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1 .  A survey of numerical methods in offshore piling 

I. M. SMITH, BSc, MS. PhD. M I C E  (University of Manchester) 

A rer ie \~  oftr~trtrerical rlre~l~ods used i r~  I ~ I C  o.&s/~orc pilitrg. i i~d~rs l t y  is givet~. 7he purpose o f  rht>sr is to  co!?:,~urc !!:e sraric attd 
dyllcrr);ic liel~nviolrr o f  sit~gle piles ar~d o f  pile groups at working load a t ~ d  ar 'jbihire'jor rcn'otls types o f  iooLii?tg principally . 

arid lateral. Usit~g discrete clcnzo~t  t?rerlrods (rile ' I -z 'at ld 'p-y ' types ofcalc~riat iot~)  it is possiblc t o  !bilo\v accrrr~tely 
,jlc I()aLI rratrsfcr n ~ e c l ~ a t ~ i s ) ~ ~  upcratirrg belwccir sit~gle [ J ~ I C S  ur~d r l~e  golctrd t/p to co/iapse. for mot7ofot1ic c!:d cyclic loaditrg. 
771~ culculutiorr is well \viflrii~ tile scope df n~i i~ i -con~p~cters ,  subjcct l o  adeqitnre discreti:a:iot~ o f  the g r ~ u t ~ d k  resistance. 
flock-arlo[yscs arc essen~iul. Usir~g firlire c l e ~ ? ~ e t ~ t  trierhods, load ~ransfcr curl be predicted, for sirrgle piles ci i+oi.kit~g 1i;JR; 
nsitig gro~rr~d resislar~ce porari~et~~rs ,r.Iric/~ are it1 evoytlajl use it1 soil nrecl~arrics. Ir is it~iihin tke scope offarrer cornpulers to 
cnrllir~lre suc f~  cott7putatio11s up / o  cullopsc, and this is a likely dcveloptticrrr. ptirliclilarl~. ir~!erestirig cr:e c f  ;failure' of 
sirl!:le piles occurs d~/t.ir~,g itlsrtrllariot~. A I /cr)lpts to  Iir~k dr-ivijrg resistuirce lrvitl~ irllinlore s?aric capaciry sc'll c ' cpc i :  O N  r110 use. ' 
of ~~urat~relers which are rlot rilcasrirctl every (lay itr soil /tlccharrics labor-stories. Dn'rability irsclf is rc:;ot;cbl.v predicred, 
purric.~rlnrly at sojt sit'cs, a~ id  buck-ur~ul~~scs are orcollragirrg. IJ~rttcr has beet1 idetlrijied as an ir:stahilir)' r~~ecl~ar~isrn  rvorthy 
or corrsitlcrafio11. Analysis o f  pile .yrorlp bella~!iorrr still rrsls IlcJavily on  l11e assunrptiot~ ojlittc>ar grolrrld propertics ctld 011 the 
~~rir~ci[) lc  o f  superyosi!iotr. Errors o f  20% or /?lore arc 17ot rrt~conrr?lo~~ it1 tlre cor)rpula~ion o f  irrfl~rer~ce factors for sirrgle piles 
i j  rile pile is irrudeclualely rcpresei~red. Eflcctive stress urral.sscs deperrd 011 a berler kt!ow4edge ofc.~cesr pore pressures due to 
tlririrlg, arrd oil nlorc realistic grotrtrd strcsses gfrcr it~stallaliur~ lllarl curl be r~lcasrtretl or conlplrtcd at present. Uyr~amic 
otio/yses o jp i l rr  a t ~ d  poapr  hr siiu (as disriircr jiorr~ during drivi1l-i) subjict to \\:me and enrthi~oakc loading are at a11 eariy. 
siagc oj'developmerrt, brlt will clcarly be p~rrsued irltetrsillely b~ tllc future. 

1NI'ROI)UCTION 
h'umerical methods have been widely used in tile offsliore 
p~ling iridustry for the past 25 years or so. This Paper can- 
not attempt t o  be a literature review, but merely sets out 
t i l e  current state o i  acllievenient and tries to  point t11c way 
10 future developments. In addition it draws together the 
Vanouc strands of  work p~esented at tlus Conference. These 
f v l l  n~(ur id ly  into four main subjcct areas; namcly, quasi- 
siatic beliaviou~ o f  piles and groups, drivability, pore 
pressurc considerations and dynanlics. 

