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INTRODUCTION

Recent earthquakes , particularly those in Alaska , Japan , and Chile ,

have emphasized the high damage threat the soil liquefaction phenomenon

poses to waterfront structures. These experiences have shown that both

the nature of waterfront facilities , such as earth—retaining structures ,

and the depositional environment of the coastal marine soil contribute

to major liquefaction damage . A recent study conducted by the Office of

Naval Research (Ref I) recognized a major liquefaction hazard existing

at West Coast Naval Stations . A more recent investigation at the Nava l

Air Station (NAS) North Island , Calif. (Ref 2), concluded that liquefac—

tion under design earthquake levels could result in destruction of such

c r i t i c a l  s t ruc tu res  as aircraft carrier berths , aviation fuel tank

farms , and underground utility service lines. Unfortunately, almost all

previous studies of the liquefaction problem have been concerned with

eithe r conventional building foundations or with analyses of dams , and

extensive information is not available on the effect of liquefaction on

these types of s p e c i a l i z e d  s t r u c t u r e s .

Basicall y two approaches are used for evaluating the liquefaction

potential of a deposit of saturated sand subjected to earthquake shaking

(Ref 3). 
-
‘

1. Field Data of Performance of Sand Deposits in Previous Earth-

q~~~kes.  Post e a r t h q u a k e  surveys of areas where liquefaction has or has

not  occur red  have been used to prepare  cha r t s , based p r i m a r i l y on the

Standard Penetration Resistance of the deposit , for differentiating

between liquefiable and nonliquefiable conditions . Empirical comparisons

and evaluations of this type do not take account of such significant

factors as the duration of shaking or the extent of drainage and depend

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - -~-~~~~~ ‘



upon the tel ia b ili t y of tie l si observations and such field tests as

p e n e t ra t i o n  r e s i s t a n ce  ( o f t e n  . it t cr  t h e  f a c t ) .  Thus , many e n g i nee r s

feel  t h a t  such  cor rei . i t ions  p r o v i d e  o n l y  p r e l i m i n a r y  e v a l u a t i o n s  of

liqu efa ct ion potenti al. These , they feel , will often need to be supp le-

mented by detailed studies based on ground stress analyses and soil

testing programs .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ t h e  F i e ld  and Determin.s t ion
ot  t h e  s t t ’~~~_ç~~4it otis s i n~ ,j ~i qu e f a ct i on of Soi I s .  Analytica l

procedures for evaluating the liquefaction potent ial of soil deposits

involv e two i ndependent determinations: (a) an evaluation of the cyclic - -
s t t r ’ .~~es i n d u c & d  at d a f l i r e t i t  l ev e ll , in the dc p o sit  b~ the  earthquake

s hak in g  m d  (b )  i n v e s t i g a t i o n  to  determine the cytlat stxesses that , for

gI~~t I 1  o n f t n i n g  pre ’~sures  x .ep re sen tat ive  of specific depths in the

d e p o s i t , s’~i I 1  t ause the soil to liquefy or unde igo  v a t  iou~ degiees of

cyclic strain. The evaluation of liquefaction potential is then  based ~~~~ 
- 

~

on a comparison of the cyclic stresses induced i n  the field with the -
‘

stresses required to c.iuse liquefaction — or an unacceptable limit of

cycl ic strain - i n  representative samples in the laboratory . This

approach raises qut’stioiis regarding the validity of the laboratory

results with respect to field conditions and is vs setitiall y limited to

l c ’vt ’ l ground s i t u a t  ions away from load discontinuities .

The Navy has mari~’ faciliti es on reclaimed or marg ina l land in

waterfront locations . The types of structures the Navy builds on such

lands (e.g., quay s~’.mll s , drydocks , storage t a n k s .  etc.) are not widely - ‘

studied in tilt ’ C~~ V I I ian sector. Current analvt i c.sl techniques art - not

- ‘ .idequate regarding analysis of condit ions other t h a n  those involving

It-vol ground  ai,- ,m v t torn structure-s . Fht’ u n c e r t a i n ty  associated with soil -
strength and t’arthqtia ke occurrence is not rout i nely u sed to estimate

liqu etal tion pt1ent i d  . It is apparent that the precision with which

liquefaction investi g.i t I O n S  can he c . ir r i -d ou t  , p .trticulat-lv w i t h  regard

to ocean front facil ities , l e a v e s  much t o  he ties i red. Better evaluat i o n

2
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(‘I I t i ” I ’ ’— t  i g i t l~~’i t S  tI.ud(’ ouu  \ , ‘l ’t l l  I s I m t i ~I i n  t o t t l t t ’ ’, ’( i o n  i~ ~t I i  t o t i u m d . i t  j o l t s  of  -
‘

o x  i St  ug st  F l i t ’ t n i t ’s , a re~ o ut  I \ t i I I t ’ll F t ’~~~ t oil sa s  st ’ l ’ ~ ( e L I  t 01 t l I l t  i t t ’ I

st i t v  R e t  .~‘) . ~\v , i  u I a I’ I t ~ s~’ i I ~l , u t  a u I ’ i’e 5111111 1 t ’niei i t t ’d by ,i~l , 1  I t  1 O i i , i  I s o t  I

i i i i  1 S t  i g u t  i t ’h i s  • u i t ~~1 uid i t m g  ~I\ 1 1111 i t  si ’ l  i t  sb ’~ ’111l ln’I1 ’~ 1 .1  t i O I l  t e s t  s , i i i , l

-~t a t  u ~~0 u l c ’ in’ i i t ’t ‘‘olit t ’t e l  s o u i t t ~ t i i i ~~~ - l ’t i t ’ -p 1 i t  S j~oo t i  Iu’Ii~~t l I t  i~~’h L s  l , I ’ i t ’

o t t . t t n  ~~~ .15 S1 ’ I ’ c t  t i e d  t u t  ,-\S t ’~ I P HSt ’ ( ‘ \ I  I ’~~~( t h a t  .i 2~~I t  .~~~ i t n t t  ( s ’ i I  1 t o t  i i i . u

Yli t ’ 1 si l l t t  sp o on  ~. ,us t i s t ’~ f - l ’ltt ’ s’ Ot i t ’ l ’ I S l I ’t t - . i t  t o l l s o t t i t , l  t I t t ’~S ‘ , o i i t o i  i l I ’ ’, i t o

1 ~l 11 ‘- ~~~* I 7 ‘~1 . i’.i st~,l Ii~bt i l l  ( i i i i’ l i i i  I~ 1 111.1 t i t ’ t i  f l i t ’ 1 1 ’l I I ’ i - _ u I ‘ i ’ll s o t  I

p r o  i t i t ’ s tt ~ ’s , i t  i Ii 1- t g u i  t o I 5. _ i S  Ilt ’i(’ 1011 1 ’,! l i i i  S SO I I ~~t o f  1 I t ’ t ’ h i s s ’ t n p _ u s u - ’

, i ii  o l d  t t I I t ’ ll l’ .i~’ s ’t ia I l t t t ’ I . I t~ rli1et I i  kllou ’ui i s  5 ps u i i  sli 1~i ~l t t  , s~li t cli i, is

l i v d i . i u i  i s a t  I v  t t I I e l i  t o  i t  S p i t ’S t ’ I t t  el  t ’\ t t  i on  i n  1 ~~~~~~~ - l’he o l d  l i m ~’

- 
li t ’ t 1 0111 I tiiiiit ’tl i , itt ’ I Y P~ I~~’ t o  lit ’ ~~~t 5  t I I “ ‘‘I’ I t ’ s o i i t  e~l ~~‘i . i\  c i  ~‘ -

5’
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I h e  t e s u i l t S o f  sil l I t  ~, b l ’ , l t l  p t - i i et t a t  1 1 1 1 1  t t ’ st ~~ , i i u t  I i - i s’t I on t~~’ i L t

I l Igs , 110111 1 t t ’ tl a ~ I b c l i t ’t 1 . 1  t I t I lt 111 1 1 , 5  P1 (itt ouigh P5 ,i I sing (Itt’ St i i I

pt ’o I i Is ’ ~i t I- i get Ft ’ I • i t t ’ s t i o i s I t  i i i  I” 1 gui re  2 It shout  1 d he l i s t t ’ tl h a t  t h e

sp l i t  S i l o l I l t  pt ’Iit ’ t u i t  i o n  v .i i l i t ’s l i t - _ u i  ( lit ’ bo u i t s t a  t t I t ’ tW t ’eli I .ivo u s ~ .i i i t l S

I ,t l l  as los ’,’ .15 0111 ’ s’ i’ ( ‘ ‘‘I h i  oi~ -, pt ’ m ’ t os ’t - F’ i g u r u ’  ~ (R e t  .~ I show s p I ot s

