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P -  a n d  S - W a v e  V e l o c i t i e s  o f  t h e  G r o u n d  i n  J a p a n

V i t e s s e s  d e s  P - e t  S - O n d e s  d a n s  l a T e r r e  a u  J a p o n

T . I MA I Ea r t h q u a k e  Eng i nee r i ng  Di v. ,  Ur a wa  Re s e a r c h  I nst i t ut e,  Oy o  Cor por a t i on ,  J a p a n

SYNOPSI S I n r ec en t  y ear s ,  i t  has  b e c ome mor e  and  mor e  n e c e s s a r y  t o mak e  c l ea r  t he dy nami c  
p r ope r t i es  o f  t he g r ound  f or  e n g i n e e r i n g  pur pos es .  I n t hi s  way ,  t he i n s i t u  me a s u r e me n t s  of  

t he P-  and S- wav e  v e l oc i t i es  of  t he g r o u n d  hav e c ome t o t ak e an i mpor t an t  s i gn i f i c anc e .  We 
hav e b een  ma k i n g  e f f o r t s  i n t he pas t  t en y ear s  t o e s t a b l i s h  t he i n s i t u  me a s u r e me n t  t ec hn i que  
of  t he v e l oc i t i es  and t o a c c umu l a t e  da t a  t he r eon  of  t he gr ound,  e s pec i a l l y  s of t  s oi l  g r ound  
of  t he ur ban  ar eas  i n  J apan.  The me a s u r i n g  me t hod  has  been  es t a b l i s h e d  as  t he PS l ogg i ng  
s y s t em.  And we hav e  d e r i v e d  s ome i n t e r e s t i n g  f ac t s  and he l p f u l  i n f o r ma t i ons  f or  t he Soi l  

Dy nami c s  f r om a l ot  of  t hes e dat a.

I NTRODUCTI ON

The S- wav e  v e l oc i t y  i s v er y  i mpo r t an t  dat a  

i n s t u d y i n g  t he dy nami c  r es pons e  or  b e hav i o r  
of  s o i l  g r o u n d  and e v a l u a t i n g  t he dy nami c  
c ha r ac t e r i s t i c s  of  t he g r ound  f or  e n g i n e e r i n g  
pu r pos es .  We hav e d e v e l o p e d  a P-  and S- wav e 
v e l o c i t y  me a s u r i n g  t ec hn i que  as  t he PS l o g g ­
i ng  met hod ,  a k i n d  of  t he we l l  s hoo t i ng  me t h ­

od i n a bo r eho l e .  We hav e c a r r i ed  out  t hes e 
me a s u r e me n t s  i n  244 ho l es  ( t ot a l  l eng t h  of  
me a s u r i n g  dept h:  10784m,  mean  dep t h  per  hol e:  

44 . 2m)  i n s ubs u r f ac e  l ay er s  of  s of t  g r ound  
of  t he u r ban  ar eas  i n  J apan  s i nc e 1967.
( See Fi g.  1)
I n t h i s  paper ,  we hav e s t ud i ed  how t he v e l o ­
c i t y  of  P-  and S- wav e  and  Po i s s on ' s  r a t i o  
v ar y s  a c c o r d i n g  t o geo l ogy  and s oi l  t y pe,  

i n r e g a r d  t o t he Al l uv i a l ,  Di l uv i a l  and  Te r ­
t i a r y  depos i t s .  We e x a mi n e d  t he r e l a t i on  

of  s ome i ndex  v a l ue  i n So i l  Mec han i c s  t o 
S- wav e  v e l o c i t y  and s hear  modu l us .

