as the

product of an e x te n s ive  study to compare the ef f icacy  of several dynamic

formulas to predict bearing capacity of p i les .

This version modifies the ENR formula by mult iplying i t  by the factor

W+n^w
W+w
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which gives a ra t io  of combined ram-pile k i n e t i c  energy before  and a f te r  

impact. This factor ,  when multipl ied by the i n i t i a l  energy, ehE^, defines 

the available energy after impact.

Wave Equation Analysis 

The problems associated with using dynamic p i le -d r i v in g  formulas to 

predict s ta t ic  bearing capacity of a p i le  are numerous. Many d i f f i c u l t i e s  

stem from the fa c t  that  p i l e  dr iv ing  is not a simple problem that can be 

solved by the d i rect  application of Newton's laws ( 6 ) .  With the except ion 

of  Rabe's formula,  none of the other formulas l i s t e d  in Table 1 even 

attempt to account for the soi l  types and s o i l  co n d i t io n s  in to  which the 

p i l e  i s  being d r i v e n .  Other problems develop from the s im p l i f y in g  

assumptions made in accounting for energy losses in the system. Empirical  

formulas only can be used in restr icted applications because they generally 

are developed for specif ic  p i le  types, d r i v in g  equipment, s o i l  types and 

c o n d i t io n s  and are of l imited general use. Evidence for th is  can be found 

in the "Comparative Studies" Section of t h i s  re p o r t  where the r e s u l t s  of 

s tud ies  comparing formula predictions of ultimate capacity to the results  

of p i le  load tests are presented. The ASCE Manual of Engineering P ra c t ice  

( 2 ) gave the fo l lo w in g  words of caution in 1946 about the use of dynamic 

p i le -d r i v in g  formulas:

Experience has shown that  (dynamic p i le -d r i v in g  formulas) 
cannot be re l ied on when used indiscriminately but should be used 
with d i s c r e t i o n ,  p a r t i c u l a r l y  in l i g h t  of experience gained at 
the s i t e .  Because of the u n c e r t a i n i t i e s  in v o lv e d ,  the 
m isa p p l ica t ion  or misuse of these formulas by those with 
insuff ic ient  experience, and the u n r e l ia b le  behavior even when 
they have been in t e l l i g e n t l y  used, no p i le  formula is  recommended 
in th is  manual.



An a l te rn a te  method of p r e d ic t in g  s t a t i c  bearing capacity of pi les  

involves analyzing the longitudinal wave transmission in pi les  by the wave 

e q uat ion .  A wave equation computer program allows the user to predict the 

d r iv ing  stresses induced in a p i le  for  any blow of the hammer, to determine 

the r e s u l t i n g  motion of the p i l e  during the impact, and to determine the 

resistance of soi l at the time of  d r i v i n g .  Th is  information al lows the 

engineer  to determine the compat ibi l i ty  of the dr iv ing equipment with the 

p i le  type, s ize ,  and soi l  condit ions.  From a theoret ica l  s ta n dp o in t ,  the 

wave equation models the development of bearing capacity in a p i le  driven 

into soi l  much more accurately than Newton's impact laws, which form the 

basis of most dynamic p i le -d r i v in g  formulas. However, analytical  solutions 

to the wave equation for  p i les  are not available due to the complex nature 

of  p i l e - d r i v i n g  problems. The on ly  so lut ions  to th is  problem current ly  

available are based on numerical methods.

The f i r s t  person to pub l ish  a d iscuss io n  of the wave act ion  that 

occurs during the d r i v i n g  of  p i l e s  was Isaacs in 1931 ( 14) .  G l a n v i l l e  

et al . ( 8 ) published a s o lu t io n  in 1938 of the wave equation applied to 

p i le  d r i v in g ;  however, the value of h is  s o lu t io n  was diminished by the 

number of s im p l i f y in g  assumptions necessitated by the unavail a b i l i t y  of 

computers at that t ime. I t  was not u n t i l  the e a r l y  1960s that  the wave 

equation method f i r s t  was put in to  p r a c t i c a l  form by Smith ( 25) in his 

classical  paper. Further research and development by others  has produced 

the many computer programs now available to analyze p i le  dr iv ing  by wave 

equation methods.

Smith's solution ( 25) consists of using a f in i te -d i f fe re n c e  method to 

numerically model the wave equation, thereby calculat ing the p i le  set for a 

g iven ul t imate load. A graphical representation of his idealized model is
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shown in F igure  1 , wherein the ram, cap block, p i le  cap, p i le ,  and soil 

re s is ta n ce  are id e a l i z e d  as d is c re te  elements c o n s is t in g  of weights ,  

springs, and dashpots.

Because they usually are short, heavy, r i g id  objects,  the ram and the 

p i le  cap are represented as individual weights without e l a s t i c i t y .  The ram 

and p i l e  cap are shown in F igure  1 as ,Wi and Wgj r e s p e c t i v e l y .  In 

c o n t r a s t ,  the capblock is  ide a l ize d  as a spr ing  {K\) because i t  is  a 

r e l a t i v e l y  s h o r t ,  l i g h t ,  s p r in g y  item made of wood, p l a s t i c ,  or other 

simil ar materia l .

The p i l e ,  although heavy, g e n e r a l l y  is  long and therefore somewhat 

compressible, making i t  subject to wave action when struck by the ram. The 

wave act ion  is  simulated mathematical ly by separating the p i l e  into 

discrete units,  where the mass of each unit is represented by an individual 

weight (W3 to W1 2 ) and the e l a s t i c i t y  of each unit is represented as an 

in d iv id u a l  spring (Kg to K n ) .  The motion of each unit is determined as 

though i t  is a separate and d is t in c t  object.  However, care must be taken 

to se lec t  a un i t  length s i g n i f i c a n t l y  smaller than the wavelength of the 

impact wave produced in the p i l e ;  o therw ise ,  t h i s  numerical method w i l l  

break down.

Smith's s o i l  model c o n s is ts  of  a system of ex terna l  sp r in g s  and 

dashpots and is f a i r l y  complicated. T h e re fo re ,  o n ly  a b r i e f  d iscuss ion  

w i l l  be presented here.  Further detai ls  can be found in Smith ( 25) .  The 

soi l  resistance acting on a p i le  can be divided into two par ts - - the  bearing 

re s is ta n ce  at the bottom of the p i le  and the f r i c t io n a l  resistance along 

the sides of the p i le .  Smith's model analyzes both the po int  re s is ta n c e  

and the side resistance in terms of three factors :
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1 . E last ic  ground compression (also cal led "quake").

2 . Ultimate ground resistance.

3 . Viscous damping based on a damping constant.

However, the ana lys is  of  the po int  re s is ta n ce  d i f f e r s  from the 

a n a lys is  of the side resistance in the value of the damping constant used, 

with the damping constant for the point resistance being la rg e r  than that  

for  the side resistance. This difference accounts for the fact that as the 

p i l e  is  d r iven  downward, the s o i l  under the p i l e  po int  is  d isp laced 

r a p i d l y ,  whereas the s o i l  along the side is not. A useful and ve rsa t i le  

face t  of using a numerical wave equation s o lu t io n  is that  the s o i l  

re s is ta n c e  can be d i s t r i b u t e d  over the f u l l  length of the p i l e  in any 

manner that best represents the soi l conditions at a part icular s i t e .

Once the system is  completely d iscretized ( i . e . ,  the p i le  is divided 

into segments with the appropriate spring constant and soi l res istance),  i t  

can be analyzed in a se r ie s  of separate time interva ls .  The ideal time 

interval would be that which would al low the s t ress  wave to j u s t  t ra v e l  

from one element into the adjacent element. This is not possible,  however, 

from a practical  standpoint because the speed of the wave varies while  the 

time interval remains constant. The best practical  time interval to use is 

the largest that w i l l  result  in a completely s tab le  numerical s o l u t io n .  

U n fo r tu n a te ly ,  there is  no simple r u le  that  governs a l l  po ss ib le  

s i tuat ions,  but Smith ( 25 ) g ives  c r i t e r i a  to use as g u id e l in e s .  I t  is  

important to note that the required time interval is related to the length 

of the p i le  element chosen--the smaller the p i le  unit  length se lec ted ,  the 

smaller the time interval must be.

Since the publication of Smith's paper in the early  1960s, a multitude 

of computer programs have been written that use a numerical model o f  the
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wave equation to analyze the p i le  driv ing problem. Some of these programs 

incorporate f in i t e  element methods rather than f i n i t e  d i f fe r e n c e  methods. 

Two programs are of special interest to this  report and w i l l  be discussed 

here inafter.

A wave equation was developed by Hirsch et a l . ( 12) in the early  to 

mid 1970s for  determining the dynamic behavior  of  p i l e s  during d r i v i n g .  

Th is  program, commonly known as the TTI wave equation program, was 

developed by the Texas Transportation In s t i tu te ,  under the auspices of the 

Federal Highway Administration. The TTI program was intended for  general 

p r a c t i c a l  use by highway departments and was meant to a s s i s t  highway 

departments in the understanding, use, and practical application of p i le  

dr iv ing  analysis by the wave equat ion. For many ye a rs ,  the TT I  program 

probab ly  was the most w id e ly  used wave equation program in the United 

States.

In the la te  1970s and e a r l y  1980s,  a wave equation program known as 

WEAP (Wave Equation Analysis of Pi les)  was developed by Goble and Rausche 

( 10 ) under contract to the Federal Highway Administration. The motivation 

for the development of the WEAP program came from problems the New York 

Department of T ra n s p o r ta t io n  (NYDOT) encountered when they attempted to 

incorporate the TTI wave equation program into th e i r  p i le  dr iv ing  practice.  

NYDOT experienced ser ious  problems when TTI was used for p i les  driven by 

diesel hammers, in that unrea l is t ic  values of d r i v i n g  s t resses  sometimes 

were obtained. The WEAP program improved upon the TTI program by analyzing 

p i l e s  d r iven  by d iese l  hammers using a thorough model of  both the 

thermodynamic and mechanical hammer o p e ra t io n .  WEAP also improved and 

refined exist ing techniques for wave analysis of pi les driven by a i r -s team  

hammers. Many highway departments and private contractors have switched
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from the TT I  program to the WEAP program f o r  wave equation analysis of 

p i les .

Pi le Analyzer

Two major shortcomings of most dynamic p i l e  analyses are the 

uncertainty of the actual energy applied by the hammer to the p i l e  during 

d r i v i n g  and the d is t r ib u t io n  of soi l resistance along the p i le .  Research 

begun in 1964 at Case Western Reserve U n i v e r s i t y  under Goble i n i t i a l l y  

concentrated on using e le c t r o n ic  equipment to measure fo rce  and 

acceleration at the top of the pi le  for each blow of the hammer so that the 

actual appl ied energy could be determined. Using these data, they were 

able to relate the ir  dynamic measurements to s ta t ic  bearing capaci ty  using 

a single force-balance theory ( 11) .  Static bearing capacit ies predicted by 

the proposed theory were compared to model p i le  load tests ,  f u l l  scale load 

t e s t s ,  and load t e s t  results  conducted in Michigan ( 18) ,  with the results  

indicating that the method showed promise as a means of p r e d ic t in g  s t a t i c  

bearing capacity of p i les .

A l a t e r  study extended the application of the force and acceleration 

methods to the calculation of the d is t r ibut ion  of soi l  resistance along the 

p i l e  ( 24 ) .  The predic t ion  of the magnitude of dynamic soi l  resistance is 

an important f a c to r  in choosing e f f i c i e n t  hammer c h a r a c t e r i s t i c s .  In 

a d d i t io n ,  t h i s  work used two methods to predict s ta t ic  bearing capacity:

( 1 ) an improved version of the force-bal ance th e o ry  discussed above, and

( 2 ) a wave equation an a lys is  method. The s ta t ic  capacit ies predicted by 

these two methods were compared to load te s t  data ,  with the r e s u l t  that  

both methods yielded better corre lation with the load test resu lts  than any 

of the energy formulas they used. The best predictions re s u l te d  from the
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wave equation a na lys is  method due to the in c lu s io n  of both dynamic and 

sta t ic  soi l  resistance.

