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Seismic densification in Antofagasta Harbour, Chile 
Densification due aux seismes au port D’Antofagasta, Chili

P.Ortigosa — IDIEM, UnlverBlty of Chile, Chile

A B S T R A C T : B e rth  7 in  the A n to fa g a s ta  ha rbou r w as b u ilt  us ing  caissons f i l le d  w ith  crushed stones poured un de rw a te r w ith o u t d e ns i­

fication. T h is  type  o f  s o il a vo id  liq u e fa c tio n  due to  a v e ry  h ig h  p e rm e a b ility , bu t i t  w as easy to  d e n s ity  b y  se ism ic  strong m o tions. 

Due to the b ig  m a gn itud e  o f  the p red ic ted  se ism ic  settlem ents, a f le x ib le  pavem ent, easy to  rem ove, w as p laced on the yards. The sys­

tem behaved q u ite  w e ll d u r in g  the  A n to fa g a s ta  earthquake o f  J u ly  1995 w ith  M s =  7 .3 . Settlem ents be tw een 65 *  85 cm  w ere meas­

ured, w h ich  w e re  in  accordance w ith  the p red ic ted  settlem en t range.

RÉSU M É: Le quai 7 du  p o rt d ’ A n to fa g a s ta  a été co n s tru it en u tilis a n t des caissons re m p lis  sous eaux avec des granula ts  concassés 

sans com pactage. Ce type de so l ne présente pas de risques de liq u é fa c tio n  a cause de sa haute pe rm é a b ilité . Par con tre , il est très 

déform able face à de fo rtes  s o llic ita t io n s  s ism iques. C ’ est pour cette ra ison que des chaussées fle x ib le s , de fa c ile  répara tion , on t été 

prévues à cause des im po rtan ts  tassem ents s ism iques ca lcu lés. Ce systèm e a m o n tré  un com portem en t sa tis fa isan t lo rs du séisme 

d ’Antofagasta en ju i l le t  1995 (M s = 7 .3 ) . Des tassements en tre  65 -85  cm  on t été m esurés, en accord avec l ’ enve loppe de tassements 

calculée.

1 IN T R O D U C T IO N

The p ro je c t to  re n e w  be rth  7 a t the A n to fa g a s ta  p o rt, C h ile , in ­

cluded caissons f i l le d  and founded  on a p la t fo rm  u s in g  a 

crushed a n d es itic  ro c k  2 "  - 4 ”  (a n g u la r r o c k f i l l )  w ith  a Los 

Angeles in d e x  o f  1 1%  to  13% . In  o rd e r to  reduce costs, the 

rockfill was p laced  u n d e rw a te r w ith o u t c o m p a c tio n , e x ce p tin g  

the rockfill o ve r the  w a te r le ve l w h ic h  w as com pacted  u s ing  

vibratory ro lle rs . F ig u re  I show s the  caissons and the r o c k f i l l  

geometry d e fin e d  b y  the p ro je c t.

Due to  the ve ry  h ig h  p e rm e a b ility  o f  the r o c k f i l l  liq u e fa c tio n  

was d iregarded , b u t the  la c k  o f  a c o m p a c tio n  p rocedu re  im ­

pelled to  es tim a te  se ttlem en ts  due to  se ism ic  d e n s ific a tio n
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Figure I . C a isson g e o m e try  a c c o rd in g  to  the p ro jec t.

2 R O C K F IL L  C O M P A C T N E S S

Before con s tru c tio n , the 2”  - 4 "  r o c k f i l l  w as p laced u n de rw a te r 

lilling a re in fo rc e d  co n ta in e r 1 .9x3 .6x1 .1  m  in  h e ig h t re s tin g  

on the seabed. T h is  test w as p e rfo rm e d  three  tim e s  b y  means

o f  a f le x ib le  tube  and he lp ed  by  d iv e rs  in  o rd e r to  o b ta in  a u n i­

fo rm  f i l l in g  o f  the co n ta in e r. O nce  the co n ta in e r w as lif te d  

and p laced c a re fu lly  on the ya rd  surface , the r o c k f i l l  w as le v ­

e lle d  and w e ig h te d  to  o b ta in  its  d ry  w e ig h t. Besides, the m a x i­

m u m  d ry  d e n s ity . Ydmax* and the  m in im u m  d ry  d e n s ity , Ydmm, 

Ydmm. w ere ob ta ined , ta k in g  in to  acco un t the u n ifo rm  r o c k f i l l  

g ra d a tio n  w h ic h  needed c a re fu l 1 m easurem ents.