METHOD OF VEL OCI TY MEASUREMENT

The PS v e l o c i t y  l ogg i ng  me t h o d  wh i c h  we ar e 
now p r a c t i s i n g  i s  s c h e mat i c a l l y  s hown i n Fi g.
2.  The bo r e h o l e  g e ophone  wh i c h  c on t a i nes  3 
pe r p e n d i c u l a r  c omponen t s  t r ans d u c e r  i s s p e c i ­

a l l y  d e s i g n e d  t o be c l amped  at  any  dept h.  
Th i s  me t h o d  of  d i r ec t l y  me a s u r i n g  t he t r av e l  

t i me d o wn wa r d  i s  mor e  us e f u l  i n s of t  g r ound  

of  u r ban  ar eas  t han t he s e i s mi c  r e f r a c t i o n

Fi g.  2 Me a s u r emen t  Sy s t e m of  Ve l o c i t y  L o g g ­

i ng
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Fi g.  4 Di s t r i b u t i o n s  o f  Ve l o c i t i e s  and Po i s s on ' s  Ra t i o  i n So i l

p r o s p e c t i n g  a n d  t he c r os s - ho l e  met hod.  The 
v e l oc i t i es  of  s o i l  l ay e r s  c an be d e t e r mi n e d  

wi t h  an eas y  o p e r a t i o n  i n l i mi t e d  wo r k i n g  

s pac e of  any  g r ound  by  t h i s  met hod.
I t  i s  not  a f f e c t e d  by  any  s u r f ac e  wav es ,  and 
l ar ge wa v e - g e n e r a t i n g  ener gy  or  l ong  s pac e 
f or  g e ophone  ar r ay  i s  not  nec es s a r y .  I t  i s  
a p p l i c ab l e  t o any  v e l o c i t y  l ay er i ng ,  i n c l u d ­

i ng i n t e r c a l a t i n g  l ow v e l o c i t y  l ay er s .  The 
me a s u r e me n t  i s  done r e pea t ed l y  wi t h  t he a d e ­
qua t e  dep t h  i n t e r v a l  o f  1 t o 2m.  As  t he wav e 
g e n e r a t i n g  me t hod ,  wo o d e n  p l a t e  hammer i ng ,  
we i gh t  d r o p p i n g  and b l a s t i n g  ar e us ed.

Pi g . 3 s hows  ex amp l e  r ec o r ds  by  t hes e met hod.

VEL OCI TI ES AND POI SSON' S RATI O OF GROUND SOI L

On t he bas i s  of  a b o v e - me n t i o n e d  dat a,  we hav e 
s t ud i ed  t he d i s t r i b u t i o n  pa t t e r n s  a n d  ex t en t s  
of  t he P-  and  S- wav e  v e l oc i t i es  o f  s o i l s  a c c ­
o r d i n g  t o geo l o g i c a l  ages  and s oi l  t y pes .
They  ar e s hown i n F i g . 4,  wh i c h  i nd i c a t e  t he 

f r equenc y  o f  app e a r a n c e s  of  v e l oc i t y  v a l ues .  
J u d g i n g  f r om t hes e r es u l t s ,  i n  eac h  c a t e g o ­

r i es  t he v e l o c i t y  v a l ues  t ak e a f a i r l y  l a r ge 
ex t en t ,  and  t he  d i f f e r e n c e  o f  t he d i s t r i b u t ­
i on  p a t t e r n  by  s oi l ,  geo l ogy  and  P-  or  S- wav e  
i s  d i s c e r n i b l e .  I n  t he P- wav e  v e l oc i t y ,  i t  
i s  c l a s s i f i e d  i n t hr ee t y pes  as  f o l l ows .

