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Terzaghi oration: Geotechnical aspects of the 1995 Kobe earthquake 

Hommage à Terzaghi: Aspects géotechniques du tremblement de terre de Kobé de 1995

K e n ji I s h ih a ra  -  Science University of Tokyo, Japan

A B ST R A C T  T h e  b a c k g ro u n d  in fo rm a tio n  is  g iv e n  o n  th e  issu e s  su c h  as e a rth q u a k e -g e n e ra tin g  p late  te c to n ic s

in  th e  Ja p a n e se  arc h ip e lag o , h is to ric a l se ism ic ity  an d  d e v e lo p m e n t o f  fa u lt ru p tu re  in  th e  re g io n  o f  stro n g  s h a k in g  

d u rin g  th e  K o b e  e arth q u ak e . T h e  g e o lo g ic a l se ttin g  an d  to p o g rap h y  are  d esc rib e d  to g e th e r w ith  th e  e x p a n sio n  o f  lan d  

re c la m a tio n  in  th e  p o rt are a o f  K o b e . C h arac te ris tic s  o f  th e  g ro u n d  m o tio n s  re c o rd e d  at v a r io u s  s ite s  d u rin g  th e  

e a rth q u a k e  are  a lso  p re se n te d . So il c o n d itio n s  in v e s tig a te d  at tw o  s ite s b y  w ay  o f  u n d istu rb e d  sam p lin g  u sin g  th e  

g ro u n d  fre e z in g  te c h n iq u e  are  d esc rib e d  s o m e w h a t in  d e ta ils . T h e  g ra v e l- c o n ta in in g  s ilty  san d  c alle d  M asad o  w as 

id e n tif ie d  to  h a v e  d e v e lo p e d  liq u e fa c tio n  u n d e r in te n se  sh ak in g . T h e  fe a tu re s  o f  liq u e fa c tio n  an d  c o n se q u e n t la te ra l 

sp re ad in g  w h ic h  o c c u rre d  in  th e  re c la im e d  f ills  are  p re se n te d  in  te rm s o f  a tte n u a tio n  c h arac te ris tic s  o f  th e  la te ra l 

d isp la c e m e n t o f  th e  g ro u n d  d im in ish in g  w ith  d is ta n c e  in la n d  fro m  th e  w ate rf ro n t. A s ty p ical e x am p le s  o f  th e  d am ag e  

to  fo u n d a tio n s , re su lts  o f  in - s ite  su rv e y  are  p re se n te d  o n  th e  in ju ry  o f  c ast- in -p lac e  re in fo rc e d  c o n c re te  p ile s  o f  th e  

b rid g e  p ie rs  w h ic h  w e re  in v e stig ate d  b y  th e  p ile  in te g rity  te st an d  v isu al o b se rv atio n  u sin g  th e  b o re h o le  c am e ra . It w as 

fo u n d  th at th e  m a jo r  in ju ry  su c h  as c rac k  d e v e lo p m e n t h ad  o c c u r at th e  p ile  h e ad , a t th e  p o rtio n  o f  so il s tif fn e ss  

d isc o n tin u ity  b e tw e e n  liq u e f ie d  an d  u n liq u e f ie d  lay e rs , an d  also  at th e  p o rtio n  o f  d isc o n tin u ity  in  s tif fn e ss  o f  p ile  b o d y . 

O u tc o m e  o f  c o m p re h e n s iv e  in v e s tig a tio n s  o n  th e  d am ag e  to  f o u n d a tio n s  o f  LPG  sto rag e  tan k s is  d esc rib e d  w ith  

e m p h asis  o f  th e  b e h a v io u r o f  p re c a s t re in fo rc e d  c o n c re te  p ile s . L astly , s im p le  a n a ly se s  w e re  m ad e  fo r th e  b e h a v io u r o f  

p ile s  u n d e rg o in g  la te ra l sp re ad in g . It w as sh o w n  th at, if  p ile s  w e re  to  m o v e  b y  an  a m o u n t s ig n if ic an tly  larg e r th an  th e  

su rro u n d in g  so il d e p o s it w h ic h  w as g e n e ra lly  th e  c ase  f o r th e  p ile s  n e ar th e  re v e tm e n t lin e s , th e  s tif fn e ss  o f  th e  so ils  

m u st b e  re d u c e d  d rastic a lly  w h e n  a tte m p tin g  to  re p re se n t th e  so il-p ile  in te ra c tio n  b e h a v io u r b y  th e  sp rin g  m o d e l.

IN T R O D U C T IO N

T h e  H y o g o k e n -N a m b u  e arth q u ak e , re g is te rin g  a 

m a g n itu d e  o f  7 .2  (JM A ) , o c c u rre d  b e fo re  d aw n  at 5 :47  

am . o n  Ja n u a ry  17, 1995 an d  d e liv e re d  a v e ry  h ig h  le v e l  

o f  d e v asta tin g  s h o c k  to  d e n se ly  p o p u la te d  are a o f  K o b e -  

O sak a  c o rrid o r w h ic h  fo rm s a m a jo r  in d u s tr ia l  

h e artlan d  in  th e  w e ste rn  p a rt o f  Ja p a n  m a in  is lan d . T h e  

to tal d e ath  to ll w as o v e r  6 ,000 an d  m o re  th an  300 ,0U0 

p e o p le  w e re  le f t h o m e le ss . T h e  v e ry  stro n g  sh a k in g  

c o llap se d  a p p ro x im ate ly  150,000 h o u se s  an d  D u ild in g s, 

ig n ite d  f ire s , w re c k e d  e le v a te d  h ig h w ay s  an d  ra ilw ay s , 

an d  d e stro y e d  p o rts  an d  h a rb o u r fac ilitie s . N o  le ss 

d am ag in g  w as th e  lo ss  e m e rg in g  fro m  b u s in e ss  

d is ru p tio n  an d  p araly sis  o f  in d u stria l p ro d u c tiv ity  

re su ltin g  in  a h u g e  a m o u n t e stim a te d  to  h a v e  b e e n  

ro u g h ly  200  b illio n  d o llars  w o rth , th e  h ig h e s t re c o rd  

d am ag e  b ill e v e r c la im e d  b y  a  s in g le  e a rth q u a k e . M an y  

s tro n g  m o tio n  re c o rd s  w e re  o b ta in e d  o v e r th e  af fe c te d  

are a. P e a k  g ro u n d  a c c e le ra tio n  as h ig h  as 0.83g  an d  p e ak  

v e lo c ity  as h ig h  as 175c m / se c  w e re  re g iste re d . T h e se  are  

th e  h ig h e s t v a lu e s  e v e r o b ta in e d  in  te rm s o f  in te n s ity  

an d  h e n c e  d e stru c tiv e n e ss  o f  sh ak in g . T h e re  is  n o  d o u b t 

th a t su c h  a h ig h  d e g re e  o f  sh ak in g  c o u ld  b e  b lam e d  f o r  

m u c h  o f  th e  h av o c . T h e re  w e re  a n u m b e r o f  c ases o f  

d e stru c tio n  w ith  g e o te c h n ic a l s ig n if ic an c e  in c lu d in g  

s lu m p in g  o f  re v e tm e n t lin e s  a lo n g  th e  c o ast a n a  

p e rip h e ry  o f  th e  m a n -m a d e  islan d s, p e rm a n e n t 

s e ttle m e n ts  o f  th e  g ro u n d  an d  fa ilu re  o f  f o u n d a tio n s  

d u e  to  liq u e fa c tio n  o f  th e  g ro u n d . T h e  o u tc o m e  o f  th e  

in -s itu  an d  lab o rato ry  in v e s tig a tio n s  c o n d u c te d  by 

v ario u s  o rg a n iz a tio n s  w ill b e  d e sc rib e d  in  th e  f o llo w in g  

p ag e s  o f  tm s le c tu re  n o te .

SEISM IC IT Y

Ja p a n e se  a rc h ip e lag o  is s itu ate d  in  a re g io n  w h e re  

f o u r m a jo r te c to n ic  p la te s  m e e t as in d ic a te d  in  F ig .l .  It is  

w e ll-k n o w n  th a t m a jo r e a rth q u a k e s  h av e  tak e n  p lac e  in  

th e  h is to ric  tim e  in  th e  are a o f  lan d  u p h e a v a l d u e  to  

s u b d u c tio n  o f  th e  te c to n ic  p late s. A s in d ic a te d  in  F ig .l  

th e  P ac if ic  P late  s in k s  to w ard s th e  w e st, fo rm in g  th e

C h ish im a  tro u g h . A  se rie s  o f  se ism ic  n e sts  w e re  c re ate d  

in  th e  re g io n  o f  th e  u p h e a v a l w e st o f  th e  tro u g h . 

S im ila r  s itu a tio n s  are  e n c o u n te re d  in  th e  w e ste rn  ed g e  

o f  th e  O k h o tsk  P late  w h e re  Eu rasia  P late  su b d u c ts . T h e  

e v e n t asso c iate d  w ith  th e  c ru s h  o f  tw o  c ru sta l p late s  as 

ab o v e  is k n o w n  as " In te r- p la te  e a rth q u a k e " . In  th e  

e aste rn  p art o f  Jap an , e p ic e n te rs  are  g e n e ra lly  lo c ate d  50

- 150 k m  d is ta n t f ro m  th e  c o ast, b u t b e c au se  o f  th e  

e v e n ts  b e in g  fa irly  larg e  in  sc a le  w ith  a m a g n itu d e  o f  

th e  o rd e r o f  8, e f fe c ts  o f  th e se  e arth q u ak e s  n av e  b e e n  

tru ly  d e stru c tiv e .

F ig .l  T e c to n ic  p la te - re la te d  se ism ic  a c tiv itie s  n e a r th e  

Ja p a n e se  A rc h ip e lag o
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Fig . 2 H isto ric a l se ism ic  a c tiv itie s  in  th e  K an sai 

re g io n , Ja p a n

A n o th e r ty p e  o f  e a rth q u a k e  o c c u rre d  in  Ja p a n  w ith  

an  e p ic e n te r lo c ate d  in  th e  re g io n  in -b e tw e e n  tw o  

tro u g h s w h ic h  c o rre sp o n d s  to  th e  in la n d  p o rtio n  o f  th e  

m a in  is lan d . T h is  ty p e  o f  e v e n t is c alle d  " In tra - P la te  

e a rth q u a k e " . Be c a u se  o f  its e p ic e n te rs  lo c ate d  u n d e r 

n e a th  th e  lan d , in te n sity  o f  sh ak in g  is v e ry  stro n g  an d  

th e ir c o n se q u e n c e s  are  tru ly  d isastro u s  fo r lo c a l are as  i n 

th e ir v ic in ity . T h e  K o b e  e a rth q u a k e  is id e n tif ie d  as th e  

in tra -p la te  ty p e  e a rth q u a k e , b u t b e c au se  o f  p ro x im ity  to  

th e  c ity , its  e f fe c ts  w e re  tru ly  d e stru c tiv e  in  sp ite  o f  its  

m e d iu m ly  larg e  m a g n itu d e  b e in g  7.2. H isto ric a lly , a 

n u m b e r o f  e a rth q u a k e s  are  k n o w n  to  h a v e  h it th e  

c e n tra l p a rt o f  Ja p a n  as sh o w n  in  Fig .2. T h e  larg e st e v e r  

e v e n t n e a re st K o b e  w as th e  Fu sh im i e a rth q u a k e  w h ic h  

o c c u rre d  in  1596. Sin c e  th e n  th e  are a  o f  K o b e  h as  b e e n  

se ism ic a lly  q u ie sc e n t. T h e re fo re , th e  q u ak e  in  1995 w as 
u n e x p e c te d  an d  tru ly  su rp ris in g .

SEISM IC  G EO L O G Y

T h e  d is tr ib u tio n  o f  a c tiv e  fau lts  in  th e  are a  

s u rro u n d in g  th e  O sak a Bay  is d isp lay e d  in  Fig .3 . W h i le  

it is  u n c e rta in  w h e n  e ac h  o f  th e se  fau lts  h av e  b e e n  o r  

w ill b e  ac tiv ate d , th e re  are  se v e ra l o f  n o r th e a st to  

so u th w e st o rie n te d  fau lts  b e in g  d isp o se d  in  e c h e lo n  in  

th e  are a  o f  R o k k o  M o u n ta in s  w h ic h  are  lo c a te d  n o rth  o f  

th e  O sak a  Bay . T h e se  in -e c h e lo n  fau lts  are  c o n s id e re d  to  

b e  c au se d  b y  u p lif t o f  th e  lan d  as a re su lt o f  ru p tu re  o f  

th e  e arth  c ru st. T h e  m e c h a n ism  o f  f o rm in g  th e  R o k k o  

M o u n ta in s  a c c o m p an ie d  by  th e  fa u lt ru p tu re  is 

e n v isag e d  b y  Fu jita  (1970)  as illu stra te d  in  r ig .4 . T h e  

larg e  c ru sta l fo rc e  is p o stu la te d  to  ac t in  th e  e ast-w e st 

d ire c tio n  as th e  m a jo r  p rin c ip a l stre ss, an d  as o b se rv e d  

in  f rac tu re  o f  a ro c k  sp e c im e n  in  th e  lab o rato ry  test, 

b u ld g in g  tak e s p lac e  o n  th e  s id e  o f  th e  m in o r  p rin c ip a l 

stre ss. T h is  b u lg e  is  in te rp re te d  as th e  sam e  p h e 

n o m e n o n  as th at e n c o u n te re d  b y  th e  te c to n ic  u p lif t o f  

th e  lan d  fo rm in g  th e  R o k k o  M o u n ta in s .

G EO L O G Y  A N D  G EO M O R P H O L O G Y  O F T H E K O BE 

A R E A

A n  o v e ra ll fe atu re  o f  g e o lo g ic a l se ttin g  in  th e  

re g io n  o f  O sak a  Bay  is d e p ic te d  in  Fig  5. A  c ro ss se c tio n  

in  n o rth w e st to  so u th e a st is sh o w n  in  Fig .6  w h e re  it 

m ay  b e  se e n  th at se d im e n ta ry  d e p o sits  o f  d if f e re n t 

g e o lo g ic a l e ras  e x is t in  a b o w l-sh ap e d  b asin  w ith  a

Fig .3  D is tr ib u tio n  o f  fa u lt ru p tu re s  in  th e  b ay  are a  o f  
O sak a

Fig .4  Illu stra tio n  o f  th e  lan d  u p h e av a l an d  fau lt 

ru p tu re s  in  K o b e  are a (Fu jita , 1976)

m a x im u m  d e p th  o f  ab o u t 2k m . It c an  a lso  b e  se e n  th a t 

th e re  e x is t se v e ra l o f fse ts  in  th e  u n d e rly in g  ro c k  

fo rm a tio n  in d ic a tin g  p re se n c e  o f  fa u lt ru p tu re  z o n e s . 

T h e y  are  c o n s id e re d  to  b e  so u rc e s  o f  h is to ric a l e a r th 

q u ak e s  in  th e  lo n g  g e o lo g ic a l p ast. K o b e  an d  its 

n e ig h b o u rin g  c itie s  su c h  as A sh iy a  an d  N ish in o m iy a  l ie  

o n  th e  n o rtn -w e s te m  s id e  o f  O sak a Bay . A s sh o w n  i n  

Fig .7 , th ey  are  lo c ate d  in  th e  lo w lan d s  e x te n d in g  

so u th w a rd s  f ro m  th e  fo o t o f  th e  R o k k o  M o u n ta in  

C h a in  w h ic h  c o n s is t o f  se v e ra l fau lt b lo c k s  w ith  ste e p  

e sc a rp m e n ts  to w ard s th e  sea. T h e  m o u n ta in  are as  w ith  

an  e le v atio n  in  e x c e ss  o f  300m  are  e sse n tia lly  c o m p o se d  

o f  b ase  ro c k  su c h  as g ran ite  an d  g ran o d io rite . F o r m a tio n  

o f  th e  lo w lan d  e x te n d in g  fro m  th e  m o u n ta in  to  th e  

c o ast is  a c o n se q u e n c e  o f  w ate r ru n -o f f  w h ic h  c re ate d  a 

n a rro w  f lo o d  b e lt an d  z o n e s  o f  n u m e ro u s  in te r 

c o n n e c tin g  a llu v ia l fan s as illu s tra te d  in  Fig .7 . T e rra c e  

d e p o sits  o f  P le is to c e n e  o rig in  are  sh o w n  to  e x is t in  th e  

are a so u th  o f  th e  R o k k o  M o u n ta in . T h e  P le is to c e n e  

d e p o sits  are  o v e r la in  b y  H o lo c e n e  a llu v iu m  c o m p o se d  

o f  san d , g rav e l an d  c lay  w h ic h  fo rm s a re la tiv e ly  f la t 

an d  n arro w  c o rrid o r o f  lan d s  o n  w h ic h  th e  c ity  o f  K o b e  

d e v e lo p e d . A  c ro ss  se c tio n a l v ie w  in  th e  c ro ss  se c tio n  A - 

A ' in  Fig .7  is sh o w n  in  Fig .8. It m ay  b e  se e n  th a t s e v e ra l 

so u th w ard  d ip p in g  lay e rs  o f  san d , g rav e l an d  c lay  d o  

e x is t w ith  o v e rly in g  re c la im e d  f ills  n e ar th e  su rfac e . T h e  

c lay -ric h  d e p o s it u n d e r th e  m an -m ad e  f ills  is  th e  seab ed  

se d im e n t b e fo re  th e  re c la m a tio n  w as c o n d u c te d .
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I I : Reclaimed land 

E23 : Alluvium

■ ■  : Sand bank, Natural levee, Fan 

r ~ 1 : Osaka Group 

: Basement Rocks

Fig  5  G e o lo g ic a l m ap  in  th e  are a  su rro u n d in g  th e  

O sak a  Bay

N ojim a-
Asano
Fault

Kusumoto Fault 

/K ariya  Osaka-wan Fault

Uemachi 

Fault Ikoma 

Fault

West East

J5km

10km

Fig .6  C ro ss  se c tio n a l v ie w  o f  th e  g e o lo g ic a l re g im e  in  

th e  O sak a  Bay

R o k k o

M o u n ta in s

□  : A l lu v iu m  

H : L o w e r  t e r r a c e  

W : M id d le  t e r r a c e  

■ :  H ig h  t e r r a c e  

■ :  R y o k e  g r a n i t e

□  : T a n b a  g r o u p

S 3 : K o b e  g r o u p  ( M io c e n e )  

B : A r i m a  g r o u p  ( M io c e n e )

□  : O s a k a  g r o u p  ( M io c e n e )  

E 3 : G r a n i t e

- - - :  F a u l t

Fig .7  G e o lo g y  an d  g e o m o rp h o lo g y  in  K o b e  Bay  are a

S o u th N o r th

4 0

2 0

0

-20

- 4 0

- 6 0

- 8 0

-100

- 1 2 0

Fig .8  Su b su rfa c e  so il p ro f ile  in  th e  K o b e  are a  

(C ro ss  Se c tio n  A -A ' in  Fig .7 )

L A N D  R EC L A M A T IO N

O v e r th e  last tw o  c e n tu rie s  a g rad u al b u t e x te n s iv e  

re c la m a tio n  o f  lan d  h as b e e n  u n d e rw ay  a lo n g  th e  bay  

m a rg in s  o f  th e  K o b e  d is tric t w h ic h  is f lan k e d  by  th e  

R o k k o  M o u n ta in s . Se v e ra l stag e s o f  lan d  re c la m a tio n  

are  d e sc rib e d  in  Fig .9. In  th e  e ra u n til 1959, th e  in f i l l in g  

w as c o n d u c te d  in  a re la tiv e ly  sm all sc a le  a lo n g  th e  

n atu ra l sh o re  lin e , b u t a f te r 1960, a se rie s  o f  la rg e -sc a le  

la n d f il lin g  w as p e rfo rm e d  o f f  th e  sh o re . In  th e  e arly  

p e rio d  o f  re c la m a tio n  w o rk  (P h ase  1) in  1963 to  1970, 

e aste rn  p art o f  K o b e  p o rt w as re c la im e d  to  c o n stru c t 

f o u r is lan d s, v iz ., N a a a -h a m a , M ik ag e -h am a, U o z a k i-  

h a m a  an d  Fu k a e -h a m a . L o c atio n  o f  th e se  is lan d s  is 

sh o w n  in  Fig .10. T h e  g ran ite -d e riv e d  so il m a te r ia ls  

w e re  tak e n  fro m  b o rro w  s ite s at th e  f o o th ill o f  th e  

R o k k o  M o u n ta in s  lo c ate d  n o rth  o f  th e  re c la im e d  

islan d s. In  th e  se c o n d  p h ase  b e g in n in g  in  1966, P o rt 

Is lan d  an d  n o rth e rn  p o rtio n  o r R o k k o  Is lan d  w e re  

c o n stru c te d  b y  tra n sp o rtin g  d e c o m p o se d  g ra n itic  so ils  

f ro m  th e  b o rro w  are as  w e st o f  K o b e  c ity . T h e  b o rro w  

m ate ria ls  w e re  tran sp o rte d  to  a n e arb y  p o rt b y  m e a n s  o f  

b e lt c o n v e y o rs  an d  b ro u g h t to  s ite s o f  la n d f illin g  by 

b o tto m -o p e n  p u sh  b arg e s , as illu stra te d  in  Fig .10. O w in g  

to  th e  lo w  s tre n g th  an d  se n s itiv ity  o f  th e  so f t a l lu v ia l  

c lay  in  th e  sea  b o tto m , th e  b o rro w  so il w as f irst d u m p e d  

so  as to  sp re ad  u n ifo rm ly  to  fo rm  a 2  to  3m  lay er, an d  

th e n  d u m p in g  w as e x e c u te d  in  ste p s to  fo rm  e ac h  lay e r 

w ith  a th ic k n e ss  o f  3 -4m . T h e  D arge d u m p in g  w as 

c o n tin u e d  u n til th e  f ill  re ac h e d  an  e le v a tio n  ab o u t 2 m  

b e lo w  th e  w ate r su rfac e . T h e n , e n d  d u m p in g  a lo n g  th e  

a lread y  c o n stru c te d  b e ac h  w as p e rfo rm e d  ab o v e  th e  

w a te r le v e l. In  th e  th ird  p h ase  th e  re m ain in g  p a rt o f  th e  

R o k k o  Is lan d  an d  th e  so u th e rn  h a lf  o f  th e  P o rt Is lan d  

w e re  c o n stru c te d  by  th e  m a te ria ls  c o m p o se d  o f  c ru sh e d

■ 4 '
/

( 1 8 7 2 % ) ( 1 9 5 9 % )

, L L i O  f i

( 1 9 2 3 % ) ( 1 9 6 7 # )

( 1 9 4 0 % ) ( 1 9 9 5 # )

Fig .9 D e v e lo p m e n t o f  lan d  re c la m a tio n  in  th e  p o rt 

d is tr ic t o f  K o b e

Fig .10  Ex e c u tio n  o f  re c la m a tio n  w o rk  in  K o b e  

are a s in c e  1960 's
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JM A  (E-W )

3 m « =  617 cm/ sec

- - - - - - - - ------- ------- ------- -- - - - - - - - i- - - - - - - - -- - - - - - - - . i

T im e  (sec o n d s)

F i g . l l  T im e  h is to rie s  o f  h o r iz o n ta l a c c e le ra tio n

re c o rd e d  at Ja p a n e se  M e te o ro lo g ic a l A g e n c y

m u d sto n e  tak e n  fro m  th e  b o rro w  are a w e st o f  K o b e  

c ity . T h u s, th e  g ro u n d  in  th e se  are as  c o n s is ts  o f  m o re  

s ilty  so ils  w ith  so m e w h a t h ig h e r p lastic ity .