F o r ydm:LX ten tests w e re  p e rfo rm e d  by p la c in g  the ro c k f i l l  in  

fiv e  layers in to  the re in fo rc e d  co n ta in e r and co m p a c tin g  each 

la ye r b y  d ro p p in g  the c o n ta in e r 5 tim es fro m  a h e ig h t equal to

1.2 m , w h ile  fo r  ydmin th ir te e n  tests w ere  p e rfo rm e d  b y  p la c in g  

the r o c k f i l l  ve ry  c a re fu lly  in to  a 1 m 3 co n ta in e r. W ith  these 

tests it  was ob ta ined  ydmaA =  1 .6 74+0 .046 t / m \  ydmln =  1.453±

0.0 35  t /m 3 and an average re la tiv e  d e n s ity  D R  =  3 0 %  fo r  the 

ro c k f i l l  p laced unde rw a te r.

3 M E C H A N IC A L  P R O P E R T IE S  O F  T H E  R O C K F IL L  

J . /  S h e a r  m o d u lu s  f o r  se is m ic  to a d s

T h e  shear m o d u lu s  fo r  se ism ic  (c y c lic )  loads. G c . was o b ­

ta in ed  w ith  c y c lic  tr ia x ia l tests a p p ly in g  a constan t a m p litu d  

c y c lic  shear s tra in  on  sam ples 15 cm  in  d ia m e te r b y  30 cm  in  

h e ig h t. T h e  tests w e re  p e rfo rm e d  u s in g  an a n g u la r s o il Vi' - \" 

b y  c ru sh in g  the o r ig in a l 2 ”  -  4 V r o c k f i l l .  T h e  c y c lic  shear 

m o d u lu s  is expressed in  ( t /m 2) u s ing  the fo l lo w in g  re la tio n s :

G c =  70 K2\ j

g  c G  \ 0

l+ 2 K o

( 1)

( 2)

w he re  K 2 =  c y c lic  shear c o e ff ic ie n t; cr'c =  average c o n fin in g  

stress ( t /m 2)  ; K o  =  I-s e n  tj>r is the a t res t c o e ff ic ie n t co m -
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SHEAR STRAIN  , yc (%)

F ig u re  2. C y c lic  shear c o e ff ic ie n t as a fu n c tio n  o f  the c y c lic  

shear s tra in .
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F ig u re  3. D e n s if ic a tio n  fo n c tio n  fo r  the  a n g u la r g rave l 1/ 2 ”  -  

1"

pu ted  u s in g  the ang le  o f  the na tu ra l s lope , <t>r, equa l to  36.5° 

fo r  the ro c k f i l l  ( th is  ang le  was used becouse the lo w  

re la tive  de n s ity  o f  the  ro c k f i l l  p lace d  u n d e rw a te r) ; and 

a \ 0 =  v e r tic a l e ffe c tiv e  stress co m pu te d  u s in g  a bo u ya n t u n it 

w e ig h t yb =  0 .96  t /m 3 fo r  the r o c k f i l l  p lace d  u n d e rw a te r and 

a to ta l u n it  w e ig h t y =  1.70 t /m 3 fo r  the  com pacted  ro c k f i l l  

above the w a te r leve l. F ig u re  2 show s the v a r ia tio n  K 2 vs. yc 

ob ta ined  w ith  the c y c lic  tr ia x ia l tests us ing  c o n fin in g  

e ffe c tiv e  pressures in  the range 0.5 k g /c m 2 to  2 .0  k g /c m 2 to 

co ve r the in -s itu  c o n f in in g  stresses.

3 .2  D e n s i f ic a t io n

T h e  ro c k f i l l  d e n s if ic a tio n  w as eva lu a ted  u s in g  c y c lic  t r ia x ia l 

tests a p p ly in g  a con s tan t a m p litu d e  c y c lic  shear s tra in  , yc , on 

saturated sam ples. T h e  sam p le  d e n s if ic a tio n  corresponds to  

the vo lu m e  s tra in  e>c =  A V C / V 0, w he re  A V C is the sam ple

v o lu m e  re d u c tio n  a fte r N  cyc les , m easured b y  the expelled 

w a te r, and V 0 is the  in it ia l vo lu m e  o f  the sam ple , w h ile  the 

d e n s if ic a tio n  fu n c tio n  is expressed as evc /y c (S ilv e r  and 

Seed. 1971). F ig u re  3 illu s tra te s  the re la tio n  Evc/yc vs. N for 

the a n g u la r r o c k f i l l  - I ” , s h o w in g  a m a in  dependence on 

the re la tive  d e n s ity  and a m in o r  dependence on  the shear 

s tra in  and the c o n fin in g  pressure.