A f u r t h e r  development using force and acceleration measurements was 

published in 1979 by Rausche and Goble ( 23) that suggested a procedure fo r  

de te c t in g  d i s c o n t in u i t i e s  and reductions in cross section at points along 

the p i le  below the ground sur face .  The the ory  behind t h i s  method uses 

one-dimensional wave propagation considerations to predict the ef fect  that 

s t re s s  waves produced by p i l e  damage would have on the fo rce  and 

a c c e le ra t io n  records .  The actual force and acceleration records then are 

examined to see i f  evidence of p i le  damage ex is ts .

A major drawback in the e a r l y  use of t h i s  e le c t r o n ic  measuring 

equipment was that personnel well trained in e lectron ics  were requ ired  to 

operate the equipment in order to achieve usable results  ( 9 ) .  In order to 

make th is  method feasible for ro u t in e  use in the f i e l d ,  specia l  purpose 

computers were designed and constructed to perform a l l  necessary 

computations in the f ie ld  and display the resu l ts .  This equipment has been 

changed and improved through the years and now is  available to anyone who 

is interested from Pile  Dynamics, I n c . ,  a p r i v a t e l y  owned company. The 

p r o p r i e t a r y  name of th is  equipment is the P i le  Driving Analyzer, but i t  is 

more commonly known as the p i le  analyzer or the "Goble" analyzer.

Discussion of Methods 

The three general methods of  construction control and estimation of 

p i l e  ca p a c i t y  discussed above each have t h e i r  own advantages and 

disadvantages.  D r iv in g  formulas,  s t i l l  perhaps the most popular method, 

are v e ry  easy to use. In t h e i r  s implest  form, o n ly  a measure of  the 

permanent set under a s in g le  blow of  the hammer is  needed to p r e d ic t
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c a p a c i t y .  Tables can be compiled fo r  some of the formulas (such as 

Engineer ing News), so that  no c a lc u la t io n s  are re q u i re d .  Th is  has 

tremendous advantage because i t  means that determinations of p i le  capacity 

can be made in the f ie ld  very q u ic k l y  by f i e l d  personnel.  I t  i s  l i k e l y  

that th is  is  the main reason for the popularity of formulas, especia l ly  the 

Engineering News formula.

The s i m p l i c i t y  of  most p i l e  d r i v i n g  formulas leads to the major 

disadvantage--inaccuracy. As discussed l a t e r ,  the use of a p i l e  d r i v i n g  

formula e x c l u s i v e l y  can lead to dangerously low s a fe ty  f a c t o r s  or 

uneconomical l y  high ones. The d i f f i c u l t y  with using formulas is  the 

s c a t t e r  in the corre lation between predicted and actual p i le  capacity.  In 

order to assure that  the actual sa fe ty  fa c t o r  obtained is  above 1 . 0 , 

uneconomically high reductions in predicted capacity are needed.

Of the formulas discussed above, most would be suitable for WSDOT use 

from the po int  of view of ease of use. The Rabe formula i s  the major 

exception, due to the amount of computation required, e s p e c i a l l y  p r i o r  to 

d r i v i n g .  The Janbu formula also involves somewhat more calculation than 

others, but is not pa r t ic u la r l y  d i f f i c u l t  to use. I t  is  f e l t  th a t  a l l  of  

the others  are simple enough to at least consider for use i f  a formula is 

to be used in the future.

On the other extreme from dynamic formulas is the p i le  analyzer.  On 

the negative side, th is  equipment is r e l a t i v e l y  expensive to purchase and 

maintain and requires highly trained indiv iduals to operate i t  and evaluate 

the data i t  provides. Also, the equipment used is  reasonably d e l i c a t e  and 

breakdowns can occur .  The advantages are re la te d  to accuracy of  the 

method. When properly used, very accurate estimates of p i l e  c a p a c i t y  are
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obtained p o t e n t i a l l y  leading to substantial reductions in cost.  Also,  a 

p i le  analyzer can be used to detect p i le  damage.

A wave equation a n a lys is  f a l l s  between the other two methods. I ts  

major advantage is increased accuracy over dynamic formulas. The ana lys is  

can be used quite successful ly to select a plle-cushion-hammer combination 

to maximize dr iv ing e f f ic ie ncy .  Also, i t  can be used to accurately predict 

s t resses  which w i l l  be encountered during d r iv ing .  I t  is sometimes used 

fo r  these purposes even when other  methods are used to est imate p i l e  

c a p a c i t y .  The disadvantage is  that  the a n a lys is  re q u i re s  computer 

f a c i l i t i e s  (so f tware  i s  a v a i la b le  fo r  use on personal computers) and 

personnel trained in i t s  use.
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CURRENT PRACTICES OF STATE TRANSPORTATION DEPARTMENTS

To assess the current practices of state transportation departments, a 

l e t t e r  was sent to each state and the D is t r ic t  of Columbia requesting the 

fol lowing information:

1 . Method(s) used for estimation of p i le  capacity during design.

2. Method(s) used for construction control  of p i le  d r iv ing .

3 . Any comparative studies of various p i le  dr iv ing  formulas.

4 . Any data comparing f ie ld  load test  results  with results  predicted 

from formulas or wave equation analyses.

5. Has a p i le  analyzer been used; i f  so were you sat isf ied?

T h i r t y - f o u r  responses were obtained from the 50 le t te rs  sent out. A

l i s t  of those departments responding is presented in Table 2. A l l  regions 

of the co untry  are represented and, although several replies were quite 

b r i e f ,  i t  is  f e l t  that  on the whole a reasonably  de ta i le d  p i c t u r e  of 

current practice has been obtained. The fol lowing discussions are based on 

the responses received.

Methods for  Estimating Pile  Capacity During Design

Answers to th is  question t y p ic a l l y  were b r ie f  and indicated a general 

method rather than specif ic  design deta i ls .  Most states use the results  of 

a subsurface investigation,  including soi l  sampling and laboratory test ing ,  

to determine soi l  properties which then are used in one or more s ta t ic  p i le  

ca p a c i ty  equat ion. Nord lund 's  method was c i t e d  most frequently  as the 

method used to predict capacity in sand ( ID ,  MI, NV, NY, NM, WI) .  Other 

methods c i te d  are those developed by Vesic (NC,PA); Meyerhof (CA); Jaky
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T A B L E  2 .  S t a t e s  R e s p o n d i n g  t o  R e q u e s t  f o r  I n f o r m a t i o n

AR Arkansas NV Nevada

CA Cal iform' a NH New Hamshire

CO Colorado NJ New Jersey

CT Connecticut NM New Mexico

DC D is t r ic t  of Columbia NY New York

FL FI or id a NC North Carolina

ID Idaho ND North Dakota

IA Iowa OK Oklahoma

KS Kansas PA Pennsylvani a

KY Kentucky Rl Rhode Island

LA Loui si ana SC South Carol ina

MA Massachusetts SD South Dakota

MI Michigan TN Tennessee

MN Minnesota VT Vermont

MS Mississippi WV West V i rg in ia

MO Mi ssouri WI Wisconsin

NE Nebraska WY Wyoming



(C O - fo r  f r i c t i o n  p i l e s ) ;  Tomlinson ( I D ,  N J - f o r  f in e  grained s o i l ) ;  and 

Thurman (NV-for end bearing).  AASHTO standard specif icat ions were cited by 

s i x  s tates  as the basis  f o r  t h e i r  design (DC, MN, MA, ND, OK, VT-for  end 

bearing); the FHWA method (described in "S o i l  and Foundation Workshop 

Manual") by two states (KY, MO), the Naydocks Design Manual by one (CT-for  

f r i c t io n  p i les)  and the Bureau of Public Roads method by one ( V T - f o r  end 

b e a r in g ) .  New Hampshire stated that pi les  were driven to re fusa l ,  while 

West V i rg in ia  drives a l l  p i l e s  to rock.  Other states were more vague, 

i n d ic a t in g  that  the design loads came from borings and c a l c u l a t i o n s ,  

experience, set values, load tests ;  were based on soi l  propert ies ,  or were 

obtained from a foundation engineer.

C l e a r l y ,  a wide v a r i e t y  of methods are current ly  being used with no 

real favori te  apparent. This is not surprising cons idering the m ult i tude 

of methods which can be found in the l i te ra tu re .

Construction Control of Pi le  Driving 

Despite the m ult i tude of dynamic methods available for  estimation of 

p i le  capacity only a handful appear to be used by transportation department 

engineers .  Based on the response re c e ive d ,  several  po in ts  are c lear .  

F i r s t ,  the Engineering News formula, ei ther in i t s  o r i g i n a l  form or more 

often a modified vers ion, is  by far  the most popular dynamic formula used. 

Second, wave equation methods, such as the WEAP computer program, are 

w ide ly  used a lso .  T h i r d ,  use of p i le  analyzers is growing, but is s t i l l  

not very prevalent.

Table 3 summarizes the responses received. In three cases (DC, LA, 

NH) the question appears to have been in te rp re te d  to r e f e r  to al ignment 

c o n t r o l ;  these responses are not included. Of the remaining 31 responses,
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T a b l e  3 .  S u m m a r y  o f  R e s p o n s e s  t o  Q u e s t i o n  N o .  2 :  M e t h o d s  U s e d  f o r  C o n s t r u c t i o n  C o n t r o l  o f  P i l e  D r i v i n g

State ENR Modified Wave equation P i le  Load Test Other/Comments
ENR*

AR X

CA X Large jobs Specified p i le  t ip  e le v a t io n '
CO X

CT X Many pi les driven to refusal
FL X To size hammer
10 WEAP

10 X X
KS X

KY Selected projects

MA X On very few occasions consultant hired for
wave equation analyses

MI X

MN X

MS X X
MO X

NE "Dynamic Formulas" did not state which ones
NV X Minimum t i p  elevation- -Note:  ENR abandoned

due to inaccuracy 

"Blow count and depth penetration methods"
NM X WEAP, TTI

NY WEAP Dynamic Load test (Goble p i le  analyzer)



T a b l e  3 .  C o n t i n u e d

State ENR Modified Wave equation P i le  Load Test Other/Comments
ENR*

X Wave equation methods used to determine
d r i v a b i l i t y

ND X
OK X

^  X Minimum t ip  elevation

^  X X  Recently switched from ENR formula
X Large projects Index pi les

SO X Test pi les
TN X X

VT X X Load test on selected pi les

wv Driven to refusal (20 blows/inch)
WI X Pi le  analyzer also used
WY For end For f r i c t io n

bearing pi les 

pi les

♦Refers to any modification of ENR formula, each state has a dif ferent  modification.

COro



10 s ta tes  re p l ie d  that  they used the ENR formula and 11 s tates  use a 

modified ENR formula. I t  should be noted that  none of the states which 

ind ica ted  use of the ENR formula actually wrote the equation out, so i t  is 

possible that  some or a l l  may a c t u a l l y  be using a m o d i f ica t io n  of  the 

o r i g i n a l  ENR formula. Six of the 11 states using a modified ENR formula 

gave the actual equations they use. Inspection of these formulas showed 

them to be m o d i f ica t ion s  of  the o r ig in a l  ENR equat ion. No two of the 

states used the same formula. The other f ive  states replied that they used 

a Modified ENR formula, but did not present the actual equation. One reply 

stated that "dynamic formulas" are used, but did not s ta te  which ones. 

