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SYNOPSI S The s i mi l ar i t y  r equi r ement s  f or  dy nami c a l l y  l oaded f oundat i ons  ar e d i s c us s ed wi t h a 
br i ef  des c r i p t i on of  equi pment  used.  Cy c l i c  el as t i c  modul i  f or  sands  and c l ays  ar e r epor t ed 
f or  of f s hor e gr av i t y  p l at f or ms  and c or r el at ed wi t h publ i s hed f i el d dat a on mac hi ne f oundat i ons .  
Br i ef  ex ampl es  ar e gi v en of  t he us e of  model s  i n pr edi c t i ng t he i nf l uenc e of  non- un i f or m s t r at a 
on def or mat i on and col l aps e.

I NTRODUCTI ON

Fi el d obs er v at i ons  whi c h domi nat e dev el opment  
of  geot ec hni c al  s c i enc e c ons t i t ut e f ul l  scal e 
" model "  ex per i ment s  i nc or por at i ng al l  gr ound 
det ai l s ,  i nc l udi ng t hos e not  r ev eal ed by  a 
s i t e i nv es t i gat i on,  t oget her  wi t h  v ar i at i ons  
i n c ons t r uc t i on met hod,  and mat er i al s .
Howev er ,  obs er v at i ons  af t er  c ons t r uc t i on c an ­
not  pr ov i de di r ec t  pr edi c t i ons  nor  do t hey  
al l ow a par amet r i c  s t udy  f or  des i gn.  Phy s i ­
cal  model s  can f i l l  an i mpor t ant  gap bet ween 
f i el d obs er v at i ons  and anal y s i s  and enhanc e 
t he engi neer s '  f eel  f or  t he modes  of  de f o r ma ­
t i on and c ol l aps e.  I n c ommon wi t h anal y s i s  
t hey  s uf f er  f r om t he pr obl em t hat  t he i nput  
dat a may  not  be r epr es ent at i v e of  t he s i t e,  
a l t hough t o a l esser  degr ee i ns omuc h as t he 
s t r es s - s t r a i n  r es pons e i n c ompl ex  s i t uat i ons  
i s i n c er t ai n c as es  i ndependent  of  t he met hod 
and i nt er pr et at i on of  el ement  s t r es s - s t r a i n 
t e s t s .

Model s  may  be r un at  s c al es  l / l OO t o l / l O i n 
t he l abor at or y  or  l / l O t o 1/ 3 i n t he f i el d.  
Ex ampl es  of  t he l at t er  ar e t he Os f l ag 9 ex pe ­
r i ment al  of f s hor e pl at f or m at  Chr i s t c hur c h 
Bay,  Engl and and t he 15m wi de c ai s s ons  s ub ­
j ec t ed t o c y c l i c  l oadi ng f or  t he Oos t er s c hel de 
Cl os ur e,  Hol l and ( De Leeuw,  1976) .  Thes e 
f i e l d model s  pr ov i de i nf or mat i on on t he i r r e ­
gu l ar i t i es  i n nat ur e of  t he wav e f or ces ,  
Chr i s t c hur c h Bay,  or  t he f oundat i on behav i our ,  
Oos t er s c hel de Cai sson,  but  even her e t he 
i n t er pr et at i on of  t he obs er v at i ons  and t he 
pr oj ec t i on of  t he dat a t o pr ot ot y pe scal e ar e 
ai ded by  model  s t udi es .  I nc r eas e i n model  
s i ze u l t i mat e l y  def eat s  t he obj ec t i v e of  
par amet r i c  s t udi es  and t he f i el d model  does  
not  s i mul at e t he d i s t r i but i on of  g r av i t a t i on ­
al  f oundat i on s t r ess .  Dec r eas e i n s i ze u l t i ­
mat e l y  mi t i gat es  agai ns t  a r eas onabl e r ep r e ­
s ent at i on of  t he soi l  s t r at a wi t h i t s f abr i c  
and i r r egul ar i t i es ,  and l eads  t o pr obl ems  
r egar di ng t he c ons t r uc t i on of  t he s t r uc t ur al  
model ,  and t he meas ur ement s  of  por e pr es s ur e.

Ther e i s gener a l l y  an opt i mum model  s i ze 
whi c h depends  on t he pr obl em.

The app l i c at i on of  c ent r i f ugal  model s  t o 
pr ac t i c al  pr obl ems  i s now wi de l y  es t abl i s hed 
[ Pok r ov s k y  and Fy odor ov  ( 1933- 1969) ,  Mi k as a 
et  al . ( l 969) ,  Av gher i nos  and Sc hof i el d
( 1969) ,  Rowe ( 1975a) ]  . The c ent r i f ugal  model  
can pr ov i de an i deal  s t r es s  pat h t es t  wher e 
mul t i - e l ement s  ar e s ubj ec t ed s i mul t aneous l y  
t o t he c or r ec t  s equenc e of  s t r es s  change.

SCALE FACTORS AND SI MI LARI TY

Model  scal e f ac t or s  ar e denot ed her ei n as 
f ol l ows ,  us i ng s ubs c r i pt s  f  and m f or  f i el d 
and model .  Li near  scal e,  Dm/ Df  = Ns wher e D 
i s t he f oundat i on bas e di mens i on.  Cent r i f u ­

gal  ac c el er at i on f ac t or  gm/ gf  = Ng.  Tot al  
t i me scal e = N’ t -  Fr equenc y  f ac t or
At f / ^ t m = Nf  wher e ¿vt  i s t he t i me_ per  c y c l e . 
The c y c l e number  f ac t or  Nn = N- ^. Nf  wher e Nf  
i s t he av er age f r equenc y  f ac t or  appl i c abl e t o 
t ot al  t i me.

