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INFLUENCE OF CYCLIC LOADING ON AXIAL PILE RESPONSE 

H .  G .  Poulos,  Un ive r s i t y  o f  Sydney 

SUMMARY 

This  paper  reviews e x i s t i n g  d a t a  on t h e  e f f e c t s  o f  c y c l i c  degrada t ion  

and loading  r a t e  on s k i n  f r i c t i o n  and s o i l  modulus f o r  a x i a l l y  loaded 

p i l e s .  Some of t h e s e  d a t a  a r e  used i n  a  t h e o r e t i c a l  a n a l y s i s  of  c y c l i c  

a x i a l  response ,  and t h e  e f f e c t s  o f  such f a c t o r s  a s  c y c l i c  load l e v e l ,  

number o f  c y c l e s ,  loading  r a t e  and group e f f e c t s  a r e  i n v e s t i g a t e d .  

Group e f f e c t s  a r e  shown t o  have a  ve ry  s i g n i f i c a n t  i n f l u e n c e  on both  t h e  

u l t i m a t e  load  c a p a c i t y  and c y c l i c  p i l e  s t i f f n e s s .  F i n a l l y ,  a  procedure 

i s  descr ibed  whereby t h e  behaviour  of  a  p i l e  s u b j e c t e d  t o  v a r i a b l e  

c y c l i c  loading  can be e s t ima ted .  

1. INTRODUCTION 

An important  f e a t u r e  of  p i l e  foundat ions  f o r  o f f s h o r e  s t r u c t u r e s  

i s  t h e  c y c l i c  n a t u r e  o f  t h e  loading  (both a x i a l  and l a t e r a l ) .  Consider- 

i ng  t h e  p o s s i b l e  consequences of  f a i l u r e  of  such p i l e s ,  s u p r i s i n g l y  

l i t t l e  i s  known about t h e  response  of  p i l e s  t o  c y c l i c  a x i a l  loading .  A 

number o f  experimental  i n v e s t i g a t i o n s  have been c a r r i e d  out  and t h e s e  

g e n e r a l l y  i n d i c a t e  t h a t  lftwo-wayl' c y c l i c  loading  ( involv ing  load  r eve r -  

s a l )  has  a  f a r  more s i g n i f i c a n t  e f f e c t s  i n  reducing  p i l e  capac i ty  and 

p i l e  s t i f f n e s s  than  does "one-wayn c y c l i c  loading ,  On t h e  o t h e r  hand, 

t h e  r e l a t i v e l y  high frequency o f  wave loading  and t h e  r e s u l t i n g  r a p i d  

r a t e  o f  load  a p p l i c a t i o n  t ends  t o  cause an i n c r e a s e  i n  both load capa- 

c i t y  and p i l e  s t i f f n e s s .  

Only a  few at tempts  have been made t o  i n c o r p o r a t e  e i t h e r  c y l c i c  

degrada t ion  o r  loading  r a t e  e f f e c t s  ( o r  bo th)  i n t o  ana lyses  of  a x i a l  

rcsF'nse (Matlock and Foo, 1979; Boulon e t  a l ,  1980; Poulos,  1979a; 

1981b).  The p re sen t  paper  d e s c r i b e s ' a  f u r t h e r  evo lu t ion  o f  t h e  

ana lyses  presented  i n  t h e  l a t t e r  two pape r s .  Recent d a t a  on t h e  

f a c t o r s  governing c y c l i c  degrada t ion  and loading  r a t e  e f f e c t s  a r e  

reviewed f i r s t  and some of  t h e  a r e a s  s t i l l  r e q u i r i n g  f u r t h e r  i n v e s t i -  

ga t ion  a r e  h i g h l i g h t e d .  An a n a l y s i s  i nco rpora t ing  both c y c l i c  



degradation and loading r a t e  e f f e c t s  i s  then described and an extension 

t o  allow f o r  p i l e  group eff .ects  i s  discussed.  Some so lu t ions  a r e  pre- 

sented t o  i nd i ca t e  t he  e f f e c t s  on cyc l i c  a x i a l  response of such f ac to r s  

as  c y c l i c  load. l eve l ,  loading r a t e  and number of p i l e s  i n  the  group. 

F ina l ly ,  an approximate procedure f o r  evaluat ing the  e f f e c t s  of va r iab le  

cyc l i c  loading on p i l e  response i s  suggested. A s  i n  the  previous 

papers, two main aspects  a r e  considered: 

(a) t h e  influence of cyc l i c  loading on t he  ul t imate  
a x i a l  capaci ty  of a p i l e  

(b) t h e  inf luence of cyc l i c  loading on t he  a x i a l  
s t i f f n e s s  of t he  p i l e - s o i l  system. 

2 .  CYCLIC DEGRADATION EFFECTS 

Laboratory and f i e l d  da ta  show t h a t  cyc l i c  loading may cause a 

reduction i n  load capaci ty  and an increase  i n  se t t lement  of p i l e s .  

Data co l l ec ted  by Bea e t  a1  (1980) suggests  only a maximum 10-20% 

reduction i n  load capaci ty ,  but shows a d e f i n i t e  t r end  f o r  increas ing 

p i l e  head se t t lement  with increas ing number of  cycles  and l eve l  of 

cyc l i c  load l eve l .  They suggest t h a t  t he  sum of s t a t i c  and cyc l i c  ax i a l  

load be kept below 80% of u l t imate  capaci ty  i n  order t o  avoid l a rge  

cumulative se t t lements .  Small-scale laboratory  and f i e l d  data  however 

suggests t h a t  reductions i n  -uIt i inate load capaci ty  s i gn i f i c an t l y  

g rea te r  than 20% may occur, p a r t i c u l a r l y  i f  load reversa l  occurs during 

cycling.  The extent  of  such reductions a l so  depends on the  s o i l  type,  

and the re fore  data  on p i l e s  i n  c lay  and p i l e s  i n  sand w i l l  be reviewed 

separa te ly .  