Based on these responses,  i t  is  very clear that despite the multitude of 

formulas a v a i la b le ,  s ta te  t ra n s p o r ta t io n  departments use o n ly  the ENR 

formula and modifications of i t .

Wave equation methods are used by 10 states.  However, F lorida uses i t  

o n ly  to s i z e  the p i l e  d r i v i n g  hammer and North Caro l ina  uses i t  to 

determine d r i v a b i l i t y .  Both of these states  use an ENR formula f o r  

estimation of p i le  capacity. Wyoming uses wave equation methods o n ly  f o r  

f r i c t io n  p i les .

New York and Pennsylvania both have extensive experience with wave 

equation methods (PA indicated 10 years experience). Both r e q u i r e  a wave 

equation ana lys is  f o r  a l l  p i l e  jo b s .  New York uses the WEAP program, 

Pennsylvania did not indicate the specif ic  method used. Rhode Is land and 

Nevada both stated that  they abandoned the ENR formula in favor of wave 

equation analyses. In the case of Nevada, pi les  were being overdriven with 

the ENR formula and corre lat ion with load tests was poor.

New York and Wisconsin are the only two states  which in d ica ted  that  

they use a p i l e  analyzer  in connection with c o n s t ru c t io n  c o n t r o l .  On
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c e r t a in  jobs ,  New York performs the ir  own Dynamic Pile  Load Test using the 

Goble p i le  analyzer. They have t h e i r  own equipment and sta te  that  they 

have performed over 100 p i le  load tests using th is  method. They f ind that 

i t  is quick and r e l a t i v e l y  inexpensive compared to s ta t ic  load test ing .  The 

Wisconsin reply  merely stated that a p i le  analyzer is used in addition to a 

modified ENR formula.

Comparative Studies of P i le  Driving Formulas 

Twelve states indicated that some comparative studies have been made. 

Unfortunately,  most of the studies cited were either quite old and no data 

are a v a i l a b le ,  or in fo rm al .  Only Michigan and South Dakota were able to 

provide reports documenting th e i r  work. A summary of the response from 

those states  which r e p l ie d  in the a f f i r m a t i v e  i s  presented in Table 4 . 

Three states volunteered op in ions based on informal s tud ies  and/or 

experience. In New York's experience, WEAP is much better than any dynamic 

equation.  In comparing WEAP p re d ic t io n s  with the Dynamic Load te s t  

resu l ts ,  good agreement is found "for  certain so i ls  and hammer types." When 

the WEAP program is inaccurate, i t  appears to be due to ei ther  the assumed 

s o i l  res is ta n ce  d i s t r ib u t io n  or the hammer model in WEAP. Diesel hammers 

present more problem than other types.

Wyoming's comparisons have shown that the modified ENR formula they 

use is  o v e r l y  c o n s e r v a t i v e ,  while Oklahoma found that  ENR and "more 

soph is t ica ted  formulas" vary only "under extreme condit ions." The results  

of Michigan's study w i l l  be examined in detai l  in the fol lowing section.
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Tab 1 e 4 . Summary of Responses to Question No. 3 : Comparative Study of 
P i le  Driving Formulas

State Response

CO Only informal comparisons have been made

KA In a few p ro je c ts  wave equation a n a lys is  conducted to confirm 
present methods--results not analyzed to date

m Extensive comparative study- -reference No. 18

MO Some comparisons made in past, but data not available

NM ENR and wave equation compared to load te s t  (d id  not provide 
deta i ls  with response)

NY No formal s tu d ie s ;  however, based on th e i r  experience they feel 
WEAP much better than any dynamic formula

ND Studies were conducted approximately  25 y e a rs -a g o ,  data not 
avail able

OK Studies show that  sop h is t ic a te d  formulas (compared to modified 
ENR) not much d i f f e r e n t  except in extreme ca se s - -n o  d e t a i l s  
provided

PA Some comparisons between modif ied ENR and wave e q ua t io n - -n o  
conclusions to date

SD Comparison between ENR and SD formula- -reference No. 4

WI Only i f  ve ry  expensive s t r u c t u re s  or ve ry  d i f f i c u l t  s o i l  
condit ions are involved w i l l  comparative studies be conducted

WY Informal comparisons indicate modified ENR over ly  conservative



Comparison of P i le  Load Tests Results with Formulas 
and/or Wave Equation

Most s tates responded in the negat ive to th is  question. Only four 

referenced published comparisons they had made (AK, LA, MI, SD). However, 

four  are current ly  conducting tests or analyzing old test results  (CA, KS, 

MS, PA), and one is  contemplating a study in the near fu t u r e  (KY) .  A 

summary of  a l l  the responses is  presented in Table 5 . D eta i ls  of the 

published comparisons w i l l  be presented in the following section.

Although the Pennsy lvania study i s  not complete, they did say that 

they are f inding that both the wave equation and p i le  analyzer underpredict 

ca p a c i t y  i f  there is  no re laxation. The magnitude of the underprediction 

varies with the pi le  hammer system, and appears to be g reates t  with l i g h t  

p i l e s  d r ive n  by heavy hammers. They give as an example a Monotube driven 

with a Vulcan a i r  hammer. They also stated that  the d r i v i n g  s t resses  

predicted by wave equation methods (WEAP, TT I)  are reasonably accurate.

Use of a P i le  Analyzer

Twelve states indicated some experience with a pi le  analyzer and three 

have plans to use one in the near future.  Of those using an ana lyze r ,  New 

York and Pennsylvania appear to have the most experience. As discussed 

above, New York has conducted over 100 Dynamic Pile  Load tests with a Goble 

analyzer  and are s a t i s f i e d  with the r e s u l t s .  Pennsylvania also is  

sat isf ied with the ir  use of an analyzer  but s ta te  that  i t  unde rpred ic ts  

capacity,  although not as much as a wave equation analysis.

Several states (FL, ID, ND, SC) have only very limited experience with 

the analyzer ( t y p i c a l l y  a FHWA demonstration pro ject ) .  Neither Idaho nor 

South Carolina were completely s a t i s f i e d  with t h e i r  use of an a n a ly z e r .
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Table 5 . Summary of Responses to Question No. 4 : Comparative Studies of 
P i le  Load Tests with Formulas and/or Wave Equation

State Response

AK Comparison of  formulas and wave equation with p i l e  load 
tests- -Reference No. 28

CA Study in progress comparing states and dynamic load test results  
with wave equation

10 Some comparisons were attached,  but no formal study has been 
conducted

KS Study in progress

KY Future study planned

LA Comparison of  formulas with p i l e  load test  results- -Reference 
No. 20

MI Major study in the 1960s--Reference No. 18

MN Limited comparisons have been made, data not available

MS Data being analyzed

NC Wave equation a n a lys is  compared to f i e l d  load t e s t s - - n o  data 
presented

PA Comparisons of  s t a t i c  load t e s ts  r e s u l t s ,  wave equation, p i le  
analyzer and s ta t ic  ana lys is  have been conducted - -ana lyse s  of 
data in progress

SD Results of study in Reference No. 4



Idaho stated that the analyzer fa i led to indicate damages which occurred to 

steel H p i les  during d r i v i n g  and South Caro l ina  said that  r e s u l t s  were 

"uncertain." A summary of responses is presented in Table 6 .

WSDOT Practice

WSDOT practice is similar to that employed by other states. For small 

p i le  dr iv ing  jobs the Engineering News formula is  used f o r  est imat ion of  

p i l e  ca p a c i t y  and co n s t ru c t io n  control of p i le  d r iv in g .  The majority of 

p i l e  d r i v i n g  p ro je c ts  f i t  in to  t h i s  ca tegory .  For la r g e r  p r o j e c t s ,  

e s p e c i a l l y  i n t e r s t a t e  co n s t ruc t ion ,  both wave equation analyses and p i le  

analyzers  are used. Wave equation analyses are used to q u a l i f y  p i l e  

d r i v i n g  hammers which do not meet standard s p e c i f i c a t i o n s ,  and when 

problems are encountered during p i l e  d r i v i n g .  When a p i l e  analyzer  is  

employed, outside contractors are used, as WSDOT current ly  has no in-house 

capabi l i ty  for th is  type of work. Wave equation analyses ,  however, are 

conducted in -house .  The feeling that improvements could be made in WSDOT 

procedures prompted the funding of th is  research project .

Di scussion

Based on the responses discussed above, i t  is  c le a r  that  a large 

percentage of state transportation departments use the Engineering News 

formula or modifications to i t .  What is quite interest ing is that no other 

formula, such as H i ley ,  Janbu, Gates, e t c . ,  is used. The alternat ive  to an 

Engineering News formula is wave equation analyses and/or p i le  analyzers.  

The popularity of the Engineering News formula and i t s  v a r ia t i o n s  stems 

from i t s  ease of use and t ra d i t ion .  I t  is one of the oldest formulas and
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T a b l e  6 .  S u m m a r y  o f  R e s p o n s e s  t o  Q u e s t i o n  N o .  5 :  U s e  o f  a  P i l e  A n a l y z e r

State Response

CA Experimenting with the dynamic analyzer  and s a t i s f i e d  
results  so far - - in ten d  to eliminate s ta t ic  p i le  load tests

with

CO No use to date, but plan to in the near future

FL Used on one projectin  1981; did not indicate i f  sat isf ied

ID Used once in FHWA demonstration p r o j e c t - - a n a l y z e r  f a i l e d  to 
indicate damages which occurred in stec H pi les  during dr iv ing

KS Experimental use planned in 1985

KY Plan to purchase and use a Goble analyzer in 1985

MN Some experience in use of an a n a ly z e r - -d o  not fee l  they 
expertise to interpret  data from an analyzer

have

NE Used on several projects with sat is facto ry  results

NV Not used recently

NY Performed dynamic p i le  load test with Goble analyzer, sat isf ied 
with results

ND A l im ited  number of p i l e s  tested with an analyzer  
sat isfactory  results

wi th

PA Have used an analyzer  and s a t i s f ie d  with resu l ts ;  however they 
have found i t  underpredicts capacity

Rl Have used an analyzerand are sat is f ied  with results

SC Used once with uncertain results

WI Have been used and are sat isf ied with results

NOTE: A l l  other  s ta tes  ind icated  no exper ience with a p i l e  analyzer.



has been w ide ly  used in the United States f o r  decades. Many other 

formulas, however, also are quite simple to use.

Those states which have abandoned the Engineering News formula have 

switched to wave equation analyses and/or analyzers and appear to be q u i te  

s a t i s f i e d  with the r e s u l t s .  These methods c le a r ly  are more d i f f i c u l t  to 

implement, and require more h ig h ly  t ra ined  personnel.  The intermediate 

s tep ,  using a more so p h is t ic a te d  equat ion,  does not seem to have been 

implemented, based on the responses received.
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COMPARATIVE STUDIES

Over the past several decades, many researchers  have attempted to 

determine which of the many p i l e  d r i v i n g  formulas is  best by comparing 

formula predictions of p i le  capacity with p i le  load test  re su l ts .  Some of 

the more recent  stud ies  have included wave equation analyses and/or p i le  

analyzer predictions.  Because of the large number of formulas a v a i la b le ,  

each study  has concentrated on on ly  a few of them, usually no more than 

f iv e  or s i x .  To fu r th e r  complicate the problem of determining the best 

formula , the method of s t a t i c  p i l e  load t e s t in g  used in each study is 

d i f fe re n t .  Also, the amount of information provided on s o i l  c o n d i t io n s ,  

type of p i l e  d r i v i n g  equipment, and s e le c t io n  of v a r ia b le s  such as 

coef f ic ient  of re s t i tu t io n  or hammer e f f ic ie n cy ,  varies c o n s id e ra b ly .  At 

best then, s tud ies  such as those discussed below should be used primari ly  

to indicate which formulas appear to be consistent ly  among the better ones. 

