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FOREWORD

T h is  is  th e  f i r s t  tim e  th a t  s o i l  dynamics has 
been accorded f u l l  s ta tu s  as a main sess ion  
a t th e  ICSMFE, a lth o u g h  i t  was covered in  
s p e c ia l ty  se ss io ns  a t  th e  Seventh Conference 
in  M exico C ity  (o rga n ize d  by P ro f.  R.V. W h it­
man) and a t  th e  E ig h th  Conference in  Moscow 
(o rga n ize d  by P ro f.  S. P ra k a s h ).

The rem arkab le  p ro g ress  in  s o i l  dynamics d u r­
in g  the  p a s t decade may be a t t r ib u te d  to  a 
t im e ly  co m b in a tio n  o f  th e  need and our capa­
b i l i t i e s  to  meet i t .  The need has a r is e n  
from  th e  in c re a s e  in  c o n s tru c t io n  a c t i v i t ie s  
in  g e n e ra l. For exam ple, th e  advent o f  nu­
c le a r  power p la n ts  has c re a te d  a need to  loo k  
in to  th e  s o i l - s t r u c t u r e  in te r a c t io n  problem s 
d u r in g  earthquakes more c a r e fu l ly  even in  
areas o f low s e is m ic i t ie s .  The c o s t ly  le s ­
sons le a rn e d  from  the  A laskan  and N iig a ta  
ea rthquakes o f 1964 have o b v io u s ly  g iv e n  a 
p o w e rfu l im petus to  earthquake  o r ie n te d  r e ­
sea rch . There have a ls o  been o th e r  problem s 
such as o f fs h o re  o i l  s to ra g e  tanks s u b je c te d  
to  ocean wave lo a d s , e n v iro n m e n ta l problem s 
in v o lv in g  ground v ib r a t io n s ,  e tc .

Our r e c e n t ly  a cq u ire d  c a p a b i l i t ie s  to  so lve  
s o i l  dynamics problem s in  ana lyses and e xpe r­
im ents owe t h e i r  e f fe c t iv e n e s s  to  th e  rem ark­
a b le  p ro g ress  in  d ig i t a l  computers and e le c ­
t r o n ic  m easuring and re c o rd in g  system s. The 
a n a ly t ic a l  c a p a b i l i t ie s  have s t im u la te d  ex­
p e r im e n ta l re se a rch  to  seek more a ccu ra te  
s t r e s s - s t r a in  r e la t io n s h ip s  o f  s o i ls  and 
ro c k s .

Y. Y osh im i, G enera l R e p o rte r, i s  re s p o n s ib le  
fo r  the  o rg a n iz a t io n  and e d i t in g  o f  t h is  r e ­
p o r t ,  and fo r  the  w r i t in g  o f  C hapter 2. F .E . 
R ic h a r t ,  J r . ,  w ro te  Chapters 1 and 5, and 
a s s is te d  Yoshim i in  the  e d i t in g .  C hapter 3 
was w r i t t e n  by S. P rakash, and Chapter 4 by 
D.D. Barkan and V .A . I ly ic h e v .  A lthough  
o r i g in a l l y  p lanned , the  to p ic  o f  v ib r a to r y  
com paction  co u ld  n o t be com pleted in  tim e  fo r  
t h is  r e p o r t ,  b u t i s  expected to  be in c lu d e d  
in  th e  G enera l R eport in  P roceedings Volume
3. Emphasis has been p laced  on the  l i t e r a ­
tu re  p u b lis h e d  s in c e  the  M exico Conference o f 
1969. Even so, th e  p ro g ress  has been so ra p ­
id  th a t  some s ig n i f i c a n t  papers m ig h t a d m it­
te d ly  be m iss in g  from  th e  l i s t  o f  re fe re n c e s .

1. DYNAMIC STRESS-STRAIN RELATIONSHIPS FOR 
SOILS (by F .E . R ic h a r t ,  J r . )

1 .1  In t r o d u c t io n

Dynamic lo a d in g s  deve lop  fo rc e s  in  s o i ls  
w h ich  may m od ify  th e  c o n v e n tio n a l s t a t i c  
s t r e s s - s t r a in  r e la t io n s h ip s .  These m o d if ie d  
r e la t io n s h ip s  are  re q u ire d  fo r  dynamic re ­
sponse ana lyses  o f  s o i l  masses o r  f o r  dyna­
m ic s o i l - s t r u c t u r e  in te r a c t io n  s tu d ie s  in  
w hich  tim e-dependen t m otions  are  c o n s id e re d . 
T h is  c h a p te r t r e a ts  re c e n t developm ents 
c o v e r in g  dynamic d e fo rm a tio n s  o f  s o i ls  and 
th e  fa c to rs  w h ich  in f lu e n c e  them: i t  i n ­
c lud es  p r in c ip a l l y  m a te r ia l deve loped s in c e  
the  S p e c ia lty  Conference on S o i l  Dynamics
(1969) . A d d it io n a l summaries o r  s ta te  o f  the  
a r t  papers c o v e r in g  p u b lic a t io n s  up to  about 
1970 were g ive n  by A lpan (1970 ), K r iz e k
(1971) , R ic h a r t e t  a l  (1970) , and Whitman 
(19 7 0 ), f o r  exam ple. F a i lu r e  c o n d it io n s  by 
l iq u e fa c t io n  are  co n s id e re d  in  C hapter 2.

The shape o f  th e  s t r e s s - s t r a in  r e la t io n s h ip  
f o r  any p a r t ic u la r  s o i l  depends upon th e  type  
o f  lo a d in g  and boundary r e s t r a in in g  c o n d i­
t io n s .  F ig u re  1 .1  shows t y p ic a l  b e h a v io rs  o f  
c y l in d r i c a l  samples o f  c o h e s io n le ss  s o i l  when 
s u b je c te d  to  an in c re a s in g  a x ia l  s t re s s ,  az , 
w h ile  a r a d ia l  p re s s u re , or  a c ts  on i t s  pe­
r ip h e ry .  Curve A re p re s e n ts  h y d ro s ta t ic  com­
p re s s io n  (ar  = a z ) ,  a lo a d in g  c o n d it io n  w hich 
deve lops a " s t ra in -h a rd e n in g "  n e a r ly  e la s t ic  
n o n lin e a r  typ e  o f  s t r e s s - s t r a in  c u rv e . Curve 
B re p re s e n ts  th e  c o n d it io n  o f  c o n s tra in e d  
com pression (no r a d ia l  expansion  p e rm itte d  a t  
th e  p e r ip h e ry  o f  the  sample) w h ich  is  a ga in  a 
s tra in -h a rd e n in g  typ e  o f  c u rve , b u t te s ts  
show an a p p re c ia b le  h y s te re s is  loo p  deve loped 
upon u n lo a d in g . Curve C i l l u s t r a t e s  the  
s t r a in - s o f te n in g  typ e  o f  s t r e s s - s t r a in  cu rve  
deve loped f o r  a c o n s ta n t r e s t r a in in g  boundary 
p re ssu re  as deve loped in  a s t r e s s - c o n t r o l le d  
t r i a x i a l  t e s t .

A t v e ry  low va lu e s  o f  s t r a in ,  th e  i n i t i a l  
p o r t io n  o f  cu rves A, B, o r  C may be a p p ro x i­
mated by a l i near  e la s t ic  s t r e s s - s t r a in  
cu rve . One o f  th e  o b je c t iv e s  o f  t h is  d is c u s ­
s io n  is  to  d e s c r ib e  methods o f  e v a lu a t in g  the  
l in e a r  " e la s t ic  m o d u li"  f o r  s o i ls  and to  no te  
how these  m odu li a re  m o d if ie d  f o r  dynamic 
lo a d in g s . A no the r o b je c t iv e  is  to  p re s e n t
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r e s u lt s  o f  la b o ra to ry  and f i e l d  te s ts  con­
c e rn in g  dynamic s t r e s s - s t r a in  cu rves o f  type  
C.

1 .2 E qua tions  f o r  S t re s s -S tra in  R e la t io n ­
sh ip s

Because th e  d i f f e r e n t  shapes o f  th e  s t r e s s -  
s t r a in  cu rves in  F ig .  1 .1  are  produced by 
d i f f e r e n t  p ro p o r t io n s  o f  v o lu m e tr ic  compres­
s io n  and s h e a rin g  s t r a in s ,  i t  i s  sometimes 
co n ve n ie n t to  express the  g e n e ra l s t re s s -  
s t r a in  r e la t io n s  in  th e  form  o f  a c o n s t i t u ­
t i v e  e q u a tio n . For exam ple, Jackson (1969) 
has shown how la b o ra to ry  t e s t  da ta  can be 
in te r p r e te d  to  f i t  in to  an e q u a tio n  o f  the

th a t  n o n lin e a r  cu rves o f  th e  s t r a in - s o f te n in g  
typ e  were deve loped fo r  many s o i l s .  T h is  
e f f e c t  depended upon th e  type  o f  s o i l ,  i t s  
i n i t i a l  r e la t iv e  d e n s ity  o r  degree o f  com­
p a c t io n ,  and th e  degree o f  s a tu r a t io n .  Thus, 
th e  s t r a in - s o f te n in g  typ e  o f  s t r e s s - s t r a in  
cu rve  may be deve loped in  most p r a c t ic a l  s o i l  
dynamics p rob lem s.

T h e o r e t ic a l ly ,  e la s t ic  s h e a rin g  s t r e s s - s t r a in  
r e la t io n s  deve loped by pure  shear in v o lv e  no 
change o f  vo lum e, w h ich  causes e=0 in  Eq.
(1 .1 ) .  T h is  leaves o n ly  th e  l in e a r  r e la t io n  
between s h e a rin g  s tre s s  and sh e a rin g  s t r a in ,  
w h ich  may be rep re se n te d  by

F ig . 1 .1  S t re s s -S tra in  F ig . 1 .2 B asic  Param- 
Curves f o r  T r ia x ia l  e te rs  fo r  H y p e rb o lic
T es ts  o f  Sand w ith  V a r- S t re s s -S tra in  Curves 
io u s  L a te ra l R e s tra in ts

ty p e ,

a . . = K e 6 . . + 2 G ( e . . - i e S . . )  (1 .1 )
ID i ]  ID 3 ID

and a y ie ld  c o n d it io n

= f ( a Q) (1 .2 )

to  d e s c r ib e  dynamic b e h a v io r  o f  s o i ls  under 
ground shock lo a d in g s . In  E q . ( l . l ) ,  a^- = 
t o t a l  s tre s s  te n s o r ; e-^j = t o t a l  s t r a in  te n ­
s o r ; K = modulus o f  volume c o m p re s s ib i l i t y ,  
o r  b u lk  m odulus; e = ex+£y+ez = c u b ic  d i l a ­
t io n ,  o r  v o lu m e t r ic 's t r a in ; G = shear modu­
lu s ;  and = K ronecker d e lta  fu n c t io n  (6 j.j 
= 1 when i = j , 6i j  = 0 when i ^ j ) .  In  E q .(1 .2 ) ,  
J-j = second in v a r ia n t  o f  th e  s tre s s  d e v ia ­
t io n ,  and aQ = average norm al e f f e c t iv e  
s tre s s  o r  o c ta h e d ra l norm al s t re s s .

C o n s t i tu t iv e  e q u a tio n s  s im i la r  to  E q . ( l . l )  
have o f te n  been in c o rp o ra te d  in to  a n a ly t ic a l  
s tu d ie s  o f  b la s t  lo a d in g s  on s o i ls  in  w hich  
th e  s o i l  was co ns ide red  to  deform  p r im a r i ly  
in  o n e -d im e n s io n a l com pression (c o n s tra in e d  
co m p re ss io n ). Both v o lu m e tr ic  com pression 
and change o f  shape are  deve loped in  con­
s tra in e d  com pression and the  g e n e ra l s t r e s s -  
s t r a in  cu rve  is  s im i la r  to  cu rve  B o f  F ig .
1 .1 . However, f o r  " lo w  s tre s s "  le v e ls  (be­
low about 3 .5  kg/cm ^) Hadala (1973) noted

in  th e  x -z  p la ne  ( a f t e r  c o n v e r t in g  th e  te n ­
so r symbols to  ISSMFE s y m b o ls ). E qua tion
(1 .3 ) re la te s  s h e a rin g  s tre s s  to  sh e a rin g  
s t r a in  th ro u g h  th e  shear m odulus, G. T h is  
e x p re s s io n  may a ls o  be used to  re p re s e n t 
c o n d it io n s  a t  any p o in t  a long  a sh e a rin g  
s tre s s -s h e a r in g  s t r a in  c u rv e , as shown in  
F ig .  1 .2  f o r  th e  s t r a in - s o f te n in g  typ e  cu rve . 
A t s h e a rin g  s t r a in s  app roach ing  ze ro , th e  
va lu e  o f  G is  a maxi mum and is  d e s ig n a te d  as 
Gq . A t a la r g e r  va lu e  o f  s h e a rin g  s t r a in ,  
f o r  example a t  a s t r a in  co rre sp o n d in g  to  
p o in t  A in  F ig .  1 .2 , th e  l in e  co n n e c tin g  th e  
o r ig in  to  A re p re s e n ts  th e  secan t m odulus, 
d e s ig n a te d  as G. The va lu e  o f  the  secan t 
modulus decreases as th e  s h e a rin g  s t r a in  in ­
creases .

The shape o f  th e  s t r a in - s o f te n in g  sh e a rin g  
s t r e s s - s t r a in  cu rve  f o r  a p a r t ic u la r  s o i l  can 
be a de qu a te ly  re p re se n te d  by a h y p e rb o lic  
cu rve  (Kondner, 1963, H a rd in  and D rn e v ich , 
1972a, 1972b) w hich  has a s lo p e  o f  Gq  a t  y=
0 and w h ich  i s  a s y m p to tic  to  th e  h o r iz o n ta l  
l in e  re p re s e n tin g  x = Trnax (F ig . 1 .2 ) .  T h is  
cu rve  is  d e fin e d  by th e  e q u a tio n

Y

1/G + y / t  
o max

*  Go
1 + Y/Y.

(1 .4 )

in  w h ich  y r  = " re fe re n c e  s h e a rin g  s t r a in "=

/ G, H ard in  and D rn ev ich  found  th a t ,  by•ItldX' q  ----------- ----- ------- ----- -----------
p re s e n tin g  te s t  d a ta  in  th e  n o rm a lize d  form  
o f  T /x max vs y /y r , da ta  from  c la y  specimens 
f e l l  n e a r ly  on a s in g le  cu rve  w h ile  da ta  
from  sand specimens f e l l  a long  a n o th e r cu rve . 
N e ith e r  cu rve  f i t  th e  h y p e rb o lic  shape 
e x a c t ly ,  b u t by d e v is in g  a "h y p e rb o lic  s t r a in "  
p a ra m e te r, y ^ , th e y  were ab le  to  a d ju s t  the  
cu rves f o r  sand and fo r  c la y  to  f i t  on one 
cu rve  on a x /T max vs y^ p lo t .

The same h y p e rb o lic  typ e  cu rves  have been 
o b ta in e d  from  s t a t i c  and dynamic to rs io n  
te s ts .  T es t r e s u lt s  from  re ve rse d  to rs io n  
lo a d in g  o f  a sand sample a re  shown in  F ig .
1 .3 . Two com ple te  h y s te re s is  loops  are 
shown, one w ith  e x t re m it ie s  a t  A -A 1 and a "hy­
s te re s is  m odulus" o f  G, , and the  second w ith  
e x t re m it ie s  a t  B -B 1 ana a h y s te re s is  modulus 
G2 w h ich  is  s m a lle r  than  G  ̂ because o f  th e  
la r g e r  s h e a rin g  s t r a in  reached a t  p o in t  B.
The d o ts  a lo ng  th e  i n i t i a l  lo a d in g  curve
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(OAB) re p re s e n t e x t re m it ie s  o f  h y s te re s is  
loops f o r  o th e r  maximum s t r a in  v a lu e s . Test 
data  c o n s is te n t ly  show h y s te re s is  loops w hich  
in c re a se  in  w id th  ( in c re a se d  lo s s  o f  energy) 
and e x h ib i t  low e r secan t o r  h y s te r e t ic  m odu li 
as th e  maximum sh e a rin g  s tre s s  in  the  lo a d in g  
c y c le  in c re a s e s .

E qua tion  (1 .4 ) i s  adequate to  d e s c r ib e  the  
lo a d in g  cu rve  (OAB) in  F ig . 1 .3 , b u t i t  is  
d i f f i c u l t  to  re p re s e n t the  h y s te re s is  loops 
by h y p e rb o lic  segments. A c o n ve n ie n t mathe­
m a tic a l r e la t io n  to  d e s c r ib e  th e  lo a d in g  
curve OAB is  g ive n  by

-
R - l  ‘

1 +  a
T

C , T

_ 1 m a x _

(1 .5 )

(Ramberg and Osgood, 1943) in  w hich a , R, and 
C ,, a re  c o n s ta n ts  w hich p e rm it ad jus tm en ts  o f  
tne shape and p o s it io n  o f  th e  cu rve . For

must be e v a lu a te d  f o r  lo a d in g  and r e s t r a in in g  
c o n d it io n s  a n t ic ip a te d  f o r  th e  s o i l  in  s i t u .

I t  i s  o fte n  c o n v e n ie n t to  e s ta b l is h  th e  m axi­
mum sh e a rin g  s tre s s  f o r  a g ive n  s o i l  under 
s t a t i c  lo a d in g  c o n d it io n s ,  then  add c o r re c ­
t io n s  to  account f o r  dynamic e f fe c t s .  Under 
s t a t i c  c o n d it io n s  th e  maximum v a lu e  o f 
s h e a rin g  s tre n g th  a v a i la b le  on a g ive n  p la ne  
th ro ug h  a s o i l  mass depends (a cco rd in g  to  
th e  Mohr-Coulomb f a i lu r e  th e o ry )  upon th e  
norm al p re ssu re  a c t in g  on th a t  p la n e , th e  
e f f e c t iv e  ang le  o f  in t e r n a l  f r i c t i o n ,  <J>1 , 
and th e  cohesion  in te r c e p t ,  c ' .  Of co u rse , 
th e  sh e a rin g  s tre n g th  shou ld  be e v a lu a te d  
on th e  p la ne  w h ich  w i l l  be s u b je c te d  to  th e  
maximum s t a t i c  p lu s  dynamic sh e a rin g  
s tre s s e s . For exam ple, f o r  v e r t i c a l  shear 
s tre s s  p ro p a g a tio n  th ro ug h  la y e rs  o f  s o i l ,  
as i s  o f te n  co ns ide red  in  ea rthquake  e x c i­
ta t io n s ,  th e  maximum a llo w a b le  s h e a rin g  
s tre s s  on the  h o r iz o n ta l  (and v e r t i c a l )  
p lanes in  a s o i l  mass is  g ive n  by

[ ( H- ) . .crv sin 4>' + c'costf»' -
i - Ko _ 
2 (1 .7 )

in  w h ich  av is  th e  e f f e c t iv e  v e r t i c a l  s t re s s ,  
and Kq is _ th e  c o e f f ic ie n t  o f  e a r th  p re ssu re  
a t  r e s t  (ajJ=Ko0v ) . The v e r t i c a l  s tre s s  on 
any p la ne  is  th e  t o t a l  e f f e c t iv e  s tre s s  p ro ­
duced by th e  w e ig h t o f  th e  overburden  p lu s  
p re ssu re s  deve loped by c o n s tru c t io n  o f  a 
b u i ld in g ,  e tc .

1 .3 .1  S t ra in  Rate E f fe c ts

F ig . 1 .3 S t re s s -S tra in  H y s te re s is  Loops fo r  Re­
versed Loading (H a rd in  and D rnev ich , 1972b)

u n lo a d in g  from  c o n d it io n s  (t ^ ,Y i ) th e  Ram- 
berg-Osgood (R-0) cu rve  fo l lo w s  the  e xp res­
s io n

Y-Yn

Y T1 r  max

_
T - T R -l "

1 + a
-L

2C, t  
1 max

(1 .6 )

Ramberg-Osgood curves have been used fo r  more 
than  a decade to  re p re s e n t th e  s tre s s  s t r a in  
b e h a v io r o f  s t r u c t u r a l  e lem en ts , and more re ­
c e n t ly  (C o ns tan to po lo u s , e t  a l ,  1973," 
S t re e te r ,  e t  a l ,  1974; R ic h a r t and W y lie , 
1975," and F a c c io l i  and Ram irez, 19 76) the  
R-0 cu rves have been adopted to  re p re s e n t 
dynamic s t r e s s - s t r a in  b e h a v io r o f  s o i l s .

1 .3  S hearing  S tre n g th  under Dynamic 
Loading  C o n d itio n s

F ig u re  1 .2 and E q . (1 .4 ) i l l u s t r a t e  th a t  the  
two s o i l  p ro p e r t ie s  needed to  e v a lu a te  the  
dynamic s h e a rin g  s t r e s s - s t r a in  cu rve  f o r  a 
p a r t ic u la r  s o i l  are th e  s m a ll s t r a in  shear 
m odulus, Gq , and th e  u lt im a te  sh ea rin g  
s tre n g th , i max. Both o f  these  q u a n t i t ie s

Tests  to  de te rm ine  th e  in c re a s e  in  xmax 
caused by an in c re a s e  in  r a te  o f  lo a d in g  
above norm al s t a t ic  lo a d in g  ra te s  have been 
conducted d u r in g  th e  p a s t th re e  decades by 
u t i l i z i n g  dynamic lo a d in g  to  f a i lu r e  in  un­
c o n fin e d , t r i a x i a l ,  d i r e c t ,  o r  s im p le  shear 
te s ts .  The te s t  r e s u lt s  a re  d e s c r ib e d  h e re in
as ( t  ) ,  . = ( t  ) . . .  x ( s t r a in  ra te  

max dynamic max s t a t ic
f a c t o r ) . These r e s u lt s  d e m o n s tra tin g  the
" s t r a in  r a te  e f f e c t "  have been summarized by
Whitman (1970) and R ic h a r t ,  e t  a l (1970) who
noted  th a t :  (a) fo r  d ry  sands th e  s t r a in  ra te
fa c to r  was le s s  than  1.10 to  1 .15 fo r  s t r a in
ra te s  v a ry in g  from  about 0.02% per second to
1000% per second; (b) fo r  s a tu ra te d  cohes ive
s o i ls  th e  s t r a in  r a te  fa c to r  was 1 .5  to  3 .0 ;
and (c) f o r  p a r t i a l l y  s a tu ra te d  s o i ls  th e
s t r a in  r a te  fa c to r  was 1 .5  to  2 .0 . Dynamic
t r i a x i a l  te s ts  on d ry  sand by Lee, e t  a l
(1969) showed a s t r a in  r a te  f a c to r ,  f o r
s t r a in  ra te s  v a ry in g  from  0.1% to  10000% per
m in u te , o f :  (a) about 1.07 fo r  loo se  sand a t
c o n f in in g  p re ssu res  up to  15 kg/cm 2 and fo r
dense sand a t low  c o n f in in g  p re ssu re  ( le s s
than  about 6 kg /cm 2 ), and (b) about 1 .2  fo r
dense sand a t  h ig h  c o n f in in g  p re s s u re s .

From th is  b r i e f  d is c u s s io n  i t  i s  e v id e n t 
th a t  the  s t r a in  ra te  e f f e c t  i s  r e la t i v e l y  
u n im p o rta n t f o r  d ry  sands, b u t may be s ig ­
n i f i c a n t  fo r  c la y s  a t  h ig h  ra te s  o f  s t r a in .  
For s a tu ra te d  sands and s i l t y  m a te r ia l th e  
e f f e c t  o f  s t r a in  ra te  in c lu d e s  th e  t im e -
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d e p e n d e n t  b u i l d  up o f  p o r e  p r e s s u r e s  a nd 
p o s s i b l e  l i q u e f a c t i o n .

1 . 3 . 2  Ef f e c t  o f  Re p e a t e d  Lo a d i n g s

Th e  s t r a i n  r a t e  e f f e c t  d e s c r i b e d  i n  t h e  p r e ­
c e d i n g  s e c t i o n  i n d i c a t e d  t h a t  a  maxi mum 
s t r e s s  g r e a t e r  t h a n  t h e  s t a t i c  maxi mum s t r e s s  
c a n  be  d e v e l o p e d  i n  t h e  s a mp l e  i f  a n  i n ­
c r e a s i n g  l o a d  i s  a p p l i e d  r a p i d l y .  Ho we v e r ,  
i f  s t r e s s e s  l e s s  t h a n  t h i s  dy n a mi c  maxi mum 
a r e  r e p e a t e d  e n o u g h  t i m e s ,  f a i l u r e  o f  t h e  
s a mp l e  w i l l  o c c u r .  Th i s  c o n s t i t u t e s  a  l ow-  
c y c l e  f a t i g u e  t y p e  o f  f a i l u r e  wh i c h  h a s  b e e n  
d e s c r i b e d  by  Se e d  a n d  Cha n  (1964) a n d  Mur a ya ma  
a n d  c o - wo r ke r s  (s e e  Mur a ya ma  19 7 0 ,  f o r  e xa m­
p l e )  f o r  c l a y s .  The  numbe r  o f  r e p e t i t i o n s  o f  
a  p a r t i c u l a r  s t r e s s  l e v e l  wh i c h  may b e  a p p l i e d  
b e f o r e  f a i l u r e  d e p e n d s  on t h e  i n i t i a l  s u s ­
t a i n e d  s t r e s s  l e v e l ,  t h e  s h a p e  o f  t h e  r e ­
p e a t e d  s t r e s s  p u l s e ,  t h e  f r e q u e n c y  o f  p u l s e  
a p p l i c a t i o n ,  t h e  t y p e  o f  t e s t i n g  d e v i c e ,  a nd  
o f  c o u r s e ,  on t h e  c h a r a c t e r i s t i c s  o f  t h e  s o i l  
b e i n g  t e s t e d .

S i m i l a r  l o w- c y c l e  f a t i g u e  b e h a v i o r  h a s  be e n  
o b s e r v e d  i n  r e p e a t e d  t r i a x i a l  t e s t s  o f  s a ­
t u r a t e d  s a n d s ,  b u t  h e r e  t h e  f a i l u r e  wa s  
u s u a l l y  d e v e l o p e d  by  l i q u e f a c t i o n .  A s p e c i a l  
n o t e  s h o u l d  be  made  wi t h  r e s p e c t  t o  t h e  r e ­
d u c t i o n  o f  t h e  s h e a r i n g  s t r e n g t h  o f  s a t u r a t e d  
s a n d s  b y  a n  i n c r e a s e  i n  p o r e  p r e s s u r e ,  
wh e t h e r  i t  i s  s t a t i c  o r  d y n a mi c .  An i n ­
c r e a s e  i n  p o r e  p r e s s u r e  r e d u c e s  t h e  v a l u e  
o f  a Q i n  Eq . ( 1 . 2 )  o r  a v  i n  Eq . ( 1 . 7 )  a n d  a  
l o we r  v a l u e  s h e a r i n g  s t r e n g t h  i s  d e v e l o p e d .  
Th u s  a  g i v e n  a p p l i e d  s h e a r i n g  s t r e s s  w i l l  
r e p r e s e n t  a  g r e a t e r  p r o p o r t i o n  o f  t h e  
a v a i l a b l e  s h e a r i n g  s t r e n g t h  a s  p o r e  p r e s ­
s u r e s  i n c r e a s e .

Re p e a t e d  l o a d i n g s  o f  d r y  s a n d  may l e a d  t o  an 
a c t u a l  s t r e n g t h e n i n g  o f  t h e  m a t e r i a l ,  b e c a u s e  
o f  r e d u c t i o n s  o f  v o i d  r a t i o  a n d  mor e  f a v o r ­
a b l e  g r a i n  o r i e n t a t i o n s ,  b u t  g r e a t e r  d e f o r ­
ma t i o n s  may be  d e v e l o p e d  t h a n  f o r  t h e  s t a ­
t i c  c a s e  b e c a u s e  o f  t h e s e  p r o g r e s s i v e  mo ve ­
me nt s  (s e e  To k i  a n d  Ki t a g o ,  19 7 4 ) .

Th e  s h e a r i n g  s t r e n g t h s  o f  s a n d s  a n d  c l a y s  
a r e  r e d u c e d  i f  t h e y  a r e  t e s t e d  u n d e r  c o n d i ­
t i o n s  o f  i n c r e a s i n g  s h e a r  s t r e s s e s  p l u s  
s u p e r p o s e d  v i b r a t o r y  s h e a r i n g  s t r e s s e s ,  o r  
i n c r e a s i n g  s h e a r i n g  s t r e s s e s  wh i l e  t h e  n o r ­
ma l  s t r e s s e s  on t h e  f a i l u r e  p l a n e  a r e  s u b ­
j e c t e d  t o  v i b r a t o r y  p u l s a t i o n s .  Te s t s  o f  
t h i s  t y p e  h a v e  b e e n  r e p o r t e d  by  Ba r k a n  
( 1 9 6 2 ) ,  Er mo l a e v  a nd Se n i n  ( 1 9 6 8 ) ,  a n d  Sa t -  

y a v a n i j a  a n d  Ne l s o n  ( 1 9 7 1 ) .  The  r e d u c t i o n  
i n  s h e a r i n g . s t r e s s  i s  a  f u n c t i o n  o f  t h e  s t a ­
t i c  c o n f i n i n g  p r e s s u r e s ,  ma g n i t u d e  o f  t h e  
v i b r a t o r y  s t r e s s ,  f r e q u e n c y  a n d  d u r a t i o n  o f  
t h e  v i b r a t o r y  s t r e s s e s ,  a nd  t h e  t y p e  o f  s o i l .

Th i s  b r i e f  d i s c u s s i o n  o f  t h e  e f f e c t s  o f  
s t r a i n  r a t e  a n d  r e p e a t e d  l o a d s  on s h e a r i n g  
s t r e n g t h  o f  s o i l s  i s  p r e s e n t e d  t o  e mp h a s i ze  
a g a i n  t h a t  t h e  n u me r i c a l  v a l u e  o f  s h e a r i n g  
s t r e n g t h  t o  be  i n c l u d e d  i n  a n a l y t i c a l  s t u ­
d i e s  o f  dy n a mi c  s o i l  mo t i o n s  mus t  b e  d e t e r ­
mi n e d  f o r  c o n d i t i o n s  l i k e l y  t o  be  e n c o u n ­
t e r e d  i n  t h e  f i e l d .

Be c a u s e  s o i l s  e x h i b i t  a  n o n l i n e a r  s t r e s s -  
s t r a i n  b e h a v i o r ,  i t  i s  n e c e s s a r y  t o  e s t a ­
b l i s h  wh a t  v a l u e  o f  s h e a r i n g  s t r a i n  r e p r e ­
s e n t s  "l o w a m p l i t u d e " o r  a t  wh a t  l i m i t i n g  
v a l u e  i s  t h e r e  n e g l i g i b l e  c h a n g e  i n  GQ. 
La b o r a t o r y  t e s t  r e s u l t s  h a v e  s hown t h a t  
t h e r e  i s  i n s i g n i f i c a n t  c h a n g e  i n  v s  f o r  
t e s t s  r u n  a t  s h e a r i n g  s t r a i n  a mp l i t u d e s  o f  
1 0 - 5 o r  l e s s .  Se i s mi c  t e s t s  u s u a l l y  d e ­
v e l o p  s h e a r i n g  s t r a i n s  i n  t h e  f i e l d  o f  10~ ® 
o r  l e s s ,  t h e r e f o r e  t h e s e  t e s t s  d e v e l o p  l ow 
a mp l i t u d e  s t r a i n s .  La b o r a t o r y  t e s t s  o f  t h e  
r e s o n a n t  c o l umn t y p e  may a l s o  be  c o n t r o l l e d  
t o  d e v e l o p  s h e a r i n g  s t r a i n s  on t h e  o r d e r  o f  
1 0 - 6, wh i c h  p e r mi t s  an o p p o r t u n i t y  t o  c h e c k  
f i e l d  v a l u e s  a g a i n s t  v a l u e s  o f  G0 d e t e r mi n e d  
i n  t h e  l a b o r a t o r y .

1 . 4 . 1  Ev a l u a t i o n  o f  G0 by  F i e l d  Te s t s

Se i s m i c  me a s u r e me n t s  c a n  e s t a b l i s h  v a l u e s  o f  
t h e  s h e a r  wa ve  v e l o c i t y ,  v s , wi t h i n  a  r o c k  
o r  s o i l  ma s s .  Th e n  t h e  l o w a mp l i t u d e  s h e a r  
mo d u l u s  i s  c a l c u l a t e d  f r om

Gq  = P v s 2 ( 1 .8 )

i n  wh i c h  p i s  t h e  ma s s  d e n s i t y  (u n i t  we i g h t /  
g) o f  t h e  s o i l .  Ge n e r a l  s e i s m i c  i n v e s t i g a ­
t i o n  p r o c e d u r e s  a r e  d e s c r i b e d  i n  t e x t b o o k s  
a n d  t h i s  i n f o r ma t i o n  may be  s u p p l e me n t e d  by 
t e c h n i c a l  p u b l i c a t i o n s  d i r e c t e d  t o wa r d  s h e a r  
wa v e  e v a l u a t i o n s  (f o r  e x a mp l e ,  Mo o n e y , 1974 
a n d  Ba l l a r d  a n d  Mc Le a n , (1975)  , f o r  s o i l s  i n  
g e n e r a l ,  Ro e t h l i s b e r g e r  (19 72) f o r  f r o ze n  
s o i l s ,  a n d  Ha mi l t o n  (1971)  f o r  s u b ma r i n e  
s o i l s ) . La r g e  zo n e s  o f  s u b s u r f a c e  s o i l  o r  
r o c k  c a n  be  e x p l o r e d  f r o m t h e  s u r f a c e  u s i n g  
s h e a r  wa v e  r e f r a c t i o n  o r  s t e a d y  s t a t e  (Ra y ­
l e i g h  wa v e ) t e c h n i q u e s .  Fo r  d e t a i l e d  i n ­
f o r ma t i o n  on t h e  v a r i a t i o n  o f  wa ve  v e l o c i ­
t i e s  wi t h  d e p t h  a t  a  p a r t i c u l a r  l o c a t i o n ,  
b o r e  h o l e  t e c h n i q u e s  c a n  be  u s e d .  Up- ho l e  
a n d  do wn- ho l e  t e s t s  c a n  be  p e r f o r me d  wi t h  
o ne  b o r e  h o l e  wh i l e  c r o s s - h o l e  t e s t s  r e q u i r e  
t wo o r  mor e  b o r e  h o l e s .  I n  t h e  up - ho l e  
me t h o d , t h e  e x c i t a t i o n  i s  p r o v i d e d  a t  v a r i o u s  
d e p t h s  wi t h i n  t h e  b o r e - h o l e  a nd t h e  s e n s o r  
i s  p l a c e d  a t  t h e  s u r f a c e  wh i l e  f o r  t h e  down-  
h o l e  me t hod t h e  e x c i t a t i o n  i s  a p p l i e d  a t  t h e  
s u r f a c e  a nd o ne  o r  mor e  s e n s o r s  a r e  p l a c e d  
a t  d i f f e r e n t  d e p t h s  wi t h i n  t h e  h o l e  (s e e  
F i g s .  1 . 4 a  a n d  1 . 4 b  f o r  a r r a n g e me n t  o f  e q u i p ­
me nt ) . Bo t h  t h e  up - ho l e  a n d  do wn- ho l e  me t hod 
g i v e  a v e r a g e  v a l u e s  o f  wa ve  v e l o c i t i e s  f o r  
t h e  s o i l  b e t we e n  t h e  e x c i t a t i o n  a n d  t h e  s e n ­
s o r  i f  o n e  s e n s o r  i s  u s e d ,  o r  b e t we e n  s e n s o r s  
i f  mor e  t h a n  o ne  a r e  l o c a t e d  i n  t h e  b o r e  h o l e

I n  t h e  c r o s s - h o l e  me t hod (St o k o e  a nd Wo o d s ,
19 72) , a t  l e a s t  t wo b o r e  h o l e s  a r e  r e q u i r e d ,  
one  f o r  t h e  i mp u l s e  a n d  o n e  o r  mor e  f o r  s e n ­
s o r s .  As  s hown i n  F i g .  1 . 4 c  t h e  i mp u l s e  r o d  
i s  s t r u c k  a t  t h e  t o p  e n d  a n d  an i mp u l s e  t r a ­
v e l s  down t h e  r o d  a n d  i s  t r a n s m i t t e d  t o  t h e  
s o i l  a t  t h e  b o t t o m. Th i s  s h e a r  i mp u l s e  
c r e a t e s  s h e a r  wa v e s  wh i c h  t r a v e l  h o r i z o n t a l l y  
t h r o u g h  t h e  s o i l  t o  t h e  v e r t i c a l  mo t i o n  s e n ­
s o r  l o c a t e d  i n  t h e  s e c o n d  h o l e ,  a nd t h e  t i me  
r e q u i r e d  f o r  t h e  s h e a r  wa ve  t o  t r a v e r s e  t h i s

1 .4  L o w - A m p l i t u d e  Sh e a r  M o d u l u s ,  Gq
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known d is ta n c e  i s  measured. Because th e  d is ­
tance  between th e  im pu lse  and p icku p  sensor 
i s  a c r i t i c a l  q u a n t i ty  in  e v a lu a t in g  v s , i t  
i s  necessary  to  de te rm ine  the  d e v ia t io n  from  
v e r t i c a l i t y  o f  the  bore  h o le s  by u s in g  a 
Slope In d ic a to r  o r  s im i la r  d e v ic e .

The c ro s s -h o le  method is  r e la t iv e ly  cheap and 
easy to  use, and by re v e rs in g  the  d ir e c t io n  
o f  im pu lse  on su ccess ive  te s ts  (Schwarz and 
M usser, 1972) the  shear wave s ig n a l may be 
enhanced f o r  more p re c is e  id e n t i f ic a t io n  o f  
th e  shear wave. I t  is  p o s s ib le  to  run  c ro s s ­
h o le  te s ts  in  h o le s  p re v io u s ly  d r i l l e d  and 
cased i f  a la rg e  shear im pu lse  is  developed 
by a d rop  hammer a c t in g  a g a in s t an a n v i l  
ja cke d  t i g h t l y  a g a in s t the  c a s in g , b u t pack ing  
between th e  ca s in g  and s o i l  may in tro d u c e  an 
e r r o r  in  th e  measurement o f  v s (Stokoe and 
A b d e l-ra z z a k , 1975). Recent developm ents in  
th e  c ross  h o le  te ch n iq u e  ( M i l le r ,  e t  a l ,
1975) now p e rm it e v a lu a t io n  o f  v s a t  la rg e  
s t r a in  a m p litu d e s .