2 . 1  P i l e s  i n  Clay. 

Two main mechanisms may be postula ted t o  explain the  e f f e c t s  of 

cyc l i c  loading on p i l e s  i n  c lay:  

( i )  changes i n  pore pressure i n  the  s o i l  adjacent  t o  
t he  p i l e  

( i i )  realignment of t he  c lay  p a r t i c l e s  adjacent  t o  t he  
p i l e .  

Laboratory t e s t s  c a r r i ed  out by S teenfe l t  e t  a1 (1981) showed t h a t  a  

drop i n  sha f t  adhesion during a lttwo-wayv cyc l i c  t e s t  was accompanied 

by a gradual r i s e  i n  excess pore pressure ,  but t h a t  when the re  was no 



significant rise in pore pressure, there was no evidence of a reduction 

in shaft capacity. Puech et a1 (1980) found no significant changes in 

pore pressure during cyclic loading of a pile in loose compressible silt, 

although some reduction in skin friction appears to have occurred. A 

small-scale field test by Grosch and Reese (1980) 'on a pile in soft clay 

showed an overall decrease in pore pressure during cycling, prior to (or 

together with) a decrease in skin friction. Fluctuations in pore 

pressure began immediately on initiation of reduction in skin friction 

capacity and were greatest during the periods of greatest reduction. 

Failure was considered to be located entirely in the soil within a zone 

of about 2mm width and not at the pile-soil interface. The soil in 

this zone was over-consolidated due to pile insertion and subsequent 

reconsolidation, and hence was considered to dilate as the clay particles 

rotate and become realigned. Grosch and Reese considered that the 

primary mechanism of cyclic load-transfer reduction is the destruction 

of interparticle bonds and realignment of the soil structure parallel 

to the direction of shear strain. In view of the limited information on 

the role of both postulated machanisms, it would therefore appear prudent 

at this stage to adopt a more phenomenological approach to describe 

cyclic degradation effects on both pile load capacity and deformation. 

A consistent feature of cyclic response of piles is that "two- 

way" cyclic loading (involving stress reversal) results in a much more 

dramatic reduction in pile load capacity than f'one-wayn cyclic loading 

(Holmquist and Matlock, 1976; Steenfelt et al, 1981), with reductions in 

skin friction of up to 75% being recorded for extremely large cyclic 

load or displacement amplitudes. Such findings have led to the develop- 

ment of a degradation model by Matlock and Foo (1979) in which cyclic 

degradation only occurs if plastic reversals of strain occur. However, 

model tests by Poulos (1981a) reveal that one-way cyclic loading will 

also cause a reduction in ultimate skin friction, and that a more satis- 

factory basis for cyclic degradation may be the cyclic displacement of 

the pile. 
. . 

In order to express degradation effects conveniently, the 

concept of degradation factors has been introduced, the degradation 

factor being defined as 



roperty after cyclic loading 
D = P  (1) property for static loading 

The degradation factors for skin friction, ultimate base resistance and 

soil modulus are denoted as Dry Db and D respectively. E .  

The variation of the skin friction degradation factor DT with 

cyclic pile displacement is shown in Fig.1. These results are derived 

from tests on model piles 20mm diameter and 250mm long in remoulded 

clay (Poulos, 1981a) and the cyclic displacement is expressed in dimen- 

sionless form as pc/d, where pc ='half-amplitude of cyclic displacement 

and d = pile diameter. Tests on model piles of various diameters indi- 

cate that this normalization of cyclic displacement is applicable on a 

model scale, but it is not known whether the results would apply for 

full-size piles. However, data presented by Aurora et a1 (1981) suggests 

that the static pile displacement for full slip,pst/d, increases more-or- 

less linearly with diameter, with p /d ranging between about 0.005 and 
st 

0.025. As discussed below, the cyclic pile displacement to cause a 

particular degree of cyclic degradation of skin friction appears to be 

related to p so that it seems reasonable to assume that cyclic dis- 
st 

placement is also related to the diameter. Fig.1 reveals that no 

degradation of skin friction occurs unless the (half-amplitude) cyclic 

displacement exceeds about 0.2% of the diameter. Thereafter, increasing 

cyclic displacement results in degradation and loss of skin friction, 

although the degradation factor appears to reach a limiting value for 

cyclic displacements in excess of about 1.5% of the diameter. The 

degradation factor depends on the number of cycles (in contrast to the 

assumption made earlier by Poulos, 1981b), but the majority of degrada- 

tion occurs in the first 10 or 20 cycles. This was also noted in tests 

by Grosch and Reese (1980). However, it should be emphasized that the 

cyclic displacement required to initiate degradation may vary consider- 

ably from those indicated in Fig.1. For example, Grosch and Reese (1980) 