Some information on effects of soi l  condit ions,  p i l e ,  and hammer type also 

can be obtained. Perhaps the most useful information i s  on v a r i a b i l i t y  of 

each formula.  I t  is  much b e t te r  fo r  a formula to c o n s i s t e n t l y  either 

underpredict or overpredict ultimate capacity by a constant  r a t i o  ra th e r  

than to p re d ic t  the ultimate load on the average but be ju s t  as l i k e l y  to 

grossly overpredict as underpredict.

One of the older references which c i tes  comparisons between predicted 

versus measured p i le  capacity is Chel l is  ( 5 ) .  He re p o r ts  the r e s u l t s  of 

comparisons using 45 in d iv id u a l  p i l e s  in which the s t a t i c  capacity is 

predicted by the Engineering News, Hi ley,  a Modif ied Engineer ing  News, a 

modif ied E y te lw e in ,  the Navy-McKay, the Canadian National Building Code 

(Canadian NBC), and the P a c i f i c  Coast Uniform B u i ld in g  Code (PCUBC) 

formulas.  The measured ca p a c i ty  is  defined as the load on the net
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settlement versus load curve where the "rate of movement begins to increase 

sharply in proportion to the increase in load." The data include several 

d i f f e r e n t  types  of p i l e s  ( t h i n ,  mandrel-driven corrugated she lls ,  f luted 

steel sh e l ls ,  pre-cast concrete,  wood, and H sections) and hammers (double 

a c t in g ,  d i f f e r e n t i a l  a c t in g ,  and d ro p ) .  The author used the ultimate 

capacity predicted by each formula. Those formulas which provide a working 

load by in c o rp o ra t io n  of a sa fe ty  fa c t o r  were increased by the safety 

f a c t o r  appropr ia te  fo r  each ( i . e . ,  Engineering News, E y te lw e in ,  and 

Navy-McKay formulas were multipl ied by 6 and the Canadian National Building 

Code was multipl ied by 3) .

The Hi ley  formula gave the best resu l ts ,  followed c losely  by the PCUBC 

and Canadian NBC formulas.  The average predic ted values of u l t im ate 

c a p a c i t y  were 92%, 112%, and 80%, r e s p e c t i v e l y  of the measured p i l e  

capacit ies.  Of equal importance is the range of predicted values measured 

as a percentage of actual p i l e  c a p a c i t y .  The H i le y  formula produced a 

range of 55%-125%, the PCUBC formula range was 55%-220%, and the Canadian 

NBC formula range was 55%-140%. The other formulas were considerably 

worse. For example, the average and range fo r  the Engineer ing News 

formula are 289% and 100%-700%, respect ive ly .  A summary of the resu l ts  is 

presented in Table 7 .

The author repor ts  th a t  fo r  wood p i les  and f luted steel shell  p i les  

(which are l ightweight a lso) ,  the safety f a c t o r  fo r  the Eng ineer ing News 

formula i s  often nearer 2.5  than 6 . However, for  heavier p i les  and the 

small sets,  the Engineering News, Eytelwein,  and Navy-McKay formulas a l l  

become more dangerous to use.

The author concludes that  the H i l e y ,  Canadian NBC, and the PCUBC 

formulas provide s u f f i c ie n t l y  good agreement with load t e s t  va lues to be
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used with a safety factor of 2 . 5- 3. He also states "there would not seem to 

be much point in continued use of the Engineering-News formula, except as a 

matter of interest in comparing i t  to results  of more modern methods."

4 3

Table 7 . Summary of Results from Chel l is  ( 5)

Formul a

Ratio of 
Measured

Average

Predicted Load to 
Ultimate Load (%)

Range

Hiley 92 55-125

Pacif ic Coast UBC 1 1 2 55-220

Canadian National Builders Code 80 55-140

Engineering News 289 100-700

Modified Engineering News (Michigan Formula) 182 98-430

Eytelwei n 292 90-1800

Modified Eytelwein 202 98-508

Navy-McKay 99—

Although use of the modif ied forms of the Engineering-News and Eytelwein 

formulas with heavy pi les appears to reduce the range of r e s u l t s  compared 

to load t e s t s ,  these tests  do not indicate that su f f ic ien t  improvement is 

obtained to j u s t i f y  the ir  use instead of a formula of the Hiley  type.

Spangler and Mumma ( 27 ) compared the predictions of four formulas 

(Engineering News, Eytelwein, PCUBC, and Rabe) with load tests  on 59 p i les .  

A v a r i e t y  of p i l e  types including H -p i les ,  concrete, timber, Raymond step 

tapered, and pipe pi les were inc luded.  The lo c a t io n s  of the p i l e s  were 

spread throughout the country and soi l  conditions varied considerably.



In th is  study, the authors compared the working load predicted by the 

formula ( fo r  the PCUBC formula the predicted load was d iv ided  by 4 ) with 

the results  of p i le  load tests and calculated a resu lt ing  safety fac tor .  A 

summary of th e i r  results  is given in Table 8 .

To obtain  the u l t imate  load used in these comparisons, the authors 

calculated four fa i lu re  loads for  each test and averaged the resu l ts .  These 

f a i lu r e  loads were defined as: (a) the load at which net settlement equals 

0.25 in ,  (b) the load at which the incremental gross settlement d iv ide d  by 

the incremental load exceeds 0.03  in per ton, (c)  the load at which the 

gross settlement curve breaks and passes into a deep stra ight tangent, and 

(d)  the load at which the tangents to the ear ly  f l a t  portion and the steep 

portion of the load-settlement curve in tersect .

44

Table 8 . Summary of Results from Spangler and Mumma ( 27)

Factor of Safety EN Eytelwein PCUBC Rabe

Less than 1.0 4 6 0 0

1 . 0 - 1 .5 10 7 1 1

1 . 5- 2.0 10 7 2 13

2 .0 - 3.0 21 2 1 12 30

3 . 0- 4.0 7 7 5 13

4 . 0- 5.0 5 7 1 1 1

5 . 0- 8.0 1 3 20 0

Over 8.0 0 0 7 0

Average range .83- 5.38 . 72- 5.49 1. 22- 9.27 1 . 3- 4.0



An examination of the data for the Engineering-News formula indicates 

that al l the pi les  with safety factors under 1 . 0  had a set of  0 . 1 0  inches 

or l e s s ,  and those p i l e s  with a safety factor below 1.5 had sets of less 

than 0.25 inches. The authors found no corre lation between s a fe ty  fa c t o r  

and type of p i le  material or length of penetration; however, f r i c t i o n  pi les 

tended to have higher safety factors than end bearing p i les .

There was more s c a t te r  in the r e s u l t s  predicted by the Eytelwein 

formula, compared to the other three. Like the Engineering-News formula, 

the worst p re d ic t io n s  came from small s e ts .  When the p i l e  hammer was 

heavier  than the p i l e ,  s a fe ty  fa c to rs  were p a r t i c u l a r l y  low. Again,  

f r i c t io n  pi les had higher safety factors than end bearing p i les .

The PCUBC formula was found to be most accurate f o r  p i l e s  with deep 

penetra t ion  (g re a te r  than 45 feet)  driven with a heavy hammer. For other 

cases, uneconomically high safety factors resulted.

The Rabe formula gave the best r e s u l t s  of  the four with no safety 

factor below 1.0  and o n ly  one above 4 . 0 . As with the other  formulas ,  

f r i c t i o n  p i le s  had the highest  s a fe ty  f a c t o r .  There was no apparent 

corre lation between s a fe ty  f a c t o r  and p i l e  s e t ,  p i l e  t y p e ,  materia l  or 

hammer weight r a t i o .  To i l l u s t r a t e  the d i f fe re n c e s  among the four 

formulas, plots of predicted p i le  capacity vs.  measured capacity are shown 

in F igures 2 to 5 . A s t r a i g h t  l ine f i t  to the data is shown also.  The 

scatter in the Engineering News and Eytelwein formulas is s t r i k in g .  I t  i s  

considerably greater than in the data from the PCUBC or Rabe formulas.

Agerschou ( 1) has compared load t e s t  r e s u l t s  from 171 p i l e s  with 

predicted capacity based on seven d if fe rent  formulas and the wave equation. 

All  of the pi les  extended into sand or gravel.  The fa i lu re  load is defined 

as the load at which the total settlment equals 10% of the p i le  diameter,

4 5
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F i g u r e  2 .  E n g i n e e r i n g  N e w s  F o r m u l a  p r e d i c t e d  p i l e

c a p a c i t y  v e r s u s  m e a s u r e d  c a p a c i t y  b a s e d
o n  S p a n g l e r  a n d  Mu mma  ( 2 7 ) .
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F i g u r e  3 .  E y t e l w e i n  F o r m u l a  p r e d i c t e d  p i l e  c a p a c i t y
v e r s u s  m e a s u r e d  c a p a c i t y  b a s e d  o n  S p a n g l e r
a n d  Mumma ( 2 7 ) .
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Figure 4 . Paci f ic  Coast Uniform Building Code
Formula predicted p i le  capacity versus 
measured capacity based on Spangler 
and Mumma (27) .
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F i g u r e  5 .  R a b e  f o r m u l a  p r e d i c t e d  p i l e  c a p a c i t y

v e r s u s  m e a s u r e d  c a p a c i t y  b a s e d  o n

S p a n g l e r  a n d  M um m a ( 2 7 ) .
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T a b l e  9 .  S u m m a r y  o f  S t a t i s t i c a l  A n a l y s i s  b y  A g e r s c h o u  ( 1 )

Formula
Standard 

Deviation on 
i Q  fa i lu re  
109 Q formula

Upper Limit for 
96% Safety i f  
Lower Limit is 

1 . 0

Nominal
Safety
Factor

Number 
of Load 

Tests

Engineering News 0.78 26.0 0.86 171

Eytelwein 's,  
from Sorensen and 
Hansen ( 26)

0.57 17.0 7.1 78

H i !e y ' s ,
from Sorensen and 
Hansen ( 26)

0.27 3.8 1.4 50

Janbu's,
from Sorensen and 
Hansen ( 26)

0.25 3.6 2.3 78

Danish 0.30 4.2 2.3 123

Danish 
from Sorensen and 
Hansen ( 26)

0.26 3.8 2.0 78

Wave Equation, 
as numerically 
integrated by 
Sorensen and Hansen 
( 26)

0.23 3.9 2 .6 78

Wei sbach' s 0.36 6 .0 2.6 123



except f o r  those tests which involved hydraulic jacking. When jacking was 

used, f a i l u r e  is  defined as the maximum load that can be reached by 

ja c k i n g .  S t a t i s t i c a l  evaluat ions of each formula were performed and are 

summarized in Table 9 . The actual safety factor  is expressed by the r a t i o  

of  f a i l u r e  load to predicted u lt imate load ;  however,  the s t a t i s t i c a l  

evaluations are performed using the logarithm of the safety fac tor .  In the 

f i r s t  column of Table 9 , the standard deviation is shown. The Engineering- 

News and Eytelwein's formulas have by far the largest standard d e v ia t io n ,  

i n d ic a t in g  a great scatter in the safety factors  obtained from the use of 

these equations.  The wave equation a n a l y s i s ,  although an e a r l y  

implementation not as accurate as current codes, has the lowest standard 

devi ation.