, ) t  st in sla r ti pt’ne’t i c t  t o n  t e s t  i t - s u i t s  ( c i u nu l i , i ’ s i t  S t . l i i s t . l r d  h .iiiuner b l o w s

t t - ,
~ t t t red t o  d l ’ I iS’ ,i S t ,t t idj  t ’ sI salutp l e t  12 t ncl mt’s 1 v~’ r su s  111 situ soi I

r t ’ I at. y e  sle its i t V - For  a g i’a i iu  1_ i r s ot  I a t  co i i  t i i i i i m g  p r t ’s S U i t ’s O f  ‘1 t 0 1 ~
ps i , 1- i g ut  u’s’ 3 stiggt ’s t s a r’t ’ 1, i t  i i t ’ dens & t v , 

~
“ 1) , 1 or so i i st r at  not 5 o

l e s s  t h a n  SO~,,.

i n  F’ i g i i  t o  ~ , S~’l in i e r t m . in n  u, Re ‘-) ) p i ’e st ’l t t  s i’s’ 1~i t  i o n sh  i ii s b e t w e en

rt ’ l , i t  i v e  ~l t ’ t t s I t y  .uu ~t st .if, i s  col ts ’  p e it e tr i t  i o u  t’ es i s t . i i i s ’t ’ . W m t i i  t h e

i t ’ Ia  t i v o l  v low I i  m s t  1 OIl  Colic ’ ~~0ilC t r ~i t  l o l l  l O t  t l i  iigs 5)1 5 to 10 kg , ’ sq cm

s lto s. ’cm i n  F’ I gui i t ’ 2 , va i n s ’s ol  in’ 1,3 t i v t ’ siens i t v on t lit’ o i’d~ i’ 0 t on 1 v

oi ~~~ ir e  1 051 is~ it OIl I or  s t t a t u i n i  5 .

-\~~ s t i g g e s t  ed t i m  R e f e  t e ~n e  2 . n a t  u r ,u  1 so i i s  w i t h r e l at  L y e  dens i t  i es

o f  i t s  s t h.t it ~-4u )” ,, a r e  ( ‘S lit ’s ’ t t ’tl t o  he qu i t t ’  t a  i c  ii i  tm _ i  ( t i r e  . Il0we\ ’ ci - ,

b a sed  upon t h e  s it  i 1.11) 10 i u m t o  Foist i t ’l l  i t  u~’ is  nes - esSa r t o  .issiinie • f o r

.11 1.1 1 \‘S S liii r p o s t ’s t its I t h e  so i I i n  the t e g  ion  of  I ave  i’ s- o t t  I d b a i t ’ .i -

r e l , u t i v t - dens  i t v  no g r e a t e r  ( b a i t  $S”~I ,

I’he Ft ’s ist J I I C O  01 g r . u n u l i r  m a t e r i a l s  t o  c c l  m c a l  lv ins lu i c e t i  i i  q t i t ’t . l s’—

t 1 1 1 1 1  I S ,i t 1 1 1 1 0 ( 1  Oi l 01 ( lie i i i  s i t  ii i’s’ l , i t  i ye dens m Iv - Re lit i ye sit’ti s i t  i t ’s

l e s s  t h a n  a b o u t  ~~~ a r t ’ ge t ier a i I v  s’oh i s i d e r e d  q u u t e  ot ’ i t i s’a l  and s’,lii

‘it ’ Liii i t  d i  s i s t  r t l l i S  I i que f t  ot  i on t a  i I i i  l’ s’s a t  I a i i ’  l v  low g round  , l C s ’ t ’ I c  i a  I ion

love I s  . F o r  t ’xamp le , F’ igur e  5 s lu o ’.,-s a r e c o rd  of  p t ’t’~’ i ot i s  I i que t a c t  ion  j -
~~~

o(’OU I r O u s e s  as a f u i m c t  l OU  01 iior u ~ otit ,i I s l t t ’a I St  Ft ’s 5 oVt ’r coii f i n i  t ig

s t r e s s  i - i t  t o  and r eLu t iv e  d e n s i t y  (Ret’ 10’). l’his I i g ur e  su g ge s t s  t h a t

( o r  re l i t  i vt ’ dens i t  i es on the ot ’ t l t ’r of 4O’~,, St ress i- a t  ios  ot , i l ’ou it  3 ,  1 -

‘

wou E d p r obab  lv r e s u l t  i n  i i  que t .i ot i si l t  . A St r oss  r at  i 0 0 t 0. 1 cor responds

t o  h o r i z o n t a l  gr ou t t d  i cct ’I t ’r a t  ions  of about 0 .08 (Re f i i  ‘1 t i m e s  t h e

.u cs ’e It’ r i (i on of gi-.iv m t v ( o r  mod i t’ ied M e r s ’a I I I  m mi t ens it i es of V i  or  \ I I )

‘He  1 , itt Vt ’ dens  i t i s  a mea s i i r t ’ of  t h e  presen t  deni s j t  \‘ ot  a so i I is- i  (ii
r esp t ’C t t o  i t  S lii.) X i  Illuihll a rid ni m i m i hi lUfli skits  i t i t ’s

- ‘
~~~~~~~ ~~~ c,. . - ~~~~~~~~~~~~~ • - —
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‘
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Si tuc t ’ most  rt ’~ ions  i n  t u  I i  I o rn  i a can be exp ec t  t I !  t o  e x p e r i e n c e  g r o u n d

ut t o t io l l s  o f  t h i s  seve t - i t v  r s ’ l a t  i v t ’ l y  o f t t ’ l i  ( i n  (lit’ geo l og i c  t i m e  s s a i t ’ )

i t  w , u s  s- s)usi (terl ’tl o r i t. t c ’ a i  t h a t  t he  1 i q u e f  a c t  ion p o t en t  i~u i  of t h i s  s o i l

he exp lo ret ! III rthe r . ‘l’h is sit ua t s l i t  is further amp i i i  i ed whet i  51110

re.i l izes that this ty p e ’  of coastal s o i  1 commonly r e f e r r e d  to as ‘ i i  IV

d e p o s i t s ” seems to he t a l r l \  w i d e l y  d i s t r i b u t e d  a l o n g  the co,ust of

Sc ’t i t h ez- n C.u l t f o r n i a  and a pp ears  at ot t i e r  Na i ’ .i 1 t ac’j  l i t  i t ’s such  as l ong

Ht ’ . is  ii N u v i 1 S h i py a r d

The o rt ’ , a p r ogran i  of  u n d i s t u r b e d  s a m p l i n g  a i t cl  1 uho i a  Ni rv c c - I t  c

t r i a x t a l  t e s t  i n g  wa s  c a r r i e d  out . ‘Fhe s a m p l i n g  p r o g r am  c o n s i s t e d  o f

o b t a i n i l i g  so i  I samples  a l o n g  the  s o i l  p r o f  i l e  shown in Figure 1 u s in g  .ui t

) s t er b e r g  p i s t o n  s a m p l e r  ( R e f  1 2 ) .  This  s a m p i t ’r u t i l i i es  a t h i t i — w , u l i t ’d

s a m p l i n g  tube  3 inches in  o u t s i d e  d i a m e t e r , 2 .88 inches  i t i  i n s i d e  d i . im e ’t t ’i’ ,

and 3b i riches tim length. A complete descript i on  of this sampling and

t e s t i n g  p rogr am i s  p r e s e n t e d  i n  R e f e r en c t ’ 13. The u n d i s t u r b e d  samp les

were h . ind led  and t r a n s p o r t e d  to  the l a b o r a t o r y  u s i n g  approved t echn iques .

From these sanip les , c h a r a c t e r i s t i c  specimens were se lec ted  for  c y c l i c

triaxi ,u l testing.

The soil specimens were subjected to the same level of coimfin ement -

as the estimated initial in s i t u  v e r t i c a l  e f f e c t i v e  s t r e s s , and t imen

s a t u r a t e d  to  “B-va lues ” g r e a t e r  than  0 . 9 7  p r i o r  to t e s t i n g .  Fi gures  6

and 7 present  the  r e s u l t s  of’ c y c l i c - t , r i ax i a l  t e s t i n g  on e m g ht  s o i l

specimens e x t r a c t e d  from so i l  l a y e r  S .  Two c r i t e r i a  fo r  s o i l  t a i l u r t ’

were used. Figure 6 presents maximum shear  stress to confin ing stress

r a t i o  versus  the  number of load cyc les  t h a t  r e s u l t  in  an a x i a l  5 1 1 ’ v e ’ r t i c , u l -

s t r . i i n  of 5%. F i g u r e  7 p resen t s  the sante t ype  of i n f o r m a t i o n  but  i s

based upon the t i m e  at w h i c h  measured pore w a t e r  p ressure  i n  t h e  s pe c i m e n

e q u a l s  the t r i a x i a l  c o n f i n i n g  or chamber p r e s s u r e  ( t ’ i t h e t ’  t h a n  t i m t ’ 5’~,

strain level ). Both criteria lead to the same result m m this case.

in  F’i gure 8 are  shown the North Island c y c l t c  t r i a x i a l  d a t a  for

soil  l a y e r  S p l o t t e d  on top of shake t a b l e  d a t a  p r e s e n t e d  i i i  R e f e r e n c e