G R O U N D  M O T IO N  C H A R A C T ER IST IC S

A t th e  tim e  o f  th e  e arth q u ak e , a n u m b e r o f  s tro n g  

m o tio n  re c o rd in g  in s tru m e n ts  w e re  trig g e re d  an d  

re g iste re d  m o tio n s  at v a r io u s  p lac e s  in  th e  e p ic e n tra l 

re g io n . O n e  o f  th e  s tro n g e st m o tio n s  re c o rd e d  at th e  

Ja p a n e se  M e te o ro lo g ic a l A g e n c y  (JM A ) is  sh o w n  in  

F i g . l l  w h e re  it c an  b e  se e n  th at th e  p e ak  h o r iz o n ta l  

a c c e le ra tio n  o n  th e  g ro u n d  su rfac e  w as 818g al ( 83%  o f  

g rav ity  a c c e le ra tio n  ) in  th e  n o r th - s o u th  d ire c tio n . T h e  

p e a k  v e lo c ity  o b ta in e d  b y  tim e  in te g ra tio n  y ie ld s  a v a lu e  

as h ig h  as 175 c m / se c . T h e  tra je c to ry  in  p lan  o f  th e  

re c o rd e d  ac c e le ra tio n s  at JM A  site  is d isp lay e d  in  Fig . 12 

a lo n g  w ith  o th e r m o tio n s  re g is te re d  at s ite s in  c lo se  

p ro x im ity  to  th e  fa u lt z o n e . T h e  tra je c to rie s  in  Fig .12 

re v e a l th e  fac t th at all o f  th e  se ism ic  m o tio n s  w e re  

p re d o m in a n tly  o rie n te d  in  th e  n o r th w e s t- s o u th e a s t 

d ire c tio n  w h ic h  is  p e rp e n d ic u la r to  th e  d ire c tio n  o f  fau lt 

lin e  as in d ic a te d  in  Fig .13 .

It is  a lso  k n o w n  th at th e  p e ak  a c c e le ra tio n s  

re c o rd e d  in  th e  h illy  are as  in  th e  n o rth  are  m u c h  

s tro n g e r th an  th e  m o tio n s  re g iste re d  in  th e  re c la im e d  

d e p o sits  in  th e  so u th  w h e re  d e a m p lic a tio n  o f  th e  

m o tio n s  w as s ig n if ic a n t d u e  to  n o n lin e a r  e f fe c ts  an d  

a lso  d u e  to  c y c lic  so f te n in g  o f  so f t so ils  p re v a ilin g  in  th is  

are a. O n  th e  b asis  o f  th e  re c o rd e d  m o tio n s , it is  p o ss ib le  

to  e stab lish  c o n to u r lin e s  o f  e q u al p e ak  h o r iz o n ta l  

a c c e le ra tio n  as sh o w n  in  Fig .13 . It is se e n  th a t th e  o v a l 

sh ap e d  c o n to u r lin e s  are  h ig h ly  c o n c e n tra te d  a ro u n d  

th e  fa u lt lin e  in d ic a tin g  a rap id  a tte n u a tio n  o f  th e  

m o tio n s  w ith  in c re a sin g  d is tan c e . T o  c larity  th is f e a tu re , 

th e  m a x im u m  re c o rd e d  h o r iz o n ta l ac c e le ra tio n s  at 

v a r io u s  s ite s are  p lo tte d  in  Fig .14 a g a in st th e  d is ta n c e  

c o u n te d  fro m  th e  n e a re st p o in t o n  th e  fa u lt lin e . It c an  

b e  se e n  in  Fig .14 th a t th e  sh a k in g  w ith  th e  m a x im u m  

a c c e le ra tio n s  o f  th e  o rd e rs  o f  500  to  800 g als o c c u rre d  i n  

th e  are a w ith in  th e  d istan c e  o f  5k m  fro m  th e  fa u lt l in e  

e x c e p t f o r s o m e w h a t sm a lle r  ac c e le ra tio n s  re c o rd e d  at 

s ite s  o f  re c la im e d  d e p o sits  w h e re  l iq u e fa c tio n  

d e v e lo p e d . A lso  n o te w o rth y  is  th e  sh arp  a tte n u a tio n  o f  

th e  m o tio n s  in  th e  are a  w ith  th e  d is tan c e  fa rth e r th a n  

ab o u t 20k m . T y p ic a l re la tio n s  o f  th e  sam e  e f fe c t 

p ro p o se d  b y  Jo y n e r-B o o re  (1988)  an d  Fu k u s h im a  (1995) 

are  a lso  sh o w n  su p e rim p o se d  in  Fig .14. T h e se  re la tio n s  

are  c o n s id e re d  to  re p re se n t th e  a tte n u a tio n  c h a ra c te ris 

tic s  o f  th e  se ism ic  sn ak in g  d u rin g  th e  K o b e  e a rth q u a k e  

w ith  a re aso n ab le  d e g re e  o f  c re d ib ility .

T h e  o th e r re c o rd e d  m o tio n s  o f  su p re m e  im p o r 

tan c e  are  th o se  re g iste re d  b y  th e  se t o f  in s tru m e n ts  

w h ic h  h ad  b e e n  in sta lle d  in  a v e rtic a l array  at a s ite  i n  

th e  n o rth w e st p a rt o f  P o rt Is lan d . Ex ac t lo c a tio n  o f  th e  

in s tru m e n t h o u se  is  in d ic a te d  in  Fig .15. T h e  so il p ro f ile  

a t th is  s ite  h ad  b e e n  in v e s tig a te d  to  a d e p th  o f  84m  as

Fig .12 T ra je c to rie s  in  p la n  o f  h o riz o n ta l ac c e le ra tio n s  

re c o rd e d  a t fo u r m a jo r s ite s

Distance from fault (km)

Fig .14  A tte n u a tio n  o f  re c o rd e d  h o r iz o n ta l 

a c c e le ra tio n s  in  th e  K o b e  e arth q u ak e  

0 a p a n e s e  G e o te c h n ic a l So c ie ty , 1996)

sh o w n  in  Fig .16 w h e re  it m ay  b e  se e n  th at th e  re c la im e d  

f ills  e x is t to  a d e p th  o f  18m  w ith  SP T  N -v a lu e s  o f  th e  

o rd e r o f  5  to  10. Be n e a th  th e  re c la im e d  f ills , th e re  e x is ts  

a silty  c lay  la y e r w h ic h  is id e n tif ie d  as th e  seab e d  d e p o s it 

b e fo re  th e  re c la m a tio n .

U n d e rly in g  th is  seab e d  d e p o sit, th e re  e x is t a lte r 

n a te  lay e rs o f  P le is to c e n e  e ra c o m p o se d  o f  san d s an d  

s ilts  o c c as io n a lly  c o n ta in in g  g rav e l. V e lo c ity  lo g g in g  

w as also  c o n d u c te d  at th is  s ite  to  id e n tify  p ro f ile  o f  sh e ar 

w av e  v e lo c ity  V s an d  lo n g itu d in a l w av e  v e lo c ity  V p . 

T h e  re su lts  o f  th e se  in -s itu  su rv e y  are  d isp lay e d  in  

Fig .16. T h e  d e p th s at w h ic h  th e  stro n g  m o tio n  re c o rd e rs  

w e re  in stallé e ! are  a lso  in d ic ate d  in  Fig .16. T h e  tim e
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Fig .15  L o c atio n  o f  sam p lin g  s ite s  an d  v e rtic a l array  

s ite  in  P o rt Is lan d

h is to rie s  o f  h o r iz o n ta l ac c e le ra tio n s  re c o rd e d  at f o u r  

d e p th s  are  sh o w n  in  Fig .17 . In  th e  c ase  o f  n o r th - s o u th  

c o m p o n e n t, a p e a k  a c c e le ra tio n  o f  679 g al a t a d e p th  o f  

83m  is se e n  d e c re asin g  to  a v a lu e  o f  544  g al at d e p th  

32m , an d  fu rth e r d e c re ase  to  a v a lu e  o f  340 g al is  

o b se rv e d  to  h a v e  o c c u rre d  as th e  w a v e  p ro p ag ate d  

u p w ard  to  th e  g ro u n d  su rfac e . S im ila r  d e a m p lif ic a tio n  

is  o b se rv e d  in  th e  e ast-w e st c o m p o n e n t o f  re g is te re d  

a c c e le ra tio n  fo r th e  n e a r-su rfa c e  d e p o s it to  a d e p th  o f  

32m . It is  ap p are n t th a t c y c lic  so f te n in g  o f  th e  re c la im e d  

f ills  d u e  to  d e v e lo p m e n t o f  l iq u e fa c tio n  c o u ld  b e  th e  

c au se  to  a c c o u n t f o r su c h  d e a m p lif ic a tio n  w h ic h  w o u ld  

h a v e  o th e rw ise  b e e n  an  a m p lif ic a tio n  o f  th e  w av e s  in  

th e  n e a r-su rfa c e  d e p o sits . A s  in d ic a te d  in  Fig .12, th e  

tra je c to ry  o f  th is  re c o rd e d  m o tio n s  at P o rt Is lan d  is  

o r ie n te d  p re d o m in a n tly  in  th e  n o rth w e st to  s o u th e a st 

d ire c tio n . T h u s  th e  n o rth - s o u th  c o m p o n e n t is to  be  

tak e n  as m o re  re p re se n ta tiv e  o f  th e  m o tio n s  th a t w e re  

e n c o u n te re d  in  th e  re c la im e d  d e p o sits  d u rin g  th e  K o b e  

e a rth q u a k e .

N-S Component (Port Island)

time(second)

E-W Component (Port Island)

Fig .17  H o riz o n ta l ac c e le ra tio n s  re c o rd e d  at th e

v e rtic a l array  s ite  o f  P o rt Is lan d  (T o k i,1995)

C H A R A C T ER IZ A T IO N  O F SO IL  P R O P ER T IES

T h e  f ills  b e n e a th  se v e ra l is lan d  in  th e  p o rt are a o f  

K o b e  w e re  c o n stru c te d  u sin g  re s id u a l so il fo rm e d  by 

w e a th e rin g  o f  g ra n itic  ro c k s. T h e  so il d u b b ed  M asad o  

w as o b ta in e d  fro m  b o rro w  s ite s  in  th e  R o k k o  M o u n ta in  

an d  b ro u g h t to  th e  site  th ro u g h  a c o m b in a tio n  o f  

c o n v e y o r b e lts  an d  p u sh -b arg e s . T h is  so il is c o lla p sib le  

in  its n atu ra l state  an d  its g ra in  s iz e  d is tr ib u tio n  v a r ie s  

w id e ly  d e p e n d in g  u p o n  th e  d e g re e  o f  w e ath e rin g . T h e  

g e n e ra l ran g e  o f  g ra in  siz e  fo r m e  d e c o m p o se d  g ra n ite  

f ills  are  sh o w n  in  Fig .18. T h e  c h arac te ris tic  fe atu re  o f  th e  

g ra in  c o m p o s itio n  is th at th e  m ate ria l is g e n e ra lly  w e ll-  

g rad ed  an d  c o n ta in s  a s ig n if ic a n t f rac tio n  o f  g rav e l. 

Su p e rim p o se d  in  Fig .18 are  th e  ran g e s  o f  g rad atio n  fo r 

so ils  w h ic h  are  h ig h ly  lik e ly  o r lik e ly  to  d e v e lo p  

liq u e fa c tio n  if  th e  so ils  are  d e p o site d  in -s itu  u n d e r  

su f f ic ie n tly  lo o se  c o n d itio n s . T h e se  ran g e s  w e re  

e stab lish e d  by  e x a m in in g  th e  g rad u atio n  c u rv e s  o f  a
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v a st m a jo rity  o f  so ils  w h ic h  w e re  k n o w n  to  h a v e  

d e v e lo p e d  liq u e fa c tio n  in  p ast e arth q u ak e s . In  

c o m p a riso n  w ith  th e se  b o u n d ary  c u rv e s , th e  so ils  in  

K o b e  are a w e re  k n o w n  to  h a v e  g ra in  c o m p o s itio n  

o u ts id e  th e  b o u n d a rie s  an d  h e n c e  c o n s id e re d  n o t to  b e  

h ig h ly  su sc e p tib le  to  liq u e fac tio n .

T o  o b se rv e  fe a tu re s  o f  d e p o s itio n  in  d e ta ils , a n  

a tte m p t w as m ad e  b y  K o b e  c ity  o f f ic e  ( 1 9 % )  to  e x c a v a te  

an  o p e n  p it in  A sh iy a h a m a  Is lan d  assa ile d  b y  e x te n s iv e  

liq u e fa c tio n . T h e  lo c a tio n  o f  th e  p it e x c a v a tio n  is  

in d ic a te d  in  th e  m ap  o f  Fig .19. A s sh o w n  in  a z o o m e d -  

u p  m ap  in  Fig .20, th e  s ite  is ju s t so u th  o f  th e  N o .5  Bay  

R o u te  Ex p ressw ay  an d  k n o w n  to  h av e  d e v e lo p e d  

liq u e fa c tio n  as atte ste d  b y  sp u rtin g  o r o o z in g  o f  san d -  

la a e n  w ate r at th e  tim e  o f  th e  e a rth q u a k e . In  c arry in g  

o u t th e  e x c a v a tio n , a lo t a b o u t 5m  b y  5m  w as e n c lo se d

Fig .18  G ra in  s iz e  d is tr ib u tio n  c u rv e s  o f  so ils  u se d  fo r 

la n d f il lin g  in  P o rt Is lan d  an d  R o k k o  Is lan d  

(Y asu d a e t al. 1995)

Fig .19  L o c a tio n  o f  p it e x c a v a tio n  in  A sh iy ah am a

b y  d riv in g  sh e e t p ile s  an d  d e w ate rin g  w as p e r f o rm e d  

w h ile  e x c a v a tio n  w as u n d e rw ay  to  a a e p th  o f  10m . T h e  

so il p ro f ile s  aro u n d  th e  fo u r w a lls  in  th e  re c ta n g u la r  

c ro ss  se c tio n  w e re  c are fu lly  c an v asse d  an d  sk e tc h e s  

d raw n  as sh o w n  in  Fig .21 . It m ay  b e  se e n  th at d u m p e d  

m a te ria ls  c o m p o se d  o f  a p o tp o u rri o f  so ils  w e re  

d e p o site d  e rra tic a lly  an d  n o  c le arly  d e f in e d  s tra ti f ic a tio n  

is v is ib le . Fig .22  sh o w s  o n e  o f  th e  p h o to g ra p h s  tak e n  at 

a d ep th  o f  10m . It m ay  b e  se e n  th at th e  so ils  d e r iv e d  

fro m  d is in te g rate d  g ran ite  w e re  d e p o site d  w ith o u t 

lay e re d  stru c tu re s . T h e  g ra in  c o m p o s itio n  o f  th e  so ils  

re p re s e n ta tiv e  o f  th o se  at e ac h  d e p th  is  sh o w n  o n  th e  

rig h t-h a n d  s id e  o f  Fig .21 w h e re  it c an  b e  se e n  th at th e  

g rav e l c o n te n t is  m o re  th an  50%  th ro u g h o u t th e  d e p th  

at th is  p it lo c atio n .

Fo llo w in g  th e  e arth q u ak e , a tte m p ts  w e re  m ad e  by  

v a r io u s  ag e n c ie s  to  re c o v e r  h ig h -q u a lity  u n d is tu rb e d  

sam p le s  b y  m e a n s  o f  th e  g ro u n d  f re e z in g  te c h n iq u e . 

Sh o w n  in  Fig .23 is th e  lo c a tio n s  o f  th e se  sam p lin g s . In  

all o f  th e  p ro je c ts , th e  g ro u n d  w as f ro z e n  b y  c irc u la tin g  

c o o la n t th ro u g h  a tu b e  p lac e d  in  a  b o re h o le . A s th e  

f re e z in g  f ro n t w as m ad e  to  ad v a n c e  s lo w ly  in  th e  rad ia l 

d ire c tio n , in c re ase d  v o lu m e  o f  p o re  w a te r at th e  

f re e z in g  f ro n t is c o n s id e re d  to  m ig ra te  o u tw a rd s  

w ith o u t d is tu rb in g  in ta c t s tru c tu re  o f  in - s itu  d e p o sit. 

A f te r f re e z in g  a c o lu m n  o f  in -s itu  so ils  a b o u t 1.5m  in  

d iam e te r, c o rin g  w as p e rf o rm e d  to  re c o v e r  sa m p le s  

15c m  in  d ia m e te r w ith  a le n g th  o f  a b o u t 2m . T h e  

sa m p le s  w e re  w rap p e d  w ith  a v in y l sh e e t, tra n s f o rm e d  

to  th e  lab o rato ry  an d  sto re d  in  a f ro z e r u n til th ey  w e re  

tested .

T w o  se ts  o f  u n d istu rb e d  sam p lin g  w e re  c arrie d  o u t 

a t tw o  n e arb y  s ite s ; o n e  at an  u n c o m p a c te d  d e p o s it an d

West North East

G r a in

c o m p o s i t io n ( % )

South

Fig . 21 So il p ro f ile  o b se rv e d  in  th e  p it

(R e p o rt o f  H a n sh in  H ig h w a y  A u th o rity , 1996)

A s h iy a -h a m a

I I Loca tion  o f Test P it 

C ?  L iq u e fa c tio n  A rea  

Fig .20  Fe atu re  o f  g ro u n d  d e s tru c tio n  in  th e  v ic in ity  o f  

th e  p it e x c a v a tio n

Fig . 22  So il p ro f ile  a t d e p th  10m  at th e  s ite  o f  

e x c a v a tio n  in  A sh iy a h a m a  Is lan d  

(R e p o rt o f  H a n sh in  H ig h w a y  A u th o rity , 1996)
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E le c tr ic  p o w e r  I

Fig . 23  L o c a tio n  o f  Sam p lin g  b y  m e an s  o f  th e  g ro u n d  

f re e z in g  te c h n iq u e

Fig .24  Fe a tu re s  o f  l iq u e fa c tio n  o c c u rre n c e  an d  

lo c a tio n  o f  s ite s o f  sam p lin g  an d  v e rtic a l 

a rray  o b se rv a tio n

th e  o th e r at a c o m p ac te d  g ro u n d  in  th e  n o rth e rn  p a rt o f  

P o rt Is lan d  as in d ic a te d  in  Fig .23. So m e w h a t z o o m - u p  

m ap  sh o w n  in  Fig .24  in d ic a te s  th a t th e  tw o  s a m p lin g  

s ite s  are  in  th e  v ic in ity  o f  th e  v e rtic a l array  o b s e rv a tio n  

s ite  an d  ap art o n ly  w ith in  a d is tan c e  o f  250m .