A "nominal safety factor" was computed for  each formula. This number 

is  determined mathematically such that i f  the actual formula p re d ic t io n  is  

divided by the nominal safety factor to obtain a working load, the ra t io  of 

th is  working load to actual capacity w i l l  be less than 1 . 0  o n ly  2% of  the 

t ime. In other words i f  the bearing capacity predicted by the formula is 

divided by the nominal safety factor ,  98% of al l pi les wil l  have an actual 

safety factor of 1 . 0  or more.

Of perhaps more use than the nominal safety factor  is the upper l im it  

for 96% safety shown in the second column. I f  the nominal safety factor is 

used, 98% of a l l  actual safety factors w i l l  be less than or equal to th is  

value. For the Engineering News formula the value is 26, which means that  

i f  o n ly  2% of the actual safety factors were allowed to be below 1 . 0 , one 

would have to accept actual sa fe ty  f a c t o r s  as high as 26 on some 

p r e d i c t i o n s .  Th is  c l e a r l y  shows the s c a t te r  in the data and how
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uneconomical the Engineering News formula can be. The Eytelwein formula is 

not much better ,  with an upper l imit  for  96% safety of 17. 0 .

Weisbach's formula i s  in the middle with much lower standard 

d e v ia t io n  and upper l i m i t  than Engineering-News or E y te lw e in ,  but 

considerably higher than the others.  The Hiley ,  Janbu, and Danish formulas 

and the wave equation are all  roughly comparable.

Mansur and Hunter ( 17 ) ,  as part  of  a la r g e r  scope investigat ion,  

compared the ultimate capacity based on p i le  load tests  fo r  1 2  p i l e s  with 

computed ca p a c i t ie s  based on the PCUBC, Janbu, and Engineering-News 

formulas. As did Spangler and Mumma ( 27) ,  they used the average of four  

c r i t e r i a  to calculate ultimate capacity.  These c r i t e r i a  are: (a) the load 

on the load-gross settlement curve where the slope equals 0 . 0 1  inch per 

ton ,  (b) the load on the net movement curve where the settlement equals 

0.25  inch ,  (c )  the load where the tangents to the i n i t i a l  and f in a l  

p o r t io n s  of the lo a d -g ro s s  sett lement curve intersect ,  and (d) the load 

where the slope of the gross movement curve becomes disproportionate to the 

load app l ied .  The p i l e s  included 4 steel p ipes ,  2 co ncre te ,  2 s tee l 

H - p i l e s ,  and 1 t imber p i l e .  E x c e l le n t  c o r r e l a t i o n  was found between 

pre d ic te d  loads and test  fa i lu re  loads for  the PCUBC and Janbu equations. 

S i g n i f i c a n t l y  worse r e s u l t s  were obtained using the Engineer ing  News 

formula.  The r a t i o  of actual fa i lu re  load to predicted fa i lu re  load for 

both PCUBC and Janbu averaged 1. 07, and for ENR, 0 . 64. The range of ra t ios  

fo r  PCUBC, Janbu, and ENR, r e s p e c t i v e l y  are 0 . 85 - 1 . 34 , 0 . 88- 1 . 43, and 

0 . 48- 0 . 93. Both PCUBC and Janbu, on the average, underpredict  the actual 

f a i l u r e  load,  wh ile  the ENR formula overpredicted in al l cases by factors 

ranging from approximately 1 . 1  to 2 . 1 .
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Poplin  ( 20 ) s tudied tes t  p i l e  data c o l le c t e d  by the Louis iana 

Department of Highways, concentrating on 14- inch and 16- inch square precast 

concrete p i l e s .  Results  of 24 load te s ts  were compared with allowable 

capacity based on the Engineering News formula and a sta t ic  soi l  mechanics 

a n a ly s is .  The ultimate load based on load tests  was the "load at onset of 

large displacement" or the load at which 1 inch of sett lement occurs .  On 

the average, predicted capacity based on stat ic  soi l  mechanics techniques 

was very close to actual ca p a c i t y .  The average r a t i o  of predicted to 

actual ca p a c i ty  is  0 . 964 ; however, the range is  0.40  to 1 . 84 . The 

Engineering News formula, in the form which inc ludes  a s a fe ty  fa c t o r  of 

6 . 0 , provided an average sa fe ty  f a c t o r  of approximately 2 . 0  (average 

predicted to actual capacity = 0 .506) .  The r a t i o  of predicted al lowable 

load to actual f a i l u r e  load ranged from 0.107  to 1 . 0 , corresponding to 

actual safety factors  between 1.0 and 9 . 4 . As with other  s t u d ie s ,  the 

extreme v a r i a b i l i t y  of  the Engineering News formula is  demonstrated. 

Poplin was unable to f ind any correlation between actual safety f a c t o r  and 

either p i le  weight or p i le  size.

Kazmierowski and Devata ( 16 ) rep o r t  the r e s u l t s  of a p i l e  load 

testing program undertaken in Ontario, Canada. Five test pi les  were driven 

in to  a so i l  p ro f i le  consisting of i rregular  cohesive layers of clayey s i l t  

and granular layers of s i l t  to s i l t y  sand with some gravel.  The f iv e  pi les  

consisted of an H-section with a reinforced top f lange, a closed end steel 

pipe f i l l e d  with concrete, two precast re in fo rc e d  concrete p i l e s ,  and a 

timber p i le .  All  pi les were driven by diesel hammers.

The ultimate ca p a c i t y  of  each p i l e  was predic ted  by the Modif ied 

Engineering News formula (Michigan equation), the Gates, Janbu, and Hi ley 

formulas.  In a d d i t io n ,  a p i l e  analyzer  was used to p re d ic t  u l t imate
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bearing ca p a c i t y ,  and to measure the s tress and energy developed in the 

p i le  during dr iv ing .  Static analyses also were conducted using Meyerhof's 

method f o r  the po r t io n  of the p i l e  embedded in cohesionless s o i l  and 

Tomlinson's method for the portion in cohesive s o i l .

Kazrnierowski and Devata calculate the ultimate p i le  capacity based on 

three  d i f f e r e n t  c r i t e r i a  ( M . T . C . ,  Davisson,  and F l a a t e ) .  The three 

c r i t e r i a  produced reasonably good agreement with a maximum deviation of 

31%. Load test results  and predicted capacit ies are shown in Table 10.

Based on these comparisons, the authors conclude that the Hiley ,  

Janbu, and Gates formulas al l  give acceptable consistency,  with the H i le y  

formula genera lly  predicting the highest capacity and the Gates prediction 

generally on the low side. The Janbu formula was best for  the concrete 

p i l e s ,  Gates was best f o r  the pipe and t imber p i l e s ,  while  the H i le y  

equation was closest for the H-section.

Three d i f f e r e n t  estimates of u l t im ate  capacity were made for  each 

p i l e  using the a n a ly z e r - -a n  i n i t i a l  f i e l d  p r e d i c t i o n ,  an i n i t i a l  

r e - a n a l y s i s  before the load te s t  and a f ina l  re -analys is  after the load 

tes t .  These predictions are shown in Table 11 along with the load t e s t  

r e s u l t s .  Except f o r  the longer of the two concrete p i l e s ,  the f i e l d  

predictions were very accurate. (The consultants who operated the analyzer 

a t t r ib u t e d  the la rg e  e r r o r  in the longer concrete p i le  to incorrect wave 

speed estimates in the f i e l d . )  However, since two re-analyses were deemed 

necessary  by the analyzer  co n s u l ta n ts ,  i t  is  d i f f i c u l t  to have much 

conf idence in the i n i t i a l  va lues .  Th is  b r ings  to home an important 

co n s id e ra t io n  concerning use of an analyzer: the results are subject to 

interpretat ion and can be very sensit ive to the assumptions made.
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Table 10. Results of Dynamic and Static Formula, Wave Equation and Load Test Analysis after Kazmierowski 
and Devata ( 16)

Test Pi le  Number 
and Name

Pile Load Test 
Failure C r i te r ia Dynamic Formula

St at i c 
Formula

Wave
Equation

M.T.C. Davisson FIaate Hiley Janbu Gates M,.E.N.F.
After 

Meyerhoff & 
Tomlinson

Pile
Analyser
(F ie ld )

1 . Steel H 400 410 — 258 232 179 896 470 404

2. Steel pipe 225 270 230 210 184 216 1465 338 230

3 . Deep concrete 200 188 265 280 206 176 510 568 360

4 . Shallow concrete 225 263 278 383 311 166 593 172 230

5 . Timber 100 88 1 1 0 272 217 140 693 140 80

cnc_n
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Table 11. Comparison of Load Test and Pile  Capacity Analyser Results after 
Kazmierowski and Devata ( 16)

Test
Pile

No.

Ultimate Bearing Capacity Predictions 
(tons)

Pile  Type
Load-Test
Capacities

(tons)
Prior to Load Test After Load Test

(A)
Field

(B) 
I n i t i  al 

Re analysis

(C) 
Final 

Reanalysis

1 12HP74 400 404 400 402

2 Steel pipe 
12 3/4" O.D.

225 230 340 230

3 Deep concrete 
1 2 " x 1 2 "

200 360 400 242

4 Shallow concrete 
1 2 " x 1 2 "

225 230 240 . 235

5 Timber 100 80 100 104

(A) Actual f ie ld  analyser predictions obtained at the time of p i le  dr iv ing .

(B) Adjusted predictions (Class I P re d ic t io n s )  based on d r i v i n g  c h a r a c t e r ­
i s t ic s  of pi les and previous experience with analyser results  by the
Trow Group Ltd. Submitted before load testing operations.

(C) Second reanalysis of analyser f ie ld  data as process in the laboratory 
after the completion of p i le  loading operations.
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Olson and Flaate ( 19) measured the capacit ies of 93 pi les driven into 

sandy s o i l s  and compared these values with predicted ca p a c i t ie s  using the 

Eng ineer ing News, H i le y ,  Gow, PCUBC, Janbu, Danish, and Gates formulas. 

Several d i f fe rent  c r i t e r i a  were used to measure ultimate p i le  capacity from 

f i e l d  t e s t s .  The authors s tate  that  t h i s  r e s u l t s  in a sca t te r  in the 

results  of about 15%, but do not provide any s p e c i f i c  informat ion on the 

load t e s t  r e s u l t s .  They performed l inear  regression analyses on the 

data to determine the slope and in te rc e p t  of a s t r a ig h t  l i n e  f i t  and 

c a lcu la te d  a corre lation coef f ic ient .  Separate analyses were performed for 

timber p i les  (N=37) ,  concrete pi les  (N=15) ,  steel pi les (N=41) ,  and a l l  93 

p i le s  combined. A summary of s ta t is t ica l  data they compiled is presented 

in Table 12. The authors found that in all  cases the Engineering News and 

the Gow formulas were c le a r ly  in fe r io r  to the others. Janbu's formula was 

found to be most accurate for timber and steel p i l e s ,  but no formula was 

determined to be best fo r  concrete p i l e s .  Th is  probably is due to the 

small number of concrete p i le s  analyzed. The Janbu, Danish, and Gates 

formulas had the highest  average c o r r e la t io n  coef f ic ients ,  although the 

PCUBC and Hiley formulas were not much lower.