The i deal  r equi r ement s  f or  s i mi l ar i t y  ar e:

( 1)  Di mens i ons  of  model  s t r uc t ur e and f ounda ­
t i on l ay er s  t o scal e Ns .

( 2)  The same soi l  t ypes ,  pr oper t i es ,  and 
s c al ed f abr i c  s t r uc t ur e.

( 3)  * f / t m = Ns f or  soi l  and wat er .

( 4)  I dent i c al  soi l  s t r es s  hi s t or y .

( 5)  I dent i c al  boundar y  s t r es s  di s t r i but i on,  
i mpl y i ng t he r at i o of  t he s t r uc t ur al  
bendi ng s t i f f nes s  ( El ) m/ ( El ) f  = Ns4,  wi t h 
soi l  s t i f f nes s  Em = Ef  f r om ( 3)  and ( 4) .

( 6)  I dent i c al  boundar y  s t r es s  pat hs .

( 7)  I dent i c al  degr ees  of  dr ai nage,  namel y  Tm 
= Tf  wher e T = Cy t / D^ . Gi v en i t ems  ( l ) -
( 6)  and c ompr es s i b i l i t y  mvm = m_£,  t hen 

Km/ / “ m = (Kf / / * f ) -Ns2 / Nt  wher e K i s t he 
s pec i f i c  per meabi l i t y  of  t he soi l  and/ *  
i s t he c oef f i c i ent  of  v i s c os i t y  of  t he
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( 8)  I dent i cal  dy nami c  r es pons e bet ween soi l  
and sur f ace,  namel y  N f . N s = 1.

( 9)  I dent i c al  s t r ai n due t o cr eep,  Nf  = N-t, = 1.

The i deal  r equi r ement s  c annot  be s at i s f i ed 
s i mul t aneous l y .  Cons i der i ng i t em ( 2) ,  f or  
gi v en soi l  par t i c l e har dnes s ,  shape,  un i f o r ­
mi t y  c oef f i c i ent ,  por os i t y  and i nt er par t i c  1e 
f r i c t i on and c ohes i on pr oper t i es ,  par t i c l e 
s i ze does  not  al t er  t he s t r es s - s t r a i n  p r oper ­
t i es .  But  s i nc e s i ze and par t i c l e s ur f ac e 
pr oper t i es  ar e r el at ed,  whi l e  use of  a s i l t y  
f i ne sand r at her  t han a c oar s e sand mi ght  
hav e no mar k ed ef f ec t ,  one may  not  s ubs t i t ut e 
c l ay  f or  a medi um s i l t .  Reduc t i on i n sand 
s i ze r educ es  per meabi l i t y  and t hi s  can be 
us ef ul  i n or der  t o s at i s f y  i t em ( 7) .  I t  i s 
not  pos s i bl e t o scal e f abr i c  ex c ept  by f or m­
i ng model  f i s s ur ed or  l ay er ed beds.  Howev er ,  
pr ov i ded t he model  i s l ar ge c ompar ed t o t he 
f abr i c  s pac i ng t he mas s  pr oper t i es  can be r e ­
t ai ned.  For  dy nami c  l oadi ng,  t o s at i s f y  i t em 
( 7)  i t  can be adv ant ageous  t o r emov e per mea ­
bl e f abr i c  f r om c l ay s  by  r emoul di ng, and 
r ec ons ol i dat i ng i n or der  t o r ec ov er  t he 
s t r ess  hi s t or y .

Spec i al  c ons i der at i on has  t o be gi v en t o 
i t ems  ( 7)  — ( 9)  . Fol l owi ng t he i deal  r equ i r e ­
ment s  wi t h  Km = Kf , = ^ f ,  Nn = 1,  c ons t ant  
f r equenc i es  Nf  = Nf  , t hes e i t ems  l ead t o 
t hr ee d i f f er ent  t i me l aws,  namel y

( 7)  Nt  = Ns2

(8 )  Nt  = J a  =  NsNf . i l l  = Ns
Nf  Nf

( 9)  Nt  = 1.

Thes e c annot  be s at i s f i ed s i mul t aneous l y  but  
not  al l  pr obl ems  r equi r e t hat  t hey  s houl d be.  
For  exampl e,  i t em ( 7)  appl i es  onl y  t o cases  
wher e dr ai nage dur i ng c y c l i c  l oadi ng i s ex ­
pec t ed,  when i n c er t ai n c as es  i t  c an be 
ac c ept abl e t o v i o l at e i t em ( 2)  and r educ e 
per meabi l i t y .  I t em ( 7)  i s i nappl i c abl e t o 
undr ai ned or  dr ai ned c ondi t i ons .  I t em ( 8)  
can be s at i s f i ed t o s t udy  r es onanc e ampl i f i c ­
at i on wi t h NsNf  = 1 f or  s hor t  per i ods  wi t h 
U f / N f «  1.  I t em ( 9)  i s un i mpor t ant  f or  sands.  
Wi t h i nc r eas e i n c l ay  f r ac t i on t he ef f ec t  of  
c r eep on t ot al  s t r ai n and por e pr es s ur e dev e ­
l opment ,  and on s t r ai n r at e and dy nami c  
ampl i t ude magni f i c at i on bec omes  i mpor t ant .  
Hy de and Br own ( 1976)  hav e s hown t hat  t he , 
dec ay  r at e c ons t ant  X i n t he equat i on l o g £  = 
oi  -  Al o g  t  ( wher e £  i s t he s t r ai n r at e at  
t i me t  and oi  i s t he r at e at  uni t  t i me) ,  i s 
t he same f or  bot h c r eep and r epeat ed l oad 
t es t s .  El ement  t es t s  may  be r un at  d i f f er ent  
f r equenc i es  t o det er mi ne t he c y c l e number  
f ac t or  Nn >•  1 whi c h f or  a gi v en Nf  ^  1 pr o ­
duc es  t he same t ot al  s t r ai n,  Fi g.  1.  Thi s  
c ondi t i on def i nes  a s pec i al  v al ue N+ = ^  = 
Nn/ Nf .  Thus  f or  model  t es t s  wi t h  1 / NS = Nf >
1 t he v al ue Nn >•  1 i s c hos en s uch t hat  N^  = 
Nn/ Nf  = P =5 1.  Howev er  any  dy nami c  ampl i t ude 
magni f i c at i on near  r es onanc e i s dec r eas ed by  
t he i nc r eas ed dampi ng or  l ac k  of  c r eep t i me 
per  cyc l e,  and a f i r s t  or der  c or r ec t i on i s

p o r e  f l u i d .