A t o n e  s ite  w h e re  sa m p lin g  w as p e rfo rm e d  by  

H atan ak a  e t al. (1996) , e v id e n c e s  o f  liq u e fa c tio n  su c h  as 

san d  b o ilin g  an d  g ro u n d  ru p tu rin g  w e re  o b se rv e d  all 

o v e r  th e  su rfac e . A t th e  o th e r s ite  w h e re  sam p lin g  w as 

c o n d u c te d  o n  th e  c o m p ac te d  d e p o s it b y  th e  R e se a rc h  

C o lla b o ra tio n  te am  (G e o te c h n ic a l R e se a rc h  C o lla b o ra 

tio n , 1997) , su rfa c e  m a n ife s ta tio n  o f  l iq u e fa c tio n  w as n o t 

w itn e sse d  fo llo w in g  th e  e arth q u ak e . T h u s it w o u ld  b e  o f  

in te re s t to  c o m p are  re su lts  o f  in - s itu  an d  la b o ra to ry  tests 

c o n d u c te d  o n  th e  so ils  a t th e se  tw o  sites .

A t th e  c o m p ac te d  site , th e  re c la im e d  d e p o sit h ad  

b e e n  d e n sif ie d  b y  m e a n s  o f  w h at m ig h t b e  c alle d  "R o d  

c o m p a c tio n  m e th o d "  in  w h ic h  a H -sh ap e d  ste e l b e a m  

40c m  b y  40 c m  w as d riv e n  in to  th e  g ro u n d  w h ile  

v ib ra tin g  v e rtic a lly . T h e  sp ac e  fo rm e d  in  th e  b e am  c ro ss 

s e c tio n  d u rin g  p e n e tra tio n  w as f ille d  w ith  san d  w h ic h  

w as su p p lie d  f ro m  th e  g ro u n d  su rfac e . A s a re su lt o f  

th is  o p e ra tio n , a c o lu m n  o f  d e n sif ie d  san d  ab o u t 60 c m  

in  d ia m e te r w as c re ate d  re su ltin g  in  th e  c o m p a c tio n  o f  

lo o se  san d  d e p o sits  in  its n e ig h b o u rh o o d . T h e  

c o m p a c tio n  h ad  b e e n  p e rfo rm e d  to  a d e p th  o f  18m  in  

th e  are a w h e re  w are h o u se s  fo r p ac k in g  w e re  to  b e  

c o n stru c te d , as sh o w n  in  Fig .25. T h e  re su lts  o f  in - s itu  

so u n d in g  te sts  b y  m e a n s  o r th e  Stan d ard  P e n e tra tio n  

T e st (SP T )  are  d isp lay e d  in  Fig .26. A lth o u g h  th e re  are  

sc atte rs, th e  SP T  N -v a lu e s  fo r th e  c o m p ac te d  d e p o sits  

are  k n o w n  to  b e  in  th e  ran g e  o f  N = 15 to  45  w ith  a n

Fig .25  P la n  v ie w  o f  th e  p ac k in g  h o u se  site

S P T  N -V a lu e

Fig .26  SP T  N -v a lu e s  at th e  s ite  o f  th e  p ac k in g  h o u se

av e rag e  o f  ab o u t 30. It is to  b e  n o te d  th at th e  n e a r 

su rfac e  lay e r sh a llo w e r th an  5m  an d  th e  d e e p -se ate d  

lay e r d e e p e r th an  15m  h ad  n o t b e  d e n sif ie d  e n o u g h . 

P re se n c e  o f  m o re  f in e s  in  th e  d e e p  lay e r an d  lac k  o f  

e n o u g h  su rc h arg e  n e a r th e  su rfac e  are  b e lie v e d  to  b e  th e  

re aso n s  f o r th e  in c o m p le te  c o m p a c tio n  th e re  e v a lu a te d  

in  te rm  o f  SP T  N -v alu e .

T h e  u n d istu rb e d  f ro z e n  sam p le s  c u t so  as to  h av e  a 

d iam e te r o f  15c m  an d  30c m  in  le n g th  w e re  o n c e  th aw e d  

an d  te ste d  in  th e  lab o rato ry  u sin g  th e  cy c lic  triax ia l te st 

ap p aratu s . T h e  re su lts  o f  th e  c y c lic  triax ia l te sts  o n  

sam p le s  re c o v e re d  fro m  d e p th s  5 .8  - 6 .7m  are  sh o w n  i n 

Fig .27. T h e  sam p le s  c o n ta in  ab o u t 50%  g rav e l (p artic le  

s iz e  g re ate r th an  2m m ) as sh o w n  in  th e  g ra in  s iz e  

d is tr ib u tio n  c u rv e s  o f  Fig .28 . Fig .27  in d ic a te s  th a t th e  

c y c lic  sh e ar s tre n g th  d e f in e d  as th e  cy c lic  stre ss ra tio  

c au sin g  5%  d o u b le -a m p litu d e  (D .A .)  ax ial stra in  in  20 

c y c le s  o f  u n ifo rm  lo ad  ap p lic a tio n  is o f  th e  o rd e r o f  0.25

- 0 .35, w h ic h  is ap p are n tly  g re ate r th an  th a t n o rm a lly  

o b ta in e d  fo r sam p le s  o f  lo o se ly  d e p o site d  c le an  san d . It 

is n o te d  th at, u n lik e  th e  b e h a v io u r o f  o th e r u n d istu rb e d
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Num ber o f Cycles, N

Fig .27  C y c lic  s tre n g th s  o f  so ils  f ro m  c o m p ac te d  

d e p o s it at th e  p ac k in g  h o u se  site

Fig .28  G rain  s iz e  d is tr ib u tio n  o f  th e  M a sa d o  so il f ro m  

th e  d e p th  o f  aro u n d  6m  a t th e  p ac k in g  h o u se  

s ite

sa m p le s  o f  c le an  san d , th e  cy c lic  s tre n g th  h as te n d e n c y  

to  in c re a se  s ig n if ic a n tly  w ith  d e c re as in g  n u m b e r o f  

c y c les. T h e  c y c lic  s tre n g th  as d e f in e d  fo r v a r io u s  

n u m b e rs  o f  lo ad  ap p lic a tio n , N c , is p lo tte d  v e rsu s  SP T  

N , -  v a lu e  in  Fig .29, w h e re  N ,-v a lu e  is  th e  SP T  N -v a lu e  

n o rm a liz e d  to  th a t u n d e rg o in g  a c o n f in in g  stre ss o f  

lk g f /  c m 2. It is a p p a re n t th at th e  cy c lic  s tre n g th  te n d s to  

in c re a se  w ith  in c re a sin g  N ,-v a lu e  an d  a lso  w ith  

d e c re asin g  n u m b e r o f  cy c lic  lo ad  ap p lic a tio n  b e in g  

c o n sid e re d . T h e  rise  in  c y c lic  s tre n g th  is  o b se rv e d  to  b e  

m o re  p ro n o u n c e d  as th e  n u m b e r o f  c y c les in  q u e s tio n  

b e c o m e s  sm alle r.

A n o th e r sc h e m e  o f  sam p lin g  by  m e a n s  o f  th e  

g ro u n d  fre e z in g  w as c o n d u c te d  b y  H atan ak a e t. al. (1997) 

a t an  u n c o m p ac te d  s ite  in  c lo se  p ro x im ity  to  th e  p ac k in g  

h o u se  s ite  as m e n tio n e d  ab o v e . Ex ac t lo c a tio n  o f  th e  

sa m p lin g  is sh o w n  in  Fig .24. T h e  so il p ro f ile  at th is  as-  

d e p o s ite d  s ite  is p re se n te d  in  Fig .30 w h e re  it c an  b e  s e e n  

th a t a u n ifo rm  lay e r o f  th e  g ra n ite -d e riv e d  M asad o  

e x is ts  to  a d e p th  o f  18m  w ith  an  av e rag e  SP T  N , -  v alu e  

o f  10. T h e  o u tc o m e  o f  th e  c y c lic  triax ial te sts o n  

u n d istu rb e d  sam p le s  f ro m  th is  s ite  is  d isp lay e d  in  Fig .31 

w h e re  it c an  b e  se e n  th a t th e  c y c lic  s tre n g th  fo r 20 c y c les 

an d  3 c y c le s  is 0 .18  an d  0 .30 , re sp e c tiv e ly , o n  th e  av e rag e . 

G rad in g  o f  th e  te ste d  m a te ria ls  is  sh o w n  in  Fig .32. T h e  

v a lu e s  o f  th e  cy c lic  s tre n g th  o b ta in e d  fro m  th is  te st 

se rie s  are  a lso  p re se n te d  in  Fig .29  in  te rm  o f  th e  p lo t 

ag a in st SP T  N , -  v a lu e , a lo n g  w ith  th e  d ata  f ro m  th e  

c o m p ac te d  s ite . C o m p a riso n  o f  th e se  tw o  d ata se ts, o n e  

f ro m  th e  c o m p ac te d  an d  th e  o th e r f ro m  th e  

u n c o m p a c te d  d e p o sits , c le arly  sh o w s in c re a se s  in  c y c lic  

s tre n g th  as w e ll as N j -  v a lu e  fo r th e  sam p le s  f ro m  th e

Fig .29  C y c lic  s tre n g th  v e rsu s  N j -  v a lu e

d e n sif ie d  d e p o sit, as c o m p are d  to  th o se  f ro m  th e  

u n d e n s if ie d  a s - re c la im e d  d e p o sit.

In  Fig .29, re la tio n s  b e tw e e n  th e  c y c lic  s tre n g th  an d  

N , -  v a lu e  p ro p o se d  b y  Y o sh im i e t al. (1989)  are  a lso  

sh o w n  su p e rim p o se d  b y  so lid  lin e s . It m ay  b e  se e n  th a t 

th e  p ro p o se d  re la tio n s  are  in  a g re e m e n t w ith  th e  d ata 

d e sc rib e d  ab o v e  w ith  a re aso n ab le  d e g re e  o f  ac c u rac y .

P ro je c ts  o f  sa m p lin g  b y  m e a n s  o f  th e  g ro u n d  

f re e z in g  h av e  b e e n  im p le m e n te d  at d o z e n s  o f  s ite s  

th ro u g h o u t Ja p a n  in c lu d in g  th o se  in  K o b e  are a s h o w n  

in  Fig .23 . T h e  w e a lth  o f  h ig h -q u a lity  d ata o b ta in e d  by  

th e  c y c lic  triax ial te sts  an d  in -s itu  te sts w as  am asse d  an d  

c o m p ile d  in  a fo rm  o f  e m p iric a l f o rm u la e , an d  p u t in  

th e  re v ise d  v e rs io n  o f  th e  se ism ic  d e sig n  c o d e  o f  

Ja p a n e se  H ig h w ay  Brid g e  C o n stru c tio n . Sh o w n  in  Fig .33  

is  a c u rv e  q u o te d  fro m  th is  d e s ig n  c o d e  w h ic h  b e lo n g s  

to  san d y  so ils  h a v in g  f in e s  c o n te n t le ss  th a n  10% . 

In d iv id u a l p o in ts  in  th is  f ig u re  are  th o se  o f  te st d ata 

f ro m  th e  lab o rato ry  te sts  o n  u n d istu rb e d  sam p le s . In  

fac t, th e  d e sig n  c u rv e  sh o w n  in  th e  f ig u re  w as 

e stab lish e d  b ased  o n  th e se  d ata. T h e  c u rv e  in  Fig .33  

in d ic a te s  th a t th e  c y c lic  s tre n g th  o f  san d y  so ils  starts  to  

in c re ase  re m ark ab ly  fo r th e  ran g e  o f  N j -  v a lu e  in  e x c e ss 

o f  20. It m ay  a lso  b e  se e n  th at th e  u p p e r l im it o f  

N , -  v a lu e  b e y o n d  w h ic h  liq u e fa c tio n - ty p e  c y c lic  

so f te n in g  n e v e r o c c u rs  is  a b o u t 30.

L A T ER A L  SP R EA D IN G  O F T H E G R O U N D

D u rin g  th e  e arth q u ak e , liq u e fa c tio n  d e v e lo p e d  

e x te n s iv e ly  o v e r th e  are as  o f  re c la im e d  lan d s  in  th e  p o rt 

an d  h a rb o u r d istric t o f  K o b e  c ity . In  th e  te rra in  b e h in d  

th e  q u ay w alls , th e  l iq u e fa c b o n  g av e  rise  to  an  in c re a se  

in  la te ra l fo rc e , an d  le d  to  e x c e ss iv e  m o v e m e n ts  o f  th e  

c a isso n -ty p e  w all as  m u c h  as 3 to  4 m  to w ard s th e  sea. A  

c e rta in  p e rc e n ta g e  o f  th is m o v e m e n ts  m ay  b e  a ttr ib u te d  

to  a p u re  tra n s la tio n  o f  th e  w all c au se d  Dy th e  in e r tia l  

f o rc e  d u e  to  v e ry  h ig h  in te n s ity  o f  g ro u n d  s h a k in g  

d u rin g  th e  e arth q u ak e . W h a te v e r  th e  g e n e tic  c au se  is, 

th e  h o r iz o n ta l m o v e m e n t o f  th e  w all w as a c c o m p a n ie d  

by  an  e q u ally  larg e  a m o u n t o f  la te ra l sp re ad in g  o f  

g ro u n d  so ils  w h ic h  p ro p ag ate d  re arw ard s  in la n d . T h e  

g ro u n d  ru p tu re  as it p ro p ag ate s  b ac k w ard s  is to  be  

c o n s id e re d  as a p h e n o m e n o n  o f  e n g in e e rin g  s ig n i f i 

c an c e  as it d e f in e s  th e  sp atia l e x te n t o f  th e  g ro u n d  

d istre ss  to  w h ic h  d u e  c o n s id e ra tio n  m ay  n e e d  to  b e  

g iv e n  in  re la tio n  to  th e  d e sig n  o f  f o u n d a tio n s , in  o rd e r 

to  a llo w  fo r th e  e f fe c ts  o f  la te ra l sp re ad in g . In  v ie w  o f  

th is , a tte m p ts  w e re  m ad e  to  in v e s tig a te  f e a tu re s  o f  

g ro u n d  d isp la c e m e n ts  an d  s e ttle m e n ts  c au se d  b y  th e  

la te ra l sp re ad in g  o f  liq u e f ie d  so il d u rin g  th e  e arth q u ak e
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Fig .30  So il p ro f ile  a t th e  u n c o m p a c te d  s ite  in  P o rt 

Is lan d  (H atan ak a  e t al. 1997)

Number of Cycles, Nc 

Fig .31 C o m p ariso n  o f  c y c lic  s tre n g th  o t th e

u n d is tu rb e d  sa m p le s  f ro m  u n c o m p a c te d  an d  

c o m p ac te d  M a sa d o  d e p o s it

Fig .32 G rad in g  o f  th e  u n d istu rb e d  sam p le s  o f  th e  

M asad o  so il fro m  th e  u n c o m p ac te d  site  

(H atan ak a e t al. 1997)

Fig .33  C y c lic  sh e ar s tre n g th  v e rsu s  SP T  N ,- v a lu e

Fig .34 Sc h e m a tic  d iag ram  illu s tra tin g  ite m s o f

m e a su re m e n ts  in  th e  m e th o d  o f  th e  g ro u n d  

s u rv e y in g

in  th e  w h a rf  are as  a lo n g  th e  p e rip h e rie s  o f  P o rt Is lan d , 

R o k k o  Is lan d  an d  Fu K ae  Is lan d . A t a n u m b e r o f  

lo c a tio n s , m e a s u re m e n ts  w e re  m ad e  o n  th e  w id th  o f  

o p e n  c rac k s an d  v e rtic a l o f fse ts  ac ro ss th e  c rac k s o n  th e  

g ro u n d  su rfac e  a lo n g  an  a lig n m e n t in  th e  d ire c tio n  

p e rp e n d ic u la r  to  th e  re v e tm e n t lin e . T h e  sc h e m e  o f  

su rv e y  o n  th e  g ro u n d  su rfac e  is  illu stra te d  in  Fig .34. 

T h e  m -situ  m e a s u re m e n ts  starte d  fro m  a p o in t C  

b e h in d  a q u ay w all u n til a d atu m  p o in t D  is re ac h e d  

w h e re  th e re  is n o  c rac k  v is ib le  o n  th e  g ro u n d  su rfac e . 

By  s u m m in g  u p  th e  w id th  o f  th e  c rac k  o p e n in g s  

su c c e ss iv e ly  f ro m  th e  d atu m  p o in t to w ard s th e  

w ate rf ro n t, th e  late ra l d isp la c e m e n t at an y  p lac e  w as 

d e te rm in e d . Sim ila rly  by  su m m in g  u p  th e  v e rtic a l  

o f fse ts, th e  d is trib u tio n  o f  s e ttle m e n ts  w as o b ta in e d  as a 

fu n c tio n  o f  d is tan c e  in lan d  fro m  th e  w a te rf ro n t w h e re  

c a isso n -ty p e  q u ay w alls  are  in sta lle d . T h e  lo c a tio n s  

w h e re  m e a s u re m e n ts  w e re  m ad e  are  sh o w n  in  Fig .35. 

T h e y  are  all lo c ate d  in  th e  p e rip h e rie s  o f  m a n - m a d e  

re c la im e d  islan d s c o n s is tin g  o f  p rac tic a lly  th e  s a m e  

m a te ria ls , i.e ., M asad o  d e riv e d  f ro m  w e ath e rin g  o f  

g ra n itic  ro c k s. T h e  re v e tm e n ts  o r q u ay w alls  in  th is are a 

w e re  all c o n stru c te d  o f  g rav ity - ty p e  c a isso n  w alls  w ith  

th e ir in n e r c o m p a rtm e n ts  f i lle d  w ith  san d . A  v a s t 

m a jo rity  o f  th e  c a isso n  b o x e s  w e re  p lac ed  o n  th e  s to n e  

m o u n d s  re stin g  o n  th e  M asad o  b ed s, w h ic h  w e re  

artif ic ia lly  p lac e d  a f te r th e  so f t c lay  in  th e  o rig in a l seab e d  

w as re m o v e d . T h e  m a te ria l b e h in d  th e  c a isso n  w alls  is 

also  th e  M asad o , th e  sam e  so il as u se d  fo r th e  

f o u n d a tio n  b ed . A  ty p ical re su lt o f  m e a s u re m e n ts  is 

d isp lay e d  in  Fig .36 fo r th e  c ro ss se c tio n  R -2  in  R o k k o  

Is lan d  w h e re  it c an  b e  se e n  th a t th e  c a isso n  b o d y  d id  

s to o p , a c c o m p an ie d  b y  a la te ra l m o v e m e n t o f  1 .56m  an d
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s e ttle m e n t o f  0 .96m . T h e  d isp la c e m e n t is  sh o w n  to  h av e  

e x te n d e d  in la n d  as far b ac k w ard s  as 183 .7m . A  so il  

p ro f ile  n e a r th e  p o in t R -2  is sh o w n  in  Fig .37. It m ay  b e  

se e n  th at th e  m a n -m a d e  f ills  c o m p o se d  o f  M asad o  so il 

e x iste d  to  a d e p th  o f  a b o u t 20m . L iq u e fac tio n  is 

c o n c e iv e d  to  h a v e  o c c u rre d  in  th is  re c la im e d  f ills . It is  

c o n c e iv a b le  th at th e re  w e re  d u al fac to rs  w h ic h  m ig h t 

h a v e  ac te d  to  p ro d u c e  th e  la te ra l d isp la c e m e n t o f  th e  

c a isso n  w alls . T h e se  are  in e rtia  fo rc e  d u e  to  th e  in te n s e  

sh a k in g  an d  so f te n in g  o f  so ils  s u rro u n d in g  th e  c a isso n  

c au se d  by  b u ild u p  o f  p o re  w ate r p re ssu re . It m ay  be  

ro u g h ly  assu m e d  th at th e  e f fe c ts  o f  p o re  w ate r p re ssu re  

b u ild u p  in c lu d in g  liq u e fa c tio n  w e re , b y  an d  larg e , th e  

sam e  all o v e r  th e  w a te rf ro n t are as  in  K o b e  p o rt th a t 

w e re  af fe c te d  b y  th e  e arth q u ak e . H o w e v e r, th e  e f fe c ts  o f  

in e rtia  fo rc e  are  d e e m e d  d if fe re n t, d e p e n d in g  u p o n  th e  

d ire c tio n  to  w h ic h  th e  re v e tm e n t lin e  is o r ie n te d . A s a 

m a tte r o f  fac t, th e  re c o rd s  o f  a c c e le ra tio n s  se c u re d  

d u rin g  th e  e a rth q u a k e  sh o w e d  m o tio n  c h a ra c te ris tic s  

w h ic h  are  larg e ly  b iase d  to  th e  n o r th w e s t- s o u th e a s t 

d ire c tio n  as in d ic a te d  in  Fig .12. Base d  o n  th e  re c o rd s  

o b ta in e d  n e arb y , th e  a c c e le ra tio n  in fe rre d  to  h a v e  ac te d  

o n  th e  q u ay w alls  o rie n te d  in  d if f e re n t d ire c tio n s  w e re  

e stab lish e d  b y  In ag ak i e t al. (1996)  as in d ic a te d  in  Fig .38. 

It m ay  b e  se e n  th at th e  h o r iz o n ta l a c c e le ra tio n  a g a in st 

th e  n o rth -  o r so u th - fa c in g  w alls  w as o f  o rd e r o f  500g al 

w h e re as  an  a c c e le ra tio n  o f  th e  o rd e r o f  250-300g al is

in fe rre d  to  h a v e  ac ted  ag a in st th e  e ast-  o r w e st- fac in g  

w alls. R e f le c tin g  su c h  d ire c tio n a lity  o f  th e  e a rth q u a k e  

m o tio n s , th e  late ra l d isp la c e m e n ts  at th e  c a isso n  p o in ts  

o b tain e d  b y  G P S (In ag ak i e t al. 1996)  w e re  o f  th e  o rd e r o f  

2 -4m  in  th e  n o rth -  o r  so u th - fa c in g  w alls , w h ic h  w e re  

ap p are n tly  la rg e r as c o m p are d  to  th e  v a lu e  o f  l - 3 m  in  

th e  w alls  fa c in g  th e  e a st o r  w e st, as sh o w n  in  Fig .39.