CILI,~SI-.~]-ATI(: t 3 E ) ~ ~ - \ l l O ? l ! ~  Ckl 1';: !!? !,>'!> !'!1-l! 
'.;l<oll!>5 
h11rit u ~ ~ i u l l ) ~  IO,,~;~.,! /li:l: 

2 .  bc-j?cxiul~: 111c> 1-i I I I ~ , : ; ~ ~ , [ ~ .  A ! I ~ S I C  ;>IO:)!CIII IS t l ~ e  
~ l c u l a t i o n  of  the deflexiun o!'a sir~clc. axizlly 1oa:Icd ;:i!b., 
ruiijecrtd to pcscribed load or displaien~cnt a t  the Iieirti. 
kven this problem is quite illtractable witllout resort to 
rlui~lerical rnetliods. For these purposes tile pile can be dis- 
c:rlizrit as a series o f  fildte d i f f e r e ~ ~ c c  statio~ls or as a series 
of  lirie 'finite ele~iicnts', and tile ground as a series of discrete 
~ " i a l  'sp~ings'  o r  as sonic continuously distributed a s i d  
S ~ r , i : l &  stifiness (Fig. 1). Although called springs, the ground 
re!;istance-displacement relationships can be as cornpli- 
Q'ed as is necessary. n ~ e s c  are usually called t--Z curves 
"d be introduced into the c o n i ~ ~ u t e s  program either as 
'n"Iernatica1 furictions or,niorc usually, as a serics o f  points 

ufllich linear interpolation is assumed (Fig. 2). 

3.  Various methods can be used in the co~nputat ion t o  
follow the prescribed r-z curves. The most modern and 
efficient are borrowed from genuirle finite element analysis 
and work with a constant stiffness in each ground spring1 
(e.g., the slope of the first segment of the f - z  p!ot (Fig. 3)). 
As loading proceeds, any excess force in a spring over and 
above the I which ought t o  bc carried for that  valuc of z 
is redistributed t o  the other springs by processes called . 
'initial stress' or 'viscoplastic strain' in finite element work. 
Jn t l~ese niethods, the simultar~eous equations have cQnstant 
cueiticients and are merely re-solved for varying loads. - , i  
i ~ i > i ~ ! ~ ~ ~ ~ ~ ~ ~ i t ~  a t  11ic pil4: !Ira2 r;.tllcr tlierl rt~rces sl~nuldi:!!., 
!w; !>!r:v-rii-*c:! {wci rezsc;l,<. lrirsi, i i  i~ 111t>r< c~lj<i~:::: 

\ ; ' . . . I  ! ' t ' \ . . t :  ! I V : ~ I I I * I I ?  ? I C  I r t l ~ ~ j r r ( ;  11, l i e ,  ~ t t ~ ~ i ~ r r l c ~ ~  p:t~(::: 
(:!,plcxii>. r l i . 0  i+rlorc i 'ai ic~rr:  i\ a ! r ; ~ : c ~ . ~ c i ~ e d , j  a ~ ~ r i  ~ r c ' l ~ ~ ~ , ! l : ; .  
displacenie~~( control is tire only way 01' c o n t i ~ ~ u i r ~ k  tlle . 
alirlysis b c y o ~ ~ d  peak losd on tlie pile. S o n ~ e  of the older 
finite differelice algorithms are rather cumberso~ne by 
modern standards. 

4 .  l h i s  type of  calculation is .well witldn the scope 
of mini-computers. Of course, the difficulty lies in selecting 
the I - z  curvcs appropriate to various soil types and con- 
ditions. The suggestioli has been madeZ of  the diniension- 
less relationslup 

' S S n T ~ T ~ ~ ~  OF CIVIL ENG1NEI:II.S. Kunicrical  nlcthodc in offsl~ore piling. ICE, London, 1980, 1-8. 



lor the siclc springs, wllere I , , ,  is the n13xinl\rtn soil rcsis- 
t:ince which is nlobilized at  a critical displacement z,. For 
the end bearing spring, the corresponding suggestion is 