The d e n s if ic a tio n  fu n c tio n  evc /y c is the m a in  pa ram e te r when 

co m p u tin g  se ism ic  se ttlem en ts , so i t  w as necessary to  test 

the 2 "  - 4 "  r o c k f i l l  to  o b ta in  th a t fu n c tio n . T h e  la c k  o f  a cyc lic  

tr ia x ia l appara tus b ig  en ough to  test the  2 ”  - 4 ”  ro c k f i l l ,  was 

rep laced by te s tin g  a n g u la r so ils  b y  c ru s h in g  the  o r ig in a l ande- 

s it ic  ro c k  e n d in g  w ith  f in e r  sca led g rada tio ns . Those tests 

w ere  co m p le m e n te d  w ith  the d e n s if ic a tio n  fu n c tio n  fo r  the 

C ris ta l S ilic a  sand re p o rte d  b y  S ilv e r and Seed (1 9 7 1 ). F igure

4 show s the d e n s if ic a tio n  fu n c tio n  a fte r N  =  20  cyc les  as a

Rockfill 2" - 4"

1
O

Gravel 1/2" -1 "

Coarse Sand #4 - #8

Cristal

Silica ------1
Sand

N = 2 0  Cycles

DR = 60 %

0 1 10 100 

DIAMETER D50(mm)

F ig u re  4. D e n s if ic a tio n  fu n c tio n  vs d ia m e te r D 50.

CR(°/<$

F ig u re  5. D e n s if ic a tio n  fu n c tio n  fo r  d if fe re n t u n ifo rm  soils 

w ith  a n gu la r p a rtic le s .
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function o f  the  m a in  s o il d ia m e te r, D 50. T h is  f ig u re  enabled to  

obtain by  e x tra p o la tio n  the d e n s if ic a tio n  fu n c tio n  fo r  the 2"  - 

4”  ro c k f ill .

Figure 5 show s the v a r ia tio n  o f  the d e n s if ic a tio n  fu n c tio n  w ith  

the re la tive  de n s ity  fo r  the d if fe re n t tested so ils . The do tted  

line in  tha t fig u re  corresponds to  the 2 "  - 4 "  r o c k f i l l  w h ic h  was 

obtained by e x tra p o la tio n .

4 S E IS M IC  S E T T L E M E N T

The se ism ic  se ttlem en t, p s , due to  the s o il co m p a c tio n  be­

tween depths z, and z 2 m easured fro m  the  ya rd  surface  was 

obtained u s in g  the fo l lo w in g  equa tions:

Ps:

CV

c, c.

Z| Yc'

Yc dz

( l+ p - )

(3)

(4)

A ccord ing  to  Seed and T o k im a ts u  (1 9 8 4 ), C , =  0 .65 to 

transform  the  indu ced  ea rthq uake  m a x im u m  shear s tra in  

am plitude. yt . in to  an e q u iv a le n t co n s tan t a m p litu d e  a c tin g  in 

N s ig n if ic a tiv e  cyc le s , w he re  N  depends on  the ea rthquake 

m agnitud. b u t n o rm a lly  va rie s  be tw een  20  to  30  cyc les.

E quation (4 )  w as o b ta ined  fro m  tests re po rted  b y  P yke 

et al (1 974 ). I t  w as in tro d u c e d  to  take  in to  account the 

sim oultaneous a c tio n  o f  the ea rthquake  h o riz o n ta l c o m p o ­

nents. w here  p is the  m a x im u m  a cce le ra tio n  o f  the m in o r  h o r i­

zontal co m p o n e n t d iv id e d  b y  the  m a x im u m  acce le ra tio n  o f  

the m a in  h o r iz o n ta l com pone n t o f  the  ea rthq uake  record .

The m a x im u m  shear s tra in  indu ced  b y  the ea rthquake . y c , 

was com puted  u s in g  a s im p lif ie d  m e th o d  re po rted  b y  O rtig o sa  

and M usante  (1 9 9 1 ):

rd . am lx . y . z

G c

rd = I - 0 .1 6 7  z

a m .i\ A  ■ ar

(5)

(6) 

(7)

where z =  depth  m easured fro m  the ya rd  su rface ; G c =  c y c lic  

shear m o du lus  o f  the s o il;  rd =  re d u c tio n  c o e ff ic ie n t g ive n  b y  

Seed and Id r is s  (1 9 7 1 ); y =  ro c k f i l l  to ta l u n it w e ig h t b e lo w  the 

water leve l co m p u te d  w ith  2 5 %  o f  the w a te r mass m o v in g  in 

phase w ith  the r o c k f i l l ;  amlv =  m a x im u m  h o riz o n ta l acce le ra­

tion in the seabed; ar =  m a x im u m  h o riz o n ta l acce le ra tion  in  the 

bedrock w h ic h  w as taken equa l to  0 .25  g ; and A  =  acce le ra­

tion a m p lif ic a t io n  fa c to r be tw een  the  b e d ro c k  and the seabed. 

