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SYNOPSI S Lar ge model  f oot i ng t est s hav i ng ar eas over  3m2 and devel opi ng pr essur es up t o
24 00kPa wer e used t o eval uat e compact ed f i l l s pl aced over  shal l ow r ock f or  t he suppor t  of  t wo power  
pl ant s.  Est i mat es wer e made of  t he " el ast i c"  modul i  of  t he f i l l  and t he at t enuat i on of  st r ess wi t h 
dept h f or  t he pr edi c t i on of  t he behav i or  of  f oot i ngs and mat s.  Tes t i ng met hods and pr ocedur es ar e 
descr i bed,  t ypi cal  r esul t s ar e gi ven,  and compar i sons ar e made bet ween t he obser ved set t l ement s and 
t hose pr edi c t ed usi ng c l ass i cal  el ast i c  t heor y and a semi empi r i cal  met hod.

I NTRODUCTI ON

When t he dept h t o compet ent  r ock i s j ust  beyond 
nor mal  f oot i ng dept hs,  i t  i s f r equent l y  mor e 
economi cal  and expedi ent  t o const r uct  a com­
pact ed f i l l  of  sel ect  mat er i al  bet ween t he r ock 
and t he f oot i ngs i ns t ead of  us i ng pi l i ng or  
pi er s.  Such a f oundat i on syst em has been suc ­
cess f ul l y  used f or  t wo power  pl ant s  i n t he U. S. A. ,  
one i n Wyomi ng and one i n Mi ssour i .  The Wyom­
i ng pl ant  ut i l i zed a mi x t ur e of  on si t e soi l s 
compact ed over  sandst one hav i ng wi de var i at i ons 
i n cement at i on,  s t r engt h and densi t y.  Wet  bot ­
t om ash,  a wast e pr oduct  of  an ex i s t i ng pl ant ,  
s t abl i zed wi t h a smal l  amount  of  Por t l and cement  
was compact ed on a j oi nt ed and weat her ed l i me­
s t one at  t he Mi ssour i  si t e.  Si nce power  pl ant s 
have ver y heavy col umn l oads as wel l  as equi p­
ment  sensi t i ve t o set t l ement ,  pr oper  des i gn and 
cons t r uc t i on of  t he st r uct ur al  f i l l  i s essent i al  
For  f oundat i on des i gn and pr edi c t i ons of  set t l e ­
ment s,  model  f oot i ng t est s wer e f ound necessar y  
t o pr ov i de quant i t at i ve dat a t o:  (1)  det er mi ne 
t he aver age " el ast i c"  modul i  of  t he compact ed 
f i l l  and,  i f  r equi r ed,  t he under l y i ng r ock,  (2)  
pr edi c t  t he st r ess at t enuat i on wi t h dept h,  and
(3)  est abl i sh t he l ower  boundar y  val ues f or  t he 
ul t i mat e bear i ng capaci t i es of  f oot i ngs.

PRELI MI NARY EVALUATI ONS

Si t e condi t i ons and st r uct ur al  r equi r ement s  must  
be eval uat ed pr i or  t o t he f or mul at i on of  a t es t ­
i ng pr ogr am.

Dept hs t o r ock r el at i ve t o t he pr oposed f l oor  or  
machi ner y  sl ab el evat i ons must  be ascer t ai ned.
I n addi t i on,  t he char act er i s t i cs  and engi neer i ng 
pr oper t i es  of  t he r ock mus t  be det er mi ned.  Wat er  
condi t i ons t hat  may occur  dur i ng or  af t er  f i l l  
pl acement  ar e al so i mpor t ant .

An i nvent or y  must  be made of  t he qual i t i es  and 
quant i t i es  of  poss i bl e f i l l  mat er i al s  wi t h t hei r  
r el at i ve cost s.  Thi s r equi r es ext ens i ve l abor a­
t or y t est i ng.  For  t he power  pl ant  si t e,  hi ghl y  
compact ed mat er i al s  hav i ng hi gh shear  st r engt h

( a mi ni mum angl e of  i nt er nal  f r i c t i on of  35° ) 
and l ow compr ess i bi l i t y  (a compr ess i on i ndex of  
l ess t han 0. 01)  wer e i nvest i gat ed.

Mi ni mum f oundat i on r equi r ement s  must  be es t ab­
l i shed t o set  model  f oot i ng t est  cr i t er i a.  For  
power  pl ant s a mi ni mum al l owabl e bear i ng val ue 
of  about  720kPa i s r equi r ed t o pr event  i ndi vi dual  
f oot i ng st r ess i nt er f er ence.  Col umn l oads gr eat er  
t han 8MN gener al l y  r equi r e combi ned f oot i ngs or  
mat s.  Machi ne f oundat i ons may have smal l  set t l e­
ment  t ol er ances,  however ,  t hese ar e of  consequence 
onl y af t er  t he machi nes ar e oper at i onal .