5. Figure 4 shows how field data l r o ~ r ~  test piles in 
sand arld'clay can be back-analysed using this approach? 11 

Fig. 1. Discret i~afior~ of pile otlrl g r o ~ i r ~ d :  (a) c o r ~ f b ~ u o r ~ s  
axial p u n d  resistatice; (b) discrete axial grourtd resis~artce 

t 

v,rrlicol 
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Fig. 2. 771. t-z approximarion 

sI~l(nrss // I rx~css  load lo br , I osrumtd r t d ~ s l r ~ b u l e d  by 
ln~ttal s ~ r c s s '  

analyr~s I ' V I S C O ~ I ~ S I I C  stra~n' 
/ I r \ c  

I 
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l.'ig. 3. I,oac/ reilisrribtrtiot~ process 

large r~i~rllber of such fits would be necessary t o  build up 
confidence in the use of  t1\e method in new situations. 

6 .  Dejlexiori: finite e l r n ~ e r ~ t  rr~e[ltods (Paper 11) .  An 
inlproved rr.presentation of the ground is as a solid, in the 
sinlplest case an elastic solid bonded to the pile. However, 
nlesli design problems arise when modelling pipe piles with 
open or closed ends. It is difficult t o  achieve bo th  the right 
e ~ i d  be3ritig area and the ridit  pile stiffness at  that diameter 
wlien a n a l y s i ~ ~ g  equivalent solid piles. 

7. 'The real benefits come when non-liaear, stress-. 
dependent properties are taken for the soil, together with 
slippage allowancc between pile shaft m d  soil. For example, 
Des:ri" origilially s110\ved that the load tralisfir in a pile in 
sancl is quite non-unifur~n with clepth, xi shown in con- 
.. . 
~L!!:>:t!i,,rv : . I \ < ~ . ~ I : I ! ~ + I ~ ;  !;I lT i< .  i. 'A'hs~l 3 !izl,l test  W:IS ha,&. 

. . 
a ,!;I;; .,: !v/ !! ,'.< ;!\?!!:, ):i, t:!c !,!;id . . - L ! i i ~ ~ ~ ; , ~ < n l e l ~ ~  c t l p e  , 

.. . . . ::1,:.1 iL;.lL; : :ail-*::; :l*(;l ! ! c  LtJ:~ia.t bz :.i[i~er ~:.cii r e p { f i i t ~ ~ ~ c i  
i : !  :,I;<!? c-lsai>!ic:rii.' tlo?vever, t h z  nun-lirreiir e l ~ s t i c  
assi~ntpt io~i  for the soil a ~ l d  interfaces means calculation 
becomes unreliable when a large number of. elements 'fail', 
so  ultimate loads are best not computed in this way. 

6. Dejleriot~: boirrtdaty elernetlt nlethods (Paper 14). 
I'articularly when ground conditions are uniform and linear 
stress-strain properties can be assumed t o  przvail,,boundary 
elernetlt metliods can be superior t o  finite elements bccause 
fewer equations have to be solved. Poulos and ~ a v i s '  have 
provitieri widely used charts based on a simplified form of  
this method, subsequently somewhat refined by Butterfield 
and 13atlerjee.~ For layering and other forms of  non- 
homogeneity, or when non-linear soil properties have to be 
considcred, the method is less attractive. 

9 .  IGilure. The t - z  computations for load-deflexion 
can be continued t o  collapse, and by means of  displacement 
control can take residual conditions into account. The non- 
linear elastic type of finite element calculation -is not 
recommended for computing collapse. Instead, initial stress 
or viscoplnstic strain algorithms7 should be used. Examples 
o f  displacement fields at  collapse of deep foundations in 
cohesive and cohesive-frictional materials ar,e shown in 
Fig. 6, together with load-displacement graphs for base 
pressure. Ey these means, the bearing capacity factors 
N,,  hrq and N., can be obtained numerically and the load 
transfer mechanism at  failure identified. 

10. Boundary element methods can of course in 
principle be used in this area, but have not  s o  far found 
practical application. 

11. Qclic loading (Paper 16): An important feature of 
offshore loading conditions is their cyclic- nature. I t  is well 
known tlla t urlder (slow) cyclic loading, engineering materials 
degrade and become softer and weaker. Because of  their 
particulate nature, clays are prone to the formation of low 
strength, slickeluided rupturz surfaces under large and 
repeated alternating displacements. The 1-2 and finite 
element rnethods can cope with cyclic loading. given that 
the nlatzrial bellavinur c3n be define(!. 

