
Terms and Conditions of Use:

this document downloaded from

vulcanhammer.info
the website about 
Vulcan Iron Works 
Inc. and the pile 
driving equipment it 
manufactured

All of the information, data and computer software (“information”) 
presented on this web site is for general information only. While every 
effort will be made to insure its accuracy, this information should not 
be used or relied on for any specific application without independent, 
competent professional examination and verification of its accuracy, suit-
ability and applicability by a licensed professional. Anyone making use 
of this information does so at his or her own risk and assumes any and all 
liability resulting from such use. The entire risk as to quality or usability of 
the information contained within is with the reader. In no event will this web 
page or webmaster be held liable, nor does this web page or its webmaster 
provide insurance against liability, for any damages including lost profits, lost 
savings or any other incidental or consequential damages arising from the use 

or inability to use the information contained within.

This site is not an official site of Prentice-Hall, Pile Buck, or Vulcan Foundation 
Equipment. All references to sources of software, equipment, parts, service or 

repairs do not constitute an endorsement.

Visit our companion site
http://www.vulcanhammer.org

http://www.vulcanhammer.info
http://www.vulcanhammer.org/


LOAD AND RESISTANCE ' FACTOR 

DESIGN OF PILES 

G. G. Goble 

Beginning about two decades ago, dramatic changes began to occur in 

structural .design philosophy. Prior to that time in most of the twentieth 

century, the structural design activity sought t o  develop a structural 

system that would res is t  the effects of an expected load application w i t h  

no structural distress. This was achieved by requiring that the stresses 

calculated from an elast ic  analysis of the structure when subjected to 

the expected design o r  working loads not exceed some accepted, a1 1 owable 

stress.  These allowable stresses were usually defined either explicitly 
7 

or implicitly as a $action of the yield or ultimate strength of the 

material involved. The fact  that the loads had some stat is t ical  distribu- 

tion w i t h  substantially differing probabi 1 i t i e s  of occurrence for different 

types of loads was ignored. Design loads were developed and their  effect 

on the structures was analyzed deterministically. .' 
There are clear advantages to the above approach. The structure i s  

subjected t o  an elast ic  analysis and the limit on allowable stresses i s  

placed well below the elast ic  limit so i t  can be expected that even 

though the structural engineer i s  primarily concerned w i t h  the design of 

a structure having sufficient "strength", many serviceabi 1 i t y  questions 

w i  11 be satisfied indirectly. For instance, one can expect in such an 

approach that deflections wil l  be tolerable and acceptable, The structure 



( 1 
i s  subjected t o  e last ic  analysis a n d ,  therefore, indirectly deflections 

are control led. 

Another important b u t  less understood advantage of an el as t ic  analysis 

and a working stress approach i s  that there i s  a clear and direct redesigr. 

process available t o  the structural engineer. Those portions of the 

structure which are found t o  be overstressed in the analysis can be 

increased in size while other parts of  the structure where stresses are 

less than  the allowable can be decreased i n  size. This approach provides 

a simple redesign algorithm. 

There are also important disadvantages i n  working stress design. For 

instance, a s ta t ical ly  indeterminate structure having a high degree of 

redundancy will have a different factor of safety t o  collapse than will a 

s ta t ical ly  determinate structure. When such structures are designed by 

working stress procedures, the actual factor of  safety for particular 

structures can be quite variable. Since the loads that must be carried 

by the design can come from a variety of  sources (wind, l ive, dead, etc. ) 

the accuracy and  re l iabi l i ty  of  the determination of  their  magnitude can 

d i f fer  widely. Likewise, our abi l i ty  to predict the behavior of va r i~us  

types of structural elements differs as does the consequence of failure 

(the collapse of a column is  usually more serious t h a n  i s  a beam fa i lure) .  

There are other considerations which motivate the change in practice. For 

instance, the behavior of reinforced concrete members does no t  satisfy 

working stress analysis due to time uependent and inelastic deformations. 

On the other hand, i f  working stress analysis i s  completely abandoned 
. . 

for an exclusively strength-design based procedure, then diff icul t ies  can 

arise with other performance aspects o f  the structure. With  strength 



C evaluation procedures questions of deflection are cornpl etely neglected. 

