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P-W . TAYLOR  P ro fe s s o r  o f  C iv il E n g in e e r in g ,  U n iv e rs i ty  o f  A u c k la n d  

P.E. BARTLETT E n g in e e r ,  M in is t r y  o f  W o rk s  a n d  D e v e lo p m e n t,  N e w  Z e a la n d  (o n  le a v e )  

P.R. W IESS ING  E n g in e e r ,  M in is t r y  o f  W o rk s  a n d  D e v e lo p m e n t,  N e w  Z e a la n d

SYNOPSI S A s i mpl e t heor y  i s dev el oped f or  t he moment - r ot at i on behav i our  of  a r i gi d f oot 
i ng under  c ons t ant  v er t i c al  l oad on a Wi nk l er - t y pe f oundat i on,  ex t ended t o i nc l ude upl i f t  and y i el d.  
Labor at or y  t es t s  on model  f oot i ngs  (0 . 5 m x 0 . 25 m)  on c l ay  and on sand ar e r epor t ed whi c h s uppor t  
t he gener al  t heor et i c al  pr edi c t i ons .  The moment - r ot at i on r e l at i ons hi p i s f ound t o be non- l i near  
as a r es ul t  of  t he l i f t i ng of  one edge of  t he f oot i ng,  ev en when t he f oundat i on mat er i al  behav es  
el as t i cal l y .  At  r oc k i ng ampl i t udes  l ar ge enough t  c aus e y i el di ng beneat h one edge,  a s t r ongl y  
non- l i near  moment  r ot at i on r el at i ons hi p i s f or med,  wi t h hy s t er et i c  dampl i ng.

The r es ear c h shows  t hat  r ot at i onal  y i el d may  oc c ur  under  s pr ead f oot i ngs  when ear t hquak e l oadi ngs  
ar e appl i ed,  wi t hout  s er i ous  det r i ment  t o v er t i c al  l oad- bear i ng capac i t y ,  and t hat ,  under  s ui t abl e 
c ondi t i ons ,  v er t i c al  di s pl ac ement ,  ev en af t er  s ev er al  c y c l es  of  r ock i ng,  can be smal l .  Thus,  
spr ead f oot i ngs  may  be i nt ent i onal l y  des i gned t o y i el d i n h i gh- i nt ens i t y  ear t hquak es  and t hi s  may  
be pr ef er abl e t o t he y i el di ng of  c ol umns  at  bas e l evel  i n r ei nf or c ed c onc r et e f r ame s t r uc t ur es .

I NTRODUCTI ON

I t  i s wel l - k nown t hat  t he c ompl i anc e of  f ounda 
t i ons  has  a c ons i der abl e ef f ec t  on t he r es pons e 
of  s t r uc t ur es  t o ear t hquak es .  Thi s  ef f ec t  may  
be t ak en i nt o ac c ount  by as s umi ng t hat  s pr ead 
f oot i ngs  ac t  as r i gi d pl at es  at t ac hed t o t he 
s ur f ace of  a s emi - i nf i n i t e el as t i c  medi um.
( See,  f or  ex ampl e Par mal ee,  1967. )  Anot her  
ef f ec t  whi c h has  been c ons i der ed i s t hat  one 
edge of  a f oot i ng may  r i se of f  t he s uppor t i ng 
soi l .  Hous ner  ( 1963)  c ons i der ed t he r es pons e 
of  a r i gi d bl ock  on a r i gi d base.  The ef f ec t  
was  t er med " t i ppi ng"  by  Meek  ( 1975)  who 
ex ami ned i t s  ef f ec t  on a s i ngl e degr ee- of -  
f r eedom s t r uc t ur e.

Her e,  one as pec t  of  s oi l - s t r uc t ur e i nt er ac t i on 
i s c ons i der ed us i ng bot h t heor et i c al  and 
ex per i ment al  met hods .  The moment - r ot at i on 
r e l at i ons hi p f or  a r i gi d r ec t angul ar  f oot i ng 
on t he s ur f ac e of  a soi l  i s i nv es t i gat ed.  
Ex per i ment al  r es ul t s  f or  f oot i ngs  on sand and 
on c l ay  ar e c or r el at ed wi t h t he s i mpl e t heor y  
pr oposed.

I n addi t i on t o gi v i ng some i ns i ght  i nt o t he 
c ompl i anc e of  such f oundat i ons  f or  use i n 
es t i mat i ng t he r es pons e of  s t r uc t ur es  t o ear t h 
quak e l oadi ng,  t he wor k  may  be of  v al ue i n t he 
des i gn of  f oundat i ons  f or  ear t hquak e- r es i s t ant  
s t r uc t ur es .

THEORETI CAL BACKGROUND 

El as t i c  Roc k i ng

Us i ng s t at i c  c ondi t i ons ,  a s pr ead f oot i ng can 
nor mal l y  be as s umed t o be i n c ont ac t  wi t h t he 
suppor t i ng s ubsoi l  ov er  t he whol e of  i t s  ar ea

I f  a smal l  ov er t ur ni ng moment  i s appl i ed,  i t  
wi l l  r emai n i n f ul l  c ont ac t  and el as t i c  
def or mat i on of  t he soi l  wi l l  occur .  El as t i c  
t heor y  c an t hen be appl i ed,  t he r ot at i onal  

s t i f f nes s  bei ng a f unc t i on of  t he soi l  
pr oper t i es  and t he f oot i ng di mens i ons .  Thi s  i s 
t he met hod us ual l y  adopt ed i n t he anal y s i s  of  
v i br at i on of  f oundat i ons  f or  mac hi nes  wi t h 
out - of - bal anc e f or ces.  ( Ri char t ,  Hal l  and 
Woods ,  1970)  Us ual l y  t hese f or ces  ar e smal l  
i n c ompar i s on wi t h t he wei ght  of  t he mac hi ne and 
i t s  f oundat i on,  and gener at e mot i ons  of  smal l  
ampl i t ude.  Under  t hese c ondi t i ons ,  t he 
as s umpt i ons  t hat  t he soi l  behav es  el as t i c al l y  
and t hat  t he f oot i ngs  r emai n i n f ul l  c ont ac t  
wi t h t he gr ound ar e r eas onabl e.