Fi g.  1 Fr equenc y - c y c l e number  r el at i ons  f or  
i dent i c al  s t r ai n

t hen nec es s ar y  bas ed on el ement  t es t s .  I f  Ej  
i s t he s t i f f nes s  modul us  dur i ng c y c l i c  l oad ­
i ng at  an el ement  f r equenc y  equi v al ent  t o Nf  
= 1 and Ef s i s t he modul us  at  Nf  = l / Ns , t he 
model  ampl i t ude at  Nf  = l / Ns s houl d be mu l t i ­
p l i ed by  Ef s / El . One may  appl y  t hes e l ar ger  
d i s p l ac ement  ampl i t udes  t o t he model ,  v i o l a ­
t i ng i t em ( 5)  t o c ompens at e f or  t he r educ t i on 
i n t i me av ai l ab l e f or  c r eep per  cyc l e,  i n 
or der  t o s t udy  t he ef f ec t  on t he degr ee of  
s of t eni ng,  by  us i ng c y c l i c  di s pl ac ement ,  r a ­
t her  t han f or ce,  c ont r o l l ed wav e f or ms .  
Al t e r nat i v e l y  c r eep t i me c an be ex t ended u s ­
i ng s quar e r at her  t han s i nus oi dal  wav e f or ms .

PARTI CULAR CASES

Tr ans i ent  i mpul s es  f r om ear t hquak es  at  f r e ­
quenc i es  of  5 Hz r equi r e s hor t  per i od model  
ex c i t at i ons  pr obabl y  ex c eedi ng 100 Hz and ar e 
of  c onc er n s ol e l y  wi t h sands  whi c h woul d r es ­
pond.  I mpul s es  due t o dy nami c  i mpac t  of  
sands  c an be model l ed c or r ec t l y  by s c al i ng 
t he dr op mas s  as Ns 3 and t he hei ght  as  Ns . 
Wi t h NsNg = 1 t he i mpul s e f r equenc y  s at i s f i es  
NsNf  = 1 and pr ov i ded r e l a t i v e l y  l ar ge model s  
ar e us ed wi t h Ns of  t he or der  of  l / l O t he 
i nduc ed f r equenc i es  s houl d be s uf f i c i ent l y  
c l os e t o f i el d v al ues  t o av oi d dampi ng 
er r or s .  Har d i n and Bl ac k  ( 1966)  hav e s hown 
t hat  dr y  sands  ar e al mos t  unaf f ec t ed by  f r e ­
quenc y  f r om es s ent i a l l y  z er o t o s ev er al  hun ­
dr ed her t z  and Peac oc k  and Seed ( 1968)  hav e 
f ound no s i gni f i c ant  i nf l uenc e i n t he number  
of  c y c l es  t o r eac h l i quef ac t i on when us i ng A 
t o 1/ 6 Hz,  but  t he ef f ec t  of  hi gh model  f r e ­
quenc i es  ex c eedi ng 100 Hz on l i quef ac t i on has  
y et  t o be s t udi ed.

The l ower  r ange of  f r equenc y  ex c i t at i on on 
mac hi ne f oundat i ons ,  bel ow r es onanc e,  and on 
of f s hor e s t r uc t ur es ,  pr es ent s  a s i mpl er  ar ea 
f or  dy nami c  s t udi es  i n r egar d t o f r equenc y  
s i mul at i on but  i nc l udes  t he mor e c ompl ex  
v i s c ous  ef f ec t s  of  c l ays .  Fol l owi ng t he 
maj or  wor k  of  Bar k an ( 1962)  and muc h pub l i ­
shed i nf or mat i on ( Pr akash,  1975) ,  t he r ange 
of  r es onanc e f r equenc i es  of  t he or der  of  9- 2 
Hz based on obs er v at i ons  of  mac hi ne f ounda ­
t i ons ,  s i ze 2- 6m,  on a v ar i e t y  of  soi l  t ypes  
may  be s c al ed f or  of f s hor e s t r uc t ur es  s i ze 
50- 150m wi t h i nc l us i on of  hor i z ont al  and 
r oc k i ng modes  of  d i s p l ac ement  t o t he r ange 5-
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0. 5 Hz.  Mac hi ne f oundat i ons  s ubj ec t  t o app ­
l i ed f r equenc i es  bel ow r es onanc e may  be 
model l ed at  l ar ge scal es ,  Ns = l / l O us i ng up 
t o 90- 20 Hz i n t he cas e of  sands  but  mac hi nes  
oper at i ng at ,  say,  50 Hz woul d r equi r e c on t i ­
nuous  model  f r equenc i es  of  500 Hz,  and t hi s  
woul d pr es ent  t ec hni c al  d i f f i c u l t y  even at  Ng 
= 10.  Of f s hor e wav e f r equenc i es  of  0. 1- 0. 03 
Hz ar e s uf f i c i ent l y  bel ow t he ex pec t ed r es o ­
nanc e r egi on t o r es t r i c t  t he ex pec t ed dy nami c  
ampl i t ude magni f i c a t i on  f ac t or  t o l ess  t han 
1. 1 so t hat ,  t he r ange 1 <■ Nf  ^  l / Ns c an be 
us ed t o i nduce weak eni ng ef f ec t s  i n t he s ub ­
soi l  wi t hout  al way s  s at i s f y i ng i t em ( 8) .