I n  s m a r y  the traditional working s t r e s s  design procedures have come 

under cri t icism because they do n o t  recognize the s t a t i s t i c a l  distributio'n 

of loads and the non-deterministic character o f  structural element s t reng t t .  

The above factors together with considerations of the varying consequence5 

of fa i lu re  for  d i f ferent  element types a1 1 point to the need for  a design 

procedure that  will produce factors 'of safety t h a t  include these conse- 

quences. 

As a solution, a procedure known as load and resistance factor  design 

has evolved which is  becoming increasingly accepted in the design of 

various kinds of structural el ements. This procedure deals very direct ly 

with the questions involved in structural  design. The structure i s  designed 

to sa t i s fy  requirements of strength and serviceabi 1 i  t y ,  direct ly and 

separately. By servi ceabi 1 i  t y  in structural  design we are  referring to 

such considerations as deflection, long term deformation, vibration, cor- 

rosion control,  and  a variety of other such influences. 

Strength considerations are solved di rect ly  by insuring a specif ic  

factor  of safety.  This factor of safety,  however, can be quite variable 

since the method recognizes t h a t  under d i f ferent  conditions different  

factors of safety are appropriate. For instance, i f  the magnitude of the - 
load applied to  a s tructure i s  very well known, then i t  seems reasonable 

t h a t  a smaller factor of  safety can be used than when the load magnitude 

m i g h t  be quite variable. 

Other factors which come into such a design procedure include con- 
. . 

siderations of  the re1 iabil  i t y  of member ~erformance. As a n  example, the 

C flexural behavior of  an under-reinforced concrete beam can be accurately 
r 



p r e d i c t e d  and fu r the rmore ,  t h e  member w i  11 show a s u b s t a n t i a l  d e f l e c t i o n  

p r i o r  t o  l o s i n g  t h e  c a p a b i l i t y  t o  c a r r y  a  small  amount o f  i n c r e a s i n g  l o a d .  

I t  g i v e s  a  s t r o n g  warning of  impending f a i l u r e .  On t h e  o t h e r  hand,  t h e  

same m a t e r i a l  i n  a  r e i n f o r c e d  c o n c r e t e  column w i l l  e x h i b i t  l e s s  d u c t i l i t y  . 

and g i v e  f a r  l e s s  warning o f  f a i  lure. I t  i s  a p p r o p r i a t e  i n  t h e  f i r s t  c a s e  

t h a t  t h e  f a c t o r  of s a f e t y  be  s m a l l e r  t h a n  i n  t h e  second c a s e .  

Th i s  k ind  of an approach t o  d e s i g n  i s  p a r t i c u l a r l y  wel l  s u i t e d  t o  t h e  

d e s i g n  of p i l e  f o u n d a t i o n s .  In f a c t ,  i t  may be  very  wel l  s u i t e d  t o  a l l  

k i n d s  o f  f o u n d a t i o n s .  Only p i l e  f o u n d a t i o n s  w i l l  be  d i s c u s s e d  h e r e .  

Let us c o n s i d e r  one f u r t h e r  problem c u r r e n t l y  f aced  by t h e  s t r u c t u r a l  

d e s i g n e r  when h e  approaches  t h e  d e s i g n  of e i t h e r  a  p i l e  suppor t ed  founda- 

t i o n  o r  a  s p r e a d  f o o t i n g .  As e l emen t s  are p r o p o r t i o n e d ,  u s u a l l y  from t h e  

t o p  o f  t h e  s t r u c t u r e  downward, t h e  l o a d s  a r e  c o l l e c t e d  and c a r r i e d  a long .  

A t  t h e  base  of t h e  structure t h e  f o u n d a t i o n  l o a d s  have been c o l l e c t e d .  