have found, from tests on a 1 in diameter model aluminium pile in a 

soft in-situ clay, that cyclic displacements p in excess of k0.02d 
C 

were required, and that a limiting degradation factor was reached when 

p exceeded about C0.06d. It would appear that the ttcriticallt cyclic 
C 

displacement at which cyclic degradation commences, @ccy is related to r"?l 
the displacement required for full slip in a static load test, pst. In 
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the  model t e s t s  of Poulos (1918a) pst was about O.OOSd, whereas i n  the  

t e s t s  of Grosch and Reese (1980), pst was about (0.04 t o  0.05)d. The 

corresponding values of pcc/ a r e  the re fore  s im i l a r ,  being of the  order 
D S  t 

of 0.4 t o  0.5 i n  both cases .  Consequently, t h e  degradation f a c t o r  i s  

probably be s t  r e l a t ed  t o  t h e  r a t i o  of t he  cyc l i c  displacement pc t o  t he  

s t a t i c  displacement f o r  f u l l  development of sk in  f r i c t i o n ,  pst. This 

approach has ,  i n  e f f e c t ,  been adopted by Poulos (1981b) who considers 

the  degradation f ac to r s  t o  be dependent on a cyc l i c  f l s t r a i n t f  r a t i o ,  i n  

which t he  reference s t r a i n  i s  r e l a t e d  t o  t h e  s t a t i c  shear  s t r a i n  t o  
P f a i l u r e .  Fig.1 a l s o  shows t he  absc i s sa  i n  terms of t c/pSt, and t h i s  

would appear t o  be t he  most useful  form of t h e  sk in  f r i c t i o n  degradation 

r e l a t i onsh ip  t o  adopt f o r  p r a c t i c a l  purposes. Comparison between Fig.1 

and t he  degradation curve previously adopted by Poulos (1981b) reveals  

t h a t  t he  l a t t e r  i s  f a r  more severe,  with a degradation f a c t o r  of  about 

0.3 f o r  a value of c y c l i c  s t r a i n  r a t i o  (o r  'c/pSt) o f  1.5. 

Data on modulus degradation from cyc l i c  t r i a x i a l  t e s t s  by 

I d r i s s  e t  a1 (1978) ind ica ted  t h a t  t he  modulus degradation f a c t o r  DE 

could be approximated a s  follows: 

where N = number of cycles  

t = a degradation parameter which 

i s  a function of cyc l i c  s t r a i n .  

I t  has been found from model t e s t s  t h a t  Eq.2 can a l s o  be applied t o  t he  

degradation of s o i l  modulus f o r  p i l e s ,  and t h a t  t he  parameter t can be 

r e l a t ed  t o  t h e  dimensionless cyc l i c  displacement t p  
c/d' o r  preferably ,  

P t o  t c/pst.  The r e l a t i onsh ip  derived from the  model p i l e  t e s t s  of 

Poulos (1981a) is  shown i n  Fig.2; because of experimental s c a t t e r ,  t h e  

range of t values i s  shown. Comparison between Fig.2 and the  previously- 

assumed r e l a t i onsh ip  used by Poulos (1981b) shows t h a t  t he  l a t t e r  r e s u l t s  

i n  considerably g r ea t e r  modulus degradation, although t h a t  r e l a t i onsh ip  

can be adjus ted by a l t e r i n g  the  reference shear s t r a i n .  . . 

Unfortunately, no d i r e c t  da ta  i s  ye t  ava i l ab le  on the  cyc l i c  

degradation of u l t imate  base r e s i s t ance  of a p i l e  i n  c lay ,  a s  most t-9 
--- t e s t s  t o  da t e  have concentrated on c y c l i c  e f f e c t s  on skin  f r i c t i o n .  In  



the absence of other evidence, it is suggested that Figs.1 and 2 can be 

used to estimate the amount of degradation of ultimate base pressure and 

soil modulus at the base, provided that the value of pst is now taken as 

the displacement required to mobilize the ultimate base resistance; this 

will generally be significantly greater than the displacement to 

mobilize the ultimate skin friction, so that the amount of cyclic 

degradation at the base will generally be less than along the shaft. 

Finally, it should be remarked that data derived from small- 

scale model pile tests may tend to reflect the effects of particle 

reorientation more than pore pressure effects, since any excess pore 

pressure developed during cyclic loading will dissipate much more 

rapidly than in a full-scale field situation. The extent to which pore 

pressure effects influence cyclic degradation of full-scale piles 

(particularly large-diameter offshore piles) remains to be investigated. 

2.2 Piles in Sand. 

The limited information available On the effects of cyclic 

e' loading on piles in sand indicates that remarkable reductions in load 

capacity and pile stiffness can occur. Chan and Hanna (1980) describe 

laboratory model tests which demonstrate that pile failure can occur 

with cyclic loads of 30% of the ultimate static load for one-,way loading ' 

or even smaller values for two-way cyclic loading. Permanent settle- 

ment of the pile may continue to increase, even after a very large 

number of cycles. Model tests by Gudehus and Hettler (1981) show that 

failure can occur under one-way cycling for a maximum load as small as 

10% of the ultimate static value; this failure is characterized by 

increasing deflection with increasing numbers of cycles (incremental 

collapse). At higher cyclic load levels (e.g. 30% of ultimate), 

failure occurs within about 40 cycles. Field and laboratory tests 

reported by Van Weele (1979) broadly confirm the conclusions reached in 

the above model tests. In one test, with an average load of 20-30% of 

the static failure load and a cyclic component of equal magnitude, 

failure occurred after about 3000 load cycles, while in another test, 

cycling between zero load and about 25% of the ultimate static load 

caused failure after 10000 cycles. It was deduced that degradation of 

base resistance was more severe than degradation of skin friction, and 



close examination of the sand near the tip showed appreciable crushing 
I 

of the grains. For design purposes, Van Weele suggests that the ulti- 

mate peak load under cyclic conditions is approximated as the sum of 

25-33% of the static end-bearing and 60-70% of the static ultimate 

friction. 