In  v ie w  o f  th is , all th e  d ata o n  th e  g ro u n d  

d isp la c e m e n ts  m e asu re d  b y  th e  m e th o d  o f  th e  g ro u n d  

su rv e y in g  at P o rt Is lan d , R o k k o  Is lan d  an d  Fu k a e h a m a  

w e re  d iv id e d  in to  tw o  g ro u p s; o n e  p e rta in in g  to  th e  

n o rth -  o r so u th - fa c in g  w a lls  an d  th e  o th e rs  to  th e  e ast-  

o r  w e st- fac in g  w alls. Fig .40  sh o w s  all th e  la te ra l 

d isp la c e m e n ts  f ro m  th e  n o rth -  o r so u th - fa c in g  c a isso n  

w a lls  p lo tte d  to g e th e r, v e rsu s  th e  d is tan c e  f ro m  th e  l in e  

o f  re v e tm e n t. It is n o te w o rth y  th at th e re  is an  ac u te  

d ro p  in  th e  d isp la c e m e n t in  th e  v ic in ity  o f  th e  w alls , 

w h ic h  is in d ic a tiv e  o f  p ro n o u n c e d  in f lu e n c e  o f  in e r tia  

fo rc e  in  p ro d u c in g  th e  larg e  d isp la c e m e n t n e ar th e  

w alls. Fig .41 sh o w s all th e  d ata o f  th e  g ro u n d  

d isp la c e m e n t o b ta in e d  at th e  s ite s  w h e re  th e  q u ay w alls  

are  o rie n te d  to w ard s  th e  e ast o r  w e st. A s c o m p are d  to  

s im ila r  d ata a rra n g e m e n ts  sh o w n  in  Fig .40 , th e  

a tte n u a tio n  o f  la te ra l d isp la c e m e n t is se e n  in  Fig .41 

b e in g  m o re  g rad u a l e v e n  in  th e  are  a in  p ro x im ity  to  th e  

w alls . T h e  late ra l d isp la c e m e n t at an y  p o in t n o rm a liz e d  

to  th at at th e  w a te rf ro n t is  sh o w n  in  Fig . 4 2  f o r th e  e ast 

o r w e st fac in g  w alls  a g a in st th e  d is tan c e  w h ic h  w as a lso  

n o rm a liz e d  to  th e  m a x im u m  d is ta n c e  w ith in  w h ic h  th e  

g ro u n d  d is to rs io n  su c h  as c rac k s w as o b se rv e d . S im ila r  

d ata a rra n g e m e n ts  w e re  m ad e  also  f o r th e  n o rth  o r  

so u th  fac in g  w alls . T h o u g h  th e re  are  sc atte rs  in  th e  

a tte n u a tio n  c u rv e s , it m ay  b e  p o ss ib le  to  d raw  a n  

av e rag e  c u rv e  as in d ic a te d  in  Fig .42. T h e  a v e rag e  l in e  

d raw n  in  Fig .42  is d isp lay e d  ag ain  in  Fig .43 , a lo n g  w ith  

s im ilarly  o b ta in e d  a v e rag e  c u rv e  fo r th e  n o rth  o r  s o u th  

fac in g  w alls . It c an  b e  se e n  in  Fig .43  th at th e  a tte n u a tio n  

is m o re  p ro n o u n c e d  fo r th e  so il d e p o s it re ta in e d  b y  th e  

n o rth -  o r so u th - fa c in g  c a isso n  w a lls  th an  fo r th e  g ro u n d  

b e h in d  th e  w alls  fac in g  th e  e ast o r  w e st d ire c tio n . T h e  

re a so n  fo r th e  rap id  a tte n u a tio n  in  th e  f o rm e r c ase  is  

s im p ly  th e  la rg e r m o v e m e n ts  o f  th e  q u ay w alls  w h ic h  

w e re  c au se d  b y  a g re ate r a c c e le ra tio n  in  th e  n o r th - s o u th  

d ire c tio n  d u rin g  th e  K o b e  e a rth q u a k e . A s d isc u sse d  

ab o v e , th e  g ro u n d  m o v e m e n ts  in  th e  b ac k lan d  re ta in e d  

b y  th e  e ast-  o r w e st- fac in g  w alls  ap p e ar to  h av e  b e e n

183.66m

R o k k o  Is la n d  

R - 2  S e c t io n

103.66m-

,25m-

Datum point 
+3.19m

Fig . 36 D e ta ile d  p ro f ile  o f  th e  g ro u n d  d e fo rm atio n  at R -2
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Fig . 38  M a g n itu d e  o f  a c c e le ra tio n  in fe rre d  to  h av e

ac te d  o n  th e  q u ay w all w ith  d if f e re n t d ire c tio n s  

(In ag ak i e t al., 1996)

3  0 0 m  H o r iz o n ta l  D i s p l a c e m e n t  u
0 . 5  1 . 0  k m

Fig .39  L ate ra l d isp lac e m e n ts  o f  th e  q u ay w alls  in  

R o k k o  Is lan d  an d  P o rt Is lan d  

(In ag ak i e t al., 1996)

D is ta n c e  f r o m  th e  w a te r f r o n t  (m )

Fig .40  L ate ra l d isp lac e m e n ts  v e rsu s  th e  d is tan c e  fro m  

th e  w a te rf ro n t (N o rth  o r so u th  fac in g  q u ay w alls )

D is ta n c e  f r o m  th e  w a te r f r o n t  (m )

Fig .41 L ate ra l d isp la c e m e n ts  v e rsu s  th e  d is tan c e  fro m  

th e  w a te rf ro n t (East o r  w e st fac in g  q u ay w alls)

Fig .42

D is ta n c e  o f  in f lu e n c e

N o rm a liz e d  d isp la c e m e n ts  v e rsu s  th e  

n o rm a liz e d  d is ta n c e  f ro m  th e  w a te rf ro n t 

(East o r w e st fac in g  q u ay w alls)

D i s t a n c e  o f  i n f l u e n c e

Fig  43 C o m p a riso n  o f  th e  n o rm a liz e d  d isp lac e m e n t 

v e rsu s  th e  n o rm a liz e d  d is tan c e  f o r th e  

q u ay w alls  w ith  d if f e re n t d ire c tio n s
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Fig .44  H ig h w ay  sy ste m  in  th e  O sak a-K o b e  d istric t

Fig .45  L ate ra l d isp lac e m e n ts  o f  th e  b rid g e  p ie rs  a lo n g  th e  N o .5  Bay  Sh o re  H ig h w ay s  

(H an sh in  H ig h w ay  A u th o rity , 1996)

c au se d  p rim a rily  b y  th e  liq u e fa c tio n  o f  th e  so il d e p o sit, 

an d  fo r th is  re aso n , it w o u ld  b e  le g itim a te  to  c h o o se  th e  

a tte n u a tio n  c u rv e  p e rta in in g  to  tn e  e ast-  o r w e st- fac in g  

w alls  fo r p rac tic a l p u rp o se s  w h e re  e stim a te  o f  la te ra l 

d isp la c e m e n ts  is  n e e d e d  c o n s id e rin g  th e  g ro u n d  

sh ak in g  o f  th e  o rd e r o f  300g al, fo r d e sig n  o f  f o u n d a tio n s  

o r  u n d e rg ro u n d  s tru c tu re s .

D A M A G E T O  BR ID G E FO U N D A T IO N S

E x te n s iv e  d am ag e  w as in c u rre d  to  w ate r- c ro ss in g  

b rid g e s an d  e le v a te d  stru c tu re s  o f  th e  H a n s h in  

Ex p re ssw ay  a lo n g  th e  b ay  are a b e tw e e n  K o b e  an d  O sak a. 

T h is  is a n e tw o rk  o f  m a jo r  to ll h ig h w ay s  an d  

in te r lin in g  fe e d e r ro u te s  c o n stitu tin g  o n e  o f  th e

p rim ary  arte ria l h ig h w ay s  w ith in  th is  re g io n . Fig .44 

sh o w s th e  n e tw o rk  o f  th e  e x p re ssw ay  in  th e  h e a v ily  

d am ag e d  are a  o f  th e  H a n sh in  (O sak a-K o b e )  d istric t. T h e  

h ig h w ay s m o st fatally  af fe c te d  w e re  N o .3  K o b e  R o u te  

an d  th e  N o .5  Bay  R o u te . T h e  R o u te  N o .3  is  a m a jo r  to ll 

h ig h w ay  e x te n d in g  f ro m  O sak a, a lo n g s id e  O sak a Bay  

th ro u g h  to  th e  w e ste rn  s id e  o f  K o b e  an d  is  a lm o s t 

e n tire ly  e le v a te d  th ro u g h o u t th e  ro u te . T h e  m a in  

fe a tu re  o f  th e  d am ag e  w as th e  b re ak ag e  o f  re in f o rc e d  

c o n c re te  s in g le  p illa rs  d u e  to  e x c e ss iv e  sh e a r stre ss  o r  

b e n d in g  m o m e n t in d u c e d  b y  s tro n g  in e rtia  fo rc e  d u rin g  

th e  in te n se  sh a k in g  o f  th e  K o b e  e a rth q u a k e . It is  

re p o rte d  b y  Iw asak i (1996)  an d  M atsu i e t at. (1996)  th a t 

th e  d am ag e  to  e le v ate d  stru c tu re s  f o r th e  N o .3  K o b e  

R o u te  w e re  c o n c e n tra te d  m a in ly  to  th e  p ie rs  ab o v e  th e  

g ro u n d  su p p o rtin g  th e  su p e rstru c tu re s  an d  l ittle



d am ag e  w as in c u rre d  to  th e  f o u n d a tio n s  su c h  as 

e m b e d d e d  fo o tin g s  an d  p ile s .

In  th e  c ase  o f  th e  N o .5  Bay  R o u te , th e  d am ag e  to  

p ie rs  o r  su p e rs tru c tu re s  w e re  m o re  th an  se v e re  in  th e  

te rra in  c lo se  to  th e  w ate rf ro n t. N o  le ss d e s tru c tiv e  w as 

th e  d am ag e  to  f o u n d a tio n  sy ste m  su c h  as p ie rs o r  

fo o tin g s . T h e  Bay  R o u te  is  lo c ate d  in  th e  are a o f  

m a n m a d e  d e p o sits  c o m p o se d  o f  th e  M asad o  so il in  

K o b e . Fo llo w in g  th e  e arth q u ak e , m o v e m e n ts  o f  b rid g e  

p ie rs  w e re  su rv e y e d  a lo n g  th e  B a y  R o u te  N o .5  b y  v ir tu e  

o f  th e  G P S (G lo b al P o s itio n in g  Sy ste m ) . T h e  o u tc o m e  o f  

th e  su rv e y  is  d isp lay e d  in  Fig .45  in  te rm s o f  v e c to rs  f o r 

th e  se c tio n  fro m  N ish in o m iy a  to  R o k k o  Is lan d . It w as 

d isc o v e re d  th a t th e  v a s t e x p an se  o f  th e  are a s u rv e y e d  

h ad  m o v e d  as a w h o le  a b o u t 20c m  to w ard s  s o u th w e s t 

fo r so m e  re aso n s  n o t y e t id e n tif ie d . In  th e  d is p la c e m e n t 

v e c to rs  d isp lay e d  in  Fig .45 , th e  o v e ra ll m o v e m e n ts  o f  

20c m  are  su b trac te d  f ro m  th e  m e asu re d  d ata. Fig .45  

in d ic a te s  th a t th e  la te ra l d isp la c e m e n ts  o f  th e  b rid g e  

p ie rs  in  th e  v ic in ity  o f  th e  w a te rlin e  are  g e n e ra lly  la rg e r 

th a n  th o se  in  th e  in lan d  are a an d  d ire c te d  

p re d o m in a n tly  to w ard s  th e  w ate rf ro n t.

T h e  g ro u n d  d isp la c e m e n ts  in  so m e  se c tio n s  a lo n g  

th e  Bay  R o u te  N o .5  w e re  e stim a te d  b y  H am ad a e t al. 

(1996)  o v e r  th e  w id e sp re ad  are a b y  m e a n s  o f  a ir-  

p h o to g ra p h  in te rp re ta tio n . In  th is  m e th o d , so m e  targ e t 

o b je c ts  o n  th e  g ro u n d  su c h  as m a n h o le s  o r  c o m e rs  o f  

d ra in ag e  c h a n n e ls  w e re  p in p o in te d  an d  d e sig n ate d  o n  

p a irs  o f  a ir-p h o to g ra p h s  tak e n  b e fo re  an d  a f te r th e  

e a rth q u a k e  an d  th e  d isp la c e m e n ts  w e re  o b ta in e d  by  

tak in g  th e  d if f e re n c e  b e tw e e n  th e  p o st-an d  p re -  

e a rth q u a k e  lo c a tio n s  o f  th e se  o b je c ts . T h e  la te ra l 

d isp la c e m e n ts  o b ta in e d  in  th is  w ay  at sp e c if ie d  p o in ts  

w e re  u se d  to  o b ta in  a p ic tu re  o f  d is tr ib u tio n  o f  th e  

h o r iz o n ta l d isp la c e m e n ts , b ased  o n  a l in e a r in te rp o la 

tio n  m e th o d  u s in g  a f in ite  e le m e n t m e sh . T h e  p ic tu re  

o f  la te ra l d isp la c e m e n ts  th u s o b ta in e d  fo r th e  s o u th e rn  

p a rt o f  U o z ak ih am a is  d isp lay e d  in  Fig .46 , w h e re  it m ay  

b e  se e n  th at in  th e  are a  n e ar th e  re v e tm e n t lin e  th e  

la te ra l d isp la c e m e n t is d ire c te d  so u th w a rd s  to  th e  

w a te rf ro n t w ith  its  m a x im u m  o f  186c m . N o te  th at th e  

la te ra l d isp la c e m e n t o f  th e  b rid g e  p ie r, P 211, c lo se st to  

th e  re v e tm e n t w as 62c m  a v a lu e  w h ic h  is s ig n if ic a n tly  

sm a lle r  th an  th a t o f  th e  su rro u n d in g  g ro u n d .

T h e  m o st strik in g  fe a tu re  o f  th e  d am ag e  w as 

m o v e m e n t o f  f o u n d a tio n s  to w ard s  th e  se a  d u e  to  la te ra l 

sp re ad in g  o f  th e  g ro u n d  as a w h o le  re su ltin g  f ro m  

liq u e fa c tio n  o f  so ils . D e le te rio u s  e f fe c ts  o f  la te ra l 

sp re ad in g  w e re  n o tab ly  o b se rv e d  in  p e rfo rm a n c e s  o f  

p ie rs  o r  D ents o f  e le v a te d  h ig h w ay  s tru c tu re s  s ta n d in g  

in  p ro x im ity  to  re v e tm e n t lin e s . A  ty p ic al e x a m p le  o f  

su c h  d am ag e  w as se e n  in  th e  P ie r 211 o f  th e  H a n s h in  

Ex p re ssw ay  N o .5  Bay  R o u te  w h ic h  is  lo c a te d  in  th e  

s o u th e rn m o st p a rt o f  U o z a k ih a m a  Is lan d  as sh o w n  in  

Fig .46 . Fe atu re s  o f  th e  g ro u n d  d am ag e  in  th e  v ic in ity  o f  

P ie r 211 are  d isp lay e d  in  Fig .47  to g e th e r w ith  a p la n  

v ie w  o f  th e  p ie r. Se v e ra l l in e s  o f  f issu re s  are  v is ib le  o n  

th e  g ro u n d  su rfac e  n e a r th e  re v e tm e n t. So m e w h a t

2.65m-5̂ -

♦  S o u th

Fig .48  P la n  an d  s id e  v ie w s o f  P ie r 211

(H an sh in  H ig h w ay  A u th o rity , 1996)

e n larg e d  p lan  v ie w  o f  th e  f o u n d atio n  is  sh o w n  in  Fig .48  

w h e re  i t c an  b e  se e n  th a t tw o -c o lu m n  b e n ts  s it o n  a 

22 .5m  lo n g  an d  14 .5m  w id e  f o o tin g  w h ic h  is su p p o rte d  

b y  20  p ile s  1.5m  in  d iam e te r. T h e  p ile s  w e re  c o n stru c te d  

o f  c ast- in -p lac e  re in fo rc e d  c o n c re te . Sid e  v ie w s  o f  th e  

P ie r 211 are  sh o w n  in  Fig .48  w h e re  it is  n o te d  th at th e  

b o d y  o f  th e  f o o tin g  is e m b e d d e d  to  a d e p th  o f  4 .18m . A  

c ro ss  se c tio n a l v ie w  o f  th e  fo u n d atio n  an d  th e  q u ay w all 

ac ro ss th e  se c tio n  A -A ' in  Fig^47 is d isp lay e d  in  Fig .49, 

to g e th e r w ith  a so il p ro f ile . Ex ac t lo c a tio n  o f  th e  s o i l  

p ro f ile  in v e s tig a tio n  (R P 4-1 )  b e h in d  th e  q u ay w all is  

sh o w n  in  Fig .47 . A s a re su lt o f  m e a s u re m e n ts  by  G P S, i t 

w as d isc o v e re d  th a t th e  P ie r 211 h ad  m o v e d  to w ard s 

th e  sea b y  62c m , as ac c o rd in g ly  in d ic a te d  in  Fig .49. It is  

h ig h ly  lik e ly  th a t liq u e fa c tio n  d e v e lo p e d  in  th e  

re c la im e d  f ills  in  th e  b ac k lan d  le ad in g  to  w id e sp re ad  

o c c u rre n c e  o f  la te ra l sp re ad in g  as d e m o n stra te d  in  

Fig .46 . T h e  late ra l d isp la c e m e n t o f  th e  g ro u n d  in  c lo se  

p ro x im ity  to  th e  P ie r 211 b u t fre e  f ro m  its  in f lu e n c e , 

m ay  b e  re ad  o f f  f ro m  Fig .46  as b e in g  o f  th e  o rd e r o f  

100c m .

T o  in v e s tig a te  th e  d am ag e  fe a tu re  in c u rre d  to  th e  

f o u n d a tio n s , tn re e  m e th o d s  w e re  e m p lo y e d  fo r th e  

b rid g e  p ie rs  a lo n g  th e  N o .5  Bay  R o u te  l in e : (1)

Fig .46  G ro u n d  d isp lac e m e n ts  in  th e  so u th  p a rt o f  

U o z a k ih a m a  Is lan d  

(H an sh in  H ig h w ay  A u th o rity , 1996)

U o z a k i h a m a  

I s la n d  P i e r 2 1 1

A *  | B o r in g  R P 4 - 1

- 2 2 . 5 m -

P i le  f o r  d i r e c t  

o b s e r v a t i o n

Fig .47  G ro u n d  d is to rs io n  an d  lo c a tio n  o f  P ie r 211 

(H an sh in  H ig h w ay  A u th o rity , 1996)

2 0 5 9



S o u th N o r th

-1  o m -

r

Uozakihama

1 I

-K'

O s

i r

T - —
R o k k o  I s l a n d

V  1 y

Fig .49  Q u ay w all, fo u n d a tio n  an d  so il c o n d itio n s  at P ie r  211 (H an sh in  H ig h w ay  A u th o rity , 1996)

e x c a v a tio n  to  th e  le v e l o f  th e  p ile  h e ad  b e lo w  th e  

b o tto m  o f  fo o tin g s ; (2)  p ic tu re - ta k in g  b v  m e a n s  o f  v id e o  

c am e ra  lo w e re d  to  b o re d  h o le s  a n a  (3)  n o n - d e s tru c tiv e  

m e th o d  c a lle d  " p ile  in te g rity  te s t"  u s in g  tran sm iss io n  o f  

re f le c te d  w av e s . Fo r th e  in v e s tig a tio n  o f  p ile s  

su p p o rtin g  P ie r 211, e x c a v a tio n  w as  e x e c u te d  to  a d e p th  

o f  6m  at th e  n o rth e a st c o m e r  o f  th e  fo o tin g , as sh o w n  in  

Fig .50 , b y  e n c lo s in g  a 3 .2m  b y  4 .5 m  se c tio n  u s in g  s h e e t

P
ile s . M o re  d e ta ile d  sid e  an d  p lan  v ie w s  are  sh o w n  in  

ig .51. V isu a l o b se rv a tio n  at th e  p ile  h e ad  d isc lo se d  

se v e ra l v e rtic a l an d  h o riz o n ta l c rac k s a fe w  m i l l im e te r s  

w id e  as sh o w n  in  a p h o to g ra p h  in  Fig .52 . In  th e  se c o n d  

m e th o d  o f  in - s itu  in v e s tig a tio n , a b o re  h o le  7c m  in  

d iam e te r w e re  d rille d  b y  th e  m e th o d  o f  c o rin g  f ro m  th e  

to p  su rfac e  th ro u g h  th e  f o o tin g  slab  d o w n  in to  th e  p ile , 

as illu stra te d  in  Fig .53. If  it h ap p e n e d  to  h it th e  

re in f o rc e m e n t m id w ay , a n o th e r h o le  w as d rille d  to  

re ac h  a d e sire d  d e p th  o f  34m . A  to tal o f  2  h o le s  w e re  

d rille d  to  a d e p th  o f  34m  fo r th e  in sp e c tio n  o f  d am ag e  in  

th e  f o u n d a tio n  o f  P ie r211 . Ex ac t lo c a tio n s  o f  th e  h o le s  

are  sh o w n  in  Fig .48. A  v id e o  c am e ra  w as lo w e re d  in to  

th e  h o le s  to  e x a m in e  fe a tu re  o f  c rac k in g  aro u n d  th e  

w alls . T y p ic a l e x am p le s  o f  v id e o  c am e ra  im ag e  a t d e p th

0 -2 .0m  an d  21 .0  - 23 .0m  are  d isp lay e d  in  Fig .54  w h e re  it 

is  o b se rv e d  th at se v e ra l c rac k s d e v e lo p e d  d o w n  to  a 

d e p th  o f  1 .0m  fro m  th e  h e ad  o f  th e  p ile  P4 in  P ie r211 . 