However, t h e s e  l o a d s ,  d e r i v e d  from t h e  s t r u c t u r a l  d e s i g n ,  will be  i n  t h e  

form of  a  f a c t o r e d  load  t o  be  a p p l i e d  t o  t h e  u l t i m a t e  s t r e n g t h  of t h e  

founda t ion .  But ,  c u r r e n t  p r a c t i c e  r e q u i r e s  t h a t  s o i l  1  i m i t a t i o n s  be  handled 

i n  terms of working l o a d s ,  s o  working l o a d s  a p p r o p r i a t e  t o  t h e  d e s i g n  o f  

t h i s  p a r t i c u l a r  e lement  must be assembled.  After t h e  a l l o w a b l e  s o i l  l o a d s  

imposed by t h e  foundat ion  e n g i n e e r  a r e  s a t i s f i e d ,  t h e  des ign  of  t h e  f o o t i n g  

e lement  i t s e l f  must be accomplished us ing  a  l o a d  and r e s i s t a n c e  f a c t o r  

p rocedure .  Th i s  approach i s  n o t  o n l y  i n c o n v e n i e n t ,  b u t  i t  l a c k s  a  g r e a t  

dea l  i n  p h i l o s o p h i c a l  c l a r i t y .  

The problem i s  f u r t h e r  compl ica ted  by t h e  f a c t  t h a t  du r ing  the eva lua -  

t i o n  of t h e  s t r e n g t h  of a  p i l e  f o u n d a t i o n ,  t h e  founda t ion  e n g i n e e r  w i j l  

r probably  de t e rmine  t h e  u l t i m a t e  c a p a c i t y  o f  an i n d i v i d u a l  p i l e .  He o r  t h e  
I "  

s t r u c t u r a l  e n g i n e e r  w i l l  then a s s i g n  a  r a t h e r  a r b i t r a r y  f a c t o r  o f  s a f e t y .  



Traditionally, for we1 1 control led designs, this number i s  usually approxi- 

mately two. I n  current practice in the United States, however, i t  can vary 

widely. Surely i t  should be related t o  the control procedures that a re .  

used in design and construction. 

This paper will propose the framework for a design specification for 

pile foundations which will avoid the inconvenience of - dealing . with both 

factored and working load and a t  the same time provide a more rational 

approach for dealing with pile design. The specification which has been 

used as the framework i s  the American Association of State Highway and 

Transportation Officials'  Bridge Design Specifications. 

The idea of safety factor has been rather loosely used-in working. ____ __  .- - -  

stress design. The designer generally would define factor o f  safety as 
.-- - -/ 

the structural strength divided by the working loads. I n  the context of 

load factor based design more care must be used with the nomenclature. The 

structural s t r e n ~ t h  i s  actually not so easily defined. This i s  also true 

with pile performance where as yet we have- no generally accepted procedure 

for evaluating the results of a s t a t i c  load test .  I n  the remainder of 

this paper the t e n  safe tyfagtor  wi-1.1 refer -- specifical ly t o  the ratio 

between the defined or nominal element strength and the working l o a d .  

This specification, as i s  the case with most load .factor. design pro- 

cedures, divides the safety factor into two parts. The - f i r s t  . part i s  the 

factor which i s  applied t o  the design load. I t  is usually expressed as a 

constant appropriate to the particular load type times the load  i n  question. 

A much larger factor i s  used for 1 ive loads since their  magnitudes are no t  

as accurately predicted as i s  the dead l o a d .  On the other hand.  factors 

C for many loads h a v i n g  sources such as earthquake, wind or stream runoff 
Y 



must be re la ted  to  the occurrence frequency assumed in se lec t ing  the design 
7 

load. For instance,  i t  would be expected t h a t ,  i f  the design load were - 
.s- 

based on a 100 year frequency event,  i t  would have a smaller f a c t o r  than ' 
- 

i f  i t  came from a 25 year frequency. The other  portion of the  f ac to r  of 

safe ty  i s  used t o  reduce the predicted s t rength of a s t ruc tu ra l  element , 

based on an evaluation of the accuracy w i t h  which this element capacity 

can be predicted, the v a r i a b i l i t y  o f t h e  element capaci ty,  the warning of 

f a i l u r e  tha t  i t  will  give,  and the consequences of f a i lu re .  

As indicated above se rv iceab i l i t y  conditions a re  handled d i r e c t l y  in 

1 oad f ac to r  design procedures. This speci f i  cation divides the problem of 

determining an acceptable pi1 e design in to  three separate  considerations : 

s t rength ,  s e rv iceab i l i t y ,  and i n s t a l l a b i l  i t y .  In the context of p i l e  

foundations serviceabil  i  ty  re fers  to  such factors  as long t e n  set t lements ,  

corrosion and other  such considerations.  These fac tors ,  while frequently 

d i f f i c u l t  t o  analyze, a r e  very important i n  p i l e  design. 