In all the above cases, failure is characterized by a continued 

accumulation of permanent displacement, resulting in movements of the 

order of one pile diameter after many cycles. Van Weele attributes this 

to the continuous re-arrangement of particles (and the possible crushing 

of highly-stressed particles) and argues that deformation may continue 

to increase with increasing load cycles without reaching a final and 

constant value. Thus, the consideration of permanent displacement and 

its accumulation with increasing load cycles appears to be of prime 

importance in assessing cyclic axial response of piles in sand. Never- 

theless, the amount of cyclic degradation of skin friction has been 

shown to be dependent on the cyclic displacement, as is also the case 

for piles in clay. Small-scale laboratory tests have been carried out 

by the author on jacked aluminium piles (20mm diameter, 250mm long) in r"T! 
medium dense silica sand consolidated to various overburden pressures - 

using displacement-defined two-way cyclic loading with a mean zero load. 

The skin friction degradation factor DT is found to be relatively 

insensitive to overburden pressure and overconsolidation ratio, and the 

relationship obtained between DT and dimensionless cyclic pile displace- 

ment p is shown in Fig.3 for N = 10 cycles. Also shown on the hori- 
c/d 

zontal axis is the cyclic pile displacement pc normalized with respect 

to the static displacement of full slip pst, which for these tests 

averaged 0.025d. The general characteristics of cyclic degradation of 

skin friction are similar to those for piles in clay (Fig.l), and again 

the majority of degradation appears to take place within the first 

10 cycles. 

Detailed data on the degradation of soil modulus has not yet 

been obtained for piles in sand. The cyclic stiffness of a pile tends 

to decrease with increasing numbers of cycles, but it is not yet clear 

whether the expression in Eq.2 can be applied in this case. Moreover, 

no data on the degradation of ultimate base resistance is available, c"a 
although the tests of Van Weele suggest that this degradation may be 

8 



important. Consequently, i t  must be concluded t h a t ,  a t  t h i s  time, t he r e  

i s  a dear th  of experimental da t a  on t he  e f f e c t s  of cyc l i c  loading on 

p i l e s  i n  sand, although ind ica t ions  a r e  t h a t  they can be more c r i t i c a l  

than f o r  p i l e s  i n  c lay .  

3 .  LOADING RATE EFFECTS 

Bjerrum (1973) and Bea e t  a1  (1980) have summarized the  result :  

of f i e l d  t e s t s  on p i l e s  i n  c lay  which c l e a r l y  i nd i ca t e  t h a t  the  r a t e  of 

app l ica t ion  (or  t h e  time t o  f a i l u r e )  has a s i g n i f i c a n t  e f f ec t  on p i l e  

load capaci ty .  The more rapid  the  loading r a t e ,  the  g r ea t e r  the  p i l e  

capacity,  and an approximately l i n e a r  inc rease  i n  load capaci ty  with t he  

logarithm of loading r a t e  i s  observed. Typically,  t h e  load capacity 

increases  by between 10 and 20% per  decade increase  i n  loading r a t e .  

Laboratory t e s t s  on model p i l e s  i n  c lay  a l s o  confirm these  values 

(Poulos, 1981a). Similar  e f f e c t s  have been noted on p i l e  s t i f f n e s s  by 

Gallagher and S t .  John (1980) and Kraft  e t  a1  (1981) i n  t h e i r  f i e l d  

t e s t s .  Thus, i n  quant i fy ing the  e f f ec t s  of loading r a t e ,  a  reasonable 

procedure appears t o  be t o  apply a loading r a t e  f a c t o r  DR t o  the  values 

of u l t imate  skin  f r i c t i o n ,  u l t imate  base r e s i s t ance  and s o i l  modulus, i n  

which 

where Fp = r a t e  coef f i c ien t  ( t yp i ca l l y  0 . 1  t o  0.25) 

X = ac tua l  loading r a t e  

A = reference loading r a t e  (e .g .  f o r  s t a t i c  r load t e s t ) .  

In  s i t u a t i o n s  where r e l a t i v e l y  rap id  c y c l i c  loading i s  being 

applied t o  a p i l e ,  (such a s  with offshore p i l e s  subjected t o  wave load- 

ing) t he  bene f i c i a l  e f f e c t s  of  high loading r a t e  maybe o f f s e t  by t he  

degradation of load capaci ty  due t o  t he  cycling of t he  load, and t he  

ul t imate  load capaci ty  may be l e s s  than o r  more than the  ul t imate  s t a t i c  

capacity.  For example, i n  t he  t e s t s  conducted by Kraft e t  a1  (1981), 

t h e  combined e f f e c t s  of one-way cycling and rap id  loading r a t e  resu l t ed  

i n  a load capaci ty  which exceeded t h e  s t a t i c  value by up t o  20%. Thus, 

it i s  necessary t o  consider both cyc l i c  and r a t e  e f f e c t s  simultaneously 

i n  order t o  assess  t h e  u l t imate  load capaci ty  of offshore  p i l e s .  
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There is  no published evidence on t h e  e f f e c t s  of  loading r a t e  

on p i l e s  i n  sand. Laboratory s t a t i c  t r i a x i a l  t e s t s  show t h a t  t h e  shea r  