The Wi nk l er  Model

Bec aus e of  i t s  mat hemat i c al  s i mpl i c i t y ,  t he 
Wi nk l er  model  f or  soi l  behav i our  has  been 
ex t ens i v el y  us ed f or  a v ar i et y  of  i nt er ac t i on 
pr obl ems  ( Bi ot ,  1943;  Mer r i t t  and Housner ,
1954;  Donal d,  1965;  Wei s sman,  1972) .  The 
mai n c r i t i c i s m of  t he model  i s t hat  i t  f ai l s  t o 
ac c ount  f or  c ont i nui t y  i n t he s uppor t i ng medi um.  
Nev er t hel es s ,  i t  pr ov i des  s ol ut i ons  whi c h may  be 
r egar ded as us ef ul  engi neer i ng appr ox i mat i ons .  
Wi t h s ui t abl e modi f i c at i on t o i nc l ude t he ef f ec t  
of  par t i al  s epar at i on of  t he f oot i ng f r om t he 
soi l  and t he ef f ec t  of  pl as t i c  def or mat i ons ,  
t he Wi nk l er  model  f or ms  t he bas i s  of  t he t heor y  
pr es ent ed her 3.  The s ubs oi l  i s as s umed t o act  
as a uni f or m bed of  spr i ngs .  Ov er  t he c ont ac t  
ar ea,  t he r at i o of  c ont ac t  s t r ess  t o v er t i c al  
d i s pl ac ement  i s as s umed t o be cons t ant .  Thi s  
r at i o def i nes  t he c oef f i c i ent  of  s ubgr ade 
r eac t i on,  k s -

I f  t he v er t i c al  l oad V i s k ept  c ons t ant ,  whi l e a 

moment  M i s appl i ed,  t hi s  i s equi v al ent  t o an
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ec c ent r i c i t y  of  l oadi ng e = M/ V.  As  t hi s  
moment  i s i nc r eas ed,  t he c ont ac t  s t r ess  d i s t r i 
but i on r emai ns  l i near  and t he s t r es s  i s c om
pr es s i v e over  t he whol e c ont ac t  ar ea,  pr ov i ded 
e < B/ 6 wher e B i s  t he br eadt h of  t he c ont ac t  
a r ea .

Under  t hes e c i r c ums t anc es ,  t he r ot at i onal  s t i f f 
ness  i s cons t ant :

k s *0 ( 1 )

wher e 6 i s t he angl e of  r ot at i on and I  i s  t he

sec ond moment  of  t he f oot i ng ar ea about  
t he ax i s  of  r ot at i on.

V , B

P o in t  of  s e p a r a t i o

Fi g.  2 Cont ac t  St r ess  and Moment - Rot at i on 
Rel at i ons hi p wi t h Par t i al  Separ at i on

' / / A' / / / / / / / j Q

------- v \  / / &  ?/  ^  ' V 7

Wi n k l e r  F o u n d a t i o n

D e f o r m a t i o n s :

‘ I ! " " !
■A—  — —

s t r e s s :  I

I—

Ii f  t  t  t i |

I

Fi g . 1 Cont ac t  St r ess  under  Ax i al  and Ec c ent r i c  
Loadi ng

As  shown i n Fi g.  1,  t he c ont ac t  s t r ess  bec omes  
zer o al ong one edge when e = B/ 6.

Separ at i on of  Foot i ng and Subs oi l

I f  i t  i s  now as s umed t hat  t he ' spr i ngs '  of  t he 
Wi nk l er  f oundat i on c annot  s us t ai n t ens i on,  t hen 
f or  an appl i ed moment  M > BV/ 6 t he f oot i ng wi l l  
par t i a l l y  s epar at e f r om t he s uppor t i ng medi um.  
For  t hes e c ondi t i ons  i t  can eas i l y  be s hown 
t hat  t he t angent  r ot at i onal  s t i f f ness .

ener gy  by  r ai s i ng t he l oad,  V,  whi l e t he 
r emai nder  i s  s t or ed i n t he ' spr i ngs ' .

Yi el d of  Cohes i v e Subsoi l  (<t> = 0)

The Wi nk l er  model  can be f ur t her  ex t ended t o 
i nc l ude y i el d,  t hat  i s,  t he s pr i ngs  r epr es ent i ng 
t he s ubs oi l  as s umed t o behav e el as t i c al l y  unt i l  
t he y i el d s t r ess  q u i s r eached,  af t er  whi c h t hey  
c ont i nue t o def or m pl as t i c al l y .  Thi s  i s 
equi v al ent  t o i nc l udi ng a Coul omb s l i der  el ement  
i n s er i es  wi t h eac h spr i ng.  As  an appr ox i mat e 
r epr es ent at i on of  a s at ur at ed c l ay  subsoi l ,  t hi s  
y i el d s t r es s  can be as s umed t o be c ons t ant  ov er  
t he f oot i ng ar ea.  As  f oot i ng r ot at i on i s 
i nc r eased,  an ar ea beneat h whi c h pl as t i c  
def or mat i on i s  oc c ur r i ng wi l l  f or m at  one edge,  
wi t h uni f or m c ont ac t  s t r es s  as shown i n Fi g.  3.