One reason f o r  the low - - - - - a1 - . lowable - s t r e s ses  tha t  a r e  enforced on some 

p i les  i s  the consideration tha t  sometimes they cannot be i n s t a l l e d  t o  higher 

working loads due t o  driving d i f f i c u l t i e s .  I t  seems unrea l i s t i c  to  l i m i t  

allowable s t r e s ses  in a11 p i l e s  because som? of them cannot be ins t a l l ed  

f o r  those s t r e s s e s .  I n s t a l l a b i l i t y  should be evaluated as a separate  con- 

s iderat ion.  

Cesign for Strength 

The se lec t ion  of a p i l e  design fo r  s t rength considerations involves 

assuring tha t  the  applied load i s  l e s s  than the p i l e  s t rength.  Recog- 
. . 

nizing tha t  there  i s  a s t a t i s t i c a l  var iat ion in the load and likewise a 

variation in the s t rength.  the purpose of the  f ac to r  of safety i s  t o  assure 



that the probability of the strength being less t h a n  the load  i s  suffi-  

ciently small. This requirement i s  i l lustrated in Figure 1. I n  Figure 

l ( a )  and ( b )  hypothetical distributions of load  and strength are shown . 

with a normal distribution assumed. When they are superimposed, the 

cross-hatched area indicates t h a t  portion of the cases where failure 

occurs (the load is less than the strength). I n  Figure l ( d )  the effect 

of increased strength variability i s  shown. Even though  the average 

strength i s  the same in b o t h  cases, the probabi 1 i  ty of fai 1 ure wi 11 be 

greater for the case with the greater variability. 

I n  the case of the AASHTO Bridge Code the load expression i s  currently 

defined in load factor form as 

where U i s  the factored load, D i s  the actual dead load, L i s  the working 

1 i  ve 1 oad. The AASHTO Bridge Design Speci fication contains additional 

ultimate load equations that must also be satisfied b u t  they will not be 

discussed here. 

I n  foundation design for bridges the contribution of  the dead load i s  

usually the dominan t  influence. Therefore, the foundation loads can be 

approximated by 

I n  order t o  assure adequate safety against failure the nominal u l  t inate 

strength of the pi le ,  R '  , must be reduced by a factor, 4 .  T h u s ,  
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where q i s  the resistance factor  o r ,  according t o  the AASHTO specif icat ion,  

', C ) the capacity modification factor  a n d  R '  i s  the nominal ultimate strength. 

A design i s  acceptable i f  

Since the factors t o  be applied t o  the load are already specified, i t  

i s  only necessary t o  determine appropriate values for 4 .  Consider the ways 

in which a p i le  can f a i l .  F i rs t  i t  can fa i l  due t o  structural fai  1 ure of 

the pi le  (an infrequent occurrence) and second by penetration into the 

ground .  I n  the f i r s t  case $ values have already been defined for  columns 

in specifications such as the A C I  Building Design Specification and a 

value of 0 .7  seems appropriate when applied t o  piles. 

The establishment of 4 for the second and  most l ikely f a i l u r e  mode 

i s  more d i f f i cu l t .  I n  order that  4 be related t o  the var iabi l i ty  of the 

pile strength i t  should be dependent on the means used t o  establish pi le  

capacity, the variabi 1 i t y  of the soil and the construction control procedures 

used. Six di f ferent  procedures now in use can be defined. 

(1) Case Method Analyzer with S ta t i c  Load Test 

One of the i n i t i a l  production piles shall be driven to the required 

ultimate capacity as determined by the Case Method Analyzer (Ref. 

1) with allowance made for  the estimated setup o r  relaxation. 

Blow coun t s  shall be recorded. After a  wait time suff ic ient  t o  

allow pore water pressure t o  dissipate,  a s t a t i c  load t e s t  shall 

be performed t o  fa i lu re .  After completion of the s t a t i c  load 

t e s t ,  the pi le  shall be restruck while tested with the Case..Method 

Analyzer a n d  the blow count shall be recorded. The dynamic record 



sha l l  be examined f o r  p i l e  damage (Ref. 2 ) .  Any necessary adjust-  

ments shal l  be made in the driving c r i t e r i a .  Additional p i l e  

t e s t s  sha l l  be by the  Case Method Analyzer. 