10. The t r i 1 ux i a l  da ta  have been p lo t t ed  m n  t e r m s  of t h e  same s t r e s s

r a t i o  used f o r  the shake t ab l e  tes t s .  The shake t a b l e  t e st. t ’ e s u i l t s  shos, ’

~
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he st  r oss  r a t  i o v e r s u s  t h e  i iwnh er  o f  s e - les 1 e3111n g to in i t La  I i i  t i t l e  I .i —

I i o t i  ( p o r e  p t  s ’s su r , - L i t  the ’ 5[) t ’s in i e t i  equals (lit’ external cont i lm tflg l t ’ t _ s _

slu t ’) ( s l i 5 Uis!s ,ut  t o u r  s l i t  t e r e u t  r e l , u t i v e  d e n s i t i e s .  It is n o t e t i  t h a t

t h e  S t I l t  h I s  l an t i  d i t a  p lo t  som ewhere  aI ,ovt ’  the D = t8 ’~ curve for t u e
sand  i n  t he  l o w  s ’V c  I t ’  r i n g s ’ and .uho ve  the 5~4 re l i t  ive  det is i tv  i i  l i t  f o r

h i t ’  hig her’ c - v o l e ’  r a n g e . l ’hus , a l t h o u g h  t he  N o r t i m  I s l a n d  s o i l  appeared

t t ~ i t a v e  a 1) l e s s  t h a n  3S~ , based upon quas i—s l it i c ,iitlf dvn it t i t c’ p enet  ra— -

t ion tests , it exhibits a resistance to liqu eta ct ion  under  cyclic tri axi a l

S’ l l t is l i l i on s  comp~ui -a t i l e  to  th ,i ( of a denser s o i l .  —

T h i s  i n s  rt ’ased liquefaction resistanc e is apparentl y due to t h e

- l i s t i l i c t  S t  r u c t u i r , ’ o f  t h e  sens i t  i v t ’ si l t v  sands ’ m a t e r i  u s  in  I av e r  S -
‘I’li is  t ’ s llc h i s  i on is  t u r t h e  r s up p o r t e d  by the t rend in  t he  t est data in

F i g u r e  8.  I t  i s  no ted  t h a t  u n d e r  h i g h e r  s t r e s s  lev e l s  ( l o w er  number ot -

t ’vc le s  to  t , u i l u r e )  the  Sos- t im I s l a n d  so i l  p e r t o r m s  l i k e  one w i t h  a higher

r e l a t i v e  d e n s i ty  t h a n  l i k e  one un d e r  lower  s t r e s s  l eve l s  ( h i g her  number

of cycles to failure). Possibl y , the longer time to fa ilure under the

lowt ’r stress levels permits more disturbance of the initial soil structure

and , hence , c.iuses I its’ soil to perform as it ’ it had a lower relative

d ensit y ,

Flgure 9 portrays some of the results of a compendium of soil data

c’onip i led t roun a number of  coinmerci,u l testing l a b o r a t o r i e s  (Ref  7 ) .  The

d a t ,u  i i i  F’igut -e 9 , f o r  b o t h  u n i  f o r m lv  grades! (SP)  an d s i l t  sands (S~’l~
h i ve  been norma l i~~s’t1 in  t er m s  of  D . ( I t  has been ohst ’ t’vt ’d t h a t  by

d i v i d u r t g  t h e  s t r e s s  r a t i o  c a u s i ng  l i q u e f a c t i on  at  ,m p a t ’t i cu l a i -  s t r e s s

r ,u I t o  b y re I at  i ‘s’ t’ dents  i t v , r t ’a so i i a h l  t’ agreement  co u ld  he oI”t i i  its ’d b1’t ween

t he l i i j u s ’ f .uc ’t j olt r s ’s i s t l t i c t ’ o t  s i m i l a r  ss i t l s  ,u t  d i f f e r e n t  d e n s i t i e s , as

p r e s en t s ’ I  i n  Retere ltct ’ 1 .~ - :\ i s o  shown in  Fi g u r e  1) is the best fit curve

- (Ret 15 ) t o  i d a t a  I ron a number o f  I a h o r a  to t ’v ese,i i~cii ~ 
t o g  r,iitts -

It i s  r ioted t h a t  i n  sp i t e  ot any d i  f f e r e i t c e s  in p r o c  i s  j oti be tw een  -
r t ’ss’arcl i  and c ounf l te r cj , u l t e s t i n g  a c t i v i t i e s , t he  mean s oi l  s t r e n g t h

curves are  in very good ~igrs’ems’nti.

Superimposed upon the data ~n F’igure 9 are the North Island soil

t e s t  dat i f rom Figure 7, with ar~ assumed Dr 
= 60%. The agreement with

the meant curves indicates that (he North Island soil had a resistance to 

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~ 
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l l q u s ’ l t  I t o l l  i l t i ~~h i I v  ~-~i u i v ~u l s ’i t t  to t h a t  L I t  1 t v l i a h  o i l  h i e i n g  a

rt ’ 1.11 m i t ’  s t u n s  I t ’ , 
~I lit )‘

~~, , I hi ,  I ,ws ’ r I) Va ! i e -’~- e st  m a t  ‘ I  f o r  ( i i i s sot  I
r

( l 5 ~~) h i s s - I Cl i nt the petts ’ t l i t  ion n ’ t . i ~f i uig s c’s i t i l d  ho oxp f a i r t t ’il i n  t e r m s  0!

t ito sens  i t. iv  i t v of t he’ s o i l  st  ru t u r e  . I t ~~o i i  I I  ,u p p s ’~ t m - t h a t  t, he so i i

s t r u c t u r e  is  l i i g t ’ l v  l o s t  h i i t i i t ~ t lt o p e t i t ’ t l ’ a t  i s l l l  t t ’ s t s  i n . i & h i ’ , i i t e’ c’ o f  the

sounding dt ’vi  cc’ . Th us , t h e  penet i - i t  i o n  tests , both the sp i t t spoon a it i

t ime  [c i -  t ~ofl c one , ‘ho not  r e c o g n i z e  t i m e  in h e r e n t  r e s i s t , i n s t  to c y c l i c

I t q u i e ’ f - u c ’t  ion p r o v m l c ’ d by the s o i l  s t r u c t u r e  unde r  c y c l i c ’ t i ’ i a x i a l  c o n d i —

t i o n s .  T h e r e f o r e , th e  most  c r i t i c a l  s o i l  s t r a t u m  in the  p r o f i l e  in

F i g u r e  1 mi ght  b e t t e r  be c h ar a c t e r iz e d  as t h a t  h a v i n g  the  s t r en gth of a

sand w i t h  J D of 60% , r a t h e r  t h a n  t h e  35% o r i g i n a l I ~ ’ a s s u med .  This , i i i  
- -

e f f e c t , w o u l d  a lu i - iost  d o u b l e  i t s  l i q u e f a c t i o n  r e s i s t a n c e . This  does not  ~~~~~ 

~

‘- I
neces sa ri l y  mean t ha t  t h e  soil profile in qu e s t io n  does not  s t il l  ie p r e-  

k”

sent a l i q u e f a c t i o n  h a z a r d , hu t  r a t h e r  t h a t  the t h r e a t  may be somewhat  ~!
- - -

less than  o r i g i n a l l y  c o n c lu d e d .

I t  m u s t  be kept  in m i n d , however , t h a t  s h o u l d  s u f f i c i e n t  d i s t u r b a n c e

o c c u r  t o  d e s t r oy  the  in s i t u  so i l  s t r u c t u r e , the  s o i l  s t r a t u m  in q u e s t i o n

c ou l d  perform as the  ex t r e n t e l v  l i q u e f i a b l e  m a t e r i a l  sugges ted  by the

p e n e t r a t i o n  r e s u l t s .  A s i g n i f i c a n t  q u e s t i o n  tha t comes up i s  whethe r or

n o t  the  I l l j t i e f a c t i o n  r e s i s ta n c e  as d e t e r m i n e d  b y the  l a b o r a t o ry  spec itne-n s

is most  v a l i d  or  w h e t h e r , in f a c t , the  poore r  b e h a v i o r  sugges ted  d u r i n g

the p e n e t r a t i o n  t e s t s  more r e a l i s t i c a l l y  p r e d i c t s  the response of t h i s

a rea  u n d e r  a rm a c t u a l  e a r t h q u a k e . U n f o r t u n a t ely ,  the answe r to th i s

q u e s t i o n  cannot  be p rov ided  a t  t h i s  t i m e .

- 

SITE EVALUATION TECHNIQUES 
‘ 

- - 
-

One of the  two m a j o r  a reas  being addressed  in  th i s  program is that

of improved r e c o n n a i s s a n c e  or f i e l d  l i q u e f a c t i o n  t h r e a t  e v a l u a t i o n

t e c h n i q u e s .  No m a t t er  how s o p h i s t i c a t e d  , urmsl  r e l iab l e  a n a ly t i c a l  proce-

dures  may become , they can p rov ide  a c c u rat e  r esponse  p r e d i c t i o n s  o n ) v

8
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when val id input data can be obtained . In the case of minor structures ,

where involved analytical programs are not possible , expedient field

- - evaluation techniques become the only available approach.