The authors adjusted the three best formulas s t a t i s t i c a l l y  to f i t  al l  

observed data. They present three versions of the adjusted Gates formula, 

one each for timber, precast concrete, and steel p i les :

Timber: Qc = 7.2 ehEh log ( 1 0 /s) -  17 (2 )

Precast Concrete: Qc = 9.0 e^E^ log ( 10/s) -  27 ( 3)

S tee l : Qc = 123.0 ehEh log ( 10/s) -  83 ( 4 )
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T a b l e  1 2 .  C o m p i l a t i o n  o f  S t a t i s t i c a l  P a r a m e t e r s  a f t e r  O l s o n  a n d  F l a a t e  ( 1 9 )

Pi le Formula N A B, in tons r

T imber Engineering News 37 0.45 16 0.28
Gow 37 0.37 18 0.43
Hi 1 ey 37 0.64 19 0.77
Pacif ic Coast 37 0.80 14 0.74
Janbu (C(j = 1) 37 0.98 9 0.86
Danish 37 0.71 9 0.86
Gates 37 1.30 -17 0.86

Concrete Engineering News 15 0.20 72 0.11
Gow 15 0.32 69 0 . 1 2
Hi! ey 15 1.08 24 0.43
Pacif ic Coast 15 1.57 -19 0.75
Janbu (C(j = 1) 15 0.66 23 0.64
Danish 15 0.60 1 1 0.69
Gates 15 1.62 -27 0.65

Steel Engineering News 41 0.28 43 0.37
Gow 41 0.28 42 0.38
Hiley 41 1.14 - 10 0.76
Pacif ic Coast 41 1.07 0 0.79
Janbu (Cj = 1) 41 0.91 7 0.83
Danish 41 0.89 -16 0.82
Gates 41 2.34 -83 0.84

All Engineering News 93 0.33 37 0.29
Gow 93 0.32 37 0.36
Hiley 93 0.92 7 0.72
Pacif ic Coast 93 1.04 2 0.76
Janbu (C,j = 1) 93 0.87 10 0.81
Danish 93 0.77 -2 0.81
Gates 93 1.81 -48 0.81



where eh i s  the e f f i c ie n c y  of the hammer, Eh is the nominal energy of the 

p i le  hammer in inch-tons per blow, s is  the average set ( i n  inches per 

blow) f o r  the f in a l  10 blows of the hammer, and Qc is  the predicted 

capacity in tons.

The authors did not use the actual p i le  hammer ef f ic ienc ies  on the ir  

study, as those data were not available to them. They used information on 

e f f i c i e n c y  found in the l i t e r a t u r e .  As they point out "the actual f ie ld  

values of eh depend great ly  on the condition of the hammer at the time of 

dr iv ing and may d i f fe r  s ig n i f i c a n t l y  from the values used in t h i s  s tu d y . "  

Because of t h i s ,  the general a p p l ica b i l i t y  of the ir  adjusted formulas can 

be questioned. Their method of analysis, however, appears sound. In areas 

where a s u f f i c i e n t l y  la rge  data base is  a v a i la b le ,  the use of adjusted 

formulas might be very benef ic ia l .

The authors s ta te  that s imi lar ly  adjusted versions of the Janbu and 

Danish equations should be more accurate than the unadjusted ve rs io n s ,  but 

are somewhat more d i f f i c u l t  to use than the adjusted Gates equations. 

T h ere fo re ,  they recommend use of the adjusted Gates equat ions .  The 

accuracy of the adjusted equation, of course, is related to how well the 

data from this  study are representative of a l l  data.  The authors s tate 

that  the number of tests using timber and steel pi les gives them "moderate 

confidence" in these data, however, additional data are needed on precast 

concrete p i les .

Ramey and Hudgins ( 22 ) compared p i l e  load te s t  r e s u l t s  with 

predictions by f ive  dynamic equations, a wave equation analysis,  and stat ic  

s o i l  mechanics methods. The load te s ts  were a l l  on p i l e s  located in 

Alabama and adjacent southeastern s ta te s .  The u l t im ate  ca p a c i t y  was 

defined as the load at which the slope of the load-settlement curve reached

5 9



0.01  in ch /k ip .  The formulas used were the Engineer ing News, Modified 

Engineering News, H i ley ,  Gates, and Danish formulas. A to ta l  of 153 p i l e  

load t e s t s  were used with the fol lowing breakdown according to p i le  type: 

Steel-H ( 48) ,  steel pipe ( 38) ,  precast  concrete ( 32 ) ,  and t imber ( 35 ) .  

F o r t y - e i g h t  of the p i les  were driven into clayey s o i l s ,  the remaining 105 

were driven in to  predominately sandy s o i l s .  S t a t i s t i c a l  analyses were 

performed on the data in a manner similar to that done by Olson and Flaate 

( 19) .  The analyses were broken down in to  d i f f e r e n t  p i l e  t yp e s ,  hammer 

energy,  and s o i l  t ype .  In reviewing th e i r  resu l ts ,  one f inding is  quite 

surpr is ing and overshadows al l  the others. In d i rect  contrast to a l l  other  

invest igations reviewed, the Engineering News formula was found to give the 

best overal l  correlat ion with p i le  load test  resu l ts .  The Gates formula was 

almost as good as the Engineering News formula, but the Hiley equation was 

found to be the worst .  Table 13 presents the r e s u l t s  of s t a t i s t i c a l  

analyses performed on Alabama p i le s  d r ive n  in sand. The s t a t i s t i c a l  

p ro p e r t ie s  a, 3 , r ,  and Se are, respective ly ,  the intercept and slope of a 

s t ra ight  l ine  f i t  to the data, the correlation coeff ic ient  and the standard 

er ror  of estimates. For a perfect f i t ,  the values of a, 3 , r ,  and Se would 

be 0 , 1. 0 , 1. 0 , and 0 , respectively .  The data are divided into high energy 

and low energy hammers because i t  was found tha t  hammer energy was a 

s ign i f icant  factor .  For the same predicted capacity,  steel -H p i le s  d r ive n  

with low energy hammers co n s is te n t ly  have higher fa i lu re  capacit ies than 

those driven with high energy hammers.

While the r e s u l t s  described above may be surpr is ing ,  the comparison 

of p i le  load t e s t s  with wave equation p r e d ic t io n s  is  in l i n e  with the 

f in d in g s  of other invest igators .  The authors found that the wave equation 

gave consistent ly  better predictions of p i le  capacity compared to dynamic

6 0
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Table 13. Summary of Regression Analyses S ta t is t ica l  Parameters for  
Alabama Piles in Sands after Ramey and Hudgins ( 22)

Parameters

P i le  Type Hammer
Category

Dynamic
Equation a 3 r Se

Al 1 Hammers EN 48.30 .24 .638 35.79

MEN 67.29 .162 .270 44.74

Hiley 116.61 -.267 -.193 45.60

Gates 37.38 .668 .292 44.45
Dani sh 39.42 .397 .349 43.55

High Energy EN 9.23 .432 .827 7.83

MEN 38.41 . 1 2 1 .748 9.24
Hi! ey 26.03 .271 .685 10.15

Gates 13.10 .513 .773 8.82
Danish 15.83 .307 .749 9.22

Low Energy EN 67.82 .191 .552 40.87

MEN 65.62 .314 .476 43.09
Hiley 100 .02 .094 .049 48.96

Gates - 9.04 1.547 .609 38.87
Dani sh 35.40 .582 .530 41.55

Al 1 Hammers EN 85.75 .185 .830 122.24

MEN 41.16 .809 .805 129.67

Hi 1 ey - 87.41 2.686 .844 117.41

Gates - 68.83 2.293 .822 124.67
Danish 77.48 .360 .850 115.29

High Energy EN 184.43 .140 .706 140.59
MEN 160.76 .602 .693 143.08
Hiley 30.39 2 .2 0 1 .786 122.53
Gates 62.01 1.744 .664 148.42
Dani sh 171.34 .280 .749 131.40

Low Energy EN 42.14 .148 .480 24.76
MEN 51.85 .238 .412 26.20
Hi 1 ey 57.54 .304 .287 27.54
Gates - 39.83 1.439 .581 23.41
Danish 55.61 .175 .297 27.45

Steel H

Precast Concrete



formulas.  Table 14 presents a comparison of the wave equation method with 

dynamic formulas.  The authors s tate  that  they had l i t t l e  in fo rmation 

regard in g  p i l e  d r i v in g  accessories, capblocks, or condition of the hammer 

used, and therefore they expect that the accuracy of t h e i r  wave equation 

analyses could be improved. The authors conclude that the wave equation 

method "should become a valuable tool for the foundation engineer."

Housel ( 13) presents the data gathered by the Michigan State Highway 

Department in th e i r  study of p i le  d r iv ing .  The Engineer ing News formula 

and the Modif ied Engineer ing  News formula predic ted c o p a c i t ie s  were 

compared to fa i lu re  loads of 19 t e s t  p i l e s .  Fourteen of the p i l e s  were 

12- i n  (OD) steel pipes f i l l e d  with concrete and driven closed-end; two were 

H -p i le s ;  three were open-end p ipes ,  two of which were d r iven  in  c laye y  

so i ls  and one driven in granular s o i l .

While the r e s u l t s  of the comparison show that  the Modif ied 

Engineering News formula gives somewhat better results  on the average, the 

authors conclude t h a t :  "from the standpoint  of a re l iab le  estimate of 

capacity,  the range of variat ion improved only s l i g h t l y  and there seems to 

be no p ra c t ic a b le  way of increas ing the formula's accuracy in predicting 

p i le  capacity for  the great var ie ty  of f ie ld  condit ions under which p i l e s  

must be dr iven ."

In the Arkansas study cited in the previous chapter (28) ,  seven pi les 

were tested and predictions of capacity based on a wave equation a n a ly s is  

and the Engineering News, H i ley ,  and Danish formulas were compared to p i le  

load test  results .  The Engineering News formula consistently overpredicted 

ca p a c i ty  by as much as 900%, while the Hiley formula and the wave equation 

predictions were quite accurate. The author recommends the use of both the 

Hi ley  equation and wave equation analyses.

6 2
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Table 14. Comparison of Wave Equation and Dynamic Equation S ta t is t ica l  
Parameters af te r  Ramey and Hudgins ( 22)

P i le  Type

Steel-H

Predicti  on 
Equation

Wave

EN

MEN

Hil ey

Gates

Danish

Number 
of Tests

22

22

22

22

22

22

Standard
Error

34.1

36.2 

49.4

47.9

48.9 

46.8

Correlation 
Coefficient

.725

.683

.083

.259

.165

.330

Concrete 
1 2 " x 1 2 " Wave

EN

MEN

Hil ey

Gates

Danish

6

6

6

6

6

6

6.5

6.9 

1 0 .2  

13.1

7.0

9.9

.929

.906

.782

.600

.904

.797



The l i t e r a t u r e  c i te d  above c l e a r l y  shows that  no one formula is 

consistent ly better than the others. Even when s p e c i f i c  combinations of 

p i l e  t y p e ,  hammer, and soi l  conditions are considered, i t  is not possible 

to be sure which formula w il l  be best. I t  does appear, however, that  the 

H i l e y ,  Janbu, and Gates equations are better on average, than the others 

examined. The PCUBC formula also g ives reasonable estimates of p i l e  

capacity.  With a single exception, all  investigators  found the Engineering 

News and Modified Engineering News formulas to be among the worst.

One of the d i f f i c u l t i e s  in comparing the d i f fe rent  studies presented 

above is that the methods used to determine the ultimate capacity from load 

t e s t s  va r ie s  from study to study. I t  was o r ig in a l l y  thought that the data 

from many studies could be combined so that plots s imilar  to those shown in 

F igures  2-5 could be made and s ta t is t ic a l  analyses performed. Because of 

the large differences in load test interpretat ion ,  however, i t  was decided 

that the results  of such an analysis would not be re l iab le .

A l l  i n v e s t ig a t o r s  were co n s is te n t  with regard to wave equation 

methods. A wave equation analysis of s ta t ic  p i le  capacity was consistent ly  

equal to or better than the best formula predict ions.  This is de sp i te  the 

fact that old versions of wave equation computer programs were used in many 

studies,  and input information was not always very accurate. I t  i s  l i k e l y  

that  modern computer codes which include accurate information on specif ic  

hammers, combined with good geotechnical data ,  would compare even more 

favorably with dynamic formulas.