s t r cng th  of  s311J i s  l a r g e l y  un;iffccted hy loading r a t c  ( i n  con t ras t  t o  

c lays  which a r e  inf luenced i n  a s i m i l a r  manner t o  p i l e s  i n  c l a y ) .  ~ h u s  

it would seem t h a t  no r a t e  e f f e c t s  could be  r e l i e d  upon f o r  p i l e s  i n  

sand, s o  t h a t  c y c l i c  loading would se rve  only t o  cause degradation of  

p i l e  load capac i ty  and s t i f f n e s s ;  i f  t h i s  i s  so ,  t h e  s ign i f i cance  o f  

c y c l i c  loading e f f e c t s  on p i l e s  i n  sand may indeed be much g r e a t e r  than 

f o r  p i l e s  i n  c l ay .  

4 .  THEORETICAL ANALYSIS 

An a n a l y t i c a l  procedure f o r  incorpora t ing  t h e  e f f e c t s  of c y c l i c  

loading r a t e  on a x i a l  p i l e  response has  been descr ibed by Poulos (1981b). 

The a n a l y s i s  f o r  a  s i n g l e  p i l e  w i l l  be summarized b r i e f l y  and then an 

extension t o  allow a n a l y s i s  of  c i r c u l a r  groups o f  p i l e s  w i l l  be d i s -  

cussed. 

4 . 1  S ing le  P i l e s .  

a The a n a l y s i s  i s  a s impl i f i ed  form of  boundary element ana lys i s  

i n  which t h e  p i l e  i s  d i s c r e t i z e d  i n t o  a s e r i e s  of elements, c y l i n d r i c a l  

f o r  t h e  s h a f t  and annular  elements f o r  t h e  base and any d i s c o n t i n u i t i e s  

i n  diameter along t h e  s h a f t  ( see  Fig.4) .  The s o i l  is  considered i n i t i -  

a l l y  t o  be  a l i n e a r l y  e l a s t i c  continuum. By considering equil ibrium and 

compatabi l i ty  between t h e  v e r t i c a l  movements of  t h e  p i l e  and s o i l  a t  

each element, r e l a t i o n s h i p s  may be derived between t h e  increment i n  

p i l e - s o i l  i n t e r a c t i o n  s t r e s s e s ,  t h e  incremental p i l e  v e r t i c a l  d isplace-  

ment, and t h e  appl ied  a x i a l  load increment. I n  t h e  case  of s t a t i c  

loading,  t h e s e  r e l a t i o n s h i p s  may be solved f o r  t h e  i n t e r a c t i o n  s t r e s s  

increments and t h e  incremental p i l e  de f l ec t ion ,  from which t h e  o v e r - a l l  

values can be obtained by add i t ion  t o  t h e  e x i s t i n g  values .  Allowance 

can be made f o r  p i l e - s o i l  s l i p  o r  s o i l  y e i l d  a t  an element by speci fy-  

ing an upper l i m i t  t o  t h e  value of t h e  i n t e r a c t i o n  s t r e s s  a t  each 

element, and carry ing out  an i n t e r a t i v e  a n a l y s i s .  Nonhomogeneity of  t h e  
. . 

s o i l  along and beneath t h e  p i l e  may a l s o  be taken i n t o  account approxi- 

mately, i n  t h e  manner described by Poulos (1979b). The a b i l i t y  t o  con- 

f- s i d e r  s o i l  nonhomogeneity i n  a  convenient and economical fashion i s  

e s s e n t i a l  when considering a c y c l i c a l l y  loaded p i l e ,  a s  degradation of  



the  s o i l  modulus and sk in  f r i c t i o n  w i l l  occur a t  d i f f e r en t  r a t e s  along 

t he  p i l e ,  so  t h a t ,  even i n  an i n i t i a l l y  homogeneous s o i l  mass, non- 

uniform d i s t r i bu t i ons  of modulus and skin  f r i c t i o n  w i l l  generally ex i s t  

along t he  p i l e .  

In extending t he  above analysis  t o  incorporate cyc l ic  loading, 

it is most convenient t o  carry  out an analysis  t o  determine t he  response 

of a p i l e  a f t e r  a number of cycles N of uniform magnitude (maximum load 

'max minimum load Pmin), with t he  s o i l  parameters being adjusted t o  

r e f l e c t  t he  e f f e c t s  of cyc l i c  loading a t  t he  end of t he  load sequence. 

The following procedure i s  followed: 

(1) F i r s t  es t imates  of s o i l  modulus Es, ul t imate  skin f r i c t i o n  
Ta and u l t imate  base res i s tance  pb, a r e  chosen f o r  each 
element (e .g .  the  values f o r  s t a t i c  loading).  

(2) The p i l e  i s  analyzed f o r  t he  maximum load Pmax, and t he  
d i s t r i bu t i ons  of shear s t r e s s  and displacement along the  
p i l e  a r e  determined. 

(3) The p i l e  i s  s im i l a r l y  analyzed f o r  t he  minimum load P m i n .  

(4) The cyc l i c  displacement PC a t  each element is  determined 
by subtract ing t he  minimum value (Step 3) from the  maximum 
value (Step 2 ) .  

( 5 )  For the  spec i f ied  number of cycles and t he  cyc l ic  displace- 
ment, t h e  degradation f ac to r s  DT, Db and DE a r e  determined 
from re la t ionsh ips  such as  those i n  Figs.1 and 2 ,  and Eq.2. 