MODEL FOOTI NG TEST PROCEDURE

Excavat i ons wer e made t o a pr edet er mi ned dept h 
at  sel ect ed l ocat i ons on each si t e and i nt o t hese 
excavat i ons t est  f i l l s wer e const r uct ed of  mat e ­
r i al s deemed f easi bl e f or  use.  I n some cases,  
t he excavat i ons wer e ext ended and t he r ock was 
al so t est ed by model  f oot i ngs.  Fi l l s  wer e con­
s t r uc t ed usi ng f ul l  s i zed compact or s  under  con­
t r ol l ed condi t i ons.  Two hol es of  mi ni mum di am­
et er  wer e dr i l l ed t hr ough t he f i l l  i nt o t he 
under l y i ng r ock,  bundl es of  pr est r ess i ng cabl es 
wer e i nst al l ed and t hen gr out ed i nt o t he r ock.  
Rei nf or ced concr et e f oot i ngs,  wi t h s l eeves t o 
accommodat e t he cabl e bundl es and set t l ement  
r ods,  wer e f or med and cast  di r ect l y  on t he f i l l  
or  r ock.  Lar ge f oot i ngs wer e used i n an at t empt  
t o avoi d t he scal i ng pr obl ems br ought  out  by 
Bj er r um and Eggest ad ( 1963)  and subsequent  r e ­
sear cher s.  A sur char ge equal  t o f oot i ng dept h,  
about  l m,  was pl aced ar ound t he f oot i ng.  Loads 
wer e appl i ed by t wo cal i br at ed hydr aul i c  pr e ­
s t r essi ng j acks of  up t o 44 50kN capac i t y  r eac t ­
i ng agai nst  t he gr out ed pr es t r ess i ng cabl es.  
Set t l ement  measur ement s  wer e made dur i ng l oadi ng 
wi t h a gage f r ame and di r ect  r eadi ng di al  gages 
( Wyomi ng t est s)  or  wi t h a pr ec i se l evel i ng i nst r u'  
ment  ( Mi ssour i  t est s) .  I n addi t i on,  set t l ement s 
of  t he soi l  at  t wo el evat i ons under  each pad ver e 
moni t or ed.  The conf i gur at i on of  t he pr i nc i pl e 
component s  of  a t ypi cal  l oad t est  i s shown i n Fi g­
ur e 1.  A smal l  pr essur e,  appr ox i mat el y  200kPa,  
was r ecyc l ed at  t he begi nni ng of  each t est  t o
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Fi g. l  Model  Foot i ng Test  Ar r angement

mi ni mi ze t he ef f ect s of  soi l  di s t ur bance due t o 
const r uct i on act i v i t i es.  Loads wer e al so r ecy ­
c l ed t o per mi t  a bet t er  eval uat i on of  t he " el as ­
t i c"  modul us.

TEST RESULTS

The set t l ement  of  t he f oot i ng at  each l oad i ncr e­
ment  was comput ed as t he aver age of  t he set t l e ­
ment s  of  t he f our  cor ner s.  Smal l  er r at i c  di f f er ­
ent i al  set t l ement s,  t i l t i ng,  of  t he f oot i ngs 
t ook pl ace,  whi ch i s i ndi cat i ve of  st r ess r edi s ­
t r i but i on.  Due t o t he max i mum saf e j ack i ng sys ­
t em capaci t y,  i t  was not  al ways poss i bl e t o 
achi eve t he ul t i mat e f oot i ng capaci t y.  Typi cal  
l oad- set t l ement  cur ves ar e pr esent ed i n Fi gur es
2,  3,  and 4.  Four  ot her  l oad t est s on t he Wyom­
i ng si t e and addi t i onal  t est  dat a ar e pr esent ed 
i n a t hesi s by Hought on ( 1979) .

I t  was  not ed dur i ng t he t est s and f r om t he dat a 
t hat ,  al t hough hi gh dens i t y  and hi gh shear  
st r engt h mat er i al s  wer e used under  t hese f oot ­
i ngs,  gener al  shear  f ai l ur es di d not  occur .
These mat er i al s  behaved as essent i al l y  l i near  
el ast i c  masses up t o a cer t ai n st r ess l evel  and 
t hen under went  a pr ogr ess i ve l ocal  shear  f ai l ur e,  
as descr i bed by Ves i c  ( 1973 ) .

