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Settlements of buildings in the gravel of Santiago (Chile) 
Tassements de bâtiments sur la grave de Santiago (Chili)

P.Ortigosa- IDIEM, University of Chile, Chile
I.Kort — University of Chile, Chile

A B S T R A C T : T h e  co n s tru c tio n  o f  im p o rta n t c iv i l  w o rk s  and ta l l  b u ild in g s  in  the  la s t 30 y e a rs ,w ith  f iv e  o r  m o re  u n de rg rou nd  le v ­

els,in the u rban area o f  S antiago  ( C h ile ) ,h a v e  fo rced  ge o tech n ica l eng inee rs  to  s tudy in  d e ta il the  p ro p e rtie s  o f  the  S antiago  g rave l 

in order to  s tand u p  the  re q u ire m e n ts  o f  con tac t pressures up  to  1.0 and 1.8 M P a  fo r  s ta tic  and d yn a m ic  loads, re spec tive ly . F o r the  

purpose o f  in c re as ing  the  kn o w le d g e  o f  the  g ra ve l b e h a v io u r, w as p e rfo rm e d  f ie ld  tests o n  u n d is tu rb e d  g rave l sam ples such as g i­

ants t r ia x ia l tests, v e r tic a l-h o r iz o n ta l p la te  be aring s  tests and c o n tro l o f  se ttle m en ts  m easurem ents d u r in g  the  co n s tru c tio n  o f  b u ild ­

ings. The re su lts  o b ta in e d  and the  exp e rien ce  reached in  f ie ld  ob serva tions has p e rm ite d  to  propose a ge nera l m e thod  to  p re d ic t set­

tlem ents and to  use h ig h e r va lues o f  con tac t p re ssu re s ,in c lu d in g  exca va tio n  e ffec ts ,no  lin e a r p re ssu re -d e fo rm a tio n  b e h a v io u r o f  

gravel and size-shape fo u n d a tio n s , w h ic h  is  a  v e ry  im p o rta n t c o n tr ib u t io n  and advance fo r  geo techn ica l and  s tru c tu ra l eng ineers.

R É SU M E : L a  co n s tru c tio n  dans les de rn iè res  30 années d ’ im p o rta n ts  b â tim e n ts  de grande hau teu r,avec 5 ou  p lu s  étages en sous- 

sol,situés dans la  zone u rb a in e  de S antiago  (C h il i) ,a  o b lig é  les ingé n ieu rs  géo techn ic iens a é tu d ie r en d é ta il les p ro p rié té s  du  

gravier du  sous-sol de la  v i l le .L ’ o b je c t if  é ta n t de p o u v o ir  a ffro n te r le  d é fi d ’ accepter des tens ions de con tac t de 1.0 e t 1.8 M P a  po u r 

des c on d itions  de charge s ta tiq ue  e t dyn a m iq u e  respectivem en t. D ans le  p ropos d ’ augm en te r les connaissances du  com portem en t du  

gravier, on a ré a lisé  des essais en p lace  sur des é c h a n tillo n s  non  pe rtu rbes  d u  g ra v ie r,te ls  que des tr ia x ia le s  de grande d im e ns ion s , 

des essais de p laq ue  de charge v e r tic a le  e t h o riz o n ta le , e t des co n trô le s  de m esures de tassem ent pendan t la  con s truc tio n . Les 

résultats ob tenus e t l ’ éxp é rien ce  acqu ise  avec les obse rva tio ns  sur te rra in , o n t p e rm it de p ropose r une m é thod e  genera l p o u r p ré d ire  

les tassem ents e t accepter des va leu rs  p lu s  grandes de capac ité  po rta n te  de con tac t, in c lu s  les e ffec ts  de l ’ exca va tio n , le  

com portem ent non  lin é a ire  de la  p re s io n -d e fo rm a tio n  du  g ra v ie r, e t l ’ in flu e n ce  de la  fo rm e  e t d im e ns ion s  des fon da tio ns . T o u t cela 

a représenté u n  im p o rta n t dé ve lopp em e n t e t une  grande c o n tr ib u t io n  au x  ingé n ieu rs  géo techn ic iens et s tru c tu ra ux .