SANDS

Negl ec t i ng  i t em ( 9) ,  i t ems  ( 8)  and ( 7)  ar e 

s at i s f i ed when Nt  = Ns and Km/ / *ni  = ( Kf / ^ f J . Ng.  
The v i s c os i t y  of  t he model  f l u i d may  be 
i nc r eas ed and/ or  a f i ner  sand used.  Remot e 
f r om s i gni f i c ant  dy nami c  ampl i t ude magn i f i c a ­
t i on one can us e 1 ^  Nf  ^  l / Ns , wi t h  Nn = 1 

when i t em ( 7)  bec omes  Km/ Pm = ( Kf / / * f ) . Ns 2 . Nf  
and Nf  may  be c hos en t o sui t  t he meas ur ed 
v al ues  of  K/ / 1. A s i l t y  sand wi t h a s l i ght  
oi l  c ont ent  has  ac hi ev ed ( Km/ An) • ( Af / Kf ) = 
10-4. El ement  t es t s  hav e been r un t o c hec k  
s i mi l ar i t y  i n t he ef f ec t i v e s t r es s - s t r a i n 
r e l at i ons  f or  s i mi l ar  r e l at i v e dens i t i es  
i ndi c at i ng t hat  i t em ( 2)  was  not  s er i ous l y  
af f  ec t e d .

CLAYS

For  per meabl e c l ay s  when Oy m/ Ov f  = NCV ^  1 t
i t em ( 7)  bec omes  Ns = ^ Nn' Ncv/ ^ f '  and_t o 
s at i s f y  ( 8)  s i mul t aneous l y  wi t h  Nf  = Nf ,  t he 
Ns f ac t or  s houl d equal  Nc v ^ Nn-  Al t er nat i v e l y  
one can model  t he undr ai ned c ondi t i on.  For  
f oundat i ons  di amet er  D,  t he max i mum al l owabl e 
t i me f ac t or  T = Cv t / D2 ^  10~4 ( R0we et  a l . ,  

1976) ,  namel y  Dm >  l O^ Cv m t f  Nt ' .  I n or der  
t o s at i s f y  i t em ( 9) ,  Nt  = p ^  1.  For  s t or m 
bui l d up per i ods  of  12 hour s  and Cv m = l m̂ / yr ,  
Dm ^  3. 7 f p • I n t he c ase of  ^  = 1,  model s  
need t o be 3. 7m di amet er ,  whi c h i s l ar ger  
t han any  pr es ent  c ent r i f uge c an car r y .  How­
ever ,  f or  P = 1/ 20,  a model  d i amet er  0. 8m 
s at i s f i es  t he undr ai ned c ondi t i on wi t h a 
model  t i me of  12/ 20 hr  = 0. 6 hr .  For  a p l a t ­
f or m 100m di amet er  Nf  = l / Ns = 125,  Ng = 125,  
and Nn = ?Nf  = 125/ 20 = 6. 25.  The number  of  
c y c l es  i n t he f i el d over  12 hour s  at  0, 05 Hz 
woul d be 2160 and i n t he model  at  6. 25 Hz 
woul d be 13500.  Gi v en equal  s t r ai n,  i t ems
( 7) ,  ( 8)  and ( 9)  ar e not  v i ol at ed.  The v al ue 
of  p i nc r eas es  wi t h  c l ay  f r ac t i on and wi t h 
f r equenc y ,  Fi g.  1,  so t hat  f or  model s  of  a 
g i v en s i ze t her e i s an upper  l i mi t  bey ond 
whi c h t he c r eep ef f ec t  c annot  be t ak en 
d i r ec t l y  i nt o ac c ount .  But  one may  t hen mod ­
i f y  d i s p l ac ement s  and t he degr ee of  s of t eni ng 
obs er v ed i n t he model  us i ng t he r es ul t s  of  
undr ai ned c y c l i c  l oadi ng of  el ement s .

MODEL EQUI PMENT

The t ec hni c al  d i f f i c u l t i es  dec r eas e wi t h 
i nc r eas e i n model  s i ze Ns , and dec r eas e i n 
Nf ,  Ng.  For  a gi v en r at i o of  pac k age d i men ­

s i on t o r adi us  of  c ent r i f uge t he max i mum 
v al ue of  Ns 2 i s pr opor t i onal  t o t he g- t onne 
c apac i t y  r equi r ed t o ac c ommodat e t he model ,  
t he l oadi ng f r ame and t he s t r ong box  c ont a i ­
ner .  The Si mon Engi neer i ng Labor at or i es  
c ent r i f uge has  a c apac i t y  of  700 g- t onne wi t h 
a wor k i ng pac k age ar ea of  3. 15 m^ . Sc al es  
pos s i bl e ar e Ns = l / l O f or  mac hi ne f ounda ­
t i ons  and 1/ 120 f or  100m of f s hor e pl at f or ms .