The liquefaction potential of a soil is directly related to its

volumetric change tendencies; more specifically to its volumetric-strain !

shear-strain coupling. Traditionally , the volume change properties have

been the least studied from the standpoint of in situ measurements.

Settlement analysis , predictions of swelling , or other volume change

calculations have generally been based upon laboratory testing of acquired

samples . Although this may have proven adequate in the past, the recent
awareness of earthquake-induced liquefaction has introduced more refined

requirements. Problems associated with samp le disturbance , laboratory

simulation of in situ stress state , temperature , chemical and biological

environments , and soil heterogeneity , e.g., severely impair any analysis -‘
~~~

- - -
~~~

based upon laboratory testing

Thus , although in situ testing is attractive in theory , direct

determination of in situ volum e change properties applicable to earthquake- ‘
. —

type loading is not yet avai lable .  Recourse must be made to empirical

correlations between volume change properties and some form of expedient

field test. Various forms of penetration tests have been utilized in 
I 

‘

this regard , particularly the standard penetration test (ASTM D 1586)

and the friction cone penetration test (ASTH D 344l-75T).

Unfortunately , the penetration resistance of a soil is a function

not only of its volume change characteristics but also of its strength ,

shear stiffness , and other deformational characteristics. Penetration

resistance can be influenced by factors other than those directly influ-

encing liquefaction potential. Therefore , it may be necessary to meas ure

several types of response before accurate penetration test correlations

become possible. - -~~~

One prom ising device in this regard is a piezometer probe (Ref 16)

- 
- which measures pore pressure in the tip of a soil penetrating cone . If ,

during cone penetration , posit ive (increased) pore water pressures are

- 
. generated , then the effective stresses and , hence , the strength and

9
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(‘ S - t i l l ’ t ’L 1 t i j  I l / a t  i o u t  u s  shown to be’ both i f u n c t i o n  o f ’ s o i l  type

( g r a i n  s i , ’ )  ,it t I s t i l e  of t u i t t i a l  s ottup.tc ttmess; ( i .~ ’ l oo se  ot  dense~ -

t)i ,~’ i i i s ly  , s u h s t , i u t  i m i  s l i t  f e - r o u s t’s t ’x i s t  14’twt’ ’Im stresses t t t I u s -ed

l~v st m situ c ’ e V e u m t  s st i s ’h as e.i i t  li~i i1 , h kes and sI . i-es ses that o c c u r  d i i  r ng

t ort e  p el le t  u ’.u t  i o n s .  N eve i - t i m e l e s s  , since responses  i n  bo th  s’ases ire a

l un d  I t ’ i i  t ) t  S t ) l v o l u m e  change t en d e n c y  an d p e r m e a b i l i t y ,  u s e f u l  s o r r e l a —

t t O i lS  i t i i V  l i t ’  p L ) S S i b l e

Au ou t  u - e ly  I i  I l e r e n t  a p p r o a c h  to  l i t j u e ’t a s -t  11( 11 p r e d i c -t i on  i S  one -

based s u p o i m so-i l  r e s i s t i v i ty  m e a s u r e m e n t s  (Re t 1 7 ) .  The 1 i i l u o l a s t  i on  ‘ -  - 
-

potent i i i  o f  i s t t u n  it ed  so u I is  I i i  gt I v  i nf luenu ci by the  s t a ts  ol

~omp i s  L u t e  ss ( o r  i t  lat r ye so t  I dent s  i ty) However , mmy add m l  iona l  I is  t or  s

in it ive in  t nf lut  n e here Otu tt rut used in c, onj un~ t t on  i i th the ~

‘

strength of t ohestonless sot  i s  i s  ‘ I thri “ This refers to  the s t r u c t u u e

or the w ay  in  w h i c h  the  i n d i v i d u a l  grains interlock or fit together.

The f a b r i c  of i soil is largely controlled by the way i i i  which the soil

w,i s or g iii.i l ly f t i rm e d  and its subsequent stress or deforma t i ofla I it i s t o ry  -

- l’his f a c t o r  has  been investi gated receutt l y by consid ering d i  l f e r e u t  - . -

types of ’ s t m p l r  prepa rat ion and condi tionm ing (Ref 18— .i~ I ) - Subst autt i i i  - -I

results li ( ’W e x i s t  to support the f a c t  that, soil fabric exerts a une ,isui’ahle

e t I e l  (ii soil Ii Iu ielact ion pott’nit i i l  ,it least in  the lai ’oi ,ito t ’v - -

- Thtis , i f it w er e  p o s s i b l e  t o  uu e , rsu - e soil density and I .tbt- 1 s~ in situ , it - -

i s  cs~u s ’e ’ i v a b l t ’  t h a t  g r e a t l y  imp ro v t ’ sl I t q u e t a c - t . i on  p m - e d i  s’t iofl c i p i b i  Ii t y

W t ) t i I i l  he iv .i t lJI )le .

A ‘1ev ice b e i n g  .ipp l I ‘t i l’v Ar r i  I a n m a n t l . i n  (Ref  i 7)  appears t o h a v t ’

t o l l S  I b r u t  e p o t  ent  i a I in  this rega i-d . Th I S a p pu ’ o a c l l , by utuc ast u t - u

o u i , l t i c l  i v  i t  v in  t w o  d i re c t i o n s  , it tempts to cha ra -tet - i ~e the  s o i l  st m c —

t t i r c  t o  is  o t i n t  fot sit ipe int l  s p i t  u i i  a r r a u m g e m  nt  of p a r t  i s  i t  s 1 huts

v o i d  t - a t  t o  and  a m ea s u r e  ol  st rrtc tr ir. i l aflisoti’Opy c iii be deduced o-Ii ich -

can bi i t  I i t t ’ t i  to  c y c l u  loading i ts  ii i v i o r  “1 ~~~~

lh e  ippro ~~~h u t i l i z e s  a p i m a n u  In r I l e d  the  t o r n i i t m o n  I t c t o i  I

d e l i  ned is the r a t i o  of conduct l v i  t y  of the electrol yte (p t ’ri o w at  ‘i )  t I) - 
-

t he  s ’ond t i s t i v i  ty sif the sand sat in - - i t t-si by the electro l te . C o n s i d e t - .t i ’lc

~~~ 
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A ’l v a n c  c - ut Au -- i  I y l  i c i  I Mod c’ i s
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s t m - ,’ss . i i t , i l v s i  s an t I  c i  I t t  r y e  s t t c ’s s  a t i u l v s i  s I s t 1 t o o l  t h a t  g t t e t t ’ c h n t c . i I

en g in e er s  ca n t i s e  l i t  s t u l v i ’  p l i d t  i c a l  d e s i g n  }i l t i h ) e n t s  i s  n o t  i m f l t i l t e f l t  - 
- 4

l ’ l i t ’ ‘ t u i m c t ’p I , ties- ev e r , n - opt -es e n t s  a c~r I t  I c t  1 advance  s’ii job con lii h~’ ye u ’v -~~~~

s i gn i t  i t a t t t  - - I
I

‘lo t  ~t I  St less Aut ,i lys u s

Soyc ’ r u  I t e c h n i ques  .1 re ai’a ii ,ib in  for tel ,u I st ross  . i n i  l vs  is . SHAKE -‘

(R e t  .!7 ) u n i t  APOLLO (Ret 28)  (a i s o  GADF1.EA , Ref  2~ ) h ave” bee-sm used

together. SHAKE geui ’ i i t  c’s t o t a l  sI - t’ss hi st on es t h a t  .u i’e c t u u t v e r t  t’tI t t t

equt iva I m ’ u t t . stress cy- l es . 1’Imese data and the ’ soil st reutgth .1 F t r i s u ’ t l t tu - -
‘

determine (hi’ un dra  i ned number of s-y c l  es t o  l i e~n e t a t ’t i on , wh u s - l i  i s  i n t p i i t  - -

t ci APO l LO . A o r u e — d i  utCI lS  10 11 1 1 cede , A P O L L O , and  a two— il l meuis i ii ui ,il c t - s in  , - :

GAI)F 1,EA , co ntp t t t  c I lie uium co rl p led ~~ct t o  Itressur (’ hu i Ii drip . m m t , i  ~h I SS I~~I ,m t i t in -

No p r o v i s i t u n  is  i u i t - i n i d e d  t o  account for vat - j u t  i o n  of s e t  I I n o d u h i l s  w i t h

1 3

~~~~~~~~~~
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i r i t ’ i ’ u - . i s  i og ~~‘ r ~ ’ I t r e s s o ir e ’  uid n-educed o f  fe ’ c ’t j v e  ‘ i t t  t i i e ’ i t i t ’ i i l  . Sh IANI -  iSi s

-
- , equ i s . ,  I t i l t  l i n e a t  so i 1 p r - op t ’r t  i t ’ s , o’hi ‘h ir e  a t ~ t i s t  mci I t i  sI r i  in  amp I i  —

t u r t l e ”  . Aim eX mmp I t ’  i s  I 11 OS t r i t  0(1 be los .