(6) Revised values of u l t imate  skin f r i c t i o n ,  u l t imate  base 
res i s tance  and s o i l  modulus a r e  determined by multiplying 
t he  s t a t i c  values by the  appropriate degradation f ac to r  
and t he  r a t e  f ac to r  DR (Eq.3). These revised values a r e  
compared with t h e  ex i s t ing  values,  and i f  t he  di f ference 
i s  g rea te r  than a spec i f ied  to lerance,  Steps 2 and 6 a r e  
repeated u n t i l  t he  desi red degree of convergence is  obtained. 

(7) The cyc l i c  def lec t ion ,  t h e  mean def lec t ion ,  and the  values 
of u l t imate  skin  f r i c t i o n  and base res i s tance  corresponding 
t o  N cycles of load (range PmaxtoPmin) a re  thus obtained, 
from which t he  ava i lab le  ul t imate  load capacity a f t e r  
cycling may be read i ly  calcula ted.  

In order t o  obta in  more rapid  convergence, i t  is  des i rab le  t o  

choose reasonable f i r s t  est imates of t he  s o i l  parameters, and t h i s  can 

be achieved by carrying out successive incremental analyses i n  which 

t he  f i r s t  est imates of the  parameters f o r  each increment a r e  t he  values 

f o r  t h e  previous increment. A '  



i 
6- . 4.2 Pile Groups. - 
\ If the piles in a group are symmetrically arranged around the' 

circumference of a circle, as is the case for offshore pile groups, all 

piles will behave identically under axial loading and consequently the 

single pile analysis can very easily be extended to analyze the behav-• 

iour of the piles in the group. The only modification required is in 

the calculation of the soil displacements at each element, which now 

include components due to the surrounding piles in the group in addition 

to the subject pile itself. These components can be evaluated from 

Mindlin1s equations of elasticity, as described by Poulos (1968). 

Solution of the resulting displacement compatability equations, the 

checks for pile-soil slip and yield, andthe incorporation of cyclic 

degradation and rate effects, are then carried out as for a single pile. 

A computer program, CYCPL?, has been written to carry out this analysis, 

this program being an extension of an earlier program (CYCPL6) for 

single piles. 

The significance of group effects will be discussed in detail 

below, but in brief, since cyclic degradation is dependent on cyclic 

displacement, and since the cyclic displacement of a pile in a group is 

greater than for an isolated single pile, it follows that the effects of 

cyclic loading on a pile group will be more severe than on a single pile 

(for the same cyclic load per pile)., 

5 .  SOME THEORETICAL RESULTS 

To illustrate some of the characteristics'of piles under cyclic 

axial loading, solutions have been obtained for a hypothetical case in 

which steel tube piles are driven into a deep deposit of relatively stiff 

clay. The piles are 7 2 m  long, 1.4m diameter and have a 50mm wall. 

The soil is assumed to have a constant undrained shear strength of 200kPa, 

a constant ultimate skin friction of 50kPa (in both compression and 

tension), an ultimate base resistance of 1.8MPa in compression and 

O.1MPa in tension and a constant Young's modulus of 50MPa. The degra- 

dation characteristics for both shaft and base are assumed to be as 

shown in Figs.1 and 2, and the loading rate effects are given by Eq.3 

with a rate coefficient F of 0.1. Each pile has a static compressive 
P 

load PO of 6 MN applied to it (corresponding to a static safety factor 



of about 3) and a c y c l i c  component ? P C ,  

I The fol lowing f a c t o r s  a r e  i n v e s t i g a t e d :  . ~ r /  

( i )  t h e  in f luence  of  c y c l i c  load amplitude PC and number . 
of  cyc les  N 

( i i )  t h e  in f luence  of  number of  p i l e s  

( i i i )  t h e  in f luence  of loading r a t e .  

Fig.5 p l o t s ,  f o r  a  s i n g l e  p i l e ,  t h e  computed u l t i m a t e  load capa- 

c i t y  a f t e r  c y c l i n g , P  aga ins t  t h e  c y c l i c  load amplitude P f o r  N=1000 
uc ' c ' 

cyc les .  A s  would be expected, Pu; decreases a s  PC inc reases ,  and i f  

= 28.5 MN, f a i l u r e  w i l l  occur during c y c l i c  loading.  A t  small  va lues  

of PC,  t h e  u l t i m a t e  load capac i ty  exceeds t h e  s t a t i c  va lue  o f  18.6 MN 

because of r a t e  e f f e c t s .  

Also shown i n  Fig .5  a r e  t h e  corresponding r e l a t i o n s h i p s  between 

and P f o r  groups of  4 and 8 p i l e s .  The load capac i ty  a f t e r  cycl ing  
C 

is  s u b s t a n t i a l l y  reduced because of  group e f f e c t s ,  and f a i l u r e  during 

cyc l ing  occurs  a t  a  c y c l i c  load of  about t 6 . 5  MN. For PC i n  excess of  

about f 4  MN, t h e  va lue  of  Puc does no t  decrease  with inc reas ing  P 
C 

because t h e  l i m i t i n g  degradat ion f a c t o r  i s  reached along t h e  length  of 

t h e  p i l e .  The s i g n i f i c a n c e  of  group e f f e c t s  can b e s t  be apprec ia ted  by 

cons ider ing  t h e  s a f e t y  f a c t o r  SF a g a i n s t  u l t i m a t e  f a i l u r e  f o r  a  t y p i c a l  

c y c l i c  load of  PC = 23 MN ( i . e .  a  t o t a l  maximum load of 9 MN). Referr ing  

t o  Fig .5  f o r  s t a t i c  cond i t ions ,  SF is  18.6/9.0 = 2.07, and f o r  a  s i n g l e  
21 9 p i l e  under c y c l i c  loading,  SF r i s e s  t o  about --= 2.3 because of r a t e  9 

e f f e c t s .  However, f o r  a  group of  4,  SF is  reduced . to  13.9/9 = 1 .5  and 

f o r  a  group of  8 ,  SF reduces even f u r t h e r  t o  12.5/9 = 1 .4 .  Such reduc- 

t i o n s  have obvious important  impl i ca t ions  i n  p i l e  des ign .  