1 .4 .2  E v a lu a tio n  o f  GQ by L a b o ra to ry  Tests

Dynamic te s ts  u s in g  p u lse  te chn iqu es  (see 
Whitman, 1970, f o r  a d e s c r ip t io n  o f  te s ts )  o r 
re so n a n t column equipm ent (see R ic h a r t e t  a l ,  
1970, o r  S kog lund, e t  a l ,  1975 fo r  d e s c r ip t io n  
o f  t e s t  equ ipm ent) a re  most o fte n  used fo r  
la b o ra to ry  d e te rm in a tio n s  o f  Go - 

The re so n a n t column method has been a v a ila b le  
f o r  d e te rm in in g  wave p ro p a g a tio n  v e lo c i t ie s  
in  s o i l  samples f o r  fo u r  decades, b u t m ajor 
developm ents have o ccu rre d  d u r in g  th e  p a s t 18 
y e a rs . More than  50 la b o ra to r ie s  in  the  
U .S .A ., Canada, Japan, M exico, Germany, Vene­
z u e la , and Turkey now use reso na n t column de­
v ic e s  f o r  re se a rch  o r  s o i l  in v e s t ig a t io n .  In  
the  reso na n t column t e s t ,  a c y l in d r i c a l ( s o l id  
o r  h o llo w ) column o f s o i l  is  c o n ta in e d  w ith in  
a ru b b e r membrane, p la ced  in  a t r i a x i a l  c e l l ,  
and s e t in t o  m otion  in  e i t h e r  th e  lo n g i tu ­
d in a l o r  to r s io n a l  mode o f  v ib r a t io n .  The 
freq ue n cy  o f  th e  e le c tro -m a g n e tic  d r iv e  sy ­
stem is  changed u n t i l  the  f i r s t  mode resonan t 
c o n d it io n  is  de te rm ine d . T h is  reso na n t f r e ­
quency, th e  geom etry o f  the  sample, and the  
c o n d it io n s  o f  end r e s t r a in t  p ro v id e  the  
necessary  in fo rm a t io n  to  c a lc u la te  th e  v e lo ­
c i t y  o f  wave p ro p a g a tio n  in  th e  s o i l  under 
the  g ive n  te s t in g  c o n d it io n s .  D u ring  the  
p a s t decade i t  has o f te n  been found con­
v e n ie n t to  use h o llo w  c y l in d r ic a l  sam ples, 
p a r t i c u la r l y  fo r  cohes ive  s o i l s ,  in  te s ts  
in c lu d in g  sh e a rin g  s t r a in  a m p litu d e  as one 
o f  the  te s t  v a r ia b le s .

In  rese a rch  in v e s t ig a t io n s ,  i t  is  a lways de­
s ir a b le  to  change o n ly  one te s t  v a r ia b le  
d u r in g  each s e r ie s  o f  te s ts .  H ard in  and 
B la ck  (1968) have no ted  the  q u a n t i t ie s  w hich 
e x e r t  an in f lu e n c e  on the  shear modulus o f  
s o i ls  and have expressed these as a fu n c ­
t io n a l  r e la t io n s h ip ,

G = f ( a o , e , A , t , H , f , C , 6 , t q ,S ,T ) (1 .9 )

in  w h ich  a0 = average e f fe c t iv e  c o n f in in g  
p re s s u re ; e = v o id  r a t io ;  A = a m p litu d e  o f  
sh e a rin g  s t r a in ;  t  = secondary e f fe c ts  th a t

a re  fu n c t io n s  o f  tim e  and m agnitude o f  tim e  
and m agnitude o f  s tre s s  in c re m e n t; H = am­
b ie n t  s tre s s  h is t o r y  and v ib r a t io n  h is t o r y ;  
f  = frequency o f  v ib r a t io n ;  C = g ra in  
c h a r a c te r is t ic s ;  6 = s o i l  s t r u c tu r e ,  t  = 
o c ta h e d ra l sh e a rin g  s t re s s ;  S = degree o f  
s a tu r a t io n ,  and T = te m p e ra tu re . Of co u rse ,

(a) Up-Hole

; W\ \ V — - - T7-KTT-

S = Sour ce

f t s 2 0

R = Recei ver

* Si

0

TRIGGER

(b) Down-Hole

CAPACITIVE

F ig . 1 .4 F ie ld  T es t Procedures to  E va luate

s e v e ra l o f  these q u a n t i t ie s  may be re la te d  
( fo r  example e , C, and 0 ). When d is c u s s in g  
th e  l ow ampl i t ude shear m odulus, GQ, th e  e f ­
fe c t  o f  A is  e lim in a te d  and we have o n ly  the  
rem a in in g  param eters  to  c o n s id e r .

For c lea n  sands, i t  has been found th a t  GQ is  
e s s e n t ia l ly  independen t o f  each o f  the  
v a r ia b le s  excep t ~âQ and e. T h is  c o n c lu s io n  
has been c o n firm e d  by K u r ib a y a s h i, e t  a l 
(1974). A lso  th e  c o n c lu s io n  th a t  p a r t i c le  
s iz e ,  shape, and d is t r ib u t io n  has n e g l ig ib le  
e f f e c t  on th e  wave p ro p a g a tio n  v e lo c i t y  in  
sands was co n firm e d  by K r iz e k , e t  a l  (1974). 
A n a ly t ic a l  e xp re ss io n s  have been p re sen te d  
f o r  the  shear modulus o f  c lea n  sands as

G0 = 700
( 2 .1 7 -e ) ' 

1+e (°o>
0.5

(1 .10)

fo r  ro u n d -g ra in e d  sands (e<0.80) and as 

, 2  _  . . .

(1 .11)326
(2 .9 7 -e ) '

1+e (CTo )
0.5

f o r  a n g u la r g ra in e d  sands. In  E q s .(1.10 and 
1 .1 1 ) , G0 and FQ have u n its  o f  kg /cm 2. Both 
e q u a tio n s  were o r ig in a l l y  e s ta b lis h e d  to  
co rrespond  to  sh e a rin g  s t r a in s  o f  10“ ^ o r
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le s s . E qua tion  (1 .10) was found to  g iv e  
va lu e s  s l i g h t l y  low e r than  those  o b ta in e d  by 
p u lse  te s ts  (Whitman and Lawrence, 1963), 
and re c e n t ly  Iw a sak i and Tatsuoka (1977) have 
de te rm ined  e x p e r im e n ta lly  th a t

G0 = 900 (2 ~ i i r )2  < v ° - 38 a - i 2 )

fro m _ te s ts  on c lea n  sands (0.61<e<0.86 and 
0 .2 <o q <5 kg/cm 2 ) a t  s h e a rin g  s t r a in  a m p li­
tudes o f  10” 6. For s h e a rin g  s t r a in s  o f  10- 4 
t h e i r  r e s u lt s  agreed w ith  E q . (1 .1 0 ) .

E q u a tio n (1 .11) was m o d if ie d  s l i g h t l y  and p ro ­
posed by H ard in  and B lack  (1968) f o r  use as a 
f i r s t  e s tim a te  f o r  th e  va lu e  o f  GQ fo r  cohe­
s iv e  s o i l s ,  co rre sp o n d in g  to  l - d a y 's  d u ra t io n  
o f  the  c o n f in in g  te s t  p re s s u re . However, th e  
t i me ef f ect  ( t )  has been found to  be im por­
ta n t  f o r  reso na n t column te s ts  o f  f in e -g ra in e d  
s o i ls  ( A f i f i  and Woods, 1971; Marcuson and 
W ahls, 1972; A f i f i  and R ic h a r t ,  1973," and 
Anderson and Woods, 1976). F ig u re  1 .5  i l l u ­
s t r a te s  a t y p ic a l  in c re a s e  in _ v s w ith  tim e  a t 
c o n s ta n t c o n f in in g  p re s s u re , oQ. Note th a t  vs 
was e v a lu a te d  in t e r m i t t e n t ly  d u r in g  th e  te s t  
by v ib r a t in g  the  sample le s s  than  30 seconds 
to  o b ta in  each re a d in g . The te s t  curve  in  
F ig .  1 .5 shows two d is t in c t  zones, a p rim a ry  
b e h a v io r co rre sp o n d in g  to  th a t  w h ich  m ig h t be 
a n t ic ip a te d  d u r in g  re c o n s o lid a t io n  o f  the  
sample to  i t s  i n - s i t u  s tre s s  c o n d it io n  and 
th e  secondary b e h a v io r o r  "secondary tim e  e f ­
fe c t "  w h ich  is  perhaps analogous to  secondary 
com pression . I t  is  im p o rta n t to  no te  th a t  i t  
re q u ire s  from  100 to  1000 m inutes f o r  the  
p rim a ry  re c o n s o lid a t io n  to  be com ple te  in  
c y l in d r ic a l  cohes ive  s o i l  samples 3.57 cm 
in  d ia m e te r. L a rge r samples would re q u ire  
g re a te r  tim es  fo r  th e  p rim a ry  b e h a v io r  to  
be com p le te .

F ig . 1 .5 Time E f fe c t  in  Resonant Column T ests  
(Anderson and Woods, 1976)

The secondary tim e  e f f e c t  has been d e s c rib e d  
in  term s o f  the  in c re a s e  in  vs ( i . e . ,  ¿v? ) 
per lo g  c y c le  o f  tim e  expressed as a r a t io  
o f  the  va lu e  o f  v found a t  a c u m u la tive  
te s t in g  tim e  o f  1000 m in u te s . Thus th e  r a ­

t i o  Avs/ v s -lqqo expresses the  in f lu e n c e  o f 
the  secondary tim e  e f f e c t  fo r  d i f f e r e n t  
s o i l s .  When com paring la b o ra to ry  te s t  da ta  
to  f i e ld  c o n d it io n s  i t  i s  necessary  to  add 
to  v s l000  th e  r a t io  Avs/ v s i000 m u l t ip l ie d  by 
th e  number o f  lo g  c y c le s  co rre sp o n d in g  to  
th e  tim e  s in c e  th e  la s t  m a jo r s tre s s  change 
o ccu rre d  in  th e  f i e l d  c o n d it io n s .  For exam­
p le ,  i f  a f i l l  had been p laced  20 yea rs  ago 
on a la y e r  o f  s o i l  where f i e ld  v s va lu e s  
were r e c e n t ly  o b ta in e d , b e t te r  agreement be­
tween la b o ra to ry  and f i e ld  va lu es  o f  v s are 
produced i f  vs k )00 i s  m u l t ip l ie d  by (1 +
4 Avs/ v s ioOO)• The secondary tim e  e f f e c t  
was found to  be u n im p o rta n t fo r  s o i ls  hav ing  

D5q>0.04 mm., b u t Avs/ v s ^ooo was f ° und to  be 
as la rg e  as 17% f o r  some c la y s . In  every 
la b o ra to ry  t e s t  f o r  v s in  cohes ive  s o i l s ,  
th e  secondary tim e  e f f e c t  must be e va lu a te d  
(see Anderson and Woods, 1976 f o r  d a ta  on 
secondary tim e  e f f e c t s ) .

The e f f e c t  o f  te m p e ra tu re  (T) o f  c la y  d u r in g  
reso na n t column te s t in g  was found to  be un­
im p o rta n t by Anderson and R ic h a r t (1974). 
T es ts  o f  seven cohes ive  s o i ls  ( t o t a l  te s t in g  
tim e  o f  about 1 year) a t  4°C and 22°C showed 
th a t  vs a t  4°C was e qu a l to  o r  n o t more than  
12% g re a te r  than  v s de te rm ined  a t  22°C. 
However, reso na n t column te s ts  o f  fro z e n  
s o i ls  (S tevens, 1975) have shown a s i g n i f i ­
ca n t e f f e c t  o f  changes in  te m p e ra tu re  near 
th e  fre e z in g  p o in t .

1 .4 .3  Comparison o f  G0 (o r vs ) from  F ie ld  
and L a b o ra to ry  Tests

Pu lse  te s ts  r e s u lt s  from  la b o ra to ry  samples 
were compared w ith  se ism ic  f i e l d  t e s t  r e ­
s u lt s  by Dobry and P o b le te  (1969) f o r  a 
d e p o s it  p r im a r i ly  o f  b a s a lt ic  sands and s i l t s  
and a good agreement was found . S e ism ic  and 
reso na n t column te s t  r e s u lt s  were o b ta in e d  
from  c la y  s o i ls  in  th e  Texcoco B asin  (M a r t i­
nez, e t  a l ,  1974) and h ig h e r  va lu e s  were 
found by th e  s e is m ic  method, w ith  th e  d i f ­
fe re nce  in c re a s in g  w ith  dep th  o f  th e  sample. 
Resonant column and s e is m ic  r e s u lt s  from  
lim e s to n e  (Yang and Hatheway, 1976) showed 
a p p re c ia b le  d if fe re n c e s .  P o s s ib le  sources 
o f  e r r o r  were a t t r ib u t e d  to  r e f r a c t io n  

» th ro ug h  a d ja c e n t h a rd e r la y e rs  in  se ism ic  
te s ts ,  p o s s ib le  nonhom ogeneities in  the  
la b o ra to ry  sam ples, and tim e  e f fe c t s .  Cunny 
and F ry  (19 73) re p o r te d  on la b o ra to ry  and 
f i e ld  e v a lu a tio n s  o f  G0 a t  14 s i te s  w h ich  
in c lu d e d  a v a r ie t y  o f  s o i ls .  The f i e ld  
method f o r  e v a lu a t in g  G0 was th e  s teady 
s ta te  s u rfa c e  v ib r a t io n  (R a y le ig h  wave 
method) and the  reso na n t column te s t  was 
used in  th e  la b o ra to ry .  From e v a lu a t io n  o f  
t h e i r  t e s t  da ta  th ey  found th a t  th e  la b o ra -  
to ry -d e te rm in e d  shear and com pression m odu li 
ranged w i th in  ±50% o f  th e  in  s i t u  m o d u li. 
D iscu ss io n s  o f  t h i s  paper p o in te d  o u t th a t  
the  c ro s s -h o le  method shou ld  g iv e  b e t te r  
va lu e s  o f  v s a t  the  dep th  th e  u n d is tu rb e d  
samples were ta k e n , and th a t  in c lu d in g  the  
secondary tim e  e f f e c t  would b r in g  th e  la b o ra ­
to r y  va lu es  f o r  cohes ive  s o i ls  n e a re r to  th e  
f i e ld  v a lu e s . For te s ts  o f  sands th e  secon-
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dary  tim e  e f fe c t  i s  n e g l ig ib le ,  and Stokoe 
and R ic h a r t  (1973) and Iw a sak i and Tatsuoka
(1977) have found good agreement between re ­
sonant column and c ro s s -h o le  f i e ld  te s t  
v a lu e s . For cohesive  s o i l s ,  Trudeau e t  a l
(1973) and Anderson and Woods (1975) found 
agreement between reso na n t column and c ro s s ­
h o le  te s t  va lu es  o f  v s a f t e r  the  secondary 
tim e  e f f e c t  c o r re c t io n  was added to  the  
la b o ra to ry  v a lu e s . F ig u re  1 .6 shows the  
com parison o f  la b o ra to ry  and f i e ld  va lu es  o f 
v s , w ith  the  open symbols re p re s e n tin g  the  
1000 m inute  va lu e  f o r  la b o ra to ry  da ta  and the  
s o l id  symbols showing th e  secondary tim e  c o r ­
r e c t io n  to  th e  f i e ld  h is to r y  o f  20 ye a rs .

Vs by LABORATORY T EST S, ( t p s)

F ig . 1 .6 Comparison o f  F ie ld  and L a b o ra to ry  
Va lues o f  v g ( Anderson and Woods, 1975 )

Tnus, la b o ra to ry  t e s t  va lues o f  v s from  the  
re so n a n t column te s t  in v o lv in g  sh ea rin g  
s t r a in s  o f  10- ® to  10“ ^ in  u n d is tu rb e d  sam­
p le s  shou ld  be expected  to  agree w ith in  
about 10% o f  th e  va lu es  o f  v s o b ta in e d  a t the  
same lo c a t io n  by c ro s s -h o le  te s ts ,  i f  th e  se­
condary tim e  c o r re c t io n  is  e va lu a te d  and 
a p p lie d  to  th e  la b o ra to ry  t e s t  d a ta .

1 .5 Shape o f  the  S hearing  S tre s s -S tra in  
Curve

H ard in  and D rnev ich  (1972a) found th a t  cu rves 
s im i la r  to  th a t  shown in  F ig . 1.2 co u ld  ade­
q u a te ly  re p re s e n t th e  to r s io n a l shea ring  
s t r e s s - s t r a in  r e la t io n s  fo r  sands and c la y s . 
I f  t h is  te s t  in fo rm a t io n  was p resen ted  in  d i -  
m ension less form  w ith  T / ima as o rd in a te ,  
and Y/Yr  as a b sc issa  then  a l l  da ta  fo r  sands 
f e l l  on one cu rve  and the  da ta  fo r  c la y s  f e l l  
on a second cu rve . The s lope  o f  th e  secan t 
to  any p o in t  on one o f  these cu rves re p re s e n ts  
G/G0 , w hich  reduces as th e  sh e a rin g  s t r a in  
in c re a s e s . For e v a lu a t in g  th e  re d u c t io n  in  
shear modulus because o f  earthquake  induced 
s t r a in s  in  s o i l s , i t  is  co nve n ien t to  p lo t  G/G0 

v s . y /Y r - F ig u re  1 .7  in c lu d e s  two s o l id  
cu rves w hich d e s c r ib e  th e  re d u c tio n  in  shear 
modulus as the  s h e a rin g  s t r a in  in c re a s e s ,

fo r  sands and fo r  c la y s . A lso  shown in  F ig .
1 .7  is  a dashed cu rve  re p re s e n tin g  th e  
average o f  da ta  p re sen te d  by Seed and Id r is s
(1970) f o r  cohes ive  s o i l s .

O ften  the  n u m e ric a l va lu e  o f  the  sh e a rin g  
s t r a in  i s  used as a b sc issa  and G/G0 as o r d i ­
na te  when p re s e n tin g  e x p e rim e n ta l r e s u lt s .  
T h is  may lead  to  e r ro r s  in  in t e r p r e t a t io n ,  
p a r t i c u la r ly  f o r  co h e s io n le ss  s o i l .  C ons i­
der a c lea n  d ry  q u a rtz  sand fo r  w h ich  e = 
0 .6 5 , = 30°, and K0 = 0 .6 . A sh e a rin g  
s t r a in  o f  y  = 0.001 is  deve loped in  th e  sand 
mass, and we need to  e s tim a te  th e  G/G va lu es  
a t  a depth  o f  5m and 25m. From E qs. (1 .7 ) and
(1 .10 ) va lu e s  o f  Tmax and G0 are  c a lc u la te d ,  

then  Y r ' Y/Yr and G/ Go a re  as shown be low :

Depth (m) Tmox (kg /cm 2 ) G0 (kg /cm 2 ) Xr Y'Yr G/G0

5 0.28 75 0 3 7 x IO '4 2 70 0 .37

25 1.4 0 I6 9 0 8 2 x IO '4 1.22 0 .6 I

Because the  r a t io  o f  Tmax/G 0 in c re a s e s  as a 
fu n c t io n  o f  (ct0) 0-5 th e  re fe re n c e  sh e a rin g  
s t r a in  in c re a se s  w ith  dep th  and the  chosen 
s t r a in  o f  y  =0.001 produces a s m a lle r  Y /Y r 
a t  th e  deeper lo c a t io n .  T h e re fo re  th e  va lu e  
o f  G/G0 is  la r g e r  a t  the  g re a te r  d ep ths . The 
in f lu e n c e  o f c o n f in in g  p re ssu re  on G/G0 was 
a ls o  noted  by S h iba ta  and S oe la rno  (1975) who 
deve loped an e q u a tio n  fo r  th e  secan t modulus 
re d u c t io n  o f  sands a t  in c re a s in g  s h e a rin g  
s t r a in s  as

i -----------------  (1 .13)

Note th a t  E q .(1 .1 3 )_ is  q u ite  s im i la r  to  Eq.
(1 .4 ) s in ce  Yr  = f ( o 0 ) ^ - ^ . Thus E q .(1 .1 3 ) 
re p re s e n ts  a m o d if ie d  h y p e rb o la , comparable 
to  the  one deve loped by H ard in  and D rnev ich  
(1972b). The S h ib a ta  e q u a tio n  was found to  
f i t  re c e n t te s t  da ta  (Y osh im i, 1976), and i n ­
te r p r e ta t io n  o f  t h is  in fo rm a t io n  le d  to  de­
ve lopm ent o f  th e  d o tte d  cu rve  shown in  F ig .
1 .7  w hich  co rresponds c lo s e ly  to  th e  H a rd in -  
D rnev ich  cu rve  fo r  sands.

In  a d d it io n  to  reso na n t column te s ts ,  dynamic 
s im p le  shear te s ts  o f  sands ( S i lv e r  and Seed, 
1971, Park and S i lv e r ,  1975) f re e  v ib r a t io n  
and fo rc e d  s im p le  shear te s ts  on c la y  (Kovacs 
e t  a l ,  1971), fre e  to r s io n a l  v ib r a t io n  te s ts  
o f  cohes ive  s o i ls  (T a y lo r  and P a rto n , 1973; 
Z e e va e rt, 1973), r in g  to rs io n  dynamic te s ts  
(Yoshim i and Oh-Oka, 1973), and h ig h  a m p li­
tude c ro s s -h o le  f i e ld  te s ts  ( M i l le r ,  e t  a l ,
1975) have g ive n  r e s u lt s  showing th e  reduc­
t io n  o f  shear modulus w ith  in c re a s in g  sh e a rin g  
s t r a in .  From reso na n t column te s t  r e s u lt s ,  
Anderson and R ic h a r t  (1976) found G/G0 vs 
Y/Yr r e la t io n s  fo r  s ix  cohes ive  s o i l s ,  w h ich  
co u ld  be ade qu a te ly  re p re se n te d  th ro u g h o u t 
th e  range o f  10- 5<y<10- 3 by a Ramberg-Osgood 
curve  w ith  param eters a = l,C ,= 0 .4 ,  and R=3.
T h is  R-0 r e la t io n  is  shown in  F ig . 1 .7  as the  
d a sh -d o t cu rve .
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T h is  d is c u s s io n  o f  re d u c t io n  in  G w i th  in ­
c re a s in g  sh e a r in g  s t r a in  a m p litu d es  leads to  
the  c o n c lu s io n  th a t  f o r  im p o r ta n t i n s t a l l a ­
t io n s  w h ich  may be s u b je c te d  to  dynamic 
lo a d in g s , i t  is  necessary  to  conduct la b o ra ­
to r y  te s ts  to  e v a lu a te  the  G/Gq  vs y / y r  curve  
fo r  each s ig n i f i c a n t  s o i l  la y e r .  However i f  
p re v io u s ly  p u b lis h e d  cu rves  are  to  be adopted 
fo r  p re lim in a ry  s tu d ie s , i t  shou ld  be noted  
th a t  re c e n t te s t  da ta  agree b e t te r  w ith  th e  
H a rd in -D rn e v ic h  cu rves than  w ith  th e  Seed- 
I d r is s  cu rve s .

F ig . 1 .7  D im ens ion less  Curves f o r  Shear Modulus 
R educ tion  w ith  In c re a s in g  Shear S t ra in

A c o r r e la t io n  between the  numbers o f  b low s per 
fo o t  (N) in  th e  s ta n d a rd  p e n e tra t io n  te s t  and 
the  dynamic shear m odulus, G0 , was p re sen te d  
by Ohaski and Iw a sa k i (1973) as G0 (kg/cm 2 ) = 

120N0-8 . T h is  is  an approx im a te  e q u a tio n  
re p re s e n tin g  a le a s t  square l in e  f i t  on a 
lo g - lo g  p lo t  o f  s c a tte re d  da ta  from  a v a r ie ty  
o f  s o i l s .  Thus i t  re p re s e n ts  o n ly  a f i r s t  
a p p ro x im a tio n  and v a r ia t io n s  o f  ± a fa c to r  
o f  3 to  4 m ig h t be expected  between t h is  ex­
p re s s io n  and da ta  from  a p a r t ic u la r  s i t e .

C o r re la t io n s  between dynamic m odu li and 
sh e a rin g  s tre n g th  have been co ns ide red  by 
Barkan, e t  a l (1974 ), f o r  s o i ls  in  g e n e ra l, 
Enami and Ohhashi (1973) and Hara, e t  a l
(1974) f o r  cohes ive  s o i l s ,  and Khazin  and 
Goncharov (1974) fo r  fro z e n  s o i l s .  Hara, e t  
a l , (1974) f i r s t  o b ta in e d  a r e la t io n  between 
Gq  and N as GQ(kg/cm 2)=158n 0 •668, then  an­
o th e r  e xp re ss io n  r e la t in g  the  shear s tre n g th  
from  th e  unco n fin ed  t e s t ,  Su , and N as Su 
(kg/cm 2 )=0.297N0 - 72 , and f i n a l l y  o b ta in e d  Gc 
*500 Su fo r  cohes ive  s o i ls  ( 0 .50<e<2. 5) .
They found th e  average c o n s ta n t o f  500 from  
d a ta  in  w hich t h is  v a lu e  ranged from  250 to  
1430. Khazin and Goncharov (1974) p resen ted  
an e m p ir ic a l e q u a tio n  fo r  th e  s tre n g th  o f  
fro z e n  s o i ls  in  term s o f  th e  lo n g i t u d ia l  wave

v e lo c i t y  and damping fa c to r  ( c o e f f ic ie n t  o f  
a tte n u a t io n )  as o b ta in e d  by u lt r a s o n ic  waves. 
P o s s ib ly  t h is  approach c o u ld  be a p p lie d  to  
u n froze n  s o i l s ,  b u t in  term s o f  shear wave 
v e lo c i t y  and a tte n u a t io n  o f  shear waves.

Sw iger (1974) p re sen te d  a com parison o f s e t­
t le m e n ts  from  a la rg e -s c a le  f i e l d  lo a d  te s t  
on a c o h e s io n le ss  s o i l  d e p o s it  w ith  s e t t l e ­
ments c a lc u la te d  from  s o i l  m odu li o b ta in e d  
from  c ro s s -h o le  te s ts  and a d ju s te d  to  c o r re ­
spond w ith  average s t r a in s  in  th e  sand. He 
found good agreement between these  r e s u lt s ,  
and recommended a d o p tio n  o f  th e  s t r a in - c o r -  
re c te d  va lu es  o f  GQ, as o b ta in e d  from  c ro s s ­
h o le  te s ts ,  fo r  s e tt le m e n t a n a ly s is .  How­
e v e r , he s tre s s e d  th a t  c o r re c t io n s  f o r  se­
condary s e tt le m e n t must a ls o  be in c lu d e d .

1 .6  C onc lus ions

The lo w -a m p litu d e  va lu e s  o f  shear m odulus,
G0 , can be o b ta in e d  s a t i s f a c t o r i l y  by se ism ic  
te s ts ,  p a r t i c u la r l y  by th e  c ro s s -h o le  te s t ,  
o r  by la b o ra to ry  reso na n t column te s ts  w hich  
in c lu d e  th e  secondary tim e  e f f e c t .  Labora­
to r y  te s ts  to  de te rm ine  th e  s h e a rin g  s tre n g th  
o f  s o i ls  must e i t h e r  be c a r r ie d  o u t a t  a 
s t r a in  ra te  comparable to  th a t  to  be encoun­
te re d  in  s i t u ,  o r  th e  s t a t i c  sh e a rin g  
s tre n g th  must be c o rre c te d  by a " s t r a in  ra te  
f a c to r " .  The shape o f  th e  dynamic s t r e s s -  
s t r a in  cu rve  between th e  i n i t i a l  s lop e  G0 and 
th e  u lt im a te  s tre n g th  Tmax is  a p p ro x im a te ly  
h y p e rb o lic  and can be rep re se n te d  in  a d i ­
m ension less fo rm  on a p lo t  o f  T /x max v s  Y / Y r -  

One curve  can re p re s e n t t h i s  r e la t io n s h ip  fo r  
sands and a no the r cu rve  f o r  c la y s . The re ­

fe re n ce  s t r a in ,  Y r = T ma x / G0 '  i s  a b a s ic  p a ra ­
m eter in  e v a lu a t in g  th e  re d u c tio n  o f  shear 
modulus when sh e a rin g  s t r a in s  exceed about 
10~6 .

C o r re la t io n s  o f  dynamic s o i l  p ro p e r t ie s  by 
f i e ld  te s ts  a re  le a d in g  to  u s e fu l r e s u lt s ,  
and c o n tin u e d  rese a rch  on t h is  to p ic  is  
s t r o n g ly  encouraged.
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2. LIQUEFACTION AND CYCLIC DEFORMATION OF 
SOILS UNDER UNDRAINED CONDITIONS 
(by Y. Yosh im i)

2 .1  In t r o d u c t io n

Dynamic lo a d in g  may cause bo th  coarse  g ra in e d  
and f in e  g ra in e d  s o i ls  to  f a i l  under u n d ra in ­
ed c o n d it io n s ,  as in  the  case o f  l iq u e fa c t io n  
o f  sands d u r in g  ea rthquakes. A lth ou g h  flo w  
o f  u n s a tu ra te d  s o i ls  due to  v ib r a t io n  was re ­
p o rte d  by Mogami and Kubo (1953) and Casa- 
grande (1971 ), th e  m a jo r i ty  o f  th e  researches 
on th e  dynamic s tre n g th  o f  s o i ls  d u r in g  the  
la s t  decade has concerned th e  l iq u e fa c t io n  o f 
s a tu ra te d  co h e s io n le ss  s o i ls .

In  a narrow  sense o f  the  word, l iq u e fa c t io n  
means a com ple te  lo s s  o f  shear s tre n g th  which 
can o ccu r when a loose  co h e s io n le ss  s o i l  is  
s u b je c te d  to  shear s t re s s ,  e ith e r  m onotonic 
o r  c y c l ic .  In  a b roader sense, the  term  l i q ­
u e fa c t io n  has a ls o  been used to  denote a p a r­
t i a l  lo s s  o f  shear s tre n g th  due to  b u ild u p  o f 
pore  w a te r p re s s u re , e .g . ,  " p a r t ia l  l iq u e fa c ­
t io n "  by T a y lo r  (1948), " i n i t i a l  l iq u e fa c t io n  
w ith  l im i te d  shear s t r a in  p o te n t ia l"  by Seed 
e t  a l .  (1975a), o r  " c y c l ic  l iq u e fa c t io n "  by 
Casagrande (1976).

T h is  c h a p te r concerns re c e n t developm ents in  
s o i l  l iq u e fa c t io n  in  the  b roader sense, w ith  
emphasis on la b o ra to ry  s tu d ie s  based on l i t ­
e ra tu re  p u b lis h e d  s in ce  the  S p e c ia lty  C on fe r­
ence on S o i l  Dynamics (1969). E x c e lle n t 
s t a t e - o f - t h e - a r t  re p o r ts  on t h is  s u b je c t have 
r e c e n t ly  been p re sen te d , e .g . ,  by F a c c io li  
and Reseniz (1975), Seed e t  a l .  (1975a), 
Casagrande (1976 ), Seed (1976), and by Lee 
and Foch t (1976).

I t  is  co n ve n ie n t fo r  the  subsequent d is c u s ­
s io n  to  c la s s i f y  the  s tre s s  c o n d it io n s  caus­
in g  l iq u e fa c t io n  as fo l lo w s :  (1) m onotonic 
shear s tre s s  as in  a s lope  under s t a t i c  con­
d i t io n s ,  (2) co m p le te ly  reve rse d  c y c l ic  shear 
s tre s s  on E lement A o r B in  F ig . 2 .1 d u r in g  
ea rthq u ake s , and (3) p a r t i a l l y  reve rsed  o r 
unreve rsed  c y c l ic  shear s tre s s  on E lement C 
o r D d u r in g  ea rthquakes, o r Element D near an 
o ffs h o re  s t r u c tu re  d u r in g  s to rm s.

2 .2 Mechanism o f  S o i l  L iq u e fa c t io n

2 .2 .1  L iq u e fa c t io n  in v o lv in g  C o llap se  o f  
S o il  S tru c tu re

When a s a tu ra te d  co h e s io n le ss  s o i l  o f  low to  
medium d e n s ity  is  su b je c te d  to  a s in g le  o r 
repea ted  a p p lic a t io n  o f  shear s tre s s , the  
s o i l  s t r u c tu r e  may undergo a sudden c o lla p s e  
and become v i r t u a l l y  suspended in  pore  w a te r. 
When t h is  occurs  in  a le v e l qround, th e  e f ­
fe c t iv e  s tre s s  reduces to  ze ro . T h is  so- 
c a lle d  qu icksand  c o n d it io n  can la s t  as long  
as an upward seepage w ith  the  c r i t i c a l  hy­
d r a u l ic  g ra d ie n t ,  (G -  1 ) / ( 1  + e ) , is  m ain­
ta in e d  .

When the  c o lla p s e  o f  s o i l  s t r u c tu re  occurs  
in  a s lo p e , th e  s lope  w i l l  undergo a n e a r ly  
u n lim ite d  f lo w , becoming as f l a t  as 3° to  4°

from  th e  h o r iz o n ta l (Casagrande, 1971). T h is  
typ e  o f  l iq u e fa c t io n  and f lo w  can be sim u­
la te d  in  th e  la b o ra to ry  by an und ra ined  t r i -  
a x ia l  com pression t e s t  in  w hich th e  d e v ia to r  
s tre s s  is  a p p lie d  by dead lo a d . C astro
(1969) conducted th is  typ e  o f  t e s t  on th re e  
sands, and o b ta in e d  fo r  each sand a n e a r ly  
un ique r e la t io n s h ip  between th e  v o id  r a t io  
and th e  e f f e c t iv e  m inor p r in c ip a l  s tre s s  
a f t e r  f a i lu r e ,  re g a rd le s s  o f  th e  i n i t i a l  con­
f in in g  s tre s s e s . W ith  t h is  " c r i t i c a l  v o id  
r a t io "  l in e ,  one can d i f f e r e n t ia t e  th e  c o n d i­
t io n s  under w hich u n l im ite d  and l im i te d  f lo w  
can o ccu r d u r in g  m onoton ic lo a d in g  (Youd,
1973). Because o f  th e  s u s ta in e d  shear s tre s s  
and non -ze ro  ang le  o f  sh e a rin g  re s is ta n c e , 
th e  m inor p r in c ip a l  s tre s s  d id  n o t reduce to  
zero a lth o u g h  i t  bacame as s m a ll as 0.016 
kg/cm 2 fo r  a v e ry  loose  sand.

When l iq u e fa c t io n  is  induced by c y c l ic  shear 
s tre s s e s , th e  sudden c o lla p s e  o f  th e  s o i l  
s t r u c tu re  as ev idenced by a sudden in c re a s e  
in  th e  shear s t r a in  and in  th e  pore w a te r 
p re ssu re  is  preceded by a g ra d u a l b u ild u p  o f  
pore w a te r p re ssu re  w ith  n e g l ig ib le  shear 
s t r a in  as shown in  F ig .  2 .2 -

The b u ild u p  o f  pore  w a te r p re ssu re  due to  
c y c l ic  shear under und ra ined  c o n d it io n s  is  
a t t r ib u t e d  to  an i r r e v e r s ib le  change in  the  
s o i l  s t r u c tu re  p ro b a b ly  in v o lv in g  m ic ro s c o p ic  
s l ip s  a lo ng  in te r g r a n u la r  c o n ta c ts . The 
tendency o f  th e  s o i l  to  c o n tra c t  due to  cy ­
c l i c  shear is  c o u n te ra c te d  by a rebound due 
to  th e  re d u c t io n  in  th e  e f f e c t iv e  s tre s s  to  
s a t is f y  th e  c o n d it io n s  o f  c o n s ta n t volume and 
c o n s ta n t t o t a l  s tre s s  (Y a g i, 1972; M a r t in  e t  
a l . , 1975).

The r e s u lt s  o f  und ra ined  c y c l ic  shear te s ts  
shown in  F ig . 2 .2 conducted a t  s e v e ra l le v e ls  
o f  shear s tre s s  a m p litu d e s  can be summarized 
as shown in  F ig . 2 .3 . The s o l id  cu rve  in  F ig . 
2 .3 (a ) shows th e  shear s tre s s  a m p litu d e  
p lo t te d  a g a in s t th e  number o f  c y c le s  to  i n i ­
t i a l  l iq u e fa c t io n  N{_, w h ich  denotes "a  c o n d i­
t io n  where, d u r in g  th e  course  o f  c y c l ic  
s tre s s  a p p lic a t io n s ,  th e  re s id u a l pore w a te r 
p re ssu re  on co m p le tio n  o f  any f u l l  s tre s s  
c y c le  becomes equal to  the  a p p lie d  c o n f in in g  
p re ssu re " (Seed e t  a l . ,  1 97 5a ). The term  
" i n i t i a l  l iq u e fa c t io n "  was a ls o  used in  a 
b roade r sense to  denote  a c o n d it io n  where a 
sudden in c re a s e  in  the  pore p re ssu re  o r  the  
shear s t r a in  was im m inent, as in d ic a te d  by Np 
o r Ns in  F ig . 2 .2 .

F ig .  2 .1  S tre s s  C in d ito n s  
Causing L iq u e fa c t io n

FREE

FIELD
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The dashed l in e  in  F ig .  2 .3 (a ) can be ob­
ta in e d  by p lo t t i n g  the  number o f  c y c le s  to  
f a i lu r e ,  N f, co rresp on d in g  to  a f a i lu r e  
s t r a in ,  Y f . In  th e  example shown, the  d i f ­
fe re nce  between Njj and Nf is  s m a ll because 
th e  s t r a in  in c re a se s  r a p id ly  a f t e r  th e  pore 
p re ssu re  becomes equal to  th e  a p p lie d  c o n f in ­
in g  p re s s u re , aQ. I t  is  e v id e n t in  F ig . 2.3 
th a t  th e re  is  a th re s h o ld  shear s tre s s  a m p li­
tu d e , t c r , below  w hich th e  pore  p re ssu re  does 
n o t b u i ld  up a t  a l l .