C rac k s w e re  a lso  d e te c te d  at v a r io u s  d e p th s  as 

re p re se n te d  b y  th o se  at a d e p th  o f  22 .0  -  23 .0m  sh o w n  i n 

Fig .54 . By  an d  larg e , c rac k s w e re  p re d o m in a n tly  

o b se rv e d  at d e p th s  c o rre sp o n d in g  to  th e  b o u n d ary  in  

so il d e p o sits  w h e re  l iq u e fa c tio n  d id  an d  d id  n o t 

d e v e lo p e d .

A s a c o n v e n ie n t te c h n iq u e  o f  in - s itu  su rv e y , th e  

p ile  in te g rity  te sts  w e re  c arrie d  o u t at a n u m b e r o f  p ie rs  

a lo n g  th e  N o .5  Bay  R o u te . T h e  p rin c ip le  o f  th is te st is 

illu stra te d  in  Fig .55 . C o m p re ss io n a l w av e s  p ro d u c e d  by  

h a m m e r h ittin g  o n  th e  fo o tin g  su rfac e  p ro p ag ate  

d o w n w ard s  th ro u g h  th e  p ile . U p o n  e n c o u n te rin g  a n  

irre g u la rity  su c h  as c rac k in g , a re f le c te d  w av e  is 

g e n e rate d  c o m in g  b ac k  to  th e  su rfac e  so m e  in s ta n ts  

a f te rw ard s. By  d e te c tin g  th e  le n g th  o f  tim e  re q u ire d  fo r 

th e  re f le c te d  w av e  to  re ac h  th e  su rfac e , it b e c o m e s

P i l e  in te g r i t y  t e s t

L 5 m -

!
4 .8 m

1 4 . 5 m  4 .9 m

4 .8 m

• é m • •
P 6 P 5 P 4  P 3 P 2 P1

o o 0P13 o o

o o # P14 o o
P 1 2 P 1 1 P 1 0  P 9 P 8 P 7

• • •  • • •

P i e r  2 1 1  N o . 5  

B a y  s h o r e  l i n e

( A f t e r  H a n s h in  H ig h w a y  A u t h o r i t y )

Fig .50  P la n  v ie w  o f  th e  f o u n d a tio n  o f  P ie r  211 

(H an sh in  H ig h w ay  A u th o rity , 1996)

p o ssib le  to  id e n tify  a lo c a tio n  o f  th e  c rac k  fo r a k n o w n  

v e lo c ity  o f  w av e  p ro p a g a tio n  th ro u g h  a c o n c re te  p ile . 

T h e  re su lts  o f  th e  p ile  in te g rity  te sts are  e x p re sse d  in  

te rm s o f  th e  n u m b e r o f  c rac k s  d e te c te d  p e r 2m  le n g th  o f  

a p ile . T h e  re su lts  o f  th is  c o u n tin g  at p ile s  P3 a n a  P5 is  

d isp lay e d  in  Fig .56  to g e th e r w ith  a  so il p ro f ile  a t R P 4-2  

sh o w n  in  Fig .49. It m ay  b e  se e n  th at th e  n u m b e r o f  

c rac k s is  c o n c e n tra te d  n e a r th e  p ile  to p  ju s t b e lo w  th e  

fo o tin g  slab  w h e re  th e  b e n d in g  m o m e n t is su p p o se d  to  

h av e  D een th e  g re ate st d u rin g  th e  b ac k  an d  f o r th  

m o v e m e n t o f  th e  p ile s  in  th e  m ain  sh a k in g  o f  th e  

e a rth q u a k e . N o te  th a t th e  p i le  to p  w as rig id ly  p lu g g e d  

in to  th e  slab  an d  th e re fo re  f ix e d  c o n n e c tio n  w as
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E x c a v a t i o n  f o r  p i le  

h e a d  in v e s t i g a t i o n  

I  ( P ie r  2 1 1 )  ,

Fig .51 D e ta ils  o f  th e  e x c a v a tio n  w o rk  f o r  in v e s tig a tin g  

in ju ry  at p ile  h e ad

Fig .52  C ra c k  d e v e lo p m e n t at th e  p ile  h e ad , P ie r 211 

(H an sh in  H ig h w ay  A u th o rity , 1996)

K o b e O s a k a

S o i l  t y p e
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K ;  S an d  
.V i  and

c

t

!  j  S i l t

S a n d

! j  S i l t

V  S a n d

1  C la y

1 ----- C r a c k  o p e n in g s  la r g e r  t h a n  1 m m

----- C r a c k  o p e n in g s  s m a l le r  t h a n  1 m m

Fig .53  Sc h e m e  o f  c o re  b o rin g  an d  in sp e c tio n  b y  a 

b o re h o le  c am e ra

Fig .54  Fe atu re  o f  c rac k  d e v e lo p m e n t at th e  p ile  h e ad  

an d  m id -d e p th  o f  th e  p ile  

(H an sh in  H ig h w ay  A u th o rity , 1996)
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^ P i l e  t ip

P IL E  I N T E G R IT Y  T E S T  ( P IT )

Fig .55  Illu stra tio n  o f  p ile  in te g rity  te s t (P IT )
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p ro v id e d . It is  a lso  n o te d  in  Fig .56  th at th e  n u m b e r o f  

c rac k s is larg e  at d e p th s  b e tw e e n  16m  an d  22m  fo r th e  

p ile  P 3  an d  at d e p th s  9 to  15m  fo r th e  p ile  P5. T h e  

re c la im e d  M asad o  so il a t th is  s ite  is c o n s id e re d  to  h a v e  

d e v e lo p e d  liq u e fac tio n  to  a d e p th  o f  ab o u t 20m , le a d in g  

to  c o n s id e rab le  so f te n in g  o f  th is  lay e r as a g a in st th e  

n o n - liq u e f ie d  so il d e p o sits  b e lo w  th e  d e p th  o f  ab o u t 

20m . T h u s, it is h ig h ly  lik e ly  th at th e  m a g n itu d e  o f  

b e n d in g  m o m e n t b e c am e  larg e  n e a r th e  in te rfa c e  o f  

th e se  tw o  lay e rs.

T h e  o u tc o m e  o f  th e  in -s itu  in v e s tig a tio n s  as a b o v e  

re v e a le d  th e  fac t th at, g e n e ra lly  sp e ak in g , th e  p ile  

d ¿im ag e h ad  tak e n  p lac e  aro u n d  th e  th re e  d e p th s 

illu stra te d  in  Fig .57. In  p rac tic a lly  all th e  p ile s  

in v e sb g ate d , c rac k s  w e re  d e te c te d  at d e p th s  0  - 3m  b e lo w  

th e  b o tto m  o f  th e  f o o tin g  slab . T h e  d am ag e  at th e  p ile  

h e ad  w as su p p o se d ly  c au se d  by  a g re at m a g n itu d e  o f  

b e n d in g  m o m e n t re s u lb n g  fro m  th e  in e rb a  fo rc e  f ro m  

th e  su p e rs tru c tu re  d u rin g  in te n se  sh ak in g  at th e  b m e  o f  

th e  e arth q u ak e . T h e  c rac k s  n e a r th e  in te rfa c e  b e tw e e n  

liq u e f ie d  an d  u n liq u e f ie d  d e p o sits  w e re  o b se rv e d  

m a in ly  in  th e  p ie rs  lo c ate d  n e ar th e  w ate rf ro n t. T h e  

c rac k s w e re  a lso  o b se rv e d  at th e  d e p th s w h e re  d e s ig n  

w as m ad e  to  re d u c e  th e  c ro ss  se c b o n a l are a o r  

re in f o rc e m e n t. T h is  ty p e  o f  d am ag e  w as  id e n tif ie d , by  

an d  larg e , in  th e  c ase  o f  th e  p ile s  lo c ate d  in  p ro x im ity  to  

th e  w ate rf ro n t. T h u s, it m ay  b e  c o n s id e re d  th at th e  

c rac k s at so m e  d e p th s  w e re  c au se d  b y  th e  la te ra l 

sp re ad in g  o f  th e  s u rro u n d in g  so ils  th a t h a d  liq u e f ie d  

d u rin g  th e  m ain  sh ak in g  o f  th e  e arth q u ak e .

Fig .57  T h re e  lo c a tio n s  in  th e  p ile  b o d y  w h e re  c rac k s  

w e re  p re d o m in a n tly  o o se rv e d

D A M A G E T O  FO U N D A T IO N S IN  T H E ST O R A G E 
T A N K  FA R M

T h e re  are  se v e ra l tan k  farm s fo r sto rag e  o f  o il an d  

liq u e f ie d  p ro p an e  g as (L P G ) in  th e  m a n - m a d e  islan d s i n 

th e  p o rt are a  o f  K o b e . Sto rag e  tan k s w ith  v a r io u s  

c a p a c ib e s  w e re  sh a k e n  v e ry  se v e re ly  an d  af fe c te d  m o re  

o r le ss  b y  th e  g ro u n d  d am ag e  d u e  to  l iq u e fa c tio n . 

H o w e v e r, it w as fo rtu n a te  th a t d e sp ite  th e  e n o rm o u s  

d am ag e  to  stru c tu re s  an d  fo u n d ab o n s , th e  lo ss  w as o n ly  

m o n e tary  an d  n o n e  o f  fe are d  sc e n ario s  su c h  as b re a k o u t 

o f  f ire  h as  o c c u rre d . A m o n g  se v e ra l fa rm s, th e  sto rag e  

tan k s an d  fa c ilib e s  in  M ik a g e h a m a  Is lan d  are  th o se  

in v e s tig a te d  in  d e ta ils  as to  th e  e f fe c ts  e m e rg in g  f ro m  

th e  liq u e fa c tio n  o f  th e  g ro u n d . T h e  o u tc o m e  o f  

e x te n s iv e  s tu d ie s  m ad e  in  th is  is lan d  w ill b e  p re se n te d  

in  d e tails . T h e  lo c a b o n  o f  th e  tan k  farm  is  sh o w n  in  

Fig .19. D e ta ile d  la y o u t o f  tan k s an d  o th e r re la te d  

fa c ilib e s  is  sh o w n  in  th e  m ap  o f  Fig .58 . A s in d ic a te d , th e  

tr ia n g u la r s e c b o n  in  th e  s o u th e a st p a rt is o c c u p ie d  by 

tan k s an d  o th e r re la te d  fa c ilib e s  fo r s to rag e  o f  LPG . T h e  

re st o f  th e  are a  in  th e  n o rth w e st p a rt is u se d  fo r o il 

s to rag e  tan k s. T h e  L PG  u n sh ip p in g  b e rth  is  lo c ate d  i n  

f ro n t o f  th e  so u th e rn  re v e tm e n t an d  th e  b e rth  fo r o il  

lo ad in g  an d  u n lo a d in g  is  lo c ate d  at th e  w e s te rn  
r e v e tm e n t.

A s a re s u lt o f  e x te n s iv e  liq u e fa c tio n , la te ra l 

sp re ad in g  to o k  p lac e  o v e r th e  is lan d  c au sin g  san d  

b o ilin g , c rac k in g  in  th e  p re m ise  o f  th e  L PG  y ard  an d  

se ttle m e n ts  o f  th e  g ro u n d . T h e  o v e ra ll f e a tu re s  o f  th e  

g ro u n d  c rac k in g  are  d e m o n strate d  in  te rm s o f  a sk e tc h  

in  Fig .59. It m ay  b e  se e n  th at th e re  are  d e p re ss io n s  ju s t  

b e h in d  th e  q u ay w alls  ac c o m p an ie d  b y  th e  larg e  g ro u n d  

m o v e m e n ts . Fissu re s  o r  c rac k s are  se e n  in  th e  f ig u re  

h a v in g  d e v e lo p e d  fa rth e r in la n d  f ro m  th e  w ate rf ro n t.

1 So il C o n d itio n s

Site  in v e s tig a tio n s  in c lu d in g  SP T  an d  tu b e  

sam p lin g  w e re  c o n d u c te d  b e fo re  an d  a f te r th e  

e a rth q u a k e  at v a rio u s  lo c a tio n s  in  th e  p re m ise . Fig .58  

sh o w s th e  p lac e s  w h e re  b o rin g  w e re  p e rfo rm e d  to  

id e n b fy  so il p ro f ile s . O n e  o f  th e  so il p ro f ile s  at a p la c e  i n 

th e  c e n te r o f  th e  L P G  T a n k lO l is  sh o w n  in  Fig .60  w h e re  

it m ay  b e  se e n  th a t th e  m a n - m a d e  M a sa a o  d e p o s it 

c o n s is b n g  o f  san d  w ith  s ilt an d  g rav e l e x is ts  d o w n  to  a 

d e p th  o f  a b o u t 15m . T h e  so il m a te ria ls  w e re  tak e n  f ro m  

th e  w e a th e re d  g ran ite  d e p o sits  at th e  f o o th ill o f  th e  

R o k k o  M o u n ta in  b e h in d  th e  K o b e  c ity  are a. 

U n d e rn e a th  th e  re c la im e d  d e p o sit, a lay e r o f  s ilty  c lay  

e x is ts  w h ic h  is th e  se ab e d  d e p o s it b e fo re  th e  re c la m a tio n  

w as m ad e  in  1960 's . It ap p e ars lik e ly  th a t th e  g ra v e l 

c o n ta in in g  s ilty  san d  h ad  d e v e lo p e d  liq u e fa c tio n  d u e  to  

th e  in te n se  sh a k in g  d u rin g  th e  e a rth q u a k e .

Fig .58  M ap  o f  th e  L P G  tan k  lo c a tio n

U o z a k ih a m a  

P i e r  2 1 1

C a s t - i n - p l a c e -  

c o n c r e t e  p i le  

( D i a .  1 .5 m )

Fig .56  O b se rv e d  n u m b e r o f  c rac k s  p e r 2m  le n g th  o f  th e  

p ile s  (H an sh in  H ig h w a y  A u th o rity , 1996)
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\
r  '■ C r a c k s ,  O p e n in g s  

* —  : G r o u n d  t i l t in g  

M  : D e p r e s s io n

Fig .59  G ro u n d  d is to rs io n  in  th e  ta n k  farm  

(H ig h  P re ssu re  G as In stitu te , 1995)

In  o rd e r to  v isu a liz e  o v e ra ll f e a tu re s  o f  so il p ro f ile , 

p ic tu re s  o f  so il s tra tif ic a tio n  th ro u g h  so m e  c ro ss 

se c tio n s  w e re  d raw n  b ase d  o n  in d iv id u a l so il p ro f i le  

d ata at se v e ra l p o in ts . A  c ro ss se c tio n a l v ie w  th ro u g h  

th e  se c tio n s  M 2-M 2 ' an d  M 3-M 3 ' are  sh o w n  in  Fig .61 

w h e re  it m ay  b e  se e n  th at, w h ile  th e  d e p th  is  v a ria b le  to  

s o m e  e x te n t, th e  re c la im e d  f ill c o m p o se d  o f  M asad o  

p re v a ils  to  a d e p th  o f  ap p ro x im ate ly  15-20m  all o v e r  th e  

is lan d . T h e  SP T  N -v a lu e s  are  lo w  o n  th e  o rd e r o f  10 to  

15 an d  as su c h  th e  re c la im e d  so ils  w e re  u n d e r  

c o n d itio n s  su sc e p tib le  to  l iq u e fa c tio n . U n d e rn e a th  th e  

re c la im e d  f ills  th e re  e x is t a s ilty  c lay  d e p o s it in  o r ig in a l 

seab ed .

2 L ate ra l sp re ad in g  o f  M ik ag e h am a Is lan d

L ate ra l sp re ad in g  o f  th e  te rra in  w as in v e s tig a te d  by  

th e  m e th o d  o f  th e  g ro u n d  su rv e y in g  as d esc rib e d  

p re v io u s ly . Fo u r a lig n m e n ts  c h o se n  fo r su rv e y in g  are  

sh o w n  in  th e  in s e t o f  Fig .62 . T h e  a lig n m e n t M - l  w as 

a lo n g  th e  c o n c re te  fe n c e  se p aratin g  th e  p re m ise  f ro m  

th e  o th e r s to rag e  y ard  o n  th e  e ast. A lig n m e n t M -4 w as 

c h o se n  in  th e  p re m ic e  d u e  so u th  o f  th e  L PG  T a n k lO l. 

Sh o w n  in  Fig .62  are  th e  f e a tu re s  o f  g ro u n d  d is to rs io n  

a lo n g  th e  c ro ss se c tio n  M -3  w h e re  it m ay  b e  se e n  th a t 

th e  la te ra l d isp la c e m e n t at th e  g ro u n d  su rfac e  o c c u rre d  

th ro u g h  a d is ta n c e  o f  95m  in lan d  fro m  th e  w ate rf ro n t.

3  D am ag e  fe a tu re  o f  f la t-b o tto m  c y lin d ric a l LPG  

tan k s

O n e  o f  th e  LPG  tan k s (N o .101 in  Fig .59)  w ith  a 

s to rag e  c ap ac ity  o f  20 ,000  k l su sta in e d  d am ag e  at th e  

o u tle t- in le t n o z z le  (e x it o f  liq u e f ie d  g as) in sta lle d  at th e  

f lan k , le ad in g  to  le ak ag e  o f  liq u e f ie d  n atu ral g as. A t th e 

tim e  o f  th e  e arth q u ak e , th is  tan k  c o n ta in e d  a b o u t 

6 ,700  o f  LPG  an d  ab o u t h a lf  o f  th e  g as le ak e d  in  th e  

p re m ise  e n c lo se d  b y  p ro te c tio n  fe n c e . T h e  re m a in in g  

n a if  w as tra n sfe rre d  to  an  o th e r u n in ju re d  tan k . L u c k ily  

e n o u g h , in f la m m a b le  c o n te n t d id  n o t c atc h  f ire , an d , 

th e re fo re , a d isastro u s  sc e n a rio  w as av o id e d . So m e  o f  

th e  e v ap o rate d  g as  is p u rp o rte d  to  h av e  d isp e rse d  in  th e  

a ir  d u e  to  w in d  b lo w in g  to w ard s so u th  an d  th e  re st o f  

th e  g as se e m s to  h a v e  se e p e d  in to  th e  g ro u n d  th ro u g h  

f issu re s  o f  th e  g ro u n d  c re ate d  b y  th e  liq u e fac tio n .

T h e  c au se  o f  th e  le ak ag e  w as e x p la in e d  as fo llo w s. 

(H ig h  P re ssu re  G as In stitu te , 1995). A  tall ste e l tre stle  

h a d  b e e n  in s ta lle d  o u ts id e  th e  tan k  to  h an g  u p  th e  

e m e rg e n c y  s h u t-o f f  v a lv e  w h ic h  w as c o n n e c te d  to  th e  

o u tle t n o z z le  p ip e , as illu stra te d  in  Fig .63. T h is  n e w  

in s ta lla tio n  w as c arrie d  o u t so m e  y e ars a f te r th e  start o f  

th e  tan k  o p e ra tio n  to  e n su re  fu rth e r safe ty . T h e  s te e l 

tre stle  w as re stin g  o n  a s im p le  c o n c re te  b lo c k  e m b e d d e d

in  th e  g ro u n d  to  a d e p th  o f  ab o u t 1.5m . O w in g  to  th e  

liq u e fa c tio n , th e  g ro u n d  m o v e d  se aw ard s  ab o u t 70c m . 

T h e  c o n c re te  b lo c k  a lso  se ttle d  ab o u t 70c m  ac c o m p a n ie d  

b y  s in k in g  o f  th e  tre stle . A s a re su lt, all th e  w e ig h t o f  th e  

tre stle  w as th e n  ap p lie d  as an  e x te rn a l lo ad  to  th e  

e m e rg e n c y  sh u t-o f f  v a lv e . T h is  v e rtic a l lo ad  w as 

tran sm itte d  to  th e  in le t- o u tle t p ip e  rig id ly  c o n n e c te d  

w ith  b o lts  to  th e  f ran k  o f  th e  LPG  tan k . Be c au se  o f  th e  

e x c e ss iv e  w e ig h t v e rtic a lly  ap p lie d , b o lt- faste n e d  f lan g e  

o f  th e  rig id  in le t- o u tle t p ip e  w as fo rc e d  to  o p e n  s lig h tly  

an d  th is  le d  to  th e  le ak ag e  o f  L PG  fo llo w in g  th e  

e arth q u ak e . It is ap p are n t th at th is in c id e n t w as c au se d  

b y  th e  larg e  s e ttle m e n t o f  th e  c o n c re te  b lo c k  su p p o rtin g  

th e  tre stle . A s th e  p ile -su p p o rte d  tan k  b o d y  re m a in e d  

u n se ttle d , th e  re la tiv e  se ttle m e n t as m u c h  as 70 c m  

o c c u rre d  b e tw e e n  th e  tan k  an d  tre stle . T h is  in c id e n t le f t 

an  im p o rta n t le sso n  th at th e  f o u n d a tio n  o f  au x iliary  

fac ilitie s  sh o u ld  h av e  b e e n  su p p o rte d  b y  a c o m m o n  

fo u n d atio n  w ith  th e  ta n k  b o d y .