N a t - a s  i ut il man ( R e f  301 USc ’S  1 seep age p i o g i ’t m  — TR U ST — t o  . i t . t  I z t ’ the ’

d i  s s i p a t  r o i l  P ihis t ’  o t  p o ie  p u - c ’s st i ~’e p i - ou lns -t  i on - Time” j i t i t i i l  p - e ssu i ’es

n e  u ’ s t i n t a l e u l  b u u m d r . i i u t t ’ t i  t o t a l  s t i -ess  a um. i l y s i s .

I - t  f e e t  iv e  St ross A n a l y s i s

1-’ 1 n it e t  a I . (R e f  : 3 1 )  have , l t - V ( ’  1 opt - t i DESR A wit cli i s a one — d i  moos i oti a 1 ,
t ’I t e & - t  i v t ’— s t i e s s  , S c u l l  mot lel  t h a t  s o u n p u t o s  pore p r e s s u r e . ‘l ’ h t r s  i s  a - -

n on l  iuiea r proce’ciurt ’ in wh i cit t h e  es lua t  lou is  of  mot i oui a I
_ e s li t  ngr.tt O t t  

- 
- -

urs  i n m g t it o New nta i -k m e t h o d .  Time m i  l i i i  l o a d i n g  i s g I \‘eut liv a h t v p o r h o  I i ’ ~~~ 
-

s t r e ’ s s — s t r - , i i n  r e l a t i o n . R e l o a d i n g ,  dt ’s s -r i b e d  by the ’ M a s i u i g  c r i t e r i o n , J .  2

produces  hy s tt ’ r es  i s  l oops .  The upper cu rve  ot  t h i s ’ h i y s t  c ’re ’s i s  I siop ca i i

be obt i m e d  from the loading curve  by t i-an si  a t i n g  the  o i j  g i n  ari d i i t s~r e . i s—

i l t g  the sc-ale vertical ly and hori zontally by i f a c t o r  ol  t oc i  - When n i s t ’t t

in t he  of I c ’ct ly e  stress mode , DESRA produces increases in pore prt ’ssti l’t’

s i  th  each  cycle , u s i n g  l ime p a r a m e t e r s  w h i c h  d e s c r i b e  t h e  vol nine ch ange ’

. i n t d  reboun d (-h i racteri st ics of t ime  soi 1. The rt ’ t i ij c t  i on  in  e f f e c t  i s t ’

St ross res in  ts  i n  r educ t  ion of  s h e a r  modu lus  . I t  inc  1 odes the el t t ’ c t s

o f  b o t h  sh e a  i- st  i-a i n  . i u i t l  p i -og m ess  i ye i n c re a s e  in  p o r e — w a  t ‘I 
~~~~~~~~~~~~~~~~ 

1
_
c ’ t i l l

s o i l  p r o p e r t i e s .  However , it Is I ini it t ” tt to o n e — d i u u e n s i o u t a l  cases  ,ts

w e l l  is e q r i i v a l  n u t  cyc l  it  i np u t (r i ot  a c t  u t i l  I lut e  l i i  St  or  i t ’S ) , and i t  s i t s ’ s

n o t  I r ea l  dissi Pit icili

G I t ; u l t t u r i s s i  and I) i kmeii (Ref  32) h i v e  ,i p r o g i - .iuu ci i  S i l i t i  l .  c u 1 u . r t ~~t l i t  t t ’5.

‘F i t i s  p r o g r a m . t i t h o u g h c u u n ’ — u l i i n t ’ n t s i o u i i I  , t i s e s  , t c l n i a i  1 l Ine ’ h i i s t o t ~ i i t p n i t  ~
.u s t h e  I t i . i t i i n g  f u n i c t  i o n . The p r t i g - i - itm ut  ii I Zt ’S .1 u u a t t ’i ’ i m  1 nuode’ h s l u l l l , i r - 

- - ‘

to t b _ i t c u t  l s h i h a i , i  (Ref  33 intl  3 4 ) ,  mod i I led by an e l l i p t i c  st 1 1 5 5

l t t . i d i n g  p a t h .  l’he p r o g r a m  t v e i l s  c t u l y  eftt ’c -t ive stress goi terit b i t  and

not t l i s s i p a t i o n .

- 
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Ba lad i and Roh an i  I (Ref 35) have m od it led thi e ‘‘cap i~odt- 1’’ to  pore

p r e ssu r e  gene u - at  i o n .  Th i s  model is still in  t h e  r e s e a r -ch s t a ge arid has

not  b e enm i nup I emeim t ed

T o t a l  S tr ess  A n a ly s i s  Exam p le

Sec’si et al . (Ref 28) have investigated the distribution ot hydro-

static pore pressure u in  the soil by use of the one—dimensional equation

/ ,2 \  an
— C ~~~~~~~~ ~~~~~~~at v~~~. 2 1  ~t

\aZ /

where C = coefficient of consolid ation of thin s o i l

z = depth within soil (the vertical coordinate ’)

au
g
/at = rate of pore pressure generation caused i t y  earth quake S

This  is th e d i f f us i o n  equation used in Terzaghi ’ s classical consolidati on

th eory , w i t h  a pressure—generating term added . The solution of this

equation is accomp lished by the finite—difference t e c h n i q u e  u s i n g  in i c r e —

mental time steps. The pore pressure generation is estimated by Fi gure  13
as a f u n c t  ion of the number of cyc l e s  to  -aus t ”  i i  que” t a c t  i o n .

‘Fhe c o o f f i c i c u t  of c o n s o l i d , i t ion  C , w h i c h  i s  d e f i n e d  i n  terms ot

the  c o e f f i c i e n t  of v o l u m e  compressibilit y un~ and the coeft i c i e n t  of

permeabilit y k , tfl.l~ be estimated by means of Figures 14 and 15.

c k
V m

V w

where y the weight of water

The r isc’ in the water table ~H , during time increment .~t , is given by :

= 15

— — -  —_ - 
~~~
‘— -—— — - -

- _ -  - - - .. . -
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sh e ru ni , = ti le’  O f l u s t  V u ’ ~‘0 i s ’ S  i t  \

l i t  i s  
~
‘ i o s ’ t ’c lui me hi.i s b een  a n t  s ’til ~i I ed i n  (b i t ’  ~u t t t I ’ u t  o r  i~ 

t o g  t arn Ai’ (~l , I 0

a n u t  ma V be t i  S ccl s- I t ii t ht ’ a na I vs m s I ii 1 he c ’otnp m i t c ’ t  
~
‘ t o g  .i un S t hA NK - SHANK

is  u se’s! 1~ ’ p r odm u c t ’ I he e s im u i s i l  c t m t  m i n i  t o t i n  c i ’ s 1 t c sh e. i  m s I. -i ’cs 5 • I , .u i is l- eq
t h u s ’ t ’q ii t s- .i l ou t  iiunibt’ r s ’ I t in  j I  0 t ill S t  t u ’ss ev e  L o s  , ii , I 0 1 s- a i ’ t o t i s  clt ’ii t i ts- Oc t
c ’i t  s o i l .  F rnun s t  i e n g t h  d , i t _ i  th is ’  n n t u i t b e u -  ~‘t  e V i l t ’s t O  s i t i S , ’ I I c l t l e f a s ’t i o u

a I v.t  s - hi  de ’pt hi i s slet  e t m  iu ie d  . I s  t r i g  l i i  t s i i i  I o riii.t t ott , p log t int A t ’ O L t m )

s o l v e s  t h e  p o e  p l a ’ s s n i r u ’ g & ’ l m t ’t ’a t  u o i t — d  i s s  i p i t  i o u  e q n u u t  i o n  -

L ime it o Fe P r s ’ s s) L r e ’ gt ’l io i t t  I O t t  t c i t i c t  1 Oi l 15 bass” ! on uticli ~t i nos i t est ~~~
t h a t i  - l ’ f i n s  app i t e a t  i on  i s  cls”ouio d s n i f f  i c i u ’i t t  l v  ac c n i r , i t t - s imon su t i , t I I t t i - i n ’

s t e p s  ir e ’ used to pr operly .mcc, ’u t t t  f o r  cl i .i i i m . i g e  . I t i e  c i  ast I s ’ i c ’spo l t s e