2 .2 .2  Undra ined C y c lic  D e fo rm a tion  w ith  
Pore P ressure  B u ild u p

When dense s a tu ra te d  c o h e s io n le ss  s o i l  is  
su b je c te d  to  c y c l ic  shear s tre s s  a t  a le v e l 
somewhat low e r than  th e  s t a t ic  s tre n g th , the  
pore w a te r p re ssu re  may b u i ld  up g ra d u a lly  
u n t i l  i t  reaches th e  a p p lie d  c o n f in in g  p re s ­
su re , o r  to  a c o n d it io n  o f  i n i t i a l  l iq u e fa c ­
t io n .  The pore p re ssu re  b u ild u p  in  a dense 
c o h e s io n le ss  s o i l  under c y c l ic  lo a d in g  c o n d i­
t io n s  is  due to  th e  fa c t  th a t  even a dense 
s o i l  i s  c o n t ra c t iv e  d u r in g  shear a t  sm a ll 
s t r a in s .

As soon as th e  shear s t r a in  exceeds a c e r ta in  
l i m i t ,  however, the  s o i l  becomes d i l a t i v e  
caus ing  a d rop  in  the  pore  w a te r p re ssu re

F ig .  2 .2 An Example o f  Undra ined C y c lic  
S im ple Shear T es t on Loose S a tu ra te d  Sand

F ig .  2 .3  T y p ic a l R e s u lt o f  U ndra ined C y c lic  
Shear T es t on Loose S a tu ra te d  Sand

•«rith a consequent re co ve ry  o f  th e  e f f e c t iv e  
s t re s s .  As a r e s u l t ,  th e  c o n d it io n  o f  zero 
e f f e c t iv e  s tre s s  occu rs  o n ly  m om en ta rily  when 
th e  shear s tre s s  is  ze ro , and th e  s o i l  r e ­
ta in s  c o n s id e ra b le  shear modulus even a f t e r  
th e  i n i t i a l  l iq u e fa c t io n .  In  f a c t ,  a dense 
s o i l  cannot be s t ra in e d  beyond a c e r ta in  
l i m i t  re g a rd le s s  o f  th e  le v e l o f  shear s tre s s  
a m p litu d e , p ro v id e d  i t  s ta y s  below th e  s t a t i c  
shear s tre n g th .  A cco rd ing  to  De A lba  e t  a l .  
(1976), th e  l im i t i n g  shear s t r a in  a t  10 
s tre s s  c y c le s  f o r  a u n ifo rm  f in e  sand was 
le s s  than  10 per ce n t fo r  r e la t iv e  d e n s it ie s  
above 80 per c e n t. The above phenomenon has 
been c a lle d  " c y c l ic  m o b i l i t y "  by C astro
(1975 ), " i n i t i a l  l iq u e fa c t io n  w ith  l im i te d  
shear s t r a in  p o te n t ia l "  by De A lba  e t  a l .
(1976), o r  " c y c l ic  l iq u e fa c t io n "  by Casag- 
rande (1975).

2.3 F a c to rs  In f lu e n c in g  L iq u e fa c t io n  o f  
C ohes ion less  S o ils

As fa r  as c o h e s io n le ss  s o i ls  a re  concerned, 
t h e i r  re s is ta n c e  to  l iq u e fa c t io n  appears 
independen t o f  th e  frequency  o f  c y c l ic  lo a d ­
in g , e .g . ,  from  1 Hz to  12 Hz fo r  a c le a n  
sand (Yoshim i and Oh-oka, 1975), and from  
1/12 Hz to  1 Hz (Lee and F och t, 1975b ), 
w h ich  cover a u su a l range o f  fre q u e n c ie s  fo r  
se im ic  lo a d in g . For a lo n g e r range o f  f r e ­
que nc ies , however, th e  l iq u e fa c t io n  r e s is ­
tance  in c re a se d  somewhat w ith  d ecrea s ing  
fre q u e n c ie s  (Wong e t  a l . ,  1975).

2 .3 .1  C on fing  S tre sses  and Boundary 
D e fo rm a tion  o f  Specimens

A cco rd ing  to  c y c l ic  t r i a x i a l  te s ts  on a c lea n  
sand, the  c y c l ic  shear s tre s s  re q u ire d  to  
cause i n i t i a l  l iq u e fa c t io n  in  a g ive n  number 
o f  s tre s s  c y c le s  was n e a r ly  p ro p o r t io n a l to  
th e  i n i t i a l  c o n f in in g  p re ssu re  between 1 and 
15 kg /cm 2 (Lee and Seed, 1967).

In  many cases a s o i l  e lem ent on th e  f i e ld  
(F ig . 2 .1 ) is  c o n s o lid a te d  a n is o t r o p ic a l ly  
and sheared under p la n e - s t ra in  c o n d it io n s .  
S in p le  shear te s ts  and to rs io n  te s ts  o f  
v a r io u s  form s have been d ev ised  to  b e t te r  
s im u la te  t h e i r  f i e l d  b e h a v io r than  th e  t r i ­
a x ia l  t e s t  (see S e c tio n  2 .3 ) .  On the  b a s is  
o f  c y c l ic  to rs io n  te s ts ,  i t  has been shown 
th a t  fo r  a g ive n  i n i t i a l  v e r t i c a l  e f f e c t iv e  
s tre s s  th e  re s is ta n c e  to  l iq u e fa c t io n  
inc rea se d  w ith  an in c re a s e  in  th e  i n i t i a l  
c o e f f ic ie n t  o f  e a r th  p re ssu re  a t  r e s t ,  K0 
( Is h ih a ra  and L i ,  1973; Is h ib a s h i and S h e r if ,  
1974; Is h ih a ra  and Yasuda, 1975; DeAlba e t 
a l . ,  1976). There a re  in d ic a t io n s  th a t  the  
l iq u e fa c t io n  re s is ta n c e  is  n e a r ly  p ro p o r t io ­
n a l to  the  i n i t i a l  average e f f e c t iv e  s tre s s , 
a 0=(1+2K0) a / 3 , in  w hich  a is  th e  v e r t i c a l  
e f f e c t iv e  s tre s s .

A specimen boundary o ve r w hich c o n f in in g  
p re ssu re  is  a p p lie d  is  e ith e r  f l e x ib le  as in  
th e  t r i a x i a l  t e s t ,  o r  r i g i d  as in  the  s im p le  
shear t e s t  u s in g  a m e ta l box. Over th e  
f l e x ib le  boundary th e  membrane around a 
specimen is  pushed o u t as th e  pore w a te r 
p re ssu re  b u i ld s  up, caus ing  an o v e re s t im a t io n
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o f th e  re s is ta n c e  to  l iq u e fa c t io n .  T h is  mem­
brane com pliance e f fe c t  is  p a r t i c u la r ly  im­
p o r ta n t  in  l iq u e fa c t io n  te s ts  in  w hich the  
p re ssu re  d if fe re n c e  across th e  membrane 
undergoes a s u b s ta n t ia l change.

DeAlba e t  a l. (1 9 7 6 )  showed th a t  th e  l iq u e fa c ­
t io n  re s is ta n c e  o f  a u n ifo rm  f in e  sand 
(M onterey No. 0 sand) de te rm ined  from  t h e i r  
la rg e -s c a le  s im p le  shear te s ts  had to  be 
reduced by 20 to  30 per ce n t to  c o r re c t  fo r  
the  membrane com pliance  e f f e c t .  On the 
b a s is  o f  c y c l ic  t r i a x i a l  te s ts  on th e  same 
sand, Wong e t  a l .  (197 5) showed th a t  the  
l iq u e fa c t io n  re s is ta n c e  o f  12-in .(300-m m ) 
specimens was about 10 per ce n t low e r than  
? ..8 - in . (70-mm) specimens: ano the r in d ic a t io n  
o f  a membrane e f f e c t .  T h e re fo re , we must 
c a r e fu l ly  assess th e  boundary com pliance 
e f f e c t  b e fo re  we a tte m p t to  make q u a n t i ta t iv e  
s ta te m e n ts  about l iq u e fa c t io n  re s is ta n c e  o r 
compare l iq u e fa c t io n  re s is ta n c e s  dete rm ined  
w ith  d i f f e r e n t  methods.

2 .3 .2  S o i l  Type, G ra d a tio n , and D en s ity

P re v io us  re c o rd s  o f  se ism ic  damage in  Japan 
have re v e a le d  th a t  such s ig n s  o f  s o i l  l iq u e ­
fa c t io n  as sand b o i ls ,  mud sp ou ts , and f l o t a ­
t io n  o f  wooden p i le s  were found in  Recent 
f l u v ia l  d e p o s its  and uncompacted sandy f i l l s  
(K u rib a y a s h i and Tatsuoka, 1975). A cco rd ing  
to  Youd and Hoose (1977), Recent d e l ta ic  de­
p o s its  and s a tu ra te d  d e p o s its  have a ls o  shown 
h ig h  s u s c e p t ib i l i t y  to  l iq u e fa c t io n ,  whereas 
c la y - r ic h  and p re -P le is to c e n e  d e p o s its  have 
n o t g e n e ra lly  been a f fe c te d  by l iq u e fa c t io n .

E x te n s ive  la b o ra to ry  l iq u e fa c t io n  te s ts  have 
been conducted d u r in g  the  p as t decade on 
c le a n , u n ifo rm ly  graded f in e  sands, w hich 
appeared le a s t  r e s is ta n t  to  l iq u e fa c t io n  as 
fa r  as th e  g ra d a tio n  was concerned (Lee and 
F i t to n ,  1969; Seed and Peacock, 1971; Wong e t 
a l .  , 1975) .

I t  has been argued th a t  the  a p p a re n tly  supe­
r i o r  l iq u e fa c t io n  re s is ta n c e  o f  coarse sands 
and g ra v e ls  in  the  la b o ra to ry  m igh t be a t ­
t r ib u te d  in  p a r t  to  the  e f fe c t  o f  membrane 
com p liance  (Wong e t  a l . ,  1975). On the  
o th e r  hand, th e  c o a rse r g ra n u la r  s o i ls  shou ld  
e x h ib i t  c o n s id e ra b ly  g re a te r  s t a b i l i t y  in  the  
f i e ld  because t h e i r  h ig h  p e rm e a b ili ty  would 
e i t h e r  p re c lu d e  a f u l l  developm ent o f  pore 
w a te r p re ssu re  o r  reduce th e  d u ra t io n  o f  
f u l l y  l iq u e f ie d  c o n d it io n  (Wong e t a l . ,  1975; 
Seed and Booker, 1976).

On th e  b a s is  o f  c y c l ic  undra ined  t r i a x i a l  
te s ts  on u n d is tu rb e d  o r r e c o n s t i tu te d  s p e c i­
mens o f  medium dense to  dense sands, i t  has 
been shown th a t  th e  shear s tre s s  r a t io s  r e ­
q u ire d  to  produce a g ive n  s t r a in  in  a g ive n  
number o f  c y c le s  a t  a g ive n  r e la t iv e  d e n s ity  
v a r ie d  between w ide l im i t s  depending on the  
s o i l  typ e  and g ra d a tio n  (Marcuson and Town­
send, 1976; C astro  and P ou los, 1976).

A ttem p ts  have been made to  de te rm ine  the  e f ­
f e c t  o f  f in e s  on the  l iq u e fa c t io n  re s is ta n c e  
o f  sands e i t h e r  w ith  re c o n s t i tu te d  specimens

o r u n d is tu rb e d  specim ens. The l a t t e r  shou ld  
be p re fe r re d  because th e  e f f e c t  o f  s o i l  
s t r u c tu r e  (see S e c tio n  2 .3 .3 )  would be more 
pronounced as the  pe rcen tage  o f  f in e s  is  in ­
creased .

On th e  b a s is  o f  a su rvey o f  se is m ic  re co rd s  
in  Japan, K is h id a  (1969) re p o r te d  th a t  w e l l -  
graded s o i ls  were le s s  s u s c e p t ib le  to  l iq u e ­
fa c t io n  than  u n ifo rm ly  graded s o i l s .  On th e  
o th e r  hand, re c e n t la b o ra to ry  te s t  r e s u lt s  
show th a t  w e ll-g ra d e d  s o i ls  appear weaker 
than  u n ifo rm ly  graded s o i ls  a t  a g ive n  r e la ­
t i v e  d e n s ity  (Wong e t  a l . ,  1975). I t  is  con­
c e iv a b le  th a t  th e  s u p e r io r  s tre n g th  o f  w e l l -  
graded s o i ls  in  th e  f i e ld  m ig h t be a t t r ib u t e d  
to  th e  fa c t  th a t  th ey  tend  to  be d e p o s ite d  to  
form  a more s ta b le  s t r u c tu r e .

On th e  b a s is  o f  la rg e -s c a le  la b o ra to ry  te s ts  
on a c le a n , u n ifo rm ly  graded f in e  sand 
(M onterey 0 sand ), De A lba  e t  a l .  (1976) 
showed th a t  th e  s tre s s  r a t io  caus ing  i n i t i a l  
l iq u e fa c t io n  in  10 to  30 s tre s s  c y c le s  was 
n e a r ly  p ro p o r t io n a l to  th e  r e la t iv e  d e n s ity  
up to  about Dr  = 7 5 per c e n t.  However, fo r  
sands i n - s i t u  w hich o f te n  c o n ta in  some s i l t  
and c la y ,  th e  r e la t iv e  d e n s ity  may n o t be a 
good measure fo r  e xp re ss in g  th e  re s is ta n c e  
to  l iq u e fa c t io n  (C a s tro , 1975) .

The l iq u e fa c t io n  re s is ta n c e  o f  n o n -p la s t ic  
ro ck  f lo u r  s o i ls  w ith  th e  mean g ra in  s iz e  o f
0 .0  3 mm to  0.05 mm were found to  depend on 
ag ing  a f t e r  c o n s o lid a t io n  (Donovan and S ingh,
1976). A v o lc a n ic  co h e s io n le s s  s o i l  lo c a l ly  
c a lle d  "S h ira s u " in  Japan was re p o r te d  s ig ­
n i f i c a n t l y  le s s  r e s is ta n t  to  l iq u e fa c t io n  
than  f in e  sands o f  s im i la r  g ra d a tio n  (Yamano- 
u c h i e t  a l . ,  1976).

2 .3 .3  Specimen P re p a ra t io n , S t ra in  H is to r y ,  
and S o il  S tru c tu re

On th e  b a s is  o f  e x te n s iv e  c y c l ic  und ra ined  
te s ts  on re c o n s t i tu te d  specimens o f  sands, i t  
has been c le a r ly  shown th a t  th e  l iq u e fa c t io n  
and c y c l ic  d e fo rm a tio n  c h a r a c te r is t ic s  o f  
sands were m arked ly  in f lu e n c e d  by th e  method 
o f  p re p a rin g  th e  te s t  specimens (Ladd, 1974, 
1976; M u l i l i s  e t  a l . , 1975; Marcuson and 
Townsend, 1976). For b o th  medium dense and 
dense specimens o f  sand, the  specimens p re ­
pared by com pacting m o is t sand showed s i g n i f ­
ic a n t ly  g re a te r  re s is ta n c e  to  c y c l ic  u n d ra in ­
ed shear th an  those  compacted d ry ,  th e  d i f ­
fe re n ce  b e ing  as much as 110 per c e n t.

Recent la b o ra to ry  t e s t  r e s u lt s  on u n d is tu rb e d  
samples o f  sands have in d ic a te d  th a t  th e  
l iq u e fa c t io n  re s is ta n c e  o f  the  u n d is tu rb e d  
specimens were g e n e ra lly  h ig h e r  than  th a t  o f  
th e  specimens w hich were re c o n s t i tu te d  to  the  
same d e n s ity ,  e .g . ,  up to  45 per c e n t h ig h e r  
than  th e  specimens compacted by m o is t tam ping 
( M u l i l i s  e t  a l . ,  1975), and 65 to  112 per 
c e n t h ig h e r  than  th e  specimens compacted by 
d ry  tam ping (Marcuson and Townsend, 1976).
For sands c o n ta in in g  21 to  32 p e r ce n t f in e s ,  
th e  l iq u e fa c t io n  re s is ta n c e  o f  th e  u n d is tu rb ­
ed specimens was 6 to  26 per c e n t h ig h e r  than 
th e  specimens rem olded and c o n s o lid a te d  to
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th e  same d e n s ity  (Watanabe e t  a l . ,  1975).
More s tu d ie s  o f  t h is  typ e  u s in g  t r u l y  u n d is ­
tu rb e d  samples a re  needed to  e s ta b l is h  quan­
t i t a t i v e  r e la t io n s h ip s  between th e  u n d is tu rb ­
ed and rem olded s tre n g th s .

On th e  b a s is  o f  c y c l ic  und ra ined  te s ts  on 
sands i t  has been shown th a t  th e  specimens 
w hich had been s u b je c te d  to  c y c l ic  s tre s s e s  
a t  m oderate le v e ls  (p resheared  specimens) 
e x h ib ite d  c o n s id e ra b ly  h ig h e r  re s is ta n c e  to  
l iq u e fa c t io n  (F inn  e t a l . ,  1970; B je rrum ,
1973; Seed e t  a l . ,  1975a). For exam ple, th e  
l iq u e fa c t io n  re s is ta n c e  o f  a f in e  sand in ­
creased n e a r ly  50 per c e n t as a r e s u l t  o f  
p re s h e a r in g , a lth o u g h  th e  p re s h e a rin g  caused 
o n ly  a m inor in c re a s e  in  th e  r e la t iv e  d e n s ity ,
i . e . ,  from  54.0 per c e n t to  54.7 pe r ce n t 
(Seed e t a l . ,  1975d ).

The e f f e c t  o f  p re s h e a rin g  is  an im p o rta n t 
fa c to r  to  be co ns ide red  when we a tte m p t to  
e v a lu a te  th e  l iq u e fa c t io n  re s is ta n c e  o f  in -  
s i t u  s o i l  s u b je c te d  to  se ism ic  o r  ocean wave 
lo a d in g . In  th e  case o f  fo u n d a tio n  s o i l  be­
low o ffs h o re  s t ru c tu re s  s u b je c te d  to  wave 
fo rc e s , a t r a in  o f  c y c l ic  s tre s s e s  d u r in g  a 
s to rm  may in c re a s e  th e  dynamic b e a rin g  capac­
i t y  fo r  subsequent sto rm s (Lee and F och t, 
1975a). N a tu ra l d e p o s its  o f  s o i ls  in  s e is -  
m ic a l ly  a c t iv e  re g io n s  must have been p re ­
sheared by a number o f  e a rthq u ake s . I t  i s  
co n c e iv a b le  th a t  such n a tu ra l p re s h e a rin g  
m ig h t account fo r  a t  le a s t  a p a r t  o f  th e  in ­
creased l iq u e fa c t io n  re s is ta n c e  o f  u n d is tu rb ­
ed samples compared to  re c o n s t i tu te d  samples.

I t  seems reasonab le  to  assume th a t  b o th  the  
e f f e c t  o f  sample p re p a ra t io n  and p re s h e a rin g  
may be a t t r ib u t e d  to  s o i l  s t r u c tu r e .  Some 
a tte m p ts  have been made to  e x p la in  th e  e f f e c t  
o f  sample p re p a ra t io n  on th e  b a s is  o f  the  
o r ie n ta t io n  o f  in te r g r a n u la r  c o n ta c t su rfa c e s  
and th e  e le c t r ic a l  c o n d u c t iv i ty  o f  th e  s p e c i­
mens s a tu ra te d  w ith  an e le c t r o ly t i c  s o lu t io n .  
A cco rd ing  to  M u l i l i s  e t  a l .  (1975) , th e  
s m a lle r  th e  e le c t r ic a l  c o n d u c t iv i ty  a t  a 
g ive n  d e n s ity ,  the  g re a te r  was th e  l iq u e fa c ­
t io n  re s is ta n c e . However, th e  e f f e c t  o f  p re ­
sh e a rin g  and th e  d if fe re n c e  between th e  un­
d is tu rb e d  and rem olded s tre n g th s  have n o t y e t 
been f u l l y  e x p la in e d  on th e  b a s is  o f  s o i l  
s t r u c t u r e .

In  marked c o n tra s t  to  th e  b e n e f ic ia l  e f fe c t  
o f  p re s h e a rin g  a t  m oderate s t r a in  le v e ls ,  
severe  shear s t r a in s  in c lu d in g  l iq u e fa c t io n  
have d e tr im e n ta l e f fe c ts  on the  und ra ined  
shear s tre n g th ,  i . e . ,  s a tu ra te d  sand w hich 
has been l iq u e f ie d  and then  re c o n s o lid a te d  
may e x h ib i t  much s m a lle r  re s is ta n c e  to  sub­
sequent a p p lic a t io n s  o f  c y c l ic  shear s tre s s e s  
d e s p ite  the  fa c t  th a t  th e  sand has become 
denser d u r in g  th e  re c o n s o lid a t io n  p ro cess . 
T h is  r e l iq u e fa c t io n  phenomenon was observed 
in  c y c l ic  t r i a x i a l  and s im p le  shear te s ts  as 
w e ll  as in  shak ing  ta b le  te s ts  on b u lk  sam­
p le s  o f  sand in  a la rg e  c o n ta in e r  (F in n  e t 
a l . , 1970; F in n , 1972) .

The reduced re s is ta n c e  o f  p re l iq u e f ie d  sand 
has been a t t r ib u t e d  to  th e  developm ent o f

loo se  zones in  th e  specimen w hich  would gov­
e rn  th e  re s is ta n c e  d u r in g  th e  subsequent 
s tre s s  a p p lic a t io n s  (Emery e t  a l . ,  1973; 
C a s tro , 1975). However, c y c l ic  t r i a x i a l  
te s ts  by M u l i l i s  e t  a l .  (1975) show th a t  the  
uneven d e n s ity  d is t r ib u t io n  a lone  canno t ac­
co un t fo r  th e  d r a s t ic  re d u c t io n  in  th e  l iq u e ­
fa c t io n  re s is ta n c e . Lee (1976) p o in te d  o u t 
th a t  th e  change in  s o i l  s t r u c tu r e  caused by 
l iq u e fa c t io n  as evidenced by d r a s t ic a l l y  in ­
creased c o m p re s s ib i l i t y  (Lee and A lb a is a , 
1974; Yoshim i e t  a l . ,  1975) would accoun t fo r  
th e  reduced re s is ta n c e  to  subsequent shear 
s tre s s  p u ls e s . From th e  p o in t  o f  v iew  o f 
s o i l  s t r u c tu r e ,  we may argue th a t  th e  c o n d i­
t io n  fo l lo w in g  com p le te  l iq u e fa c t io n  re p re ­
sen ts  a v i r g in  s ta te  w hich  is  le s s  s ta b le  
than  th e  c o n d it io n  p r io r  to  th e  f i r s t  l iq u e ­
fa c t io n  w hich has been s ta b i l iz e d  by p re ­
sh e a rin g  o f  a s o r t .

Whether o r  n o t th e  r e l iq u e fa c t io n  phenomenon 
occu rs  in  th e  f i e ld  is  im p o rta n t when we 
a tte m p t to  e v a lu a te  the  l iq u e fa c t io n  p o te n ­
t i a l  o f  a p la ce  l i k e  N i ig a ta ,  Japan, fo r  
fu tu re  ea rthquakes . Lee (1976) argued th a t  
"s m a ll c y c l ic  s tre s s e s  w hich deve lop  in  th e  
ground d u r in g  a fte rs h o c k s  o f  th e  main e a r th ­
quake a re  s u f f i c ie n t  to  r e s t a b i l iz e  a once 
l iq u e f ie d ,  re c o n s o lid a te d  s o i l . "  Moderate 
ea rthquakes w hich o ccu r between s tro n g  ones 
may a ls o  c o n t r ib u te  to  r e s to r in g  th e  
re s is ta n c e  by p re s h e a r in g .

2.4 L iq u e fa c t io n  o f  L eve l Ground d u r in g  
Earthquakes

I t  is  reco gn ized  th a t  th e  p ro g re s s iv e  red uc ­
t io n  in  e f f e c t iv e  s tre s s e s  le a d in g  to  l iq u e ­
fa c t io n  d u r in g  earthquakes is  governed by 
c y c l ic  shear s tre s s e s  w hich  in  tu rn  is  due 
p r im a r i ly  to  shear waves p ro p a g a tin g  upwards 
from  th e  bed rock .
The methods w hich have been proposed to  e v a l­
ua te  th e  l iq u e fa c t io n  p o te n t ia l  o f  le v e l 
ground may be c la s s i f ie d  as fo l lo w s :  (1) em­
p i r i c a l  c r i t e r i a  o f  l iq u e fa c t io n  p o te n t ia l  
based on f i e ld  o b s e rv a tio n s  d u r in g  e a r th ­
quakes o r on dynamic te s ts  in  th e  f i e ld ;  (2) 
com parison o f  computed shear s tre s s e s  in  the  
f i e ld  w ith  l iq u e fa c t io n  re s is ta n c e  de te rm ined  
in  th e  la b o ra to ry ;  and (3) p re d ic t io n  o f  l i q ­
u e fa c t io n  in  th e  f i e ld  by ana lyses  based on 
m echan ica l models o f  s o i l  e lem ents.

2 .4 .1  E m p ir ic a l C r i t e r ia  o f  L iq u e fa c t io n  
P o te n t ia l

E x te n s ive  l iq u e fa c t io n  o ccu rre d  in  th e  le v e l 
sandy ground in  N i ig a ta ,  Japan, d u r in g  the  
N iig a ta  earthquake  o f  1964 (m agnitude = 7 .5 , 
e p ic e n tra l d is ta n c e  =? 55 km ), and caused s e t­
tle m e n t and t i l t i n g  o f  more than  200 r e in ­
fo rc e d  co n c re te  b u i ld in g s ,  t i l t i n g  o f  b r id g e  
p ie r s ,  la rg e  d isp lace m e n ts  o f  underground 
s t r u c tu re s ,  and severe damage to  l i f e  l in e s  
in  g e n e ra l. D e ta ile d  d e s c r ip t io n s  on the  
l iq u e fa c t io n  damage were p resen ted  by the  
Japanese S o c ie ty  o f  S o i l  Mechanics and Foun­
d a t io n  E n g in e e rin g  (S o il  and F ound a tion ,
1966), and e x c e lle n t  summaries were g iv e n  by 
Seed and Id r is s  (1967) and Seed (1970).
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By com paring th e  s tandard  p e n e tra t io n  blow 
coun ts  b e fo re  and a f t e r  the  ea rthquake , 
Ko izum i (1966) proposed a " c r i t i c a l  b low  
c o u n t, Nc r , "  as shown in  the  s o l id  l in e  in  
F ig . 2 .4 , on the  b a s is  o f  the  h y p o th e s is  th a t  
the  s o i l  th a t  had l iq u e f ie d  shou ld  have expe­
r ie n c e d  an in c re a se  in  i t s  b low  co u n t. Thus, 
the  b low  co un t b e fo re  the  earthquake  th a t  had 
fa l le n  on th e  l e f t  s id e  o f  Nc r -c u rv e  in c re a s ­
ed as a r e s u l t  o f  th e  earthquake , and those  
on the  r ig h t  s id e  decreased.

K is h id a  (1966) s tu d ie d  th e  r e la t io n s h ip  among 
th e  degree o f  damage, the  dep th  to  and the 
standa rd  p e n e tra t io n  b low  coun t a t  th e  lo w e s t 
p o in t  o f  fo u n d a tio n  fo r  185 re in fo rc e d  con­
c re te  b u i ld in g s  lo c a te d  in  th e  most h e a v ily  
damaged area in  N iig a ta .  F o r ty  o u t o f  63 
b u i ld in g s  (64 per ce n t) on s h a llo w  founda­
t io n s  and 49 o u t o f  75 b u i ld in g s  (65 per 
ce n t) on s h o r t  p i le s  s e t t le d  more than  50 cm 
a n d /o r t i l t e d  more than  1 .0  degree. The low ­
e r ends o f th e  p i le s  reached depths between 
5 m and 10 m where th e  blow  coun t was le s s  
than  15. K is h id a  then  p lo t te d  th e  blow  coun t 
a t  th e  bottom  o f  sh a llo w  fo u n d a tio n s  o r a t  
th e  p i le  t i p s ,  and showed th a t  the  da ta  
p o in ts  c o u ld  be sepa ra ted  in to  two groups by 
th e  dashed l in e s  as shown in  F ig . 2 .4 , i . e . ,  
those  on th e  l e f t  s id e  s u ffe re d  heavy damage 
(more than  50 cm in  s e tt le m e n t o r  1 .0 ° in  
t i l t i n g )  , and those  on the  r ig h t  l ig h t e r  
damage. The e f f e c t iv e  overburden p re ssu re  on 
th e  r ig h t  s id e  s c a le  has been computed fo r  a 
s a tu ra te d  s o i l  d e n s ity  o f  1 .90 t /m 3 and a 
depth  o f  th e  ground w a te r ta b le  o f  1 .0  m.

Even in  th e  l iq u e f ie d  area wooden houses s u f­
fe re d  r e la t i v e ly  m inor damage. T h is  p ro b a b ly  
e x p la in s  why l iq u e fa c t io n - in d u c e d  damage to  
b u i ld in g s  had n o t been consp icuous in  o ld  
re c o rd s  o f  earthquakes in  Japan where heavy 
s t ru c tu re s  were v e ry  few . However, o ld  docu­
ments on earthquakes c o n ta in  numerous r e f e r ­
ences to  sand b o i ls ,  mud sp ou ts , and f l o t a ­
t io n  o f  b u r ie d  wooden p i le s ,  in d ic a t in g  
occu rrences  o f  l iq u e fa c t io n .

Recent rev iew s  o f  these  documents show th a t  
the  s ig n s  o f  l iq u e fa c t io n  were observed a t  a
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F ig . 2 .4 E m p ir ic a l C r i t e r ia  o f  L iq u e fa c t io n  
fo r  th e  N iig a ta  Earthquake o f  1964

number o f  a l l u v ia l  d e p o s its  and re c la im e d  
s i te s  th ro u g h o u t Japan (K is h id a , 1969; K u r i-  
bayash i e t  a l . ,  1974; K u r ib a y a s h i and T a ts u - 
oka, 1975). For a g iv e n  m agn itude , M, th e re  
appears to  be a l im i t i n g  e p ic e n t r a l  d is ta n c e , 
R, beyond w hich  l iq u e fa c t io n  was u n l ik e ly  to  
o c c u r. The l im i t i n g  d is ta n c e  R in  km fo r  
M > 6 .0  may be expressed as fo l lo w s  (K u rib a y a ­
s h i and Tatsuoka, 1975):

lo g  R = 0.77 M -  3 .6 (2 .1 )

In  o rd e r to  compare f i e l d  o b s e rv a tio n s  con­
c e rn in g  l iq u e fa c t io n  and n o n - l iq u e fa c t io n  
d u r in g  d i f f e r e n t  ea rthq u ake s , th e  c y c l ic  
shear s tre s s  r a t io ,  T d /o0 , has been p lo t te d  
a g a in s t th e  r e la t iv e  d e n s ity  (Seed and 
Peacock, 1971; Whitman, 1971), o r  a g a in s t th e  
s ta nd a rd  p e n e tra t io n  b low  coun t c o rre c te d  fo r  
a c e r ta in  e f f e c t iv e  overbu rden  s tre s s  (C a s tro , 
1975; Seed e t  a l . ,  1975d). The cu rve  in  F ig .
2 .5  g iv e s  th e  low e r bound fo r  th e  s tre s s  
r a t io s  caus ing  l iq u e fa c t io n  based on obse rva ­
t io n s  a t  38 s i te s  d u r in g  14 e a rthq u ake s , and 
is  expected to  g iv e  a reasonab le  c r i t e r io n  
fo r  M agnitude 7 .5  ea rthq u ake s , b u t a con- 
c e rv a t iv e  e s tim a te  fo r  earthquakes o f  s m a lle r  
m agnitudes (Seed, 1976).

A ttem p ts  have r e c e n t ly  been made to  a p p ly  
s t a t i s t i c a l  methods to  t r e a t in g  f i e l d  da ta  to  
d is c r im in a te  between l iq u e f ia b le  and non- 
l iq u e f ia b le  c o n d it io n s  (C h r is t ia n  and S w ige r, 
1975; Tanim oto and Noda, 1976; Y eg ian, 1976). 
Such approaches a re  a t t r a c t iv e  in  v iew  o f  the  
p r o b a b i l i s t i c  n a tu re  o f  e a rthq u ake s . But the  
r e l i a b i l i t y  o f  th e  methods is  s t i l l  l im i te d  
by th e  c u r re n t la c k  o f  good f i e ld  da ta  d u r in g  
s tro n g  ea rthquakes.

F lo r in  and Ivanov (1961) d e s c r ib e d  a method 
by w hich  th e  s u s c e p t ib i l i t y  o f  s o i l  to  l iq u e ­
fa c t io n  c o u ld  be p re d ic te d  on th e  b a s is  o f  
ground subsidence caused by b la s t  te s ts .  
Kummeneje and E ide (1961) and Prakash and 
Gupta (1970) have conducted s im i la r  te s ts  in  
w hich  pore  p re ssu re  measurements were made 
below th e  ground s u rfa c e . Is h ih a ra  and 
M its u i (1972) measured dynamic pore  w a te r 
p re ssu re  and v e r t i c a l  a c c e le ra t io n  in  s a tu ­
ra te d  sand near a p i le  w h ile  i t  was v ib ra te d  
v e r t i c a l l y .  They found th a t  th e  r e la t io n s h ip  
between th e  pore p re ssu re  and a c c e le ra t io n  
f o r  uncompacted sand was m arked ly  d i f f e r e n t  
from  th a t  fo r  compacted sand, th e  d if fe re n c e  
be ing  more pronounced than  th e  d if fe r e n c e  in  
th e  s ta nd a rd  p e n e tra t io n  b low  coun ts  would 
in d ic a te .

The i n - s i t u  te s ts  d e sc r ib e d  above may be used 
to  compare the  l iq u e fa c t io n  p o te n t ia l  a t  a 
proposed s i t e  w ith  th a t  a t  a s i t e  where l i q ­
u e fa c t io n  re s is ta n c e  is  known.

2 .4 .2  Comparison o f  Computed Shear S tre sses  
w ith  L iq u e fa c t io n  R es is tance  d e te r ­
mined in  the  L a b o ra to ry

Seed and I d r is s  (1971) proposed a p r a c t ic a l  
method fo r  e v a lu a t in g  l iq u e fa c t io n  p o te n t ia l  
o f  h o r iz o n ta l  d e p o s its  o f  co h e s io n le s s  s o i ls  
on th e  b a s is  o f  th e  s e is m ic it y  o f  th e  s i t e
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under c o n s id e ra t io n  ( th e  m agnitude o f  th e  
earthquake  and th e  maximum ground s u rfa c e  ac­
c e le ra t io n )  and o f th e  s o i l  c o n d it io n s  (th e  
g ra in  s iz e ,  th e  dep th  o f  th e  ground w a te r 
ta b le ,  and th e  s ta nd a rd  p e n e tra t io n  blow  
c o u n ts ) .

T h is  method was s u c c e s s fu lly  a p p lie d  to  35 
cases o f  w hich l iq u e fa c t io n  o ccu rre d  in  23 
cases. The a u th o rs  c a u tio n e d , however, th a t  
th e  method in v o lv e d  a number o f  assum ptions, 
and th a t  i t  shou ld  be regarded  as an a p p ro x i­
mate method by w hich  to  extend  p re v io u s  f i e ld  
o b s e rv a tio n s  to  new s i tu a t io n s .  One o f  these  
assum ptions concerns co n ve rs io n  o f  a t r a in  o f  
i r r e g u la r  shear s tre s s  p u lse s  d u r in g  an a c tu ­
a l  earthquake  to  a c e r ta in  number o f  e q u iva ­
le n t  u n ifo rm  shear s tre s s  p u lse s  hav ing  an 
a m p litu d e  o f  65 p e r c e n t o f  th e  maximum shear 
s tre s s  in  th e  i r r e g u la r  tim e  h is t o r ie s .  The 
number o f  c y c le s  were assumed to  in c re a se  
w ith  th e  m agnitude o f  th e  ea rthq u ake , i . e . ,
10, 20, and 30, fo r  m agnitudes 7, 7 .5 , and 8, 
r e s p e c t iv e ly .

The use o f  th e  e q u iv a le n t u n ifo rm  shear 
s tre s s  was necessary because th e  l iq u e fa c t io n  
re s is ta n c e  o f  s o i ls  had been de te rm ined  from  
c y c l ic  te s ts  o f  u n ifo rm  shear s tre s s  a m p li­
tu d e s . V a rio u s  s tu d ie s  have s in c e  been made 
to  e v a lu a te  th e  e f f e c t  o f  i r r e g u la r  s tre s s  
p u lse s  on l iq u e fa c t io n .  Methods based on a 
g e n e ra liz e d  e q u iv a le n t u n ifo rm  c y c le  concept 
o r  a c u m u la tiv e  damage concep t have been 
d e s c rib e d  and compared (Lee and Chan, 1972; 
Annaki and Lee, 1976; Seed, 1976; V a le ra  and 
Donovan, 1976) w ith  th e  c o n c lu s io n  th a t  th e  
methods had a r e la t i v e ly  m ino r e f f e c t  on th e  
f i n a l  r e s u l t .

Is h ih a ra  and Yasuda (1975) have employed a 
d i f f e r e n t  method in  w hich  specimens o f  sand 
were a c tu a l ly  s u b je c te d  to  i r r e g u la r  s tre s s  
pu lse s  s im u la t in g  tim e  h is t o r ie s  reco rded  
d u r in g  ea rthq u ake s . The e q u iv a le n t u n ifo rm  
s tre s s  a m p litu d e s  de te rm ined  from  t h e i r  t e s t  
r e s u lt s  were somewhat low e r th an  the  v a lu e  
proposed by Seed and Id r is s  (1971) f o r  M agni­
tude  7 .5  ea rthq u ake s , b u t h ig h e r  f o r  M agni­
tude  7 ea rthquakes .

F ig .  2 .5  Lower Bound f o r  Shear 
S tre s s  R a tio s  Causing L iq u e fa c t io n  
(Seed e t  a l ,  1975d)

In  th e  s im p l i f ie d  p rocedure  by Seed and 
Id r is s  (1971 ), th e  maximum dynamic shear 
s tre s s  and th e  l iq u e fa c t io n  re s is ta n c e  are 
de te rm ined  from  s im p le  fo rm u la s  and c h a r ts  
w hich have been p repared  fo r  re p re s e n ta t iv e  
cases. For more d e ta i le d  s tu d ie s  fo r  p a r ­
t i c u la r  s i te s ,  th e  maximum dynamic shear 
s tre s s  is  de te rm ined  by c o n d u c tin g  dynamic 
response ana lyses (Schnabel e t  a l ,  1972), 
and th e  l iq u e fa c t io n  re s is ta n c e  by a p p ro p r i­
a te  la b o ra to ry  te s ts  on s o i l  samples taken 
from  th e  s i te s .