In  sp ite  o f  th e  le ak ag e , n o  se rio u s  d am ag e  w as 

in c u rre d  to  th e  s tru c tu re  o f  th e  T a n k lO l. O n e  o f  th e  

m e asu re s  o f  th e  s tru c tu ra l d am ag e  w o u ld  b e  th e  

m a g n itu d e  o f  tilt o r d if fe re n tia l se ttle m e n t o f  th e  ta n k  

b o d y . Sh o w n  in  Fig .64  are  th e  re su lts  o f  m e a s u re m e n ts  

o f  se ttle m e n ts . A t 14 p o in ts  aro u n d  th e  tan k  e q u ally  

sp ac ed  alo n g  its p e rip h e ry , e le v a tio n s  w e re  m e a su re d . 

T h e  e le v a tio n s  are  p lo tte d  in  th is  f ig u re  v e rs u s  

e x p an d e d  lo c a tio n s  o f  m e a s u re m e n t p o in ts  a lo n g  th e  

p e rip h e ry . T h e  b it o f  th e  tan k  is  n o rm ally  d e f in e d  as th e  

m a x im u m  d if f e re n c e  o f  s e ttle m e n ts  at an y  tw o  p o in ts  

d iv id e d  b y  th e  d ia m e te r o f  th e  tan k . Fo r th e  p o st 

e a rth q u a k e  c o n d itio n s , th e  tilt is  o b ta in e d  as 

8c m / 3 ,889c m = 0.21%  as ac c o rd in g ly  in d ic a te d  in  Fig .64. 

W ith  re fe re n c e  to  th e  p re -e a rth q u a k e  b it s im ila rly  

c a lc u late d , it m e an s  th at th e re  h as b e e n  p rac tic ab ly  n o  

c h an g e  in  th e  tilt fo llo w in g  th e  q u ak e . A c c o rd in g  to  th e  

re g u la tio n  by  th e  Ja p a n e se  G o v e rn m e n t, th e  a llo w a b le  

m ax im u m  b it fo r th e  n o rm al c o n d ib o n  o f  o p e ra tio n  is  

sb p u la te d  as b e in g  1% , m ay  it b e  p rio r  to  o r afte r th e  

q u ak e . C o n se q u e n tly , th e  m e asu re d  ti lt f o r th is  tan k  w as 

w ith in  th e  lim it o f  th e  a llo w ab le  b it.

T h e  f o u n d a tio n  o f  th e  T a n k lO l c o n sists  o f  97  cast-  

in -p lac e d  re in fo rc e d  c o n c re te  p ile s  in sta lle d  by  u s in g  

B e n o to  e x c a v a tio n  m a c h in e . T h e  a rra n g e m e n ts  o f  th e  

p ile s  in  p lan  an d  s id e  v ie w s  are  sh o w n  in  Fig .65. Eac h  

p ile  h as  a d iam e te r o f  1 .1m  an d  is e m b e d d e d  to  a d e p th  

o f  27m  w h e re  a s b f f  d e p o s it o f  g rav e l is  e n c o u n te re d  as 

sh o w n  in  th e  so il p ro f ile  o f  Fig . 65. N o te  th at th e  s o il 

p ro f ile  sh o w n  w as o b ta in e d  at th e  c e n te r o f  th e  ta n k  

b e fo re  th e  c o n stru c b o n .
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Fig .61 So il p ro f ile  in  th e  c ro ss  se c tio n  M 2 -2 ' an d  M 3-3 '

4.---- .M .-----4.— »1» »1« >1«

- 9 5 .5 1  m -  

4«— -1» 4 i 4» 4-— 4 — 4*
3 .8 5  6 .2 7  2 .7 5  6 .9  5 .0  4 .9 5  5 .0  5 .0 5  5 .3 4  5 .0  5 .0 6  5 .0 9  5 .0  5 .1  5 .0  5 .1 2  5 .0 4  5 .0 4  4 .9 5

2 .6 5  u a tu

11 .7 2 ^ 1 .6 8  ^  9 3  ^ 3 8  jjEs p j j2 ^ 2  41 ¿J)  ^ 2 .1 9  2A2 2AJ 2.25 2.34 2 A 2A ^ 2  3

0 ) ^ 3 ) ^ ; ( i  3 ) \ § ; - ( 3 } , , ; / v ( 5 ; - :  ^ ( 3 i v ; > * V ^

Fig .6 2  G ro u n d  d is to rs io n  in  se c tio n  M -3  at M ik ag e h am a Is lan d  as m e asu re d  b y  th e  g ro u n d  su rv e y in g

2 0 6 4



T o  in sp e c t so u n d n e ss  o f  th e  f o u n d a tio n s , 

e x c a v a tio n  w as m ad e  a f te r th e  e a rth q u a k e  u n d e rn e a th  

th e  T a n k lO l all o v e r  th e  p lan  are a to  a d e p th  o f  2 m

T r e s t ie  f o r  

h a n g in g  u p  

t h e  v a lv e

Fig . 63  Illu stra tio n  fo r th e  g as  le ak ag e  d u e  to  th e  

d if f e re n tia l s e ttle m e n t b e tw e e n  th e  tre stle  

an d  th e  L P G  tan k

L o c a t i o n  o f  m e a s u r e m e n t  o f  e le v a t io n

w h e re  th e  g ro u n d  w ate r tab le  w as e n c o u n te re d . N o  

d am ag e  w as w h a tso e v e r w as d isc o v e re d  in  th e  

u n d e rg ro u n d  h o riz o n ta l b e am s. O n ly  sm all in ju ry  w as 

h o r iz o n ta l c rac k s a fe w  m ill im e te rs  w id e  w h ic h  h ad  

d e v e lo p e d  o n  th e  su rfac e  o f  se v e ra l p ile s  ab o u t 50 c m  

b e lo w  th e  tan k  slab . T h e  su rfac e  c o n c re te  w as sc rap e d  o f f  

to  e x p o se  re in f o rc e m e n ts  in s id e , b u t n o  in ju ry  w e re  

id e n tif ie d  fu rth e r d e e p . T o  e n su re  so u n d  fu n c tio n in g  o f  

th e  f o u n d a tio n , re tro f it w o rk  w as im p le m e n te d  to  e ac h  

p ile . R e in fo rc e m e n t w as c o n d u c te d  b y  e n c lo s in g  e ac h  

p ile  h e ad  b y  ste e l p late s  to  a d e p th  o f  2m  fro m  tn e  p ile  

to p .

O th e r c y lin d ric a l tan k s N o .102 an d  103 h a v in g  a 

20 ,000  k( sto rag e  c ap ac ity  w e re  c o n stru c te d  o n  f la t 

f o u n d a tio n  ly in g  d ire c tly  o n  th e  g ro u n d  c o m p ac te d  by  

m e a n s  o f  th e  v ib ro f lo a ta tio n . P lan  an d  s id e  v ie w s  o f  th e  

tan k s are  sh o w n  in  Fig s .66 an d  67  w h e re  it is  se e n  th a t a 

re in fo rc e d  c o n c re te  c irc u la r rin g  is  p lac e d  o n  th e  g ro u n d  

e n c lo s in g  c o m p ac te d  so il f ills  in s id e . O n  to p  o f  th e  

re in fo rc e d  c o n c re te  slab  in s id e  th e  rin g , a c irc u la r s te e l 

p late  w as p lac ed  as a b o tto m  p la te  o f  th e  tan k . T h e  

sc h e m e  o f  so il c o m p a c tio n  b y  th e  m e th o d  o f  

v ib ro f lo a ta tio n  is  d isp lay e d  in  Fig .66 . A  to tal o f  1261 

p ile s  w ith  a sp ac in g  o f  1 .4m  w e re  in sta lle d  to  a d e p th  o f  

7 .0m . It is to  De n o te d  th at th e  p la n  are a o f  c o m p a c tio n  

p ro tru d e d  h o r iz o n ta lly  b y  6 .0m  o u t o f  th e  ta n k  rim . In  

th e  T a n k l0 2  an d  103, th e  o u tle t n o z z le  w as  c o n n e c te d , 

in  a w ay  s im ila r  to  th e  T a n k lO l, to  an  e m e rg e n c y  s h u t-  

o f f  v a lv e  w h ic h  w as su p p o rte d  b y  sp rin g s  h an g in g  f ro m  

th e  to p  o f  a tre stle . T h e  tre stle  w as p lac e d  o n  a c o n c re te  

b lo c k  f o u n d a tio n  w h ic h  s its  o n  th e  c o m p ac te d  z o n e  

o u ts id e  th e  tan k . U n lik e  th e  T a n k lO l, l ittle  d if f e re n tia l 

s e ttle m e n t o c c u rre d  b e tw e e n  th e  tan k  an d  th e

Fig . 64  M e a su re m e n ts  o f  e le v a tio n  a lo n g  th e  

p e rip h e ry  o f  th e  T a n k lO l
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Fig . 66 P la n  v ie w s  o f  th e  g ro u n d  im p ro v e m e n t 

sc h e m e  fo r th e  c y lin d ric a l T a n k l0 2

Underground

( Plan v ie w )

Fig . 65  Sid e  an d  p la n  v ie w s  o f  th e  fo u n d a tio n  p ile  

la y o u t f o r  th e  c y lin d ric a l T a n k lO l

S a n d  p i le  b y  

V ib r o - f l o a ta t io n  

D i a  : 2 3 c m  

S p a c in g  : 1 .4 m  

D e p t h  : 7 .0 m  

1 2 6 1  p i le s ___ __

f
C o n c r e te

S a n d y  g r o u n d  c o m p a c t e d  t o  a  d e p t h  o f  7 m  b y  v ib r o - f lo a t a t i o n

Fig .67  Sid e  v ie w  o f  th e  f o u n d a tio n  fo r th e  c y lin d ric a l 

T a n k l0 2
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' 'C y l in d r ic a l  t a n k  N 

o n  f la t  f o u n d a t io n  

T A 1 0 2 ,  ( 2 0 , 0 0 0 ! ^  

U n i f o r m  t i l t  a f t e r  

t h e  q u a k e  =  1 .2 5 %

\  B e fo r e  

\ t h e  q u a k e
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L o c a t i o n  o f  m e a s u r e m e n t  o f  e le v a t io n

Fig .68  M e a su re m e n ts  o f  e le v a tio n  a lo n g  th e  

p e rip h e ry  o f  th e  T a n k l0 2

f o u n d a tio n  o f  th e  tre stle , b e c au se  o f  b o th  s ittin g  

c o m m o n ly  o n  th e  c o m p ac te d  g ro u n d . N e e d le ss  to  say , 

th e re  w as n o  g as  le ak ag e  in  th e  T a n k l0 2  an d  103.

T h e  e le v a tio n  a lo n g  th e  p e rip h e ry  o f  th e  tan k s w as 

m e asu re d  p rio r to  an d  a f te r th e  e a rth q u a k e  as d isp lay ed  

in  Fig .68  w h e re  th e  e le v atio n  at e ac h  p o in t fo r th e  T a n k  

102 is p lo tte d  v e rsu s  th e  lo c a tio n  o f  m e a s u re m e n ts . 

Fig .68  sh o w s th at th e  m a x im u m  d if f e re n c e  in  e le v a tio n  

a f te r th e  e a rth q u a k e  w as 4 .8c m  fo r th e  T a n k l0 2 , g iv in g  a 

v a lu e  o f  ti lt as b e in g  1 .25% . T h is  v a lu e  w as in  e x c e ss  o f  

1.0%  w h ic h  is s tip u la te d  as an  a llo w a b le  lim it in  th e  

g o v e rn m e n t re g u la tio n . T h e  tilt o f  th e  T a n k l0 3  w as

0.34 , a v a lu e  w itn in  th e  a llo w ab le  lim it.

W ith  th e  tilt b e y o n d  th e  ac c e p tab le  lim it, re tro f it 

w o rk  w as im p le m e n te d  fo r th e  T a n k l0 2  to  le v e l o f f  th e  

d if f e re n tia l se ttle m e n t. A  to tal o f  98  ja c k s  e ac h  w ith  a l if t 

c ap ac ity  o f  20to n s w e re  p lac e d  a lo n g  th e  p e rip h e ry  at th e  

ta n k  b o tto m  an d  th e  ta n k  b o d y  w e ig h in g  ab o u t 2 0 0 0 to n s  

w as lif te d  u p  1.5m . A f te r c o m p a c tio n  b y  s m a ll  

c o m p ac to rs  an d  f la tte n in g  o f  th e  g ro u n d  su rfac e , th e  

h u g e  ta n k  b o d y  w as lo w e re d  b ac k  to  th e  o r ig in a l 

p o sitio n . N o  re tro f it w o rk  w as d o n e  fo r th e  T a n k l0 3 .

4  D a m a g e  fe a tu re  o f  sp h e ric a l L P G  tan k s

Fo u r sp h e ric a l tan k s w ith  a cap ac ity  o f  100 to  

1200 k£ lo c ate d  in  th e  s o u th e a st p a rt o f  th e  p re m is e  

su f fe re d  d am ag e  in v o lv in g  m ain ly  tilts  d u e  to  la te ra l 

sp re ad in g  o f  th e  g ro u n d . P lan  v ie w  o f  fo u r sp h e ric a l 

tan k s are  sh o w n  in  Fig .69. P lan  v ie w  o f  th e  f o u n d a tio n  

fo r th e  ta n k  T A 106  w ith  a sto rag e  cap ac ity  o f  lO O to n is  

sh o w n  in  Fig .70  w h e re  it c an  b e  se e n  th a t th e  fo o tin g  o f  

e ac h  c o lu m n  is  su p p o rte d  b y  fo u r re in fo rc e d  c o n c re te  

p ile s  (R C -p ile )  30c m  in  d iam e te r. T h e  d e ta ils  o f  th e  

ro o tin g  w ith  c o n n e c tin g  u n d e rg ro u n d  b e a m s are  s h o w n  

in  Fig .71 . T h e  p ile s  w e re  d riv e n  to  a stif f  so il s tra tu m  at 

a d e p th  o f  20m . T h e  so il p ro f ile  n e ar th e se  tan k s is  

sh o w n  in  Fig .72  w h ic h  is  th e  b o rin g  d ata at a s ite  P 14 i n  

Fig .58. T h e  e le v a tio n  a lo n g  th e  p e rip h e ry  o f  e a c h  

sp h e ric a l tan k  w as m e a su re d  in  th e  sam e  fash io n  as i n 

th e  c ase  o f  th e  c y lin d ric a l tan k s. T h e  re su lts  o f  

m e a su re m e n ts  f o r th e  T a n k l0 6  an d  107 are  d isp lay e d  in  

Fig s.73  an d  74, w h e re  it c an  b e  se e n  th a t th e  d if f e re n tia l  

s e ttle m e n t o f  th e  o rd e r o f  27c m  d id  d e v e lo p e d  in  th e  

p ile  o f  T a n k l0 6  re su ltin g  in  th e  ti lt as m u c h  as 3 .6%  

w h ic h  is  ap p are n tly  b e y o n d  th e  ac c e p tab le  lim it. T h e  

ta n k  T A 1 0 7  also  su f fe re d  a tilt o f  1 .25%  w h ic h  w as 

b e y o n d  th e  a llo w ab le  lim it. T h e  tan k  T A 106 an d  107 

w e re  re tro f it b y  e x c a v a tin g  th e  g ro u n d  to  a d e p th  o f  

e x is tin g  f o o tin g  an d  b y  in s ta ll in g  ad d itio n a l p ile s  

o u ts id e  th e  e x is tin g  fo o tin g .

Fe atu re s  o f  th e  d am ag e  to  th e  p ile  f o u n d a tio n  o f  

T A 106  an d  107 w e re  in v e s tig a te d  in  c o n ju n c tio n  o f  th e  

re tro f it w o rk  w h e re  e x c a v a tio n  w as c arrie d  o u t to  a 

d e p th  o f  ab o u t 2 .0m  to  re m o v e  th e  fo o tin g  slab s. 

L o c atio n s  o f  th e  tw o  p ile s  in v e s tig a te d  are  sh o w n  in  

Fig .69 . P ile  h e ad s  w e re  e x p o se d  an d  th e  h o le  in  th e  p ile  

c ro ss  se c tio n  w as w ash e d  to  re m o v e  so il d e b ris  in sid e . A

Fig . 69  P lan  v ie w  o f  th e  f o u n d a tio n s  f o r th e  

sp h e ric a l tan k s 104, 1 0 5 ,1 0 6  an d  107

Fig . 70  P la n  v ie w  o f  th e  fo u n d a tio n  fo r c u b ic  

T a n k l0 6  an d  107

U n d e r g r o u n d  

R C - p i l e  b e a m  

3 0 c m  in  d ia .

Fig . 71 D e ta ils  o f  th e  f o u n d a tio n  o f  sp h e ric a l tan k s

v id e o  c a m e ra  w as lo w e re d  in to  th is  h o le  to  e x a m in e  

d e v e lo p m e n t o f  c rac k s aro u n d  th e  w all. R e su lts  o f  th e  

su rv e y  are  p re se n te d  in  Fig s. 75 an d  76 w h e re  it m ay  b e  

se e n  th a t c rac k s d e v e lo p e d  p re d o m in a n tly  at d e p th  

b e tw e e n  5  an d  10m . U n fo rtu n a te ly , i t w as n o t p o ss ib le  

to  p u ll d o w n  th e  c am e ra  lo w e r th an  10m  b e c au se  o f  

d o g g in g  o f  th e  h o le . In  ad d itio n , su rv e y  o f  p ile  

d e f o rm atio n  w as c arrie d  o u t b y  lo w in g  an  in c l in o m e te r  

su c c e ss iv e ly  d o w n  th e  h o le . By  in te g ra tin g  th e  

m e asu re d  d ata  o n  tilts  th ro u g h  th e  d e p th , c o n f ig u ra tio n  

o f  d e fo rm e d  p ile s  w as o b ta in e d  as sh o w n  in  Fig s. 75 an d
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L o c a t i o n  o f  e le v a t i o n  s u r v e y

Fig . 73 M e a su re m e n ts  o f  e le v a tio n  a lo n g  th e  

p e rip h e ry  o f  th e  T a n k l0 6

Fig . 74  M e a su re m e n ts  o f  e le v a tio n  a lo n g  th e  

p e rip h e ry  o f  th e  T a n k l0 7

76, w h e re  th e  re la tiv e  m a g n itu d e  o f  la te ra l d e f o rm a tio n  

is  d isp lay e d  w ith  re sp e c t to  th e  d e f o rm a tio n  at th e  p ile  

h e ad  c h o se n  as b e in g  z e ro . T h e se  f ig u re s  d isc lo se  th e  fa c t 

th a t th e  p ile  h e ad  m o v e d  p re d o m in a n tly  to w ard s  th e  

so u th  a b o u t 50c m  re la tiv e  to  th e  d e p th  o f  10m . T h e  

d ire c tio n  o f  th is  re la tiv e  d isp la c e m e n t c an  b e  se e n  m o re  

d ire c tly  in  th e  p la n  v ie w s  o f  Fig s. 75 an d  76 w h e re

tra je c to rie s  in  p lan  are  d raw n . U n fo rtu n ate ly  th e re  is  n o  

d o c u m e n te d  re c o rd  le f t as p e r v isu a l o b se rv a tio n  o f  

in ju ry  at th e  p ile -h e ad  an d  aro u n d  its c o n n e c tio n  to  th e  

f o o tin g .

SIM P L E A N A L Y SIS O F P IL E-SO IL  IN T ER A C T IO N

1. G e n e ra l C o n c e p t

W h e n  p ile s  are  su b je c te d  to  a sh a k in g  d u rin g  

e arth q u ak e s , th e y  m o v e  b ac k  an d  fo rth  h o r iz o n ta lly  

a lm o st in  u n io n  w ith  th e  m o v e m e n t o f  th e  

su rro u n d in g  g ro u n d . D u rin g  th e  m a in  sh ak in g , san d y  

so ils  in  a d e p o sit h a v e  n o t y e t so f te n e d  so  s ig n if ic a n tly  

d u e  to  liq u e fa c tio n  th a t re la tiv e  m o v e m e n t b e tw e e n  th e  

p ile s  an d  th e  g ro u n d  w o u ld  b e  sm all. H o w e v e r, th e re  

are  c h an c e s  f o r th e  p ile s  to  b e  d am ag e d , i f  th e  g ro u n d  

m o tio n  is  su f f ic ie n tly  larg e  an d  c o n s e q u e n t 

d e v e lo p m e n t o f  b e n d in g  m o m e n t w ith in  th e  p ile s  is

f
re a t e n o u g h  to  b e c o m e  e q u al to  a lim itin g  v a lu e . It is to  

e  n o tic e d  th a t th e  d am ag e  to  th e  p ile s  u n d e r th e  a b o v e  

lo ad in g  c o n d itio n s  tak e s p lac e  in  th e  u p p e r p o rtio n  o f  

th e  p ile  n e ar th e  h e ad  b e c au se  o f  th e  b e n d in g  m o m e n t 

b e c o m in g  m a x im u m  aro u n d  th is  p o rtio n . Sin c e  th e  

lo ad  c o m e s fro m  th e  in e rtia  fo rc e  o f  su p e rstru c tu re s , th e  

in f lu e n c e  o f  se ism ic  lo ad in g  m ay  b e  re fe rre d  to  as " to p -  

d o w n  e f f e c t" .