12. Fur v:i:i~nple, Fig. 7 sllows 3 possible t -; bzhaviour 
for side springs under cyclic loadin:.' Peak t is a. function 
of N ,  the nurnber of cyclic load applications, as is the ratio 
of  peak I to displacement z at wliicl~ it is attained. Fig. 8 
sliows typicnl results of this kind of computation for varying 
cyclic load (displacement) amplitude. At lower levels 
stabilization takes place but as the level increases, the pile 
fails in cyclic loacli,ng. Tip resistance can be ignorid in  
terision arid so  011. 
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fix. if. Omck-a17alysis o f  fic?ld r~slrlrs by t-z rilcrliotl: (a )  
cl~se~cl-e17dcd pile it! sut~ti; ( b )  piie shoe irl cloy 
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19.. Dejlcsion: bui~trtlury clcrrrcti[ tr~crlrods (Pupcpr 13). 
\Yiifi tlle provisos given abovc, the boor ida~y  e l e ~ ~ i c n t  tecli- 
Iiiql~e is quite suitatlle for allalpsis of  lirlear problerils, 
especially in Iioriiogcneous soils. 

20. Failure. Bccausc of tlie very hidl  ' endilly, rnonients 

C at tire nludline carried by jiilci wlie.11 laterally loaded, 
ll12terial failurc in llic pili~ig is nruch riiore likely t i ~ a n  soil 
failure for drep-driven offs i~ore piles. Stiff, s[u'.i)y pilcs 
could fhil by a-rotating rncclianisli~ but this does not secrll 
l o  be of  practical interest. 

7 j . Cyclic Ionlliriy. C ~ ~ r l l ; n t x ~ i ~ s  arc iil'~i:/ :~!ialugous 

. - t o  thosz made about axial loadilig. 

(;rouj~s of larerally loaded piles (Pupers I3 otrd IS). 
22. For groups of li~tesally loadcd piles, the boundary 

clznlent method has agdin seemed the 11atural choice. As 
%,as the case with .axially loaded piles, empirical niarriagc 
of linear int.eraction factors with non-linear p-y response 
is often attenipled t o  obtain'practical solutions. 

DI~I\~ABILITY . 
n17re oile-llir~iensiot~ol wave ecluariort 

23. Because of thc difficulties of  ordering equipment 
dread of tune, flecting weather viilidows and so  on,  pre- 
dictions of pilc drivability have assumed great importance 
in offsliore operations. The tecliniques arc rlot widely used 
in ori.land situations, in  the UK at least. 'Ilie origins1 rcconi- 
nrclndations of  E. A.  L. Smitll wit11 respect t o  niatcrial 
parameters such as elastic colllpressions appear t o  be ad- 

rl~e riietliod%~ e s t i ~ i ~ a t i n g ~ ~ i l e ~ i a v T d l  be due toethe . - .  
i n a m  tlils quantity t o  tlic nietliod of com- .--- 
pulatl  a- )la 
~rritrirneiited pilc tests, are 111ucli nlosc sensitive to  tlie 
method of computation employed. It is also fair to  say that 
predictive capacity has turned out  t o  be nruch better in 
soft as opposed to hard sites, esllecially for clays and clay- 
sand mixtures. 

Spccicl problems of ofliliore pilit I!: (I'nj~ers 4- 7) 
24. Apart from the large scale of thc operations, in- 

! volving very niassive and novel capacities of driving 
cquipn~ent, special problems concern, for esa~i iplc ,  gravity 
connectors. Offshore piles tend t o  be driven througl~ a 

. . 
i . ion€ foll(,wer a l  the end of wl~ir l i  is :t l!e3*.?.?' r:tr~ilit'ctvr. 