On th e  b a s is  o f  m u l t i - d i r e c t io n a l  shak ing  
te s ts  on d ry  sand, i t  was in fe r r e d  th a t  i t s  
l iq u e fa c t io n  re s is ta n c e  would be about 10 per 
c e n t low e r than  th a t  in  u n i - d i r e c t io n a l ,  com­
p le te ly  re ve rse d  c y c l ic  shear (Pyke e t  a l ,  
1975; Seed e t  a l ,  1975a).

In  o rd e r to  e s tim a te  th e  l iq u e fa c t io n  r e s i s t ­
ance in  th e  f i e l d ,  Seed (1976) recommended 
th a t  th e  la b o ra to ry  t e s t  da ta  be c o rre c te d  as 
fo l lo w s :  (1) th e  shear s tre s s  r a t io  caus ing  
l iq u e fa c t io n  in  c y c l ic  s im p le  shear te s ts  
shou ld  be reduced by 10 per c e n t to  a llo w  fo r  
m u l t i - d i r e c t io n a l  shak ing  in  th e  f i e ld ;  and
(2) th e  shear s tre s s  r a t io  caus ing  l iq u e fa c ­
t io n  in  c y c l ic  t r i a x i a l  te s ts  (o n e -h a lf  the  
dynamic d e v ia to r  s tre s s  d iv id e d  by th e  con­
s o l id a t io n  p re ssu re ) shou ld  be m u l t ip l ie d  by 
0.57 i f  th e  c o e f f ic ie n t  o f  e a r th  p re ssu re  a t  
r e s t  in  th e  f i e l d ,  K0 = 0 .4 , and by 0 .9  to  1 
i f  K0 = 1, to  c o r re c t  fo r  th e  p lane  s t r a in  
c o n d it io n  and m u l t i - d i r e c t io n a l  shak ing  in  
th e  f i e ld .

A cco rd ing  to  a q u e s t io n n a ire  su rvey conducted 
by th e  w r i t e r  from  May to  A ugus t, 1976, th e  
s im p l i f ie d  p rocedure  by Seed and Id r is s  was 
w id e ly  used by p r a c t ic in g  e ng in ee rs  in  th e  U. 
S .A. and Japan, m o s tly  as a p re lim in a ry  s te p  
tow ards more d e ta i le d  s tu d ie s  in v o lv in g  dy­
namic response ana lyses  and la b o ra to ry  te s ts .

2 .4 .3  A n a ly t ic a l  S tu d ie s  o f  Development and 
D is s ip a t io n  o f  Pore W ater P ressure

A ttem p ts  have been made to  p r e d ic t  th e  d e v e l­
opment o f  pore  w a te r p re ssu re  d u r in g  u n d ra in ­
ed c y c l ic  shear on th e  b a s is  o f  c o n s t i t u t iv e  
r e la t io n s  o f  s o i l  e lem en ts . In  most o f  these  
s tu d ie s  th e  pore p re ssu re  inc rem e n t per 
s tre s s  c y c le ,  Au, i s  expressed in  term s o f  
th e  shear s tre s s  a m p litu d e  o r  d i la ta n c y  c h a r­
a c t e r is t i c s  o f  s o i ls  de te rm ined  e x p e rim e n ta l­
l y .

S h iba ta  e t  a l  (1972) proposed a p a ra b o lic  
r e la t io n s h ip  between Au and as shown in  
F ig .  2 .3 ( b ) ,  and used i t  to  e s tim a te  pore 
p re ssu re  developm ent due to  i r r e g u la r  shear 
s tre s s  p u ls e s . Yagi (1972) d e r iv e d  a Au vs . 
t ,3 r e la t io n s h ip  from  more fundam enta l e m p ir i­
c a l r e la t io n s h ip s  among th e  v o lu m e tr ic  s t r a in ,  
shear s tre s s  r a t i o ,  and rebound c h a r a c te r is ­
t i c s  o f  d ry  sand. S im ila r  s tu d ie s  have been 
made by M a r t in  e t  a l  (1975 ), Oh-oka (1976), 
F inn  e t a l  (1976b), and L io u  e t  a l  (1976).

F inn  e t a l  (1976b) showed th a t  t h e i r  c o n s t i ­
t u t i v e  r e la t io n s  c o u ld  s u c c e s s fu lly  s im u la te
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n o n lin e a r  s t r e s s - s t r a in  cu rves d u r in g  c y c l ic  
shear as w e ll  as the  r e la t io n s h ip  between the  
l iq u e fa c t io n  re s is ta n c e  and the  number o f 
c y c le s  to  l iq u e fa c t io n  fo r  a s o i l  e lem ent 
(F ig . 2 .3 ( a ) ) .  W ith  t h e i r  m echan ica l models 
o f  s o i l  e lem ents th ey  co u ld  conduct n o n lin e a r  
e f fe c t iv e  s tre s s  ana lyses  o f  dynamic response 
o f  h o r iz o n ta l  s a tu ra te d  sand d e p o s its  d u r in g  
earthquakes (F inn  e t a l . ,  1976).

Is h ih a ra  e t  a l .  (1975) proposed a unique 
method in  w hich  pore w a te r p re ssu re  and shear 
s t r a in  d u r in g  und ra ined  c y c l ic  shear o f  i r ­
re g u la r  tim e  h is to r ie s  were assumed to  accu­
m u la te  o n ly  when the  r a t io  o f  th e  shear 
s tre s s  a m p litu d e  to  th e  c u r re n t mean p r i n c i ­
p a l s tre s s  exceeded the  p re v io u s  peak. The 
method was then  combined w ith  dynamic r e ­
sponse ana lyses  to  s tudy  th e  developm ent o f 
pore  w a te r p re ssu re  in  h o r iz o n ta l d e p o s its  o f  
s a tu ra te d  sand d u r in g  a c tu a l ea rthquakes, and 
th e  computed r e s u lt s  agreed reasonab ly  w e ll 
w ith  th e  observed f i e ld  b e h a v io r ( Is h ih a ra  e t  
a l . ,  1976).

A cco rd ing  to  th e  eyew itness  accounts d u r in g  
the  N iig a ta  earthquake  o f  1964, th e  sand 
b o i ls  o r  th e  s e tt le m e n t o f  th e  b u ild in g s  
began to  ta ke  p la ce  some tim e  a f t e r  the  
ground shak ing  had s topped. In  th e  case o f 
a tw o -s to ry  re in fo rc e d  co n c re te  b u i ld in g  a t  
th e  N iig a ta  a ir p o r t  w h ich  s e t t le d  about 1 m, 
the  tim e  in t e r v a l  between the  f i r s t  m ajor 
shock and th e  s e tt le m e n t was e s tim a te d  to  be 
about 4 0 sec by re e n a c tin g  the  scene o f  
e va cu a tio n  from  th e  o f f i c e  u p s ta ir s .

The tim e  la g  p ro b a b ly  in d ic a te s  th a t  th e  s o i l  
a t  some dep th  was f i r s t  l iq u e f ie d  d u r in g  the  
ea rthquake , and th a t  the  excess pore w a te r 
p re ssu re  in  th e  l iq u e f ie d  zone caused an up­
ward seepage th ro ug h  th e  s u rfa c e  s o i l  and 
subsequent lo s s  in  th e  b e a rin g  c a p a c ity .
T h is  t r a n s ie n t  seepage problem  was ana lyzed 
by a p p ly in g  th e  T e rza gh i c o n s o lid a t io n  th e o ry  
by Ambraseys and Sarma (1969), and Yoshim i 
and Kuwabara (1973). A more re c e n t s tu dy  by 
Yoshim i e t  a l .  (1975) u s in g  s o i l  p ro p e r t ie s  
de te rm ined  from  la rg e -s c a le  c o n s o lid a t io n  
te s ts  o f  l iq u e f ie d  sand shows th a t  th e  m axi­
mum pore  p re ssu re  in  the  la y e r  o v e r ly in g  the  
l iq u e f ie d  la y e r  is  p r im a r i ly  governed by the  
r a t io  o f  th e  c o e f f ic ie n ts  o f  p e rm e a b ili ty  o f  
th e  two la y e rs .

N um erica l ana lyses  have been made to  e s tim a te  
th e  tim e  h is t o r ie s  o f  pore  w a te r p re ssu re  in  
h o r iz o n ta l d e p o s its  o f  s a tu ra te d  sand, ta k in g  
in to  account bo th  developm ent and d is s ip a t io n  
o f  pore  w a te r p re s s u re . To de te rm ine  dynamic 
s tre s s e s , Seed e t  a l .  (19 75 c ), and Seed and 
Booker (1976) used s o i l  p ro p e r t ie s  based on 
the  i n i t i a l  e f fe c t iv e  s tre s s , whereas F inn  e t 
a l .  (1976b) updated the  e f fe c t iv e  s tre s s  by 
fe e d in g  back th e  c u r re n t pore p re ssu re s .
L io u  e t  a l .  (1976) used a d i f f e r e n t  approach 
based on th e  method o f c h a r a c te r is t ic s  
(S tre e te r  e t  a l . ,  1974). I t  appears th a t  
these  a n a ly t ic a l  methods have ach ieved an 
adequate le v e l o f  s o p h is t ic a t io n ,  c o n s id e r in g  
th e  u n c e r ta in t ie s  in  in p u t earthquake m otions 
and p ro p e r t ie s  o f  s o i l  d e p o s its  in  s i t u .

2 .4 .4  S e ttle m e n t due to  L iq u e fa c t io n

F o llo w in g  l iq u e fa c t io n ,  a h o r iz o n ta l  la y e r  o f  
s a tu ra te d  sand s e t t le s  as i t  c o n s o lid a te s  
under i t s  own w e ig h t. On th e  b a s is  o f  c y c l ic  
t r i a x i a l  te s ts  on u n ifo rm ly  graded sands, Lee 
and A lb a is a  (1974) e s tim a te d  th a t  v o lu m e tr ic  
s t r a in s  d u r in g  th e  p o s t - l iq u e fa c t io n  s e t t l e ­
ment would be from  1 % to  4 %, w hich  agreed 
w ith  f i e ld  o b s e rv a tio n s , shak ing  ta b le  te s t  
r e s u lt s ,  and w ith  th e  r e s u lt s  o f  la rg e -s c a le  
o n e -d im e ns io na l c o n s o lid a t io n  te s ts  by Y o sh i­
mi e t  a l .  (1975). However, h ig h e r  s t r a in s  
co u ld  o ccu r i f  v ib r a t io n  was c o n tin u e d  beyond 
l iq u e fa c t io n  o r  i f  th e  sand had been u nu sua l­
l y  lo o s e .

2 .5  L iq u e fa c t io n  o f  S lopes, Embankments and 
L e ve l Ground below S tru c tu re s

2 .5 .1  L iq u e fa c t io n  o f  S lopes and Embank­
ments

On the  b a s is  o f  f i e l d  o b s e rv a tio n s  and ana­
l y t i c a l  s tu d ie s , i t  has been in fe r r e d  th a t  a 
number o f  f a i lu r e s  and d e fo rm a tio n s  o f  s lopes  
and embankments d u r in g  earthquakes co u ld  be 
a t t r ib u t e d  to  l iq u e fa c t io n  o r  c y c l ic  l iq u e ­
fa c t io n  o f  c o h e s io n le ss  s o i l ,  e i t h e r  co m p ris ­
in g  th e  s lopes  o r in c lu d e d  as le n s e s .

Seed (1968) p resen ted  a com prehensive re v ie w  
o f  la n d s lid e s  d u r in g  37 earthquakes due to  
s o i l  l iq u e fa c t io n  b e g in n in g  w ith  th e  H e lic e  
earthquake  o f 373 BC. The s lop e  f a i lu r e s  
observed d u r in g  these  and more re c e n t e a r th ­
quakes, e .g . ,  th e  T o k a c h io k i earthquake  o f  
1968 ( Ik e h a ra , 1970) and th e  San Fernando 
earthquake  o f 1971 (Seed e t  a l . ,  1975b), have 
been c la s s i f ie d  in to  th e  fo l lo w in g  ty p e s :

(1) F low s l id e s  due to  l iq u e fa c t io n  o f  cohe­
s io n le s s  s o i ls  c o m p ris in g  th e  s lo p e s ; (2) 
s lop e  f a i lu r e s  due to  l iq u e fa c t io n  o f  th in  
la y e rs  o f  sand; (3) s lop e  f a i lu r e s  o f  predom­
in a n t ly  cohes ive  s o i ls  due to  l iq u e fa c t io n  o f  
sand le n se s ; (4) s lum ping  o f  embankments on 
f i r m  fo u n d a tio n  due to  c y c l ic  d e fo rm a tio n .
In  a d d it io n ,  many f a i lu r e s  o f  e a r th  r e ta in in g  
s t ru c tu re s  have been re p o r te d  due to  l iq u e ­
fa c t io n  o f  th e  b a c k f i l l .

The presence o f a number o f  h y d r a u l ic a l ly  
f i l l e d  e a r th  dams in  s e is m ic a l ly  a c t iv e  re ­
g io ns  in  th e  U .S .A . has prompted in te n s iv e  
e f f o r t s  to  e v a lu a te  t h e i r  s t a b i l i t y  d u r in g  
ea rthq u ake s . Seed and h is  c o lle a g u e s  d e v e l­
oped a p rocedure  to  e v a lu a te  th e  o v e r a l l  de­
fo rm a tio n  and s t a b i l i t y  o f  embankment c ro s s -  
s e c tio n s  by com paring computed dynamic 
s tre s s e s  w ith  dynamic s tre n g th s  o f  s o i l  e le ­
ments de te rm ined  in  th e  la b o ra to ry .

A p p lic a t io n s  o f  th e  p rocedure  to  th e  S hef­
f i e ld  Dam d u r in g  th e  Santa Barbara  earthquake  
o f  1925 (Seed e t  a l . ,  1969) and to  the  San 
Fernando Dams d u r in g  th e  San Fernando e a r th ­
quake o f  1971 (Seed e t  a l . ,  1975b) le d  to  the  
c o n c lu s io n  th a t  the  s l id e s  were caused p rim a ­
r i l y  by l iq u e fa c i to n  o f  loo se  s a tu ra te d  co­
h e s io n le s s  s o i ls  c o m p ris in g  th e  embankments. 
The c o n c lu s io n  seemed to  be supported  by
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f i e ld  o b s e rv a tio n s  made a f t e r  the  s l id e s .

The above p rocedure  has been a p p lie d  to  the  
e x is t in g  e a r th  dams in  th e  U .S .A .to  e v a lu a te  
t h e i r  s t a b i l i t y  d u r in g  ea rthquakes , e .g . ,  by 
Marcuson and K r in tz s k y  (1976) .

I t  i s  in te r e s t in g  to  no te  th a t  a sudden r is e  
in  pore w a te r p re ssu re  was a c tu a l ly  observed 
d u r in g  th e  T o k a c h io k i earthquake  o f  1968 be­
low a ra ilw a y  embankment near Misawa, Japan 
( Ik e h a ra , 1970), and in  th e  upper San F e r­
nando Dam d u r in g  th e  San Fernando earthquake  
o f  1971 (Seed e t  a l . ,  1975b).

On the  b a s is  o f  d e ta i le d  f i e ld  o b s e rv a tio n s , 
dynamic response ana lyses  and la b o ra to ry  
te s ts ,  Seed (1968) dem onstra ted  th a t  the  
s l id e s  d u r in g  th e  A laskan  earthquake  o f  1964 
were i n i t i a t e d  by l iq u e fa c t io n  o f  seams o r 
lenses  o f  s a tu ra te d  sandy s o i ls .  In  the  
process he e n lig h te n e d  th e  p ro fe s s io n  by i l ­
lu s t r a t in g  th e  im portance  o f  m ino r g e o lo g ic  
d e ta i ls  in  d e te rm in in g  th e  o ccu rre nce  and 
c h a r a c te r is t ic s  o f  la n d s lid e s  d u r in g  e a r th ­
quakes due to  s o i l  l iq u e fa c t io n .

Slumping o f embankments a re  q u ite  common d u r­
in g  earthquakes because even dense co h e s io n - 
le s s  s o i ls  may be a f fe c te d .  Youd (1973) 
id e n t i f ie d  t h is  type  o f  f a i lu r e  as l a t e r a l -  
sp read ing  la n d s lid e s  caused by c y c l ic  l iq u e ­
fa c t io n ,  and reco gn ized  th e  p o s s ib i l i t y  th a t  
m ig ra t io n  o f  pore  w a te r in to  a zone o f  s o i l  
w hich had d i la te d  d u r in g  c y c l ic  shear co u ld  
cause lo o s e n in g , le a v in g  i t  in  a c o n d it io n  
v u ln e ra b le  to  subsequent s tre s s  a p p lic a t io n s .

2 .5 .2  L iq u e fa c t io n  o f  Leve l Ground below 
S tru c tu re s

On the  b a s is  o f  a n a lyse s , la b o ra to ry  c y c l ic  
shear te s ts ,  shak ing  ta b le  te s ts  and f i e ld  
o b s e rv a tio n s , i t  has been shown th a t  th e  l i q ­
u e fa c t io n  p o te n t ia l  o f  s a tu ra te d  sand d i r e c t ­
l y  below  a heavy s t r u c tu r e  such as a m u l t i ­
s to ry  re in fo rc e d  c o n c re te  b u i ld in g  was con­
s id e ra b ly  s m a lle r  than  th e  same sand in  th e  
fre e  f i e ld  (Yoshim i and Oh-oka, 1975; I s h i -  
hara and Matsumoto, 197 5; Yoshim i and T o k i-  
m atsu , 1977) .

In  F ig . 2 .6  th e  r a t io  o f  th e  average, s e t t l e ­
ment, Sa , to  the  dep th  o f  l iq e f a c t io n ,  D, fo r  
43 re in fo rc e d  c o n c re te  b u i ld in g s  in  N iig a ta ,  
Japan, is  p lo t te d  a g a in s t th e  r a t io  o f  the  
w id th  o f  th e  b u i ld in g s  to  th e  dep th  o f  l iq u e ­
fa c t io n ,  B/D . The dep th  o f  l iq u e fa c t io n  was 
e s tim a te d  by th e  s im p l i f ie d  p rocedure  by Seed 
and Id r is s  (1971). A lso  shown in  th e  f ig u r e  
a re  th e  r e s u lt s  o f  shak ing  ta b le  te s ts  by 
Yoshim i and Tokim atsu (1977 ). Both th e  f i e ld  
o b s e rv a tio n s  and th e  la b o ra to ry  te s ts  show 
th e  same tre n d  th a t  th e  g re a te r  th e  w id th  
r a t io ,  th e  s m a lle r  th e  s e tt le m e n t r a t io .
T h is  may be a t t r ib u t e d  to  th e  f a c t  th a t  th e  
l iq u e fa c t io n  p o te n t ia l  d i r e c t ly  below  the  
s t r u c tu r e  is  c o n s id e ra b ly  s m a lle r  than  th a t  
away from  th e  s t r u c tu r e ,  p r im a r i ly  on account 
o f  a c o n f in in g  e f f e c t  by th e  s t r u c tu r e .  W ith  
fu r t h e r  re s e a rc h , t h is  may lea d  to  econom ical 
measures to  m in im ize  l iq u e fa c t io n  damage to

a w ide s t r u c tu r e  such as o i l  s to ra g e  ta n k s .

Some o f  th e  methods fo r  e v a lu a tin g  th e  l iq u e ­
fa c t io n  p o te n t ia l  o f  h o r iz o n ta l  d e p o s its  o f  
co h e s io n le s s  s o i ls  d u r in g  earthquakes as de­
s c r ib e d  in  S e c tio n  2 .4 .2  have been a p p lie d  to  
an in v e s t ig a t io n  o f  th e  s t a b i l i t y  o f  dense 
sand below  an o ffs h o re  o i l  s to ra g e  ta nk  sub­
je c te d  to  ocean wave lo a d in g  (Lee and F och t,
1975). Compared to  se ism ic  lo a d in g , ocean 
wave loads  have lo n g e r d u ra t io n ,  lo n g e r wave 
p e r io d s , and more fre q u e n t o ccu rre nce s  o f 
m oderate s to rm s. The second and t h i r d  item s 
are  expected  to  have b e n e f ic ia l  e f fe c ts  in  
a llo w in g  p a r t i a l  d ra in a g e  and p re s h e a r in g , 
re s p e c t iv e ly .

F ig .  2 .6  In f lu e n c e  o f  W id th  R a tio  
on S e ttle m e n t o f  S tru c tu re s

2 .6  Remedial Measures to  P reven t Damage due 
to  L iq u e fa c t io n  o f  C ohes ion less  S o ils

When a proposed s i t e  is  judged s u s c e p tib le  to  
l iq u e fa c t io n ,  we may recommend r e lo c a t io n  o f  
th e  s i t e ,  s t a b i l i z a t io n  o f  th e  proposed s i t e ,  
o r  p i le  fo u n d a tio n .

D e n s if ic a t io n  o f  loo se  co h e s io n le s s  s o i ls  by 
v ib r o f lo t a t io n  and a v a r ie t y  o f  deep compac­
t io n  te ch n iq u e s  have been employed to  p reven t 
damage due to  l iq u e fa c t io n .  B e n e f ic ia l e f ­
fe c ts  o f  v ib r o f lo t a t io n  were evidenced d u rin g  
th e  N iig a ta  earthquake  o f  1964 (Watanabe, 
1966), and th e  T o k a c h io k i earthquake  o f  1968 
(O hsaki, 1970). Deep v ib r a to r y  d e n s if ic a t io n  
methods o f  v a r io u s  forms have been used 
e x te n s iv e ly  in  Japan to  compact sandy hydrau­
l i c  f i l l s  a lo ng  th e  sea c o a s t, e .g . ,  a t o t a l  
a rea  o f  3,080 km2 o r a t o t a l  le n g th  o f  9,200 
km was compacted a t  f iv e  in d u s t r ia l  s i te s  
from  1961 to  1976, to  depths from  8 m to  25 i t  

(Ueda, 1976). In  o rd e r to  meet v e ry  severe 
com paction re q u ire m e n ts , we may have to  re ­
s o r t  to  recom paction  o f  excavated  s o i l  a f te r  
tem pora ry d e w a te r in g .

B e n e f ic ia l  e f fe c ts  o f  coarse  b a c k f i l l  on 
p re v e n tin g  pore p re ssu re  b u ild u p  o r  red uc in g  
th e  d u ra t io n  o f  l iq u e fa c t io n  were p o in te d  out 
by Yoshim i and Kuwabara (1973), and confirm ed

6 2 0



by Yamanouchi e t  a l .  (1976) in  f i e l d  v ib r a ­
t io n  te s ts  in  w hich pore w a te r p re ssu re  due 
to  d r iv in g  a s te e l p ip e  p i le  was measured. On 
th e  b a s is  o f  n u m e rica l a n a ly s is  o f  deve lo p ­
ment and d is s ip a t io n  o f  pore w a te r p re ssu re , 
Seed and Booker (1976) showed th e  p o s s ib i l i t y  
th a t  g ra v e l d ra in s  would e f f e c t iv e ly  reduce 
the  l iq u e fa c t io n  p o te n t ia l  o f  th e  su rrou nd ing  
sand.

Low ering th e  ground w a te r ta b le  tends to  r e ­
duce th e  p o te n t ia l  damage due to  l iq u e fa c t io n  
fo r  th e  fo l lo w in g  two reasons: (1) I t  i n ­
creases th e  l iq u e fa c t io n  re s is ta n c e  o f  the  
s a tu ra te d  p a r t  o f  the  s o i l  by in c re a s in g  the  
e f f e c t iv e  s t re s s ;  and (2) I t  in c rea se s  the  
th ic k n e s s  o f  the  u n s a tu ra te d  p a r t  o f  th e  
s o i l .  The dep th  to  ground w a te r ta b le  may be 
inc rea se d  e i t h e r  by permanent dew a te ring  o r 
by p la c in g  a f i l l .  The e f fe c t  o f  the  l a t t e r  
was dem onstra ted  by Seed and Id r is s  (1967) 
co nce rn ing  th e  N iig a ta  earthquake  o f 1964.

Yoshim i and Tokim atsu (1977) showed in  t h e i r  
shaking  ta b le  te s ts  th a t  r ig id  w a lls  embedded 
around a s t r u c tu r e  had a c o n s id e ra b le  e f fe c t  
on re d u c in g  th e  excess pore p re ssu re  below 
the  s t r u c tu r e  and a marked e f fe c t  on red uc in g  
the  s e tt le m e n t o f  th e  s t r u c tu r e .  T h is  method 
w i l l  be p a r t i c u la r ly  advantageous fo r  e x is t ­
in g  s tu rc tu re s .

When p i le s  a re  recommended to  p e n e tra te  l i q -  
u e f ia b le  s o i l  d e p o s its , we must ta ke  in to  
account th e  lo s s  o f  l a t e r a l  re s is ta n c e  and 
f r i c t i o n a l  re s is ta n c e  in  assess ing  t h e i r  
b e a rin g  c a p a c ity  and d e fo rm a tio n .

2 .7  S tre n g th  o f  S a tu ra te d  Cohesive S o ils  
under C y c lic  Loading C o n d itio n s

The dynamic s tre n g th  o f  compacted c la y s  has 
long  been s tu d ie d  in  co nn ec tio n  w ith  subgrade 
d e s ig n , and a b r ie f  re v ie w  o f  th e  e f fe c ts  o f  
s t r a in  r a te  and repea ted  lo a d in g  is  p resen ted  
in  S e c tio n  1 .3  in  t h is  r e p o r t .  I t  has been 
reco gn ized  th a t  d r iv in g  p i le s  in to  s a tu ra te d  
c la y s  co u ld  cause a c o n s id e ra b le  in c re a se  in  
th e  pore  w a te r p re ssu res  in  th e  c la y s , some­
tim es  exceeding  th e  t o t a l  overburden p re ssu re , 
and a s ig n i f i c a n t  re d u c t io n  in  the  undra ined  
shear s tre n g th  (O r r je  and Broms, 1967). In  
t h is  s e c t io n  th e  c y c l ic  shear s tre n g th  o f  
s a tu ra te d  cohes ive  s o i ls  is  compared w ith  
l iq u e fa c t io n  o f  s a tu ra te d  co h e s io n le ss  s o i ls .

A lth ou g h  bo th  cohes ive  and co h e s io n le ss  s o i ls  
e x h ib i t  s im i la r  lo w -c y c le  fa t ig u e  b e h a v io r as 
shown in  F ig . 2 .3 (a ) ,  cohes ive  s o i ls  do no t 
seem to  show a sudden c o lla p s e  o f s o i l  s t r u c ­
tu re  accompanied by a sudden r is e  o f  pore 
w a te r p re ssu re  w hich c h a ra c te r iz e s  l iq u e fa c ­
t io n  o f  loo se  s a tu ra te d  sands (Lee and F och t,
1976). Because o f  te c h n ic a l d i f f i c u l t i e s  in  
a c c u ra te  measurements o f  dynamic pore w a te r 
p re ssu res  in  cohes ive  s o i ls ,  r e la t iv e ly  few 
da ta  have been re p o rte d  on t h e i r  e f fe c t iv e  
s tre s s  response (Sangrey e t  a l . ,  1969; W ilson  
and Greenwood, 1974). I t  has been in d ic a te d  
th a t  th e  pore p re ssu res  d id  n o t q u ite  reach 
th e  i n i t i a l  e f fe c t iv e  s tre s s  even a f t e r  the  
e f f e c t iv e  s tre s s  pa ths touched the  f a i lu r e

enve lope . Thus, f a i lu r e  must be d e fin e d  on 
th e  b a s is  o f  shear s t r a in s .  Lee and Focht
(1976) com p iled  c y c l ic  s tre n g th  da ta  on 24 
cohes ive  s o i l s ,  and p lo t te d  th e  r a t io  o f  the  
c y c l ic  s tre n g th  to  the  s t a t i c  und ra ined  
s tre n g th  a g a in s t th e  number o f  c y c le s  to  
f a i lu r e .  For exam ple, c y c l ic  s tre s s  r a t io s  
from  0.38 to  1 .00 were re q u ire d  to  cause 
f a i lu r e  in  10 c y c le s , and from  0.15 to  0.63 
in  100 c y c le s .

U n lik e  c o h e s io n le ss  s o i ls  whose l iq u e fa c t io n  
re s is ta n c e  is  p r a c t ic a l l y  independen t o f  the  
frequency  o f  c y c l ic  lo a d in g  (S e c tio n  2 .3 ) , 
the  c y c l ic  s tre n g th  o f  cohes ive  s o i ls  is  s ig ­
n i f i c a n t ly  reduced as th e  freq ue n cy  becomes 
low e r (T h ie rs  and Seed, 1969; Arango and Seed,
1974). T h is  p lu s  th e  fa c t  th a t  square s tre s s  
p u lses  cause low e r c y c l ic  s tre n g th  than  t r i ­
a n g u la r s tre s s  p u lse s  a t  a g ive n  freq ue n cy  
may be a t t r ib u t e d  to  creep  b e h a v io r o f  cohe­
s iv e  s o i ls  (Lee and F o ch t, 1976).

More re se a rch  w i l l  be re q u ire d  to  s tu dy  l i q ­
u e fa c t io n  o f  cohes ive  s o i ls  o f  low  p la s t i c i t y  
c o n ta in in g  s ig n i f i c a n t  amounts o f  sands and 
s i l t s .

2 .8 E xp e rim e n ta l Methods C oncern ing  S o i l  
L iq u e fa c t io n

D uring  th e  la s t  decade a v a r ie t y  o f  la b o ra to ­
r y  te s t in g  methods to  s tu dy  s o i l  l iq u e fa c t io n  
was deve loped in  ra p id  success ion . In  t h is  
s e c t io n  these  methods a re  d e s c r ib e d  w ith  com­
ments on t h e i r  advangages and l im i t a t io n s .

2 .8 .1  T r ia x ia l  T es ts  fo r  C om ple te ly  Revers­
ed C y c lic  Shear S tre sses

In  o rd e r to  s im u la te  c o m p le te ly  reve rsed  
c y c l ic  shear s tre s s e s , a specimen is  f i r s t  
c o n s o lid a te d  i s o t r o p i c a l l y , and then  a l t e r ­
n a tin g  com pression and e x te n s io n  te s ts  are 
conducted by a p p ly in g  c y c l ic  d e v ia to r  s tre s s  
± w ith  the  chamber p re ssu re  h e ld  c o n s ta n t 
(Seed and Lee, 1966), o r  th e  a x ia l  s tre s s  
and th e  chamber p re ssu re  a re  c y c le d  w ith  a 
180° phase a n g le , i . e . ,  w ith  th e  sum o f  the  
maximum and minimum p r in c ip a l  s tre s s e s  h e ld  
c o n s ta n t (S h ib a ta  e t  a l . ,  1972). In  e i t h e r  
method th e  shear s tre s s  and th e  e f f e c t iv e  
s tre s s  on a p lane  making a 45° ang le  w ith  
th e  a x is  o f  th e  specimen is  expected  to  s im ­
u la te  th e  s tre s s e s  a c t in g  on the  h o r iz o n ta l  
p lane  o f  Elements A o r  B in  F ig . 2 .1 . The 
advantages and l im i t a t io n s  o f  th e  c y c l ic  
t r i a x i a l  te s t  may be summarized as fo l lo w s :

A dvan tages: (1) The c y l in d r i c a l  s u rfa c e  o f 
th e  specimen w hich c o n s t i tu te s  a m a jo r p a r t  
o f  the  boundary s u rfa c e s  is  f r e e  from  shear 
s tre s s e s , and p o te n t ia l  f a i lu r e  p lanes a re  
away from  th e  b o u n d a rie s ; (2) th e  shape and 
th e  s iz e  o f  the  specimen is  s u ita b le  fo r  
te s t in g  u n d is tu rb e d  samples; and (3) i t  is  
easy to  m a in ta in  a c o n s ta n t volume c o n d it io n  
and to  a p p ly  back p re ssu re s  to  s a tu ra te  the  
specim en.

L im i ta t io n s : (1) O n ly is o t r o p ic  c o n s o lid a t io n  
can be s im u la te d ; (2) th e  p lane  s t r a in  c o n d i­
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t io n  in  th e  f i e ld  cannot be s im u la te d ; (3) 
the  specimen may show a sym m etrica l responses 
to  com pression and e x te n s io n ; and (4) the  
specimen may neck and bu lge  a t  th e  to p  th e re ­
by caus ing  a r e d is t r ib u t io n  o f  d e n s ity  w i th in  
th e  specimen, and o b scu rin g  q u a n t i ta t iv e  s ig ­
n if ic a n c e  o f  th e  measured s t r a in s  (C a s tro , 
1975; Casagrande, 1976).

The c y c l ic  t r i a x i a l  t e s t  has c o n tr ib u te d  a 
g re a t d e a l to  q u a n t i ta t iv e  s tu d ie s  o f  th e  
c o n d it io n s  caus ing  l iq u e fa c t io n  (Lee and 
Seed, 1967; Tan im oto , 1967; Lee, 1976a), and 
w i l l  c o n tin u e  to  p ro v id e  a u s e fu l and p r a c t i ­
c a l means to  th e  p ro fe s s io n , p a r t i c u la r ly  
w ith  t r u l y  u n d is tu rb e d  s o i l  samples.

Recent s tu d ie s  ( S i lv e r  e t  a l ,  1976) show 
th a t  c o n s is te n t  r e s u lt s  co u ld  be o b ta in e d  by 
e ig h t  d i f f e r e n t  la b o r a to r ie s ,  p ro v id e d  th a t  
d e ta i ls  o f  t e s t  p rocedure  a re  c a r e fu l ly  con­
t r o l l e d ,  e .g . ,  th e  p re p a ra t io n  o f  specimens, 
th e  d e te rm in a tio n  o f  specimen d e n s ity ,  and 
th e  shape o f  th e  shear s tre s s  p u ls e s .

2 .8 .2  T r ia x ia l  T es ts  fo r  P a r t ia l l y  Reversed 
o r  U nreversed C y c lic  Shear Tests

P a r t ia l l y  reve rse d  o r  un reve rsed  c y c l ic  shear 
te s ts  can be perform ed on a t r i a x i a l  specimen 
by a p p ly in g  sym m e trica l d e v ia to r  s tre s s  
p u ls e s , ± , on an a n is o t r o p ic a l ly  c o n s o li ­
da ted  specimen (Huang, 1961; Seed and Lee,
1969), o r  by a p p ly in g  a sym m etrica l p u lse s  on 
an is o t r o p ic a l l y  c o n s o lid a te d  specimen.

Huang (1961) v ib ra te d  v e r t i c a l l y  a t r i a x i a l  
c e l l  on w hich  a c o n s ta n t d e v ia to r  s tre s s  was 
a p p lie d  w ith  a w e ig h t. He conc luded  c o r ­
r e c t ly  th a t  " th e  key to  th e  s o lu t io n  o f  the  
l iq u e fa c t io n  problem  is  to  f in d  o u t th e  r e ­
la t io n s h ip  co n n e c tin g  th e  deve loped pore 
p re s s u re , th e  d e n s ity  o f  th e  sand, th e  in ­
te n s i t y  o f  th e  dynamic a c t io n  and th e  s ta te  
o r  s tre s s  o f  th e  sand m ass," a lth o u g h  he d id  
n o t r e p o r t  th e  e f f e c t  o f  th e  d u ra t io n  o f  
v ib r a t io n  o r  th e  number o f  c y c le s  o f  shear 
s tre s s  p u ls e s .

2 .8 .3  C y c lic  S im ple Shear Tests

S im ple  shear te s ts  o f  v a r io u s  form s have 
been conducted in  o rd e r  to  s im u la te  more 
c lo s e ly  than  th e  t r i a x i a l  t e s t  th e  s tre s s  and 
s t r a in  c o n d it io n s  o f  an e lem ent o f  s o i l  in  
th e  f i e ld  d u r in g  earthquakes (see 2 .3 .1 ) .

In  e a r l ie r  te s ts  a re c ta n g u la r  specimen en­
c lo se d  in  s ix  m eta l p la te s  was sheared by 
moving e ith e r  th e  to p  o r  th e  bottom  p la te  
back and fo r t h  (Peacock and Seed, 1968; F inn  
e t a l , 1970). A d is k  shaped specimen p laced  
in  a w ire - re in fo rc e d  rub be r membrane o r  a 
s ta c k  o f  t h in  r in g s  has a ls o  been te s te d  in  
s im p le  shear (Hara e t  a l ,  1975). The advan­
tages and l im i t a t io n s  o f  these  d ev ices  may be 
summarized as fo l lo w s :

A dvan tages: (1) F u l ly  reve rse d  c y c l ic  shear 
s tre s s  can be a p p lie d  to  a n is o t r o p ic a l ly  
c o n s o lid a te d  specimens; and (2) p la ne  s t r a in  
c o n d it io n s  can be o b ta in e d .

L im i ta t io n s : (1) Because com plem entary shear 
s tre s s  cannot be a p p lie d  th e  s tre s s  d is t r i b u ­
t io n  w i th in  th e  specimen is  n o t u n ifo rm ; (2) 
i t  is  d i f f i c u l t  to  p re v e n t s lip p a g e  a lo ng  the 
to p  and bottom  p la te s  w ith o u t r e s o r t in g  to  
f in s  w hich  may cause lo c a l  d is tu rb a n c e ; and 
(3) sharp co rn e rs  o f  a re c ta n g u la r  specimen 
makes i t  d i f f i c u l t  to  p repa re  a u n ifo rm  spec­
imen fo r  u nd ra ine d  te s ts .

For an i n s t a b i l i t y  phenomenon such as the  
l iq u e fa c t io n  o f  loo se  sand where f a i lu r e  in ­
i t i a t e d  a t  a lo c a l  f la w  can p ropaga te  q u ic k ly  
th ro u g h  th e  whole specimen, th e  i n a b i l i t y  to  
ensure u n ifo rm ity  o f  s tre s s e s  and s t r a in s  is  
l i k e l y  to  cause prem ature  f a i lu r e .

In  o rd e r to  overcome th e  above d i f f i c u l t i e s  
De A lba  e t  a l  (1976) deve loped a unique 
d e v ice  fe a tu r in g  a la rg e  le n g th - to - th ic k n e s s  
r a t io  o f  22.5  and s loped  edges away from  
r ig id  b o u n d a rie s . The c y c l ic  shear s tre s s  
was a p p lie d  by th e  in e r t ia  o f  the  re a c t io n  
mass p laced  on th e  specimen when th e  assembly 
was v ib ra te d  h o r iz o n ta l ly  on th e  shak ing  t a ­
b le .  Because o f  th e  la rg e  su rfa c e  area  in  
c o n ta c t w ith  th e  ru b b e r membrane, i t  was 
found th a t  th e  membrane com p liance  e f f e c t  
was s ig n i f i c a n t  and had to  be c o rre c te d  (see
2 .3 .1 ) .