It h as  b e e n  k n o w n  th at o n se t o f  l iq u e fa c tio n  tak e s  

p lac e  a p p ro x im ate ly  at th e  sam e  tim e  as th e  in s ta n t 

w h e n  p e a k  a c c e le ra tio n  o c c u rs  in  th e  c o u rse  o f  s e is m ic  

lo ad  a p p lic a tio n  h a v in g  an  irre g u la r tim e  h is to ry . 

Fo llo w in g  th e  o n se t o f  l iq u e fa c tio n  th e  o n c e  so f te n e d  

san d y  m a te ria l starts  to  m o v e  h o r iz o n ta lly , if  th e  

g ro u n d  is in c lin e d . U n d e r su c h  c o n d itio n s , la te ra l fo rc e  

w o u ld  b e  ap p lie d  to  th e  p ile  b o d y  e m b e d d e d  in  th e  

g ro u n d , le ad in g  to  d o w n slo p e  d e f o rm a tio n  o f  th e  p ile . 

A t th is  tim e , th e  se ism ic  m o tio n  h as alre ad y  p asse d  its  

p e ak , b u t th e  sh ak in g  m ay  still b e  p e rs is te n t in  le sse r  

in te n s ity  o r h as c o m p le te ly  su b sid e d . T h e re fo re , th e  

la te ra l fo rc e  tra n sm itte d  f ro m  su p e rstru c tu re s  d u e  to  

in e rtia  o f  se ism ic  m o tio n  w o u ld  b e  o f  in s ig n if ic a n t 

m a g n itu d e  an d  m a jo r  lo ad  w o u ld  b e  th e  late ra l fo rc e  

c o m in g  d ire c tly  fro m  th e  so ils  s u rro u n d in g  th e  p ile . 

U n d e r su c h  lo ad in g  c o n d itio n s , th e  m a x im u m  b e n d in g  

m o m e n t in d u c e d  in  th e  p ile  m ay  o c c u r n o t n e ar th e  p ile  

h e ad  b u t at a lo w e r p o rtio n  at so m e  d e p th . T h u s, th e  

e f fe c ts  o f  e a rth q u a k e  lo ad in g  are  m an ife ste d  in  th e  f o rm  

o f  la te ra l d e f o rm a tio n  o f  th e  g ro u n d  im p o s in g  a 

s ig n if ic a n t fo rc e  to  th e  e m b e d d e d  p o rtio n  o f  th e  p ile , 

an d  as su c h  th e  in f lu e n c e  o f  se ism ic  lo ad in g  m ay  b e  

re fe rre d  to  as "b o tto m -u p  e f f e c t" .

In  su m m ary , th e  e f fe c ts  o f  se ism ic a lly  in d u c e d  

lo ad in g  to  f o u n d atio n s  su c h  as p ile s  are  tw o  fo ld . O n e  is  

asso c iate d  w ith  th e  d y n am ic  lo ad s  at th e  tim e  o f  m a in  

sh ak in g  c o m in g  fro m  th e  in e rtia  fo rc e  o f  

su p e rstru c tu re s  w h ic h  are  a p p lie d  to  th e  to p  o f  th e  p ile . 

A s a re su lt o f  su c h  a to p -d o w n  lo ad  tran sfe r, th e  

m a x im u m  b e n d in g  m o m e n t an d  c o n se q u e n t d am ag e  

te n d s to  o c c u r n e ar th e  p ile  h e ad . T h e  o th e r is re la te d  

w ith  th e  static  lo ad s  e m e rg in g  fro m  th e  l iq u e fa c tio n -  

in d u c e d  late ra l m o v e m e n t o f  s u rro u n d in g  so il d e p o sit. 

T h e se  lo ad s  are  ap p lie d  to  th e  m id d le  p o rtio n  o f  th e  p ile  

d u rin g  th e  p e r io d  o f  tim e  a f te r th e  m a in  sh ak in g  o f  

e arth q u ak e s  is o v e r. A s a re su lt o f  su c h  a b o tto m -u p  

m o d e  o f  lo ad  ap p lic a tio n , th e  m a x im u m  b e n d in g  

m o m e n t an d  c o n se q u e n t d am ag e  te n d s to  o c c u r in  th e  

m id d le  p o rtio n  o f  th e  p ile  at a c e rta in  d e p th .

2. A n aly sis  o f  p ile s  su b je c te d  to  la te ra l sp re ad in g  o f  th e 

g ro u n d

A  s im p le  an aly sis  c an  b e  m ad e  fo r a p ile  by 

assu m in g  it to  b e  c o n n e c te d  to  a sp rin g  sy ste m , as 

sh o w n  in  Fig .77 , w h ic h  is arran g e d  to  re p re se n t a n  

in te ra c tio n  c h arac te ris tic s  b e tw e e n  p ile s  an d  

su rro u n d in g  so il d e p o sit. In  th is  m o d e l, th e  sp rin g  

c o n stan t, K , is o b ta in e d  b y  m u ltip ly in g  th e  c o e f f ic ie n t o f  

su b g rad e  re ac tio n , k  b y  an  e f fe c tiv e  w id th  o f  th e  p ile , d ,

K = k d  . . . . . . . . ( 1 )
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L a t e r a l  d i s p l a c e m e n t  ( m )  

-0 .5  0  0 .5  1 1 .5
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t h e  

i n s id e  

w a l l  o f  
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Fig .75  L ate ra l d isp lac e m e n ts  o f  th e  p ile  at th e  T a n k l0 6  

an d  fe a tu re s  o f  c ra c k  d e v e lo p m e n t as id e n tif ie d  

b y  th e  v id e o  c am e ra

L a t e r a l  d i s p l a c e m e n t  ( m )  

- 0 .5  0  0 .5  1 1 .5  2
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a l o n g  

t h e  

i n s id e  

w a l l  o f  

t h e  p i le

C l o g g i n g  

o f  t h e  h o l e  

b y  s o i ls

-0 .5  0  0 .5  1 1 .5  2

Fig .76  L ate ra l d isp lac e m e n ts  o f  th e  p ile  at th e  T a n k l0 7  

an d  fe a tu re s  o f  c ra c k  d e v e lo p m e n t as id e n tif ie d  

b y  th e  v id e o  c am e ra

I S p r in g

Fig .7 7  M o d e l f o r th e  p ile - so il in te ra c tio n  an a ly se s

T h e  c o e f f ic ie n t, k, is d e f in e d  as th e  ra tio  b e tw e e n  th e  

la te ra l fo rc e  F p e r u n it are a  an d  th e  d if f e re n c e  b e tw e e n  

th e  late ra l d isp la c e m e n t o f  th e  p ile , U p , an d  th at o f  th e  

fre e - f ie ld  g ro u n d , Ug .

k  =  ■
U p - U c

■•(2)

It is to  b e  n o tic e d  th a t th e  v a lu e  o f  Ug  sh o u ld  b e  c h o se n  

as th e  d isp la c e m e n t o f  th e  g ro u n d  su f f ic ie n tly  f a r  aw ay  

fro m  th e  p ile  su c h  th a t it is fre e  f ro m  an y  in te ra c tio n  

e f fe c ts  b e tw e e n  th e  g ro u n d  an d  th e  p ile . T o  d e te rm in e  

th e  c o e f f ic ie n t o f  su b g rad e  re a c tio n  to  b e  u tiliz e d  in  th e  

ro u tin e  p rac tic e , se v e ra l e m p iric a l f o rm u la e  are

su g g e ste d  in  th e  Ja p a n e se  d e sig n  c o d e  o f  b rid g e  

fo u n d a tio n s . T h e  m o st f re q u e n tly  u se d  fo r san d y  

d e p o s it is  v ia  th e  Y o u n g 's  m o d u lu s  e stim ate d  f ro m  th e  

SP T  N -v a lu e . W h ile  th e re  are  n u m e ro u s  fac to rs

a sso c ia te d  w ith  u n c e rta in ty  in  d e te rm in in g  th e  k -v a lu e , 

ay  at tn is m o m e n t b u t to  re ly  u p o n  

th e  N -v a lu e . T h e  k -v a lu e s  u se d  h e re in  a n a  th o se

th e re  is n o  o th e r w ay

e stim a te d  fro m  th e  N -v a lu e .

T h e  o u tc o m e  o f  m o n ito rin g  th e  p ile  d e f o rm a tio n  

by  v irtu e  o f  a s lo p e  in d ic a to r  fo r p ile s  at th e  sp h e ric a l 

tan k s w as d e sc rib e d  in  th e  f o rg o in g  se c tio n . A t th is  

lo c a tio n , SP T  k -v a lu e s  are  assu m e d  to  b e  d istrib u te d  

th o u g h  th e  d e p th  as sh o w n  in  Fig .78  o n  th e  b asis  o f  th e  

so il p ro f ile  d ata  in  Fig .72  w h ic h  w as o b ta in e d  at a n earb y  

s ite  P 14. W ith  re fe re n c e  to  th e  SP T  N -v a lu e , th e  sp rin g  

c o n sta n ts  in  n o rm a l c o n d itio n s  w ith o u t liq u e fa c tio n  

w e re  assu m e d  to  tak e  v a lu e s  o f  11.2, 16 .8  an d  28.C 

M N / m 2, f o r th e  re c la im e d  d e p o sits  as ac c o rd in g ly  

in d ic a te d  in  th e  f ig u re . T h e  d e f o rm a tio n  c h arac te ristic s  

o f  th e  p re fab ric a te d  re in fo rc e d  c o n c re te  p ile  are 

e x p re sse d , as sh o w n  in  Fig .79, in  te rm s o f  a r e la tio r  

b e tw e e n  th e  b e n d in g  m o m e n t an d  c u rv a tu re . T h is  

re la tio n  w as d e riv e d  f ro m  th e  g iv e n  c h arac te ris tic s  o l 

th e  c ro ss  se c tio n  sp e c if ie d  by  th e  p ile  m a n u fa c tu re r. II 

m ay  b e  se e n  in  Fig .79  th at th e  p ile  is re g ard e d  to  re a c h  a 

p o in t o f  y ie ld in g  at a c ritic a l m o m e n t o f  M c = 2 .45tf  m  

w ith  a c u rv a tu re  o f  4> =  0 .0 0 1 9 / m  w h e re  h a ir c rac k s  arc  

su p p o se d  to  d e v e lo p . A t th e  m a x im u m  b e n d in g  

m o m e n t o f  4 .1 7 tf  m , th e  p ile  is  c o n s id e re d  to  d e v e lo p  

fa ilu re  w ith  a c u rv a tu re  o f  <|> =  0 .0204 /  m . T h e  n o n 

l in e a r n a tu re  o f  p ile  b e h a v io u r  as d e sc rib e d  in  Fig .7 i 

w as tak e n  in to  ac c o u n t in  p e rfo rm in g  th e  b ac k  an a ly sis  

T h e  m e th o d  o f  an a ly sis  ad o p te d  h e re in  c o n s is ts  o f  a 

se rie s  o f  c a lc u la tio n  as f o llo w s.

(1) First, la te ra l d isp la c e m e n t o f  th e  so il d e p o s it is 

p re sc rib e d  th ro u g h o u t th e  d e p th . In  th e  c ase  o f  th e 

sp h e ric a l ta n k  s ite  T A 106  an d  107, th e  re c la im e d  M asad c
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so il is p o stu la te d  to  h a v e  d e v e lo p e d  liq u e fa c tio n  to  a 

d e p th  o f  17m , an d  th e  e n tire  so il m ass  ab o v e  it to  h a v e  

m o v e d  w ith  a s in u so id a l d is tr ib u tio n  o f  la te ra l 

d e f o rm a tio n  as illu stra te d  in  Fig .77.

(2)  T h e  la te ra l d isp la c e m e n t o n  th e  g ro u n d  su rfac e  

w as assu m e d  to  h a v e  b e e n  2 .4m . T h is  is b ased  o n  th e  

d ata  o b ta in e d  b y  u sin g  th e  g ro u n d  su rv e y in g  m e th o d  as 

d e sc rib e d  ab o v e . A s sh o w n  in  th e  in se t o f  Fig .62, th e  

a lig n m e n t o f  th e  g ro u n d  su rv e y in g  at th e  c ro ss s e c tio n  

M -3  is th e  o n e  c lo se st to  th e  s ite  o f  th e  sp h e ric a l ta n k  

s ite  b e in g  c o n s id e re d . D is tr ib u tio n  o f  th e  la te ra l 

d isp la c e m e n t a lo n g  th e  se c tio n  M -3 is o b ta in e d  as 

sh o w n  in  Fig .80  b ased  o n  th e  d ata d isp lay e d  in  Fig .62. 

Sin c e  th e  lo c a tio n  o f  th e  sp h e ric a l tan k s is  

ap p ro x im a te ly  30m  in lan d  fro m  th e  q u ay w all, th e  

la te ra l d isp la c e m e n t o n  th e  g ro u n d  su rfac e  m ay  b e  re ad  

o f f  as b e in g  a b o u t 2.4m . T h e  late ra l d isp la c e m e n t w ith in  

th e  liq u e f ie d  s tra tu m  is  assu m e d  to  h av e  a d is tr ib u tio n  

re p re se n te d  b y  a s in e  fu n c tio n  to  th e  d e p th  o f  17m  as 

sh o w n  in  Fig .77 .

(3 )  T h e  d isp la c e m e n t o f  th e  g ro u n d  as p o stu la te d  

ab o v e  w as  ap p lie d  to  th e  e q u iv a le n tly - l in e a r  sp rin g  in  

th e  s o il-p ile  m o d e l as sh o w n  in  Fig .78 an d  an aly sis  w as 

m ad e  fo r th e  sp rin g -su p p o rte d  b e am  to  o b ta in  la te ra l 

d isp la c e m e n t o f  th e  p ile . In  d o in g  so , th e  lo w e r e n d  o f  

th e  p ile  w as assu m e d  to  b e  f ix e d , an d  th e  p ile  h e ad  w as 

p o stu la te d  to  b e  f ix e d  to  th e  fo o tin g  b u t fre e  to  m o v e  i n 

th e  h o r iz o n ta l d ire c tio n . In  th e  an aly sis , th e  sp rin g  

c o n sta n ts  at e ac h  d e p th  w e re  re d u c e d  in  a w id e  ran g e  

f ro m  1 to  5 x 1 0 " *.  T h e  fac to r b y  w h ic h  th e  c o e f f ic ie n t o f  

su b g rad e  re a c tio n  o r sp rin g  c o n sta n t is re d u c e d  w ill be 

c a lle d  " s tif f n e s s  d e g rad atio n  fa c to r"  an d  d e n o te d  b y  (3.

(4 )  A s k n o w n  fro m  Fig .72, th e  g ro u n d  w ate r tab le  at 

th is  lo c a tio n  w as 1.25m  b e lo w  th e  su rfac e . T h e  p artia lly  

sa tu rate d  so il ab o v e  it, p lu s  a th in  lay e r o f  0 .85m  b e lo w  

it, m ay  b e  assu m e d  n o t to  h a v e  d e v e lo p e d  l iq u e fa c tio n . 

T h u s, th e  2 .0m  th ic k  su rfac e  la y e r is  e n v isa g e d  to  h a v e  

m o v e d  to g e th e r w ith  th e  u n d e rly in g  la y e r w h ic h  h a s  

u n d e rg o n e  th e  late ra l sp re ad in g . It m ay  b e  a ssu m e d , 

th e re fo re , th a t a p ass iv e  e arth  p re ssu re  o f  K pY ,H 2 / 2 is  

ap p lie d  to  th e  so il b lo c k  2 .0m  in  th ic k n e ss  n e ar th e
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C u r v a tu r e ,  ^  ( p e r  m e te r )

Fig .79  E la s to  -p lastic  re la tio n  b e tw e e n  th e  b e n d in g  

m o m e n t an d  c u rv atu re  o f  th e  p ile  u se d  fo r 

th e  f o u n d atio n s  o f  T a n k l0 6  an d  107

Fig .78  A  m o d e l o f  s o il- p ile  in te ra c tio n

Fig .80  G ro u n d  d isp la c e m e n ts  in  L P G  ta n k  farm

su rfac e , w h e re  K p =  ta n 2(<t>/ 2 +  7i/ 4) , H = 2.0m , $ = 3 7 °  an d  

7 , =  1 .85tf  /  m 3,w e re  assu m e d  fo r c a lc u la tio n .

(5)  T h e  fo u n d a tio n  o f  th e  T a n k l0 6  an d  107 c o n s is ts  o f  

6 ra f t f o o tin g s  e ac h  su p p o rte d  b y  4  p ile s  as in d ic a te d  in  

Fig .69 . A s su c h , a to tal o f  24 p ile s  is c o n s id e re d  to  h a v e  

e x p e rie n c e d  la te ra l sp re ad in g . H o w e v e r, 8 p ile s  

c o n n e c te d  to  2 f o o tin g s  in  th e  s o u th e rn  s id e  m ay  be  

assu m e d  n o t to  h av e  b e e n  in f lu e n c e d  s ig n if ic a n tly  by  

th e  la te ra l fo rc e  d u e  to  f lo w  d e fo rm a tio n  o f  liq u e f ie d  

so il. T h u s, th e  re m a in in g  16 p ile s  are  assu m e d  to  h a v e  

b e e n  su b je c te d  to  th e  late ra l fo rc e . N o w , a ssu m in g  th e  

g ro ss w id th  o f  th e  f o u n d a tio n  f ra m e  to  b e  8m  as 

in d ic a te d  in  Fig .70 , th e  to tal e arth  p re ssu re  ac tin g  o n  th e  

f o u n d a tio n  sy ste m  w o u ld  b e  e stim ate d  as 8 m  x  

K py ,H 2 /  2 .  T h e n , th e  fo rc e  ap p lie d  to  e ac h  o f  th e  16 p ile s  

is  o b ta in e d  as 8 / 1 6 x  K pv tH 2 /  2 =  K py ,H 2 / 4 . In  th e  

an aly sis , th e  p ass iv e  e arth  p re ssu re  o f  th is m a g n itu d e  

w as ap p lie d  to  th e  p ile  h e ad  n e a r th e  su rfac e , a lo n g  w ith  

th e  d isp la c e m e n t d is tr ib u tio n  as m e n tio n e d  ab o v e .

T h e  o u tc o m e  o f  th e  an aly sis  is  d e m o n strate d  in  

Fig .81  f o r v a rio u s ly  assu m e d  v a lu e s  o f  p . In  v ie w  o f  th e  

se v e re  d e v a sta tio n  n e ar th e  g ro u n d  su rfac e  o b se rv e d  at 

th e  tim e  o f  th e  e arth q u ak e , it w as c o n s id e re d  

ap p ro p ria te  to  re d u c e  th e  s tif fn e ss  o f  th e  liq u e f ie d  lay e r 

s ig n if ic a n tly . T h u s, th e  v a lu e  o f  P w as c h an g e d  in  th re e  

ste p s  f ro m  2 x l 0 “3 to  5 x 1 0 ^  as ac c o rd in g ly  in d ic a te d  in  

Fig .81.

It is ap p are n t, th o u g h  n o t sh o w n  so  in  Fig .81, th at, 

w h e n  th e  sp rin g  c o n te n ts  tak e  th e  v a lu e s  s tip u la te d  in
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D isp lac e m e n t (m )

Fig .81 C o m p a riso n  o f  c o m p u te d  p ile  d isp la c e m e n t 

w ith  th e  assu m e d  so il d isp la c e m e n t f o r th e  

p ile s  o f  T a n k l0 6  an d  107

th e  d e sig n  c o d e , th e  p ile  m o v e s  in  u n iso n  w ith  th e  

m o v e m e n t o f  th e  s u rro u n d in g  so ils  an d  th e re  is n o  

re la tiv e  d isp la c e m e n t b e tw e e n  th e  p ile  an d  th e  so il  

d e p o sit. If  a d e g rad atio n  o f  (3 =  2 x  10“3 is  in tro d u c e d , th e  

an a ly sis  re su lt sh o w s a p ile  m o v e m e n t o f  1 .75m  o n  th e  

su rfac e  as in d ic a te d  in  Fig .81. If  th e  d e g rad atio n  o f  

5 x 1 0 " * is in tro d u c e d  fo r th e  s tif fn e ss  in  th e  liq u e f ie d  

s tra tu m  to  a d e p th  o f  17m , th e  m o v e m e n t o f  1 .1m  is  

o b ta in e d  fo r th e  p ile  o n  th e  g ro u n d  su rfac e . T h e  

d ire c tio n  o f  th e  fo rc e  ac tin g  o n  th e  p ile  b o d y  is in d ic a te d  

in  Fig .81 w ith  arro w s w h e re  it c an  b e  se e n  th a t th e  

m o v in g  so ils  in  th e  liq u e f ie d  lay e rs  is g e n e ra tin g  

d riv in g  f o rc e  in  th e  d ire c tio n  o f  p ile  m o v e m e n t, 

w h e re as  th e  u n d e rly in g  u n liq u e f ie d  so il d e p o s it 

w ith p  =  1.0 is re s is tin g  b y  m o b iliz in g  th e  fo rc e  ac tin g  in  

th e  o p p o s ite  d ire c tio n .