Ty pe - 1  : Peak  v e l oc i t y  < l OOOm/ s
s uc h as  peat ,  f i l l  c l ay  and  l oam

Ty pe- 2  : Peak  v e l oc i t y  > l OOOm/ s
s uc h as  d i l uv i a l ,  t e r t i a r y  and 
s i r as u

Ty pe- 3  : Bo t h  peak s  as  abov e  me n t i oned  
s uc h as  a l l uv i a l  s and & c l ay  

I n t he S- wav e  v e l oc i t y ,  t hes e  may  be f ound 

a t en d e n c y  of  c ha r a c t e r i s t i c  c ons i s t ens e  f or  
eac h  s oi l  t y pe e x c ep t  o l d  depos i t s .  I t  i s  
p o s s i b l e  t o r e c o gn i z e  a c e r t a i n  c o r r e s p o n d i n g  

r e l a t i o n  b e t we e n  t he S- wav e  v e l o c i t y  and t he 
s oi l  t y pe,  but  i n t he P- wav e,  t he c on t r a r y  i s  
t he c as e and  o t h e r  f ac t o r s  ar e mor e  p r ev a l en t .

Thi s  t e ndenc y  i s ,  agai n,  mor e  c l ea r  wh e n  we 
c ompar e  t he v e l oc i t y  d i s t r i b u t i o n  i n eac h  

ho l e .  I n c as e of  P- wav e  v e l oc i t y  Vp,  c l ear  
c on t r as t  i s  o f t e n  f ound  b e t we e n  abov e and 
b e l o w t he u n d e r g r o u n d  wa t e r  l ev el .  On t he 
o t h e r  hand,  i n  c as e of  S- wav e  v e l oc i t y  Vs ,  
t her e  i s  a g ood  c o r r e l a t i o n  wi t h  me c h a n i c a l  
p r o p e r t i e s  o f  t he s oi l  l ay er s .  Thes e  f ac t s  
s u p p o r t e d  t he gene r a l  e x p l a n a t i o n  t hat ,  
t h o u g h  Vp depends  on b u l k  modu l u s  of  s o i l  

s k e l e t o n  and  por e  wat er ,  Vs  depends  on  s t r u ­
c t u r a l  e l as t i c i t y  of  s oi l  s k e l e t on .

We c an o b t a i n  t he Po i s s on ' s  r a t i o  v f r om t he 

k n o wl edge  o f  Vp  a n d  Vs  by  f o l l o wi n g  equat i on .

1 - 2 ( Vs / Vp ) 2 

v 2- 2 ( Vs / Vp)  2 U ;

F i g . 4 s hows  t he d i s t r i b u t i o n  of  Po i s s on ' s  

r a t i o  of  s oi l .  F i g . 5 s hows  t he r e l a t i o n  
b e t we e n  Vp and  v.  Ac c o r d i n g  t o t hes e r es u l t s  
, i t  c an be s ai d t hat  t he d i s t r i b u t i o n  of  v 
c an be u n d e r s t o o d  as  t he c r os s  p a t t e r n  of  
v e l o c i t y  d i s t r i bu t i on ,  and  t he Po i s s on ' s  
r a t i o  o b t a i n e d  by  t h i s  me t h o d  c an be u n d e r ­
s t ood  as a s t a t e  v a l ue  wh i c h  i s  i n f l u e n c e d  
by  t he e l a s t i c i t y  o f  s k e l e t o n  s t r uc t u r e  and 
t he degr ee  o f  s a t u r a t i on ,  i n t he me d i u m c o n ­
s i s t i n g  o f  t he s oi l  s k e l e t on  and  t he por e  
wa t e r .

SANDY SOIL COHESIVE SOIL

F i g . 5 P - wa v e  V e l o c i t y  a n d  P o i s s o n ' s  Ra t i o

2 5 8



4 / 1  E

1000

S 500 

£

£  200 

100

2000

1000 

500

S 200
E 

„  100

50

0.1 0.2 0.5 1 2 5 10 20 50 100 200 500 

N-  Val ue (t i mes)

Fi g.  6 Ve l o c i t i e s  and N- v a l ue  ( Tot a l  Dat a)