The i ni t i al  c y c l i c  l oadi ng equi pment ,  d i c t a ­
t ed by  l i mi t ed f i nanc e,  c ons i s t ed of  f our  15 
kN c apac i t y  c ompr es s ed ai r  ac t uat or s  c oupl ed 
i n pai r s  and mount ed par al l el  ( A)  and per pen ­
d i c ul ar  ( B) ,  r es pec t i v e l y  t o t he soi l  
sur f ace.  Mor e r ec ent l y  ac t uat or s  of  27 and 
42 kN hav e been used,  Fi g.  2.  The pneumat i c  
c i r c ui t  i s s hown i n Fi g.  3.  A 4. 5 m̂ / mi n

Fi g.  2 Ac t uat or s  mount ed over  model  
of f s hor e pl at f or m

A 2  D O U BLE A CT I N G C YL I N D ERS: (H O RIZO N T A L  LO A D S)

8 2  D O U BL E A CT I N G C YL I N D ERS ( V ERT I C A L  L O A D S)

C REST RA I N I N G M EM BRA N E FO R SA N D  M O D EL S

D W A T ER R E SE R V O I R S T O  FL O O D  M O D EL S

Fi g.  3 Pneumat i c  c i r c ui t

c apac i t y  ai r  c ompr es s or ,  wi t h a 0. 9 m3 c apa ­
c i t y  ai r  r es er v oi r  s uppl i ed ai r  at  pr es s ur es  
upt o 850 k N/ m2 on t he A and B c i r c ui t s  v i a 
s l i p r i ngs  t o t he pac k age.  The ac t uat or  
f or c es  wer e set  by  v al v es  at  t he c ont r ol  c on ­
sol e.  Compr es s ed ai r  was  admi t t ed and ex hau ­
s t ed us i ng s ol enoi d v al v es  mount ed on t he 
c ent r i f uge r ot or  c l os e t o t he ax i s .  The 
v al v es  wer e s wi t c hed aut omat i c a l l y  i n s equ ­
enc e t o ac hi ev e f or c e c y c l es  on t he A and B 
l i nes  90°  out  of  phas e at  f r equenc i es  bet ween
0. 5 and 0. 05 Hz,  us i ng an el ec t r oni c  t i mi ng 
mec hani s m.  I t  was  al s o pos s i bl e t o s epar at e 
t he A ac t uat or s  i nt o s t at i c  and c y c l i c  c ompo ­
nent s .  The s y s t em had no ser vo c ont r ol .  At
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a f r equenc y  of  0. 5 Hz a s pi k ed wav e f or m 
oc c ur r ed.  At  0. 2 Hz an appr ox i mat e s i nus o i ­
dal  f or m was  ac hi ev ed.  At  l ower  f r equenc i es  
t he l oadi ng appr ox i mat ed t o a s quar e f or m.  
Nev er t he l es s  t he equi pment  pr ov i ded v al uabl e 
ex per i enc e and i nf or mat i on wor k i ng gener a l l y  
i n t he r ange 0. 2 t o 0. 1 Hz wher e c r eep 
ef f ec t s  f or  l ean c l ays  ar e l ess ser i ous .

The pr es ent  s y s t em c ons i s t s  of  t wo ser v o c on ­
t r ol l ed hy dr aul i c  oi l  ac t uat or s  mount ed i n 
v er t i c al  and hor i z ont al  modes  each hav i ng a 
max i mum s t at i c  t hr us t  of  i  80 k N and a dy na ­
mi c t hr us t  of  i  54 kN and a t ot al  wor k i ng 
s t r ok e of  50mm.  A 22 KVA,  44 l i t r es / mi n ai r  
c ool ed hy dr aul i c  power  pack,  s uppl i es  oi l  at  
210 bar .  A new c ent r i f uge s l i p r i ng as s embl y  
has been i ns t al l ed hav i ng 3 hy dr aul i c  s l i p

r i ngs  of  210 bar  capac i t y ,  2 of  10 bar  c apa ­
c i t y ,  wi t h 35 el ec t r i c al  power  r i ngs  10 amp,  
240 v ol t  r at i ng,  and 165 s i gnal  r i ngs  of  25m.  
amp,  30 v ol t  r at i ng.  The s y s t em i nc l udes  
f r equenc i es  0. 005 Hz -  100 Hz,  s i ne and s qu ­
ar e wav e f or ms,  wi t h c ont i nuous l y  v ar i abl e 
phas e di f f er enc e bet ween ac t uat or s  0- 360° .  At  
hi gh Ng a l i mi t at i on of  10 Hz i s appl i c abl e.  
Chos en c i r c ui t s  can be s wi t c hed t o v i s ual  
d i s p l ay  of  peak,  mean,  t r ough r eadi ngs  wi t h 
dat a ac qu i s i t i on on punc hed t ape at  7 c hannel  
/ sec .  Ei t her  l oad or  d i s p l ac ement  c ont r ol  i s 
av ai l abl e.  A t hi r d ac t uat or  i s us ed wi t h t he 
s y s t em f or  t r i ax i al  el ement  t es t i ng.

TEST DATA EXAMPLES

Wor k  t o dat e has  been r es t r i c t ed t o c y c l i c  
l oadi ng r emot e f r om r es onanc e and wi t h no 
s i gni f i c ant  dy nami c  ampl i t ude magni f i c at i on,  
and has  been c onc er ned ei t her  wi t h uni f or m 
beds  of  sands  and c l ays  s uppor t i ng c i r c ul ar  
and r ec t angul ar  s t r uc t ur es  s ubj ec t ed mai nl y  
t o r oc k i ng moment s  or  t o pr ot ot y pe t es t s  of  
par t i c ul ar  of f s hor e s t r uc t ur e des i gns  on non 
uni f or m s t r at a.  Dat a r e l at i ng t o t ot al  and 
c y c l i c  hor i z ont al  and v er t i c al  d i s p l ac ement s  
and r ot at i ons ,  t ot al  s t r es s  and por e pr es s ur e 
mean and s wi ng v al ues  hav e been obt ai ned.

Two t y pes  of  i nf or mat i on i l l us t r at e t he r ol e 
of  dy nami c al l y  l oaded c ent r i f ugal  model s ,  
namel y  ( a)  t he equi v al ent  c y c l i c  E]  ̂ v al ues  

whi c h f i t  obs er v ed os c i l l at i ons  1 about  a

v er t i c a l  ax i s  t o el as t i c  s ol ut i ons  f or  un i ­
f or m soi l ,  and ( b)  ef f ec t s  of  non- uni f or m 
s t r at a on def or mat i on and c ol l aps e.