Casagrande (1976) d e sc r ib e d  a un ique  g y ra to ry  
a ppara tus  in  w hich  th e  to p  and bottom  o f a 
d isk -sh a p e d  specimens were s u b je c te d  to  ec­
c e n t r ic  r o ta t io n .

2 .8 .4  C y c lic  T o rs io n  Tests  on H o llow  C y l in ­
de rs

C y c lic  to rs io n  te s ts  have been conducted on 
h o llo w  c y l in d r ic a l  specimens o f  sands (Y o sh i-  
mi and Oh-oka, 1973; Is h ib a s h i and S h e r i f ,  
1974; Is h ih a ra  and Yasuda, 1975). The advan­
tages and l im i t a t io n s  o f  th e  c y c l ic  to rs io n  
t e s t  may be summarized as fo l lo w s :

A dvan tages:(1 )  U n lik e  th e  s im p le  shear te s ts  
on s h o r t  specimens th e re  is  no problem  con­
c e rn in g  th e  complem entary shear s tre s s e s  be­
cause a h o llo w  c y l in d e r  i s  end less  in  the  
c ir c u m fe r e n t ia l  d i r e c t io n ;  (2) f u l l y  reve rsed  
c y c l ic  shear s tre s s  can be a p p lie d  on a n is o ­
t r o p ic a l l y  c o n s o lid a te d  specimens; (3) a 
n e a r ly  p la n e - s t ra in  c o n d it io n  can be ob­
ta in e d  by p re v e n tin g  th e  r a d ia l  s t r a in ;  
and (4) th e  la t e r a l  p re ssu re  and th e re fo re  
K0 can be measured under c e r ta in  c o n d it io n s .

In  an appa ra tus  w ith  a p ro v is io n  to  measure 
the  la t e r a l  s t re s s ,  i t  i s  n o t easy to  m ain­
ta in  the  c o n d it io n  o f  zero  r a d ia l  s t r a in  
th ro u g h o u t the  specimen d u r in g  c o n s o lid a t io n  
and c y c l ic  sh ea r. But once i t  has been 
accom plished, the  da ta  g iv e  us th e  average 
norm al e f f e c t iv e  s tre s s  w hich is  u s e fu l 
f o r  e s ta b l is h in g  fundam enta l s t r e s s - s t r a in  
r e la t io n s h ip s .  On th e  o th e r  hand, from  the  
p o in t  o f  v iew  o f s im u la t in g  th e  f i e ld  con­
d i t io n s  as c lo s e ly  as p o s s ib le ,  we may p re fe r  
to  c o n c e n tra te  on m a in ta in in g  th e  zero  l a t e r ­
a l  s t r a in  c o n d it io n ,  s a c r i f i c in g  th e  d e te rm i­
n a t io n  o f  th e  la t e r a l  s t re s s .  In  many p r a c t i ­
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c a l  a p p lic a t io n s  we must work w ith  v e r t i c a l  
s tre s s e s  a lo n e , because r e l ia b le  e s tim a te s  o f  
la t e r a l  s tre s s e s  in  s i t u  are  n o t r e a d i ly  
a v a i la b le ,  p a r t i c u la r ly  w ith  compacted sands.

L im i ta t io n s : (1) U nd is tu rb ed  samples o f  sand
cannot be r e a d i ly  accommodated; and (2) i t  is
d i f f i c u l t  to  p re v e n t s lip p a g e  a lo ng  th e  to p
and bo ttom  boundaries  w ith o u t r e s o r t in g  to  
f in s  w hich may cause lo c a l d is tu rb a n c e .

There a re  two a l te r n a t iv e s  fo r  im p ro v in g  the  
u n ifo rm ity  o f  shear s t r a in  w hich is  p ro p o r­
t io n a l  to  the  ra d iu s :  reduce th e  r a t io  o f  the  
w a l l  th ic k n e s s  to  the  ra d iu s ,  o r  make the  
h e ig h t p ro p o r t io n a l to  the  ra d iu s . A lthough  
more a t t r a c t iv e  from  a p r a c t ic a l  p o in t  o f  
v iew , th e  second a l t e r n a t iv e  in v o lv e s  uneven 
v e r t i c a l  s t r a in s  d u r in g  c o n s o lid a t io n  and un­
wanted shear s t r a in  component in  h o r iz o n ta l 
c ro s s -s e c t io n s  (Yoshim i and Oh-oka, 1975).

2 .8 .5  L iq u e fa c t io n  o f  B u lk  Samples o f  Sand 
in  C o n ta in e rs  by V ib ra t io n  o r  Im pact

Loose s a tu ra te d  sand in  a c o n ta in e r  p ro v id e s  
an e x p e d ie n t means to  dem onstra te  th e  o c c u r­
rence o f  l iq u e fa c t io n  due to  v ib r a t io n  o r 
im p ac t, and subsequent c o n s o lid a t io n  and s e t­
t le m e n t.

F lo r in  and Ivanov (1961) a p p lie d  h o r iz o n ta l 
v ib r a t io n  o r  im pact to  a re c ta n g u la r  box con­
ta in in g  s a tu ra te d  sand w ith  f re e  su rfa c e  o r 
w ith  a p e rv io u s  su rch a rge . S im ila r  te s ts  
were re p o r te d  by O-ha ra (1963 ), Sunami (1965), 
Tanimoto (1967) , and Whitman (1970) .

The v ib r a t io n  te s ts  on sand w ith  f re e  su rfa ce  
d e s c rib e d  above may be regarded as model 
te s ts  w h ich  s im u la te  le v e l ground d u r in g  
ea rthq u ake s . V a rio u s  methods have been t r ie d  
to  s im u la te  fre e  f i e ld  ground m o tio ns , e .g . ,  
by em ploying  a la rg e  le n g th  to  h e ig h t r a t io ,  
h inged end w a l ls ,  foam rub be r cush ions a t  
bo th  ends, o r  s lo p in g  ground s u rfa c e  a t  bo th  
ends. As fa r  as th e  w r i t e r  i s  aware, the 
la r g e s t  le n g th  to  h e ig h t r a t io  was 10.3 (F inn  
e t a l ,  1972), and th e  la rg e s t  specimens were
9 .0  m lo n g , 4 .0  m w ide , and 1 .5  m h ig h  (Kubo 
e t  a l ,  1975) .

S e ve ra l a tte m p ts  have been made to  a pp ly  an 
impermeable su rcharge  on the  su rfa c e  o f  s a tu ­
ra te d  sand in  a c o n ta in e r  in  o rd e r to  in ­
crease the  i n i t i a l  e f fe c t iv e  s tre s s  (Y osh im i, 
1967; F inn  e t a l ,  1972; O -ha ra , 1972).
These s tu d ie s  showed c le a r ly  th a t  th e  s p e c i­
mens expe rie nce d  a g ra d u a l b u ild u p  o f  pore 
p re ssu re  p r io r  to  l iq u e fa c t io n ,  in  a s im i la r  
manner to  the  c y c l ic  t r i a x i a l  t e s t  o r  s im p le  
shear te s t .

In  th e  l i g h t  o f  re c e n t developm ents in  dynam­
ic  response ana lyses o f  s a tu ra te d  s o i l  depos­
i t s  d e s c r ib e d  in  S e c tio n  2 .4 .3 ,  we can now 
use shak ing  ta b le  te s ts  to  v e r i f y  ou r a n a ly t ­
i c a l  p ro ced u res , th e re b y  e lim in a t in g  the  need 
to  e s ta b l is h  s im i l i t u d e  r e la t io n s  r ig o r o u s ly .  
T h is  is  dem onstra ted  in  F ig . 2 .7  in  w hich 
observed excess pore p ressu res  in  a la y e r  o f  
model ground o f  f in e  sand d u r in g  h o r iz o n ta l

v ib r a t io n  a re  compared w ith  computed v a lu e s . 
The method o f  a n a ly s is  was s im i la r  to  th a t  
proposed by Seed e t  a l  (1 9 7 5 c ), excep t th a t  
th e  c o e f f ic ie n t  o f  volume change w hich  had 
been e va lu a te d  from  la rg e -s c a le  c o n s o lid a t io n  
te s ts  (Yoshim i e t  a l ,  1975) was assumed to  
v a ry  w ith  th e  e f f e c t iv e  s t re s s .

sec min
TIME

F ig .  2 .7  Observed and Computed Pore 
P ressures  f o r  a Shaking Tab le  T est

2 .9 C onc lus ions

L iq u e fa c t io n  o f  s a tu ra te d  co h e s io n le s s  s o i ls  
d u r in g  earthquakes has been re co g n ize d  as a 
tem pora ry lo s s  o f  shear s tre n g th  in v o lv in g  
pore  p re ssu re  b u ild u p  under u nd ra ine d  c o n d i­
t io n s .  U n lim ite d  f lo w  accompanied by c o l ­
lap se  o f s o i l  s tu rc tu r e  can o ccu r in  s a tu r a t ­
ed co h e s io n le s s  s o i ls  o f  low  to  medium d e n s i­
t ie s ,  whereas th e re  a re  upper l im i t s  fo r  
c y c l ic  shear s t r a in s  fo r  dense co h e s io n le s s  
s o i l s .

Some o f th e  methods proposed to  e v a lu a te  the  
l iq u e fa c t io n  p o te n t ia l  d u r in g  earthquakes are  
b e ing  employed by p r a c t ic in g  e ng in ee rs  to  
so lv e  g e o te c h n ic a l problem s in  s e is m ic a l ly  
a c t iv e  re g io n s  o r in  th e  d es ign  o f  o f fs h o re  
f a c i l i t i e s  s u b je c te d  to  ocean wave lo a d s .

Among many fa c to rs  w hich in f lu e n c e  th e  l iq u e ­
fa c t io n  re s is ta n c e , th e  c o n f in in g  s t re s s ,  
th e  s o i l  s t r u c tu r e  ( in c lu d in g  d e n s it y ) ,  and 
s t r a in  h is to r y  seem most im p o r ta n t .  More 
re se a rch  w i l l  be re q u ire d  to  e v a lu a te  th e  
l iq u e fa c t io n  re s is ta n c e  o f  sands c o n ta in in g  
f in e s ,  fo r  w h ich  h ig h  q u a l i t y  u n d is tu rb e d  
samples w i l l  have to  be used.
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3. SEISMIC RESPONSE OF SOIL DEPOSITS, 
EMBANKMENTS, DAMS AND STRUCTURES 
(by S. Prakash)

3 .1  In t ro d u c t io n

In  t h is  c h a p te r , se ism ic  response o f  s o i l  de­
p o s i ts ,  s lo p e s , banks, embankments, dams and 
e a r th  r e ta in in g  s t ru c tu re s  s h a l l  be d is ­
cussed. The q u e s tio n  o f  s e is m ic  response and 
s t a b i l i t y  o f  e a r th  dams has always been in  
th e  minds o f  those  re s p o n s ib le  f o r  t h e i r  
s a fe ty .  The s t a b i l i t y  o f  banks and s lopes  
d u r in g  earthquakes has n o t been a tte n d e d  to  
excep t in  the  p a s t decade l i k e  th e  "p o s t 
f a i lu r e "  a n a ly s is  o f  s l id e s  d u r in g  th e  A la s ­
kan earthquake  o f  1964 and f a i lu r e  o f  th e  San 
Fernando Dams in  1971. D u ring  t h is  p e r io d  a 
la rg e  volume o f l i t e r a t u r e  has become a v a i la ­
b le  on se ism ic  response and s t a b i l i t y .  E a rth  
r e ta in in g  s t r u c tu r e s ,  r e ta in in g  w a l ls ,  c o f ­
fe rdam s, bu lkheads and re in fo rc e d  e a r th  have 
a t t r a c te d  v e ry  l i t t l e  a t te n t io n  o f  the  p ro ­
fe s s io n  and a lon g  search  f o r  r e a l i s t i c  s o lu ­
t io n s  is  due. In  th e  s e c tio n s  to  fo l lo w  s o i l  
d e p o s its  s h a l l  be tre a te d  f i r s t  to  be f o l ­
lowed by embankments and dams, s lopes  and 
banks. And in  th e  end, e a r th  r e ta in in g  
s t ru c tu re s  s h a l l  be d iscu sse d .

3 .2  S o i l  D epos its

In  o rd e r to  make an a n a ly s is  o f  th e  response 
o f  any s o i l  d e p o s it ,  i t  i s  f i r s t  necessary to  
de te rm ine  (1) th e  s u rfa c e  to po g ra ph y , the  un­
d e r ly in g  ro ck  c o n f ig u ra t io n  and any i r r e g u ­
l a r i t i e s  in  th e  b ou nd aries  between s o i l  
la y e rs ,  (2) th e  typ es  o f  s o i l  c o m p ris in g  the  
d e p o s it ,  (3) th e  c h a r a c te r is t ic s  o f  th e  mo­
t io n  by th e  e a rthq u ake . The response o f ho­
r iz o n t a l  la y e rs  to  a g iv e n  ro c k  m otion  below 
has been o f  in t e r e s t  in  s tu dy  o f  l iq u e fa c t io n  
o f  s o i l  d e p o s its .  In  u n ifo rm  d e p o s its  the  
shear beam method has been used. However, 
fo r  la y e re d  d e p o s its  a more s o p h is t ic a te d  
method l i k e  the  f i n i t e  e lem ent te ch n iq u e  is  
used.

In  case o f h o r iz o n ta l  s o i l  la y e rs  r e s t in g  on 
a h o r iz o n ta l  ro ck  boundary, the  l a t e r a l  ex­
te n t  o f  th e  d e p o s it  has no in f lu e n c e  on the  
response and th e  d e p o s it  may be co ns ide red  as 
a s e r ie s  o f  s e m i- in f in i t e  la y e rs  ( I d r is s  and 
Seed, 1968). The ground m otions  induced  by a 
se is m ic  e x c it a t io n  on th e  base are  o n ly  the  
r e s u l t  o f  shear d e fo rm a tio n s  in  th e  s o i l .
The r e s u lt in g  s u rfa c e  m o tio n  is  r e la t i v e ly  
u n ifo rm . In  case th e  s o i l  modulus v a r ie s  
w ith  depth  in  a re g u la r  manner the  above so­
lu t io n s  can be extended . Lumped mass s o lu ­
t io n s  o f  I d r is s  and Seed (1970) co ns ide red  
v a r ia t io n  o f  damping w ith  dep th .

The s o i l  d e p o s it  o f  N iig a ta  was ana lysed 
based upon th e  above p r in c ip le s  by d iv id in g  
th e  d e p o s it  in t o  20 la y e rs  each 3 m th ic k .
The use o f  more la y e rs  d id  n o t lea d  to  any 
s ig n i f i c a n t  changes in  th e  computed response 
(Seed and I d r is s ,  1967).

D e z f u l i a n  an d  Se e d  (1 9 7 0 ) s t u d i e d  t h e

response o f  h o r iz o n ta l  s o i l  s u rfa c e s  o v e r ly ­
in g  a s lo p in g  ro c k  p r o f i le  and concluded th a t  
the  maximum ground a c c e le ra t io n  may be com­
puted  by u s in g  the  s e m i- in f in i t e  la y e r  a n a ly ­
s is  .

3 .3  Embankments and Dams

The concept o f  i n e r t ia  fo rc e  has found fa v o u r 
w ith  th e  e n g in e e r to  such an e x te n t th a t  most 
o f  th e  problem s o f  dynamic lo a d in g  have been 
reduced to  those  o f  p s e u d o -s ta t ic  lo a d in g  
w ith  in e r t ia  fo rc e  (mass m u l t ip l ie d  by a c c e l­
e ra t io n )  in tro d u c e d  as one o f  the  a d d it io n a l 
fo rc e s . In  a s t a b i l i t y  a n a ly s is  th e  in e r t ia  
fo rc e  is  in tro d u c e d  in  such a d ir e c t io n  th a t  
th e  fa c to r  o f  s a fe ty  i s  reduced ( In d ia n  
S tan da rd s , 1893-1975). A fa c to r  o f  s a fe ty  o f  
one is  accepted  f o r  the  lo a d in g  c o n d it io n s  
s p e c if ie d .  There is  no r a t io n a l  b a s is  fo r  
a d o p tin g  t h is  p rocedure  because the  
e a rth q u a ke s -in d u ce d  o s c i l la t o r y  m o tio n  in  the  
dam and th e  o n e -d ir e c t io n a l e q u iv a le n t " s t a t ­
ic  fo rc e "  may r e s u l t  in  a fa c to r  o f  s a fe ty  
w hich  may have l i t t l e  p h y s ic a l meaning.

I t  i s  reco gn ized  now (1977) th a t  i t  i s  th e  
d isp la ce m e n t and s tre s s e s  in  th e  embankment 
ra th e r  th an  th e  n u m e rica l v a lu e  o f  fa c to r  o f  
s a fe ty  w hich  governs the  s t a b i l i t y  o f  the  
s e c t io n .  Model te s ts  have a ls o  been c a r r ie d  
o u t to  d e c ip h e r the  b e h a v io u r o f  t y p ic a l  sec­
t io n s .  F ie ld  b e h a v io u r o f  dams d u r in g  e a r th ­
quake has a ls o  been s tu d ie d . I t  i s  n o t 
p o s s ib le  to  r e fe r  to  a l l  th e  l i t e r a t u r e  w hich 
has appeared on th e  s u b je c t  in  th e  p a s t dec­
ade. E f fo r t s  have been made to  make th e  re ­
v iew  as com ple te  as p o s s ib le  so th a t  a 
s e q u e n tia l s to ry  b u i ld s  up.

The f i r s t  s tu d y  o f  th e  s e is m ic  response o f 
e a r th  dams appears in  th e  p u b lis h e d  l i t e r a ­
tu re  by Mononobe, Taka ta  and Matamura 
(1936 ). An is o c e le s  t r ia n g le  made up o f  is o ­
t r o p ic ,  homogeneous and e la s t ic  m a te r ia l on a 
r ig i d  s e m i- in f in i t e  base was co n s id e re d . As 
th e  base w id th  o f  th e  dam is  much g re a te r  
than  i t s  h e ig h t ,  th e  d e fo rm a tio n  due to  shear 
i s  c o n s id e ra b ly  la rg e r  than  th a t  due to  bend­
in g . The shear s tre s s  and d e fo rm a tio n  on a 
h o r iz o n ta l  s e c t io n  are  co n s id e re d  u n ifo rm  and 
th e  th re e -d im e n s io n a l system was reduced to  a 
o n e -d im e n s io n a l shear beam. The fundam enta l 
p e r io d , T0 , i s  g iv e n  by

T0 = 2.62 h / pTg  (3 .1 )

K rish n a  (1962) has shown th a t  f o r  such a mod­
e l ,  the  a c c e le ra t io n  is  maximum near th e  
c re s t  and i t  reduces in  a c h a r a c te r is t ic  man­
ner tow ards th e  base. T h is  a n a ly s is  s u f fe rs  
from  the  fo l lo w in g  sh o rtco m in g s : (1) the  
shear s tre s s e s  and d e fo rm a tio n s  on a h o r iz o n ­
t a l  s e c t io n  may n o t be u n ifo rm ; (2) the  s id e  
s lop es  do n o t in f lu e n c e  th e  se is m ic  response;
(3) zoned s e c tio n s  w ith  d i f f e r e n t  m a te r ia l 
p ro p e r t ie s  in  d i f f e r e n t  p a r ts  o f  th e  embank­
ment a re  n o t accounted f o r .

I s h iz a k i  and Hatakeyama (1962) s tu d ie d  tw o- 
d im e n s io n a l problem s by f i n i t e  d if fe re n c e
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methods and found th a t  th e  shear beam type  
approach is  inadequa te  f o r  p re d ic t in g  
s tre s s e s  away from  the  c e n t r a l  p a r t  o f  the  
c ro s s -s e c t io n .  S ince the  s t a b i l i t y  o f  the 
embankment i s  s ig n i f i c a n t l y  in f lu e n c e d  by the  
s tre s s  c o n d it io n  near the  dam fa c e s , the  
shear wedge a n a ly s is  is  n o t s a t is fa c to r y .

Newmark (1965) suggested fo r  th e  f i r s t  tim e  
an approach to  compute d isp lace m e n ts  in  em­
bankm ents, s u ita b le  f o r  r ig id - p la s t i c  m a te r i­
a ls  l i k e  f re e  d ra in in g  co h e s io n le ss  s o i ls  
in v o lv in g  th e  d e te rm in a tio n  o f y ie ld  a c c e le r ­
a t io n  a g , a t  w h ich  s l id in g  w i l l  b e g in  to  
o c c u r. The d isp lace m e n ts  a re  computed when 
t h is  a c c e le ra t io n  is  exceeded. For s o i ls  in  
w hich  pore  p re ssu re  changes deve lop  as a r e ­
s u l t  o f  the  shear s t r a in s ,  d e te rm in a tio n  o f 
a p p ro p r ia te  va lu e  o f  the  y ie ld  a c c e le ra t io n  
becomes e x tre m e ly  d i f f i c u l t .  An a lt e r n a t iv e  
approach has been suggested by Seed (1966) 
based on (1) d e te rm in a tio n  o f  the  s tre s s e s  
a c t in g  on s o i l  e lem ents w i th in  an embankment 
b o th  b e fo re  and d u r in g  an ea rthq u ake , (2) 
s u b je c t in g  t y p ic a l  s o i l  samples in  the  la ­
b o ra to ry  to  th e  same sequence o f s tre s s  
changes e xpe rienced  by co rresp on d in g  elem ents 
in  th e  f i e l d  and o b se rv in g  the  r e s u lt in g  de­
fo rm a tio n s , and (3) e s t im a tin g  the  deform a­
t io n s  o f  the  s lo p e  from  the  observed d e fo r ­
m a tio n  o f  th e  s o i l  e lem ents co m p ris ing  i t .
The method th us  g iv e s  c o n s id e ra t io n  to  the 
tim e  h is t o r y  o f  fo rc e s  deve loped in  th e  em­
bankments o r  s lop es  d u r in g  an e a rthquake , the  
b e h a v io u r o f  the  s o i l  under s im u la te d  e a r th ­
quake lo a d in g  c o n d it io n s ,  and th e  d e s i r a b i l ­
i t y  o f  e v a lu a t in g  the  embankment d e fo rm a tio n s  
ra th e r  than  a fa c to r  o f  s a fe ty  o n ly .  Seed 
recommended a s t r a in  o f  about 13%, c o n s t i t u t ­
in g  f a i lu r e  in  la b o ra to ry  te s ts ,  f o r  d e te rm i­
n a t io n  o f  p ro p e r t ie s  on s t a t i c  and dynamic 
lo a d in g . T h is  v a lu e  is  s u b s ta n t ia te d  by Seed 
e t  a l .  (1975) by a n a ly s is  o f  the  upper San 
Fernando Dam w h ich  f a i le d  d u r in g  the  e a r th ­
quake o f  Feb. 9, 1971. However, Lee and 
W aters (1973) in v e s t ig a te d  s t a b i l i t y  a long  a
5 cm w ide  and 3 .8  m deep lo n g i tu d in a l  c rack  
deve loped a long  th e  c re s t  on Dry Canyon Dam 
in  an earthquake  o f  1952. A n a ly s is  o f  s ta ­
b i l i t y  w ith  d i f f e r e n t  assumed a x ia l  s t r a in s  
co rre sp o n d in g  to  f a i lu r e  suggested th a t  5% 
s t r a in  may be an a p p ro p r ia te  f a i lu r e  c r i t e ­
r io n .

Clough and Chopra (1966) a p p lie d  th e  f i n i t e  
e lem ent a n a ly s is  to  so lv e  the  se ism ic  re ­
sponse o f  a dam s e c t io n , and Chopra (1967) 
compared the  se ism ic  response o f  a sym m etri­
c a l t r ia n g u la r  c ro s s -s e c t io n  300 f t  (90 m) 
h ig h  w ith  s lopes o f  3 :1  and 5 :1  and made o f 
homogeneous is o t r o p ic  and e la s t ic  m a te r ia l by 
the  shear beam and f i n i t e  e lem ent methods.
The ground m o tio n  was N-S component o f  the  
E l-C e n tro  May 18, 19 40 e a rthq u ake . N a tu ra l 
fre q u e n c ie s , mode shapes and earthquake  re ­
sponse were compared. I t  was found th a t  the  
f i r s t  a n t i-s y m m e tr ic a l mode ( in  bo th  cases) 
resem bled a pure  shear d is t o r t io n .  There are  
s ig n i f i c a n t  v e r t i c a l  d isp lacem en ts  in v o lv e d  
in  a l l  o th e r  a n t i-s y m m e tr ic a l modes and sym­
m e tr ic a l  modes have no resem blance to  the

shear typ e  modes. C ontours o f  shear s tre s s  
due to  ea rthquake  m o tio n  o n ly  in d ic a te  the  
d e v ia t io n s  from  c o n s ta n t shear s tre s s  across 
th e  w id th ,  th e  b a s ic  assum ption  o f  th e  shear 
wedge a n a ly s is .  The tim e  h is to r y  o f  dynamic 
s tre s s e s  a t  th e  c e n tre  l in e  and fa ce  a t  c o r ­
respond ing  le v e ls  is  q u ite  d i f f e r e n t ,  and th e  
se ism ic  c o e f f ic ie n t  from  the  shear beam ap­
proach is  la rg e r  on the  average about 10 per 
ce n t to  20 p e r c e n t.

F inn  and Khanna (1966) fu r t h e r  ana lysed  th e
1 on 1 .5 s lop e  used by Chopra (1967) and th e  
f i r s t  f i v e  n a tu ra l fre q u e n c ie s  o f  th e  dam 
were de te rm ined  by bo th  m ethods. The funda ­
m enta l freq ue n cy  was e s s e n t ia l ly  the  same by 
e ith e r  method (as were th e  mode shapes) i n d i ­
c a t in g  th a t  the  v ib r a t io n  on th e  f i r s t  mode 
was p r im a r i ly  in  sh ea r. However, in  h ig h e r  
modes th e  bending  and e x te n s io n a l m otions 
ig n o re d  by th e  shear s l id e  method a f fe c te d  
the  n a tu ra l fre q u e n c ie s  and mode shapes le a d ­
in g  to  low e r and more c lo s e ly  spaced fre q u e n ­
c ie s  .

To s tu d y  th e  e f f e c t  o f  fo u n d a tio n  on th e  r e ­
sponse o f  t h is  t y p ic a l  s e c t io n ,  a 108 m deep 
fo u n d a tio n  w ith  modulus o f  fo u n d a tio n  d i f f e r ­
e n t than  th a t  o f  th e  dam was c o n s id e re d . The 
n a tu ra l p e r io d  o f  th e  embankment r e s t in g  on 
an e la s t i c  fo u n d a tio n  was in  g e n e ra l i n ­
c reased . Chopra and Perumalswamy (1969) ob­
ta in e d  s im i la r  c o n c lu s io n s , and a ls o  found 
th a t  a b s o lu te  maximum s tre s s e s  may in c re a s e  
by as much as 200 per c e n t in  case v e r t i c a l  
a c c e le ra t io n  was in c lu d e d  in  th e  a n a ly s is .
The s t a t i c  s tre s s e s  in  th e  s lo p in g  co re  dam 
in d ic a te d  te n s io n  in  th e  to p  one s ix th  o f  the  
co re . I t  was concluded th a t  c e n t r a l  co re  
dams were much s a fe r .  T h is  i s  c o n tra ry  to  
ev idence  from  model te s ts  (C lough and P i r t z  
1958, K rish n a  e t  a l .  1966).

Ambraseys and Sarma (1967) s tu d ie d  th e  re ­
sponse o f homogeneous s e c t io n s  to  the  N-S 
component o f  E l-C e n tro  May 19 40 ground m o tion  
and conc luded  th a t  in  s tro n g  m o tio n  th e  upper 
p a r t  o f  an e a r th  dam near th e  c re s t  i s  most 
v u ln e ra b le .  T h is  i s  s im i la r  to  th e  f in d in g s  
o f  Seed (1967) who has p re sen te d  an e x c e l le n t  
re v ie w  o f  th e  p a s t p ra c t ic e s  t r e a t in g  s t a b i l ­
i t y  o f  embankments d u r in g  e a rthq u ake s . Gen­
e ra l  p ra c t ic e  in  th e  a n a ly s is  in v o lv e s  th e  
com p u ta tio n  o f  the  minimum fa c to r  o f  s a fe ty  
a g a in s t s l id in g  when a s t a t i c  h o r iz o n ta l  
fo rc e  is  in c lu d e d  in  the  a n a ly s is .  The 
In d ia n  S tandards code o f p ra c t ic e  (1893-1975) 
p e rm its  a fa c to r  o f  s a fe ty  o f  u n i ty  under 
earthquake  lo a d in g  c o n d it io n s .  The d e s ig n  
c o e f f ic ie n t  may be s e le c te d  by any one o f  the  
methods suggested by Seed and M a r t in  (1966) . 
Seed (1967) showed th a t  th e  va lu e s  o f  the  
se ism ic  c o e f f ic ie n t s  in c re a se d  w ith  in c re a s ­
in g  e le v a t io n  o f  the  p o te n t ia l  s l id in g  mass 
w i th in  th e  body o f  the  embankment. The s e is ­
m ic c o e f f ic ie n ts  v a r ie d  w ith  th e  h e ig h t  o f  
the  embankment, m a te r ia l c h a r a c te r is t ic s ,  and 
the  n a tu re  o f  earthquake  ground m o tio n s .
T h is  typ e  o f  in fo rm a t io n  p ro v id e d  th e  neces­
sa ry  b a s is  f o r  a n a ly s is  o f  d e fo rm a tio n s  and 
fo r  th e  p la n n in g  o f  la b o ra to ry  t e s t  p ro ce ­
dures .
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Seed e t a l .  (1975) re p o r te d  s l id e s  in  th e  San 
Fernando Dams w hich  deve loped d u r in g  th e  6.6 
R ic h te r  m agnitude earthquake  o f  Feb. 9, 1971. 
In  th e  upper San Fernando Dam (24 m h ig h ) a 
p s e u d o -s ta t ic  a n a ly s is  o f  se ism ic  s t a b i l i t y  
o f  th e  embankment gave a fa c to r  o f  s a fe ty  o f
2 to  2.05 and f o r  th e  low e r dam, a fa c to r  o f  
s a fe ty  o f  1 .0 5 . Dynamic s t a b i l i t y  a n a ly s is  
o f  th e  low e r dam by S eed 's (1966) method gave 
a fa c to r  o f  s a fe ty  o f  about 0 .8 . A n a ly s is  o f  
shear s t r a in  induced by th e  earthquake  in  the  
upper dam in d ic a te d  an average shear s t r a in  
p o te n t ia l  o f  about 12 % to  16 % in d ic a t in g  
r e la t iv e  h o r iz o n ta l  downstream movements o f
1 .4 m to  1 .8  m w hich was in  e x c e l le n t  accord  
w ith  the  observed movement.

D ib a j and Penzien (1969a) co ns ide red  th e  re ­
sponse o f  an e a r th  dam to  a t r a v e l l in g  s e is ­
m ic wave in  w hich case the  wave le n g th  was 
lon g  compared to  th e  w id th  o f  th e  dam. The 
shear s tre s s  c o n to u r l in e s  were n e a r ly  v e r t i ­
c a l over th e  c e n t r a l  re g io n  o f  th e  dam when 
u s in g  th e  t r a v e l l in g  wave in p u t ,  w h ile  th ey  
were n e a r ly  h o r iz o n ta l when u s in g  th e  u n ifo rm  
base in p u t .  The c r i t i c a l  shear s tre s s  re ­
g io n s  were near th e  face  o f  th e  dam fo r  the  
t r a v e l l in g  wave in p u t  w h ile  th e y  were near 
th e  c e n te r  o f  th e  dam fo r  th e  case o f  a u n i­
fo rm  in p u t .  U n ifo rm  base m o tio n  e x c ite d  o n ly  
th e  a n ti-s y m m e tr ic  modes o f  a sym m e trica l dam. 
However, in  th e  case o f  a t r a v e l l in g  wave 
base m o tio n , a n ti-s y m m e try  no lo n g e r e x is te d .

3 .4 Model Tests  and F ie ld  Response o f  Dams

Model te s ts  have been conducted to  s tu dy  the  
b e h a v io u r o f  embankments and dams under e a r th ­
quake lo a d in g . C lough and P i r t z  (1958) re ­
p o rte d  th e  f i r s t  s y s te m a tic  model te s ts  fo r  a 
90 m e a r th  and r o c k f i l l  dam. The model 
h e ig h t was 2 f t  (0 .6  m) w ith  a s c a le  r a t io  
(A) o f  1 /150 . From s im i l i t u d e  c o n s id e ra t io n s  
fo r  th e  same r a t io  o f  fo rc e s  due to  dead 
w e ig h t, w a te r lo a d , in e r t ia  fo rc e ,  and fo rc e s  
a s s o c ia te d  w ith  e la s t ic  d e fo rm a tio n  and f a i l ­
u re , i t  has been shown th a t  a c c e le ra t io n  in  
th e  model and in  th e  p ro to ty p e  were e q u a l.
A lso  th e  r a t io  o f  cohes ions and m odu li o f  
shear d e fo rm a tio n  in  th e  model to  th e  p ro to ­
typ e  was A i f  th e  u n i t  w e ig h t o f  the  m a te r ia l 
in  th e  model and in  th e  p ro to ty p e  were the  
same. On th e  b a s is  o f  te s ts  on two models on 
a v ib r a t io n  ta b le ,  .one w ith  c e n t r a l  co re  and 
th e  o th e r  w ith  s lo p in g  c o re , i t  was found 
th a t  th e  l a t t e r  was somewhat more e a rthq u ake - 
r e s is ta n t  than  th e  c e n t r a l  co re  typ e  because 
i t s  s t r u c tu r e  was more c lo s e ly  bound to g e th e r . 
In  g e n e ra l, th e  models s u ffe re d  no s i g n i f i ­
c a n t changes in  s e c t io n  up to  a h o r iz o n ta l  
a c c e le ra t io n  o f  0 .4 g. When th e  ta b le  m otion  
was in c re a se d  to  more than  1 g , th e  model 
s u ffe re d  o n ly  m inor changes o f  shape. Seed 
and C lough (1963) re p o r te d  model te s ts  on 
s lo p in g  co re  dams 0.65 m h ig h  under empty and 
f u l l  r e s e rv io r  c o n d it io n s .  In  a t y p ic a l  mod­
e l ,  th e  c re s t  s e tt le m e n t was a p p ro x im a te ly
2 .9  % o f  th e  h e ig h t o f  th e  dam w ith  peak 
earthquake  a c c e le ra t io n s  o f  0.68 g , and 1 % 
o f  th e  h e ig h t o f  th e  model w ith  peak e a r th ­
quake a c c e le ra t io n  o f  0 .52 g.

In  model s tu d ie s  on a shake ta b le  5 m long  x
2.8 m w ide fo r  th e  Ram Ganga Saddle dam 60 m 
h ig h  (K rish na  and P rakash, 1966), the  problem  
was to  d ec ide  on th e  lo c a t io n  o f  th e  co re  
from  se ism ic  c o n s id e ra t io n s .

Models w ith  no c o re , c e n t r a l  c o re , and in ­
c l in e d  co res were te s te d . The r e s e rv o ir  con­
d i t io n s  were bo th  d ry  and f u l l .  The in c l in e d  
co re  dam was found to  behave b e t te r  th an  the  
c e n t ra l  co re  dam. A v e ry  im p o rta n t c o n c lu ­
s io n  from  t h is  as w e ll  as from  a p re v io u s  
s tu dy  (K rish na  and P rakash, 1965) was th a t  
th e  damage p a tte rn s  in  th e  model w ith  co re  
and th a t  o f  th e  Ohno dam damaged in  Kanto 
earthquake  o f  1923 (Japan S o c ie ty  o f  C i v i l  
E n g in ee rs , 1960) were id e n t ic a l .  T y p ic a l 
lo n g i tu d in a l  c ra c k  deve loped a long  th e  c re s t .  
T h is  o b s e rv a tio n  was s u b s ta n t ia te d  by f i e ld  
da ta  (Seed e t  a l . ,  1975; Lee and W aters, 1973) 
T h is  showed c o n c lu s iv e ly  th a t  th e  model te s ts  
would g iv e  an in s ig h t  in to  th e  b e h a v io u r o f  
p ro to ty p e  dams p a r t i c u la r ly  in  r e la t io n  to  
in e la s t ic  d e fo rm a tio n s .

A no the r model s tu dy  o f  a r o c k f i l l  dam was 
perform ed a t  Roorkee (Prakash e t  a l . ,  1972) 
fo r  Pandoh dam in  Punjab 61 m h ig h . The 
sc a le  r a t i o  (A) was 1/100 and th e  model 
h e ig h t was 0.61 m. E la s t ic  response o f  the  
models to  a m o d if ie d  Koyna earthquake  was 
s tu d ie d  and i t  was found th a t  even w i th in  the  
e la s t ic  range , th e  te s t  c o n d it io n s  in  the  
model were a d e q u a te ly  seve re . The in e la s t ic  
response was s tu d ie d  by com paring th e  damage 
p o te n t ia l  o f  th e  ta b le  m otion  w ith  th e  ground 
m otion  expected a t  s i t e .  The d e fo rm a tio n  o f  
th e  dam p r o f i le  was reco rded  w ith  a s p e c ia l 
p r o f i le - m e te r . I t  was found th a t  d is p la c e ­
ments o ccu rre d  m a in ly  a t  th e  c r e s t .  The con­
v e n t io n a l a n a ly s is  showed a fa c to r  o f  s a fe ty  
o f  le s s  than  u n i ty  f o r  th e  to p  q u a r te r  o f  the  
s lo p e . The d isp lace m e n ts  o b ta in e d  showed th e  
s e c t io n  to  be s a fe . The presence o f  a berm 
a t  a t y p ic a l  le v e l  a f fe c te d  th e  damage p a t­
te rn  in  th e  s e c t io n  in  a c h a r a c te r is t ic  man­
ner .