6 4
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PRELIMINARY RECOMMENDATIONS 

Based on the l i te ra tu re  reviewed and the experiences of o ther  s ta te  

t r a n s p o r ta t io n  departments, i t  appears that current WSDOT practice can be 

improved s ig n i f i ca n t ly .  The Engineering News formula has been shown to be 

very  inaccura te  in most cases and can lead to both unacceptably high and 

low safety factors.  Replacement of th is  formula is  recommended. From a 

pure ly  technical point of view, the use of a p i le  analyzer on al l  projects 

probably would be the best solution. The authors fe e l ,  however, tha t  t h i s  

i s  not practical  for  several reasons. An analyzer is expensive, d i f f i c u l t  

to maintain and requires very experienced personnel. For most p i le  dr iv ing  

jobs the benef i ts  would probably not j u s t i f y  the co s ts .  Scheduling 

problems could occur i f  only one analyzer and crew were available and there 

were several p i l e  d r iv ing  projects spread out across the state.  In those 

cases where use of a p i l e  analyzer  is  j u s t i f i e d ,  a p r i v a t e  company 

special iz ing in pi le  analyzer work could be used, as is the case now.

Expanded use of wave equation analysis is recommended with the goal of 

performing such an an a lys is  on a l l  p i l e  d r i v i n g  p r o je c t s .  Th is  w i l l  

require t r a i n i n g  programs f o r  p ro je c t  engineer ing  s t a f f  and should be 

phased in over a period of time.

I t  is recommended that the Engineering News formula be replaced by one 

or more of the fol lowing: H i ley ,  Gates, Janbu, or PCUBC. Unti l  such time 

as the necessary research has been completed, i t  is  not known which of 

these formulas would be best for  Washington soi l  condit ions.  However, any 

one of than should be an improvement.

Final recommendations w i l l  have to wait unti l  the proposed research 

has been completed.
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M e a s u r e m e n t s .  B e h a v i o r  o f  D e e p  F o u n d a t i o n s ,  ASTM STP 6 7 0 ,  R a y m o n d  
L u n d g r e n ,  E d . ,  A m e r i c a n  S o c i e t y  f o r  T e s t i n g  a n d  M a t e r i a l s ,  1 9 7 9 ,  
p p .  5 0 0 - 5 0 6 .
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R a u s c h e ,  F . ,  F .  M o s e s ,  a nd  G. G.  G o b l e .  S o i l  R e s i s t a n c e  P r e d i c t i o n s  f r o m  
P i l e  D y n a m i c s .  J o u r n a l  o f  S o i l  M e c h a n i c s  a n d  F o u n d a t i o n  D i v i s i o n ,  ASCE,  
V o l .  9 8 ,  No.  SM9,  P r o c .  P a p e r  9 2 2 0 ,  S e p t e m b e r ,  1 9 7 2 ,  p p .  9 1 7 - 9 3 7 .

R e e s e ,  L . C .  D e s i g n  a n d  E v a l u a t i o n  o f  L o a d  T e s t s  o n  D e e p  F o u n d a t i o n s .  
B e h a v i o r  o f  Deep F o u n d a t i o n s ,  ASTM STP 6 7 0 ,  Raymond L u n d g r e n ,  E d . ,  A m e r i c a n  
S o c i e t y  f o r  T e s t i n g  a nd  M a t e r i a l s ,  1 9 7 9 ,  p p .  4 - 2 6 .

R e h n m a n ,  S . E .  and  B . B .  B r o ms .  B e a r i n g  C a p a c i t y  o f  P i l e s  D r i v e n  i n t o  R o c k .  
C a n a d i a n  G e o t e c h n i c a l  J o u r n a l ,  V o l .  8 ,  No.  2 ,  May,  1 9 7 1 ,  p p .  1 5 1 - 1 6 2 .

S a m s o n ,  C . H . ,  J r . ,  T . J .  H i r s c h ,  and  L . L .  L o w e r y .  C o m p u t e r  S t u d y  o f  Dy n a mi c  
B e h a v i o r  o f  P i l i n g .  J o u r n a l  o f  t h e  S t r u c t u r a l  D i v i s i o n ,  ASCE,  V o l .  8 9 ,  
S T 4 ,  P r o c .  P a p e r  3 6 0 8 ,  A u g u s t ,  1 9 6 3 ,  p p .  4 1 3 - 4 4 9 .

S c a n l a n ,  R o b e r t  H.  a n d  J o h n  J .  Tomko .  Dy n a mi c  P r e d i c t i o n  o f  P i l e  S t a t i c  
B e a r i n g  C a p a c i t y .  J o u r n a l  o f  S o i l  M e c h a n i c s  a n d  F o u n d a t i o n  D i v i s i o n ,  AS C E ,  
V o l .  9 5 ,  No.  SM2,  P r o c .  P a p e r  6 4 6 8 ,  M a r c h ,  1 9 6 9 ,  p p .  5 8 3 - 6 0 4 .

S e l b y ,  K. G.  P i l e  T e s t s  a t  B e e c h  R i v e r ,  C a n a d i a n  G e o t e c h n i c a l  J o u r n a l ,  
V o l .  7 ,  No.  4 ,  N o v e m b e r ,  1 9 7 0 ,  p p .  4 7 0 - 4 7 9 .

S h r o f f ,  A . C .  Model  S t u d y  o f  E l a s t i c - P l a s t i c  P i l e  F o u n d a t i o n .  P r o c e e d i n g s ,  
E i g h t h  C o n f e r e n c e  o n  E l e c t r o n i c  C o m p u t a t i o n ,  H o u s t o n ,  T e x a s ,  F e b r u a r y ,
1 9 8 3 ,  ASCE,  S t r u c t u r a l  D i v i s i o n ,  p p .  6 2 - 7 3 .

S m i t h ,  E . A . L .  P i l e - D r i v i n g  A n a l y s i s  b y  t h e  Wave E q u a t i o n .  T r a n s a c t i o n s ,  
ASCE,  V o l .  1 2 7 ,  P a r t  I ,  P r o c .  P a p e r  3 3 0 6 ,  1 9 6 2 ,  p p .  1 1 4 5 - 1 1 9 3 .

S m i t h ,  P . D .  T h e  C o n e  P e n e t r o m e t e r  f o r  F o u n d a t i o n  D e s i g n  I n v e s t i g a t i o n s .  
New Yor k  S t a t e  D e p a r t m e n t  o f  T r a n s p o r t a t i o n ,  R e s e a r c h  R e p o r t  3 3 ,  N o v e m b e r ,  
1 9 7 5 .

S o r e n s e n ,  T.  a nd  B.  H a n s e n .  P i l e  D r i v i n g  F o r m u l a e - - A n  I n v e s t i g a t i o n  B a s e d  
on  D i m e n s i o n a l  C o n s i d e r a t i o n s  a n d  a S t a t i s t i c a l  A n a l y s i s .  P r o c e e d i n g s ,  
F o u r t h  I n t e r n a t i o n a l  C o n f e r e n c e  o n  S o i l  M e c h a n i c s  a n d  F o u n d a t i o n  
E n g i n e e r i n g ,  L o n d o n ,  V o l .  I I ,  1 9 5 7 ,  p p .  6 1 - 6 5 .

S p a n g l e r ,  M. G.  a n d  Mumma,  H . F .  P i l e  T e s t  L o a d s  C o m p a r e d  w i t h  B e a r i n g  
C a p a c i t y  C a l c u l a t e d  b y  F o r m u l a s .  P r o c e e d i n g s ,  T h i r t y - S e v e n t h  A n n u a l  
M e e t i n g  o f  t h e  H i g h w a y  R e s e a r c h  B o a r d ,  W a s h i n g t o n ,  D . C . ,  1 9 5 8 ,  p p .  1 1 9 - 1 4 9 .

S t e e l  a n d  T i m b e r  P i l e  T e s t s - - W e s t  A t c h a f a l a y a  F l o o d w a y - - N e w  Y o r l e a n s ,  T e x a s  
& M e x i c o  R a i l w a y .  P r o c e e d i n g s ,  F i f t i e t h  A n n u a l  C o n v e n t i o n  o f  t h e  A m e r i c a n  
R a i l w a y  E n g i n e e r i n g  A s s o c i a t i o n ,  V o l .  5 2 , C h i c a g o ,  M a r c h ,  1 9 5 1 ,  p p .  1 4 9 - 2 0 2 .

S t e i n b a c h ,  J .  a n d  E.  V e y .  C a i s s o n  E v a l u a t i o n  b y  S t r e s s  Wave P r o p a g a t i o n  
M e t h o d .  J o u r n a l  o f  t h e  G e o t e c h n i c a l  E n g i n e e r i n g  D i v i s i o n ,  ASCE,  V o l .  1 0 1 ,  
No.  GT4,  P r o c .  P a p e r  1 1 2 4 5 ,  A p r i l ,  1 9 7 5 ,  p p .  3 6 1 - 3 7 8 .

S t e v e n s ,  R . S .  E v a l u a t i n g  P i l e  D r i v a b i l i t y  f o r  Ha r d  C l a y ,  V e r y  D e n s e  S a n d ,  
a n d  R o c k .  P r o c e e d i n g s ,  F o u r t e e n t h  A n n u a l  O f f s h o r e  T e c h n o l o g y  C o n f e r e n c e ,  
H o u s t o n ,  T e x a s ,  May,  1 9 8 2 ,  V o l .  1 ,  p p .  4 6 5 - 4 8 1 .
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S u p e r  P i l e s  P r o v e  T h e i r  U s e  f o r  B r i d g e  A b u t m e n t  F o u n d a t i o n s .  G r o u n d  
E n g i n e e r i n g ,  V o l .  7 ,  No.  3 ,  May,  1 9 7 4 ,  p p .  3 1 - 3 3 .

T a v e n a s ,  F . A .  Load  T e s t s  R e s u l t s  o n  F r i c t i o n  P i l e s  i n  S a n d .  C a n a d i a n  
G e o t e c h n i c a l  J o u r n a l ,  V o l .  8 ,  No.  1 ,  1 9 7 1 ,  p p .  7 - 2 2 .

T a v e n a s ,  F . A .  a n d  J . M . E .  A u d i b e r t .  A p p l i c a t i o n  o f  t h e  Wa v e  E q u a t i o n  
A n a l y s i s  t o  F r i c t i o n  P i l e s  i n  S a n d .  C a n a d i a n  G e o t e c h n i c a l  J o u r n a l ,  
V o l .  1 4 ,  No.  1 ,  F e b r u a r y ,  1 9 7 7 ,  p p .  3 4 - 5 1 .

T a v e n a s ,  F . ,  a n d  R.  A n d y .  L i m i t a t i o n s  o f  t h e  D r i v i n g  F o r m u l a s  f o r  
P r e d i c t i n g  t h e  B e a r i n g  C a p a c i t i e s  o f  P i l e s  i n  S a n d .  C a n a d i a n  G e o t e c h n i c a l  
J o u r n a l ,  V o l .  9 ,  No.  1 ,  F e b r u a r y ,  1 9 7 2 ,  p p .  4 7 - 6 2 .

T e j c h m a n ,  A. S k i n  F r i c t i o n  o f  a  Mo d e l  P i l e  D r i v e n  i n  S a n d .  B u l l e t i n ,  
D a n i s h  G e o t e c h n i c a l  I n s t i t u t e ,  No.  2 9 ,  1 9 7 1 ,  p p .  5 - 2 6 .