For  r oc k i ng modes  under  c y c l i c  moment  M t he 
v al ues  ar e det er mi ned us i ng t he r el at i on 

2( 1 -  v 2 ) M
V  = - - - - - - - - - - - - - - -  f or  bas es  di mens i on D

D3 E 1

wher e t he c oef f i c i ent  «¿g depends  on t he soi l  
and s t r uc t ur e f oundat i on geomet r y  ( Poul os  and 
Dav i s ,  1974) .  St at i c  ov er al l  E v al ues  wer e 
obt ai ned f r om t he obs er v ed i mmedi at e s et t l e ­
ment  of  t he s t r uc t ur e under  t he v er t i c al  sel f  
wei ght  s t r es s  appl i ed t o t he f oundat i on at  
c ons t ant  Ng . Ty pi c al  s t at i c  E,  and c y c l i c  E^ , 
v al ues  ar e l i s t ed i n Tabl e I  f r om model  
of f s hor e s t r uc t ur es  on f i ne sands.

For  t hes e l ar ge bas es  t he l oad f ac t or  agai ns t  
s t at i c  bear i ng f a i l ur e i s of  t he or der  of  103 
and t he equi v al ent  s t r ai n ampl i t udes  ar e v er y  
smal l ,  so t hat  one woul d ex pec t  E^ t o v ar y  as 
' Jor  ( Har di n and Bl ack ,  1966) .  I n t hi s  cas e o'  

i s t he s t r es s  par t l y  due t o t he sel f  wei ght  
of  t he soi l ,  pr opor t i onal  t o t he scal e of  t he 
s t r uc t ur e,  and par t l y  t o t he i mpos ed s t r uc ­
t ur al  bear i ng s t r es s  ° "V ' Cl os e t o t he under  
s i de of  t he s t r uc t ur e <TV domi nat es ,  wher eas  
at  dept h t he sel f  wei ght  soi l  s t r es s  domi ­
nat es .  Compar i ng t es t s  2 and 3,  or  4 and 5,  
t he r at i o of  C v  v al ues  i s 5. 8 and t he sel f  
wei ght  v al ues  3. 3,  so t hat  t he r at i o of  t he 
domi nant  s t r ess  bet ween t he t es t s  l i es  i n t he 
r egi on of  4. 5.  The obs er v ed E]  ̂ v al ues  v ar y  
by  a f ac t or  of  2 so t hat  t he s quar e r oot  l aw 
i s r ec ov er ed appr ox i mat el y .

The publ i s hed i nf or mat i on f or  dr ai ned or  dr y  
sands  shows  c y c l i c  Ei  v al ues  whi c h v ar y  by  no 
mor e t han a f ac t or  of  2 bet ween l oose and 
dens e s t at es  ( Lambe and Whi t man,  1969) ,  and 
Bar k an ( 1962)  f ound t hat  por os i t y  had l i t t l e 
ef f ec t .  I n c ont r as t ,  c or r ec t i ng t he v al ues  
i n Tabl e I  t o a c ommon s t r es s  l evel  t he Ê  
v al ue f or  t es t  1 i s some 7 t i mes  gr eat er  t han 

f or  t es t  5.  A r eas on c oul d be t hat  i n t es t  1 
no por e pr es s ur es  dev el oped wher eas  smal l  
i ns t ant aneous  por e pr es s ur e f l uc t uat i ons  
coul d hav e oc c ur r ed i n t es t s  2 and 3 and t o a 
gr eat er  ex t ent  i n t es t s  4 and 5,  wher e p r e ­
ssur e r es pons e was  det ec t ed whi l e s at i s f y i ng 
scal e f ac t or  i t em ( 7) ,  a l t hough t he ex ac t

Tabl e I  St at i c  and c y c l i c  E v al ues  obs er v ed on model s  of  l ar ge f oundat i ons

Tes t
Rel at i v e
Dens i t y

Shape
Fi el d

St r uc t ur e
Di mens i on

St at i c  
Ver t i c al  
St r es s  ^

St at i c
E

k N/ m2

Cy c l i c

El  o
k N/ m

Rat i o
Ei / E

1 dr y  f i ne sand

2 s at ur at ed 
j  f i ne sand

4 s at ur at ed 

oi l y  s i l t y
5 f i ne sand

1. 0

0. 7

0. 5

Ci r c l e 
Di a . D

Rec t angl e 
L x  B

Rec t angl e 
L x  B

D = 100 m 

15
B =

50
( L/ B = 1. 8)  

15
B =

50

280 k N/ m2

33

193

33

193

100 x 103

17 x 103 

36 x  103

3. 3 x 103 

9 x 103

1000 x  103

150 x 103 

300 x 103

50 x  103 

105 x 103

10

9

8

15

11
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por e pr es s ur e s wi ngs  coul d not  be r ec or ded at
0. 2 Hz.  The equi l i br i um v al ues  wer e c on ­
s t ant  wi t h i nc r eas e i n r oc k i ng moment  
al t hough l ower  E^ v al ues  oc c ur r ed i n i t i a l l y  
on r ai s i ng t he moment .  The r at i o of  E-y/ E of  
t he or der  of  10 i n eac h case may  be of  pr ac ­
t i c al  i nt er es t  but  wi t h ov er c ons ol i dat ed 
sands  E woul d i nc r eas e wher eas  E^ woul d be 
ex pec t ed t o r emai n r oughl y  t he same.

