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Effects of subsurface liquefaction on earthquake ground motion at surface 

Influence de la liquefaction de la subsurface des sols sur la propagation sismique a la surface

I.Towhata -  Department o f C ivil Eng ineering , The University o f Tokyo, Japan 

J. K. Park -  Department o f C ivil Eng ineering, Seoul National Polytechnic  University, Korea 

R. P.Orense -  Kisojiban Consultants Co. Ltd, Japan

A B S T R A C T : T he earthq u ak e-re la ted  risk  m anagem ent o f  life lin e  operation  requ ires that the onse t and ex ten t o f  su bsu rface  liquefaction  

are detected  im m ediately  after an earthquake. T his goal is ach ieved  by dep loy ing  m any acce le rom eters in the area o f  possib le  liquefaction 

and co llec tin g  records th rough  a  w ire le ss  netw ork . T h is p ap e r a ttem pts to d evelop  a m easu re  to  in te rp re t the co llec ted  data  o f su rface 

m otion  and to  assess the th ick n ess o f  liquefied  layer. F o r th is  pu rpose , both  analysis o f  ea rth q u ak e  reco rds and shak ing  tab le  tests on 

m odel g round  w ere carried  out. It w as show n that the  th ick n ess o f  liquefied  lay er can be assessed  by usin g  the  m axim um  acceleration  

and the  spectrum  in tensity  at the  surface.

R E SU M E : L a gestion  des reseaux  d ’u tilite s soum is au risq u e  sism ique ex ige  que  1 ’in tensite  et I’e ten d u e  de  la liquefaction  sub-surface 

des so ls so ien t detectees im m ed ia tem en t apres la liq u efac tio n  su b -su rface  des so ls so ien t de tec tees im m ed ia tem en t ap res le seism e. Le 

but e s t a tte in t en dep lo y an t de  n o m b reu x  acce le ro m etres dans la  zone de  liquefaction  p o ten tie lle , e t en co llec tan t les d o nnees par un 

reseau  sans fil. L e  p resen t a r tic le  v ise  a  develo p p er une m eth o d e  p o u r in te rp re te r les d o n nees co llec tees de m o u vem en ts de surface  et 

po u r e v a lu e r  l ’e p a isseu r du  n iveau  liquefie . D ans ce b u t ont e te  rea lisees des an a ly ses d ’e n reg is trem en ts  de se ism es ainsi que  des 

experiences sur p lateau  v ib ran t avec  des so ls reconstitues en laborato ire . II est ainsi dem ontre  que  l ’ep a isseu r du n iveau  liquefie  peut etre 

e s tim ee en connaissan t l ’acce le ra tio n  m ax im um  et le spectre  d ’in tensite  a la surface.

1 IN T R O D U C T IO N

T he se ism ic  liq u e fac tio n  in loo se  sandy  su b so il is one  o f  the 

m ost im portan t earthquake hazards to em bedded  lifeline facilities. 

A lth o u g h  d en s ifica tio n  o f  sand is an e ffe c tiv e  m easu re  against 

l iq u e fac tio n  in  p rin c ip le , th e  vas t a rea  o f  a life lin e  opera tio n  

m akes the overall densification  difficult. It is consequently  argued 

to in i t ia te  im m e d ia te ly  a f te r  an  e a r th q u a k e  su c h  n ecessa ry  

e m e rg e n c y  a c tio n s  as s to p p in g  gas su p p ly  and  se ek in g  fo r 

a lte rn a tiv e  n e tw o rk s . S in c e  the  e m e rg e n c y  a c tio n  req u ire s  

in fo rm a tio n  ab o u t th e  e x te n t o f  l iq u e fac tio n  to  be  k now n  as 

p rec ise ly  as possib le , a new  m easu re  is p roposed  here  by w hich  

the ea rth q u ak e  m otion  reco rds are in terp re ted  to detec t both  the 

onse t an d  th e  ex ten t o f  su b su rface  liq u efac tio n . T h is m easu re  

has b eco m e  p o ss ib le  w ith  the  a id  o f  a recen t in sta lla tio n  o f  a 

w ire less e a rth q u ak e  o b se rv a tio n  netw ork  w h ich  can co llec t and 

repo rt the  data  concern in g  the  g round  m otion .

T ab le 1 E arth q u ak e  m otion  records em ployed  for presen t study 

(site nam e, earth q u ak e  nam e, and year).

