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Sand properties governing foundation settlement

Propriétés de sable qui provoquent le tassement des fondations

U. HOLZLÖHNER, Bundesanstalt für Materialprüfung, Berlin (West), FRG

SYNOPSI S The ai m of  t hi s  paper  i s t o f i nd whi c h as pec t  of  sand behav i our  gov er ns  t he s et t l ement  of  f oot i ngs
on nat ur al  s and depos i t s .  Set t l ement  obs er v at i ons  ar e c ompar ed wi t h t he pr edi c t i ons  of  di f f er ent  soi l  model s .  The mos t  
s ui t abl e model  f or  t he behav i our  of  l ar ger  f oot i ngs  on' s and pr ov ed t o be a hal f - s pac e whos e modul us  i nc r eas es  wi t h t he 
squar e r oot  of  dept h.  Wi t h t hi s  model  some r es ul t s  of  pr ac t i c al  i nt er es t  ar e cal c ul at ed:  ef f ec t  of  f oot i ng br eadt h and 
s i de r at i o» s et t l ement  out s i de l oaded f oot i ngs ,  and t hi c k nes s  of  t he soi l  l ayer  c ont r i but i ng t o t he s et t l ement  of  t he 
f oot i ng.  For  ac t ual  s et t l ement  es t i mat i on,  penet r at i on t es t  dat a ar e used.

I NTRODUCTI ON

One of  t he f undament al  pr obl ems  i n geot ec hni c s  al way s  
has  been t o pr edi c t  t he d i s pl ac ement s  of  l oaded f oot i ngs .  
For  t hi s  pur pos e,  met hods  f or  soi l  ex pl or at i on and sampl e 
i nv es t i gat i on hav e been dev el oped,  c ons t i t ut i v e equat i ons  
es t abl i s hed and c al c ul at i on met hods  i mpr oved.  Cons t i t u ­
t i ve equat i ons  f or  soi l  mat er i a l  ar e v er y  c ompl ex  i f  t hey  
ar e meant  t o des c r i be soi l  behav i our  under  al l  pos s i bl e 
l oadi ng condi t i ons .  Thi s ,  however ,  i s not  necessar y :  Ac ­
c or di ng t o Tr ues del l  and Nol l  ( 1965)  c ons t i t ut i v e equa ­
t i ons  mos t l y  des c r i be i s ol at ed as pec t s  of  mat er i al  behav ­
i our .  Thus  no gener al  c ons t i t ut i v e model  wi l l  be es t ab ­
l i s hed i n t hi s  paper  but  t he ques t i on i s:  Whi c h as pec t s  
of  sand behav i our  gov er ns  f oundat i on s et t l ement ?

The ear l i es t  mec hani c a l l y  c ons i s t ent  model  f or  t he 
gr ound i s  t he el as t i c  homogeneous  hal f - s pac e by  Bous s i nes q 
( 1885) .  Thi s  model  s t i l l  i s  wi del y  us ed f or  s et t l ement  
pr edi c t i on,  t hough i t  i s  wel l  known t hat  sand does  not  
behav e e l as t i c al l y  dur i ng monot oni c  f i r s t  l oadi ng.  
Bous s i nes q' s  s ol ut i on was  modi f i ed by  Fr ohl i c h ( 1934)  
such t hat  pr edi c t ed and obs er v ed s t r es s  di s t r i but i ons  
agr ee bet t er .  Sev er al  aut hor s  hav e i nv es t i gat ed an el as t i c  
hal f - s pac e whos e modul us  i nc r eas es  wi t h dept h,  Ohde 
( 1939) ,  Bor owi c k a ( 1943) ,  Gi bs on ( 1967) .  On t he ot her  
hand v ar i ous  c ons t i t ut i v e model s  hav e been es t abl i s hed,  
whi c h,  as  f ar  as I  know,  have not  muc h i mpr ov ed s et t l e ­
ment  pr edi c t i on i n pr ac t i ce.