C o n t a c t

s t r e s s :

( d Vj

^  = k I  
d e  s

( 2 )

wher e I  i s t he s ec ond moment  of  t he ar ea i n 
c ont ac t  about  i t s  neut r al  ax i s .

As  t he appl i ed moment  i s i nc r eas ed,  I  dec r eas es ,  
r es ul t i ng i n a nonl i near  ( s t r ai n- sof t eni ng)  
moment - r ot at i on r el at i ons hi p.  The nonl i near i t y  
ar i s es  f r om t he c hangi ng geomet r y .  The s y s t em 
i s s t i l l  c ompl et el y  el as t i c  and def or mat i on 
i s  f ul l y  r ec ov er abl e,  Fi g.  2.

Wi t h par t i al  s epar at i on,  r ot at i on of  t he f oot i ng 
oc c ur s  about  t he mi d- poi nt  of  t he c ont ac t  ar ea,  
whi c h i s not  c oi nc i dent  wi t h t he mi d- poi nt  of  
t he f oot i ng.  As  t he f oot i ng r ot at es ,  i t s 
mi d- poi nt  r i ses.  Ex pr es s ed i n ot her  t er ms,  
par t  of  t he ener gy  s uppl i ed i n appl y i ng t he 
ov er t ur ni ng moment  i s  s t or ed as pot ent i al

Fi g.  3 Rot at i on wi t h Yi el d
( a)  As s umed St r es s - Def or mat i on Rel at i on 

shi p
( b)  St r ess  Di s t r i but i on
( c)  Ul t i mat e St r ess  Di s t r i but i on

Under  t hese c ondi t i ons ,  t he t angent  r ot at i onal  
s t i f f nes s ,

dM
= k s Je

(3)

wher e I  i s t he s ec ond moment  of  ar ea of  t hat  
e

par t  of  t he c ont ac t  ar ea whi c h r emai ns  
e l a s t i c . ( Bar t l et t ,  1976)

The moment - r ot at i on r el at i ons hi p,  wi t h  y i el di ng,  
i s s t r ongl y  nonl i near .  Wi t h i nc r eas i ng r ot a 
t i on t he c ont ac t  s t r ess  d i s t r i but i on t ends  t o
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t he ul t i mat e c ondi t i on wher e t he c ont ac t  ar ea i s 
f ul l y  pl as t i c  and t he t angent  r ot at i onal  s t i f f 
ness  t ends  t o zer o.

Cy c l i c  Roc k i ng -  Cohes i v e Subsoi l

Based on t hi s  ex t ended Wi nk l er  model ,  t he r es 
pons e of  a s t r i p f oot i ng t o a c y c l i c  r oc k i ng 
di s t ur banc e ( of  c ons t ant  angul ar  ampl i t ude)  was  
comput ed.  Two ai s t i c t  t ypes  of  behav i our  ar e 
f ound dependi ng on t he f ac t or  of  s af et y  wi t h 
r es pec t  t o v er t i c al  l oadi ng onl y ,  F .

q A
F = u-  

v V

wher e A i s t he ar ea of  t he f oot i ng.

( 4)

For  v al ues  of  F, 2,  t he s epar at i on of  one
edge of  t he f oot i ng oc c ur s  at  a s mal l er  angl e 
of  r ot at i on t han t hat  r equi r ed t o c aus e y i el d at  
t he ot her  edge.  Yi el di ng oc c ur s  i n t he f i r s t  
c y c l e of  l oadi ng onl y ,  ac c ompani ed by  some 
per manent  v er t i c al  def or mat i on,  and f ur t her  
r oc k i ng c y c l es  at  t he same ampl i t ude oc c ur  wi t h 
out  f ur t her  ener gy  di s s i pat i on,  and wi t hout  
f ur t her  per manent  v er t i c al  def or mat i on ( accor 
d i ng t o t hi s  s i mpl e model ) .  Af t er  c y c l i c  r oc k 
i ng wi t h y i el d,  t he c ont ac t  s t r ess  i s r educ ed 
wi t hi n t he zones  whi c h hav e y i el ded,  or ,  i f  
ampl i t udes  ar e gr eat  enough,  may  bec ome zer o 
ov er  par t  of  t he ar ea,  as s hown i n Fi g.  4.

I t  s houl d be not ed,  however ,  t hat ,  pr ov i ded t he 
y i el d s t r ess  of  t he s uppor t i ng medi um has  not  
dec r eas ed t he f ac t or  of  s af et y  agai ns t  f ai l ur e 
under  v er t i c al  l oad has  not  been r educed.

Fi g.  4 St r es s  Di s t r i but i ons  af t er  Cy c l i c  Roc k i ng

The c al c ul at ed r es pons e f or  Fv = 3 i s s hown i n 
Fi g.  5 i n whi c h r ot at i on 6 and moment  M ar e 
nor mal i s ed wi t h r es pec t  t o t he v al ues  ( 0F and Mp 
r es pec t i v el y )  at  whi c h f ul l  c ont ac t  c eas es  ( poi nt  
F ) . Pl as t i c  y i el d oc c ur s  i ni t i al l y  at  poi nt  P.  
Al s o shown i s t he v er t i c al  di s pl ac ement  y at  t he 
c ent r e- l i ne of  t he f oot i ng i n t er ms  of  t he 
s t at i c  v er t i c al  d i s pl ac ement  y under  t he ax i al  
l oad V.

For  v al ues  of  Fv 
separ at i on.  Repe 
t i on of  ener gy  i n 
i n per manent  ver t i  
Fi gur e 6 shows  t he 
1. 5 f or  t wo c yc l es  
r epr es ent ed by  t he 
hy s t er es i s  l oop of  
s h i p .