VELOCI TI ES AND SOI L  PROPERTI ES

We wi l l ,  nex t ,  ex ami ne  t he r e l a t i ons  be t ween  
t he e l as t i c  wav e v e l oc i t y  and  v a r i ous  i ndex  
p r op e r t i e s  of  s o i l s .  I n  t he s oi l  mec han i c s ,  

t he me c h a n i c a l  p r op e r t i e s  c an be ob t a i n e d  
f r om v a r i ous  i n - s i t u  or  l abo r a t o r y  t es t  and
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c an be s hown as  v a r i ous  i ndex  v a l ue  of  s t r e ­
n g t h  and de f o r ma t i o n  c ha r ac t e r i s t i c s .  What  
i s  qu i t e  c ommon and  i n d i s p e n s a b l e  amo n g  t hem 
f r om t he s t and p o i n t  o f  d es i gn  i s  N v a l ue  f or  
t he s t a n d a r d  p e n e t r a t i o n  t es t .

Fi g.  6 s hows  t he r e l a t i ons  b e t we e n  N v a l ue 

and  Vp or  Vs ,  us i ng  t he t o t a l  da t a  ( n=943) .  
The N v a l ue  her e  us ed  i s  t he av e r age  v a l ue  i n 

t he s ame v e l oc i t y  l ay er .  N v a l ue  ov er  50 or  
und e r  1 ar e c o n v e r t e d  f r om t he p e n e t r a t i n g  
l eng t h  at  t he t i me of  50 o r  1 b l ows  i n t o  t he 
number  of  b l ows  n e c e s s a r y  f or  p e n e t r a t i o n  as 

deep as  30c m.  As  s t a t ed  be f o r e ,  Vs  s hows  
f a i r l y  b e t t e r  c o r r e l a t i ons  wi t h  N v a l ue  
ex c ep t  t he ex t en t  of  N < 1,  t han  Vp,  Te n t a ­
t i v e l y  t r y i ng  t o f i nd  an e mp i r i c a l  f o r mu l a  
by  al l  dat a,  t he f o r mu l a  i s  as  s hown  by  t he 
f u l l  l i ne i n  Fi g.  6

Vs  = 91. 0  N0 , 3 3 7 - - - - - - - - - - ( 2)

The c oe f f i c i en t  of  c o r r e l a t i o n  r  i s  0. 889.

We c on t i nue  t o d i s c us s  t he abov e  r e l a t i ons  

i n de t a i l  by  t he c a t ego r i es  of  g e o l og i c a l  
ages  and s oi l  t y pes .  Fi g.  7 s hows  s ome r e p ­
r es e n t a t i v e  r es u l t s .  I t  i s  s een f r om t hi s  
f i gur e  t hat  t her e  ar e wi de  d i f f e r enc es  of  
c ov e r ages  o f  Vs  and N v al ue,  and  t hat  s andy  
s o i l  has  t he b e t t e r  c on s i s t e n c e  i n  t h i s  r e l a ­

t i on  and h i g h e r  g r ad i en t  t han  c ohes i v e  s oi l .  
Al s o,  d i l uv i a l  s o i l s  s how t he h i g h e r  Vs  at  
s ame N v a l ue  t han a l l u v i a l  s oi l s .  Fi g.  8 
s hows  abov e d i s c u s s e d  r es u l t s  as  s umma r i z e d  
r e l a t i ons  of  Vs  t o N v a l ue  i n  eac h  c a t egor y .

Now,  we s how s ome r es u l t s  of  our  s t ud i es  

r e g a r d i n g  t he r e l a t i ons  b e t we e n  me c h a n i c a l  
p r ope r t i e s  o f t en  u s ed  i n s oi l  me c h a n i c s  and 
t he S- wav e  v e l oc i t y  Vs .  Fi g.  9 s hows  t he 
r e l a t i ons  b e t we e n  Vs  and s pec i f i c  c oe f f i c i en t  
of  s o i l  r e a c t i o n  ko,  p r e l o a d  Py  and  u n c o n f i ­
ned c ompr es s i v e  s t r eng t h  qu.  k o c an be 
o b t a i ned  f r om t he g r ad i en t  of  l oa d - d i s p l a c e -  