ANALYSI S OF DATA

Test  dat a was anal yzed t o eval uat e an " el ast i c"  
modul us  of  t he mat er i al  t o pr edi c t  set t l ement  
and est i mat e st r ess at t enuat i on wi t h dept h f or

Fi g. 2 Load- Set t l ement  Resul t s,  Soi l  Fi l l

PRES SURE—kPa

Fi g. 3 Load- Set t l ement  Resul t s,  Rock

PRESSURE -  kPa

Fi g. 4 Load- Set t l ement  Resul t s,  Bot t om Ash

t he pr ot ot ype shal l ow f oundat i ons.

" El ast i c"  modul i  wer e cal cul at ed us i ng t he sl opes 
of  t he i ni t i al  t angent s  of  t he f i r st  l oad cycl e 
cur ve or  t he s l opes of  t he r ebound- r el oad cur ves.  
The modul i  cannot  be det er mi ned di r ec t l y  f r om 
t hese sl opes si nce ot her  f act or s i nf l uence t he
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r el at i onshi p bet ween t he l oad and set t l ement ,  
among t hem ar e:  (1)  si ze and shape of  l oaded 
ar ea,  (2)  di s t r i but i on of  l oads,  (3)  r i gi di t y  of  
t he l oaded ar ea,  (4)  posi t i on of  t he l oads wi t h 
r espect  t o t he sur f ace,  (5)  ext ent  of  t he el as ­
t i c  mass,  (6)  ani s t r opy  and (7)  i nhomogenei t y.  
Exact  sol ut i ons cons i der i ng al l  combi nat i ons of  
t hese f act or s ar e not  avai l abl e;  t her ef or e,  
c l ass i cal  el ast i c  t heor y and semi empi r i cal  
met hods wer e used t o det er mi ne modul i .  The wel l  
known sol ut i on by Schl ei cher  ( 1926)  f or  t he 
det er mi nat i on of  t he el ast i c  set t l ement  of  a 
poi nt  on or  near  t he sur f ace of  a semi - i nf i ni t e,  
homogeneous,  el ast i c  hal f  space subj ect ed t o a 
uni f or m c i r cul ar  or  r ec t angul ar  l oad was used.  
Al so,  t he But t er f i el d and Baner j ee met hod ( 1971)  
f or  det er mi ni ng t he ver t i cal  di spl acement  of  a 
r i gi d,  r ect angul ar  ar ea embedded wi t hi n a semi ­
i nf i ni t e,  i sot r opi c,  homogeneous,  el ast i c  hal f  
space was appl i ed.  I n addi t i on,  t he semi empi r i ­
cal  appr oach of  Schmer t mann ( 1970)  f or  t he pr edi c ­
t i on of  el ast i c  set t l ement s of  shal l ow f ounda­
t i ons on sands was ut i l i zed.  Tabl e I  l i st s t he 
val ues of  modul i  obt ai ned by t hese met hods f or  
t wo t est s at  each of  t he si t es.  Si nce t he 
modul i  i ncr ease wi t h i ncr easi ng dept hs,  t hese 
modul i  ar e r egar ded as aver age modul i .

T a b le  I

C O M P A R IS O N  O F E L A S T IC  M O D U L I

M o d u lu s  o f E la s t ic ity  (kP a X IO 3)

T e st

N u m b er

Lo ad

C y c le

Bu tterf ie ld  

an d  Ban e rje e

(Wyoming 1.2m x 1.2m)

118

124

129

100

104

109

Sc h m e rtm an n

104

108

Fi g. 5 Set t l ement  Pr of i l es wi t h Dept h

154

194

211

(Missouri 1.8m x 1.8m)

45

129

110
330

130

164

178

32

100

100
299

130

163

177

42

129

84

251

At t enuat i on of  s t r esses wi t h dept h under  t he 
f oot i ngs was i nf er r ed f r om t he moni t or i ng of  set ­
t l ement s at  poi nt s bel ow t he t est  pads.  These 
set t l ement s,  f or  a cont act  pr essur e of  720kPa,  
wer e used i n Fi gur e 5 as a pl ot  of  t he r at i o of  
t he cumul at i ve set t l ement  above t he moni t or i ng 
poi nt  t o t he t ot al  set t l ement  of  t he pad as a 
f unct i on of  dept h r el at i ve t o t he pad wi dt h.  
Cur ves r epr esent i ng t he i nt egr at i ons of  st r ai n 
i nf l uence f act or s wi t h dept h us i ng el ast i c  t he ­
or y ( Ahl vi n and Ul er y,  1962)  and a semi empi r i ­
cal  met hod ( Schmer t mann,  1970)  ar e al so shown on 
t hi s f i gur e.  Al l  t est s i ndi cat ed t hat  t he maj or ­
i t y of  set t l ement  t ook pl ace wi t hi n a dept h of  
t wi ce t he br eadt h of  t he f oot i ng.