2,  y i el di ng oc c ur s  bef or e 
at ed c y c l i ng c aus es  di s s i pa-  
each cyc l e,  wi t h an i nc r eas e 
cal  def or mat i on i n eac h cyc l e,  

c omput ed r es pons e f or  Fv = 
Ener gy  di s s i pat i on i s 

ar ea enc l os ed wi t hi n t he 
t he moment - r ot at i on r el at i on-

Yi el d of  Cohes i onl es s  Subs oi l

The model  may  be modi f i ed f or  c ohes i onl es s  s ub 
soi l .  I n t hi s  case,  t he s t r es s  q at  whi c h

Fi g.  5 Foot i ng on Cl ay  -  Theor et i c al  Res pons e

y i el d oc c ur s  i s  not  c ons t ant .  I f  a f oot i ng 
on t he s ur f ac e of  a c ohes i onl es s  s ubs oi l  i s 
l oaded ax i al l y ,  t he c ont ac t  s t r es s  at  ul t i mat e 
l oad i s  k nown t o i nc r eas e f r om a mi n i mum v al ue
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Fi g.  6 Foot i ng on Cl ay  -  Theor et i c al  Res pons e 
F„  = 1. 5

at  t he edge t o a maxi munu- at  t he c ent r e- l i ne of  
t he l oaded ar ea.  The d i s t r i but i on as s ur ed her e 
( af t er  Mey er hof ,  1951)  has  a l i near  v ar i at i on,  
i nc r eas i ng f r om zer o at  t he edges .  Thi s  i s 
c ons i s t ent  wi t h t he f ac t  t hat  t he ul t i mat e bear 
i ng c apac i t y  of  a s ur f ac e f oot i ng on a c ohes i on-  
l ess soi l  i s pr opor t i onal  t o i t s  br eadt h.  For  
anal ys i s ,  t he f oot i ng ar ea i s s ubdi v i ded i nt o a 
number  of  smal l  sec t i ons ,  eac h wi t h a " spr i ng"  
of  t he same s t i f f ness ,  but  wi t h t he y i el d f or ce 
( of  t he Coul omb el ement )  pr opor t i onal  t o t he 

di s t anc e f r om t he near es t  boundar y  of  t he c ont ac t  
ar ea.  When s epar at i on of  t he f oot i ng f r om t he 
s ubs oi l  occur s ,  t he c ont ac t  ar ea r educes ,  and 
t he y i el d f or c e i n t he adj ac ent  el ement s  i s 
r educed.

Based on t hes e as s umpt i ons ,  t he c ont ac t  s t r ess  
d i s t r i but i ons  under  r ot at i onal  l oadi ng ar e as 
shown i n Fi g.  7.  I ni t i al l y ,  when c onc ent r i c al l y

V V

“ A e

\  /  
\  /  

v

l oaded,  c ont ac t  s t r es s  i s uni f or m ex c ept  near  
t he edges  wher e i t  r educ es  t o zer o.  Any  
appl i ed moment ,  howev er  smal l ,  mus t  c aus e y i el d 
on one s i de ( as i t  i s at  i t s  y i el d s t r ess  
al r eady)  and s epar at i on at  t he ot her  ( as t he 
s t r es s  i s zer o at  t he edge i n i t i a l l y ) . As  t he 
appl i ed moment  i s i nc r eas ed,  t he ul t i mat e c on 
di t i on i s r eached,  wi t h a t r i angul ar  s t r ess  
bl oc k  under  one edge.  Rev er s al  of  t he appl i ed 
moment  c aus es  t he s t r es s  bl oc k  t o t r av el  t o 
t he oppos i t e s i de,  as t he f oot i ng r ol l s  on 
i t s  s uppor t i ng subsoi l .

Cy c l i c  Roc k i ng -  Cohes i onl es s  Subsoi l

For  s ev er al  r eas ons  i t  i s not  pos s i bl e t o c om
put e moment - r o t a t i on r e l at i ons hi ps  f or  a f oot i ng 
on c ohes i onl es s  soi l  i n di mens i onl es s  f or m as 
was  done f or  f oot i ngs  on c l ay .  I ns t ead,  t he 
r e l at i ons hi ps  c omput ed ar e f or  t he c ondi t i ons  
ex ami ned ex per i ment al l y ,  t he r es ul t s  f or  whi c h 
ar e gi v en l at er .  Ver t i c al  s t i f f nes s  and 
bear i ng c apac i t y  wer e det er mi ned f r om v er t i c al  
l oadi ng t es t s  on t he t es t  r i g.  The c omput ed 
behav i our  of  t he 0. 50 x 0. 25 m f oot i ng,  on t he 
s ur f ac e of  a dens e sand ( Dr  = 93%)  r oc k ed about  
i t s  s hor t er  ax i s ,  f or  a f ac t or  of  s af et y  Fv = 5 
i s shown i n Fi g.  8.  The s equenc e of  r ot at i onal  
di s pl ac ement s  i s 5 c y c l es  at  + 1 mi l l i r adi an,
5 at  + 5 and f i nal l y  5 c y c l es  at  ± 20 mi l l i -
r adi ans  (+ 1 . 1 ) .

The c omput ed r es ul t  s hows  a c ont i nued downwar d 
mov ement  dur i ng c y c l i ng at  t he l ar ges t  ampl i 
t ude,  amount i ng t o 3. 5 mm i n t hi s  case.  At  
t he same t i me a c ont i nuous  hy s t er et i c  ener gy  
l oss  i s pr edi c t ed.