R eco rds at sites o f  liquefaction

K aw ag ish i-ch o , N iigata , 1964; W ild life , S uperstition  H ill, 

1987 (H o lze r  e t al., 1989); A o m o ri H arb o r, T ok ach i-o k i, 

1968; P o rt Island , K obe, 1995 (observ ed  by D evelopm en t 

B ureau  o f  K obe C ity).

R ecords near liquefied  areas

A k ita  H arbor, N ih o nkai-chubu , 1983; K obe H arbor, K obe, 

1995 (C E O R K A ).

R ecords w ithou t effec ts o f  liquefaction

E l C en tro , 1940; H ach in o h e , T o k ach i-o k i, 1968; K aihoku 

B rid g e , M iy a g i-k en -o k i, 1978; O w i, C h ib a-Ib ara g i, 1980; 

S u n a m a c h i, C h ib a - to h o , 1987; A m ag asak i, K obe, 1995 

(C E O R K A ).

2 A N A L Y S IS  O F  P A S T  E A R T H Q U A K E  R E C O R D S

A naly ses w ere  m ad e  o f  g round  m otion  reco rds ob se rv ed  at the 

su rface  d u rin g  past ea rth q u ak es . It w as aim ed to detec t a featu re 

o f  th e  re c o rd s  w h ic h  in d ic a te s  th e  e f fe c ts  o f  su b s u r fa c e  

l iq u e fa c tio n . A lth o u g h  a  d e s ig n  v a lu e  o f  th e  m ax im u m  

acce le ra tio n  at the su rface  has been  w idely  used  in p red iction  o f  

l iq u e fa c tio n  p o ten tia l, th e  o b se rv ed  m ax im u m  acce le ra tio n  is 

c o n s id e red  to b e  in ap p ro p ria te  in the  p resen t stu d y  becau se  it 

does no t te ll an y th in g  abo u t th e  n u m b er o f  load ing  cycles that 

p lays an im p o rtan t ro le  in onse t o f  liquefaction . It seem ed better 

th a t m ore a tten tio n  is pa id  to the large d isp lacem en t am plitude  

at the  su rfa c e  w h ich  is in d u ced  by a s ig n if ic a n t so ften in g  in 

liquefied  subsoil.

T h e  p re se n t s tu d y  a tte m p ts  to m ak e  use o f  the  sp e c tru m  

in ten sity , ab b rev ia ted  as SI  he re , to g e th e r w ith  the m ax im u m  

acce le ra tion , ca lled  Amax in th is text. T h is idea is benefited  by the 

fact that new  se ism o g rap h s are easily  av ailab le  to de tec t quick ly  

both  SI  and SI  is obtained  by averag ing  the relative velocity  

sp e c tru m  o f  a se ism ic  m o tion  o v e r the  range o f  na tu ra l periods 

o f  0.1 to 2 .5  se co n d s  w ith  a c ritic a l d am p in g  ratio  o f  20% . 

F ig .l  com p ares SI  and  the  m ax im u m  velocity  o f  g round  m otion , 

V„,„v, fo r th e  h o rizo n ta l reco rd s c ited  in T ab le  1. N ote  that th is 

V„.ilv as w ell as the am plitude o f  d isp lacem ent, D  , w ere obtained 

by in te g ra tin g  w ith  tim e  the  o rig in a l acce le ra tio n  reco rds for 

th e ir  h a rm o n ic  co m p o n en ts  o f p eriods sh o rte r  than  10 seconds. 

F ig . 1 show s tha t SI  is rea so n a b ly  equ a l to  Vtlm, w h e th er o r not
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F ig .2  R e la tio n sh ip  b etw een  d isp lacem en t, SI, and  A,„„.

Time history of displa cem e nt

( P o r t  I s la n d ,  K obe, 1 9 9 5 )
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F ig .3  T im e h isto ry  o f  N S d isp lacem en t at P o rt Island.

S urface  vs. GL-16m
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F ig .4  A ssessed  d efo rm ation  in liquefied  lay er o f  Port Island.

T ab le  2 S u rface  d isp lacem en t and deform ation  in liquefied  layer.