!, TII\I> it-, ! I I C  w ~ v e  ! > ~ , ) ! > ~ ~ ~ ~ ~ U . I J ~  I!:,) v.:.!~I!- +it<::, i: :. ~i!-. i?i- 
\,, C:!!tI re1-1~~*11o!: hdc.y. I!,,- ! : ( $ ; I ,  I ~ ~ I  t,;,:,:,. : : I : , ,  ;,.* : 
', nwleo~~c1 b S C ! I ~ ~ > I I O I ;  ( * I ( )  I , , I ~ \ ; ; , .  >:,,.-,, : ~ . ~ I . s , ~ ~ I I  ( ' . ~ c ~ j ~ ~ ' .  

hcvcrlt~cicsb, i~iiprcssi\~c liac;;.an;ti>s~s u i  <i!i,.li,:: l i i s ~ d :  
1 on sonle site. hzvc heen a c l l i e ~ s d . ' ~  If t t , i r  csri bc tlonc, 

an obvitjus exiensioil is t o  analybc the driving lecord in 
fi[u arid heilcc l o  predict tlic ultilirate static capacity of tile 
pile, thus preventhig costly over-driving. Considerable 
c ~ f i e n c c  of these techniques Ilas been built u p  011 land 
Glcs iri certain areas of  the world" arld it ren~ains t o  bc 
"en llow general the extrapolation procedure is. Again the 
diificulty in the drivability pliasc is the viscosity eifect, and 
OrlC would expect 'sands' to  be more amenable to  pre- 

' d  diction tilrn 'clays*. In addition thr  pl ienor~~enon of  set-up 

to  pore pressurc effects is clearly an additional tliffi- 
cull? in 'clays'. 

S U I I V L Y  01.' NU!dI:l<ICAL hIETtIOOS IN OFl:SIIOI<E PILING 

Ef/cct ofcr r t~oht rc  urrd/or kitlks 
2 5 .  Contluctor pilcs can be deliberately driven with a 

culvaturc, the I~e t te r  to  exploit the resources in a reservoir. 
Alte~~iat ivcly piles can be iniperfcctly welded so that there 
is a11 induced cirrvaturc or even a sharp kink between 
adjacent sections. Because o f  the great lingth of  conductors 
 pa^ [icularly, concern has been expressed 3s t o  the effects o f  
sucii disturba~rces on the drivability prediciio:ls, 2nd on  the 
stresses in the jiiling and forces on tlie guidts. 

26.  The problem lias b w n  tackled in a :ather mathe- 
I l ,2~ic; , ]  v;:;,: i,;, ]:jscj.,er>!5 i:; .I,= [(\;,-; ,,; 3 : - : :  

.. -. 
, a .L  ...... i a;;!ercnce 

I:ig. 9. Firlire clernet~r nrlol~vsis of laterally loaded pilc in 
u17ifornl grour7cl; LID = 25 

Fig, 10. Laterslly loaded pile itt layered grorrt~d; LID = 25, 
x = O  



S ~ l I ~ I ~ l l  -. 
apliroximation t o  a, rather obscure pair o f  coupled differ- instability arising; they have not shown the effects on driv. 
entiai equations formulated by Isakovich and Kotnarova." ability o f  a tendency towards instability. I h i s  tendency 
A si~iipler method of  attack, which shows in~niediately again nlarlif~.sts itself as a shift in the eigenvaluesof the pile- 
whether curvature and/or kinks have any great significance, soil systenl and can readily be incorporated in drivability 
involves finite element approximations o.f typical piles." progrxnis. . . 

C As r i ~ o w n  in Fig. I I ,  [lie pile e len ien~s  can be genuinely 
I cul-ved, or curves cau be approxirriated by a series of kinks. 7llreeilit)letrsiotlul effects 

In either case there will obviously arise coupling between 30. 111 hard driving, it seems quite likely that s ig i f i .  
(11e compressi&nal wave-and the transverse motions o f  the cant e r i e d e d  in deforming the pile l a t e r a y  
pile. If the kinked pile is a reaso~lable approxirnatioll t o  the a g a i m w = a d d i t i o n ,  the presence or 
truly curved one,  this representation is clearly preferable, &seflcs of :i soir"plug'iii3idd~tKe p ipz ian  clearly a f f e 6  the 
sir~cz ~ r b i t r a r y  kirks can readily bz treated. t:~ectirmkrns-o+;~~vz f ramtiii~j?on:~~~~'i?~>?f~ct~~-~ossib& to ' . 

