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D Y N A M IC  T O R S IO N  T E S T IN G  O F  S O IL S

E P R E U V E S  D E  T O R S IO N  D Y N A M IQ U E  D E S  S O LS  

H C T lI ilT A M H I- ’  r i ' . V I I T O l i  C l i o n i l i o i  M W ' i n i I l l J I  | 1|>|1 ;U 1 l l \M I IM r , ( 'K I 1 X  > ( ' .  l O l i i l i l X

P .W . T A Y L O R ,  A s s o c ia t e  P r o f e s s o r  o f  C i v i l  E n g in e e n n g , U n i v e r s i t y  o f  A u c k la n d  

I .M .  P A R T O N ,  E n g in e e r ,  C e n t r a l  L a b o r a t o r ie s / M i n i s t r y  o f  W o r k s ,  N e w  Z e a la n d

SYNOPSI S An  o u t l i ne  i s  g i ve n  of  t he  us e  o f  d y na mi c  s oi l  p r ope r t i e s ,  p a r t i c u l a r l y  s he a r  mo d ul us  a nd  e q u i v a l 

e n t  v i s c o us  da mp i n g  f a c t or ,  i n e s t i ma t i n g  s i t e  r e s po ns e  t o e a r t h q u a k e  mot i on .  Bo t h  mod u l u s  a n d  da mp i n g  a r e  

f oun d  t o be  s t r on gl y  a mp l i t u de - d e p e n d e n t .  Me t h o ds  of  d e t e r mi n i n g  dy na mi c  p r o pe r t i e s  a r e  e n u me r a t e d  a nd  t he  

f e a t u r e s  o f  t o r s i on  t e s t s  ou t l i ne d .  An  i mp r o ve d  a p pa r a t us  i s  d e s c r i b e d ,  i n wh i c h  f r e e  t o r s i o na l  o s c i l l a t i on  of  

a s a mpl e  wi t h  a dd e d  i ne r t i a  i s  obs e r ve d .  Fr om a  s i ng l e  t e s t ,  va l u e s  of  s h e a r  mo d ul us  a nd  e q u i v a l e n t  v i s c ous  

d a mpi ng  f a c t o r  c a n b e  o b t a i ne d  ove r  a  r a ng e  of  a mpl i t ud e s .  Te s t  r e s u l t s  f o r  a  va r i e t y  o f  s o i l s  a r e  pr e s e n t e d  

a nd  c o mpa r e d  wi t h  p r e v i o u s l y  p ub l i s h e d  r e s u l t s .  I t  i s  s hown t h a t  d y n a mi c  pr op e r t i e s  ma y  d i f f e r  g r e a t l y  f r o m 

pu bl i s h e d  a ve r a ge  r e s u l t s ,  a nd  t ha t  d a mp i n g  i n c l a ys  a t  l ow a mpl i t u de s  ma y  be  l e s s  t ha n  ha d  pr e v i o u s l y  be e n  
e s t i ma t e d .

I NTRODUCTI ON

To  e na bl e  s t r uc t ur a l  e ng i ne e r s  t o  de s i g n  bu i l d i ng s  

a d e q u a t e l y  t o r e s i s t  e a r t h q u a k e  i t  i s  n e c e s s a r y  t o , 

e s t i ma t e  t he  p r ob a b l e  e a r t h q u a k e  mo t i on s  a t  t he  f o u n d 

a t i o n  of  t h e  s t r uc t ur e .  I t  ha s  b e c o me  i n c r e a s i n g l y  

c l e a r  o v e r  t he  pa s t  d e c a d e  o r  s o t h a t  t he  n a t u r e  o f  

t he  s ub s oi l s  a t  t he  s i t e  p r o f o u n d l y  i n f l u e n c e s  t he  

mot i on .  Thi s  wa s  mo s t  g r a p h i c a l l y  i l l u s t r a t e d  i n t he  

e a r t h q u a k e  a t  Ca r a c a s ,  Ve ne z ue l a ,  1957 ,  wh e n  b l oc ks  of  

a pa r t me nt s  of  a l mo s t  i de n t i c a l  c on s t r u c t i o n  b e h a v e d  

ve r y  d i f f e r e n t l y ,  s ome  c o l l a ps i n g  c o mpl e t e l y ,  o t he r s  

r e ma i n i n g  p r a c t i c a l l y  unda ma ge d .  Th e  d i f f e r e nc e s  i n 

b e h a v i o u r  c oul d  be  a t t r i b u t e d  on l y  t o d i f f e r e nc e s  i n 

t he  na t ur e  o f  t he  s u bs o i l s  on  wh i c h  t he  b u i l d i ng s  we r e  

f ounde d .