1 C H A R A C T E R IS T IC S  O F  T H E  S A N T IA G O  G R A V E L

The grave l o f  S an tiago  is  a coarse g ra n u la r m a te r ia l, o f  h ig h  

compactness, good g rada tio n , la rg e  p a r tic le  size, p a rtic le s  un ­

weathered and sub rounde d , and som e am oun t o f  cem en ta tion , 

from f lu v ia l o r ig in  depos ited  by  the  M a p o ch o  r iv e r  by  no rth  

and the M a ip o  r iv e r  b y  sou th  o f  the  c ity . In  the  M a p o ch o  de­

posit i t  is  po ss ib le  to  d is tin g u is h  tw o  deposits : the  f irs t  de pos it 

begin a t 6m  d e p th  and is  s im ila r  in  g ra d a tio n  to  the  2"  de­

posit o v e rla y in g  i t ,  b u t w ith  p la s t ic  fin e s  and a g rea te r com ­

pactness and m e chan ica l in te r lo c k in g . T h e  M a ip o  depos it is  

also o f  f lu v ia l o r ig in  and  has m e chan ica l and  in d e x  p ro p e rtie s  

s im ila r to the  2 M a p o ch o  d e pos it . D e ta ils  o f  the  S antiago 

gravel ch a rac te ris tics  are presented  by  K o r t ,  1978a ; O rtig osa , 

1987 ; K o r t,  1978b; K o r t ,  1979 ; P ob le te  e t a l, 1981 ; ; O r t i ­

gosa &  K o r t,  1999.

B y us ing  the  re su lts  o f  p la te  be aring s  v e r tic a l and h o rizo n ­

tal tests, in c lu d in g  c y c lic  loads, in  s itu  t r ia x ia l tests p e rfo rm e d  

on gian ts u n d is tu rb e d  sam ples tr im m e d  b y  hand in  the  f irs t  

deposit un der 6.0 m  d e p th  and se ttle m en ts  m easurem ents 

control d u r in g  the  c o n s tru c tio n  o f  b u ild in g s , w as po ss ib le  to 

obtain the  m e th o d o lo g y  to  eva lu a te  the  fo u n d a tio n  se ttlem en ts  

in troducing  exca va tio n  u n lo ad  e ffec ts , s p e c ia lly  im p o rta n t in  

bu ild ings w ith  severa l u n de rg rou nd  leve ls .

2 S E T T L E M E N T S  F O R  V IR G IN  L O A D

2.1 Linear method

The F igure  1 sho w  the  v a r ia tio n  o f  d e fo rm a tio n  m o d u lu s  w ith  

depth fo r s ta tic  loads in  the  S antiago  grave l. These va lues co r­

respond to  v irg in  load. U s in g  e la s tic  th e o ry  w e  o b ta in  the  set­

tle m e n t, p  ,fo r  square fou n d a tio n s  and fo r  d if fe re n t w id th , B  , 

d iv id in g  the m  fo r  re fe rence se ttle m en t, p 0 .ca lcu la ted  fo r 

square p la te  w id th  B 0 = 0 .32  m . T o  o b ta in  se ttle m en t w as de­

fin e d  d e fo rm a tio n  m o d u lu s  in  the  F ig u re  1 w ith  de p th  D f  +  B  

o r D f +  Bo representative element, w h e re  D f  is  d e p th  o f  fo u n ­

da tion . T h e  re su lts  a llo w  us to  conc lude  th a t the  re la tio n  

p /  p0 vs B /  B 0 reached w ith  l in e a r m e thod  i t  is  n o t a ffe c te d  fo r 

d e p th  o f  fou n d a tio n s  and w e  can dem onstra ted  th a t i t  is  the 

same in  p ra c tice  fo r  M a ip o  and M a p o ch o  r iv e rs  deposits .