316



10/ 30

Fi g.  8 Foot i ng on Sand -
Theor et i c al  Res pons e 

Fv  = 5,  Dr  = 93% Ty pe A

TABLE I

Roc k i ng on Sands  -  Comput ed Di s pl ac ement s

Thi s  r es ul t  i s i nc l uded i n Tabl e I ,  whi c h gi v es  
c omput ed v er t i c al  di s pl ac ement s  af t er  t he same 
s equenc e of  r ot at i onal  di s pl ac ement s  f or  
r oc k i ng about  t he l onger  ax i s ,  and f or  ot her  
s af et y  f ac t or s .  I t  i s s een t hat  r oc k i ng about  
t he l onger  ax i s  pr oduc es  gr eat er  v er t i c al  d i s 
pl acement ,  and t hat  t hes e di s pl ac ement s  i nc r eas e 
r api dl y  wi t h r educ t i on i n s af et y  f ac t or .

EXPERI MENTAL STUDY 

Bas i c  Appar at us

The appar at us  was  made as l ar ge as was  c ons i s 
t ent  wi t h t he av oi danc e of  s er i ous  mat er i al s  
handl i ng pr obl ems .  As  s hown i n t he phot ogr aph.  
Fi g.  9,  t he c ont ai ner  f or  t he soi l  ( sand or  c l ay)  
was  c ons t r uc t ed of  heav y  s t eel  c hannel  sec t i ons .  
I t  i s  1. 3 m s quar e and 0. 6 m deep.  For  t he

f oot i ng s i ze adopt ed ( 0. 50 x 0. 25 m)  a r i gi d 
boundar y  of  such di mens i ons  enc l os i ng an 
el as t i c  medi um s houl d not  af f ec t  r ot at i onal  
s t i f f nes s ,  al t hough v er t i c al  s t i f f nes s  woul d be 
ex pec t ed t o be gr eat er  t han on a s emi - i nf i n i t e 
el as t i c  medi um ( Sovi nc,  1969) .

The soi l  c ont ai ner  was  mount ed on t he r ei nf or c ed 
c onc r et e f l oor  of  t he Tes t  Hal l ,  beneat h whi c h 
i s a bas ement .  Thi s  enabl ed t he v er t i c al  l oad 
on t he f oot i ng ( f r om l ead wei ght s  i n t he bas e 
ment )  t o be t r ans f er r ed by  hanger  r ods  pas s i ng 
t hr ough hol es  i n t he f l oor  as s hown i n Fi g.  10.
A hy dr aul i c  j ack  i s  us ed t o appl y  t he l oad,  
by  l i f t i ng t he wei ght s  of f  t he bas ement  f l oor .
To al l ow r ot at i on of  t he f oot i ng pl at e,  t he 
l oad i s t r ans f er r ed t o i t  t hr ough a l ow f r i c t i on 
bear i ng.  The f oot i ng pl at e i s  c ons t r ai ned 
agai ns t  l at er al  mov ement  by  a pai r  of  t i e r ods  
pi v ot t ed at  t hei r  ends.
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Foot i ngs  on Cl ay

The mat er i al  us ed was  an ar t i f i c i al l y  pr epar ed,  
s at ur at ed br i c k wor k s  c l ay  ( w = 34%,  Wp = 31,  
w l  = 67,  c l ay  f r ac t i on 48%)  obt ai ned as r ec 
t angul ar  bl ocks .  Thes e wer e c l os el y  f i t t ed 
t oget her ,  t hen r ammed i n pl ac e t o e l i mi nat e ai r  
voi ds .  Thi s  i nev i t abl y  c aus ed some r emoul di ng 
but  as t he c l ay  was  al r eady  r emoul ded,  t hi s  was  
of  l i t t l e c ons equenc e.  Res ul t s  of  unc onf i ned 
c ompr es s i on t es t s  ar e s hown i n Fi g.  11,  f or  t he

Fi g.  9 Appar at us  f or  Model  Foot i ng Tes t s  

, A - _________________

I

[* *— R e a c t io n  b e a m  

H y d r a u l i c  c y l i n d e r

J L

S o i l

- F o o t i n g  

- T i e  r o d s

- L e a d  i n g o ts  

" P l a t f o r m

Fi g.  10 Ver t i c al  Loadi ng Sy s t em

To appl y  c y c l i c  r oc k i ng di s pl ac ement s ,  a v er t i c al  
f r ame f i xed t o t he f oot i ng i s mov ed by  a l oadi ng 
ar m at t ac hed t o i t s  upper  end.  Thi s  ar m i s 
c onnec t ed t o an adj us t abl e c r ank  on t he dr i v e 
uni t ,  mount ed on t he r eac t i on wal l ,  as c an be 
seen i n t he phot ogr aph.  I n t hi s  way,  har moni c  
r oc k i ng mot i on of  adj us t abl e ampl i t ude c an be 
appl i ed t o t he f oot i ng at  a f r equenc y  of  0. 5 Hz.

I ns t r ument at i on

A l oad cel l  i n t he l oadi ng ar m enabl es  t he 
appl i ed moment  t o be det er mi ned.  Two di s pl ac e 
ment  t r ans duc er s  ( LVDT' s)  one at  eac h end of  t he 
f oot i ng,  meas ur e v er t i c al  di s pl ac ement s .  The 
av er age of  t hese r eadi ngs  i s t he c ent r al  d i s 
p l ac ement ,  whi l e t he di f f er enc e ( di v i ded by 
t r ans duc er  spac i ng)  det er mi nes  t he r ot at i on.  
Thr oughout  eac h t es t  r un,  a c ont i nuous  r ec or d 
was  obt ai ned on a phot ogr aphi c  r ec or der  whi l e 
t he moment - r ot at i on r e l at i ons hi p was  obt ai ned on 
an X- Y r ecor der .