27. I f  curvature is t o  h w z  any effect  on the drivic?:! 31-1-01 tl1ese f ~ c t o r s  using axisymmetric 
;;:t.,<cj,, i t  31i1jt ! j c  r ~ i : i r ~ i i ' ~ < i . r ~ I  i l l  :L o ' l ~ i t ~  :,< i hc  $ ; i : L : ~ ~ v , ~ i ~ ~ o : <  . :.!,., .!, . < .  , a ; <  ,.,... . . <  l ; : , .~ ; ; i ? i :~  

- . ;>!ie ;III.~ i t j i l  ~ I I  .i L l y ~ ~ : i ~ ~ ~ i c  
> .  .:te :*.IIV::\I :?iIc : < : ~ \ I I I ~ <  : ! 1 ( 1 . \ <  . ) I  .!)c: ,:: I~ . ! :~ I ;  ;.;i-: 4 . l ~  , < :  ';;.< . ! % : c >  . * , $ t  . <I. . , ~ : C I I I  ! ) I  ! i : i i ~ k > t t f l  I < I ~ ~ ~ v c ~ ~ .  . . 
~ : ! , . ) , e  [ > I I ~ I \ V ~  i l l ?  ; I ~ C I I V ' ~ ~ ~ ~ C \  (01' t.i;i.'c c:I<<s. ! : . L I I I ~ , ~ ) '  

!,::;~igi~t, :ruiy c u r v d ,  i ~ f ~ i i  k111iei1 pi;<&. it c x r l  l)6 > C C I I  ! I I ~ ;  
[lie diiferences betwzcn non-straight and straight piles are I'OKE I'IiESSUKE IJFFECTS (Papers 19 and 20) 
cluitc snlall, as are those between truly curved ;tnrl kinked. 3 1. So Tsr ,  soil resislance and strength have been repre- 
011 this basis one would expect the effects of  curvatilre on ser~led cxclusivzly in terrns of total stresses. tlowever. i t  
drivabiliiy t o  be small for typical curva;ures. is well known tliat, particularly for piles driven into normally 

28. A second ai~alysis involves tlie stresses in the c o n s o l i d a i e ~ n p e - r m t ~ e  ciays, large excess pore water 
piling (comprrssional plus flexural) during driviltg. Fig. 12 pressures can he generated, the dissipation of which governs 
sliows a representstion 0.f a 'pile whicli failed due to over- t h e ~ p i l i S T b i l i t y  t o  resist loads a p p l i m t i m e s  
stressing during driving. The corriputed stress in the pile a t  a after drivilig:-- 
point close to the failure position is shown in Fig. 13, from ~~rfiumerical methods have recently been applied in 
wliicliit can be seen that the additional stress due to  flexure this but the prubleni is a diff ic~l tp?e,-~nd_the , 

was a second-ordzr effect and coulil not really have con- j r i _ t e r  d o l ~ b t s  w h e t h e r x s t a t e  of excess p o e  pressure 
tributcd nluch t o  the failure. hlaterial imperfection is a existing adjacent to piles driven iritoTormalry consolidated 

' , . -. -. -. . - . .. .- - - 
more likely cause. or overconsdidated clays and sand<lay rniutures, such as 

those i T X i ~ ~ O r t 7 1  Sea,_c_.n-.b.ee.predicteQQwi!hmu&con fi. 
. ... 13urrer (Papers 2 arid 3)  tlence analytically. - . .- . -. - Field observation seems to be necessary 

29. I'\ecently, attention has been drawn to t l ~ c  nature here.-1-loivever, rates of  dissipation of tlie generated excess f ' of tlte soil forces which resir< the penetration of piles pore pressurss illould be perfectly adequately computed by 
during iris[allstion. I t  lias been pointrd out tliat thesc forces present analytical techriiqt~es, given adequate values of per- r ni:~y be of the 'follower' type (i.c., they rernnin tariger~tial tileability coefficients, obtaincd from tcsts in the field or on 
t o  tlie pile r:ther tlian taking u p  somc fiscd (usually large specimens. 
v;'rti;d) Cirr'ztion). This being so, instabilities of  a type 
frequently ei;couritered in xr3dj.r,smigs can bc met at 
load levels f?: s!iort of tliirsz r ~ q y i r e d  to cause instability DYNAMICS (Papers 8-10) 
in the clz~j iczl  buckling sense. Fig. 14 shows typical results 33. In a cyclic loading environment the frequencies of 
in tcrrns of load coniSi:~ationj .-! whi ih  various types of the alternatir~g forces and their relationship to  the critical 
irist~bility  cur.'^ ?lie fir!ire t i e i n t i i t  met l~od  proves to be frccluencies o f  the structure-soil system assume a decisive . 
a ~~:lrticularly simple m:a:ls of s . c lv in~  t l~ese problems. So importance. The main types ofdynanlic loadingexperienced 
far, publica;icris have ~nerely ifidicated the possibility of by offshore stl-uctures appear in the form of sea waves andl  ' f 