2.2 Equivalent linear method

T h is  m e thod  con s id e r the  no lin e a r p ressu re -de fo rm a tion  be­

h a v io u r o f  s o il T h e  a p p lic a tio n  i t  is  based in  c irc u la r  r ig id  

fou n d a tio n s  s izes u p  to  2.0 m  d iam e te rs  fro m  f in ite  e lem ents 

and fro m  c o n s titu tiv e  la w  pressure  d e fo rm a tio n  o f  h yp e rb o lic  

fo rm  (C a b a lle ro , 1986). T h e  exp ress ions fo rm u la te d  b y  C a­

b a lle ro  fo r  a n g id  fo u n d a tio n  w ith  ra d iu sR  u n de r s ta tic  loads 

are :

E  =  5 7t  ((1 - v 2) R  cie y  p  (k N /m J)

( 1)

w h e re  a e in  k N /m J ; R , p  in  m

Y s(% )= 6 3 (p /R ) (2 )

w h e re  p , R  in  m

a 0 =  0 .42  o e - 11.0 +  (y  Zee, ( l+ 2 K o ) V  3 (k N /m 2) (3 )  

w he re  a e in  k N /m 2 , y in  k N /  n r  , Z« , in  m
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E  = 1 4 0 (1  + u ) K 2j o ^  ( k N /m 2 ) (4 )

w h e re  a 0 in  k N /m 3

w here  ys =  m a x im u m  shear d e fo rm a tio n  fo r  a representative 

element o f  s o il b e lo w  the  cen te r lin e  o f  the  fo u n d a tio n  a t 

de p th  Z« , =  1.5 R  u n d e r s o il fo u n d a tio n ; ct0 =  average e f­

fe c tiv e  c o n fin in g  stress in  the  representative element ; y = 

u n it  w e ig h t o f  s o il b e lo w  the  fo u n d a tio n  ( use the  e ffe c tiv e  o r 

the  subm erged u n it  w e ig h t o f  s o il i f  the re  is  g ro u n d  w a te r 

l e v e l ) ; K o =  c o e ffic ie n t o f  ea rth  pressure  a t res t; K .2 =  shear 

c o e ffic ie n t d e pend ing  o f  r ig id i ty  ch a rac te ris tics  o f  s o il d e fin e d  

by  the  com pactness, cem en ta tion , g ra in - s ize d is tr ib u t io n , etc ., 

and  o f  the  m a x im u m  shear d e fo rm a tio n , ys , in d u ce d  fo r  the 

fo u n d a tio n  in  the  representative element; and  E  =  secant o r 

lin e a r  e q u iv a le n t m o d u lu s  o f  d e fo rm a tio n  o f  the  so il.

T h e  ke y  o f  the  p reced in g  re la tio n s h ip  is  based in  the  equa­

t io n  ( 1), o r ig in a te d  in  the  th e o ry  o f  e la s t ic ity , g ives  an 

e q u iv a le n t lin e a r m o d u lu s  o f  d e fo rm a tio n  s im ila r  w ith  the  

m o d u lu s  o b ta in e d  b y  e q u a tio n  (4 )  fo r  the  representative ele­
ment. I f  w e  have the  g ra p h ic  a c vs p  , o b ta in e d  w ith  p la te  tests 

o f  ra d iu s  R , the n  w ith  the  eq ua tion s  (1 )  to  (4 )  w e  can eva lua te  

the  c o n s titu tiv e  re la tio n s h ip  K .2 vs ys o f  the  s o il w h e re  w as 

p e rfo rm e d  the  test. F o r the  p a r t ic u la r  case o f  the S antiago  

g ra ve l w e  used in  the  c a lc u la tio n  v =  0 .3 0 , Ko =  0 .25  and  y  =

23 k N /  m 3 , a lth o u g h  these pa ram e ters  have no t im p o rta n t e f­

fects in  the  resu lts . T h e  c o n s titu tiv e  re la tio n s h ip  K 2 vs ys 

a lso w as deduced us ing  the  re su lts  o f  in  s itu  t r ia x ia l tests pe r­

fo rm e d  at 9 .0  m  d e p th  in  the  f ir s t  M a p o ch o  de pos it and the  re ­

su lts  are s im ila r  w ith  those o b ta in e d  b y  p la te  tests.