Fig.6 shows s t r e s s  and load d i s t r i b u t i o n s  f o r  a  s i n g l e  p i l e  and 

a p i l e  i n  a  group of  4 and 8 p i l e s .  A s  t h e  number of  p i l e s  inc reases ,  

smal ler  shea r  s t r e s s e s  a r e  developed nea r  t h e  top  of  t h e  p i l e  and more 

losd  i s  t r a n s f e r r e d  t o  t h e  lower por t ion  and t o  t h e  base.  Consequently, 

t h e  n a t u r e  o f  t h e  bear ing  s t ra tum w i l l  be o f  g r e a t e r  importance f o r  a  

p i l e  group than f o r  a  s i n g l e  p i l e .  . . 

Fig.7 shows t h e  decrease  i n  p i l e  load capac i ty  and s t i f f n e s s  

with inc reas ing  numbers of cycles  f o r  a c y c l i c  load of  + 3  MN. The n- 
u l t i m a t e  load w i l l  even tua l ly  asymptote t o  t h e  va lue  corresponding t o  
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t h e  l i m i t i n g  degradat ion  f a c t o r s  f o r  s k i n  and base  r e s i s t a n c e s ,  but  t h e  

c y c l i c  p i l e  s t i f f n e s s  decreases more o r  l e s s  l i n e a r l y  with t h e  logari thm 

of number of  cyc les .  

The important  in f luence  of inc luding loading r a t e  e f f e c t s  i n  t h e  

a n a l y s i s  i s  i l l u s t r a t e d  i n  Fig.8 f o r  a  s i n g l e  p i l e .  With r a t e  e f f e c t s ,  

p i l e  f a i l u r e  w i l l  occur a f t e r  about t 8 . S  MN; however, if no r a t e  e f f e c t s  

a r e  p resen t ,  a  c y c l i c  load of  only about k 5 . 2  MN w i l l  cause f a i l u r e  

a f t e r  1000 cyc les .  

The combined e f f e c t s  of  c y c l i c  load l e v e l  and number of cycles  

may be convenient ly  represented  i n  t h e  form of  a  contour diagram (Fig.9) 

i n  which contours  of  load capac i ty  a f t e r  cycl ing ,  PUc, a r e  p l o t t e d  

aga ins t  c y c l i c  load P and number o f  cycles  N .  Such a diagram can be 
C 

prepared by ca r ry ing  ou t  a  s e r i e s  of  analyses  i n  which t h e  c y c l i c  load 

l e v e l  i s  p rogress ive ly  increased  f o r  a  given number of cycles ,  and 

var ious  numbers of  cycles  a r e  considered.  The use  of t h i s  diagram f o r  

es t imat ing  t h e  e f f e c t s  of v a r i a b l e  c y c l i c  loading (e .g .  "stormH loading 

sequences) is  d iscussed  below. 

. .: 
6.  VARIABLE CYCLIC LOADING 

The above s o l u t i o n s  f o r  c y c l i c  response assume t h a t  t h e  c y c l i c  

load amplitude remains cons tant  f o r  t h e  s p e c i f i e d  number of  cyc les .  For 

t h e  design of o f f s h o r e  foundations,  c y c l i c  loading due t o  wave a c t i o n  i s  

d i f f i c u l t  t o  c h a r a c t e r i z e  by an equivalent  number of cycles  of uniform 

c y c l i c  load amplitude and i t  is  usual  t o  c0ns ide r . a  number of "parcelsI1 

of c y c l i c  loading involving  va r ious  numbers of  cyc les  of c y c l i c  load of 

d i f f e r e n t  ampli tudes.  I n  o rde r  t o  ob ta in  an e s t ima te  of  t h e  e f f e c t  of  

such a c y c l i c  loading sequence, an approximate g raph ica l  procedure has  

been devised which i s  s i m i l a r  i n  p r i n c i p l e  t o  t h e  procedure described 

by -4ndersen (1976) f o r  computing shear  s t r a i n s  i n  a  c l ay .  