T h e  d e f o rm a tio n  o f  th e  p ile s  as m e a su re d  b y  th e  

in c lin o m e te r  d o e s n o t y ie ld  ab so lu te  v a lu e s  o f  a c tu al 

d e f o rm a tio n s  b e c au se  o f  la c k  o f  m e asu re d  d ata b e lo w  

th e  d e p th  o f  10m  as in d ic a te d  in  Fig s.75  an d  76. T h u s , 

th e  m e asu re d  p ile  d e f o rm a tio n  sh o u ld  b e  in te rp re te d  as 

th e  d ata in d ic a tin g  th e  p a tte rn  o f  re la tiv e  d e f o rm a tio n  

ab o v e  th e  d e p th  o f  10m . W ith  th is fac t in  m in d , i t 

w o u ld  b e  ap p ro p ria te  to  q u o te  th e  m e a su re d  p atte rn  o f  

d e f o rm a tio n  f ro m  Fig s .75  an d  76 an d  su p e rim p o se  th em  

in  th e  d iag ram  o f  c a lc u late d  d e f o rm a tio n  in  su c h  a w ay  

th at b o th  o f  th em  b e c o m e  as c o in c id e n t as p o ss ib le . T h e  

c o m p a riso n  in  th is  v e in  is  d e m o n stra te d  in  th e  d iag ram  

o f  Fig .82  w h e re  it m ay  b e  se e n  th at th e  c o in c id e n c e  o f  

th e  m e asu re d  an d  e stim ate d  v a lu e s  is ro u g h ly  a c h ie v e d  

fo r th e  c ase  o f  th e  s tif fn e ss  d e g rad atio n  fac to r as lo w  as 

P =  5 x  10“* w h e re  th e  g ro u n d  d e fo rm a tio n  o n  th e  

su rfac e  is  c a lc u la te d  to  b e  1.1m .

W h e n  p e rfo rm in g  th e  an aly sis , th e  b e n d in g  

m o m e n t in  th e  p ile  b o d y  w as c a lc u late d  in  su c h  a w ay  

th a t it sa tis f ie s  th e  p ile  s tif fn e ss  c h arac te ris tic s  as s h o w n  

in  Fig .79. T h e  m o m e n t d is tr ib u tio n  v e rsu s  d e p th  

o b ta in e d  f ro m  th e  an aly sis  is d e m o n strate d  in  Fig .83. It 

m ay  b e  se e n  th at th e  b e n d in g  m o m e n t in d u c e d  in  th e  

p ile  is ap p ro x im ate ly  e q u al to  th e  le v e l o f  th e  m o m e n t

at w h ic h  y ie ld in g  starts  to  o c c u r. L o o k in g  b ac k  at th e  

f e a tu re s  o f  c rac k  d e v e lo p m e n t d isp lay e d  in  Fig s.75  an d  

76, it m ay  as w e ll b e  m e n tio n e d  th a t th e  d e p th  o f  c rac k  

d e v e lo p m e n t ro u g h ly  c o in c id e s  w ith  th e  d e p th  ran g e  at 

w h ic h  th e  b e n d in g  m o m e n t b e c o m e s  e q u al to  its y ie ld  

an d  fa ilu re  v a lu e .

Fro m  th e  ab o v e  c o n s id e ra tio n , it is n o te d  th a t 

th e re  are  th re e  p o in ts , as f o llo w s, to  w h ic h  e s tim a te d  

b e h a v io u r o f  th e  p ile s  sh o u ld  b e  c h e c k e d  to  v e rify  if  a 

c h o se n  v a lu e  o f  s tif fn e ss  d e g rad atio n  p aram e te r, P, is  

a p p ro p ria te  o r  n o t.

D isp lac e m e n t (m )

Fig .82  C o m p a riso n  o f  c a lc u la te d  p ile  d e f o rm atio n s  

w ith  th o se  m e a su re d  b y  th e  in c lin o m e te r

Ben d in g  m o m en t (tfm )

Fig .83  C a lc u la te d  b e n d in g  m o m e n t o f  th e  p ile s  fo r 

th e  fo u n d a tio n s  o f  T a n k l0 6  an d  107
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(1)  Fo r th e  p o rtio n  o f  th e  p ile  w h e re  c rac k s w e re  

o b se rv e d  b y  th e  v id e o  c am e ra , th e  b e n d in g  m o m e n t 

c a lc u la te d  f ro m  th e  an a ly sis  sh o u ld  c o in c id e  w ith  th e  

th re sh o ld  m o m e n t o f  re in fo rc e d  c o n c re te  at w h ic h  

y ie ld in g  o r  su b se q u e n t fa ilu re  c an  o c c u r.

(2)  T h e  p atte rn  o f  th e  late ra l d e f o rm a tio n  c a lc u la te d  

fro m  th e  an a ly sis  sh o u ld  c o in c id e  w ith  th e  d e f le c tio n  o f  

th e  p ile  o b se rv e d  b y  th e  in c lin o m e te r.

(3 )  In  a m a jo rity  o f  th e  c ases o f  p ile  d am ag e  d u e  to  

late ra l f lo w , th e  g ro u n d  d e fo rm a tio n  h as  b e e n  o b se rv e d  

to  b e c o m e  g re ate r th an  th a t o f  th e  p ile  h e ad . In  v ie w  o f  

th is , th e  d e f le c tio n  o f  th e  p ile  h e ad  c a lc u la te d  fro m  th e  

an a ly sis  sh o u ld  b e  s ig n if ic a n tly  sm a lle r th an  th e  g ro u n d  

su rfac e  d e f o rm a tio n  w h ic h  is assu m e d  as an  in p u t 

d e f o rm a tio n  at th e  b e g in n in g  o f  th e  an aly sis .

Fo r th e  c ase  o f  th e  sp h e ric a l tan k  f o u n d a tio n  

stu d ie d  ab o v e , th e  f irs t an d  se c o n d  re q u ire m e n ts  s e e m  

to  b e  satisf ie d  ro u g h ly . In  e x a m in in g  th e  th ird  

c o n d itio n , it is n e c e ssary  to  k n o w  an  a b so lu te  v a lu e  o f  

th e  p ile  h e ad  d e f le c tio n  re su ltin g  f ro m  th e  late ra l f lo w , 

b u t u n fo rtu n a te ly  th e re  is n o  av a ila b le  d ata to  be  

re fe rre d  to  f o r th e  c ase  o f  T A 106  an d  107 fo u n d a tio n s . It 

w o u ld  b e  o f  in te re st, h o w e v e r, to  m ak e  p ro p e r re f e re n c e  

to  th e  c o m p ile d  d ata  re g ard in g  th e  m o v e m e n t o f  th e  

g ro u n d  an d  b rid g e  p ie rs  o b ta in e d  b y  th e  H a n s h in  

H ig h w ay  A u th o rity . T h e  la te ra l m o v e m e n ts  o f  th e  

b rid g e  p ie rs  a lo n g  th e  N o .5  Bay  R o u te  (se e  Fig .45)  w e re  

m o n ito re d  b y  v irtu e  o f  G P S. T h e  g ro u n d  d is p la c e m e n ts  

in  th e  v ic in ity  w e re  a lso  m e asu re d  b y  m e a n s  o f  G P S o r  

b y  u s in g  th e  a irp h o to  in te rp re ta tio n  te c h n iq u e . T h e s e  

tw o  m o v e m e n ts  w e re  p lo tte d , as sh o w n  in  Fig .84 f o r the  

d ata o b ta in e d  f ro m  th re e  ty p es o f  fo u n d a tio n s , th at is, 

p ile , c a isso n  an d  d iap h rag m  w all f o u n d a tio n s  ( Iw asak i 

e t al. 1996). It m ay  b e  se e n  in  Fig .84 th a t th e  la te ra l 

d e f o rm a tio n  o f  th e  p ile - su p p o rte d  fo u n d a tio n  w as 50% , 

o n  th e  av e rag e , o f  th e  g ro u n d  d isp la c e m e n t in  th e ir  

n e ig h b o u rh o o d , b u t th is  ra tio  c o u ld  v ary  in  th e  w id e  

ran g e  b e tw e e n  15%  an d  80% .

Fo r th e  p a rtic u la r  c ase  o f  th e  sp h e ric a l ta n k  

fo u n d a tio n s , th e  ra tio  o f  th e  p ile  h e ad  d e f le c tio n  to  th e  

n e arb y  g ro u n d  su rfac e  w as c o m p u te d  in  th e  a b o v e -  

m e n tio n e d  an a ly se s  as b e in g  1 .75m / 2 .4m = 73%  fo r a 

s tif fn e ss  d e g rad atio n  p a ra m e te r o f  (3 =  2 x  10~3 an d  

l .lm / 2 .4 m = 4 6 %  fo r P =  5 x l 0 “ \  In  v ie w  o f  th is , it m a y  

w e ll b e  m e n tio n e d  th a t th e  c o m p u te d  v a lu e s  o f  th e  p ile  

d e f le c tio n  lie  w ith in  a ran g e  o f  its p o ss ib le  v a r ia tio n  

w h ic h  c an  b e  c o n je c tu re d  in  th e  lig h t o f  th e  o th e r d ata 

o b ta in e d  f ro m  o b se rv a tio n  o f  th e  b rid g e  fo u n d atio n s .

T h e  o u tc o m e  o f  th e  c ase  s tu d ie s  as ab o v e  c an  

p ro v id e  a re a so n a b le  e stim a te  o f  th e  ran g e  fo r th e  

stif fn e ss  d e g ra d a tio n  p a ra m e te r  P th at m ay  be  

in c o rp o ra te d  in  th e  d e sig n  p rac tic e . It is ap p are n t th a t 

th e  p a ra m e te r  P is c lo se ly  lin k e d  w ith  th e  d e f le c tio n  o f  

th e  p ile  h e ad  re la tiv e  to  th e  d isp la c e m e n t o f  th e  

s u rro u n d in g  g ro u n d . T o  e x a m in e  th is  asp ec t, 

c a lc u la tio n s  w e re  m ad e  fo r th re e  v a lu e s  o f  P to  o b ta in  

th e  d e f le c tio n  o f  th e  p ile  h e ad , Up, f o r an  p o stu la te d  

v a lu e  o f  U c = 2 .4 m  in  th e  c ase  o f  th e  sp h e ric a l ta n k  

fo u n d a tio n s . T h e  re su lts  o f  c o m p u ta tio n  are  p lo tte d  in  

Fig .85 in  te rm s o f  th e  n o rm aliz e d  re la tiv e  d isp la c e m e n t, 

(Ug  -Up)/  Ug  p lo tte d  v e rsu s  th e  v a lu e  o f  p . It m ay  b e  

se e n  th at, if  s tif fn e ss  d e g rad atio n  p a ra m e te r is la rg e r 

th an  3 x l 0 “2, th e  re la tiv e  d isp la c e m e n t Ug  -Up b e c o m e s  

p rac tic a lly  e q u al to  z e ro , in d ic a tin g  c o n c o m ita n t 

m o v e m e n t o f  th e  p ile  an d  th e  s u rro u n d in g  g ro u n d . If 

th e  P -v a lu e  is re d u c e d  to  a v a lu e  as sm all as 5 x l 0 -3 to  

5 x 1 0 " *,  re la tiv e  d isp la c e m e n t b e c o m e s  20%  to  60%  o f  

th e  g ro u n d  d isp la c e m e n t, re sp e c tiv e ly . T h o u g h  n o t 

c o n c lu siv e  y e t, it m ay  b e  m e n tio n e d  th at th e  s tif fn e ss  o f

Lateral movement of the ground (cm)

Fig .84 R e la tio n  b e tw e e n  g ro u n d  f lo w  an d  fo u n d a tio n  

m o v e m e n t (Iw asak i, 1996)

th e  liq u e f ie d  so ils  u n d e rg o in g  f lo w  m u st h a v e  b e e n  

re d u c e d  b y  a fac to r o f  5 x  1 0 “3 -  5 x  1 0 "1 f ro m  th e  

n o m in a lly  a ssu m e d  v a lu e  w ith o u t c o n s id e rin g  

so f te n in g  d u e  to  liq u e fac tio n . In  v ie w  o f  th e  f ac t th at th e  

d e f o rm a tio n  c h arac te ris tic s  o f  so ils  is re p lac e d  by  a n  

e q u iv a le n t lin e ar sp rin g , th e  d e g ra d a tio n  p a ra m e te r P is  

e x p e c te d  to  c h an g e  d e p e n d in g  u p o n  th e  m a g n itu d e  o f  

d e f o rm a tio n  assu m e d  fo r th e  so il as an  im p u t. T h is  

a sp e c t m ay  n e e d  to  b e  d e lib e rate d  fu rth e r o n .

Fo r th e  d e sig n  p u rp o se , it m ig h t b e  o f  in te re s t to  

see  h o w  m u c h  fo rc e  h as b e e n  ap p lie d  la te ra lly  to  th e  

p ile  b o d y  f ro m  th e  s u rro u n d in g  g ro u n d  fo r th e  c ase  o f  

th e  sp h e ric a l ta n k  fo u n d a tio n s . T h e  la te ra l fo rc e  

e v a lu a te d  th ro u g h  th e  e q u atio n

F =  k p (U  -  U G) ■•(3)

w as n o rm a liz e d  to  th e  o v e rb u rd e n  p re ssu re  a v an d  

p lo tte d  v e rsu s  th e  d e p th  in  Fig .86. It m ay  b e  se e n  th a t 

th e  late ra l fo rc e  ap p lie d  to  th e  p ile  b o d y  w as o f  th e  o rd e r 

o f  3 to  7%  o f  th e  o v e rb u rd e n  p re ssu re .

T h e  c o n s id e ra tio n  in  th e  ab o v e  is o n ly  o n e  

e x am p le  o f  th e  c ase  s tu d ie s  fo r th e  b e h a v io u r o f  p ile s  

su b je c te d  to  la te ra l sp re ad in g  o f  liq u e f ie d  d e p o sits . A  

n u m b e r o f  c ases o f  p ile  b re ak ag e  m ay  n e e d  to  b e  s tu d ie d  

a lo n g  th e  l in e  o f  re aso n in g s  s im ilar to  th e  ab o v e , b e fo re  

an y  c o n c lu sio n  is d raw n  re g ard in g  th e  late ra l fo rc e  to  be  

a llo w e d  fo r in  d e sig n in g  p ile s  d riv e n  in  d e p o sits  l ik e ly  

to  d e v e lo p  la te ra l f lo w  d u rin g  e arth q u ak e .

a.
X

•3

0 . 7 5

0 . 2 5  -

1 0 ! 10* 10J 1 0 ! 

D eg rad atio n facto r, p 

Fig .85 R e la tiv e  d isp la c e m e n t b e tw e e n  p ile s  an d  so il 

d e p o s its  as a fu n c tio n  o f  s tif fn e ss  d e g rad atio n  

p a ra m e te r  P
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Fo rce  o n  p ile  

T o tal o v erb u rd en  p re ssu re , <r,

Fig .86  C o m p u te d  la te ra l f o rc e  ac tin g  o n  th e  p ile s  fro m  

th e  so il d e p o s it

C O N C L U D IN G  R EM A R K S

A s a re su lt o f  in -s itu  s tu d ie s  o f  so il c o n d itio n s  an d  

d am ag e  fe a tu re s  o f  LPG  tan k s at th e  tim e  o f  th e  1995 

K o b e  Earth q u ak e s, c o n c lu d in g  re m a rk s  m ay  be  

ad d re sse d  as fo llo w s.

1. U n lik e  m an y  c ases in  p ast e arth q u ak e s , th e  so ils  

c o m p o se d  o f  g ra v e l- c o n ta in in g  silty  san d s  h a v e  

d e v e lo p e d  e x te n s iv e  liq u e fa c tio n  in  th e  re c la im e d  

is lan d s  in  K o b e . It w as th u s  fo u n d  th at e v e n  s o i ls  

w ith  h ig h  u n if o rm ity  c o e f f ic ie n t c o n ta in in g  a b o u t 

50%  o f  g rav e ls  c o u ld  d e v e lo p  liq u e fa c tio n  if  it is  

s u b je c te d  to  a h ig h  in te n sity  o f  sh ak in g

2. B e n e f ic ia l e f fe c ts  o f  c o m p a c tio n  b y  m e a n s  o f  san d  

c o m p a c tio n  p ile  an d  v ib ro - f lo a ta tio n  te c h n iq u e s  w e re  

fo u n d  to  b e  v a lid  fo r su c h  w e ll-g rad e d  so ils  f o r 

p re v e n tin g  h az ard  d u e  to  liq u e fa c tio n . T h is  w as 

su b stan tia te d  b y  a h ig h e r v a lu e  o f  cy c lic  s tre n g th  o f  

u n d istu rb e d  sam p le s  f ro m  th e  c o m p ac te d  d e p o sits  as 

c o m p are d  to  th a t o f  u n d istu rb e d  sam p le s  f ro m  

u n c o m p a c te d  d e p o sits .

3. T h e  o n c e  liq u e f ie d  so ils  w e re  fo u n d  to  d e v e lo p  

late ra l sp re ad in g  if  la te ra l c o n stra in t is  re le ase d  in  th e  

so il d e p o sits  su c h  as th o se  b e h in d  th e  q u ay w alls  

w h ic h  are  d isp lac e d  larg e ly  b y  se ism ic  ac tio n s . T h e  

late ra l d isp la c e m e n t o f  th e  q u ay w all o f  th e  o rd e r o f  2- 

3m  w as a lso  sh o w n  to  p ro p ag ate  re arw ard s  in  th e  

b ac k la n d  th ro u g h  a d istan c e  o f  150-200m .

4. T h e  fo u n d a tio n  p ile s  fo r in d u stria l fa c ilitie s  in s ta lle d  

in  th e  d e p o sits  u n d e rg o in g  th e  la te ra l sp re ad in g  w e re  

sh o w n  to  b e  su b je c te d  to  la te ra l fo rc e , re su ltin g  in  

fatal in ju ry  in  th e  p ile  b o d y .

5. Sim p le  b a c k  an a ly se s  w e re  p e rfo rm e d  to  e v a lu ate  th e  

m a g n itu d e  o f  th e  la te ra l fo rc e  th at h ad  b e e n  ap p lie d  

to  th e  p ile  b o d y  d u rin g  th e  f lo w  o f  th e  liq u e f ie d  

d e p o sit. It w as re v e a le d  th at th e  v a lu e  o f  th e  sp rin g  

c o n sta n t e n te rin g  in  th e  m o d e l o f  s o il- p ile  in te ra c tio n  

an aly se s  m u s t b e  re d u c e d  b y  a fac to r o f  5 x l 0 ~ 3 to  

5 x 1 0 ^  in  o rd e r to  p ro v id e  a p la u s ib le  e x p la n a tio n  

fo r th e  o b se rv e d  fac t th at th e  d isp la c e m e n t o f  p ile s  is

ab o u t 15 to  80%  o f  th e  far- f ie ld  d is p la c e m e n t 

o c c u rrin g  in  th e  su rro u n d in g  so il d e p o sits .

A C K N O W L E D G M E N T S

In  p re p arin g  th e  m a n u s c rip t f o r th is  le c tu re , th e  

o u tc o m e  o f  in - s itu  in v e s tig a tio n s  c o n d u c te d  o n  

fo u n d a tio n s  o f  b rid g e  p ie rs  w as p ro v id e d  b y  M r. H . 

Ish iz ak i an d  M r. Y . Eg aw a o f  th e  H a n sh in  Ex p ressw ay  

A u th o rity . T h e  d e ta ile d  so il in v e s tig a tio n s  at th e  

p ac k in g  h o u s e  in  P o rt Is lan d  w e re  p e rfo rm e d  b y  th e  

C o o p e ra tiv e  R e se a rc h  C o m m itte e  o rg an iz e d  b y  D r. Y . 

G o to  o f  O h b ay ash i C o . T h e  d ata o n  g e o lo g y  an d  

g e o m o rp h o lo g y  o f  th e  K o b e  are a w e re  o f fe re d  Dy th e  

c o u rte sy  o f  P ro fe sso r N . A d ac h i o f  K y o to  U n iv e rs ity . D r. 

Y . Iw asak i an d  M r. Y . Su w a  o f  O sak a  G e o - In s titu te  

k in d ly  p ro v id e d  th e  se ism ic ity  d ata b ase  re c o rd e d  at th e  

tim e  o f  th e  K o b e  Earth q u ak e . T h e  a n a ly se s  o f  p ile s  

su b je c te d  to  la te ra l f lo w  o f  so ils  w e re  p e rfo rm e d  b y  D r. 

M . C u b rin o v sk i o f  K iso jib a n  C o n su lta n ts . T h e  d ra ftin g  

o f  th e  m a n u sc rip t w as m a te ria liz e d  b y  o v e ra ll ass is ta n c e  

o f  D r. K . M o ri an d  M r. Y . M o rita  o f  K is o jib a n  

C o n su lta n ts . T h e  a u th o r w ish e s  to  e x p re ss  h is  s in c e re  

th a n k s  an d  d e e p  a p p re c ia tio n  to  th e  in d iv id u a ls  

m e n tio n e d  ab o v e .
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