B y  u s in g  the  re la tio n s h ip  K 2 vs y 5 and the  eq ua tion s  (1 ) 

to  (4 )  have been d e riv e d  cu rves a 0 vs p  fo r  c irc le  r ig id  fo u n ­

da tions  w ith  d ia m e te r up to  2.0 m . In  o rd e r to  changer la te r 

the  c irc le  fo u n d a tio n  to  the  square fo u n d a tio n  w e used the 

e q u iv a le n t area, w h ic h  p e rm itte d  to  o b ta in  the  n o rm a lize d  

settlem ents.

W e  conc lude  tha t e q u iva le n t lin e a r m e thod  p re d ic t n o r­

m a liz e d  se ttle m en ts  w h ic h  are som e de pendant o f  con tact 

p ressure  s o il- fo u n d a tio n , e xp la in e d  by  in flu e n c e  tha t have  in  

the  r ig id i ty  o f  a s o il the  c o n fin in g  pressure , and th a t the  d i f ­

ferences be tw een  the re la tio n s h ip  K 2 vs  ys o b ta in e d  w ith  the 

tr ia x ia l tests and the  o b ta in e d  w ith  p la te  b e a rin g  tests are no t 

a ffec ted  m a in ly  the  ge nera tion  o f  the  n o rm a lize d  settlem ents.

2.3 Settlements measured in the buildings.

W ith  the  pu rpose to  ex te nd  the  n o rm a lize d  re la tio n s h ip  p  /  p

o vs B  /  B 0 fo r  v irg in  charge to  square fo u n d a tio n  w ith  w id th  

B >  1.8 m  (w id th  associa ted w ith  m a x im u m  d ia m e te r o f  2 .0 

m  used in  the  d e d u c tio n  o f  the  eq u a tio n s ) w e  tu rn e d  to  the 

s e ttle m en t re co rds  o f  tw o  ta l l  b u ild in g s  w ith  fo u n d a tio n  le ve l 

on  the  f i r s t  M a p o ch o  d e pos it, are  sho w n  in  F ig u re  2.
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Fig, 2 N o rm a lized  s e t t le m e n ts  for virgin  lo a d ,sq u a r e  fo u n d a tio n s

2.4 Summary o f  normalized settlements

The re su lts  o b ta in e d  w ith  w id th  fo u n d a tio n s  be tw een  6 .0  to

24.0 m  u s in g  se ttle m en ts  re co rds  m easurem ents o f  b u ild in g s  

have dem onstra ted  th a t fo r  the  f ir s t  M a p o ch o  de p o s it i t  is  no t 

applicable the  g ra p h ic  n o rm a liz e d  se ttle m en ts  p roposed by 

Terzaghi, because u n de re s tim a te  severa l tim e s  the  se ttle m en t 

o f a fou nda tion  , sp e c ia lly  fo r  fou n d a tio n s  o r p la tes  w ith  la rge 

size. In  oppos ite , b u t less m a rke d  are the  re su lts  o b ta ined  w ith  

linear m e thod . F o r the  second M a p o ch o  de p o s it and  M a ip o  

deposit, w ith  s im ila r  va lues o f  the  r ig id i ty ,  w e  propose use the  

re la tionsh ip p  /  p  0 vs B  /  B 0 o b ta ined  fo r  the  f i r s t  M a p o ch o  

deposit. T h is  e x tra p o la tio n  is  necessary because w e  have no t 

settlement records in  these depos its  th a t v a lid  th is  type  o f  re ­

lationship. H o w e ve r, the  s im ila r ity  o f  the  cha ra c te ris tics  o f  the 

gravel in  these depos its  and c o n s id e rin g  th a t w e  have a re la ­

tion o f  se ttlem en t, the  p ro p o s itio n  is  cons ide red  s u ff ic ie n t fo r 

engineer's e ffects.