Vi br at i on t heor y  mak es  use of  a c oef f i c i ent  
Cu equal  t o t he r at i o of  c hange of  s t r es s  t o 
def l ex i on and c al l ed t he c oef f i c i ent  of  e l as ­
t i c  un i f or m c ompr es s i on,  whi c h wi l l  be deno ­
t ed by Cu her ei n t o av oi d c onf us i on wi t h  t he 
undr ai ned s hear _s t r engt h of  c l ay .  Bar k an 
( 1962)  r el at es  Cu t o E^ f or  a v er t i c a l l y  
l oaded c i r c ul ar  r i gi d s ur f ac e f oundat i on on 
an i nf i ni t e s t r at um by  t he equat i on

Cu = 1 . 1 3 -  El
( 1 -  v 2 ) / A 

wher e A i s t he pl at e ar ea,  and not es  t hat  
wher eas  t es t s  at  Ng = ] f or  A upt o 4 m2 c on ­
f i r m t he r e l at i on i t  was  l ess  s at i s f ac t or y  
f or  f i el d f oundat i ons _wi t h A = 90 m2.  As  a 
r es ul t  Bar k an quot es  Cu = ( 5- 10)  x 104 k N/ m3 
i ndependent  of  por os i t y  and f oundat i on scal e,  
f or  pr ac t i c al  use wher e det ai l ed i nv es t i ga ­
t i ons  ar e not  under t ak en.  I n t he r oc k i ng 
mode t he appr opr i a t e modul us  i s and as s u ­
mi ng l i near  pr es s ur e di s t r i but i ons ,  M/ t f * = 
C^ D4/ l 2 f or  c i r c ul ar  bases .  Equat i ng t hes e 
ex pr es s i ons  t o t he_ el as t i c  s ol ut i ons  f or  an 
i nf i ni t e soi l  C^ / Cu = 1. 57 f or  c i r c ul ar  bas es  
and Bar k an gi v es  1. 87 f or  s quar e bases .
Not i ng t hat  E^ «>c J &1 and t hat  t r  f or  bot h sel f  

we i ght  and appl i ed s t r ess  f or  a gi v en f ac t or  
of  s af et y  i s pr opor t i onal  t o s c al e i t  f ol l ows  
t hat  Cu <=< A- 0* 25_whi c h c onf i r ms  t he near  
i ndependenc e of  Cu on A f or  mac hi ne f ounda ­
t i ons .  Howev er ,  t he c ent r i f uge t es t s  i n 
Tabl e I  i ndi c at e t hat  f or  l ar ge of f s hor e 
s t r uc t ur es  i t  i s not  so s at i s f ac t or y  t o d i s ­
r egar d t he ef f ec t  of  scal e.  For  exampl e,  i n 
t he case of  E^  f or  t es t  1 and an i nf i ni t e 
f oundat i on us i ng

2 En
= 2. 2 x 104 k N/ m3

D ( 1 -  v 2 ) _  
t he equi v al ent  v al ue of  Cu i s 1. 4 x 104 . At  
t he r ef er enc e scal e us ed by  Bar k an of  10 m2 ,
D = 3. 57 and t he equi v al ent  Cu i s

1. 4 x 104 100 = 7. 4 x 104 ,

3. 57
wi t h i n  t he r ange quot ed by  Bar k an of  ( 5- 10)  
x.  104 , k N/ m3 . Si mi l ar l y ,  f r om t es t s  2,  3,
Cu = 2. 8 and 3. 1 x 104 , c l os e t o t he l ower  
end of _ t he r ange.  I n c ont r as t  t es t s  4,  5 
gi v e Cu = 0. 94 and 1. 07 x 104 . Wher eas  
agr eement  i s r eac hed f or  dr ai ned sands  at  
Bar k an' s  scal e,  Cu and Crf  ar e dec r eas ed by  a 
f ac t or  of  about  5 at  100m di amet er  and by a 
f ur t her  f ac t or  dependi ng on dev el opment  of  
por e pr es s ur e,  es pec i a l l y  wi t h r educ ed por o ­
s i t y .  Thi s  l at t er  p r oc es s ^  whi c h u l t i mat e l y  
l eads  t o l i quef ac t i on and Cu -*■ 0,  was  f or e ­
s een by Bar kan.

Bar k an quot es  Cu v al ues  f or  c l ay s  f or  p r ac t i ­
cal  use whi c h i nc r eas e wi t h t he per mi s s i b l e 
s t at i c  l oad,  namel y  wi t h shear  s t r engt h.  He

not es  a l ar ge dec r eas e i n E-. , wi t h  i nc r eas e 
i n wat er  c ont ent ,  namel y  wi t h  dec r eas e i n 
shear  s t r engt h Cu . Tes t s  on uni f or m s at ur a ­
t ed undr ai ned c l ay  s ubj ec t ed t o r oc k i ng 
moment s  hav e gi v en E^ / Cu = 1400- 3500 at  
moment s  ha l f way  t o f ai l ur e by  sof t eni ng,  
t hes e r at i os  bei ng about  4 t i mes  t he i mmed ­
i at e s t at i c  r at i os  i n t he c ase of  s moot h 
bas es  or  pr e l oaded bases .  I n t he case of  
bas es  hav i ng i ndent at i ons ,  t he i ni t i al  
s et t l ement s  ex c eed t hos e t o be ex pec t ed f or  
s moot h bas es  by  an amount  dependi ng on t he 
degr ee of  penet r at i on of  soi l  i nt o t he i nden ­
t at i ons  and t her ef or e on t he degr ee of  pr e-  
l oadi ng and bac k  pr es s ur e.  Penet r at i on c on ­
t i nues  dur i ng c y c l i c  l oadi ng.