T h o m p s o n ,  C . D .  a nd  D . E .  T h o m p s o n .  I n f l u e n c e  o f  D r i v i n g  S t r e s s e s  o n  t h e  
D e v e l o p m e n t  o f  H i g h  P i l e  C a p a c i t i e s .  B e h a v i o r  o f  De e p  F o u n d a t i o n s ,  ASTM 
STP 6 7 0 ,  Raymond L u n d g r e n ,  E d . ,  A m e r i c a n  S o c i e t y  f o r  T e s t i n g  a n d  M a t e r i a l s ,
1 9 7 9 ,  p p .  5 6 2 - 5 7 7 .

T h o m s o n ,  S .  E v a l u a t i o n  o f  P i l e  Load  T e s t s  i n  t h e  E d mo n t o n  A r e a .  C a n a d i a n  
G e o t e c h n i c a l  J o u r n a l ,  V o l .  1 8 ,  No.  2 ,  May,  1 9 8 1 ,  p p .  3 1 3 - 3 1 6 .

T h o r b u n ,  S.  and  N.W.  B u c h a n a n .  P i l e  Embe dme n t  i n  F i n e - G r a i n e d  N o n - C o h e s i v e  
S o i l s .  R e c e n t  D e v e l o p m e n t s  i n  t h e  D e s i g n  a n d  C o n s t r u c t i o n  o f  P i l e s ,  
P r o c e e d i n g s  o f  t h e  C o n f e r e n c e  h e l d  a t  t h e  I n s t i t u t i o n  o f  C i v i l  E n g i n e e r s ,  
L o n d o n ,  M a r c h ,  1 9 7 9 ,  p p .  1 9 1 - 1 9 8 .

T o m l i n s o n ,  M . J .  F o u n d a t i o n  D e s i g n  a n d  C o n s t r u c t i o n , "  F o u r t h  E d i t i o n ,  
P i t m a n  A d v a n c e d  P u b l i s h i n g  P r o g r a m ,  B o s t o n ,  1 9 8 0 ,  p p .  4 3 8 - 4 6 2 .

T o u m a ,  F . T .  a n d  L . C .  R e e s e .  B e h a v i o r  o f  B o r e d  P i l e s  i n  S a n d .  J o u r n a l  o f  
t h e  G e o t e c h n i c a l  E n g i n e e r i n g  D i v i s i o n ,  ASCE,  V o l .  1 0 0 ,  No.  GT7,  P r o c .  P a p e r  
1 0 6 5 1 ,  J u l y ,  1 9 7 4 ,  p p .  7 4 9 - 7 6 1 .

T u m a y ,  M . T .  a n d  M. F a k h r o o .  P i l e  C a p a c i t y  i n  S o f t  C l a y s  U s i n g  E l e c t r i c  
QCPT D a t a .  C o n e  P e n e t r a t i o n  T e s t i n g  a n d  E x p e r i e n c e ,  P r o c e e d i n g s  o f  a 
S e s s i o n  a t  t h e  ASCE N a t i o n a l  C o n v e n t i o n ,  S t .  L o u i s ,  M i s s o u r i ,  O c t o b e r ,
1 9 8 1 ,  p p .  4 3 4 - 4 5 5 .

v a n  d e r  V e e n ,  C.  a n d  L.  B o e s m a .  T h e  B e a r i n g  C a p a c i t y  o f  a P i l e  
P r e - d e t e r m i n e d  b y  a  C o n e  P e n e t r a t i o n  T e s t .  P r o c e e d i n g s ,  F o u r t h  
I n t e r n a t i o n a l  C o n f e r e n c e  o n  S o i l  M e c h a n i c s  a n d  F o u n d a t i o n  E n g i n e e r i n g ,  
L o n d o n ,  V o l .  2 ,  1 9 5 7 ,  p p .  7 2 - 7 5 .

Van  d e r  Z w a a g ,  G . L .  a n d  G . R .  S u n d e r l a n d .  A C o m p a r i s o n  o f  D o w n h o l e  and  
S e a b e d  Cone  P e n e t r a t i o n  T e s t s  f o r  O f f s h o r e  F o u n d a t i o n  S t u d i e s .  P e n e t r a t i o n  
T e s t i n g ,  P r o c e e d i n g s  o f  t h e  S e c o n d  E u r o p e a n  S y m p o s i u m ,  A m s t e r d a m ,  
N e t h e r l a n d s ,  V o l .  2 ,  May,  1 9 8 2 ,  p p .  9 7 1 - 9 7 7 .
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Va n  L e i j d e n ,  W . ,  H . M . A .  P a c h e n ,  a n d  J . V .  Van Den B e r g .  Dyna mi c  P r o b i n g  
R e s e a r c h  f o r  P i l e  D r i v i n g  P r e d i c t i o n s  i n  t h e  N e t h e r l a n d s .  P e n e t r a t i o n  
T e s t i n g ,  P r o c e e d i n g s  o f  t h e  S e c o n d  E u r o p e a n  S y m p o s i u m ,  A m s t e r d a m ,  
N e t h e r l a n d s ,  V o l .  1 ,  May,  1 9 8 2 ,  p p .  2 8 5 - 2 9 0 .

v a n  R e e n e n ,  D . A . ,  H.M.  C o y l e ,  and  R . E .  B a r t o s k e w i t z .  I n v e s t i g a t i o n  o f  S o i l  
D a mp i n g  on F u l l - S c a l e  T e s t  P i l e s .  T e x a s  T r a n s p o r t a t i o n  I n s t i t u t e ,  P r o g r e s s  
R e p o r t  on  R e s e a r c h  P r o j e c t  No.  1 2 5 - 6 ,  A u g u s t ,  1 9 7 1 .

V e s i c ,  A . S .  D e s i g n  o f  P i l e  F o u n d a t i o n s .  S y n t h e s i s  o f  H i g h w a y  P r a c t i c e ,  
No.  4 2 ,  T r a n s p o r t a t i o n  R e s e a r c h  B o a r d ,  1 9 7 7 .

V e s i c ,  A . S .  T e s t s  on  I n s t r u m e n t e d  P i l e s ,  O g e e c h e e  R i v e r  S i t e .  J o u r n a l  o f  
S o i l  M e c h a n i c s  and  F o u n d a t i o n  D i v i s i o n ,  ASCE,  V o l .  9 6 ,  No.  SM2,  P r o c .  P a p e r  
7 1 7 0 ,  M a r c h ,  1 9 7 0 ,  p p .  5 6 1 - 5 8 4 .

V i e r g e v e r ,  M . A .  R e l a t i o n  b e t w e e n  Cone  P e n e t r a t i o n  a nd  S t a t i c  L o a d i n g  o f  
P i l e s  i n  L o c a l l y  S t r o n g  V a r y i n g  S a n d  L a y e r s .  P e n e t r a t i o n  T e s t i n g ,  
P r o c e e d i n g s  o f  t h e  S e c o n d  E u r o p e a n  S y m p o s i u m ,  A m s t e r d a m ,  N e t h e r l a n d s ,  May,
1 9 8 2 ,  V o l . 2 ,  p p .  9 2 7 - 9 3 2 .

W a i t e ,  C . A . ,  S . A .  N a r k i e w i c z ,  a nd  W.V.  J o n e s .  O f f s h o r e  P i l e  Loa d  T e s t s  on 
C o m p o s i t e  F r i c t i o n  P i l e s ,  L a k e  P e n d  O r e i l l e ,  I d a h o .  P r o c e e d i n g s ,  
N i n e t e e n t h  A n n u a l  E n g i n e e r i n g  G e o l o g y  a n d  S o i l s  E n g i n e e r i n g  S y m p o s i u m ,  
P o c a t e l l o ,  I d a h o ,  A p r i l ,  1 9 8 2 ,  p .  2 4 7 .

W a t t ,  W . G . ,  P . J .  K u r f u r t ,  a n d  Z . P .  Ze ma n .  C o m p a r i s o n  o f  P i l e  Load  T e s t :  
S k i n - f r i c t i o n  V a l u e s  a n d  L a b o r a t o r y  S t r e n g t h  T e s t s .  C a n a d i a n  G e o t e c h n i c a l  
J o u r n a l ,  V o l .  6 ,  No.  3 ,  p p .  3 3 9 - 3 5 2 .

W e l c h ,  R o b e r t  C.  E v a l u a t i o n  o f  R a p i d  P i l e  L o a d  T e s t s .  F i n a l  R e p o r t  
H i g h w a y  R e s e a r c h  P r o j e c t  No.  3 6 .  A r k a n s a s  S t a t e  H i g h w a y  a n d  T r a n s p o r a t i o n  
D e p a r t m e n t ,  J u n e ,  1 9 7 8 .

W h i t a k e r ,  T.  T h e  D e s i g n  o f  P i l e  F o u n d a t i o n s .  P e r g a m o n  P r e s s ,  New Y o r k ,  
1 9 7 0 ,  p p .  2 6 - 4 6 .

W h i t a k e r ,  T .  a n d  F . R .  B u l l e n .  P i l e  T e s t i n g  a n d  P i l e - D r i v i n g  F o r m u l a e .  
P i l e s  a n d  F o u n d a t i o n s ,  F . E .  Y o u n g ,  e d i t o r .  T h e  I n s t i t u t i o n  o f  C i v i l  
E n g i n e e r s ,  L o n d o n ,  1 9 8 1 ,  p p .  1 2 1 - 1 3 4 .

W i n t e r k o r n ,  H . F .  a n d  H . - Y .  F a n g .  F o u n d a t i o n  E n g i n e e r i n g  H a n d b o o k .  Van 
N o s t r a n d  R e i n h o l d  C o m p a n y ,  New Y o r k ,  1 9 7 5 ,  p p .  5 7 2 - 5 8 0 ,  5 9 0 - 6 0 0 .

W r i g h t ,  N . D . ,  W. R .  Va n  H o o y d o n k ,  a n d  D . J . M . H .  P l u i m g r a a f f .  C o r r e l a t i o n  
b e t w e e n  Cone  P e n e t r a t i o n  R e s i s t a n c e ,  S t a t i c  a n d  D y n a mi c  P i p e  P i l e  R e s p o n s e  
i n  C l a y s .  P e n e t r a t i o n  T e s t i n g ,  P r o c e e d i n g s  o f  t h e  S e c o n d  E u r o p e a n  
S y m p o s i u m ,  A m s t e r d a m ,  N e t h e r l a n d s ,  May,  1 9 8 2 ,  V o l .  1 ,  p p .  3 6 9 - 3 7 3 .

W r i g h t ,  N . ,  e t  a l . P i l e  I n s t r u m e n t a t i o n  a n d  M o n i t o r i n g  D u r i n g  P i l e  D r i v i n g  
O f f s h o r e  N o r t h w e s t  B o r n e o .  P r o c e e d i n g s ,  F o u r t e e n t h  A n n u a l  O f f s h o r e  
T e c h n o l o g y  C o n f e r e n c e ,  H o u s t o n ,  T e x a s ,  May ,  1 9 8 2 ,  p p .  4 5 1 - 4 6 3 .
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Wu,  A . H .  a n d  R . R.  F o x .  C a p a c i t y  o f  A x i a l l y  L o a d e d  B e n t  P i l e s  i n  a B e a r i n g  
S t r a t u m  O v e r l a i n  b y  a T h i c k  L a y e r  o f  S o f t  C l a y .  B e h a v i o r  o f  D e e p  
F o u n d a t i o n s ,  ASTM STP 6 7 0 ,  R a y m o n d  L u n d g r e n ,  E d . ,  A m e r i c a n  S o c i e t y  f o r  
T e s t i n g  a n d  M a t e r i a l s ,  1 9 7 9 ,  p p .  5 9 2 - 6 0 5 .

Y a m a n e ,  G.  and  M . - J  Wu. 6 0 0 - T o n  P i l e s  S u p p o r t  We s t  S e a t t l e  F r e e w a y  B r i d g e .  
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