A g e d  m a te

^  / / / ^

I p
^ - - ^ R e  m o u l t  

m a t e r i a

e d

i l l
w w y

Fi g.  11

S t r a i n  ( % )

Unc onf i ned Compr es s i on Tes t  Res ul t s

f r es hl y  r emoul ded c l ay ,  and af t er  ' agi ng'  f or  
f our  weeks ,  when t es t  r uns  ar e made.  The 
r emoul ded soi l  had an undr ai ned s hear  s t r engt h 
of  44 k Pa i ni t i al l y ,  whi c h i nc r eas ed t o 49 kPa 
af t er  agi ng.  The c l ay  was  k ept  s eal ed at  al l  
t i mes  wi t h heav y  pol y t hene s heet s  t o pr ev ent  
ev apor a t i on .

Four  t es t  r uns  wer e made,  eac h c ompr i s i ng f i ve 
l oadi ng c y c l es  at  eac h of  t hr ee ( i ncr eas i ng)  
ampl i t udes .  The t es t  c ondi t i ons  ar e l i s t ed i n 
Tabl e I I ,  wher e t he v er t i c al  di s pl ac ement s ,  
meas ur ed i n t he f i ve c y c l es  at  max i mum ampl i t ude,  
ar e al so gi ven.

Ver t i c al  di s pl ac ement s  and moment - r ot at i on 
r e l at i ons hi ps  f or  t es t s  3 and 4 ar e s hown i n 
Fi gs .  12 and 13 r es pec t i v el y .

Foot i ngs  on Sand

The same bas i c  equi pment  was  used f or  a s er i es  of  
t es t  r uns  f or  s ur f ac e f oot i ngs  on dr y  sand.
A f ai r l y  uni f or m mat er i a l  of  medi um gr ai n- s i z e 
was  us ed ( D̂ g = 0. 18 mm,  uni f or mi t y  c oef f i c i ent  
1. 7) .  Pr edomi nant l y  a quar t z  sand,  t he sol i d 
dens i t y  was  2663 k g / m ^ . Max i mum and mi ni mum 
dr y  dens i t i es ,  det er mi ned t o ASTM D2049- 69,  wer e 
1689 and 1421 k g/ m3 r es pec t i v el y .
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Fi g.  12 Foot i ng on Cl ay  -  Ex per i ment al  
Res ul t  -  F = 3 Ty pe B

Fi g.  13 Foot i ng on Cl ay  -  Ex per i ment al  
Res ul t  -  Fv  = 1. 5 Ty pe B

319



10/ 30

Roc k i ng on Cl ay  -  Ex per i ment al  Res ul t s

T AB LE  I I

Tes t
Foot i ng

Type Fv
Max i mum 

Ampl i t ude (i n. r ad)
Ver t i c al  

Di s pl ac ement  ( mm)
Di s pl ac ement  

as % of  f oot i ng 
br eadt h

1 B 8. 0 37 0. 1 0. 04
2 A 3. 0 21 0. 8 0. 2
3 B 3. 0 37 1. 1 0. 4
4 B 1. 5 17 4. 1 1. 6

Pl ac ement  was  ef f ec t ed by  aer i al  depos i t i on,  t he 
f i nal  dens i t y  bei ng dependent  on t he f l ow r at e 
and hei ght  of  f al l .  Cons i der abl e car e was  
t aken t o ens ur e t hat  t he dens i t y  t hr oughout  was  
as uni f or m as pr ac t i c abl e.  The sand was  
al l owed t o f l ow f r om an el ev at ed hopper ,  t hr ough 
a f l ex i bl e t ube and t hen pas s ed t hr ough t wo 
s c r eens  s us pended at  a c ons t ant  hei ght  above 
t he s and sur f ace.  Tes t s  wer e c onduc t ed at  
r el at i v e dens i t i es  of  zer o,  58 ± 2% and 93 ± 21.  
I n t he l at t er  case,  a l ow f l ow r at e was  used 
and f i l l i ng t ook 5 hour s .  Sand at  zer o 
r el at i v e dens i t y  was  pl ac edr api d l y  wi t h t he 
f l ex i bl e hos e f l owi ng f ul l ,  wi t h zer o hei ght  of  
f al l .

Ver t i c al  d i s pl ac ement s  and moment - r ot at i on 
r el at i ons hi ps  f or  t he f oot i ng,  t ype A ( r ocked 
about  i t s  s hor t er  ax i s)  ar e s hown i n Fi g.  14.
The s equenc e of  appl i ed r ot at i ons  was  5 c yc l es  
at  ± 1,  ± 5 and + 20 mi l l i r andi ans  each.  I t  
i s seen t hat ,  at  t he l owes t  ampl i t ude,  r ot a 

t i onal  s t i f f nes s  i s hi gh and t her e i s some 
hy s t er et i c  ener gy  l oss.  At  5 m.  r ad ampl i t ude,  
ener gy  l os s es  ar e gr eat er  and t he max i mum moment  
i nc r eas es  wi t h  s uc c es s i v e cyc l es .  At  t he 
max i mum ampl i t ude,  t he f ul l y  p l as t i c  moment  i s 
appr oac hed and ener gy  di s s i pat i on i s hi gh.
Her e al so t he max i mum moment  i nc r eas es  wi t h 
s uc c es s i v e cyc l es .  Per manent  v er t i c al  def or ma 
t i on oc c ur s  ev en at  t he l owes t  ampl i t ude and 
t he t ot al  v er t i c al  def or mat i on i s 10. 6 mm f or  
t he s equenc e of  l oadi ngs .