men t  c ur v e  by  t he L a t e r a l  Load  Tes t e r  ( LLT)  
i n bo r eho l e ,  and i s a n u me r i c a l  v a l ue  n e c e s s ­

ar y  f or  e s t i ma t i o n  o f  b e h a v i o r  unde r  h o r i z o n ­
t a l  f or c e o f  t he p i l e  f ounda t i on .  I n  t hes e 
r e l a t i ons ,  a f a i r l y  g o o d  c o r r e l a t i o n  i s t o be 

f ound ex c ep t  v er y  s of t  c l ay .  Thes e  r e l a t i ons  
b e t we e n  me c h a n i c a l  p r op e r t i e s  i mpor t an t  f r om 
t he v i ewpo i n t  of  s o i l  me c h a n i c s  and Vs  do not  
s how mu c h  d i f f e r e n c e  a c c o r d i n g  t o g e o l og i c a l  
ages  and s oi l  t y pes .  We hav e t hus  ob t a i n e d  
an emp i r i c a l  f o r mu l a  f or  eac h.  At  any  r at e 

i t  may  be c ons e q u e n t l y  s a i d  t hat  t he i mp o r t ­

anc e o f  Vs  i n t e r ms  of  i t s  u t i l i z a t i o n  i n 
e n g i n e e r i n g  has  b een  made  c l ear .

F i g .  9 S - wa v e  V e l o c i t y  a n d  So i l  T e s t  Re s u l t s

Fi g.  7 S- wav e  Ve l o c i t y  and  N- v a l ue  
( Se l ec t ed  Dat a)

Vs
(m/sec)

1000

A p ------------- -------
A C -------------

As --------------
A g ..............

Dc - - - - -  —
Ds --------------
DG t t t t t t t t

Tc.s -------------

Fc -------------  —
F s .g -------------

I I

N-Value (t im es)

F i g .  8 S u mma r i z e d  Re l a t i o n  o f  Vs  t o  N
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Fi g.  10 Dy nami c  Shea r  Modu l us  and N Va l ue  
( Tot al  Dat a)

SHEAR MODULUS OF SOI L

We s how t he r e l a t i o n s h i p  b e t we e n  s hear  mo d u ­
l us  Go o b t a i n e d  f r om Vs  and  N v a l ue  i n F i g . 10 
( t ot a l  dat a)  and  Fi g . 11 ( by s oi l  t y pe) .  I t  
i s  s een her e  t hat  s hear  modu l us  and N v al ue 
ar e we l l  c o r r e l a t ed ,  and t he c o e f f i c i en t  of  
c o r r e l a t i o n  of  t o t a l  da t a  i s  0. 888.  F i g . 12 
c ompar es  s hear  mo d u l u s  d e t e r mi n e d  by  PS l o g ­

g i ng  i n wh i c h  s hear  s t r a i n  l e v e l s _a r e  a p p r o ­
x i ma t e l y  i n a r ange of  10“ 6 t o 10 7 or  l es s ,

Fi g.  11 Dy nami c  Shea r  Modu l us  and N Va l ue  
( Se l ec t ed  Dat a)

Fi g.  13 Va l u a t i o n  of  Sh e a r  Modu l i  by  St r a i n  

Lev e l

wi t h  t hos e d e t e r mi n e d  by  LLT me a s u r e me n t  i n a 
r ange o f  10 1 t o 1 0 - 2 . Now,  when  t he s t r es s -  

s t r a i n  c h a r a c t e r i s t i c s  of  s o i l  may  be s hown 
i n t he f o l l o wi n g  f o r mu l a  T = a y n , t he r a t i o  of  
v ar i ous  s hear  modu l i  i s  e x p r e s s e d  as a f u n c ­
t i on  of  t he r a t i o  of  s hear  s t r a i ns  i n F i g . 13.