I 

Tab12 1. ,~arlrrul frequencies of simply siqlpnrferi c~rrvcd bean' represelited by straig}rl and curvet1 j inire ; 
elc:;:r,r;s; rirtli~rs ofcur.*cfure 50 )n, sub!ctldtd a/lglc 30' 3 

.hfodc I'ercentage error for curved 
elernent s 

Frcqucrlcy, 
nitiz 

I 'erce~~tnl ;~ error for straight 
clenients witli kinks - 

3 

t5.45 +5.73 + 1 . 5 0  
+ I  .9 +2.10 + 0.76 

5.9269 ' t0.57 t0.57 + 2.01 
10.558 1 1.0.52 -t0.50 ' + I  1 . I  
16.5 125 -0.1 1 -0.37 t13.0 

a . 1 4  t0.22 < 0 . 1  C .  19.362 
23.790 -1-0.5 0 +0.15 24.1 
32.39 1 iQ.S9 N.30 18.3 

15.5 3S.330 t0.S 1 -0.30 
10 12.315 t27.S + 1 . G 3  +0.70 27.4 

4 
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. or car l l~r~uakes.  Tlicse two fortiis of excil:itiorl arc ratlically 
djfferctit, as has beer1 poiritcd 0111 in the co l~ tcx t  01' gravity 
st[uctures.'3 For pilcd structures, rnany o f  tlic sanlc con- 
siderations apply. 

S ~ C J  wavcs and eartl~q~rakcs 
34. Ocean wave loadilig is of low frcqucncy and long 

duration, whereas earthquake loading is of l ~ i g l ~  frecluency 
and short durg!iorl. I l i e  m;lgn'itudcs of total load irnposed 
011 thc structure-soil system by the t\vo escitations are, 
]1,.1wcvs1., sf tlir s s h c  ortlcr. 111 t l ~ c  case o f  e?.clIaiiot~ by  
edrtliquakcs, 11 is usudlly assu~ned thst  sliz,~r \vdvcs propa- 
g a i t  vertically throtlgli the soil from bedrock, and of 
course all of  the so11 and ally deep-driven pllcs el i~beddcd in 

~Ilerlrnds ufu~lul)~sis  
35. Idealizations of piled foundatior:~ for dynamic 

analysis follow clusely their static counterparts. Oftel\ the 

Ibl 

k'ig. 11. Rqres~ '~ l t u f i o t l  o/ cunqed co~~rluc fors  by fitlite 
rlcmerlts: [a) cunjed pile; ( b )  curiwl eleme~lls; (c )  straigl~t 
elcr?lcr~rs 

rhr 

F ~ s .  12. l d e a l j : ~ [ i o ~ ~  of failed pile 

Verllcal load ldclor 0,995 
Hot~zonlal  load laclor 0  01 

2s 5 rn 

it arc subject t o  the earthquake niotions. These lcad to 
rather large slienr straitls cverywliere i l l  the soil mass and 
a great deal of 'prirliary' interaction betweer1 tile soil and the 
pilcs. This il~teraction causes shaking of tlle structure which 
in turn exerts a 'secondary' interaction back through tlie 
piling into tlie soil. Tile descriptions primary arid szcondary 
dyrlaniic interaction are borrovlcd from usage in the liuclear 
power plant ir~dustry and nlsy 11ot real is t ic~i l )~ express tllc 
relative irnportaiices of the two effects. \$?lei1 the excitation 
is by sen \vnIres, the iriteraition is by I!:? 2b:x'e 2efini:ion - . . . lothi!)' ~ f ? < ~ ! . i ~ i i ~ l y .  1-ll i5 {)'?< CF l:;~:'r2C~:~l:. :< ! ! i t c h  I I I < \ I ~  

localized tu  ti)? irnrnzdiatc' viiinit). of rh. sr~~:;uts, and in 
the case of typical deep-pi!cJ offshore structures, wi!l not 
be felt at all by tlie groutld below quite a s!ia!Iow dcpth o f  
a few nictles below inudline. 