Res ul t s  of  ot her  t es t s  ar e s ummar i z ed i n t he 
nex t  sec t i on.

COMPARI SON OF THEORY AND EXPERI MENT

Cons i der i ng t he many  gr os s  s i mpl i f i c at i ons  made 
i n f or mul at i ng t he model  t he c or r el at i on bet ween 
t heor y  and ex per i ment  i s,  i n gener al ,  r eas onabl y  
c l os e .

20
- - - - - - - - 1-
R o ta t io n  

( m  r a d ia n s )

Fi g.  14 Foot i ng on Sand -
Ex per i ment al  Res ul t  
Fv = 5,  Dr  = 93% Ty pe A

- - - - - - - - - -  F i r s t  c y c l e

- - - - - - - - - - - S e c o n d  c y c le

- - - - - - - - - - - F i f t h  c y c le
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Foot i ngs  on Cl ay

The t heor et i c al  r es ul t s  s hown i n Fi gs .  5 and 6 
can be c ompar ed wi t h t he ex per i ment al  r es ul t s  of  
Fi gs.  12 and 13 r es pec t i v el y .

Whi l e i t  was  t heor et i c al l y  pr edi c t ed t hat  f or  
Fv  = 3,  pl as t i c  def or mat i on,  ac c ompani ed by  
per manent  v er t i c al  di s pl ac ement  woul d oc c ur  onl y  
i n t he f i r s t  c y c l e of  l oadi ng ( at  any  one ampl i 
t ude)  ( Fi g.  5)  i t  i s f ound,  i n f act ,  t hat  some 
smal l  v er t i c al  d i s pl ac ement  c ont i nues  wi t h 
r epeat ed c y c l i ng ( Fi g.  12)  and t hi s  i s ac c ompa 
ni ed by  c ont i nued ener gy  l oss,  not  pr edi c t ed by  
t he model .  Sec ant  s t i f f nes s  i s shown t o 
dec r eas e mar k edl y  wi t h i nc r eas e i n ampl i t ude,  
as pr edi c t ed.  At  t he max i mum ampl i t ude 
( 37 m.  r ad)  t he max i mum moment  was  76% of  t he 
Cal c ul at ed f ul l y  pl as t i c  moment  ( 970 Nm) . 
Repeat ed c y c l i ng c aus ed a r educ t i on i n t he max i 
mum moment ,  as a r es ul t  of  degr adat i on of  t he 
c l ay.

For  Fv = 1. 5,  t he pr edi c t i on ( Fi g.  6)  t hat  c on 
t i nued v er t i c al  di s pl ac ement s  woul d oc c ur  was 
c l ear l y  s hown ( Fi g.  13)  and hy s t er et i c  l oss  was  
f ound t o be gr eat er  t han f or  Fv = 3.  The shape 
of  t he hy s t er es i s  l oop,  however ,  i s f ound t o 
di f f er  mar k edl y  f r om t hat  pr edi c t ed.  I n t he 
t est ,  a l t hough at  l ower  ampl i t ude t han f or  
Fv = 3,  t he max i mum moment  was  95% of  t he c a l 
cul at ed max i mum.

Foot i ngs  on Sand

The t heor et i c al  r esponse,  s hown i n Fi g.  8,  f or  
Fv = 5 may  be c ompar ed di r ec t l y  wi t h t he ex per i 
ment al  r es ul t s  gi v en i n Fi g.  14.  Whi l e t he 
gener al  f eat ur es  ar e v er y  s i mi l ar ,  t he ener gy  
l oss and v er t i c al  def or mat i on ar e gr eat er  t han 
pr edi c t ed,  and t he ac t ual  moment - r ot at i on 
r el at i ons hi p has  a mor e r ounded pr of i l e.

Ver t i c al  def or mat i ons  obs er v ed i n s ev er al  t es t s  
ar e s ummar i s ed i n Fi g.  15 and c ompar ed wi t h t he

0

5 -

E
£  10 -

c
0)
E
ai

2 0  -

Fi g.  15 Foot i ngs  on Sand -  Obs er v ed and Pr e 
d i c t ed Set t l ement s

pr edi c t ed val ues .  Af t er  t he f ul l  s equenc e of  
c y c l i c  l oadi ng,  def or mat i ons  ar e gr eat er  t han 
pr edi c t ed,  par t i c ul ar l y  at  hi gh v al ues  of  Fv . 
Ther e ar e s ev er al  r eas ons  f or  t he di s c r epanc y .

I n t he pr epar at i on of  t he sand,  t he s ur f ac e 
was  f i nal l y  sc r eeded,  pr obabl y  c aus i ng a 
r educ t i on i n dens i t y  wi t h i n t he upper mos t  f ew 
mi l l i met r es .  Al so,  i mper f ec t  beddi ng of  t he 
f oot i ng on t he sand s ur f ac e may  hav e been a 
c ont r i but i ng f ac t or .  Then,  of  cour se,  t her e 
ar e t he obv i ous  def i c i enc i es  of  t he model .

CONCLUSI ONS

I t  has  been s hown t hat  when an ov er t ur ni ng 
moment  of  s uf f i c i ent  magni t ude t o c aus e ei t her  
upl i f t  or  soi l  y i el d i s appl i ed t o a s pr ead 
f oot i ng,  t he moment - r ot at i on r el at i ons hi p 
bec omes  hi ghl y  non- l i near .  The 1s of t eni ng-  
spr i ng'  c har ac t er i s t i c  r educ es  t he r ot at i onal  
s t i f f nes s  at  hi gh ampl i t udes ,  and t ends  t o 
i nc r eas e t he nat ur al  per i od of  v i br at i on of  t he 
s t r uc t ur e i t  suppor t s .  I n t er ms  of  ear t hquak e 
r es pons e of  s t r uc t ur es ,  t hi s  i s us ual l y  
bene f i c i a l .