From t h e  s o l u t i o n s  obtained f o r  c y c l i c  loading of  cons tant  ampli- 

tude,  a  s e r i e s  of contours  of  equal u l t i m a t e  load capac i ty  can be drawn 

on a p l o t  of c y c l i c  load l e v e l  versus  number of cyc les ,  a s  shown i n  Fig.9 

f o r  t h e  example considered i n  t h e  previous s e c t i o n .  The "parce lsn  i n  t h e  

c y c l i c  loading sequence a r e  then  considered i n  t u r n ,  assuming t h a t  t h e  

order  of  a p p l i c a t i o n  of  t h e  p a r c e l s  does not  in f luence  t h e  f i n a l  r e s u l t .  
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CONSTRUCTION FOR VARIABLE CYCLIC LOADING 



For t h e  f i r s t  c y c l i c  load amplitude, P I ,  t h e  u l t i m a t e  load capaci ty  P 
UC 1 

a t  t h e  end o f  t h e  appropr i a t e  number o f  cyc les  N ,  i s  determined from 

t h i s  p l o t .  A t  t h e  nex t  c y c l i c  load l e v e l ,  P 2 ,  t h e  equivalent  number ~f 

cyc les ,  N e 2 ,  t o  g ive  t h i s  same u l t i m a t e  load capac i ty  P is  then 
UC 1 

est imated from t h e  contours .  The second p a r c e l  of load (N2 cycles)  i s  

taken a s  occurr ing  from N t o  (Ne2 + N2) cycles  of  load of amplitude 
e2 

P2. A t  t h i s  p o i n t ,  t h e  u l t i m a t e  load capaci ty  w i l l  be P uc2 ' and t h e  

equivalent  number of cyc les ,  Ne3, t o  g ive  t h i s  u l t i m a t e  load capaci ty  

a t  t h e  next  c y c l i c  load l e v e l ,  P3, i s  determined. The procedure i s  

repeated  u n t i l  t h e  e n t i r e  c y c l i c  load sequence i s  considered.  

To i l l u s t r a t e  t h e  a p p l i c a t i o n  of  t h e  above procedure, t h e  follow- 

ing  c y c l i c  loading sequence i s  considered:  

900 cycles  of  t 1 . 0  MN 
200 cycles  of  t 2.0 MN 
40 cycles  of + 3.0 bU4 

The cons t ruc t ion  f o r  t h i s  sequence a r e  shown i n  Fig.9.  A t  t h e  end of  t h e  

sequence, t h e  es t imated  load capac i ty  i s  14.2 MN. The above sequence 

t corresponds t o  approximately 90 cyc les  of load of amplitude +3 MN, and 
rl hence t h e  c y c l i c  s t i f f n e s s  a t  t h e  end of  t h e  loading sequence i s  most 

e a s i l y  obtained by determining t h e  va lue  f o r  90 cyc les  of 13 MN ( i n  t h i s  

case ,  about 242 MN/m) . 
The a p p l i c a b i l i t y  of t h e  above procedure remains t o  be v e r i f i e d ,  

but  it does appear t o  provide a s imple and reasonably l o g i c a l  means of  

es t imat ing  t h e  response of  a p i l e  t o  v a r i a b l e  cyc.lic loading,  o r  a t  t h e  

very  l e a s t ,  o f  determining an equivalent  number of  cycles  of  a given 

c y c l i c  load amplitude f o r  which t o  c a r r y  out  a d e t a i l e d  a n a l y s i s  of t h e  

p i l e  response.  

- 
, . CONCLUSIOSS ' 

Cyclic  loading of a p i l e  i s  cha rac te r i zed  by two opposing 

phenomena; c y c l i c  degradat ion e f f e c t s  which tend t o  decrease both p i l e  

capac i ty  and s t i f f n e s s ,  and loading r a t e  e f f e c t s  which tend t o  inc rease  

t h e s e  q u a n t i t i e s .  The a n a l y s i s  descr ibed  h e r e i n  i s  a development of 

e a r l i e r  analyses ,  and t akes  both phenomena i n t o  account.  In  p a r t i c u l a r  

it u t i l i z e s  r ecen t  d a t a ' r e l a t i n g  t h e  c y c l i c  degradat ion of sk in  f r i c t i o n  

and s o i l  modulus a t  a po in t  on t h e  p i l e  t o  t h e  c y c l i c  displacement a t  



t h a t  p o i n t .  Another important ex tens ion  t o  t h e  a n a l y s i s  i s  t h e  incor-  ;:s 
pora t ion  of group e f f e c t s .  S ince  t h e s e  tend t o  i n c r e a s e  displacements ,  .'% -1 

they  a l s o  tend t o  cause more severe  degradat ion .  The consequences of 

group e f f e c t s  a r e  demonstrated by an example which i n d i c a t e s  t h a t  t h e  

maximum c y c l i c  load (per  p i l e )  which can be app l i ed  decreases  s i g n i f i -  

c a n t l y  a s  t h e  number of p i l e s  i n  a  group i n c r e a s e s .  The example a l s o  

i l l u s t r a t e s  t h e  important  inf luence  of  loading r a t e  i n  inc reas ing  both 
' 

load capac i ty  and c y c l i c  s t i f f n e s s  of t h e  p i l e .  

A procedure i s  sugges ted ' fo r  determining t h e  behaviour o f  a  p i l e  

subjec ted  t o  v a r i a b l e  c y c l i c  loading,  us ing  t h e  s o l u t i o n s  f o r  cons tant  

c y c l i c  load magnitude. Such a procedure should prove u s e f u l  f o r  a s sess -  

ing  t h e  e f f e c t s  of  storm wave loading on o f f shore  p i l e s  and p i l e  groups. 

Much work remains t o  be done be fo re  a  proper  understanding of t h e  

e f f e c t s  of c y c l i c  loading can be achieved; t h i s  a p p l i e s  i n  p a r t i c u l a r  t o  

p i l e s  i n  sand which appear t o  d i s p l a y  a tendency t o  continuously accumu- 

l a t e  permanent s e t t l e m e n t s ,  even a t  r e l a t i v e l y  low l e v e l s  of c y c l i c  load.  
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