I 

L L  
o 0 0 4  o o a  0 1 2  0.16 o z o  024 
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Fig. 13. Srrcss corr~ptctations for failed pile 

Dtamelcr - 1 524 m 
Wall Ihlckness - 0 0 6  m 

1 2 4  m 
I 

t ' lolal ptlc l e n g t h  
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€1 

ki:y. 14. /*'lrrrlcr ancrl~~sis of piles by finire clcnretcts: F = 
r n t ~ l  /orce or1 pile = P + ? I ,  1 = totul pile let~glll, q = k 1 4 / ~ /  
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ground resistance is approxin~atecl by a set of springs, but 
this riieOioJ is more ques t io~~able  than in tlic static case 
because of  the inability o f  the springs to  cope effectively 
with a n ~ a j o r  source of  energy dissipation, narilely by geo- 

C '  metric or radiation damping. TIUS is particularly important 
in earthquakes where there is a lot of cnerby present throudi-  
out  the excited ground. I11 order t o  include a measure of  
geometric damping, finite elenlent or boundary clernerit 
approximaiions can again be used,% and a few solutio~is 
for sirnple cases can even be produced a ~ i a l y t i c a l l ~ . ~ ~  

36.  Arnotlg the various c61iiputatinnal tactics wl~ ich  
can be adopted, the most witizly used are in tegr~ t ion  oS tile 
equations o f  [notioil in the tirnc rlorn:~ii~, wiiicli nl!o:v.; 
,,.,:!I?( !;e11~1%tl ':iuei$!l . . I I S S I ! > . ~ I I ~ ' ) I I  : r l c ~ i l ~ ~ ~ ~ i ~ r ~ ? j  7 0  .?< ![I, ! f i4 ; , :  i 
: i : k , , c  . ; I I , ~  : ( . I  I : , I I I I [ : ~ ~ s ~  ;, 'I< : I ~ ~ I I - ; ; I I < :  1 1  : I ; < L I  j . ~ i '  : . ; .  . ; ,;>,, 

!.:i,~jt~ilty. l . f i ~ ~ ( i i i t V  . ! I I ~  :hJ a. j l i .  . \ \ ~ c ~ ~ I . I : . I ~ ~ ~ I v ,  !;ilk I I .~ , : : ;~ \  

~ : : i :dl~~i .~at~i  3~ \ I \ ~ \ I C  \ ) y  I h t  ' C L I ~ I I ! ~ I C ; \  i : ~ [ j ~ r l i ? '  0: 

'in1pcd;lnce' nletllocis, taking account of  hysteretic da l i~p i r~g  
o~i ly .  130th methotlj  have their advantages, and experierlce 
with the analysis of gravity platforms ii!dicntes that lateral 
stiffnesses arid niotions of  the structurz-soil system will 
probably be siinilarly predicted by both methods, given 
similar initial assumptions. Iiowever, the truly non-liriear 
calculations produce some results, sucli as permanent 
displaceinents and sub-resonances, whicll cannot bz present 
in ally linearized ana~ys i s .~ '  l'his is a fruitful field for further 
study. 

CONCLUSIONS 
37. .h'ui~lzrica! nlethocls in offshore piling are in lnruly 

cases more sophisticated than the 111iysicaI data which_- is 
~Gput  t o  the prosrams. (i\%dt is often required is back- 
ai\alysis from the peld s ~ n c e X I L i i d i - i e i t ~  ii?i-froI~ibitivi$-- - - -. 
e x p i s l t e  Sl~de!llng, especially true scale 1nodi5lliig using 
c e l ~ i G s ,  caii also c o n t r i b ~ ~ v 3 1 l ? a b r e ' - - J i ~ - f 6 ~ c ~ l ~ b ~ o n  - 
of t?iFfiLiii 2 :! c 2 b ~ t i I T  s . 

3 E - S r e  further n ~ n i e i i c d  developlnents can 
be made inc!ude constitutive rtl2:ionsiups for soil, especially 
during cyclic loading and pecetrating of piles, threc- 
diniensional effects and d y n a r n i ~ s . ' ~  
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