The ex t r apol at i on of  model  f oot i ng t es t s  on sand 
t o pr ac t i c al  d i mens i ons  i s i nher ent l y  di f f i c ul t ,  
muc h mor e so t han f or  f oot i ngs  on c l ay .  The 
v er t i c al  def or mat i on r es ul t i ng f r om c y c l i c  
r ock i ng,  f or  exampl e,  i s dependent  on t he s i ze 
and shape of  t he f oot i ng,  on t he f ac t or  of  
saf et y ,  Fv , on t he sand dens i t y  and on t he 
number  and ampl i t ude of  r oc k i ng cyc l es .  Bas ed 
on c ons er v at i v e as s umpt i ons ,  i t  was  es t i mat ed 
f r om t he t es t  r es ul t s  ( Wi ess i ng,  1979)  t hat  f or  
a s ur f ac e f oot i ng,  6 m x 2 m i n pl an,  wi t h  a 
v er t i c al  l oad of  5 MN on s and wi t h pr oper t i es  
such t hat  Fv = 6,  t he v er t i c al  def or mat i on 
r es ul t i ng f r om r ock i ng,  about  i t s  l ong ax i s ,  
wi t h f i ve c y c l es  eac h at  ± 1,  ± 2 and ± 5 m.  r ad,  
woul d be 30 mm.

The t es t s  on s ands  wer e c onduc t ed on s ur f ace 
f oot i ngs ,  wher eas  i n pr ac t i c e f oundat i ons  on 
sands  ar e i nv ar i abl y  embedded.  As  i s wel l  
known,  t he bear i ng c apac i t y  of  s and i nc r eas es  
mar k edl y  wi t h embedment  dept h.  I t  i s c ons i der ed 
t hat  t he v er t i c al  def or mat i on r es ul t i ng f r om 
cy c l i c  r oc k i ng woul d be c ons i der abl y  r educ ed as 
a r es ul t  of  embedment .  Ther e i s a c l ear  need 
f or  f ur t her  r es ear c h on t hi s  aspec t .

Bot h t heor et i c al  and ex per i ment al  r es ul t s  f or  
f oot i ngs  on c l ay  s ugges t  t hat ,  wher e t he f ac t or  
of  s af et y  agai ns t  f ai l ur e under  v er t i c al  
l oadi ng onl y  i s  not  l ess  t han 3 ( a t y pi c al  v al ue 
used i n des i gn)  s ever al  c y c l es  of  r ot at i onal  
di s pl ac ement  of  as muc h as 2°  can be s us t ai ned 
wi t hout  c aus i ng v er t i c al  di s pl ac ement  of  mor e 
t han of  f oot i ng br eadt h.  I t  i s t r ue t hat  
t he t es t s  wer e c ar r i ed out  on c l ay  of  l ow 
s ens i t i v i t y ,  wher eas  soi l s  enc ount er ed i n 
pr ac t i c e may  have muc h hi gher  v al ues  of  s ens i 
t i v i t y .  I t  has  been shown,  however ,  ( Seed,
1960)  t hat  mor e s ens i t i v e c l ays  c an under go 
c y c l i c  def or mat i on wi t h onl y  mi nor  l oss  of  
s t r eng t h .

I n t he des i gn of  duc t i l e,  moment - r es i s t i ng 
f r amed s t r uc t ur es ,  t he New Zeal and Code 
r equi r es  " capac i t y "  des i gn met hods  t o be 
appl i ed.  I n addi t i on t o bei ng des i gned t o 
r es i s t  t he " des i gn ear t hquak e"  el as t i c al l y ,  t he 
s t r uc t ur e mus t  be abl e t o under go muc h l ar ger  
def or mat i ons  wi t hout  s er i ous  damage.  Then,  
t he s t r uc t ur e wi l l  behav e as a mec hani s m,  i n
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whi c h y i el di ng oc c ur s  at  pr edi c t abl e l ocat i ons .  
Gener al l y ,  des i gn i s such t hat  duc t i l e hi nges  
f or m i n t he beams,  r at her  t han t he col umns .
Wi t h a f i x ed f oundat i on,  however ,  t he f or mat i on 
of  a hi nge near  t he bas e of  eac h c ol umn i s 
unav oi dabl e.  By des i gni ng s pr ead f oot i ngs  
whi c h wi l l  y i el d i n r ot at i on at  an appl i ed 
moment  l ess  t han t he moment  c apac i t y  of  t he 
col umn,  c ol umn hi ngi ng can be avoi ded.  Thi s  
appr oac h t o ear t hquak e- r es i s t ant  des i gn has 
been appl i ed i n New Zeal and ( Tay l or  and Wi l l i ams ,
1979) .

Tay l or ,  P. W.  & Wi l l i ams ,  R. L.  ( 1979) .
Foundat i ons  f or  c apac i t y  des i gned s t r uc t ur es  
Bu l l . N. Z. Nat . Soc.  f or  Foundat i on Engi neer i ng

Wei s s man,  G. F.  ( 1972) .  Ti l t i ng f oundat i ons .  
J our . Soi l  Mec hani c s  and Foundat i on Engi 
neer i ng Di v.  ASCE ( 98) ,  SMI ,  59- 78

Wi es s i ng,  P. R.  ( 1979) .  Foundat i on r oc k i ng on
sand:  M. E.  t hes i s .  Uni v er s i t y  of  Auc k l and 
Sc hool  of  Engi neer i ng Repor t  No.  203
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