PREDI CTI ONS AND OBSERVATI ONS

Many  aut hor s  hav e r epor t ed on obs er v at i ons  of  s et t l e ­
ment s  of  f oot i ngs.  Bur l and et  al .  ( 1977)  hav e s ummar i z ed 
t he r es ul t s  of  many  i nv es t i gat i ons  i n a di agr am wher e 
s et t l ement  w per  av er age pr es s ur e q i n t he c ont ac t  ar ea 
has  been pl ot t ed agai ns t  b r eadt h  B of  t he f oot i ng.  Though 
t hei r  dat a s how c ons i der abl e s c at t er i ng,  a c er t ai n t r end 
can be pr ecei v ed:  The s et t l ement s  w/ q  i nc r eas e wi t h B.  
For  smal l  br eadt hs  t he i nc r eas e appr ox i mat el y  i s l i near ,  
f or  B >1 m i t  i s weaker ,  r oughl y  w/ q - 7b .

Thi s  scal e ef f ec t  shal l  be us ed now t o t es t  t he appl i ­
c abi l i t y  of  d i f f er ent  model s .  The s y s t em c ons i der ed i s 
t he f oot i ng wi t h br eadt h B and l engt h L as shown i n Fi g. 1.  
The f oot i ng i s  pl ac ed on a nat ur al  homogeneous l y  depos ­
i t ed sand hal f - s pac e.  The unk nown i s t he s et t l ement  w due 
t o monot oni c  l oadi ng by t he av er age f oundat i on pr es s ur e 
q.  The i nv es t i gat i on of  t hi s  s y s t em by  Hol z l ohner  ( 1985)  
wi l l  be ex panded her e.

Fi r s t  c ons i der  a hal f - s pac e t hat  i s  c har ac t er i z ed by  a 
modul us  E wi t h t he di mens i on of  a s t r ess .  Thi s  modul us  
may  i nc r eas e by

E = H*  z (1 )

wi t h dept h.  H i s  t he " modul us  of  i nc r eas e"  wi t h t he d i men ­
s i on k N/ m̂ +Ct . The s et t l ement  w of  t he f oot i ng depends  by

w = f 1( B, q, H)  ( 2)

on t he gov er n i ng quant i t i es .  Her e and i n t he f ol l owi ng t he 
symbol  f j _ denot e some unk nown f unc t i on.  The s et t l ement  d e ­
pends  on f ur t her  quant i t i es  t hat  ar e d i mens i onl es s  and 
as s umed t o be c ons t ant  as  ex ponent  a , s i de r at i o L/ B,  
Poi s s on' s  r at i o  v and ot her  r at i os  of  e l as t i c  or  pl as t i c  
modul i  i f  ani s ot r opi c  mat er i al  i s  c ons i der ed.  Appl y i ng 
di mens i onal  anal y s i s  y i el ds

( 3)

L i near i t y  bet ween meas ur ed s et t l ement  and l oad hav e of t en 
been f ound,  Bur l and et  al . ( 1977)

w -  q  ( 4)

Thus

« = _a-  f 3 
B HB“  

w _  B1- “
q

( 5)

(6)

Eq.  ( 6) i nc l udes  t he r es ul t  w/ q ~  B of  t he el as t i c  homoge ­
neous  hal f - s pac e,  a = 0 , and,  f or  a = 1 , t he r es ul t  of  t he 
Gi bs on ( 1967)  soi l  wher e w/ q i s  const ant .  I n t he l at t er  
case t he soi l  i s c har ac t er i z ed by  t he modul us  of  s ubgr ade 
r eact i on,  a = 1/ 2 means

E = h V5,  (7)
whi c h y i el ds

^  ~ / B ( 8)
q

Eq ( 8) j us t  des c r i bes  t he domi nat i ng t r end f or  l ar ger  f oot ­
i ngs ,  see t he begi nni ng of  t hi s  sect i on.

The " l ar ge"  f oot i ng i s t he l i mi t i ng cas e i n whi c h soi l

B

Fi g.  1 Foundat i on on sand hal f - s pac e
Tz.w

507



1/ A/ 25

def or mat i on due t o t he l oad of  t he f oot i ng i s  smal l  c om­
par ed t o t he def or mat i on due t o ov er bur den pr essur e.  Then 
t he sand behav es  as i n t he oedomet er ,  Hol z l ohner  ( 1985) .  
Bec aus e of  t he smal l  addi t i onal  s t r ess  t he def or mat i on 
i s  des c r i bed by  t he t angent  modul us  and t he obs er v ed l i ne ­
ar i t y ,  Eq . ( 4)  has  a t heor et i c al  bas i s .