Records Amplitude of 

surface displacement 

(m)

Amplitude of 

shear deformation 

in liquefied layer (m)

W ild life NS 0 .114 0.107
EW 0.091 0 .069

Port Island NS 0.345 0 .312
EW 0.233 0.188

N ote: th e  am p litu d e  o f  d isp lacem en t is defined  by

(p ositive maximum - negative m in im um ) /  2.

liquefaction  occurred  in the  subso il. It is in teresting  that SI  values 

at sites o f  liquefaction  is g rea te r  than 0 .2m /s. This fact does 

n o t ach iev e  th e  goal o f  the  p resen t research , how ever, b ecause  

s im ila rly  la rg e  SI  v a lu es w ere  o b ta in ed  at u n liq u efie d  sites as 

w ell.

T h e  large d isp lacem en t am plitude  at the  surface can be detected  

by co m b in in g  SI  o r the  m ax im u m  v e lo c ity  w ith  the m ax im um  

acce le ra tion . F irs tly , a harm on ic  m otion , w hich  is a 

sin  function  o f  tim e, has a fo llow ing  re la tionsh ip  betw een  the 

am plitu d es o f  d isp lacem en t, ve locity , and acceleration;

(l )

T he v e lo c ity  am p litu d e  on the  r ig h t-h an d  s id e  o f  th is equation  

w as replaced by SI as validated by Fig. 1 and Sl2/A mla w as com pared 

in F ig .2  w ith  th e  d isp lacem en t am plitu d e  o f  the  orig inal m otion. 

T here  seem s to be a re la tionsh ip  o f

Aiux =  2 x  S I2/A m (2)

w hich  is s im ila r to E q . l ,  w h e th e r o r not liquefaction  occurred  in 

the  subso il.

It seem s reaso n ab le  that the  so ften in g  and a la rge  am plitude  o f 

d e fo rm a tio n  in  liq u e f ie d  su b so il in c re a se  the  a m p litu d e  o f  

d isp lacem en t at the surface. T he ex ten t o f  subsurface liquefaction , 

the re fo re , can  be d etec ted  by assessin g  the large  d efo rm ation  in 

the  liq u efie d  su b so il from  th e  su rface  d isp lac em en t am plitude. 

W ith  th is id ea  in m ind, the su rface  d isp lacem en t am plitu d e  and 

the  d e fo rm a tio n  o f  liq u efie d  layers at Port Island  and W ild life  

S ite  w ere  com p ared  (see T ab le  1). T h is type  o f  study  is possib le  

on ly  at these  tw o  sites w here  bo th  the su rface  m otion  as w ell as 

the m otion  at the  b o tto m  o f  loose sandy  deposits w ere recorded . 

B y in te g ra tin g  tw ice  th e  su rface  and  the  b o tto m  acce le ra tio n  

records, the  d isp lacem en t h isto ries w ere derived. T heir difference 

d irec tly  g iv es th e  ex ten t o f  sh e a r d e fo rm atio n  in the  liquefied  

subso il.

F ig .3  reveals the  tim e h isto ries o f  d isp lacem en t in NS d irection  

at P o rt Is lan d . F ig .2  d e m o n s tra te s  th e  tim e  h is to ry  o f  sh e a r  

d e fo rm a tio n  in  liq u efie d  sand  w h ich  is the  d iffe ren ce  b etw een  

tw o h isto ries  in F ig .3 . A lthough  the m ax im u m  d isp lacem en ts in 

F ig .3  are  c o m p a tib le  w ith  each  o ther, the  m ax im u m  v a lu e  in 

th e ir  d iffe ren ce  in F ig .4  is still large, app rox im ate ly  equal to the 

m axim um  surface displacem ent. T able  2 sum m arizes all the studies 

fo r fo u r reco rd s  to  d e m o n s tra te  th a t the  su rface  d isp lac em en t 

am p litu d e  is a  go o d  ap p ro x im atio n  o f  the  sh e a r defo rm atio n  in 

the  liq u e fie d  layer. T h e re fo re , it is re a so n a b le  to  say that the 

assessm en t o f  su rface  d isp lacem en t am plitude  (E q.2) helps detect 

the  large sh e a r d efo rm ation  in a  liquefied  subsoil.