3 U N L O A D  E F F E C T

O n  account o f  the  s o il have n o t an e la s tic  b e h a v io u r , the  p ro ­

cess o f  u n lo ad  d u rin g  the  exca va tio n  p e rm it th a t w ith  the 

p o s te r io r lo a d  o r ig in a te d  fo r  the  fo u n d a tio n s  th e ir  response in  

re lo a d  is  associa ted w ith  d e fo rm a tio n  m o du lus , E , , w hose  v a l­

ues range is  b e tw een  2 and 3 t im e s  the  m o d u lu s  fo r  v irg in  

lo a d  m o d u lu s , E . A s  a re su lt o f  th is  , i f  the  exca va tio n  are 

dep th , the  e ffe c t lo a d -u n lo a d  m u s t be in c lu d e d  in  the  se ttle ­

m e n t ca lcu lus .

4 C O N C L U S IO N S

T h e  e ffo rts  re a lize d  b y  ge o tech n ica l eng inee rs  in  the  la s t 30 

years to  m o de l s ta b ility  and  s o il s tru c tu re  in te ra c tio n  p rob lem s 

in  the  coarse g ra n u la r so ils  o f  the  c ity  o f  S antiago, in  response
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to  the  co n s tru c tio n  o f  im p o rta n t c iv i l  w o rks , w ith  f iv e  o r m ore  

u n de rg rou nd  le v e ls  , has led  to  the  pe rfo rm ance  o f  f ie ld  tests 

on u n d is tu rb e d  g ra ve l sam ples such as g ian ts  t r ia x ia l tests, 

ve r tic a l-h o r iz o n ta l p la te  b e a rin g  tests and c o n tro l o f  se tt le ­

m en ts  m easurem en ts  d u r in g  th e  co n s tru c tio n  o f  b u ild in g s . T h e  

p e rfo rm ance  o f  p la te  b e a rin g  tests in  the  d if fe re n t depos its  o f  

the  G ra v e l o f  S antiago  has p e rm itte d  to  propose c o n s titu tiv e  

re la tio n s h ip  b e tw een  the  shear co e ffic ie n t, K ? , and the  m a x i­

m u m  shear d e fo rm a tio n , ys , fo r  to  p re d ic t s ta tic  se ttlem en ts  

w ith  v irg in  load.

U s in g  the  e q u iv a le n t lin e a r m e thod  proposed in  th is  paper, 

th a t use the  c o n s titu tiv e  re la tio n s h ip , K 2 vs , i t  w as po ss i­

b le  to  o b ta in  se ttle m en t curves , p 0 , in  fu n c tio n  o f  a p p lie d  

load  in  a re fe re nce  square p la te  w ith  a w id th  o f  B 0 =  0 .32  m. 

A ls o  i t  has p e rm itte d  to  o b ta in  n o rm a liz e d  g raph ics  o f  the 

type  p / p o vs  B  / Bo , w h e re  p and B  are  the  se ttle m en t and 

B  the  w id th  o f  a square r ig id  fo u n d a tio n  , re sp e c tive ly . The 

co n s tru c tio n  o f  th is  g ra p h ic  w as ex tended  to  the  la rg e  fou nda ­

tio n s  w i th  the  h e lp  o f  se ttle m en t reco rds m easurem ents in  

b u ild in g s  fou nde d  in  the  f ir s t  M a p o ch o  d e pos it , nam ed com ­

m o n ly  G ra ve l o f  Santiago.

T h e  m e th o d o lo g y  proposed w as a p p lie d  fo r  to  p re d ic t the  set­

t le m e n ts  m easured in  ta l l  b u ild in g s  w ith  e x c e lle n t resu lts .
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