Non- l i near  mat er i al  behav i our  can al so be i nc or por at ed 
i n t he s ol ut i on pr ocedur e.  Di et r i c h ( 1982)  has  shown t hat ,  
i f  t he mat er i al  has  t he par abol i c  s t r es s - s t r ai n r e l at i on
0- e^  , t he number  of  d i mens i onl es s  quant i t i es  r educ es  as 
i n t he l i near  case.  The same ef f ec t  has  t he l at er  f i nd ­
i ng of  Wi nt er  and Het t l er  ( 1983)  t hat ,  i f  o- e^  , t he c or ­
r es pondi ng r el at i on

hol ds.  Gl . ( 9)  i ns t ead of  Gl . ( 4)  y i el ds

- 3 -  f
h b “  4

and,  f or  t he homogeneous  hal f - s pac e,  a  = 0 ,

(if-

( 9)

( 1 0 )

( 11  )

B 1 - 1 / Ë ( 14)

Het t l er  ( 1983)  i nt er pr et s  t he s et t l ement s  of  hi s  smal l -  
scal e f oot i ngs  on quar t z  sand on t he bas i s  of  Di et r i c h ' s  
t heor y .  He f ound 1 / 3 =  1. 63.  Thus

, 1.  63 ( 15)

Eq . ( 15)  d i s agr ees  wi t h obs er v ed s et t l ement s .  Eqs ( 15)  and 
( 8) r epr es ent  di f f er ent  as pec t s  of  sand behav i our .  Kogl er  
( 1933)  spoke of  " d i s pl ac ement  of  t he soi l  s i dewi s e and 
upwar ds "  on t he one hand and of  " c ompr es s i on"  on t he 
ot her  hand.  The pr es ent  i nv es t i gat i on has shown t hat  t he 
d i f f er ent  as pec t s  of  sand behav i our  can bet t er  be c har ac ­
t er i zed by  t hei r  r es pec t i v e gov er ni ng quant i t i es :  t he uni t  
wei ght  f or  smal l  f oot i ngs  h i ghl y  l oaded wi t h  r es pec t  t o 
f ai l ur e and a s t r es s - l i k e modul us  f or  l ar ger  f oot i ngs  
under  moder at e l oads.  Thi s  i s  not  t he same as  Ko g l e r 1 s 
i nt er pr et at i on bec aus e an i nc ompr es s i bl e el as t i c  ha l f ­
space al so r eac t s  t o s ur f ace l oads  by  l at er al  d i s p l ac e ­
ment .  On t he ot her  hand ps ammi c  c ompr es s i on i s  pos s i bl e 
under  c er t ai n c ondi t i ons .

Summar i z i ng we can say t hat  t he mos t  s ui t abl e model  f or  
s et t l ement  pr edi c t i on i s a hal f - s pac e whos e modul us  i n ­
c r eas es  wi t h t he squar e r oot  of  dept h-  Hol z l ohner  ( 1985)  
has  cal l ed t hi s  body  " SQR hal f - space" .  The n. at er i al  i s 
l i near ,  e l as t i c  or  pl as t i c ,  i s ot r opi c  or  ani sot r opi c .  Con ­
s t i t ut i v e equat i ons  need not  be es t abl i s hed.  Ther ef or e 
t he SQR hal f - s pac e i s  mor e gener al  t han t he h i t her t o c on ­
s i der ed hal f - spaces .  Though t hi s  s t udy  i s r es t r i c t ed t o 
monot oni c  f i r s t  l oadi ng,  i t  shoul d be not ed t hat ,  i n t he 
case of  dy nami c al l y  l oaded f oot i ngs ,  t he sc al e ef f ec t  i r

es s ent i a l l y  t he same,  Hol z l ohner  ( 1969) .