CONCLUSI ONS

As  t he i n v e s t i g a t i o n  me t h o d  of  u r ban  a r ea  t he 
g r o u n d  of  wh i c h  i s  c h i e f l y  o f  t he Qu a r t e r n a r y  
depos i t s ,  h i t h e r t o  s oi l  e n g i n e e r i n g  me t h o d  
has  b e e n  r e s t o r e d  t o,  l i t t l e  us e of  t he g e o ­

phy s i c a l  p r o s p e c t i n g  me t h o d  b e i n g  made.  But  

f or  t he e a r t h q u a k e  e n g i n e e r i n g  and  t he s oi l  
dy nami c s ,  i n f o r ma t i o n s  on  s oi l  e l as t i c i t y ,  
l i k e t he s hea r  mo d u l us  and t he S- wav e  v e l o ­
c i t y ,  hav e c ome t o be of  i mpor t anc e .  The PS 

l o g g i ng  me t h o d  f o r  me a s u r i n g  v e l o c i t y  of  e l a ­
s t i c  wav e,  es pe c i a l l y  S- wav e,  d e s c r i b e d  i n 
t he p r es e n t  pape r  i s  s i mp l e  and us e f u l  f or  
t he abov e  s t a t ed  ob j ec t .

Th i s  v e l oc i t y  i n f o r ma t i on ,  wh i c h  i s  c l os e l y  
c o n n ec t ed  wi t h  me c h a n i c a l  and  e n g i n e e r i n g  

p r op e r t i e s  of  s oi l ,  i s  i n d i s p e n s a b l e  t o t he 
e v a l u a t i o n  o f  t he dy nami c  c h a r a c t e r i s t i c s  of  
gr ound.  Need l es s  t o s ay ,  t he v a r i ous  ma t ­
t er s  me n t i o n e d  i n t h i s  pa p e r  hav e many  p r o ­
b l ems  y et  t o be s o l v ed.  Ac c u mu l a t i o n  of  
r i c h  d a t a  and c l os e e x p e r i me n t a l  and  t h e o ­

r e t i c a l  v e r i f i c a t i o n  r e ma i n  t o be made  h e r e ­
af t er .

REFERENCES

Fi g.  12 Dy nami c  and St a t i c  Shea r  Modu l i

Ai s i k s ,  E. G.  and I . W.  Ta r s h a n s k y  ( 1968) ,

" Soi l  St ud i es  f or  Se i s mi c  De s i g n  of  San Fr a ­
n c i s c o  Tr an b a y  Tube,  Vi b r a t i o n  Ef f e c t s  of  
Ea r t h q u a k e s  on Soi l  and  Fo u n d a t i o n , "  ASTM 

Spec i a l  Tec hn i c a l  Pub l i c a t i o n  450,  Amer i c an  
Soc i e t y  f or  Te s t i n g  and Mat e r i a l s ,  Ph i l a d e l ­
ph i a

I mai ,  T.  et  al .  ( 1975) ,  " The Re l a t i on  of  
Me c h a n i c a l  Pr op e r t i e s  of  So i l s  t o P-  and  

S- wav e  Ve l o c i t i e s  i n J apan , "  Pr oc .  4t h J apan  
Ea r t h q u a k e  En g i n e e r i n g  Sy mpos i um,  pp.  89- 96 
( i n J apanes e)

Seed,  H. B.  ( 1969) ,  " The I n f l uenc e  of  Loc a l  
Soi l  Co nd i t i ons  on Ea r t h q u a k e  Damage, "  Pr e ­
p r i n t  o f  St a t e  o f  t he Ar t  Lec t u r e ,  So i l  
Dy nami c s  Sp e c i a l t y  Con f e r enc e ,  7t h I nt .
Conf .  S. M. F. E.

Sei smi c Expl or at i on

Mi crosei sms

10' 5 1 

Shear St r ain T Dynamic Tr iaxial  Test

2 6 0