,mti m l vss s m i t ’ s! t o  sletu ’mnh i rh’ the ttniflhl )Pr o f  eve  los  t o  I i q u i e f a c t  t ori c i i i  h i t ’

aside” i i i  s ’ rds’ r - to  co l t s  i t i e r  t. h i ’ I S O  Lit  m o n  o t t  oct  s of s t i i ’su  m t - i c e  1 m quit ’ I . i  s t  i o t t

s ’l i  t e l  r s u r f  a c c ’ s ha k I rig ,iud the  n -ectstc t  i on  i i i  
~~~ 

i t ’ pit ’s s im m e  gou t ’ m a t  ott

sh o i r  i t s ’ i _ r I  t o n  I c cl i i i  t ques a me t i s t ’ d  -

A t vp u c i  1 ex a mp  10 I r ot t i  S& ’ s’t l e I ~i 1 . (Re t 2 5)  t i -o u t t h e  N i i ga t .1 c i  n t  h —

qu a k e  o f  ~) o u — ~ i s  st iowrn m n m Fl gnu -cs I t ’  ansi 17 .  The’ conmj)nit Os1 sa ri at  i otis el

p o rt ’  s’.i t o  u- p res s m i t e ’  s i  I it t i i t te I l C  g I von - F n gn i  1 0  17 s i to u , s ( it t ’ b n n i  I t i n t’ ~~
pe ru ’ p i t ’S Sti  l’ s ’s - It tisi l i t ’ sect s t h a t I he s _ m u d  1 a i s ’ r ~t t a slopt  is si t  IS

I eel I ic~~no f t  es a t i  i r  , i t t o n i t  2 ! s econds  o f  sh~ik i t t g  ; i i  t i t i o t  , m c t  i o n  extends

to dt’pt ims of 20 , 10 , ant i  ~0 I c ’t ’t a fter , u l - c o t i t  23 , 32 , and 40 seconds  of

s i t i k  t r i g .  Al thoug h I he’ I ~ry  i l cove _ u 1 5 — f  oot  d e p t h  c o t u t  m nine t o  m n c r u ’,isc

mu ito me’ p l t ~ s so t o  as t h i s ”  s ha k m  umg ~ r og i~e’s St ’S , t h i s ’ i-a I t ’ of i ii c  l t ’i  St ’ i s  s-c i v

I no- a U or the ’  1 5 — t o o t  l ev e l  L u  qu ef  i os - R et ’erensce 2 uct t e s  t h a t  whe n 1 ti c ’

pore’ p r o s  sri m e u -~it  i s ’ i l l  I he’ I op t o o t  of sot I F t ’.i chi t ’ s u -’0’~, , the’ g i - ot i t sd  w i l l

become so f t  , a n d  - i  f l t . t i i  wi  11 s i irk. I’hi i s o c cn it i t’d r t t u ’ u i b o i i l  8 .5  i- it -i u n i t e s

i n  N r i ga t .u , tie t e t’m I ned i t t  I he a it _ i  I V s i s - l ’hit ’ p0 rt” P t e s s l i  Ft ” r a t  i s ’t at I ime

g n o u u t c l  s t r n l  .t s ’ u ’ beg ins to tit’ s i t ’ ,i~~e’ a l t  ct  , i b o t i t  20 i t i t l i t l t  es bu t  s- i h i  not

I f - c

~ ~~~~~~~~~~ ~
-
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s i i p p o u - t  a man u n i t  m l  ab o u t 40 to  SC) m i n i n i t  S’s , i f t c ’r t h e  o i r t h qu ~nk e  - rho

i t ’St i I t  s 01 t h ’  c’ornpu tt ’ I - , u u i a  I S i s  a re  in  g e n e r a l  agr ’eeme nm t w i  t i m  oh s, ’ FyI’ s1

i e p o n ’t 5

i t the w .ite” r t , ii ilt ’ i”ei ’e Iac -~it ed ,rt a depth of 15 l i ’et , no s i g i i m t  i c a n i t

pore  p r e s s u r e  i nc l- t ’ , ises  woul d  occur  i n  t he  n ipper  10 I oct  of s o i  1 . O’s ’ t” i t

I tm o ug h i  th i s ” 5, -u i  I i s  l i q u e f i e d  h etweeni  15 ansI 40 f e e t .  Th in s , in  I b i s

s i tu a t  i o u  t h c ’ b o a t i n g  c a p a c i t y  o f s m a l l  s h a l l o w  f o o t i n g s  uie ,u r the surt as ’t’

mii i g u I  s’s’i l  be osson t  i ,r l i v  una i t  t ’ct od I’v the  d i  S S I  r~’ I ion of ~t o i - t ’ sa t or

pros suires i n  the  1 i q u e t i e c i  zouie

P r o g r a m  AP OLL O has be ’n t”xp ~m ndo d  i n t o  a I w o — d j m e ” n s  i s i n a i  cou i l tn n t  or

~t r - o gr ahn  called t A i ) E I , E A . The’ app roach  is ss’ i sin-t i lar to the s u i i u ’ —

di  une t t s  u on st I a n t  lvs  i s  requ l u - i rig as input infornta t i on the numbs ” i of

ev e les c~r u n s  i i ig  I i q n t c” f . i c t  i on  by s o i l  eleri’u erm t  - The number  of eve I t ’s ~~ = 
-

e a n i s t i u g  I t q u e f ’.i ct  i on  i s  a f’ u n c t  ion  ot  th is ’ app l i e d  s h m o u i - s t r s ’ss l o a d i n g  - ‘
~~

,tui d s o i  I c-onm I i neu iie it t . These may he de te mnu t ned f roust a s- oli vett I ona 1

t w o — d i m e i i s m o i t , r l e l a s t i c  or i n e l a s t i c  f i n i t e  elenneut au,m l i ’ s i s-  U s i n g  the

i n p u t  d a t  .1 p m o g t - a m , GA1)FLEA computes  t h e  t w o — d i m e n s  b o u i a l  1toi’ s’ p r e s s u re  -

gc ’ner. i I i o u t  and cl i 551 p , i I i  Oil t ron th is ’ 0,1 r t  h qua ke -

t ’ l l t e c t i v o  S t re s s  A u i i l v s i s  F x , u i i t j u l e

L 

Ghab ouss s and Dikm en ( R ef  3 2 )  , u s i  tmg t h e i r ’  e f t  oct  i \ c ’ s t  t u ’ S S  uiio s it ’l

a i s o  sU cud it ’ s! I he N i m  g~t t a s u It ” . ih a b c t u s s  i u s c ’S two  s ij s t  i nt c ’t i i i , i t  et ’ i ,i I

bei i ,t v s o n  mode i s  i t ’  ,- s uv t ’ r Ih i ’ r u i i g o  t i - ou st t h e  m i  t i , i I in  st I i i  s t  ross

~‘oii ,i1 t i - un 1,0 l i  ~p mt ’t ,ts’t mon t . l’he I’ m m s t  mod e l  u e p t ’ o s e n t s  tim e ’ s o i l  b e f t i v  t O t ’

r~u in th i s ’  i i i  S i  to stress coiu,i it ic~ufl tip to the m u  t i a l  I u quo I i t t  i o n  - A

st ’e5 ’ i u u i  ma t  c t ’ s_ i l moth ’  I i s  t i sed  t o  t t - t ’aI pos t  — i i  que” f a c t  i su n .  ‘rhe” t O t t  i i i

I t ep ic ’ I ac t  i s’n i s t o be s ot is  i sle m’eci a c s’tnsl it ion o I n om i ’ f a i lu r e  ( h o t  I

po rt - l i l t ’ s sn i r e ’  e o im f m m  n~ st  ross  r a t  m a )  -

I’ re i t  su it ’ I a c t  i ~u t t  - The shue ’ ,u - s t re s s— s t  u - ,i i n re tat I onsh t p  u n n u i u ’ n f l s ’t t s ’~~

) 
I 5 u f l j  s’ I o .rd t nig is n - o p r e s t ’u i t  osi by the ’ I ol l ow i ng  os l n i i t i on  and sit ~” sn  i i i

J F i g u i l t ’ lS,u -

17

—



-~ -- - “ -- ~~~~~~~~~‘- -- 

I

f ~~~ 
‘
\ = — 

o m , u x

~, P / ‘~~O[ - o m ix

in s ’h ic t m q is t he  she ’ar s t r e s s ,  p ’ is  the ” of f e ’ c t  ly e  p u s ’ssur e . ,inti ~ i s

this ’ sheai s t r a i n .  ‘Flu e f , r et o r s  S and G i r s ’ t l e f in e d  m i  t i r e  f i gu r e.m a x  o
The u n l o a d  u ug takes p l~t c t ’ 1 i n o a r l v  with the slope  G t i n t i i  I ’ t r o s i o u s

max tun unu or  au ni u mn iut u s’a l in e ot’ q/p ’ is ro , i c he s l  , S lit ’ r e u r po im t It o u b o s e  St u - es s—

s t r a i n  r e l a t i o n s h i p  beconies v . i l i c i  a g a i n .  The r e l a t i o n s h ip  i s  a c t i v e  tip

to this ’ onset  cut  i n i t i a l  1 i q u e t a c t i o u m . E x p o r i n m t u ’n t t l  s’ s t d c t i e s ’ (Rt ’t ’ 13)

s u g g e s t s  t h , u t  in  t h e  p ’ — q p lane t h u s ’ sh o a r  v i e ” l d  lsw i (1  i n u o s  cu t  o q n m a l

s h e a r  s t r a i n s ) t ak e  the  f o r m  of s t r .t i g hil  t i t us ’s i - , r t h i a t i n g  f rom t h e  origin

( F i g u u - e  l8b)  .~~~ \t  higher v,iluos of et ’ t e ct i v e  p r e s s u r e , t h e  V i t -’Id l o c i

ap p r o a ch  a S t , i i e ’ p a r a l l e l  to the  e t  t e c t i s - e  S t  F O S S  (p  ) a x i s ,  Unde r

i i i 000t Ofl ic  shea r  s t r e s s  i n c r e a s e , f a i l u r e  o c c n i r s  on a I m e  cc ’r ro sp on is i  i u ig

t o  ~it i  asympto te  of t he  s h ear  s t r e s s  r e l t t i o u m s h i p  i n d i c a t e d  e a r l i e r ,

T h i s  c r i t i c -a l  s t t t o  l i n e  f
1 i s  g iven  by

f 1 
= q — p ’ t an il) = 0

sh o r t ’ t a n  4 = the fr- ic -I i o n , r  I st  rougth of t h i s ” s o i l

-
‘ The s t re s s  p a t h  to f a t  l u r e  t has  b oon ap p r o x i u n a t t ”d by ,u q u ar -t or  of  ,tn

e l i  i pso g i v e n  by th is ”  f o l l o w i n g  e q u a t i o n .  , 
-

‘ I -)
t , = (p ’ — ~~~ + 

~ 

—
~~ q’ — (P~ 

— 
~~~ 0