RESULTS OF THE SQR HALF- SPACE

Di mens i onal  anal y s i s  can al s o be used t o c al c ul at e 
s t r esses  and d i s p l ac ement s  i n t he hal f - s pac e,  Hol z l ohner  
( 1985) .  Fi g.  2 shows  a v er t i c al  c onc ent r at ed l oad Q ac t i ng 
on t he hal f - space.  The pr oduc ed v er t i c al  s ur f ac e d i s p l ac e ­
ment  wQ can be wr i t t en

w = c 2—

°  , 1. 5
( 16)

Though C r emai ns  i ndet er mi nat e,  r es ul t s  by  s uper pos i t i on
can be obt ai ned c onc er i ng t he ef f ec t  of  br eadt h of  t he 
f oot i ng,  s i de r at i o,  pr es s ur e d i s t r i but i on bel ow r i gi d 
f oot i ngs ,  mut ual  dependenc e of  adj ac ent  f oot i ngs ,  and i n ­
f l uenc e number s  f or  t he c al c ul at i on of  f l ex i bl e bas e s l abs ,  
Hol z l ohner  ( 1985) .  Some of  t hese r es ul t s  wi l l  be di s c us s ed 
and ex panded her e.

”  -  B
qV B

Eq.  ( 11)  can be used t o i nv es t i gat e t he ot her  l i mi t i ng 
case,  t he " smal l "  f oot i ng.  Her e,  t he soi l  def or mat i on due 
t o t he l oad of  t he f oot i ng out wei ghs  t he def or mat i on due 
t o ov er bur den pr essur e.  Eq . ( 11)  shows t hat ,  f or  l i near  
or  non- l i near  mat er i al ,  0 = 1 or  B /  1 i n Eq.  ( 9)  , t he 
s et t l ement  i s  pr opor t i onal  t o t he br eadt h.  The s et t l ement  
obs er v at i ons  c ompi l ed by  Bur l and et  a l . ( 1977)  s how t hi s  
t r end i ndeed wi t h smal l er  f oot i ngs .

Al l  t he h i t her t o c ons i der ed mat er i a l s  ar e gov er ned by 
some s t r es s - l i k e modul us  E.  I n Di et r i c h ' s  ( 1977)  ps ammi c  
mat er i al ,  however ,  un i t  wei ght  y i s t he onl y  di mens i onal  
quant i t y .  Ps ammi c  mat er i al  i s  t he mat er i al  model  f or  r i g i d 
unbr eak abl e gr ai ns .  Repl ac i ng H by  y i n Eq . ( 2)  y i el ds  

w = f 5 ( B , q , *y) ( 12)

As  Di et r i c h ' s  ps ammi c  mat er i al  behav es  par abo l i c a l l y , t he 
appl i c at i on of  d i mens i onal  anal y s i s  y i el ds  wi t h Eq . ( 9)

( I f \ - f ‘ f 6 ( 13)

T
Fi g.  2 Conc ent r at ed l oad on hal f - s pac e

Foundat i on s et t l ement  depends  not  onl y  on br eadt h B of  
t he f oot i ng but  on l engt h L t oo.  Tabl e 1 gi v es  t he d i s ­
p l ac ement  of  r ec t angul ar  r i gi d f oot i ngs  di v i ded by  t he 
d i s pl ac ement  of  a squar e f oot i ng l oaded by  t he same 
pr essur e.

Tabl e 1 Ef f ec t  of  t he s i de r at i o on f oundat i on s et t l e ­
ment .  ( a)  SQR hal f - s pac e,  ( b)  Obs er v at i ons  by  
Sc hul t z e and Sher i f  ( 1973) ,  ( c)  Appr ox i mat i on 
4 I L/ B

L/ B ( a) ( b) ( c)

1

2 1

1

. 185
1

1. 25 1
1

I . 189
3 1. 280 1I . 316
4 1. 341 11. 414
5 1. 384 1. 45 11. 495

10 1,. 497 1I. 778
CO 1. 842 1 . 60 -

SQR haI f - s pac e t he s et t l ement of  a s t r i p f ounda ­
t i on,  L / B-* ® i s  f i ni t e.  The equi v al ent  l engt h \/L • B of t en 
i s used i n pr obl ems  of  t he homogeneous  el as t i c  hal f - s pac e.  
Subs t i t ut i na tfL* B f or  B i n Eq.  ( 8) y i el ds

WL / B  *** • B ( 1 7 )

Di v i di ng by  y i el ds  t he appr ox i mat i on gi v en i n t he l as t  
col umn of  Tab l e  1.  The di f f er enc e t o t he c or r ec t  v al ue i s  
not  mor e t han 8% i f  t he s i de r at i o does  not  ex c eed 5.  I n 
case of  non- r ec t angul ar  f oot i ngs  t he squar e r oot  of  t he 
ar ea may  be used i ns t ead of  B.