Noda, Tsuch ida  and K u ra ta  (1974) te s te d  s ix  
models w ith  th e  maximum ta b le  a c c e le ra t io n  o f  
200-300 g a ls .  The maximum a c c e le ra t io n  a t  the  
to p  amounted to  about 1600 g a ls  in  sand 
models and 2700 g a ls  in  c la y  m odels. C re s t 
s e tt le m e n ts  o f  4 % to  15 % o f  th e  h e ig h t o f  
th e  models were observed w ith  no s l id in g  s u r­
fa c e . Okamoto (1975) re p o r te d  te s ts  on 1 .4  m 
h ig h  models s u b je c te d  to  s in u s o id a l v ib r a ­
t io n s .  A berm 50 cm w ide was in tro d u c e d  e i ­
th e r  a t  70 cm o r  90 cm h e ig h t .  I t  was found 
th a t  fo r  equa l s lo p e s , th e re  must be g re a te r  
a c c e le ra t io n  f o r  c ru m b lin g  in  case th e re  was 
a berm and a s lop e  w ith  no berm expe rienced  
c ru m b lin g  th ro u g h o u t.

On th e  b a s is  o f  te s ts  on s ix  models Watanabe
(1977) re p o rte d  th a t  zon ing  d id  n o t a f f e c t  
th e  response a p p re c ia b ly  and th e  a m p litu d e  o f 
response a c c e le ra t io n  fo r  th e  c o n d it io n  o f  
f u l l  r e s e rv o ir  w a te r was reduced to  about 66 
per c e n t o f  th a t  f o r  no r e s e rv o ir  w a te r.
Arya e t  a l .  (1977) re p o r te d  model te s ts  on a 
99 m h ig h  r o c k f i l l  dam te s te d  w ith  a sca le
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r a t io  (A) o f  1/150 on the  shake ta b le  a v a i la ­
b le  a t  Roorkee. Two m odels, one w ith  a cen­
t r a l  co re  and th e  o th e r  w ith  in c l in e d  co re  
s e c tio n s  showed th a t  s lum ping  was more in  an 
in c l in e d  co re  s e c t io n  a lth o u g h  th e  tendency 
f o r  s e p a ra tio n  o f  th e  s h e l l  from  th e  co re  was 
g re a te r  w ith  a c e n t r a l  c o re . A lso  fo r  the  
in c l in e d  co re , a n a ly t ic a l  as w e l l  as e x p e r i­
m en ta l va lu e s  o f  d isp lace m e n ts  agreed f a i r l y  
w e l l ,  i f  th e  v a r ia t io n  o f  shear modulus p ro ­
p o r t io n a l  to  th e  square ro o t  o f  overburden 
p re ssu re  was in c lu d e d  in  th e  a n a ly s is .

S e ve ra l o b s e rv a tio n s  o f  response o f  e a r th  
dams s u b je c te d  to  earthquakes have a ls o  been 
c o lle c te d  and a re  summarized below .

Minami (1969) re p o r te d  f i e ld  response o f 
Makio and Togo Dams w hich were s u b je c te d  to  
maximum ground a c c e le ra t io n  o f  33 g a ls  and 52 
g a ls ,  r e s p e c t iv e ly .  I t  was found th a t  r a t io s  
o f  maximum a c c e le ra t io n  a t  th e  c re s t  o f  the  
dam to  th e  maximum a c c e le ra t io n  o f  th e  ground 
in c re a se d  fo r  s m a ll ea rthquakes.

A trakhova  (197 3) re p o r te d  measurements on a 
30 m h ig h  e a r th  dam and found th a t  th e  m axi­
mum a m p litu d e  o f  v ib r a t io n s ,  a t  th e  to p  o f  
th e  dam in c re a se d  1 .5  to  5 tim es the  a m p li­
tude  a t  th e  base. A lso  the  r a t io  o f  a m axi­
mum a m p litu d e  o f  d isp la ce m e n t, v e lo c i t y  and 
a c c e le ra t io n  a t  th e  to p  o f  the  dam to  those 
o f  th e  base decreased under s tro n g e r  e a r th ­
quakes. T h is  o b s e rv a tio n  is  s im i la r  to  th a t  
o f  M inami (1969 ).

Takahash i e t  a l .  (1977) te s te d  a c tu a l dams
64.5 m to  102.8 m h ig h . Two te s ts  on a 95 m 
h ig h  dam showed th a t  the  a m p litu d e  grew re ­
m arkab ly  near th e  c re s t  o f  the  dam, as the  
re s e rv o ir  le v e l  rose  th e  n a tu ra l fre q u e n c ie s  
were s l i g h t l y  reduced, and th e  e q u iv a le n t 
v is c o u s  damping fa c to r  was about 5 to  6 per 
c e n t.  T h is  dam has been su b je c te d  to  a m axi­
mum c re s t  a c c e le ra t io n  o f  100 g a ls  in  the  
earthquake  o f  S ept. 9, 1969 (m agnitude 7 ).
The mean v a lu e  o f  s t r a in  between th e  c re s t  
and 25 m below th e  dam c re s t  was 1 .5  x lO -1' .
A com parison w ith  th e  t e s t  r e s u lt s  showed 
th a t  th e  dam behaved l in e a r ly  d u r in g  the  
e a rth q u a k e .

The case re co rd s  o f  f a i lu r e  o f  the  San F e r­
nando dams have c o n c lu s iv e ly  shown the  myth 
o f  a fa c to r  o f  s a fe ty  computed on the  b a s is  
o f  p s e u d o -s ta t ic  method. A r e a l i s t i c  a n a ly ­
s is  is  th e re fo re  one w hich g ive s  in s ig h t  in to  
th e  d isp lace m e n ts  o f  t y p ic a l  p o in ts  and the  
s e tt le m e n ts  o f  th e  c re s t  and th e  fo u n d a tio n . 
Newmark's (1965) approach is  a p p lic a b le  to  
n o n -p la s t ic  s o i ls  in  w hich th e  s t r e s s - s t r a in  
r e la t io n s  may be assumed r ig id - p la s t i c .  A lso  
an e s tim a te  o f  y ie ld  a c c e le ra t io n  is  made. 
S eed 's (1966) approach in c o rp o ra te s  r e a l i s t i c  
p ro p e r t ie s  o f  s o i ls  from  s t a t ic  and dynamic 
lo a d in g .

Most o f  th e  subsequent ana lyses in c o rp o ra te  
s tu d y  o f  s tre s s e s , se ism ic  c o e f f ic ie n t s ,  and 
d e fo rm a tio n s  o b ta in e d  by u s in g  th e  f i n i t e  
e lem ent method. The s o i l  p ro p e r t ie s  had been 
assumed l in e a r  and te n s io n  zones have been

d e lin e a te d  in  th e  s e c t io n . The e f f e c t  o f  
s e q u e n tia l c o n s tru c t io n  and n o n lin e a r  p ro p ­
e r t ie s  have n o t been e va lu a te d  to  any e x te n t .

I t  would appear th a t  w ith o u t  a la rg e  com puter, 
th e  a n a ly s is  o f  an e a r th  and r o c k f i l l  dam is  
n o t p o s s ib le .  A ls o , some g e n e ra liz e d  c h a r ts  
fo r  response s im i la r  to  th e  s lop e  s t a b i l i t y  
c h a r ts  o f  T a y lo r ,  have n o t been made. I t  is  
d i f f i c u l t  a t  t h is  s tage  to  d e te rm ine  i f  such 
des ign  a id s  can be p repa red  a t  a l l .  I t  is  
b e lie v e d  th a t  th e re  is  a need to  deve lop  an 
e n g in e e rin g  approach to  p re d ic t  d isp lace m e n ts  
o f  e a r th  dams w ith  l im i te d  use o f  com puters 
and th e  f i n i t e  e lem ent method. I t  may sound 
u n fa s h io n a b le  o r  u n s c ie n t i f ic ,  b u t th e  need 
is  d e f i n i t e l y  th e re . T h e re fo re , p u b lis h e d  
in fo rm a t io n  on s t a t i c  s tre s s e s  and on r e ­
sponse o f  t y p ic a l  dam s e c tio n s  under reco rded  
earthquakes needs to  be condensed in to  an 
e a s i ly  u sab le  fo rm . A lso  in fo rm a t io n  on s o i l  
p ro p e r t ie s  under a co m b in a tion  o f  s t a t i c  and 
dynamic lo a d in g  needs to  be d ig e s te d  in to  an 
e a s i ly  u sab le  fo rm . Then "d isp la ce m e n t 
c h a r ts "  s im i la r  to  " s t a b i l i t y  c h a r ts "  may be 
deve loped to  p r e d ic t  d isp la ce m e n ts . For non­
l in e a r  ana lyses  (D ib a j and P enzien , 1969; 
Sharma, 1976) and s e q u e n tia l c o n s tru c t io n  
(Sharma, 1976) o n ly  a b e g in n in g  has been made.

Model s tu d ie s  show p rom ise . Such s tu d ie s  a re  
expens ive  and need to  be in te r p r e te d  c a r e fu l ­
l y .  I t  is  s a t is f y in g  to  see th a t  in  1977 
more such s tu d ie s  have been re p o r te d .

3 .5  Response o f Banks

Banks may be ana lysed  by th e  f i n i t e  e lem ent 
method ( I d r is s ,  1967). The a c tu a l e la s t ic  
continuum s re p la ce d  by a s e r ie s  o f  e lem ents 
in te rc o n n e c te d  a t  a f i n i t e  number o f  noda l 
p o in ts .  The h o r iz o n ta l  b ou nd aries  a re  th e o ­
r e t i c a l l y  o f  i n f i n i t e  e x te n t ,  b u t f o r  purpose 
o f a n a ly s is  th e  s o i l  i s  bounded by a r ig i d  
base and by r ig i d  v e r t i c a l  f i n i t e  b o u n d a rie s . 
The in p u t  da ta  fo r  any co m p u ta tio n  c o n s is ts  o f  
g e o m e tric  d e s c r ip t io n  o f  th e  bank, m a te r ia l 
p ro p e r t ie s ,  damping r a t i o ,  and earthquake  
base m o tio n . The response va lu e s  (noda l d is ­
p lacem ents , v e lo c i t ie s  and a c c e le ra t io n s ,  
e lem ent s tre s s e s  and noda l s tre s s e s , th ro u g h ­
o u t th e  bank and th e  se ism ic  c o e f f ic ie n t s  o f  
s p e c if ie d  wedges o f  th e  bank) fo r  th e  d u ra ­
t io n  o f  the  earthquake  m o tio n  c o n s t i tu te  the  
o u tp u t o f  these  programmes. An independen t 
check on th e  accuracy  o f  th e  s o lu t io n  is  p ro ­
v id e d  by th e  fa c t  th a t  th e  p a r t  o f  th e  bank 
s u f f i c i e n t l y  fa r  from  th e  s lop e  and th e  a r t i ­
f i c i a l  f i n i t e  bounda ries  would then  behave 
e s s e n t ia l ly  as a s e m i- in f in i t e  la y e r  ( I d r is s  
and Seed, 1967) .

For a t y p ic a l  c la y  bank and f o r  th e  base mo­
t io n  as th e  f i r s t  15 second re c o rd  o f  E l 
C entro  earthquake  o f  May 18, 1940, an exam i­
n a t io n  o f  th e  va lu e s  o f  maximum h o r iz o n ta l 
shear s tre s s  induced a long  fo u r  h o r iz o n ta l  
p la n e s , i t  was seen th a t  th e  shear s tre s s e s  
inc rea se d  w ith  dep th  in  th e  bank. Va lues o f 
the  maximum se ism ic  c o e f f ic ie n t s  decreased 
w ith  in c re a s in g  e x te n t o f  th e  wedge beh ind  
th e  face  o f  th e  s lo p e . The se ism ic  c o e f f i ­
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c ie n ts  a ls o  decreased w ith  in c re a s in g  dep th  
o f  th e  base o f  the  wedge below  th e  to p  o f  the  
embankment. A lso  from  th e  tim e  h is to r y  o f 
s tre s s e s  and se ism ic  c o e f f ic ie n t s ,  th e  s ta b i­
l i t y  o f  th e  bank co u ld  be e v a lu a te d . The 
la rg e s t  m a jo r s lop e  s l id e ,  th e  T urnaga in  
s l id e  w hich  o ccu rre d  d u r in g  th e  A laskan 
E arthquake , and w hich  covered  a le n g th  about
2 m ile s  (3 .2  km) and a w id th  o f  600 f t  to  
1200 f t  (180-360 m) was ana lysed  by Seed and 
W ilson  (1967) based upon these  p ro ced u res .
The e f f e c t  o f  v e r t i c a l  components o f  m o tio n , 
m a te r ia l p ro p e r t ie s  and th e  geometry o f  the  
bank on th e  response have a ls o  been d iscussed  
( I d r is s  and Seed, 1967).

Kovacs, Seed and Id r is s  (1971 ), te s te d  th re e  
banks o f  c la y ,  15 cm h ig h  undergo ing  h o r iz o n ­
t a l  a c c e le ra t io n s  o f  0.05 g . I t  was found 
th a t  a d is ta n c e  o f  s ix  tim e s  th e  th ic k n e s s  o f  
the  a d ja c e n t la y e r  from  th e  c re s t  o r  th e  to e , 
th e  te s t  s e c t io n  behaved as s e m i- in f in i t e  
la y e rs .  A co m p a ris io n  o f  th e  observed re ­
sponse w ith  th e  one computed u s in g  r e s u lt s  o f  
la b o ra to ry  measurements o f  s o i l  modulus and 
damping c h a r a c te r is t ic s  p ro v id e d  r e s u lt s  in  
good agreement w ith  observed v a lu e s .

Id r is s ,  Seed and D e z fu lia n  (1969) s tu d ie d  
e ig h t  d e p o s its  w ith  d i f f e r e n t  c o n f ig u ra t io n s  
s u b je c te d  to  a known h o r iz o n ta l  e x c i t a t io n .
In  two d e p o s its , one w ith  s lo p in g  base rock  
boundary and a le v e l  s u rfa c e  and in  a no the r 
w ith  le v e l  ro ck  boundary b u t s lo p in g  bank, 
th e  maximum a c c e le ra t io n  va lu e s  were a lm ost 
id e n t ic a l  th ro u g h o u t. A com parison o f r e ­
sponse o f banks w ith  s lopes o f  re s p e c t iv e ly  
1 :1 , 2 :1  and 4 :1  shows th a t  th e  response v a l ­
ues beh ind  th e  c re s t  o f  th e  bank a re  a lm ost 
u n a ffe c te d  due to  change in  s lop e  a n g le . 
F la t t e r  s lopes  seem to  lesse n  th e  a b ru p t 
changes in  the  maximum h o r iz o n ta l  a c c e le ra ­
t io n s  a long  th e  s u rfa c e  o f th e  s lo p e . Re­
sponse a c c e le ra t io n s  in c re a s e  w ith  in c re a se  
in  th e  Young's modulus o f  th e  low e r la y e r .  
A ls o , fo r  a g ive n  v a lu e  o f  Young's modulus 
fo r  th e  low e r la y e r ,  th e  e la s t ic  p ro p e r ty  o f  
bank m a te r ia l does n o t a f f e c t  th e  response 
a c c e le ra t io n  a p p re c ia b ly .

Arango and Seed (1974) re p o r te d  te s ts  on 
th re e  c la y  banks 15 cm h ig h  w ith  an i n i t i a l  
fa c to r  o f  s a fe ty  o f  1 .2  and 1 .4 . I t  was ob­
served th a t  i t  was p o s s ib le  to  induce  m ajor 
d isp lace m e n ts  in  these  banks, re p re s e n tin g  
f a i lu r e .  A m o d if ie d  v e rs io n  o f  th e  method 
proposed by Seed (1966) is  recommended fo r  
se ism ic  s t a b i l i t y  a n a ly s is  o f  s a tu ra te d  
s lo p e s .

F inn  and M i l l e r  (1975) co ns ide red  response o f 
an i n f i n i t e  s lop e  15 m th ic k  on a ro ck  bound­
a ry  2 H : 1 V s u b je c te d  to  base a c c e le ra t io n s  
o f  th e  f i r s t  f i v e  seconds o f  th e  N-S and v e r ­
t i c a l  components o f  E l C en tro  earthquake  o f 
May 18, 1940. The response by n o n lin e a r  a- 
n a ly s is  is  q u ite  d i f f e r e n t  than  w ith  l in e a r  
a n a ly s is .  As was shown by F in n  and Byrne
(1969) th e  lo c a t io n  o f  th e  y ie ld in g  zones de­
pended on th e  s tre n g th  d is t r ib u t io n  w i th in  
th e  s o i l  p r o f i le .

3 .6  E a rth  R e ta in in g  S tru c tu re s

In  d es ign  o f  e a r th  r e ta in in g  s tru c tu re s  the  
m agnitude o f  e a r th  p re ssu res  and t h e i r  d is ­
t r i b u t io n  w ith  h e ig h t must be known. E a rth  
p re ssu res  depend on p ro p e r t ie s  o f  the  back­
f i l l  m a te r ia l ,  th e  d e fo rm a tio n  o f  th e  s t r u c ­
tu re  and th e  consequent s t r a in s  in  th e  mate­
r i a l  re ta in e d ,  and f l e x i b i l i t y  o f  th e  s t r u c ­
tu re .  D uring  se ism ic  d is tu rb a n c e , a r ig i d  
r e ta in in g  w a ll  v ib ra te s  a lo ng  w ith  some back­
f i l l .  The movements away from  th e  b a c k f i l l  
can ta ke  p la ce  e a s i ly  whereas th e  re s is ta n c e  
to  i t s  movement tow ards th e  b a c k f i l l  is  con­
s id e ra b ly  la r g e r .  T h e re fo re , a f t e r  a number 
o f  c y c le s  o f  m o tio n , th e  w a l l  moves o u t and 
assumes a d i f f e r e n t  p o s it io n  (P rakash, 1971) 
Such o b s e rv a tio n s  have been made fo l lo w in g  
p a s t e a rthq u ake s , C h ile  1960, A laska  1964 and 
N iig a ta  1964 (Seed and Whitman, 1970). Thus 
d isp la ce m e n t o f  a w a l l  away from  th e  f i l l  is  
a v e ry  im p o rta n t fa c to r ,  b u t in  a lm os t a l l  
d es ign  p rocedures  to  da te  (1977) o n ly  e a r th  
p re ssu res  a re  computed by th e  same method.
In  the  p u b lis h e d  l i t e r a t u r e ,  e a r th  r e ta in in g  
s tr u c tu re s  o th e r  than  r e ta in in g  w a lls  have 
n o t been s tu d ie d  under se ism ic  c o n d it io n s .  
T h e re fo re , th e  d is c u s s io n  is  concerned m a in ly  
w ith  r e ta in in g  w a l ls .  The q u e s tio n  has been 
s tu d ie d  in  two p a r ts ,  one com p u ta tio n  o f  
e a r th  p re ssu re  and two th e  d e te rm in a tio n  o f  
p o in t  o f  a p p l ic a t io n  o f  th e  dynamic component 
w hich equa ls  th e  t o t a l  e a r th  p re ssu re  m inus 
th e  s t a t ic  e a r th  p re s s u re .

The In d ia n  S tandards 1893 -  1975 in c o rp o ra te s  
a g ra p h ic a l p rocedure  based upon Mononobe 
(1929) and Okabe (1929) fo rm u la t io n s  and r e ­
commends th a t  th e  dynamic e a r th  p re ssu re  a c ts  
a t  0 .55 H above th e  base. Matsuo and Ohara 
(1960) computed th e  la t e r a l  e a r th  p re ssu re  in  
v ib r a t io n  c o n s id e r in g  th e  b a c k f i l l  as a tw o - 
d im e n s io n a l body, and th e  s o i l  to  be homo­
geneous and is o t r o p ic .  I s h i i ,  A ra i and 
Tsuch ida  (1960) deve loped a th e o ry  f o r  d e te r ­
m in ing  dynamic e a r th  p re ssu res  on r e ta in in g  
o r  quay w a lls  a lm os t s im i la r  to  th a t  o f  
Matsuo and Ohara assuming th e  s o i l  to  be 
v is c o - e la s t ic  in  case o f  f ix e d  w a lls  and e - 
l a s t ic  f o r  a moving w a l l .  A rya and Gupta 
(1966) t h e o r e t ic a l ly  o b ta in e d  n o n lin e a r  l a t ­
e ra l  e a r th  p re ssu re  d is t r ib u t io n  by assuming 
th a t  h o r iz o n ta l  a c c e le ra t io n s  v a ry  l in e a r ly  
from  th e  base to  th e  to p  o f  th e  r e ta in in g  
w a l l .  Prakash and Saran (1966) deve loped 
n on -d im e n s io n a l p lo ts  f o r  d e te rm in in g  th e  
dynamic e a r th  p re ssu res  on r e ta in in g  w a lls  
h o ld in g  c — <}> s o i ls  assuming a p la ne  ru p tu re  
s u rfa c e  below  th e  zone o f  te n s io n  c ra c k s .

Madhav and Rao (1969) p re sen te d  d es ign  cu rves 
f o r  d e te rm in in g  e a r th  p re ssu re  c o e f f ic ie n t s  
as fu n c t io n s  o f  co he s io n , ang le  o f  in t e r n a l  
f r i c t i o n ,  se ism ic  c o e f f ic ie n t ,  w a l l  f r i c t i o n  
and in c l in a t io n  o f  w a ll  and th e  b a c k f i l l ,  on 
th e  b a s is  o f  a p s e u d o -s ta t ic  a n a ly s is .  The 
d ir e c t io n  o f  th e  r e s u lt a n t  in e r t ia  fo rc e  was 
so o p tim iz e d  th a t  th e  r e s u lt in g  p re ssu res  
were maximum. Prakash and Basavana (1969) 
h ig h l ig h te d  th e  fundam enta l d e f ic ie n c y ,  o f 
Coulom b's th e o ry  and hence in  Mononobe' s 
fo rm u la  th a t  th e  moments o f  fo rc e  on the
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ru p tu re  wedge about any p o in t  do n o t ba lance . 
C o n s id e rin g  extrem e cases o f  f a i lu r e  ta k in g  
p la ce  a lo ng  the  face  o f  th e  w a ll  and on a 
p lane  s u rfa c e  in  the  b a c k f i l l ,  i t  was e s ta b ­
l is h e d  th a t  th e  d is t r ib u t io n  o f  e a r th  p re s ­
su re  was s im i la r  to  th e  d is t r ib u t io n  o f  s o i l  
r e a c t io n  on the  ru p tu re  s u rfa c e  de te rm ined  by 
s e p a ra te ly  m axim iz ing  th e  moments and p re s ­
sures on th e  w a l l  and proposed c o e f f ic ie n ts  
fo r  d e te rm in in g  th e  p o in t  o f  a p p lic a t io n .

Seed and Whitman (1970) have recommended an 
e m p ir ic a l fo rm u la  fo r  d e te rm in in g  th e  dynamic 
e a r th  p re ssu re  c o e f f ic ie n ts  Kae

Kae = Ka + 3 /4  ah (3 .2 )

where Ka is  a c t iv e  e a r th  p re ssu re  c o e f f ic ie n t  
under s t a t i c  case and is  a h o r iz o n ta l 
se is m ic  c o e f f ic ie n t .  S c o tt (1973) proposed a 
model as a o ne -d im e n s io n a l shear beam a tta c h ­
ed to  th e  w a l l  by s p r in g s . E xp ress ions were 
d e r iv e d  fo r  p re s s u re s , fo rc e s , and moments 
w h ich  m ig h t a c t on the  w a ll  d u r in g  an e a r th ­
quake. The a n a ly s is  can be m o d if ie d  to  ac­
c o un t f o r  th e  f l e x i b i l i t y  o f  the  w a ll  and 
v a r ia t io n  o f  s o i l  p ro p e r t ie s  w ith  dep th . I t  
was conc luded  th a t  th e  p re ssu res  and moments 
were s ig n i f i c a n t l y  h ig h e r  than  those c a lc u ­
la te d  by Mononobe-Okabe method. The p o in t  o f  
a p p lic a t io n  o f  th e  e a r th  p ressu res  were in  
g e n e ra l around 2 /3  tim es  the  h ig h t  o f  the  
w a l l  above i t s  base.

Aggour and Brown (1973) used a f i n i t e  e lem ent 
model fo r  a w a l l  b a c k f i l l  system to  de te rm ine  
th e  dynamic p re ssu res  on w a lls  due to  a s i ­
n u s o id a l ground m o tio n . I t  was found th a t  
th e  p re ssu re  was s m a lle r  than  th a t  o f  a r ig id  
w a l l .  Nandkumaran and Jo s h i (1975) d e te rm in ­
ed th e  p o in t  o f  a p p lic a t io n  o f  dynamic e a r th -  
p re ssu re  assuming th e  same ru p tu re  su rfa ce  
as deve loped under s t a t ic  c o n d it io n s  and no 
te n s io n  on th e  s u rfa c e . The p o in t  o f  a p p l i ­
c a t io n  o f  th e  dynamic increm ent was dependent 
on th e  geom etery and th e  d es ign  se ism ic  co­
e f f i c i e n t ,  ah. Saran and Prakash (1977) sug­
gested  a m o d if ic a t io n  to  Mononobe-Okabe f o r ­
mula c o n s id e r in g  th e  m o b iliz e d  ang le  o f  i n ­
te r n a l  f r i c t i o n  and ang le  o f  w a l l  f r i c t i o n ,  
b o th  fo r  p ass ive  and a c t iv e  p re s s u re s . The 
p re ssu re  d is t r ib u t io n  was a ls o  de te rm ined .

S e ve ra l e x p e rim e n ta l s tu d ie s  have a ls o  been 
pe rfo rm ed . E xp e rim e n ta l s tu d ie s  o f  Matsuo 
and Ohara (1960) showed th a t  the  maximum 
e a r th  p re ssu re  decreased w ith  inc rea se d  mag­
n itu d e  o f  th e  w a ll  d isp la ce m e n t. I s h i i ,  A ra i 
and Tsuch ida  (1960) a p p lie d  s in u s o id a l dynam­
ic  loads  on f ix e d  and movable w a lls  on the  
shake ta b le  and concluded th a t  th e  d is t r ib u ­
t io n  o f  dynamic e a r th  p re ssu re  was p a ra b o lic  
and maximum p re ssu re  was equa l to  o r  s m a lle r  
than  g ive n  by Mononobe-Okabe th e o ry . I c h i -  
hara  and Matsuzawa (1973) observed d u r in g  
te s ts  in  a la rg e  s iz e  v ib r a t in g  b in  th a t  the  
p o in t  o f  a p p lic a t io n  o f  r e s u lta n t  e a r th  p re s ­
sure  was 0.4 5 above the  base fo r  an a c c e le ra ­
t io n  o f  0 .3  g and the  p ressu re  d is t r ib u t io n  
was n o t h y d r o s ta t ic .  Using a c e n tr i fu g e  de­
v ic e  in  la b o ra to ry  te s ts  and from  f i e ld  te s ts  
on 3 m h ig h  r e ta in in g  w a l ls ,  A l ie v  e t  a l .

(1973) found th a t  th e  measured e a r th  p re ssu re  
had a b e t te r  c o r r e la t io n  w ith  v e lo c i t y  than 
w ith  a c c e le ra t io n .

Nandkumaran (1973) te s te d  a 1 .0  m h ig h  f l e x i ­
b le  w a ll  and a i m  h ig h  r ig id  w a l l  under im­
p a c t, and a 2 .0  m h ig h  r ig i d  w a l l  s u b je c te d  
to  bo th  im pact and s teady s ta te  v ib r a t io n s .
I t  was found th a t  th e  dynamic inc rem e n t in  
e a r th  p re ssu re  c o r re la te d  w ith  th e  peak 
ground v e lo c i t y  r a th e r  than  w ith  a c c e le ra ­
t io n s .  The c o e f f ic ie n t s  o f  dynamic inc rem e n t 
Kae may be rep re se n te d  as

Kae = 0.016 V (3 .3 )

where V = peak v e lo c i t y  (c m /s e c ). The p o in t  
o f  a p p lic a t io n  o f  the  dynamic in c re m e n t in  
case o f f l e x ib le  w a lls  was abou t m id -h e ig h t. 
The p o in t  o f  a p p l ic a t io n  o f  th e  dynamic i n ­
crem ent in  the  case o f  r i g i d  w a lls  was a t  0.4 
H above th e  base. A m a th em a tica l model to  
ana lyse  d isp la ce m e n t o f  g r a v i t y  typ e  w a lls  
s u b je c te d  to  t r a n s la t io n  was proposed.

There is  some ev idence  to  show th a t  a r e ta in ­
in g  w a l l  21 m h ig h  s u b je c te d  to  a ground ac­
c e le ra t io n  o f  0.67 g in  th e  Koyna earthquake  
o f Dec. 11, 1967 would f a i l ,  b u t when s tu d ie d  
on th e  b a s is  o f  peak ground v e lo c i t y  as p ro ­
posed by Nandkumaran i t  would n o t f a i l .

R ichardson  and Lee (1975) te s te d  s m a ll s iz e  
re in fo rc e d  e a r th  w a lls  under h o r iz o n ta l  s i ­
n u s o id a l lo a d in g . I t  was found th a t  th e  
w a lls  responded to  th e  in p u t  m o tion  l i k e  a 
n o n - l in e a r  damped e la s t ic  system  and th a t  the  
Mononobe-Okabe method gave reasonab le  p re d ic ­
t io n s  o f  th e  f a i lu r e  p lane  in  th e  b a c k f i l l  
m a te r ia l .

In fo rm a t io n  re g a rd in g  dynamic p a ss ive  p re s ­
sure  is  q u ite  l im i t e d .  S abzave ri and Ghah- 
ramami (1974) p resen ted  an in c re m e n ta l ap­
proach to  the  dynamic a n a ly s is  o f  th e  p ass ive  
e a r th  p re ssu re  problem  in  w hich an i n i t i a l l y  
rough r e ta in in g  w a ll  was co n s id e re d  to  move 
w ith  d i f f e r e n t  va lu e s  o f  a c c e le ra t io n  in to  a 
d ry  loose  sand medium. W a ll r o ta t io n  about 
th e  to p  and bo ttom , and w a ll  t r a n s la t io n s  
were c o n s id e re d . I t  was observed th a t  fo r  
some va lu e s  o f  w a ll  a c c e le ra t io n ,  th e  t r a n s ­
la t in g  w a l l  expe rienced  th e  la rg e s t  dynamic 
p re ssu re  in c re a s e . Prasad (1974) re p o r te d  
te s ts  on a 30 cm h ig h  w a ll  b a c k f i l le d  w ith  
sand. The dynamic Kp va lu es  were n e a r ly  10 % 
s m a lle r  than  the  s t a t ic  v a lu e s . Prakash e t 
a l .  (1973, 1975) re p o r te d  dynamic te s ts  on 
r ig id  w a lls  1 m h ig h  in  b o u ld e r d e p o s its  a t  
two s i te s ,  one in  In d ia ,  the  o th e r  in  Bhutan. 
The dynamic p ass ive  p re ssu res  were in fe r re d  
from  w hich to  de te rm ine  th e  change in  the  
ang le  o f  in te r n a l  f r i c t i o n  o f  b o u ld e r depos­
i t s .

The a v a i la b le  in fo rm a t io n  in d ic a te s  th a t  the  
p s e u d o -s ta t ic  method is  used fo r  com puting 
th e  dynamic in c re m e n t. The concept o f  peak 
ground v e lo c i t y  (Nandkumaran,1973) is  p ro m is ­
in g . F ie ld  ev idence  needs to  be examined to  
v e r i f y  i t s  a p p l i c a b i l i t y .
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The im p o rta n t fa c to rs  such as d e fo rm a tio n  o f  
th e  w a l l  and consequent s t r a in  p a t te rn  a re  
n o t co n s id e re d . The w a ll  d e fo rm a tio n  has a 
s ig n i f i c a n t  in f lu e n c e  on th e  m agnitude and 
d is t r ib u t io n  o f  dynamic e a r th  p re s s u re s . A 
w a l l  tends to  undergo c e r ta in  d isp la ce m e n t in  
an ea rthq u ake . Assuming a r ig id - p la s t i c  be­
h a v io u r o f  th e  s o i l - w a l l  system i t  can be 
sa id  th a t  i f  th e  earthquake  a c c e le ra t io n s  are  
s m a lle r  than  th e  " y ie ld "  a c c e le ra t io n s ,  no 
d isp la ce m e n t o f  th e  w a l l  would r e s u l t .  On 
th e  o th e r  hand i f  the  a c c e le ra t io n  exceeds 
th e  y ie ld  a c c e le ra t io n ,  d isp la ce m e n ts  occur 
depending upon th e  tim e  fo r  w hich  these  con­
d i t io n s  p r e v a i l .  The p re s e n t d es ign  p ro ce ­
dures do n o t ta ke  in to  c o n s id e ra t io n  the  
damage p o te n t ia l  o f  th e  ground m o tio n , the  
re v e rs a l o f  th e  fo rc e s , and th e  r e s u lt in g  
d is p la c e m e n ts . T h e re fo re , a need e x is ts  to  
assess th e  e a rth q u a ke -in d u ce d  d isp lace m e n ts  
f o r  r e ta in in g  w a lls  f o r  more r e a l i s t i c  d e s ig n , 
as in  th e  case o f  an embankment (P rakash,
1971). Dynamic response o f  o th e r  r e ta in in g  
s t ru c tu re s  such as c o f fe r  dams and bulkheads 
need a t te n t io n  o f  rese a rch  w o rke rs .
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4. DYNAMICS OF BASES AND FOUNDATIONS 
(by D.D. Barkan and V .A . I ly ic h e v )

4 .1  In t r o d u c t io n

One o f  th e  fe a tu re s  o f  th e  modern in d u s t r ia l  
developm ent is  an in c re a s e  o f  th e  im portance  
o f accompanying dynamic fa c to r s .  T h is  i s  due 
to  two reasons, f i r s t l y ,  to  th e  in c re a s e  o f  
c a p a c ity  and number o f  in d u s t r ia l  i n s t a l l a ­
t io n s  be ing  in te n s iv e  sources o f  v ib r a t io n  
and, se con d ly , th e  developm ent o f  p re c is io n  
d ev ices  and equipm ent s e n s it iv e  to  v ib r a t io n s .  
T hat e x p la in s  a c o n s id e ra b le  in t e r e s t  in  dy­
namics in  many branches o f  E n g in e e rin g  in ­
c lu d in g  C o n s tru c tio n  E n g in e e rin g  and, espe­
c i a l l y ,  F ounda tion  E n g in e e rin g  Problems o f 
F ounda tion  Dynamics a re  o f  g re a t im portance  
fo r  e n g in e e r in g  p ra c t ic e .

The modern in d u s t r ia l  in s t a l la t io n s  and pow­
e r p la n ts ,  when g e n e ra t in g  waves, cause "a 
p o lu t io n "  o f  n a tu ra l medium c h a ra c te r iz e d  by 
th e  fo rm a tio n  in  s o i ls  o f  v ib r a t io n s  be ing  
sometimes troub lesom e and even dangerous.
The p re c is e  d e v ice s  and équipem ent a re  o f te n  
lo c a te d  in  th e  in d u s t r ia l  s i te s  hav ing  power­
f u l  sources o f  v ib r a t io n .  Thus, th e  decrease 
o f  in t e n s i t y  o f  v ib r a t io n  le v e l  o f  th e  ground 
s u rfa c e , b ro u g h t abou t by in d u s t r ia l  and o th ­
e r in s t a l la t io n s ,  p re se n ts  th e  main problem  
in  the  dynamics o f  fo u n d a tio n .

One o f  th e  means f o r  s o lv in g  th e  prob lem  is  
th e  use o f  v ib r o is o la t io n  o f  fo u n d a tio n s , dy­
namic dampers and so on. However th e  usage 
o f these  means is  n o t a lways p o s s ib le  from  
te c h n ic a l p o in ts  o f  v iew  and is  n o t a lways 
j u s t i f i e d  e c o n o m ic a lly . T h e re fo re , i t  is  
p a r t i c u la r ly  im p o r ta n t to  deve lop  th e  methods 
o f  dynamic c a lc u la t io n s  as w e l l  as des ign  o f  
fo u n d a tio n s  e n su rin g  th e  le v e l  o f  v ib r a t io n s  
w i th in  a llo w a b le  l im i t s .  T h is  r e p o r t  is  
m a in ly  devoted  to  t h is  problem  and the  m a tte r  
is  p resen ted  c o n s id e r in g  th e  s ta t e - o f - t h e - a r t  
o f  re se a rch  work c a r r ie d  o u t d u r in g  la s t  te n  
ye a rs . In  t h is  co n n e c tio n  much a t te n t io n  is  
g ive n  to  th e  dynamic c a lc u la t io n s  o f  founda­
t io n s  b e ing  th e  sources o f  v ib r a t io n .

4 .2  On F ounda tion  V ib ra t io n s  Problem

In  e n g in e e r in g  d es igns  th e  m assive machine 
fo u n d a tio n s  a re  co ns ide red  as r i g i d  bod ies  
re s t in g  on an e la s t ic  s u p p o rt. On th e  whole 
such a system possesses s ix  degrees o f  f r e e ­
dom. However, as a r u le  th e  systems w ith  a 
s in g le  and two degrees o f  freedom  a re  c o n s id ­
ered in  p ra c t ic e .  In  p a r t ic u la r  th e  v e r t i c a l  
o s c i l l a t io n  w ( t)  is  d e s c r ib e d  by e q u a tio n
(4 .1 ) w h ich  can be e a s i ly  so lve d

m w (t)  + r ( t )  = p ( t )  (4 .1 )

in  w h ich  m = mass o f  fo u n d a tio n  and m achine; 
r ( t )  = fo u n d a tio n  base re a c t io n ;  and p ( t )  = 
loa d  a p p lie d  to  th e  fo u n d a tio n .

The problem  l i e s  in  th e  d e te rm in a tio n  o f  the  
fo u n d a tio n  base response . For t h is  purpose 
i t  i s  necessary  to  re p re s e n t th e  fo u n d a tio n  
base by some m odel. In  s o i l  m echanics th e re  
were proposed a l o t  o f  fo u n d a tio n  base models 
fo r  w h ich  th e  a n a ly s is  i s  g iv e n , f o r  example, 
in  a book by Gorbunov-Posadov and M a likova
(1973 ). In  th e  m a jo r i ty  o f  cases these  mod­
e ls  a re  l in e a r ,  i . e . ,  th e re  is  a l in e a r  r e ­
la t io n s h ip  between an a p p lie d  fo rc e  and d is ­
p lacem ent. In  th e  dynamics o f  fo u n d a tio n s  
th e  two models a re  w id e ly  used, v i z . :
(1) W in k le r -V o ig t  m odel, i . e . ,  s e t o f  p a ra l­
l e l  independen t e la s t ic  s p r in g s  and dampers.
(2) Homogeneous is o t r o p ic  e la s t ic  h a lf -s p a c e .