COMPARI SON OF PREDI CTED AND OBSERVED SETTLEMENTS 

Sel ect ed f oundat i on el ement s  of  t he power  pl ant s

Fi g. 6 Ti me- Set t l ement  Resul t s  f or  Foot i ng

wer e i nst r ument ed t o moni t or ed set t l ement  wi t h 
mechani cal  ex t ensomet er s  seat ed bot h at  t he base 
of  t he st r uct ur al  f i l l  and at  dept h i n t he bed­
r ock.  These set t l ement  measur ement s  wer e t aken 
f or  about  one and one hal f  year s at  t he Mi ssour i  
si t e,  see Fi gur e 6,  and f or  t hr ee year s at  t he 
Wyomi ng si t e,  see Fi gur e 7.  Set t l ement  est i mat es 
wer e made f or  sel ect ed f oundat i on el ement s  by 
bot h t he Schl ei cher  ( 1926)  and Schmer t mann ( 1970)  
met hods .

At  t he Mi ssour i  si t e,  set t l ement  est i mat es f or  
t he col umn f oot i ngs r anged f r om 8mm t o 10mm.  At  
appr ox i mat el y  4 5 per cent  of  t he des i gn l oad,  t he 
measur ed set t l ement  of  a r epr esent at i ve l ar ge 
f oot i ng i s about  3mm.  The maj or i t y  of  t hi s 
set t l ement  has occur r ed i n t he under l y i ng shal es 
and l i mest ones r at her  t han i n t he 1. 8m of  Por t ­
l and cement  t r eat ed bot t om ash under  t he f oot i ng.  
Obser ved set t l ement s t o dat e have been essent i ­
al l y  i ns t ant aneous wi t h val ues l ess t han t hose 
pr edi c t ed.

At  t he Wyomi ng si t e,  t hese est i mat es var i ed f r om 
9mm t o 22mm and f r om 14mm t o 16Tt m f or  t he t ur ­
bi ne,  whi ch had 3m of  f i l l ,  and heav i est  col umn 
f oundat i ons,  whi ch had 3. 7m of  f i l l ,  r espect i vel y.  
As may be seen f r om Fi gur e 7,  measur ed set t l e ­
ment  of  t he t ur bi ne f oundat i on has been about  5mm.  
Obser ved max i mum set t l ement s  of  t he col umn f oot ­
i ngs ar e appr ox i mat el y  10mm,  about  t wo- t hi r ds
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Fi g. 7 Ti me- Set t l ement  Resul t s  f or  Tur bi ne Foundat i on ( Wyomi ng)

REFERENCESt hat  pr edi ct ed.  These measur ement s  al so i ndi cat e 
t hat  most  of  t hi s set t l ement  has t aken pl ace i n 
t he sandst one bedr ock.  Const r uct i on and compac ­
t i on cont r ol  det ai l s  of  t he st r uct ur al  f i l l  at  
t hi s si t e have been descr i bed by Hought on and 
Leonar d ( 19 80) .

CONCLUSI ONS

Lar ge model  f oot i ngs ar e r equi r ed t o adequat el y  
st r ess l ar ge vol umes of  compact ed f i l l .  Thi s 
r educes t he i nf l uence of  l ocal i zed var i at i ons i n 
mat er i al  or  dens i t y  on t he measur ement  of  a soi l  
modul us.  Al so,  t he ef f ect s of  scal i ng f r om t hese 
model  f oot i ngs t o t he pr ot ot ype f oot i ng i s r e ­
duced.

Even on wel l  compact ed mat er i al s  a l ocal  shear  
mode of  f ai l ur e t akes pl ace,  and t he maj or i t y  of  
set t l ement  t akes pl ace wi t hi n a dept h of  com­
pact ed f i l l  equal  t o t wi ce t he br eadt h of  f oot ­
i ng.

Soi l  modul us i s sensi t i ve t o t he compact ed den ­
s i t y of  t he f i l l .  Thus,  s t r i ngent  dens i t y  con­
t r ol  shoul d be speci f i ed f or  t hese f i l l s.

A s i gni f i cant  pr opor t i on of  obser ved set t l ement s 
occur  wi t hi n t he under l y i ng r ock.  Thus,  l oad 
t est s ar e al so r equi r ed t o ascer t ai n r ock l oad-  
set t l ement  char act er i s t i cs.

Pr edi c t ed set t l ement s  us i ng ei t her  t he el ast i c  
t heor y  or  semi empi r i cal  met hods ar e conser vat i ve 
but  r easonabl e.
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