An ite ra tive  c o m p u ta tio n  w as needed becouse yz depends on 

Gc and G c depends on  yc th ro u g h  the  c y c lic  shear c o e ffic ie n t 

K2.
The a m p lif ic a t io n  fa c to r, A . w as o b ta in e d  fro m  F ig u re  6 

which inc ludes da ta  fro m  the V a lp a ra is o  p o rt, loca ted  1400 

km south o f  the A n to fa g a s ta  p o rt, fo r  the ea rthquake o f  m a rch  

1985 w ith  m a g n itu d e  M s =  7 .8  (O rtig o s a  et a l 1993). A s  a 

reference. the a m p lif ic a t io n  fac to rs  fo r  the A n to fagas ta  

earthquake o f  J u ly  1995 ( M s =  7 .3 ) are in c lud ed . H o w e ve r, 

these a m p lif ic a t io n  fac to rs  w e re  n o t used fo r  the se ism ic  set­

tlement p re d ic tio n  at be rth  7. because th a t p re d ic tio n  w as p e r­

formed be fo re  the A n to fa g a s ta  ea rthquake  o f  Ju ly  1995.

In both cases. V a lp a ra is o  and A n to fa g a s ta  po rts , the m a x i­

mum acce le ra tio n  at the seabed w as o b ta ined  m a tch in g  the

perm anent se ism ic  h o r iz o n ta l d isp la cem e n ts  due to  s lid in g  be­

tw een con cre te  b lo cks  o f  the g ra v ity  re ta in in g  w a lls .

5 R E S U L T S

S e ism ic  se ttlem en ts  w e re  co m p u te d  th ro u g h  eqs. (3 ) to  

(7 ) u s in g  E1C/  Yc =  28 o b ta ined  fro m  F ig u re  5 fo r  D R  =  3 0 %  

and N  =  20 cyc le s , a fa c to r p =  0 .6 0  based on ea rthquake re ­

cords a t the cen tra l area o f  C h ile  and an a m p lif ic a t io n  fa c to r 

A  *  1.75 o b ta in e d  fro m  F ig u re  6 fo r  a ro c k  depth  equa l to  29 

in . V a lues o f  K 2 vs- y c to  com pu te  the  c y c lic  shear m o du lus , 

G c. w ere  o b ta in e d  fro m  F ig u re  2 u s in g  re su lts  fo r  the 'A" - 1”  

r o c k f i l l  w ith  D R  =  30% .

T h e  ana lys is  w as ap p lie d  to  fo u r  sections o f  be rth  7, 

w here  the se ism ic  se ttlem en ts  w e re  co m pu te d  be tw een the 

caissons and the e x is t in g  g ra v ity  re ta in in g  w a ll.  A n  average 

se ttlem en t o f  80 cm  w as o b ta ined  w ith  a va r ia tio n  o f  ±  3 cm  

due to  d if fe re n t r o c k f i l l  th ickn ess , w h ile  a caisson t i l t in g  o f  

2.2° ±  0.9° was com pu te d  due to  the d if fe re n t r o c k f i l l  th ickness 

in the p la tfo rm . Those re su lts  fo rce d  to  m o d ify  the o r ig in a l 

p ro je c t d r iv in g  the  caissons fro n t shee tp iles  d o w n  to  the  bed 

ro c k  in  o rd e r to  m in im iz e  t i l t in g .  B esides, a ya rd  pavem en t 

w ith  precast concre te  b lo cks , easy to  re pa ir, w as b u ilt.

D u r in g  the A n to fa g a s ta  ea rthquake  o f  J u ly  1995 se ism ic  set­

tlem en ts  o f  75 ±  10 cm  w ere  m easured w h ic h  va lida ted  the 

p ro je c t m o d ific a tio n s .

6 C O N C L U S IO N S

1. F o r a g ive n  com pactness, the se ism ic  se ttle m en t fo r so ils  

w ith  u n ifo rm  g ra d a tio n  and a n g u la r p a rtic le s  increases 

lin e a r ly  w ith  the lo g  D 5ll d ia m e te r, w h ic h  is a ttribu te d  to  

p a rtic le  c ru sh ing .

2. S u p p o rtin g  the p re v io u s  co n c lu s io n , re cen t tests p e rfo rm ed  

on 'A" - 1"  so ils  w ith  ro unde d  p a rtic le s  e x h ib its  a d e n s if i­

ca tio n  o f  the o rd e r o f  2 5 %  o f  the d e n s if ic a tio n  m easured 

fo r the sam e s o il w ith  a n g u la r p a rtic les .
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3. T h e  d e n s if ic a tio n  fu n c tio n  o b ta ined  w ith  c y c lic  tr ia x ia l 

tests a p p ly in g  a shear s tra in  o f  con s tan t a m p litu d e  and the 

equa tions fo r  p re d ic t in g  se ism ic  se ttle m en ts , p roved  to  

be adequate at be rth  7 o f  the A n to fa g a s ta  po rt.
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