- wher e ’  t h t ’ sub se  u i p t  f i s  uss ’d ts u des I gn ~I t t ”  coni d i  I ions  ot  f a i l u r e . ‘Fhi e . 
-

m a t e r t  ~i 1 parautis”te r \ i s  th i s ’ r a t  t o  ci f t h u s ”  ma _j ot- ,uiicl lii i ns u r  a x e s  o f the

e l l i p s e , ,us g i von I’ t h e ”  fo I l ow i  t ig m e l  a t  I s’ti

18
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The s t re s s  p a t h  f , i s  c o m p l e t e l y  d e f i n e d  by t h e  two m a t e r i a l  p a r a n u e t e r s

-\ ,un c l t~ and the in  s i t u  e f f e c t i v e  p r e s s u r e  p ’ arid can be w r i t t e n  in

t e r m s  of  t he foil t~~W i r ig pa ranu et c’ rs

2 + A
21’ , 2 - / 2 \ ~ A - t a n  

~ \ , 2 
— 0 -

2 q L~ 
\ A + t a t m ~~~~/~~ 

p0 \ A + t a n ~~~~J~~o

The e t f c c t r v e  p r e s s u r e  p ’ d e c u e  ise ’~ as a r e s u l t  of increases  in

pore p r e s s u r  In u n l o a d i n g ,  tht  t f f e s t i v e  pr ssure  r e m a i n s  c o n s t a n t

u n t i l  the s t ress  pa th  crosses previous nn axi un unu or minimum value of alp ’
at  w h i c h  p o i n t  - r new v a l u e  of p ’ is de te rmined , u s i n g  the I f u n c t i o n .  - 

-~a 2
‘Fhe parameter A is related to relative density (Figure 19). Figure 19

is based on fairly un iform sands with rounded par ticles ’. Vari ation ins

shape has some effect on A .

Post_ I n i t ij l _ Li q u e f a c t i on .  The m a t e r i a l  behavior  of the so i l

changes a b r u p t ly  a f t e r  initial liquefaction. The stress p a t h  is d e f i n e d ,

based on very limited soil data , but  f u r t h e r  development  is r e q u i r e d  in

t h i s  — u r e a  of i nves t i g a t i o n .  A f t e r  t h e  ea r thquake  mot ion  has ceased ,

excess pore p r e s s u r e s  e x i s t  in the soil  l ay e r s .  These d i s s i p a t e  w i t h

time -mod require analysis using a dissipation program.

N i i g~i t a  Case  St~~ y. The N ii gata site d i scussed  e a r l i e r  was s t u d i e d  -

by Gh ab o u s s i  (Re f  32 ) .  F igu res  20 , 21 , and 22 giv e resul ts of tha t

ana l ysis. The effective stress analysis si-tows that the increase in

e f f e c t i v e  p re s su res  w i t h  depth  have ” a sign i f h - a n t  i n f l u e n c e  on the
m a x i m u m s h e a r  s t r e s ses , e q u i v a l e n t  shear  modu l i , and h y s t e r e t i c  d a m p i n g .

Although modelling differenc es do exist , the qualitative behavior is

very similar to that of the total stress anal ysis in predicting the zone

tha t  w i l l  undergo  l i q u e f a c t i o n .  However , an e f f e c t i v e  s t r e ss  a n a ly s i s

allows for strain softening not possible with a total stress anual ysis.
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I’echnc-c I u ’gv t~ u ’  dc t t u r n mug t h e’ so i l  I i  quo I aCt t o u t  p hs ’uuo t sieticuu i is ~leve I —

op m ru~ t i m  r onn gh  uiua n i y  u h l  t Ic  i ’~’u I a p p r o a c h e s  - ‘I’tm i s u s i ni rt ’s}uo u is t 1, - u  t h e

knu c’s’ I e t ig t - I ha I s c m  I s  ~i Fe a cr u I i c a l  eons  t u t U c ’nn I t u t  i i i , - ’  st e m v u I t’tng u nmet - r i rig

sI r ut , -  I s it - es  . As m tie1 u e ’ ,r t e~l i i i  Heft” r e l i c t ’ 3m” . poor sc~ i I be ’h u ~tv I or thu r  i tug

p a s t  e ’a r l l i s 1t t , ikc ’ s  l u _ i s  l u - cl t o  St  m s - l u t e  C _ n i l u t e s .  l’he f~~l l u s i t i c ~ at
- c’

c - x - n u i n p  i t ’s .

o IIm ’l , n t i V c ’l ~ ’ t t i , - u s i e ’ r r t e  gr o u n d  shn ,u k ii i s ,~ in thi s’ 11)t’— . N i u g a t n , -
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- -

J aju~ini , ear -I hu q u a ke cau sed  ext  t ’us r ye g r o n m n i u l  t ~n u l u r e  and loss

of  smnp p su rI for bu i i  di  tugs due Is - c so u 1 1 
~~~ 

f a c t  i cmi , whi i sh

t ’ e s t u l t  t” tl i i i  dl_ iii h i gc ’ ~i() I) t ’oie l’u trig $1 h i l t  l u s h .

cu l i m e ’ c a t is t i - ophus c -  l ,n i dsl  i s l e s  ansi o t h er  s c u l l  f , n i l u r e s  i n n  t h u s ’  - 
I

I ‘b’~ A l  ,n s k ~i e ar l  h c 1ua kt ’ e1~~st  t c u y t ’ si much  o t t he  dev e l  0~~s’ ui mc ’ s i — -1

den t  i i i  anm d s ontuue ’ n t . - n a l  p u ’ cpe u ’S ~ i t t  ss ’voi-a 1 c i t  i t -s  m s  wu ’ 11

,is fllativ l i i  g i tus ’av b t ’ i  dgt-s .

o Du m rn t g l i i i ’  i t }On S~n t n  F r an c  L S C O  c ’ m r t h q u a k o , g r o n i u n d  c u a c k i t i g

~~~~~~~~ ,u nd s I i~ t t tug canised r u p t  i l l’ s’ 0 t n u u c t c v  hu e  m eel w tt en - i i  ties , i_ ( sits 
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- 
-~~

i ntintoln i i i  trig tin - c’ fi gh t I r ug 5 ) 1 s t ’ n a t  i o n s  r e s u n  i t  i ng  tm
ni t i n i s s ’tt

t re -t i I Ott I i Fe ’ sw t ’ c ’p i  uig I I i r ough  t h i e  c i t y  -

o In I~) 72 mt i  t ’~ u rt hquake’ in Pt’ i- ut pl -oclni ct’ ci , u u i  on,-’ u’tstouis _ v , n I niche

_ iur c l  I a i r ds  I di ’ wh I d r  r i ishu ’cl cl~~-,ii thi s” n u o u n i t a  i n  . i t i cl  h u n t c’d t ’ t u t  j u t ’

v i l l a g e ’ s  m u  t he  v a t  ley  be l ow .
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I n n  i~1 - f i  t i o u m , I s c u  t ’ . n r t h i  t l a i uns  n u e a r l v  t , n  u !et l  u n the ~?7J Sar i  Ft ’ i t t , i i t u f ’

e.n i - S t r qu a  ke’ - I h i s t ~i n l ur e  5’OU let has’s’ i u n nu i e l a  t t’ul a ie s i dent  i a l  i t  u . n  o f

,Se) , 000 1u 5 - ,~~1s I t ’ , t t n u i  s c ~t i i t t  m ay o  hs’eti I lie 5 rt ’ i  t s ’~~t s t r i g  I t ’  tn , u  t i n  u - u i t i i  s , n s t e  m

n m I hue I i i  s I t ) m u ,’ of oui r s~ouni I u - v  -

A lt h , -u u i g lt - i 11 ~u t  t h o se t r -a~~s’cl m es c. u n snso t  ho at  t r i  hunted sal c’l y t o  t he