3 SH A K IN G  T A B L E  T ESTS

A series o f  sh ak in g  tab le  tests w ere  carried  out to study in m ore 

deta il the  n a tu re  o f  SI  on liq u efie d  subso il. F ig .5  d isp lays the 

co n fig u ra tio n  o f  m odels w h ich  m easu red  m ostly  4 m in length  

and 0 .55  m in th ickness o f  sand. T he m odel ground  w as p repared  

by ra in in g  T o y o u ra  sand  in w ate r to ach ieve  a  re lative density  o f  

30 to 40% . F o r m ore details, refe r to T ow hata  et al. (1996).

O n e  o f  th e  test re su lts  is i llu s tra te d  in F ig .6 , w h e re  tim e  

h isto ries  o f  SI, su rface  and  base  acce le ra tio n s , and ex cess pore 

w ate r p ressu re  are p resen ted . T he tim e h istory  o f  SI w as obtained 

by using  the  acce le ra tio n  o f  the  first t seconds; l  varing  from  0 to 

the  w ho le  du ra tio n  o f  shak ing . It is seen  that i) the  pore p ressure 

s ta rted  to  rise  at a ro u n d  3 se co n d s , ii) the  m ax im u m  su rface  

acceleration occurred at 4  seconds, at w hich SI attained the ultim ate 

m ax im u m  value  as w ell, and iii) the pore p ressu re  a tta ined  100% 

liquefaction  at 5 seconds.

T he am p lifica tio n  o f  m o tion , w h ich  is a ra tio  o f  the  su rface  

m o tion  and the bo ttom  m otion , ach ieved  the m axim um  at around

4  seconds. It seem s that the subsoil becam e softer as pore pressure 

d e v e lo p e d  th e reb y  th e  n a tu ra l p e rio d  o f  the  m odel d ep o sit 

in c reasin g . A t ab o u t 4  seco n d s, th is e lo n g a ted  period  m atched  

with the period o f  the input m otion and the m axim um  am plification 

(resonance) occurred . T he fu rther pore p ressure increm ent erased 

the stiffness o f sand com pletely and the surface m otion disappeared 

afte r 4  seconds.

F ig .7  co m p ares the  d ev e lo p m en t o f  SI and  ex cess pore w ate r 

p ressu re . T he tes ting  frequency  and the  shape o f  m odels did not 

affec t the  test results. It ap pears that the onset o f  liquefaction  is
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F ig .5 C o n fig u ra tio n  o f  m odel ground.
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F ig .8 E ffec ts o f  density  o f  sand on developm en t o f  SI.

alw ay s associa ted  w ith  S I= 0 .0 4  toO .05m /s. T his S I  is, how ever, 

m uch  sm a lle r  than  the  field  ex p e rien ce  o f  0 .2  m /sec  at liquefied  

sites. (F ig. 1). M oreover, the  S I  versus pore p ressu re  relationship  

is affected  by the density  o f  sand, as illustrated in F ig .8. Therefore, 

S I  a lo n e  can n o t be a go o d  sig n  o f  su b su rface  liquefaction , as 

asserted  before.

4  A S S E S S M E N T  O F  T H IC K N E S S  O F  L IQ U E F IE D  LA Y ER

T he presen t study em ploys and assesses the th ickness o f  liquefied 

subso il as an ind ica to r o f  the  ex ten t o f  liquefaction . T he shaking 

tab le  tes ts  ex h ib ited  that Amat and S I  are a tta ined  at resonance  

w h ich  is sligh tly  befo re  the  com plete  liquefaction . T he idealized 

am p litu d e  o f  la tera l d isp lacem en t at resonance , d, is g iven by a 

s inuso idal function  o f  depth , z;

j  n  K la =  £> cos —  
2 11

(3 )

w here H  is the th ickness o f  a liquefied layer. H ence, the m axim um  

sh e a r stra in , /  , in a liq u efie d  lay e r is derived  at the  bo ttom ; 

z = H .  B y using  Eq.2,

F ig .6 T yp ica l resu lts o f  m odel test w ith  sheet p ile w all.

y  =  - ( z - H )  =  ( x S r - ) / ( H A mil 
az (4 )
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F ig .7  R e la tio n sh ip  be tw een  d evelopm en ts o f  S I  and excess 

pore p ressure .