The SQR hal f - s pac e can al so be c hec k ed by  c ompar i ng 
c al c ul at ed and obs er v ed s ur f ac e di s p l ac ement s  out s i de 
l oaded f oot i ngs .  Smal l - s c al e t es t s  ar e not  made us e of ,  
because,  as t he di s c us s i on of  t he pr ec edi ng s ec t i on has  
shown,  t he def or mat i on may  be of  anot her  k i nd t han t hat  
t y pi c al l y  oc c ur r i ng wi t h f oundat i on s et t l ement  i n pr ac t i ce.  
Fi g.  3 shows  obs er v ed s ur f ac e d i s p l ac ement s  i n t he ne i gh ­
bour hood of  s i x  near l y  r i gi d f oot i ngs  at  - t hr ee s i t es  i n
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Ber l i n,  Muhs  ( 1952) .  At  each s i t e,  t wo t ower s  hav e been 
c ons t r uc t ed wi t h f oundat i on ar eas  of  8 2 mx 8 2 m and 33mx 60m.  
The soi l  was  f i ne t o medi um sand at  s i t e ( a) ;  at  s i t es  ( b)  
and ( c)  sand was  ov er l a i n by  sandy  s i l t  and t i l l  l ayer s  
of  10m t o 20 m t hi ckness .  The d i s p l ac ement s  ar e nor ­
mal i z ed t o t he av er age f oundat i on s et t l ement ;  t he di s t anc e 
i s nor mal i z ed t o t he br eadt h or ,  i n case of  r ec t angl es ,  
al s o t o t he l engt h of  t he f oot i ngs.  Fi g.  3 i nc l udes  t he 
pr edi c t i ons  of  hal f - s pac es  wi t h d i f f er ent  modul us  i nc r ease.  
Obv i ous l y ,  t he homogeneous  hal f - s pac e,  ot = 0,  pr edi c t s  
muc h t oo l ar ge set t l ement s .  The SQR hal f - s pac e,  a = 0. 5,  
f i t s  t he dat a of  s i t es  ( b)  and ( c)  wel l ,  t he d i s pl ac ement  
of  s i t e ( a)  dec ay s  mor e r api d l y  wi t h di s t anc e.  Her e,  
a appear s  t o have a val ue bet ween 0. 5 and 1;  ot = 1 i s  t he 
cas e of  l i near  i nc r eas e wher e t he sur f ac e out s i de t he 
f oot i ng does  not  set t l e at  al l ,  Gi bs on ( 1967) .  Ther e can 
be no doubt  t hat  t he r eas on f or  t he obs er v ed sur f ac e d i s ­
p l ac ement  i s  t he i nc r eas e of  t he modul us  wi t h  dept h.

¥

Fi g.  3 Obs er v ed s et t l ement  out s i de l oaded f oot i ngs  at
s i t es  a,  b,  c,  Muhs  ( 1952) .  Di f f er ent  pr edi c t i ons  
c har ac t er i z ed by  par amet er  a.

STRESSES AND DI SPLACEMENTS WI THI N THE SQR HALF- SPACE

The s t r ess  and d i s p l ac ement  f i el ds  need not  be k nown f or  
t he c al c ul at i on of  f oundat i on s et t l ement  on t he SQR hal f ­
space.  The f i el ds  af f ec t ,  however ,  t he t hi c k nes s  of  t he 
l ay er  t hat  c ont r i but es  t o t he s et t l ement  of  t he f oot i ng.  
Thes e f i el ds  r emai n i ndet er mi nat e i n t he s ol ut i on obt ai ned 
by  di mens i onal  anal ys i s .  They  can onl y  be det er mi ned by  
an addi t i onal  assumpt i on.