( 2 )  S t a t i c  Load Test 

One of the i n i t i a l  production p i l e s  shal l  be driven t o  the  required 

ult imate capacity as determined by wave equation ana lys is .  

A1 lowance shal l  be made fbr estimated setup o r  relaxat ion.  Blow 

count shal l  be recorded. After a  wait time s u f f i c i e n t  t o  permit 

excess pore water pressure t o  d i s s ipa te ,  a  s t a t i c  load t e s t  sha l l  

be performed t o  f a i lu re .  Any necessary adjustments sha l l  be made 

in the  driving c r i t e r i a  using the wave equation ana lys is .  Addi- 

t ional  p i l e s  sha l l  be proof load tested s t a t i c a l l y  t o  the specif ied 

u1 timate capacity.  

( 3 )  Case Method Analyzer -. 

One of the i n i t i a l  production p i l e s  shal l  be driven to  the required 

ult imate capacity as determined by the Case Method Analyzer. 

Allowance shall  be made f o r  the estimated setup o r  relaxat ion and 

blow count shal l  be recorded. After a  wait time s u f f i c i e n t  t o  

permit excess pore water pressure t o  d i s s ipa te ,  the  p i l e  shal l  be 

restruck while tes ted w i t h  t,he Case Method Analyzer and the blow 

count recorded. The dynamic record shal l  be examined f o r  p i l e  

damage. Any necessary adjustments shal l  be made in the driving 

c r i t e r i a .  Some additional p i l e s  shal l  be tested by the Case 

Method Analyzer. 
. . 

( 4 )  Wave Equation Analysis 

The driving c r i t e r i a  shal l  be set by Wave Equation analysis  with 

allowance made for  setup o r  relaxation. Blow count shal l  be 



recorded. After a wait time sufficient to permit excess pore 

water pressure to dissipate, selected pi 1 es shall be restruck 

and  the b low count carefully measured a t  the beginning of the 

restrike. 

( 5 )  Analysis Based on Soil Data (Static Analysis) 

The required depth of  penetration shall be set  by an appropriate 

s t a t i c  analysis based on soil boring d a t a .  The piles shall be 

driven to t h a t  penetration independent of blow count. 

( 6 )  Dynamic Formula 

The driving cr i ter ia  shall be set  by use of the dynamic formula 

w i t h  allowance for setup or relaxation. The formula shall be 

written without a safety factor. Blow count shall be recorded. 

After a wait time sufficient t o  permit excess pore water pressure 

t o  dissipate,selected piles shall be restruck and the blow count 

carefully measured a t  the beginning of restrike. 

I t  i s  d i f f icu l t  t o  arrive at rational values for O since sufficient 

data i s  n o t  available for a thorough systematic analysis. Recomendations 

are contained in Table I together with the factor of safety that exists 

when used w i t h '  the AASHTO load  factors, assuming dead load i s  dominant.  

TABLE I 

+-FACTORS FOR PILE-SOIL F A I L U R E  

Inscecti o n  Soi 1 - 
Class Un i  form Variable 

, *Quantities i n  parentheses give the total factor of  safety under the 
assumption that the applied load  is  exclusively dead l o a d ,  i .e. 1.30 i s  
the load  factor. 

-11- 



I t  should be emphasized that  the values given in Table I were selected 

by cal ibrating the factor of safety wi t h  current practice. Therefore, 

Inspection Class ( 2 )  has a total  factor  o f  safety of 2.0 (assuming very 

dominant dead loads). This case i s  judged t o  be the best of currently 

established practice. Likewise, the use of a dynamic formula only gives. 

the tradit ional  factor  of safety of 6.0. The other values were interpolated 

i n  between. If load t e s t  data are 'assembled, i t  i s  possible to ar r ive  a t  

3 values rat ionally b u t  th i s  quantity of information i s  not now available. 

Design for  Serviceabil i  t y  

Serviceabil i  ty considerations are  very important in p i le  foundation 

design. Of primary in teres t  are 1 ong term deformations (settlements) . 
Settlement computations for  p i le  foundations are very d i f f i cu l t  to make 

w i t h  any re1 iabil  i t y  and accuracy. They must be made using working loads 

and they should be calculated independently of strength evaluations. Other 

serviceabil i ty 1 imitations ( fo r  example, durabil i ty)  tend to  involve subjec- 

t ive  judgements and are no t  direct ly related t o  structural considerations. 