The l in e a r  law  was co n firm e d  by th e  te s ts  
more than  once. For exam ple, t h is  is  i l l u s ­
t r a te d  in  F ig .  4 .1 . However, th e  n o n lin e a r  
c h a ra c te r  o f  th e  fo u n d a tio n  base is  o f te n  
d is c o v e re d  and t h is  case is  d iscu ssed  in  Sec.
4 .6 .

4 .3  W in k le r -V o ig t  Model

A cco rd ing  to  t h is  model th e  subgrade re a c t io n  
is  expressed as

r ( t )  = k w ( t )  + b w ( t )  (4 .2 )

in  w hich  k = c o e f f ic ie n t  o f  r i g i d i t y ;  and b = 
damping c o e f f ic ie n t .

The main advantage o f  th e  model i s  i t s  sim ­
p l i c i t y  and, as a r e s u l t ,  th e  p o s s ib i l i t y  o f  
o b ta in in g  c lo s e d - fo rm  s o lu t io n s  r e a d i ly .  In  
p a r t ic u la r ,  on i t s  b a s is  in  th e  USSR (1971)
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F ig .  4 .1  A f te r  L y a tk h e r e t  a l  (1972)

and In d ia  (1966) te c h n ic a l codes fo r  des ign  
o f  machine fo u n d a tio n s  w ith  dynamic loads 
have been worked o u t. The W in k le r -V o ig t  mod­
e l  has been w id e ly  used in  monographs by 
Burdugan p u b lis h e d  in  Rumania (1968) and 
F rance (1972) and in  a book by K rashn ikov  
(1970 ).

The main d isadvan tage  o f th e  W in k le r -V o ig t 
model is  th a t  i t  g iv e s  no in fo rm a t io n  o f  the  
c o e f f ic ie n t s  o f  Eq. (4 .2 ) and, in  p a r t ic u la r ,  
o f  th e  in f lu e n c e  o f  th e  p h y s ic a l and m echani­
c a l s o i l  p ro p e r t ie s  and th e  d im ensions o f  a 
fo u n d a tio n  on t h e i r  v a lu e s . T h e re fo re , t h e i r  
d e te rm in a tio n  may be c a r r ie d  o u t o n ly  on the  
b a s is  o f  s p e c ia l te s ts  o r  by us in g  more com­
p l ic a te d  models o f  a fo u n d a tio n  base.

The model does n o t ta ke  in to  c o n s id e ra t io n  
th e  in e r t ia  mass o f  a s o i l  and wave in te r a c ­
t io n  o f  th e  fo u n d a t io n - s o i l  system. Thus, 
th e  mass o f  an o s c i l l a t in g  system is  assumed 
to  be equa l to  th e  j o i n t  mass o f  machine and 
fo u n d a tio n  and th a t  c o n tra d ic ts  the  te s t  d a ta . 
The l a t t e r  show th a t  th e  m agnitude o f  an os­
c i l l a t i n g  mass d e fin e d  by te s ts  c a r r ie d  o u t 
w ith  fo u n d a tio n s  v ib ra te d  v e r t i c a l l y  is  
g re a te r  than  m and equal to  6m. Tab le  4.1 i l ­
lu s t r a te s  th e  va lu e s  o f  c o e f f ic ie n t  6 c a lc u ­
la te d  on th e  b a s is  o f  th e  e x p e rim e n ta l d a ta .

Comparing th e  o s c i l la t in g  mass m agnitude 6m 
w ith  th e  v a lu e  o f  mass m in  E q .(4 .1 ) i t  f o l ­
lows th a t  a t  a s teady s ta te  v ib r a t io n  the  
subgrade re a c t io n  (E q .(4 .2 ))  is  to  have one 
more ite m , bes ides  the  two s ta te d  ones, ex­
p ressed as

m o)2We s
i i l l t (4 .3 )

in  w hich  ms = m(ß -  1 ) ;  and W = complex am­
p l i tu d e  o f  fo rc e d  v ib r a t io n s  o f  fo u n d a tio n .

The mass m_ is  o f te n  c a lle d  "an added s o i l  
mass" o s c i l l a t in g  in  phase w ith  a fo u n d a tio n . 
In  o rd e r to  re p re s e n t c le a r ly  t h is  m agnitude , 
in  Tab le  4.1 fo r  each te s t  a th ic k n e s s  o f  s o i l

im p o s s ib le  to  n e g le c t th e  ite m  o f  E q .(4 .3 ) .

A p p a re n tly  " th e  added s o i l  mass" depends on 
th e  s iz e s  o f  fo u n d a tio n , i t s  embedment, geo­
lo g ic a l  fo rm a tio n  o f  a c o n s tru c t io n  s i t e  and 
s o i l  p ro p e r t ie s  and does n o t depend on the  
fo u n d a tio n  mass. To a l l  appearances, fo r  
h o r iz o n ta l- r o ta r y  v ib r a t io n s  th e  c o e f f ic ie n t  
6 d i f f e r s  s l i g h t l y  from  u n i t y .  A ls o , in  
s tu d ie s  devoted  to  n o n -s te a d y -s ta te  v ib r a ­
t io n s  o f  fo u n d a tio n s  under th e  im pact loads 
th e  re s e a rc h e rs , as a r u le ,  assume 3 = 1  when 
p ro ce ss in g  te s t  da ta  in  accordance w ith  W ink­
le r - V o ig t  model.

The e x p e rim e n ta l in v e s t ig a t io n s  w ith  a c tu a l 
and model fo u n d a tio n s  c a r r ie d  o u t f o r  th e  
la s t  few years  and e a r l ie r  p e rm it a d e f i n i ­
t io n ,  even i f  rough o f  damping and r i g i d i t y  
c o e f f ic ie n ts  f o r  fo u n d a tio n  bases f o r  v a r io u s  
machines and ground c o n d it io n s .  The a d d i­
t io n a l  symbols e n te re d  in to  th e  fo l lo w in g  
ta b le s  a re  as fo l lo w s :

mQ = d ro p p in g  mass; Q 0 h  = work o f  d ro p p in g  
mass; Cz = k /F  = c o e f f i c i e n t o f  e la s t ic  u n i­
fo rm  com pression ; Ç = b ( 2 /8m k)“ 1 : r e la t iv e  
damping c o e f f ic ie n t ;  and 6 = 1 in  T ab les 4 .2 , 
4 .3 and 4 .5 .

From r e s u lt s  o f  e a r ly  p u b lis h e d  s tu d ie s  fo r  
hammer fo u n d a tio n s  Ç = 0.4 to  0 .5 , w h ich  d i f ­
fe rs  s l i g h t l y  from  r e s u lt s  o b ta in e d  f o r  fo u n ­
d a tio n s  o f  d rop  hammers fo r  b re a k in g  sc rap .

Tab le  4 .1

F ounda tions
te s te d

S o ils

ß

E q u iv .
la y e r
t h ic k ­
ness
h /L  s

R eferenceBase
area
F=LxL

m2

Mass

m

ton

1 2 .2 Loam o f
medium
s tre n g th

1. 6 0.78 Novak
(1957)

7.7 13.9 Loams 1.6 2.2 F r y (1963)

4.0 8 F ine
sands

1.5 0. 3 B ibanov e t  
a l . (1964)

16
64

225
225

31
370

1300
2090

S a tu ra te d
sands

3. 7 
2 .7  
4 .1  
2. 2

0.65
0.61
0.61
0.67

L y a tk h e r e t  
a l .  (1972)

1.0 
1. 44 
1.96
3. 24
4. 84

8.5
8.7
9 .1

10.1
11.2

Loess &
lo e s s ia l
sandy
c la y ,
sand

1.6
1.7
1.8 
1.9 
2 .0

3.0 
2.08 
1.53 
0.93 
0. 62

I ly ic h e v  
and Taranov 
(1976)

2 10 S trong
c la y s

4.2 6 .7 Barkan &
S h a e v itch
(1976)

N ote: A l l  fo u n d a tio n s  re s te d  on s u rfa c e  
excep t th e  la s t  one w h ich  was embedded 1 .2  m.
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T a b l e  4 . 2  D y n a m i c  C h a r a c t e r i s t i c s  o f  F o u n d a ­

t i o n  B a s e  o f  D r o p  H a m m e r s  f o r  B r e a k i n g  S c r a p  

( a f t e r  K h a r k i v  R e s e a r c h  I n s t i t u t e  P R O M S T R O Y -  

P R O J E K T )

S o i l

C o n d i t i o n s

N u m b e r

o f

f o u n d ­

a t i o n s

t e s t e d

Q o h

M N m

F

m 2

m

t o n

€

;

C
z

' I N / m 3

F i n e  s a n d s  

( n a t u r a l  

w a t e r  c o n t . , 

a v g .  d e n s i t y )

3

3

4 . 0

1 . 8

1 5 8

5 0

2 6 5 0

6 6 0

0 . 4 7

0 . 5 3

3 5

4 2

L o e s s i a l  

l o a m  ( h u m i d ,  

a v 9 .  d e n s i t y )

2 1 . 8 5 0 6 6 0 0 . 4 6 3 3

S a t u r a t e d  

s a n d y  c l a y s  

a n d  l o a m s

3 2 . 9 1 0 5 2 3 0 0 0 . 4 7 4 0

N o t e :  F o u n d a t i o n s  w e r e  e m b e d d e d  t o  d e p t h s  o f  

5  m t o  7  m .

T a b l e  4 . 3  D y n a m i c  C h a r a c t e r i s t i c s  o f  F o u n d a ­

t i o n  B a s e  f o r  V i b r o - I s o l a t e d  H a m m e r  F o u n d a ­

t i o n s  ( a f t e r  B a r k a n ,  1 9 6 9 )

S o i l  c o n d i t i o n s m
o

F m C
z

t o n m 2 t o n M N / m 3

F i n e - g r a i n e d  s a n d s 2 5 1 3 4 0 5 2

( h u m i d ,  a v g .  d e n s i t y , 3 6 4 . 8 6 0 0 7 3

p e r m i s s i b l e  s o i l 4 7 1 . 5 6 7 0 6 6

p r e s s u r e  o f  2 0 0  k N / m 2 ) 5 7 7 . 4 7 3 0 6 3

1 6 9 0 9 8 0 6 1

S a n d y  c l a y  w i t h  l e n s e s

o f  l o a m  a n d  s a n d s 1 2 0 . 2 1 0 4 5 6

( n a t u r a l  w a t e r  c o n t e n t , 2 3 1 .  4 2 4 5 9 5

p e r m i s s i b l e  s o i l  p r e s ­ 3 4 3 . 7 3 3 2 8 3

s u r e  o f  2 0 0  k N / m 2 )

S a n d y  c l a y  ( a v g .  d e n s i ­

t y ,  s a t u r a t e d ,  p e r m i s ­ 2 3 1 .  4 2 4 5 6 3

s i b l e  s o i l  p r e s s u r e  o f 5 5 0 .  4 6 5 0 9 1

2  0 0  k N / m 2 )

B o u l d e r  c l a y  o f  h a r d 1 2 0 . 2 1 0 4 2 2 4

c o n s i s t e n c y  ( w a t e r  t a b l e 2 3 1 .  4 2 4 5 3 1 7

b e l o w  b o t t o m  o f  f o u n d a ­ 2 3 1 . 4 2 4 5 1 4 4

t i o n ,  p e r m i s s i b l e  s o i l 3 4 3 . 7 3 2 2 2 7 0

p r e s s u r e  o f  4 0 0 - 6 0 0  k N / m  )

N o t e :  D e p t h s  o f  e m b e d m e n t  v a r i e d  f r o m  3 . 3  m  

( f o r  1 - t o n  h a m m e r s )  t o  1 0  m ( f o r  1 6 - t o n  

h a m m e r s ) .

F r o m  t h e  d a t a  n o t e d  a b o v e ,  i t  f o l l o w s  t h a t  

f o r  s a t u r a t e d  s a n d s  t h e  v a l u e s  o f  £ a n d  C z  

a r e  l e s s  t h a n  f o r  s a n d s  w i t h  n a t u r a l  w a t e r  

c o n t e n t .  W h e n  t h e  e x c i t i n g  f o r c e  ( v i b r a t o r  

e c c e n t r i c  m o m e n t )  i s  i n c r e a s e d ,  t h e  a b o v e  t w o  

v a l u e s  d e c r e a s e  u n d e r  f o r c e d  v i b r a t i o n s .  T h e  

v a l u e  o f  5 f o r  f r e e  v i b r a t i o n s  i s  g r e a t e r  

t h a n  f o r  f o r c e d  v i b r a t i o n s .

V a l u e s  o f  5  a n d  C z  o b t a i n e d  f r o m  m e a s u r e m e n t s  

o f  v i b r a t i o n s  o f  m a c h i n e  f o u n d a t i o n s  i n  o p e r ­

a t i o n  m a y  b e  u s e d  d i r e c t l y  f o r  d e s i g n  o f  n e w  

f o u n d a t i o n s  o n  s i m i l a r  s o i l s .  T h e  v a l u e s  o f  

£ a n d  C z  f o r  o t h e r  s o i l s  c a n  b e  o b t a i n e d  b y  

u s i n g  t h e  c o r r e l a t i o n s  b e t w e e n  e l a s t i c  a n d

T a b l e  4 . 4  D y n a m i c  C h a r a c t e r i s t i c s  o f  B a s e s  

f o r  F o u n d a t i o n  S l a b s  R e s t i n g  o n  F i n e - G r a i n e d  

S a t u r a t e d  S a n d s  ( a f t e r  L y a t k h e r  e t  a l . , 1 9 7 2 )

F m C
z

m 2 t o n M N / m 3

1 6 3 1 .  4 0 .  3 4 7 3

6 4 3 8 0 0 . 3 4 6 2

2 2 5 1 3 2 0 0 . 4 0 5 0

2 2 5 2 1 4 0 0 . 4 4 4 2

N o t e s :  ( 1 )  O s c i l l a t i o n  o f  t h e  s l a b s  w a s  

c a u s e d  b y  v e r t i c a l  i m p u l s i v e  l o a d s ;

( 2 )  r e s o n a n t  c u r v e  w a s  d e f i n e d  b y  c a l c u ­

l a t i o n  .

T a b l e  4 . 5  D y n a m i c  C h a r a c t e r i s t i c s  o f  S a t u r a t ­

e d  F i n e - G r a i n e d  S a n d s  a n d  T h o s e  a t  N a t u r a l  

W a t e r  C o n t e n t  ( f r o m  s t u d i e s  o f  v i b r a t i o n s  o f  

t e s t  f o u n d a t i o n s  b y  K r a s n i k o v ,  1 9 7 0 )

C h a r a c t e r i s ­

t i c s  o f  

f o u n d a t i o n s

V i b r a ­

t o r

e c c e n ­

t r i c

m o m e n t

S a n d  a t  

n a t u r a l  

w a t e r  

c o n t e n t

S a t u r a t e d

s a n d

F m Ç C
z

f
' s C

z

m 2 t o n Nm M N / m : M N / m 3

( a )  D u e t o  f r e e v e r t i c a l  v i b r a t i o n s

2 .  3 3 . 4 0 . 2 7 4 7 0 . 2 6 3 6

4 . 0 8 . 0 0 . 3 0 4 3 0 . 2 4 3 6 . 5

6 . 6 1 6 . 4 0 .  3 2 4 0 0 . 2 3 3 6

2 5 . 6 1 2 8 . 0 0 . 3 0 3 9 0 . 3 1 3 1

( b )  D u e t o  f o r c e d  v e r t i c a l  v i b r a t i o n s

2 . 3 3 . 4 2 . 1 0 . 2 2 5 6 0 . 2 1 4 9

4 . 1 0 . 2 1 5 0 0 . 2 2 4 2 . 5

9 . 2 0 . 1 8 3 8 .  2 0 .  1 5 2 9 . 2

1 5 . 2 0 . 1 2 2 8 . 4 0 . 1 7 2 6 . 6

4 8 . 0 2 . 1 0 . 3 0 5 2 .  2 0 . 2 7 5 1 . 0

4 . 1 0 . 2 5 4 6 . 8 0 . 1 7 5 0 . 0

9 . 2 0 . 1 9 4 3 . 2 0 . 1 6 4 1 . 5

1 5 . 2 0 . 1 6 3 9 . 6 0 . 1 2 3 2 .  8

6 . 6 1 6  . 4 2 . 1 - - 0 . 2 6 4 7 . 8

4 . 1 0 . 1 9 4 8 . 4 0 . 2 7 4 3 . 0

9 . 2 0 . 1 8 4 6 . 8 0 . 1 5 4 2 . 3

1 5 . 2 0 . 1 7 4 8 . 6 0 . 1 1 3 7 . 7

s t r e n g t h  c h a r a c t e r i s t i c s .  T h e  s t u d i e s  o f  

t h e s e  c o r r e l a t i o n s  h a v e  b e e n  t h e  s u b j e c t  o f  

m u c h  a t t e n t i o n  f o r  t h e  l a s t  f e w  y e a r s .  F o r  

e x a m p l e ,  B a r k a n ,  T r o f i m e n k o v  a n d  G o l u b t s o v a

( 1 9 7 4 )  h a v e  e s t a b l i s h e d  a  c o r r e l a t i o n  b e t w e e n  

C z  a n d  p e r m i s s i b l e  s o i l  p r e s s u r e  a s  w e l l  a s  

b e t w e e n  m o d u l u s  o f  e l a s t i c i t y  a n d  m o d u l u s  o f  

d e f o r m a t i o n .  T h e r e  i s  r e l a t i o n s h i p  b e t w e e n  

t r a n s v e r s e  w a v e  v e l o c i t y  a n d  s t a n d a r d  p e n e ­

t r a t i o n  r e s i s t a n c e ,  d e f i n e d  b y  I m a i  a n d  

Y o s h i m u r a  ( 1 9 7 1 ) .

T h e  a c c u m u l a t i o n  o f  d a t a  f o r  t h e  a b o v e  c o r r e ­

l a t i o n  w i l l  a l l o w ,  w i t h o u t  s p e c i a l  i n v e s t i g a ­

t i o n s  o f  e l a s t i c  p r o p e r t i e s ,  t h e  d e t e r m i n a ­

t i o n  o f  e l a s t i c  p r o p e r t i e s  f r o m  s t r e n g t h  

c h a r a c t e r i s t i c s ,  w h i c h  a r e  e v a l u a t e d  b y  

s t a n d a r d  m e t h o d s  o n  a l l  c o n s t r u c t i o n  s i t e s .
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4 .4  Homogenous Is o t r o p ic  E la s t ic  H a lf-S pace  
Model

The n o ta b le  work by R e issner (1936) has s t im ­
u la te d  th e  developm ent o f  a new branch in  the  
dynamic th e o ry  o f  fo u n d a tio n s . Now the  range 
o f  so lved  problem s co nce rn ing  v ib r a t io n s  o f  
r i g i d  p la te s  on th e  h a lf-s p a c e  is  e x te n s iv e . 
The harm onic and im p u ls iv e  lo a d in g  as w e l l  as 
v e r t i c a l ,  h o r iz o n ta l ,  r o ta r y  and ro c k in g  v i ­
b ra t io n s  have been co n s id e re d . F ounda tion  
shape may be v a r ie d  and is  n o t r e s t r ic te d  to  
c i r c u la r .  The re v ie w  o f  th e  above-m entioned 
problem s can be found in  th e  work by Boroda- 
chev (1969 ), and a ls o  in  th e  works by 
R ic h a r t ,  H a l l ,  Woods (1970), Seimov (1975), 
L y a tk h e r, Y akovlev (1976) . The c h a ra c te r  o f 
m assive body b eh av iou r d e sc rib e d  below  us ing  
as an example th e  v e r t i c a l  v ib r a t io n s  are  
ju s t  and tru e  fo r  a m a jo r i ty  o f  s im i la r  p ro b ­
lem s. N a tu r a l ly ,  th e  n u m e rica l c h a ra c te r is ­
t i c s  d i f f e r  b u t th e re  is  no e s s e n t ia l change 
in  th e  fo u n d a tio n  b e h a v io u r.

The v e r t i c a l  harm onic fo o t in g  o s c i l la t io n  is  
d e fin e d  by E q .(4 .1 )  w hich a f t e r  o m it t in g  
fa c to r  e x p (ia )t)  is  expressed as

-  mio2W + R = P (4 .4 )

in  w hich  P = a m p litu d e  o f  e x c it in g  fo rc e ; W 
and R = complex a m p litu d e  o f  fo u n d a tio n  os­
c i l l a t i o n  and re a c t io n  fo rc e , r e s p e c t iv e ly .

There is  a r e la t io n  between W and R g ive n  by

w = R (4 .5 )

in  w hich  f *  = fJ (io ) + i f *  (oj )

The id e n t ic a l  rea rrangem en t o f  t h is  fo rm u la  
suggested by H sieh (1962) g iv e s  a r e la t io n ­
s h ip  between R and W analogous to  E q .(4 .2 )

R = k(oj) W + ib (o j) W (4 .6 )

in  w hich

k((D) = f *  ( f * 2+ f  * 2r ‘, b (03) = - f *  [ 03 ( f * 2+ f * 2)]“1

The a m p litu d e  o f  fo u n d a tio n  v ib r a t io n s  can be 
found by e q u a tio n

-m o )2W + [ f  * (03) + i f ^ ( o ) ) ] -1 W = P  (4 .7 )

i f  f j  and f^  a re  known. Thus, th e  problem  
l ie s  in  th e  d e te rm in a tio n  o f  these  fu n c t io n s  
and, p r in c ip a l l y ,  a l l  s o lu t io n s  o f  t h is  type  
d i f f e r  ju s t  in  the  manner o f  the  c o n s tru c t io n  
f *  and f * .

For th e  f i r s t  tim e  S hekh te r (1948) gave c o r ­
re c te d  fu n c t io n s  f j  and f t  and she drew a 
c o n c lu s io n  o f  th e  p o s s ib i l i t y  o f  a p p ro x im a t­
in g  th e  h a lf-s p a c e  model by a s in g le -d e g re e -  
o f-fre e d o m  system w ith  s p e c ia l ly  chosen c h a r­
a c t e r is t i c s .  When fo rm u la te d  e x a c t ly  the  
c o n ta c t problem  o f  harm onic o s c i l l a t io n  o f  
th e  m assive p la te  was so lved  by Borodachev
(1965) .

T h e a v a i l a b l e  r e s u l t s  o f  t h e  s t e a d y - s t a t e

v e r t i c a l  o s c i l l a t io n  o f  th e  r ig i d  c i r c u la r  
fo u n d a tio n  o f  ra d iu s  a r e s t in g  on th e  homog­
enous is o t r o p ic  e la s t ic  h a lf-s p a c e  can be 
g ive n  in  b r ie f  in  the  fo l lo w in g  way.

A t a r e la t i v e ly  lo w -fre q u e n c y  o s c i l l a t io n ,  
when usa/ C2 < 1 th e  d is t r ib u t io n  o f  c o n ta c t 
s tre s s e s  under th e  r i g i d  p la te  is  c lo s e  to  
th e  s t a t ic  one. The d isp la ce m e n t o f  the  
r ig i d  p la te  d e fin e d  by fu n c t io n s  f |  and f |  
and found from  th e  e xa c t and app rox im a te  so­
lu t io n  o f  th e  s t a t i c  d is t r ib u t io n  o f  c o n ta c t 
s tre s s e s  a re  n e a r ly  id e n f ic a l  (Borodachev, 
1965). When fre q u e n c ie s  o f  o s c i l l a t io n  a re  
in c re a se d  th e  d is t r ib u t io n  o f  c o n ta c t s t r e s s ­
es approaches th e  u n ifo rm  one.

By in c re a s in g  frequences the  fu n c t io n s  f j  and 
f *  o s c i l l a t in g  approach ze ro . T h e re fo re  th e  
fu n c t io n s  k(co) and b ( 03 ) d e fin e d  by E q .(4 .6 )  
do n o t change as monotonous when fre q u e n c ie s  
a re  be ing  in c re a se d  (F ig . 4 .2 ) .  Hence the  
response cu rve  f o r  th e  m assive fo u n d a tio n  has 
a f t e r  th e  main re so n a n t peak a ls o  th e  a d d i­
t io n a l  ones (F ig . 4 .3 ) .

k, b

F ig .  4 .2  A f te r  I ly ic h e v  (1975)

W
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F ig .  4 .3  A f te r  S hekh te r (1969)

The c h a ra c te r  o f  the  fu n c t io n s  noted above 
d e te rm in in g  th e  dynamic d isp la ce m e n t o f  the  
r ig i d  p la te  under harm onic loa d  does n o t 
a llo w  one to  app rox im a te  a d e q u a te ly , even i f  
ro u g h ly , these  d isp la ce m e n t fu n c t io n s  by 
means o f  th e  s in g le -d e g re e -o f- fre e d o m  system . 
However in  the  r e s t r ic t e d  b u t p r a c t ic a l l y
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im p o rta n t range o f  frequences (oa/C2 < 1 .5  such 
a com parison can be made and g iv e s  th e  f o l ­
lo w in g  r e s u lt s .

The param eters o f  v e r t i c a l  harm onic v ib r a ­
t io n s  o f  th e  m assive body ly in g  on th e  h a l f ­
space may be found by s o lv in g  th e  e q u a tio n

-(m  + m )oi W + icobW + kW s (4 .8 )

The c o e f f ic ie n t s  o f  th e  above e q u a tio n  a re  
d e te rm ined  as suggested by Lysmer (1965)

m = 0 ,  b =  3 . 4 a 2/p G / ( 1 -  v ) , k =  4 G a / (1 -  v) ( 4 . 9 )

shown in  F ig .  4 .5  d e s c r ib e s  s a t i s f a c t o r i l y  
the  d isp la ce m e n t o f  th e  r ig i d  p la te  under the  
a c t io n  o f  harm onic and im pu lse  lo a d . The 
model param eters a re  as fo l lo w s :

b ! = ira2pCi , k j  = 2irapCi 

m2 = TT2pa3/ ß 2B, k 2 =irGa/B 

b 2 = 2ir2a 2pC2/ß  jB

(4.12)

in  w hich  C;l and C2 = v e lo c i t y  o f  lo n g i tu d in a l  
and tra n s v e rs e  waves.

in  w hich G = shear m odulus; p = s o i l  mass 
d e n s ity ;  and v = P o is s o n 's  r a t io .

S c h e ite r  (1967) gave, in  a d d it io n  to  r e la ­
t io n s  (4 .9 ) ,  a fo rm u la  d e f in in g  m

pa3/ ( l - v ) (4 .10)

The b e g in n in g  o f  s tu d ie s  o f  n o n -s te a d y -s ta te  
v e r t i c a l  o s c i l l a t io n  o f  r i g i d  p la te s  da ted  
much la t e r  and these  in v e s t ig a t io n s  have n o t 
been so com ple te  as s te a d y -s ta te  p rob lem s.
The b low  o f a r ig i d  c y l in d e r  a g a in s t the  
e la s t ic  h a lf-s p a c e  was co ns ide red  by G u ttz -  
w i l l e r  (1962 ). The n o n -s te a d y -s ta te  o s c i l l a ­
t io n  o f  mass o f  th e  h a lf-s p a c e  were s tu d ie d  
by I ly ic h e v  (1964 ), Lysmer and R ic h a r t (1966) 
and Seimov (1975) .

When b e ing  s u b je c te d  to  a sudden ly  a p p lie d  
lo a d in g  on th e  m assive body th e  c o n ta c t 
s tre s s e s  a re  d is t r ib u te d  u n ifo rm ly  a t  the  
b e g in n in g  and then  th ey  tend  to  a d is t r i b u ­
t io n  co rre sp o n d in g  to  a s t a t ic  c o n ta c t p ro b ­
lem when th e  m assive body v ib r a t io n s  are  
damped (Seimov, 1975) .

In  s o lv in g  th e  n o n -s te a d y -s ta te  problem s i t  
is  c o n v e n ie n t to  use a method o f  c o n ju g a t io n  
o f  two d i f f e r e n t  dynamic systems as was made 
fo r  s te a d y -s ta te  v ib r a t io n s .  I f  th e  d is ­
p lacem ent w ( t )  o f  th e  w e ig h tle s s  r i g i d  p la te  
under an in § ta n ta n e o u s  p u lse  is  known, th e  
o s c i l l a t io n  o f  a m assive body is  d e fin e d  by 
s o lv in g  bo th  E q .(4 .1 )  and th e  e q u a tio n

w (t) (4 .11)

The diagram s o f  fu n c t io n s  w ( t )  when a c c e p t­
in g  some s im p l i f ie d  assum ptions a re  i l l u s ­
t r a te d  in  F ig . 4 .4  ( I ly ic h e v ,  1973).

The fu n c t io n  w ( t )  o ve r th e  range o f  0 < v < 0.4 
can be s u b s t i tu te d  by th e  e x p o n e n tia l fu n c ­
t io n  and th a t  r e s u lt s  in  th e  model c o in c id in g  
w ith  E q . (4 .9 ) .  A t a n o n -s te a d y -s ta te  o s c i l ­
la t io n  " th e  added s o i l  mass" in  c o n tra s t  to  
th e  harm onic v ib r a t io n  is  s t r i c t l y  equa l to  
zero fo r  v< 0 .5  s in c e  th e  fu n c t io n  w ( t )  is  
n o t equa l to  zero  when t  = 0. A t th e  va lu e  
o f  v> 0 .4 th e  a p p ro x im a tio n  o f  E q .(4 .9 )  is  
u n f i t .

However t h is  c o n t r a d ic t io n  may be removed by 
in t ro d u c in g  a more c o m p lica te d  m odel. Ac­
c o rd in g  to  th e  in v e s t ig a t io n s  o f  I ly ic h e v  the  
model w ith  "o n e -a n d -a -h a lf  degrees o f  freedom "

F ig .  4 .4

F ig .  4 .5

C2 : Velocity of 

transverse wave

Tab le  4 .6

V (31 B

0

oo

0..60 1

COVD

0 .25 1..79 1 .32

0 .50 2.. 22 1 .23

The upper p a r t  o f  th e  system re p re s e n ts  a 
c o n t r ib u t io n  to  the  dynamic b eh av iou r o f  the  
r ig i d  p la te  c re a te d  by lo n g i tu d in a l  waves.
The low e r p a r t  o f  th e  system re p re s e n ts  th e  
c o n t r ib u t io n  to  th e  dynamic b eh av iou r c re a te d  
by tra n s v e rs e  to g e th e r  w ith  R a y le ig h  waves. 
For an in c o m p re s s ib le  medium (v = 0 .5 ) where 
the  lo n g i tu d in a l  waves do n o t e x is t  th e  model

6 3 4



is  s im p l i f ie d  and tu rn s  in to  the  s in g le -d e -  
g re e -o f- fre e d o m  system th a t  i s  t ru e  bo th  fo r  
harm onic and t r a n s ie n t  o s c i l l a t io n .

I n - s i t u  e x p e rim e n ta l s tu d ie s  a im ing  a t  the  
check o f  th e  fo rc e d  v e r t i c a l  v ib r a t io n  th e o ry  
based on th e  e la s t ic  h a l f  space model have 
been c a r r ie d  o u t by G ira rd  and P ic a rd  (1970) 
in  F rance as w e ll  as Yamamoto, S e k i, Suzuki
(1971) in  Japan fo r  th e  la s t  few y e a rs .
W h ile  p ro ce ss in g  th e  te s t  r e s u lt s  the  a u th o rs  
come to  th e  c o n c lu s io n  th a t  the  h a lf-s p a c e  
model is  n o t co n firm e d  by te s ts  in  s i t u .  In  
the  main th e  d isagreem ent between th e  th e o ­
r e t i c a l  p re d ic t io n s  and te s t  r e s u lt s  is  th a t  
th e re  is  a c o n s id e ra b le  d if fe re n c e  in  a m p li­
tude  in  the  resonance zone. The va lu e s  o f 
t e s t  a m p litu d e s  proved to  be from  2 to  5 
tim es  th e  ones p re d ic te d  by th e  th e o ry . The 
th e o r e t ic a l  and e x p e rim e n ta l va lu e s  o f  re so ­
nan t fre q u e n c ie s  have f a i le d  to  agree as w e l l .  
In  a u th o r 's  o p in io n  th e  reason o f  t h is  d is a ­
greem ent l i e s  in  th e  fa c t  th a t  in  r e a l i t y  the  
s o i l  mass under th e  fo u n d a tio n  is  n o t homoge­
nous in  dep th  and due to  th e  r e f le c t io n  o f 
waves from  th e  la y e rs  below , th e  r e a l energy 
d is s ip a t io n  is  le s s  than  th e  th e o r e t ic a l  one.

4 .5  P re d ic t io n  o f  O s c i l la t io n  o f  A c tu a l
F ou nd a tion , S o i l  Mass and S urround ing  
S tru c tu re s  fo r  Real S o i l  C o n d itio n s

(T) Experiment,(2) prediction for F = 4.4 m

(3) half-space theory for v=0.25

I t  is  suggested to  de te rm ine  th e  fu n c t io n s  f *  
and f ^  on th e  b a s is  o f  i n - s i t u  te s ts .  T h is  
idea  is  th e  b a s is  o f  a new branch in  e x p e r i­
m enta l dynamics o f  fo u n d a tio n s  w hich  can be 
fo rm u la te d  as fo l lo w s .  The p ro p e r t ie s  o f 
l in e a r  fo u n d a t io n - s o i l  system shou ld  be s tu d ­
ie d  on th e  b a s is  o f  th e  e x p e r im e n ta lly  d is c o v ­
ered response o f  t h is  system on th e  u n i t  i n ­
p u t e i t h e r  im p u ls iv e  o r  harm onic. For the  
f i r s t  case i t  i s  d e fin e d  an im p u ls iv e  t r a n ­
s ie n t  fu n c t io n  (ITF) and fo r  th e  second- 
t r a n s fe r  fu n c t io n  (T F ). From m echanica l 
s ta n d p o in t th e  fu n c t io n s  d e f in e  the  d is p la c e ­
ment o f  any chosen p o in ts  (o r i t s  v e lo c i t ie s ,  
a c c e le ra t io n )  a t  g ive n  in p u ts .  The po te n ­
t i a l i t i e s  in h e re n t in  th e  fo rm u la te d  tre n d s  
have n o t been e n t i r e ly  re a liz e d  and th e re  are  
o n ly  some example o f  i t s  usage. Ho and B u r- 
wash (1960) c o n s tru c te d  TF e x p e r im e n ta lly  fo r  
th e  w e ig h tle s s  r i g i d  p la te  o f  about 7 in .  (18 
cm) in  d ia m e te r u s in g  fo r  t h is  purpose te s ts  
w ith  sand.

F ig .  4 .6

U sing th e  r e s u lt s  o f  the  
a s m a ll-s c a le  fo u n d a tio n  
(1976) have deve loped an 
f o r  p re d ic t in g  th e  le v e l 
t io n  o f  th e  la rg e -s c a le  
s u rro u n d in g  s tr u c tu re s  a 
m in ing  th e  d is t r ib u t io n  
under a fo u n d a tio n . T h i 
f o l lo w s :

v ib r a t io n  te s ts  w ith  
I ly ic h e v  and Taranov 
e x p e rim e n ta l method 
o f  harm onic v ib r a -  

fo u n d a tio n , s o i l  and 
s w e l l  as f o r  d e te r -  
o f  c o n ta c t s tre s s  
s p rocedure  is  as

The c o n ta c t area o f  th e  s o i l - fo u n d a t io n  sys­
tem is  d iv id e d  in t o  N c e l ls  each h av ing  th e  
area o f  F^, k = 1, 2 , . . .  N. The in te g r a l  
e q u a tio n  co rre sp o n d in g  to  th e  dynamic c o n ta c t 
problem  o f  a r i g i d  p la te  under g ive n  fo rc e  
l - e x p ( iu t )  can be so lve d  by c o l lo c a t io n  ap­
proach w hich  leads  to  th e  system o f  a lg e b ra ic  
e q u a tio n s

L y tk h e r e t  a l  (1972) r e a liz e d  the  method o f 
d e f in in g  TF fo r  the  m assive fo u n d a tio n  by ITF 
o b ta in e d  e x p e r im e n ta lly .  Then TF was used 
fo r  p ro ce ss in g  w i th in  a s in g le  d e g re e -o f-  
freedom  system as i f  th e re  were an experim en­
t a l  a m p litu d e -fre q u e n c y  c h a r a c te r is t ic  o f  the  
m assive fo u n d a tio n . Thereby one te s t  has 
been s u b s t i tu te d  fo r  the  o th e r .  I ly ic h e v  and 
Taranov (1976) have c o n s tru c te d  TF fo r  the  
r ig i d  p la te  on th e  b a s is  o f  i n - s i t u  te s ts  
w ith  fo u n d a tio n s  hav ing  a base area o f 1 to  
4.84 m2. In  th e  course  o f the  te s t  th e  am­
p l i tu d e  o f  e x c it in g  fo rc e  P, a m p litu d e  o f 
fo u n d a tio n  o s c i l l a t io n  W and phase d is p la c e ­
ment y between P and W0 , o ve r th e  range o f 
fre q u e n c ie s  o f  5Hz<k)/2ir<25Hz have been meas­
u re d . The fo l lo w in g  fo rm u la s  were used fo r

k ^ V j k  =  f S < “ >

N (4 .14)
£ X, = 1, j  = 1, 2 , . . . ,  N 

k = l 1

Thus we de te rm ine  and f * ( w ) .  The c o e f f i ­
c ie n ts  <5jk d e f in e  th e  a m p litu d e  and o s c i l l a ­
t io n  phase in  th e  c e n t r a l  p o in t  o f  th e  c e l l  j  
due to  th e  harm onic u n ifo rm  lo a d in g  a p p lie d  
to  th e  c e l l  k . These c o e f f ic ie n t s  a re  e xpe r­
im e n ta l ly  o b ta in e d  on th e  c o n s tru c t io n  s i t e .