Fr öhl i c h ( 1934)  heur i s t i c al l y  es t abl i s hed t he f or mul a

-  H2  cos'  
2fl rz

n- 2.$ ( 18)

n = — + 1 ( 20)

For  t he SQR hal f - s pac e wi t h  a = 0. 5 Eqs.  ( 19)  and ( 20)  
y i el d v — 0. 4 and n = 3. 5.  Eq . ( 10)  bec omes

( 21 )

The per t ai n i ng d i s pl ac ement s  ar e,  see Fi g.  2,

s = 0. 1485 -  9  c os © 
u. ^1- 5

-  0. 1485

H- r 1 . 5
si n®

(22)

( 23)

The l at i t udi nal  d i s pl ac ement  c omponent  i s  z er o bec aus e 
of  symmet r y .  Eqs.  ( 22)  and ( 23)  can eas i l y  be v er i f i ed 
by  c al c ul at i ng t he s t r ai ns  f r om t he di s pl ac ement s .  I ns er t ­
i ng t he s t r ai ns  i n t he el as t i c  mat er i a l  equat i ons  y i el ds  
Eq.  ( 21)  as t he onl y  non- z er o s t r ess  c omponent .

For  f ur t her  di s c us s i ons  onl y  t he v er t i c al  d i s pl ac ement  
w i s needed,  see Fi g . 2,  whi c h i s  c al c ul at ed by

w = s*  c os6 -  t » s i nd = 0. 1 485 —2- - - -  ( 2. 5 cos2^  +s i n 2§ ) ( 24)
H* r 1 . 5

For  Q = n/2 t he sur f ac e di s pl ac ement  r es ul t s  

w = 0. 1485
H- r 1. 5

( 25)

Compar i ng Eq . ( 25)  wi t h  Eq . ( 16) ,  whi c h was  obt ai ned by 
di mens i onal  anal y s i s ,  y i el ds

C = 0. 1485 -  
H

( 26)

As s umi ng a s pec i al  mat er i al  -  t he el as t i c  body  wi t h
v  = 0. 4 -  l eads  t o a r el at i on bet ween t he hi t her t o un ­
k nown C and modul us  H.  Such r el at i on,  howev er ,  i s not  a 
nec es s ar y  c ondi t i on f or  t he c al c ul at i on of  s et t l ement s  
f or  ac t ual  f oot i ngs  as wi l l  be shown i n t he nex t  sec t i on.

To ans wer  t he ques t i on as t o t he t h i c k nes s  of  t he c on ­
t r i but i ng soi l  l ayer  t he mor e gener al  f or mul a

w = <12_ ( 2. 5 cos2« + si n2S )
1.  5

( 27)

f or  t he r adi al  s t r ess  0 r  due t o t he v er t i c al  l oad Q ac t i ng 
at  t he sur f ace,  see Fi g.  2.  The ot her  s t r es s  c omponent s  
wer e as s umed t o be zer o.  The c onc ent r at i on f ac t or  n modi ­
f i es  t he s t r es s  di s t r i but i on:  t he gr eat er  n t he mor e t he 
s t r es s es  c onc ent r at e near  t he ax i s  of  t he l oad.  For  n = 3,  
Eq . ( 18)  bec omes  Bous s i nes q' s  s ol ut i on f or  t he homogeneous  
e l as t i c  hal f - s pac e f or  v  = 0. 5.  Or i gi nal l y ,  Eq.  ( 18)  
s at i s f i es  onl y  t he equi l i t f i um condi t i ons .  Ohde ( 1939)  has 
shown,  howev er ,  t hat  f or  n > 3  Eq.  ( 18)  i s t he ex ac t  s ol u ­
t i on f or  e l as t i c  hal f - s pac es  wi t h par abol i c  i nc r eas e of  
t he modul us  by  Eq . ( 1) ,  i f  a and Poi s s on' s  r at i o v  s at i s f y  
t he c ondi t i on

v ( 2+a)  = 1 ( 19)
Then,  t he c onc ent r at i on f ac t or  n i s

can be used i ns t ead of  Eq . ( 24) .  Thus  t he or i g i na l l y  v er y  
gener al  SQR hal f - s pac e i s s pec i f i ed onl y  as  muc h as  nec es ­
sar y.  The onl y  addi t i on i s  t he as s umed v ar i at i on of  w 
wi t h © .