T h is stra in  occurs at reso n an ce  as sta ted  above w hich  is sligh tly  

p rio r  to com p le te  liquefaction . T herefore , the value o f  /  is large 

bu t no t s ig n ifican tly  large. T he p resen t study considers that this 

/  is eq u iv a len t w ith  a d oub le  am p litu d e  o f  ax ial stra in  o f  e I 

= 0.025 (= 2 .5% ) in cyclic  undrained  triaxial tests. T he undrained  

cond itio n  requ ires e ,=  —0.0125  and  the value o f  shear stra in  is 

d eriv ed  as / = (  e , — e J= 0 .0 I875 . T h is is su b stitu ted  in E q .4  

and the  th ickness o f  liquefied  lay er is assessed;

H - - { n S f - ) / ( 0 . 0 1 8 7 5 0 (5)

T o w h a ta  e t al. (1996) ex tended  th is idea to a situa tion  in w hich  

there  is an un liquefied  crust at the surface.

F igu re  9 illustra tes the estim ated  th ickness o f  liquefied  layer at 

K aw ag ish i-ch o  site  in N iigata . T he loose  deposit o f  sand dow n 

to the dep th  o f  12m liquefied . T h is agrees w ith  the range o f  high 

excess pore w a te r  p ressure(F ig . 10) w h ich  w as suggested  by a
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F ig .9  A ssessed  th ick n ess o f  liquefied  lay er in N iigata.

Excess pore  w a te r p re ssu re  ( kPa )

Fig . 10 E x cess po re  w ate r p ressu re  show n by  num erical 

analysis.
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num erical analysis based on the effective stress principle suggested 

(Ish ih a ra  et al., 1982). F ig .l  1 revea ls  the  case  o f  Port Island  in 

K obe. T he assessed  range o f  liquefaction includes an unliquefiable 

c lay  la y e r  ( M a i3) p ro b ab ly  b ecau se  th e  real s tra in  exceed ed  

0.01875. T hus, an unliquefiab le  layer, w hich  is know n in advance 

in av a ilab le  b o rin g  logs, shou ld  be  rem o v ed  from  the  assessed  

range o f  liquefaction .

5 M IN IM U M  SI  F O R  L IQ U E F A C T IO N

T h e s ig n if ic a n t d isc re p a n c y  in SI v a lu es o f  field  and  m odel 

L iq u e fa c tio n  is caused  by  the  sca le . T he sca le  e ffec ts  can  be 

s tu d ied  b rie fly  by  usin g  E q .5  th a t w as d eriv ed  in d ep en d en t o f  

the scale . T he th ick n ess o f  liquefied  layer, H , ind ica tes the idea 

o f  sca le . S in ce  Amn is s im ila r  in b o th  fie ld  and  m odel, SI2 is 

p roportional to the  scale . W hen  the  field  deposit is, fo r exam ple, 

10 to 30  tim es la rg e r  than  the  m odel, SI= 0.04m/sec  in loose 

m odel d eposits is eq u iv a len t w ith  0.13 to 0.22m/sec. in the  field. 

T h is seem s to ag ree  w ith  SI at liquefied  sites in F ig . 1. W hen  the 

field  SI is less than  th is critica l value, liquefaction  is unlikely.

6 C O N C L U SIO N S

A series o f  shak ing  table tests as w ell as an analysis o f  earthquake 

m o tion  reco rds w ere  ca rried  out in o rd er to d evelop  a m easure 

by w hich  the ex ten t o f  field liquefaction  is im m edia te ly  detected. 

T h is goal w as ach ieved  by using  the  m ax im um  acce le ra tion  and 

th e  sp e c tru m  in ten sity , and the  assessed  th ick n ess o f  liquefied  

lay er m atches reasonab ly  w ith  the  field experience.

7 A C K N O W L E D G M E N T

T he earthquake m otion records at K obe H arbor and the A m agasaki 

site  w ere  reco rd ed  and supp lied  fo r resea rch  by the  C o m m ittee  

o f  E a rth q u a k e  O b se rv a tio n  and R e search  in the  K ansai A rea  

w h ich  is ca lled  C E O R K A  in T ab le  1. w h ile  the  record  at Port 

Island w as supplied  by the City G overnm ent o f  Kobe. T he shaking 

ta b le  te s ts  w e re  c a rr ie d  o u t w ith  a su p p o rt by th e  T o k y o  

M etro p o litan  G overnm en t. T hese  aids are deep ly  app recia ted  by 

the  authors.
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Fig. 11 Assessed thickness of liquefied layer in Port Island.

742