Then, Eqs. (4 .7 ) and (4 .5 ) a re  used fo r  de­
te rm in in g  th e  v ib r a t io n  a m p litu d e  o f  th e  
fo u n d a tio n  and th e  re a c t io n  fo rc e  R under i t s  
base. The c o n ta c t s tre s s e s  are  de te rm ined  by 
th e  fo rm u la

0 5 10 15 20 25 Hz

I f *  ((1)) 1= W [ (mco2W ) 2 + 2muj2W Pcosy + P2] -1 / 2 
' o '  o L o  o  J

-1 PsinY , a ta = ta n  ----zn— rrr -------  (4 .13)mu) WQ + Pc o s y

f * ( w )  = | f  * (10) | co sa , f *  (10) = | f  * ( (jj ) | s in a

The r e s u lt s  a re  shown in  F ig . 4 .6 .

f l>f 2
0.4

c a l c u l a t i o n s  o f  t h e  t r a n s f e r  f u n c t i o n s :
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I f  th e re  is  a need o f  knowing th e  v ib r a t io n  
le v e l  a t  any p o in t  I  o f  a s o i l  o r  s t r u c tu re  
th e  c o e f f ic ie n t s  6. shou ld  be found o u t ex­
p e r im e n ta l ly .  HaviTig the  va lu e s  th e  d is ­
p lacem ent o f  t h is  p o in t  l  is

a k  = R Xk / F k  (4 . 1 5 )

R J l  V * k (4 .16 )

Two examples i l l u s t r a t i n g  th e  above method 
are  shown in  F ig s . 4 .6  and 4 .7 .

cu rves o f  fo rc e d  v ib r a t io n s  a re  d e fin e d  by 
l in e a r  th e o ry . In  f a c t  t h is  has been con­
firm e d  on th e  b a s is  o f  17 response cu rves  re ­
corded by d i f f e r e n t  re s e a rc h e rs  on v a r io u s  
t e s t  fo u n d a tio n  in  d iv e rs e  s o i l  c o n d it io n s .
In  a l l  th e  cases th e  response cu rves  c a lc u ­
la te d  w ith  accoun t o f  r e la t io n s h ip  between 
base re a c t io n  and l im i t i n g  a m p litu d e  c o in c id ­
ed w e l l  w ith  th e  t e s t  r e s u lt s .

F ig . 4 .8  (Barkan and S haevich , 1976) shows 
th e  r e la t io n s h ip  between re so n a n t frequency

4.6 In f lu e n c e  o f  N o n lin e a r Base C h a ra c te r­
i s t i c s

From th e  above i t  fo l lo w s  th a t  l in e a r  th e o ­
r ie s  o f  fo u n d a tio n  v ib r a t io n s  w he re in  the  
s o i l  is  rep re se n te d  e i t h e r  by th e  W in k le r -  
V o ig t  system o r  h a lf-s p a c e  model do n o t agree 
w ith  te s t  d a ta . A p p a re n tly , one o f  th e  re a ­
sons o f  t h is  l i e s  in  a d is re g a rd  o f  n o n lin e a r  
fo u n d a tio n  base b eh av iou r a lre a d y  d isco ve re d  
by th e  f i r s t  te s ts .  By now i t  i s  n o t g ive n  
much a t te n t io n  to  t h e i r  s tu d y . The main 
works on t h is  s u b je c t have been c a r r ie d  o u t by 
Novak (1957), Funs ton and H a l l  (1967).

cz/cz10

\
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— ■

7 - —
-■1

0

Czio = Cz f ° r  F = 10 m2 
x - saturated sand 

(Lyatkher et al, 
1972) 

o - saturated sand 

(Krasnikov, 1970)

4 8 12 16 60 
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© :  according to Code (1971)
© :  according to formula, Cz = CZlo/10/F 
©  : prediction for clay (Ilyichev & Taranov, 1976)
• - experiment used for prediction
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and l im i t i n g  a m p litu d e  fo r  d i f f e r e n t  te s ts .  
I t  may be seen th a t  th e re  is  a l in e a r  r e la ­
t io n  as fo l lo w s :

(1) = io° -  
r  r (4 .1 7 '

in  w hich  ur  = re so n a n t freq ue n cy  o r ro u g h ly , 
n a tu ra l c i r c u la r  freq ue n cy  o f  fo u n d a tio n  
w ith o u t  re g a rd  f o r  th e  in f lu e n c e  o f  n o n lin e ­
a r i t y ,  i . e . ,  a t  th e  va lu e s  o f  A „ b e ing  ve ry  
s m a ll,  f o r  exam ple, le s s  than  6 p. The r e la ­
t io n s h ip  o f  E q .(4 .1 7 ) i s  t ru e  fo r  th e  va lu es  
o f  Am b e ing  le s s  than  0 .5  mm to  0 .7 mm t y p i ­
c a l f o r  machine fo u n d a tio n s . C o e f f ic ie n t  ar 
proved to  be equa l to  190 mm- 's e c -1 and the  
same fo r  a l l  th e  e xp e rim e n ts . The te s ts  sho\ 
th a t  th e  r e la t io n s h ip  between damping c o e f f i ­
c ie n t  and l im i t i n g  a m p litu d e  d i f f e r s  from  the 
l in e a r  one as w e l l .  However, v e ry  few 
te s t  da ta  a re  a v a i la b le  to  g e n e ra liz e  t h is  
r e la t io n s h ip .

4 .7  C on c lus ion s

The te s t  by Barkan and S h a e v itch  (1976) have 
shown th a t  s o i ls  a re  c h a ra c te r iz e d  by s p e c i f ­
ic  n o n l in e a r i t y .  I t  was s ta te d  th a t  the  
e la s t ic  and d is s ip a t iv e  te rm  o f  fo u n d a tio n  
base re a c t io n  a t  v e r t i c a l  fo rc e d  v ib r a t io n s  
genera ted  by th e  v ib r a t o r  w ith  a g ive n  moment 
o f  unbalanced masses was a p p ro x im a te ly  l in e a r  
o ve r th e  whole range o f  frequences and a m p li­
tu d e s . However, th e  p ro p o r t io n a l r e la t io n ­
sh ip  between th e  fo u n d a tio n  base re a c tio n s  
and a m p litu d e s  o f  m o tio n  o r  v e lo c i t ie s  de­
pends on the  moment o f  th e  unbalanced masses 
o f  th e  v ib r a t o r .  When th e  l a t t e r  in c re a se s  
th e  c o e f f ic ie n t s  decreases r e s p e c t iv e ly .
Thus, th e  n o n l in e a r i t y  o f  fo u n d a tio n  base is  
d e fin e d  by th e  r e la t io n s h ip  between the  r e ­
a c t io n  and moment o f  unbalanced masses m0 e o r 
l im i t i n g  a m p litu d e , A^ = m0e/gm, co rresp on d ­
in g  to  th e  i n i f i n i t e  v a lu e  o f  fre q u e n cy .

So, i t  may be expected  th a t  th e  moment o f  un­
ba lanced masses b e ing  c o n s ta n t th e  response

A t th e  p re s e n t tim e  n o t a l l  th e  p rob lem s, 
w he re in  e ng in ee rs  a re  in te re s te d  in  p ra c t ic e ,  
a re  so lve d  s a t i s f a c t o r i l y .  In  p a r t ic u la r ,  i t  
i s  n o t q u ite  c le a r  how to  a ss ig n  e la s t ic  and 
damping c h a r a c te r is t ic s  to  p i le  fo u n d a tio n s .

The problem  o f q u a n t i ta t iv e  e v a lu a t io n  o f  the 
in f lu e n c e  o f  fo u n d a tio n  embedment on i t s  dy­
namic c h a r a c te r is t ic s  rem ains u n s e t t le d .  Nov 
th e re  is  s t i l l  no t ru s tw o r th y  method fo r  de­
f i n i t i o n  o f  s t i f f n e s s  and damping c o e f f i ­
c ie n ts  w hich  s t ip u la t e  th e  sepa ra te  e s tim a ­
t io n  o f  th e  in f lu e n c e  o f th e  base area o f 
fo u n d a tio n  and la t e r a l  fo u n d a tio n  s u rfa c e s  or 
va lu e s  o f  th e  c o e f f ic ie n t s  and th e re  is  n o t 
q u ite  enough e x p e rim e n ta l d a ta .

The p r a c t ic a l  usage o f  more e la b o ra te  s o i l  
models in  com parison w ith  an e la s t ic  h a l f ­
space is  a m a tte r  o f  g re a t m a th em a tica l d i f ­
f i c u l t i e s .  Th ings be ing  as th e y  a re  th e  best 
way o u t o f  th e  s i tu a t io n  may be th e  usage o f
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n u m e rica l methods fo r  s o lu t io n  o f  th e  dynamic 
problem s o f  a s o l id  medium. A t t h is  i t  may 
be p o s s ib le  to  ta ke  in to  c o n s id e ra t io n  the  
fo u n d a tio n  embedment, s o i l  la y e r in g ,  i t s  non­
e la s t ic  p ro p e r t ie s ,  and so on. A t p re s e n t 
th e re  is  a c o n s id e ra b le  in fo rm a t io n  a lre a d y  
a v a i la b le  in  such n o ta b le  works on th e  sub­
je c t  as those  by Seed e t  a l(1 9 7 5 ) ,  H a ll and 
K is s e n p fe n n ig  (1975) and Lysmer e t  a l  (1975).

From an e x p e rim e n ta l p o in t  o f  v iew  th e  h o r i ­
z o n ta l r o ta r y  o s c i l l a t io n  o f  fo u n d a tio n s  is  
n o t s tu d ie d  enough.

A t th e  F i f t h  W orld Conference on Earthquake 
E n g in e e rin g  in  Rome (197 5) th e  above m en tion ­
ed problem s were d iscussed  in  reg a rd  to  the  
a s s o c ia te d  problem  o f  s t r u c t u r e - s o i l  in te r a c ­
t io n  under se ism ic  e f fe c ts .

In  c o n c lu s io n  i t  shou ld  be noted  th a t  a t  p re ­
se n t th e  dynamics o f  fo u n d a tio n s  is  be ing  
deve loped r a p id ly .  The n e c e s s ity  f o r  p re ­
d ic t in g  more e x a c t ly  and co m p le te ly  the  dy­
namic b e h a v io u r o f  machine fo u n d a tio n s  and 
s u rro u n d in g  s o i l  a lways b r in g s  fo rw a rd  new 
problem s to  be re s o lv e d  by s p e c ia l is ts  in  the  
f i e ld  o f  dynam ics. However, i t  appears th a t  
re s e a rc h e rs  have to  re v is e  c o n v e n tio n a l con­
ce p ts  and r e v e r t  c o n s ta n t ly  to  th e  tru e  k e r ­
n e l o f  th e  dynamic fo u n d a tio n  p rob lem , i . e . ,  
th e  e v a lu a t io n  o f  th e  response o f  th e  founda­
t io n  base under th e  dynamic e f f e c t .

5. SOIL-STRUCTURE INTERACTION 
(by F .E . R ic h a r t ,  J r . )

5 .1  In t ro d u c t io n

The dynamic response o f  bases and fo u n d a tio n s  
re s t in g  d i r e c t l y  upon s o i l  masses was tre a te d  
in  C hapter 4. The m otions o f  th e  fo u n d a tio n  
depended upon th e  m agn itude , d i r e c t io n ,  and 
freq ue n cy  o f  th e  a p p lie d  lo a d s , th e  geometry 
o f  the  fo u n d a t io n - s o i l  c o n ta c t system ,and on 
th e  dynamic p ro p e r t ie s  o f  the  s u p p o rtin g  
s o i l .

The response o f  s t ru c tu re s  supported  by fo un ­
d a tio n s  on s o i ls  may a ls o  be in f lu e n c e d  by 
the  dynamic m otions a t th e  fo u n d a t io n -s o i l  
in te r fa c e .  A s tu dy  o f t h is  problem  beg ins 
w ith  e v a lu a t io n  o f  th e  dynamic response o f 
th e  fo u n d a tio n , then  d e te rm in in g  how th is  
" f le x ib le  s u p p o rt"  in f lu e n c e s  th e  dynamic be­
h a v io r  o f  th e  s t r u c tu r e .  For example, fo r  
t a l l  b u i ld in g s  supported  on s o f t  s o i ls  and 
s u b je c te d  to  earthquake  e x c i t a t io n ,  th e  fo un ­
d a t io n  m o tion  is  g e n e ra lly  d i f f e r e n t  from  th e  
f r e e - f i e ld  m o tio n  and may in c lu d e  an im por­
ta n t  ro c k in g  component in  a d d it io n  to  a h o r i ­
z o n ta l component o f  m o tio n . Thus the  term  
" s o i l - s t r u c t u r e  in te r a c t io n "  d e s c r ib e s  the  
e f fe c ts  c o n tr ib u te d  by fo u n d a t io n - s o i l  mo­
t io n s  w hich cause th e  response o f s tru c tu re s  
to  d i f f e r  from  th e  response c a lc u la te d  on th e

b a s is  o f  fo u n d a tio n  m o tio n  e qua l to  th e  fre e  
f i e ld  m o tio n . The d if fe re n c e  in  s t r u c t u r a l  
response depends on th e  c h a r a c te r is t ic s  o f  
th e  f r e e - f i e ld  ground m o tio n , the  p ro p e r t ie s  
o f  th e  fo u n d a tio n  system , and the  p ro p e r t ie s  
o f  th e  s t r u c tu r e .

5 .2  Response o f  F o u n d a tio n -S o il Systems

The dynamic b e h a v io r o f  a p a r t ic u la r  founda­
t io n  can be e va lu a te d  most a c c u ra te ly  by 
f i e ld  te s ts  on th e  p ro to ty p e . However t h is  
i s  seldom p o s s ib le  because o f  th e  expense and 
c o n s tru c t io n  sch ed u les . A m o d if ic a t io n  o f 
t h is  p rocedure  in v o lv e s  f u l l - s c a le  dynamic 
te s ts  o f  b u i ld in g s ,  from  w h ich  th e  fo u n d a tio n  
m otions may be measured and t h e i r  c o n t r ib u ­
t io n s  e va lu a te d  w ith  re s p e c t to  th e  m otions 
o f  th e  s t r u c tu r e .  F ie ld  te s ts  on model fo un ­
d a tio n s  a t  th e  s i t e  can p ro v id e  u s e fu l b a s ic  
in fo rm a t io n ,  w hich  must th en  be e x tra p o la te d  
to  re p re s e n t th e  p ro to ty p e  c o n d it io n .  Any 
e x t ra p o la t io n  must be based on a sound th e o ­
r e t i c a l  b a s is .  For e x t ra p o la t io n s ,  and fo r  
f i r s t  e s tim a te s  o f  fo u n d a tio n  response , s o lu ­
t io n s  based on re p re s e n tin g  s o i l  as an e la s ­
t i c  medium have been found u s e fu l.

5 .2 .1  Founda tions  a t  th e  S u rface  o f an 
E la s t ic  H a lf-S pace

The b a s ic  concepts and developm ents o f  t h is  
type  o f  t h e o r e t ic a l  p rocedure  were covered in  
C hapter 4. However, i t  i s  sometimes conven­
ie n t  to  have the  a pp rox im a te , freq ue n cy  in d e ­
pendent, s p r in g  and damping c o e f f ic ie n ts  
a v a i la b le .  These q u a n t i t ie s  a re  in tro d u c e d  
in t o  Eq. (5 .1 ) f o r  e v a lu a t io n  o f  th e  one- 
d e g re e -o f-fre e d o m  dynamic response o f  a mass- 
s p r in g -d a s h p o t system from

mz + c z + k z = Q ( t )  (5 .1 )

In  Tab le  5 .1  (see R ic h a r t ,  H a l l ,  and Woods,
1970), r Q is  th e  ra d iu s  o f  th e  c i r c u la r  fo u n ­
d a t io n ,  m is  th e  mass o f th e  fo u n d a tio n , and
G, v , and p a re  th e  shear m odulus, P o is s o n 's 
r a t i o ,  and mass d e n s ity  (= u n it  w e ig h t /g ) , o f  
th e  e la s t ic  h a lf -s p a c e .

Table 5.1 Spring and Damping Coefficients fo r Rigid 
C ircu lar Foundation Resting on E lastic  Half-Space

Mode of 
V ibration

Spring 
Coeff.

k

Damping 
Coeff.

c

Mass
Ratio

B

Damping
Ratio

D~ 2/ km

V ertica l

(z)

4Gro
1—V

3. 4 r2
-------q /^ g
l - v  K

1-V m

4 p r3 o

0.425

/b~z

Sliding

(x)
"2-v" Gro 2-V o K

2-V m 

8

0.288
/ TX

Rocking

010

8Gr3 o 0.8r'*/pGo 3( l-v )  h 0.15
3 (l-v ) (1-V) (1+B ) 8 Pr0 <1+v ^

Torsional

(6)

16Gr3 o 4/BgpG I e 0.50
3 1+2Be pro 1+2Be
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In  o rd e r to  use th e  above e xp re ss io n s  f o r  the  
case o f  r i g i d  re c ta n g u la r  fo u n d a tio n s  o f  
w id th ,  b , and le n g th ,  L , an e q u iv a le n t c i r c u ­
la r  ra d iu s  can be c a lc u la te d  from

bL fo r  T ra n s la t io n  ( V e r t ic a l  o r 
S l id in g ) ,

_i_

r o = | 1 fo r  Rocking abou t a h o r iz o n ta l  
a x is  a t  m id - le n g th  o f  th e  base, 
and

r o
bL (b + L 2) !

6 tt J

l

f o r  T o rs io n a l M o tion  
about a v e r t i c a l  a x is  
th ro ug h  th e  c e n tro id  o f  
th e  base.

5 .2 .2  T h e o re t ic a l S o lu t io n s  f o r  Embedded 
Founda tions

C y l in d r ic a l  fo u n d a tio n s  o f  r a d iu s ,  r Q, and 
embedded a d e p th , d , in t o  an e la s t ic  m a te r ia l 
have been e va lu a te d  by e la s t ic  th e o ry  
(T a j im i,  1969), by th e  f i n i t e  e lem ent method 
(Lysmer and Kuhlem eyer, 1969), and by an ap­
p ro x im a te  method (Novak and Beredugo, 1972; 
Novak, 1974) w he re in  a s e r ie s  o f  th in  e la s t ic  
sheets were s u b s t i tu te d  f o r  th e  m a te r ia l 
a long  th e  v e r t i c a l  s id e s  o f  th e  fo u n d a tio n .
In  each case i t  was assumed th a t  p e r fe c t  ad­
hes ion  was deve loped between the  fo u n d a tio n  
and e la s t ic  m a te r ia l .

Embedded Foundat i ons Suppor t ed by an El ast i c 

Ha I f - Space:

A p a r t  o f  th e  p rocedure  deve loped by Novak 
(1974) i s  p re sen te d  h e re , even though i t  is  
a p p ro x im a te , because o f  th e  f l e x i b i l i t y  in  
a ccou n tin g  fo r  d i f f e r e n t  va lu e s  o f shear mod­
u lu s  f o r  the  b a c k f i l l  m a te r ia l ,  Gs , and fo r  
th e  base m a te r ia l ,  G. The im p o r ta n t parame­
te rs  in v o lv e d  in  th e  s o lu t io n  a re  i l l u s t r a t e d  
in  F ig . 5 .1 . V e r t ic a l  and to r s io n a l  modes o f 
v ib r a t io n  can o ccu r as uncoup led  modes, thus 
they  may be co n s id e re d  s e p a ra te ly .  For v e r ­
t i c a l  v ib r a t io n s  the  s p r in g  and damping c o e f­
f i c ie n t s  a re ,

kzz = G ro  (Cz + -7P- — Sz) , and ij r Q >

c zz / pG ( C z + —— S z /  p s G g 
r o

/  p c ) (5 .2 )

In  Eq. (5 .2 ) ,_CZ = 4 /(1  -  v) , Cz = 3 .4 / (1  -  v) ,
Sz = 2 .7 , and Sz = 6 .7 , and d is  th e  dep th  o f 
embedment. The s p r in g  and damping c o e f f i ­
c ie n ts  f o r  to r s io n a l  v ib r a t io n  have a s im i la r  
fo rm  whereas th e  e xp re ss io n s  f o r  coup led  
ro c k in g  and s l id in g  m otions are  more com plex.

I f  th e  fo u n d a tio n  is  f i r m ly  embedded in to  a 
u n ifo rm  s o i l ,  GS =G = c o n s t . ,  and i f  v = 0 . 40 , 
th e  s p r in g  c o n s ta n t from  Eq. (5 .2 ) becomes

= G r 0 (6 .7  + 2 . 7 f )  = k z ( l  + 0 .4  —  ) 
J-O Tq

(5 .3 )

in  w hich k z is  the  v a lu e  taken  from  Tab le  
5 .1 . T h is  typ e  o f  e q u a tio n  in d ic a te s  th a t

th e  re so n a n t freq ue n cy  w i l l  be in c re a se d  as 
th e  embedment r a t i o ,  d / r 0 , in c re a s e s , and 
from  th e  in c re a se d  damping a s s o c ia te d  w ith  
in c re a s in g  d / r 0 i t  i s  e v id e n t th a t  th e  a m p li­
tude o f m o tio n  a t  resonance w i l l  be reduced. 
These th e o r e t ic a l  in d ic a t io n s  a re  c o n s is te n t 
w ith  e x p e rim e n ta l r e s u lt s  o b ta in e d  from  te s t i  
o f  model fo u n d a tio n s  (Novak and Beredugo,
19 72; Erden and S tokoe, 197 5; P e tro v s k i,  
1975). N ovak's  (1974) s o lu t io n  may a ls o  be 
a p p lie d  to  e v a lu a te  the  e f f e c t  o f  embedment 
on the  coup led  ro c k in g  and s l id in g  m o tio n  o f 
a r i g i d  fo u n d a tio n . However, t h is  typ e  o f 
v ib r a t io n  is  s t r o n g ly  in f lu e n c e d  by th e  mass 
r a t io s  (B -va lue s  in  Tab le  5 .1 ) o f  th e  founda­
t io n  fo r  ro c k in g  and s l id in g  m o tio n s .

The l a t e r a l  r e s t r a in t  deve loped by m o tio n  o f 
th e  v e r t i c a l  fa ce  o f  embedded fo u n d a tio n s  
a g a in s t the  s o i l  depends upon th e  r i g i d i t y ,  
Gs, o f  the  s o i l ,  and upon mai nt ai ni ng the  
s o i l - fo u n d a t io n  c o n ta c t th ro u g h o u t th e  u se fu l 
l i f e  o f  th e  v ib r a t in g  system . Stokoe and 
R ic h a r t  (197 4) found th e  b e h a v io r  o f  a fo u n ­
d a t io n  embedded in t o  a c la y e y  s i l t  s o i l  to  
behave as i f  i t  re s te d  on the  s u r fa c e , where­
as a fo u n d a tio n  embedded in  sand responded a£ 
an embedded fo u n d a tio n . A p p a re n tly  h ig h e r  
tem pera tu res  in  th e  fo u n d a tio n  b lo c k  p lu s  v i ­
b ra t io n  h is to r y  caused a c ra c k  to  rem ain  opei 
a t  the  v e r t i c a l  s o i l - fo u n d a t io n  c o n ta c t s u r­
fa ce  f o r  th e  fo u n d a tio n  embedded in  the  c la y ­
ey s i l t  m a te r ia l .

Embedded Foundat i ons Suppor t ed on an El ast i c
Layer :

Real s o i ls  c o n s is t  o f  la y e rs  w h ich  u s u a lly  
in c re a s e  in  s t i f f n e s s  w ith  d e p th . Thus the  
c o n d it io n s  o f  an e la s t ic  h a lf-s p a c e  u s u a lly  
do n o t e x is t  in  n a tu ra l s i t u a t io n s .  A b e t te i 
a p p ro x im a tio n  to  r e a l  s o i ls  i s  o b ta in e d  by 
c o n s id e r in g  th e  m a te r ia l beneath  a fo u n d a tio r  
to  be rep re se n te d  by a s e r ie s  o f  e la s t ic  h o r­
iz o n ta l  la y e rs  o f  c o n s ta n t th ic k n e s s .
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The f i r s t  a p p ro x im a tio n  to  th e  r e a l s i t u a t io n  
c o n s is ts  o f a fo u n d a tio n  supported  by a s in ­
g le  e la s t ic  la y e r  o f th ic k n e s s  H re s t in g  upon 
a r i g i d  subbase. T h is  problem  was tre a te d  by 
W arburton  (1957) f o r  c i r c u la r  fo u n d a tio n s  
supported  a t  th e  s u rfa c e  o f the  s in g le  e la s ­
t i c  la y e r ,  and h is  s o lu t io n  was adopted by 
Novak and Beredugo (1972) f o r  e v a lu a t io n  o f 
the  s t i f f n e s s ,  Cz , and damping, Cz, c o e f f i ­
c ie n ts  to  be used w ith  Eq. ( 5 .2 ) .  As the  
e la s t ic  la y e r  becomes th in n e r ,  th e  s p r in g  
c o n s ta n t i ncr eases a p p ro x im a te ly  as C z Z  =

Cz (1 + r o /H ) .  However, the  g e o m e tr ic a l damp­
in g  decreases because th e  e la s t ic  waves r a d i ­
a t in g  from  the  fo u n d a tio n  are  r e f le c te d  back 
from  the  r ig i d  la y e r .  Thus the  damping c o e f­
f i c i e n t ,  CZ£, f o r  th e  fo u n d a tio n  on the  
e la s t ic  la y e r  is  r educed from  th a t  fo r  the  
fo u n d a tio n  on the  e la s t ic  h a lf -s p a c e , Cz , as 
shown f o r  the  same fo u n d a tio n  mass in  Tab le
5 .2 .  A ls o  shown in  Table  5 .2  is  the  p e rc e n t 
c r i t i c a l  dam ping, D z i ,  w hich  is  a fu n c t io n  o f  
b o th  Cz£ and Czjj,.

Tab le  5 .2  S p rin g  and Damping Coef­
f i c ie n t s  fo r  Founda tion  R es tin g  on 
an E la s t ic  Layer o ve r a R ig id  Base

H/ r o CD 4 3 2 1

Uzi / ëz- 1. 00 0. 35 0. 19 0. 11 0. 066

Dz * / Dz 1.00 0. 31 0. 16 0.09 0.044

f i xed a t  th e  fo u n d a tio n  le v e l .  I f  the  fo un ­
d a t io n  ro ta te s  o r t r a n s la te s  d u r in g  the  tim e  
o f  b u i ld in g  o s c i l l a t io n ,  th e  f i r s t  mode n a tu ­
r a l  p e r io d , T, o f  the  coup led  system  w i l l  be 
g re a te r  th an  To- The in c re a s e  depends upon 
th e  param eters in v o lv e d  in  th e  dynam ic behav­
io r  o f  the  s t r u c tu r e  and o f  the  fo u n d a tio n  
system . T h is  prob lem  has been tre a te d  by nu­
merous in v e s t ig a to r s ,  b u t the  fo l lo w in g  d is ­
c u ss io n  w i l l  conform  w ith  th e  approach g iv e n  
by V e le ts o s  (1976 ). The V e le ts o s  paper a ls o  
c o n ta in s  a l i s t  o f  re c e n t re fe re n c e s  on th is  
t o p ic .

A s im p le  s t r u c t u r e - s o i l  system is  shown in  
F ig u re  5 .1 . T h is  s in g le - s to r y  s t r u c tu r e  has 
th e  mass, m, o f  th e  s t r u c tu r e  c o n c e n tra te d  a t  
a s in g le  f lo o r  le v e l a t  a d is ta n c e  o f  h above 
the  c o n ta c t zone between th e  r i g i d  c i r c u la r  
fo u n d a tio n  mat (mass, mQ) and the  s o i l .  The 
w e ig h tle s s  in e x te n s ib le  columns d e f le c t  in  
shear to  p ro v id e  an e la s t ic  s t i f f n e s s ,  k . 
S u p p o rtin g  th e  system is  a s e m i- in f in i t e  
e la s t ic  body re p re s e n tin g  th e  s o i l ,  w h ich  is  
d e sc r ib e d  by i t s  shear m odulus, G, P o is s o n 's  
r a t i o ,  v , and mass d e n s ity  p. The s t r u c t u r a l  
system is  e x c ite d  by h o r iz o n ta l  earthquake  
m otions  a p p lie d  a t  the  base.

D im ens ion less  param eters may be deve loped 
from  th e  q u a n t i t ie s  in  F ig .  5 .1  w hich  
d e s c r ib e  th e  s t r u c t u r a l  system . S evera l o f  
these  param eters a re  d e s c r ib e d  b r i e f l y ,  in  
d ec rea s ing  o rd e r o f  im p o rta n ce . The wave pa­
ra m e te r, a , i s  a measure o f  th e  r e la t iv e  
s t i f f n e s s  o f  the  s u p p o r tin g  s o i l  and th e  
s t r u c tu r e .  I t  is  expressed as

For sm a ll va lu e s  o f H / r 0 , a reso na n t c o n d i­
t io n  may be deve loped a t  a frequency o f  f  = 
Vp/4H, in  w hich  vp is  th e  com pression wave 
v e lo c i t y  in  th e  e la s t ic  m a te r ia l .  Waas 
(19 72) showed the  im portance  o f m a te r ia l 

damping in  su pp re ss ing  t h is  la y e r  resonance 
e f f e c t .

The dynamic s t i f f n e s s  o f  fo u n d a tio n s  on a 
s in g le  e la s t ic  la y e r  is  a ls o  inc rea se d  fo r  
the  s l id in g  (x) and ro c k in g  ( iJj ) v ib r a t io n s .  
Kausel and Roesset (1975) have in d ic a te d  th a t  
th e  s p r in g  c o n s ta n ts  are  in c re a se d  as

CX4 = Cx ( 1 ) / and

cn  * C * ( l + | £ ) (5 .4 )

where Cx and C^ a re  as g iv e n  in  Tab le  5 .1 . 
Because these  in c re a se s  in  s p r in g  co n s ta n ts  
a re  n o t as s t ro n g ly  in f lu e n c e d  by th e  r 0/H 
fa c to r  as was the  v e r t i c a l  case, i t  would 
fo l lo w  th a t  th e  damping term s would decrease 
s m a lle r  amounts than  does C z Z  as th e  r a t io  
r 0/H  d e c re a se s .

5 .3  E f fe c t  o f  F ounda tion  F l e x i b i l i t y  on 
Response o f S tru c tu re s

S tandard methods o f  s t r u c t u r a l  a n a ly s is  p e r ­
m it  e v a lu a t io n  o f  th e  f i r s t  mode n a tu ra l pe­
r io d ,  T0 , o f  a b u i ld in g  co ns ide red  to  be

a = (5 .5 )

in  w hich  v s is  th e  shear wave v e lo c i t y  in  the  
s o i l .  The r a t io  h / r o  is  a s ig n i f i c a n t  p a ra ­
m eter in  r e la t in g  the  ro c k in g  and t r a n s la te d  
modes o f fo u n d a tio n  v ib r a t io n  and s t r u c t u r a l  
v ib r a t io n .  The freq ue n cy  pa ram e te r, f G t x , 
is  the  p ro d u c t o f  th e  f ix e d  base n a tu ra l f r e -
quency, 1/T<- o f the  s t r u c tu r e  and t i
c h a r a c te r is t ic  tim e  o f  the  e x c i t a t io n .  Damp­
in g  is  in tro d u c e d  as Df th e  p e rc e n t o f c r i t i ­
c a l damping f o r  the  fo u n d a tio n  system in c lu d ­
in g  b o th  g e o m e tr ic a l and m a te r ia l damping, 
and Ds is  the  p e rc e n t c r i t i c a l  damping fo r  
the  s t r u c tu r e  in  i t s  f ix e d -b a s e  c o n d it io n .
The r e la t iv e  mass d e n s ity  f o r  the  s t r u c tu re  
and s u p p o rtin g  medium is  d e s c r ib e d  by

Be = (5 .6 )

In  some cases the  r a t io  mQ/m o f  mass o f  fo un ­
d a t io n  to  mass o f th e  s t r u c tu r e  can be im p o r­
ta n t .

From s tu d ie s  o f  in f lu e n c e  o f  s o i l - s t r u c tu r e  
in te r a c t io n  on the  n a tu ra l p e r io d  f o r  b u i ld ­
in g  v ib r a t io n s ,  Jenn ings and B ie la k  (1973 ), 
and V e le ts o s  and Meek (1974) found t h is  n a tu ­
r a l  p e r io d  to  be g iv e n  a p p ro x im a te ly  by the  
e q u a tio n

To 1  +
k x h 2

kt j j >] * (5 . 7 )
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The va lu e s  o f  kx and ki( in  Eq. (5 .7 ) a re  th e ­
o r e t i c a l l y  freq ue n cy -d ep en de n t, b u t f o r  a 
s tu d y  t r e a t in g  the  s o i l  as a h a lf - s p a c e , 
V e le ts o s  (1976) found l i t t l e  e r r o r  in tro d u c e d  
i f  k x and k^ were taken  as th e  e xp ress io ns  
g iv e n  in  Tab le  5 .1 . For purposes o f  showing 
th e  r e s u lt s  g r a p h ic a l ly  as shown in  F ig . 5 .2 , 
V e le ts o s  (1976) used th e  param eter in
w hich

4» = ( h / r Q) *  (5 .8 )

The e f f e c t iv e  damping r a t io  o f the  s t r u c tu r e -  
s o i l  system , D t, i s  g iv e n  a p p ro x im a te ly  by

D t  =  ° f + W  ( 5 - 9)

in  w h ich  damping o f  th e  fo u n d a tio n , D f , i n ­
c lud es  b o th  th e  g e o m e tr ic a l,  D, (from  Tab le
5 .1) and m a te r ia l ,  Dm, dam ping. Ds re p re ­
sen ts  the  damping r a t io  o f th e  s t r u c tu r e .
For v is c o e la s t ic  m a te r ia ls  the  m a te r ia l damp­
in g  may be expressed in  a v a r ie t y  o f  form s 
(see R ic h a r t ,  H a l l ,  and Woods, 1970 ). Some 
e q u iv a le n t term s a re  ( f o r  s m a ll va lu e s  o f 
damping)

$ ta n  6t .

in  w hich  6 is  th e  lo g a r ith m ic  decrem ent, and 
6l  i s  the  lo s s  a n g le . Because th e  g e o m e tr i­
c a l demping f o r  ro c k in g  (D^ from  Tab le  5 .1 ) 
o f  a r i g i d  sh a llo w  fo u n d a tio n  can be v e ry  
s m a ll f o r  t a l l ,  s le n d e r b u i ld in g s ,  i t  i s  nec­
essa ry  to  c o n s id e r the  in f lu e n c e  o f  m a te r ia l 
damping on response o f  the  t o t a l  system . 
F ig u re  5 .3  shows th e  v a r ia t io n  o f  th e  founda­
t io n  damping fa c to r ,  D f , as fu n c t io n s  o f  the  
h / r Q r a t io s ,  and f o r  m a te r ia l damping va lu es  
o f t a n 6 L = 0 and 0.10 (Dm = 0 and 0 .0 5 ) .  A 
s p e c ia l case w ith  Bs = 0.15 and D s= 0  was 
co n s id e re d . However, i t  i s  im p o r ta n t to  no te  
the  la rg e  in c re a s e  in  fo u n d a tio n  damping con­
t r ib u te d  by m a te r ia l dam ping, p a r t i c u la r ly  
f o r  th e  h ig h e r  h / r Q v a lu e s .

5 .4 C onc lus ions

T h is  b r i e f  d is c u s s io n  o f  s o i l - s t r u c t u r e  in ­
te r a c t io n  has emphasized th e  im portance  o f  
th e  fo u n d a tio n  m otions  upon changes in  the  
n a tu ra l fre q u e n c ie s  and damping o f  s t r u c tu r e -  
s o i l  system s. For b u i ld in g s  w ith  a la rg e  
h / r Q r a t i o ,  th e  ro c k in g  m o tio n  o f  th e  founda­
t io n  and m a te r ia l damping in  the  s o i l  a re  im ­
p o r ta n t  fa c to r s .

Tab le  5 .1  in c lu d e s  e xp re ss io n s  r e la t in g  to  
th e  dynam ic b e h a v io r o f  r i g i d  c i r c u la r  fo u n ­
d a tio n s  on the  e la s t ic  h a lf - s p a c e . T h is  is  a 
l im i t i n g  c o n d it io n  seldom re a liz e d  in  p ra c ­
t i c e ,  b u t i s  a u s e fu l re fe re n c e  fo r  e va lu a ­
t io n  o f  the  in f lu e n c e  o f  r e a l  c o n d it io n s .  A 
b r i e f  d is c u s s io n  o f  th e  embedment o f founda­
t io n s  no ted  th a t  embedment shou ld  in c re a s e  
the  re so n a n t freq ue n cy  and decrease the  am­
p l i t u d e  o f dynamic fo u n d a tio n  m o tio n s . The 
in f lu e n c e  o f  a f i n i t e  th ic k n e s s  o f  th e  e la s ­
t i c  s o i l  la y e r  between th e  fo u n d a tio n  and a

F ig .  5 .2  E f fe c t iv e  N a tu ra l P e r io d , T, o f  
S t r u c tu re -S o i l  Systems (ta n  <5T = 0 , D - = 0)L ^

T0

F ig .  5 .3  F ounda tion  Damping F a c to r , D f, 
f o r  S tru c tu re s  S upported on V is c o e la s t ic  
H a lf-S p ace  (ta n  <$L = 0 .20 , Bs = 0 .15 , Ds = 0)

( f r o m  V e l e t s o s ,  1 9 7 6 )
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r ig i d  ro ck  base is  to  in c re a s e  the  reso na n t 
fre q u e n c y , and because g e o m e tr ic a l damping is  
reduced, th e  a m p litu d e  o f v ib r a t io n  a t  re s o ­
nance may be r a d ic a l ly  in c re a s e d . For r e a l  
s o i ls  w h ich  a re  u s u a lly  la y e re d  and o fte n  
have G -va lues in c re a s in g  w ith  d e p th , i t  
shou ld  be expected th a t  a m p litu d es  o f m o tion  
a t  resonance would  be g re a te r  than  those  p re ­
d ic te d  from  th e  h a lf-s p a c e  th e o ry .

F in a l l y ,  f o r  e s t im a tin g  the  in f lu e n c e  o f 
s o i l - s t r u c t u r e  in te r a c t io n  by use o f  Eq.
(5 .7 ) i t  shou ld  be noted th a t  kx and k^ must 
be e v a lu a te d  to  co rrespond  w ith  r e a l  c o n d i­
t io n s ,  w h ich  may in v o lv e  fo u n d a tio n  embed­
m ent, la y e r in g  o f  the  u n d e r ly in g  s o i l ,  non­
l in e a r  s o i l  r e a c t io n ,  o r  an e f f e c t iv e  r e s is t ­
ance to  ro c k in g  m o tion  deve loped by a f l e x i ­
b le  fo u n d a tio n . For s p e c ia l cases o f  unusua l 
s ig n i f ic a n c e  f i n i t e  e lem ent s o lu t io n s  may be 
deve loped to  in c lu d e  these  s p e c ia l c o n d it io n s  
(see Seed, Lysm er, and Hwang, 1975).
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