The t hi c k nes s  of  t he soi l  l ayer  c ont r i but i ng t o f ounda ­
t i on s et t l ement  c annot  be obt ai ned by  t he t heor y  of  t he 
homogeneous  el as t i c  hal f - space.  As  t hi s  t heor y  pr edi c t s  
i nf i ni t e d i s pl ac ement  f or  t he s t r i p f oot i ng,  t he c on ­
t r i but i ng t hi c k nes s  al so i s i nf i ni t e.  Ther ef or e t he 
l ues t i on us ual l y  i s  ans wer d by  " ex per i enc e" .  Of t en t he 
c hi c k nes s  T = 2B i s assumed,  Sc hul t z e and Sher i f  ( 1973) ,  
Par r y  ( 1978) .  The Ger man s t andar d DI N 1054 us es  T = 3B 
f or  i ndi v i dual  f oot i ngs  and T = 1 . 5B f or  base s l abs .  I f  
t he t hi c k nes s  depends  on t he br eadt h,  i t  mus t  depend on 
t he l engt h of  t he f oot i ng,  t oo.  The degr ee of  i nc r eas e 
of  t he modul us  wi t h dept h wi l l  al s o hav e an ef f ec t .  Her e,  
t he t hi c k nes s  of  t he c ont r i but i ng l ayer  wi l l  be c a l c u ­
l at ed f or  t he SQR hal f - space.  For  t hi s ,  t he di s pl ac ement s  
bel ow t he l oaded ar ea ar e needed.

Cons i der  some s ub- r egi on A of  t he s ur f ace l oaded by  
l oad q.  Let  ŵ  be t he d i s pl ac ement  by  Eq . ( 27)  due t o t he 
l oad Q = q- dA.  Then,  t he d i s pl ac ement  at  any  pl ac e ( r , $)  
wi t h i n t he soi l  i s

w( r , $)  = j - w1 ( r , 6 ) * q( r  ,8 ) dA ( 28)

( A)
Fi g.  4 shows  t he v er t i c al  d i s p l ac ement s  bel ow t he c ent er  
of  uni f or ml y  l oaded ar eas.  A squar e,  a r ec t angl e and an 
i nf i ni t e s t r i p hav e been cons i der ed.  The d i s p l ac ement s  
al l  ar e di v i ded by  t he sur f ace d i s pl ac ement  of  t he cent er  
of  t hei r  r es pec t i v e ar eas.  Ther ef or e,  al l  c ur v es  begi n 
wi t h 1 at  t he sur f ace.  I n t hi s  l ogar i t hmi c  pl ot  t he 
cur v es  f or  t he r ec t angl es  have as y mpt ot es  wi t h t he i nc l i ­
nat i on 1: 1. 5.  Thi s  c or r es ponds  t o t he dec r eas e w ^  r “ 1 * ®
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due t o a c onc ent r at ed l oad,  see Eq . ( 27) .  The d i s pl ac ement  
bel ow t he s t r i p ev ent ual l y  dec r eas es  by w -  r “ ®*  , whi c h 
c or r es ponds  t o t he s ol ut i on f or  a l i ne l oad.  I n a homoge ­
neous  hal f - s pac e t he ex ponent s  of  dec r eas e woul d hav e 
been 1 and 0 , r es pec t i v el y .

I n t he dept h z / B = 2 t he cur ve f or  L / B = 1 s hows  9% of  
t he sur f ac e di s pl ac ement ,  f or  L/ B = 1 0  28%.  I f  we def i ne 
t he t h i c k nes s  of  t he c ont r i but i ng l ayer  such t hat  a c er ­
t ai n per c ent age,  say  10%,  of  t he di s pl ac ement  of  t he 
l oaded ar ea i s  due t o deeper  l ayer s ,  t he c ont r i but i ng 
t hi c k nes s  obv i ous l y  depends  not  onl y  on t he br eadt h but  
al s o on t he l engt h of  t he f oot i ng.  The das hed l i ne i n 
Fi g. 4 g i ves  t he d i s pl ac ement  f or  L/ B = 10 pl ot t ed agai ns t  
z /  / l * B.  Thus,  on l y  smal l  di f f er enc es  r emai n bet ween t he 
c ur v es  of  d i f f er ent  s i de r at i o.  The t hi c k nes s  s houl d be 
r el at ed r at her  t o a/ l * B t han t o B.