As  wi t h sands  car e i s nec es s ar y  i n us i ng Cu 
i ndependent  of  scal e.  I n pr ac t i c e t he c l ay  
s t i f f nes s  may  i nc r eas e wi t h dept h,  t endi ng t o 
c ount er ac t  t he scal e ef f ec t ,  but  f or  l ar ge 
s t r uc t ur es  i t  woul d s eem pr ef er abl e t o mak e 
use of  Ei  v al ues  f or  each mai n soi l  l ayer .

Some ef f ec t s  of  c y c l i c  l oadi ng on t he s of t e ­
n i ng of  c l ays  has  been r epor t ed ( Rowe,  1975b,  
Rov e et  al . ,  1976) .  Cent r i f uge model s  can 
al s o pr edi c t  def or mat i on and f ai l ur e modes ,  
i n t he case of  non- un i f or m s t r at a.  For  ex am­
pl e,  sand depos i t s  c ommonl y  s uf f er  wi de 
v ar i a t i ons  i n r el at i v e dens i t y .  Under  s t at i c  
l oadi ng,  ar c hi ng oc c ur s  over  l oos er  z ones  and 
s et t l ement s  can be pr edi c t ed on t he bas i s  of  
av er age mass  pr oper t i es .  I n t he cas e of  l ow 
f r equenc y  ( 0. 2 Hz)  c y c l i c  l oadi ng of  bas es  up 
t o 20m wi dt h r es t i ng on s at ur at ed uni f or m 
sands ,  t he r at e of  dr ai nage can pr ev ent  r i se 
of  appr ec i abl e ex cess  por e wat er  pr es s ur e.  
Howev er ,  wher e t he sand bed c ont ai ns  5- 10% of  
s at ur at ed l oose z ones  a c y c l i c  s t r es s  l evel  
i s r eac hed at  whi c h t he ar c hes  col l aps e,  
t r ans f er r i ng pr es s ur e i ns t ant aneous l y  t o t he 
por e wat er ,  f o l l owed by  dr amat i c  f oundat i on 
d i s pl ac ement s .  Wher eas  t he gener al  modes  of  
def or mat i on and f ai l ur e can be demons t r at ed 
on a model  ( Rowe and Cr ai g,  1976)  i t  i s 
i mpos s i bl e t o obt ai n a t hr ee- d i mens i onal  
s ur v ey  of  t he por os i t y  v ar i a t i ons  i n t he 
gr ound and t o pr epar e an ex ac t  model .  How­
ever ,  model s  demons t r at e t hat  unl es s  t he 
mi n i mum r el at i v e dens i t y  i s abov e t he c r i t i ­
cal  s t at e or  t he f i el d sand s t r at um i s dens i -  
f i ed,  dy nami c  l oadi ng s houl d not  be appl i ed 
t o l ar ge s t r uc t ur es  on s uc h f oundat i ons .

An ex ampl e of  of f s hor e i nt er es t  i s t he case 
of  a weak er  c l ay  l ayer  c onf i ned bet ween 
s t r onger  l ay er s  near  t he s ur f ac e of  t he sea 
bed.  Fi g.  4 shows  a t y pi c al  f oundat i on 
s i t uat i on.  The wav e f or c e s y s t em may  be 
appl i ed ac c or d i ng t o a r egul ar  or  an i r r egu ­
l ar  pat t er n.  Fi g.  5 shows  t he t ype of  pr o ­
gr es s i v e s hak edown s et t l ement  wher e c r eep 
t endi ng t o s t abi l i s at i on under  a gi v en wav e 
s y s t em i s f o l l owed by  ac c el er at ed mov ement s  

eac h t i me l ar ger  f or c es  ar e appl i ed.  Thi s  

d i agr am i nc l udes  i mmedi at e s et t l ement  and 

pr ogr es s i v e penet r at i on of  bas e i ndent at i ons  

at  t he soi l  s ur f ac e but  ex c l udes  c ons o l i da ­

t i on s et t l ement .  The s t r engt h Cu r ef er s  t o 

t he weak er  l ayer .  The pr i nc i pal  s hak edown
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1 = 0 4 8  h

L.

11

I
KL

W + V 
A "  A

•1

Saturated Dense Sand
model K=pw 9 f y i  = IO'B m/s

sn \
Weaker Boulder Clay Cu - 0 3 6 ~ 0 5 Sx w/A

Dense SontT

Stifter Boulder Clay Cu = O B —•" 2 0 X /̂a 

Dense Sand

Fi g.  4 Pl at f or m on l ay er ed s t r at a

Fi g.  5 Set t l ement - t i me- f or c e r ec or ds

due t o y i e l d  dur i ng cyc l i c  l oadi ng i s shown 
i n Fi g.  6 f or  un i f or m c l ay  of  t he same 
s t r engt h as t he weak er  l ayer  i n Fi g.  4,  f or  
t he case of  s i mi l ar  a l t hough not  i dent i c al  
number s  and pat t er n of  wav e f or c es .  Al l

Fi g.  6 Ef f ec t  of  l ay er i ng on s hak edown

t es t s  hav e r ev eal ed t hat  under  cyc l i c  l oadi ng 
t he ul t i mat e r egi on of  ex c es s i v e def or mat i on 
and s of t eni ng of  c l ay s  i s c l os e t o,  or  at ,  
t he under s i de of  t he base.  Wher e a sur f ac e 
s t r at um has  a t h i c k nes s  of  10% t he base 
di mens i on,  and i s s ubs t ant i a l l y  s t r onger  t han 
an under l y i ng weak er  i nt er c al at ed l ayer ,  i t  i s 
c l ear l y  unj us t i f i ed t o anal y s e t he f oundat i on 
as i f  t he whol e c ons i s t ed of  t he weak er  
l ayer .  Thi s  may  appear  t o be s el f - ev i dent  
but  s uch a pr oc edur e has c ont r i but ed t o t he 
r ej ec t i on of  a l ar ge gr av i t y  pl at f or m.
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