Further discussion of serviceabil i ty considerations i s  beyond the scope of 

th is  paper. 

Des iqn for Dri veabi 1 i t y  

I n  the past attempts have been made to place simple limitations o n  some 

pile and driving system parameters to make sure that  c r i t i ca l  driving 

stresses are not exceeded. O f  part icular  concern i s  the question of tension 

stresses induced i n  concrete piles during easy driving. The most common 
. . 

approach has been the arbitrary 1 imitation of pile-ram weight ra t ios .  These 

c 1 imitations have been shown to be inadequate and even incorrect (Ref. 3 ) .  
k ' 



The problem may be solvable with closed form solutions of the one- 

\ C I dimensional wave equation, b u t  this has not been done as yet. The most 

re1 iable approach i s  the use of a "wave equation" computer program. However, 

the program must properly model the driving system a n d  proper input data . 

must be used. 

If a wave equation analysis i s  used, the next question t h a t  arises i s  

the determination of acceptable values for dynamic driving stresses. Since 

this i s  a short term load t h a t  can be controlled, i t  i s  reasonable to 

approach closely to the fai lure  stress.  Furthermore, the consequence of 

failure during installation i s  only that a pile must be replaced (providing 

that proper inspection methods are being used). 

Suggested values for a1 lowabl e driving stresses for steel and concrete 

piles are given i n  Table 11. 

TABLE I 1  

ALLOWABLE DRIVING STRESSES 

Material Allowable Stress 
Steel 1.1 Fy 

Concrete* 
Compress i on 
Tens ion 

Comments a n d  Discussion 

The load factor design procedure i s  now the dominant method for accom- 

p l  ishing structural design. I ts  use i s  increasing and expanding. However, 

*The a 1  lowabl e dynamic stresses for   re stressed concrete p i  1es refers 
t o  the t o t a l  pile stress including prestress. 

- - t  



C i i t  has not been used for foundation design even t h o u g h  i t  f i t s  well philo- 

sophically with the methods of  foundation design, and particularly for deep 

foundations. The AASHTO Bridge Design Speci f i  cati on 1 oad factor expressions 

were used in organizing this specification. Of course, other codes could 

have been used equally well since they al l  have the same general form. 

Other construction control procedures can be inserted in this  frame- 

work and improvements in the state-of-the-art can be readily incorporated. 

A proper and reasonable 4 factor must be used. Hopefully, the use of such 

a procedure will encourage the assembly of additional pile load t e s t  data 

( t o  failure) so that improved 4 factors can be determined. 

One of the - important attractions of the procedure described here i s  

that the cost trade-off of improved field testing and construction control - - 
- 

can be directly evaluated-. -- Thus, the engineer can show the owner the 

?? b '  advantages of improved engineering on large jobs. 

The field testing and construction control procedures are n o t  described 

in detail since those aspects are beyond the scope of this paper. I t  should 

be noted t h a t  emphasis i s  placed on restrike testing. This procedure i s  

one of the most important tools for improving pile capacity analysis. I t  

i s  usually quite inexpensive to perform and will probably justify increased 

capacities. On the other hand, one of  the most dangerous problems i s  the 

relaxation of pile capacity. Relaxation will be detected by restrike. 

One o f  the principle advantages of the l o a d  factor philosophy i s  the 

separation of  strength and driveabi 1 i  ty considerations. Currently used 

allowable stresses i n  steel and  timber piles are being held a t  a low level 
. . 

because sometimes they cannot be driven t o  higher capacities due to excessive 

driving stresses. The two problems must be separated and deait w i t h  
\ 



independently s ince they are q u i t e  unrelated. The above procedure accom- 

Ci > p l  ishes t h i s  separation. 

P i l e  foundation design speci f i c a t i o n s  have remained essent ia l  l y  unchanged 

f o r  several decades. During t h i s  same time, s t ruc tu ra l  design codes and 

procedures have undergone a gradual change t o  greater r a t i o n a l i t y  and 

realism. The procedores suggested here w i l l  accomplish t h e  same t h i n g  f o r  

p i  1 e foundation desi gn. 
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