I n t he c ase of  spr ead f oot i ngs  t he c ont r i but i ng t h i c k ­
nes s  depends  not  on l y  on t he l engt hs  of  t he f oot i ngs  but  
on t hei r  mut ual  di s t anc e,  t oo.  Eq . ( 20)  i nc l udes  t hi s  case

A S S E S S ME NT  OF  S E T T L E ME NT S

The i ndet er mi nat e f ac t or  shoul d be det er mi ned by  c al i br a ­
t i ng t he anal y t i c  r es ul t s  wi t h s et t l ement  obs er v at i ons .  
Obv i ous l y ,  t he SQR hal f - s pac e c annot  be t he model  f or  any  
soi l .  I t  r epr es ent s  av er age behav i our .  Eac h ac t ual  sand 
soi l  wi l l  hav e some v ar i at i ons  i n dens i t y .  Then,  t he soi l  
i s c har ac t er i z ed by  an av er age dens i t y .  On t he bas i s  of  
Zol k ov ' s  ( 1974)  t es t s ,  Hol z l ohner  ( 1905)  r e l at es  t he av er ­
age dens i t y  t o f ac t or  C by

•7 _2. 5
C = 0. 704- 10 ( 105- D, )  2 - - -  ( 29)

r  k N

wher e 45% £_Dr  <^85%.
I f  t he dens i t y  i s det er mi ned f r om penet r at i on t es t s ,  C 

s houl d be det er mi ned d i r ec t l y  f r om t he dat a.  Hol z l ohner  
( 1985)  s ugges t s  t o f i t  t he penet r at i on pr of i l e  wi t h  t he 
par abol a

N = k z 0 - 5 ( 30)

wher e k  i s  t he i nc r eas e wi t h dept h of  t he s t andar d pene ­
t r at i on t es t  N val ue.  Hol z l ohner  ( 1985)  r e l a t es  t hi s  i n ­
c r eas e k  t o C us i ng Par r y ' s  ( 19 78)  s et t l ement  ev al uat i on 
p r oc edur e .

C = 0. 48- 10- 4 1  m ( 31 )
k kN

Cone penet r at i on and any  ot her  l ocal  or  i ndi v i dual  ex pe ­
r i enc e may  be used i n t he c al i br at i on.  The mai n d i f f i ­
c ul t i es  ar e due t o t he wi del y  v ar y i ng r el at i ons  bet ween 
penet r at i on r es i s t anc e and modul us .

CONCL US I ONS

The anal y s i s  of  s et t l ement  obs er v at i ons  of  f oot i ngs  on 
sand showed ( a)  t he quant i t y  t hat  gov er ns  s et t l ement  i s  a 
modul us  wi t h t he di mens i on of  a s t r es s  and ( b)  t he SQR 
hal f -  spac e whos e modul us  i nc r eas es  wi t h t he s quar e r oot  
of  dept h i s  t he mos t  s ui t abl e model  f or  l ar ger  f oot i ngs  
( B > 1 m) .

Wi t hout  addi t i onal  as s umpt i ons  some r es ul t s  of  pr ac t i c al  
i nt er es t  can be obt ai ned f or  t he SQR hal f - s pac e:  ef f ec t  
of  f oundat i on br eadt h and s i de r at i o and s et t l ement s  out ­
s i de l oaded f oot i ngs .

The t hi c k nes s  of  t he soi l  l ayer  t hat  c ont r i but es  about  
90% t o t he s et t l ement  of  t he f oot i ng was  f ound t o be 
T = 2 • 7l -B.  For mul as  ar e gi v en how t o  i nc or por at e pene ­
t r at i on t es t  dat a i n s et t l ement  assessment .

Fur t her  s et t l ement  obser v at i ons  ar e r ecommended.  I n t he 
i nt er pr et at i on of  t he r es ul t s  bot h t he br eadt h and t he 
l engt h of  t he f oot i ng shal l  be cons i der ed.  Anot her  i mpor ­
t ant  quant i t y  i s t he degr ee of  i nc r eas e , of  t he modul us  
wi t h dept h.  I f  al l  t hes e c ondi t i ons  ar e pr oper l y  c ons i d ­
er ed t he s c at t er  i n t he pr es ent at i on of  s et t l ement  obs er ­
v at i ons  can c er t a i n l y  be r educed.
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