I u q u i c - f a s t  i o n pu’ t u c s ’ss , u t is w i d e l y  accepted t.hi,i t soil I ique tnct ioni is

l i l t ’ n m .u j o u ’ e”a r t h i c i u a k t ’— a s s c u e  I a  l e t )  t lu m e i t  c s u i t  I t o u t  i r i g  gs ’ot ce-hint i ca I c ’nu g i n mee r

u ig - l i t  s p i t s ’ of I - hi t ’ u r i c  t ’cases l t ’ f  t o r t s  t ’ x j u t ’ t i t l t ’tl t o n  so! sit  jots ci l i i i  s

j’ ~ 5~ t) I ct it . i t u,s t S  t h O  c’ t ’t i S t ’ F t S i I S  rca ,- - I i s ’d ,i t a 197 s~u r k sh op  at  t ended l u ~’ 72 -

i i i t c’ t n i a t l s ’ : u , u i iv  r e ’c o g n u i i e t l  C X ( ’ e u ’t s  ( R e t to ’) thi~rt ~u v , i i l a b l e  g e o t e c ’ h n m i e ~i i  - - -

I ~~r
t ’ .i i~t i t s i u _ r  ke s~ng  i t t t ’t~ r jung tt”chit i ques ansi ci t’S I gui procedures a u-c o i l  h is ’r

qu es t  c o n u a b l s ’ or  u t t a s i e q u i t e .  T h i s  t ’v , i l u , t t  i o n  i s  p a r t  i c - u n l , u n ’ i v  p e rt  u n c u t

to t he w , I t s  F r  an t I  au - c a . N - i m u  ti e e~n r t h s o rk s  , inc  l u d in i g  such s a t  er t ’ r u - n i t  - -

st n - uic ’ t u t ’es as I ied  b u l k h e a d s , so t f t ’r si ani n s . rockfm 11 j e t t i e s , a t ud  p i t - I  i a l  l v

Ft ’1 u t ’v s ’ sI q u ay  w,i 11 s , a rc  common lv  s I tu z u t e”d i t i  t e ’I at m ye lv pt’i’c-ar m aims

r e g i o n s . t) t l u ’ m i , t h e  s o i l  t i  11 ,r s so s ’u , i t e d  w i t h  such s t r - u c ’ t u u - s’s is  p c u t 1

c-om p ac ’ t s - t l .  Ev , n l in a t  t o r i  t e e h n u u q u i s ’s ,ni e nec s” s s n r v  f o r  _ isse -s siti g (1) the

i r m t e g r  u t y o f  so t I I ound a t  ions  f o r - u~ ,t t e r i r o n t  s t  r n m c t  t i res  arid (2 ’)  i n m

particular , t h e  s u s c e p t i b i l i t y  of  the  f i l l  m a t e r i a l s  to los s  o f  s t a h i  l i t ~-

dii i i r i g  Sc’ isnti i s~ 1 oae l iri s -

The re’ st ’~i t’c’Ii prog u ’, inu ~le scr  ibed I t o r t ’ i n  is conies” ru ed wit ii t ec hmn io  I ogv

I t ’a r n s  C or , is wet  1 as w e  t hu i t u c I i v i d u ~m I or wi ique  dc ’ve ’lopmous t s . As su ch ,

ml con s - e m i t  u - a S s ’s p r i u t m a r i  I v  u po n two a r e a s :  ( 1 )  e x p e d i e n t  and i- e l i a h l e

s i t s ’ c’v, l  1 tia I io n I e c h n i q u m e s  irud ( 2 )  val id ~n u m , n  I y t  i c , - t  1 rs ’spciflse prs’d j e l l  on

proct - ulum re’s -

l’o date ’ , ru  appra  is ,m l of the best .rv , i  i lab le at i a  l v t  i c a l  conip t u te n

codes for t’v a l i m a t  i ng  I iquie t a c t  i o u  has been s conducted. ‘flue N a v y  i s

o f f e r i n g  s u p p o r t  to  t h e  most  p r o n u i s t n r g  i d e a s .

A repor t  has  been p u b l i s h e d  (Ref  4) vii i cii o f f e r s  p re l  i m i n t a  rv Sn I t i , i n i c ~e

t o the ’ N a v a l  Shore E s t ah l  ish nne ”n t  un i t  i 1 more ”  adequa t e  L i q u e f a c t i o n  t e c h —

ni o l ogy  i s  a v a i l a b l e ’ - T h i s  repor t  s u n i m a r m z i ’s the  c m u r r e ”nt s t a t e — o f — t h e — a r t

rega r d i n g  pl~icem ent  of St r u c t u r e s  m i  liquefi able reg i o n s  - l - l i ’ld  s t u d ie s

wer e  cc i t t  t nin ied at NAS Nor t  Eu Is 1 ,inicl , w h i c h  had prey i outs 1 v (Ret  2 )  lue cts
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i d e n t i f i e d  ~n s  r e p r e s e n tat i v e  of a l i u t u i s - f a c l i o n  h a z a r d . U n d i s t u r b e d

sample ’s of w a t e r t r o n t - u n i i q u e , p o t e n t i a l l y  l i q u e f i a b l e  soi ls  were obta ined
and t e s t ed  i i i  t he  l a b o r at o r y  unde r  s i m ul a t e d  e a r t h q u a k e  cond i t ions

(Ref  13).  The i n f o r m a t i o n  secured i n d i c a t e d  - at least for the one

highly structured coastal soil tested to date - t h a t  l i q u e f a c t i o n  resis-

tance appears to be somewhat greater than tha t based on correlations

derived from simple field tests .

FUTURE WORK 
- 

— 
- -:;

Work fo r  the upcoming year  wi l l  be d i rec ted along three d i f f e r e nt
avenues of s tud y ,  wi th  roughl y equa l emphas is :  ( 1) improvement of ~~~~~~~~~~~~~~

ana ly t i c a l  models , (2) inves t iga t ion  of innovative site reconnaissance

techniques , and (3) more- detailed studies of soil parameters with parti-

cular attention to the Navy ’ s unique soils , using CEL ’s newly acqu ired
li quefaction testing capabilities .

With regard to the l a t t e r  area , onl y one of the problem soils at

NAS North Island (a very sensitive coastal silt deposit) has been sub-

jected to cyclic laboratory testing to date and appears to pose a major

l i que fac t ion  th rea t .  Several other unusual soils exis t  at  this f a c i l i t y .

L 

One soil of interest is a hydraulic fill sand containing an unusually

hi gh percentage of mica f l a k e s .  How this type of dred ged f i l l  ma te r i a l

w i l l  behave under ear thquake shaking must  be determined.  Some forms of

parameter  studies of these coastal mar ine  deposits must be car r ied  out .
- 

~
- For example , it has been observed that when a substantial portion of any

granular soil passes the #200 mesh sieve the penetration resistance is

drasticall y reduced in both static and dynamic tests . The significance

- ‘ 
of th is phenomenon should be determined for actual dynamic or cyclic

behavior.

It is intended that the most promising devices such as piezonuetric
cones or directional resistivity measuring instruments be evaluated at

the North Island site .
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With  regard to a n a l y t i c a l  developments , i t  is intended tha t the

most promising available soil models will be incorporated into CEL’ s

library of finite element codes , which would then be exercised on parti— -

cular solutions . Eventually such a code would be combined with a ground-

water flow code (such as TRUST) for complete definition of soil-structure

interaction under dynamic and hydrod ynamic conditions .
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LIST OF SYMBOLS

a Acceleration

a Peak accelerationmax

C Coefficient of consolidation of the soil

Dr Relative density of the soil

F Formation factor , used to characterize a soil structure

f 1, f~ Constants in soil model from Reference 32

G0 Unloading shear modulus

H Thickness of soil layer

k Soil permeability

m~ Soil coefficient of volume compressibility

N~ Number of cycles to liquefaction

n Soil porosity, including non-interconnected voids - 
-

ne Effective soil porosity

ne Equivalent number of stress cycles , used in conj unctionq with t eq

p ’ Effective confining pressur e

p~ Effective pressure at failure - - -

p f Initial effective pressure

q Shear stress

Smax Maximum possible shear stress to effective stress ratio

SM Symbol for a silty sand

SP Symbol for a poorly graded sand

u Pore water pressure

x Shape factor used to characterize particle shape
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LIST OF SYMBOLS
(Continued)

z Depth coordinate distance

y Symbol used to designate shear strain

Density of water

Increment of pore water pressure

a Lateral confining pressure

X Parameter used for soil model in Reference 32

Odp/2U3c Ratio of maximum shear stress to confining pressure

Initial effective volumetric stress

t Equivalent shear stress level 
- 
I - 

-

~eq ~~~~
- -

- (t ) Average horizontal shear stress - 
- 

- -

hv av 
f

- aU
g
/at Time derivative of rate of pore water pressure generation 
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