I n r e c e nt  y e a r s ,  me t ho ds  o f  a na l ys i n g  t he  r e s po ns e  of  

s o i l s  t o e a r t h q u a k e  mo t i o n  ha v e  b e e n  de ve l op e d .  Two 

ba s i c  me t ho ds  c ur r e n t l y  i n us e ,  wh i c h  ma y  be  a pp l i e d  

t o h or i z o nt a l  s oi l  s t r a t a  wi t h  a ho r i z o nt a l  s ur f a c e ,  

a r e  t he  mu l t i p l e  r e f l e c t i o n  t he or y  ( Duke  a nd Le e ds ,

| 1962)  a nd t he  s he a r  de f o r ma t i o n  a p pr oa c h  ( I dr i s s  a nd 
Se e d ,  1967) .  Th e s e  a r e  a l s o  de s c r i b e d  a nd  c o mpa r e d  

by Ts a i ,  ( 1969) .  Wh e n  t he  g e ome t r y  of  t he  b o u n d a r 

i e s  o f  t he  s oi l  de pos i t s  i s  mo r e  c omp l e x  t he  f i n i t e  

e l e me n t  me t h o d  ma y  b e  mo r e  a p p r o p r i a t e  ( De z f u l i a n  a nd 

Se e d  1970) .

Wh a t e v e r  me t h o d  i s  us e d  t o a n a l y s e  t he  r e s po n s e  of  

s o i l s  t o e a r t h q u a k e  e x c i t a t i o n ,  kn owl e d g e  of  t he  

s t r e s s  s t r a i n  r e l a t i o ns h i ps  f or  t he  s o i l s  i s  r e qui r e d .  

Th e s e  r e l a t i on s h i p s  a r e  u s u a l l y  e x p r e s s e d  i n t e r ms  of  

t he  s h e a r  mo du l us  a nd  t he  e q u i v a l e n t  v i s c ou s  da mpi ng  

f a c t or .  Bot h  of  t he s e  qu a n t i t i e s  a r e  s t r on gl y  a mp 

l i t ud e - de p e nd e n t .

Th e  s h e a r  mo d ul us  of  s oi l  s a mpl e s  ma y  be  d e t e r mi n e d  

i nd i r e c t l y  f r om d y na mi c  a xi a l  c o mp r e s s i on  t e s t s  i f  

Po i s s on ' s  r a t i o  i s  known,  or  a s s u me d ( Pa r t on  a nd  Smi t h  

1971) .  Ac c u r a t e  d e t e r mi n a t i o n  o f  Poi s s o n ' s  r a t i o  f o r  

s o i l s  i s  d i f f i c u l t .  Di r e c t  d e t e r mi n a t i o n  of  s h e a r  

mo d u l u s ,  i n s i mp l e  s h e a r  or  t o r s i o n  t e s t s  i s  t he r e f or e  

pr e f e r a b l e .  An e x a mp l e  o f  f or c e d  c y c l i c  s i mp l e  s h e a r  

t e s t s  i s  p r o v i d e d  by  Th i e r s  a nd  Se e d  ( 1968)  wh i l e  t he  

s a me  e a u i p me n t  wa s  us e d  f o r  f r e e  v i br a t i o n  t e s t s  i n 

s i mp l e  s ne a r  by  Kova c s ,  Se e d  a nd  Cha n ,  ( 1971) .

DYNAMI C TORSI ON TESTS

Th e s e  ma y  be  c l a s s i f i e d  a s  r e s o na nt ,  wh e r e  a  s i n g l e  

de gr e e  of  f r e e d o m s y s t e m o s c i l l a t e s  a t  i t s  na t ur a l  

f r e qu e nc y;  o r  n on - r e s on a n t ,  wh e r e  t he  ma t e r i a l  i s  

s u b j e c t e d  t o ( us ua l l y  s i nus o i da l )  a n g u l a r  s t r a i n ,  a t  

a ny  c h os e n  f r e q u e n c y  a nd  t he  i n du c e d  t o r q ue  i s  me a s u r 

ed.

An  e x a mp l e  of  t he  l a t t e r  t ype  i s  t he  We i s s e n be r g  

Rh e o g on i o me t e r ,  ( Kr i z e k  a nd  Fr a nk l i n ,  1969)  i n whi c h  

a n a t t e mp t  i s  ma d e  t o  o ve r c ome  one  of  t he  d i s a d v a n t a 

ge s  n o r ma l l y  a s s oc i a t e d  wi t h  t o r s i o n  t e s t s  on  no n 

l i n e a r  ma t e r i a l s ,  na me l y ,  t h a t  t he  s h e a r  s t r a i n  va r i e s  

f r om z e r o  a t  t he  a x i s  t o a  ma x i mu m a t  t he  s a mpl e  

pe r i phe r y .  Th e  We i s s e n b e r g  Rhe og o n i o me t e r  a pp l i e s  a 

f o r c e d  t or s i ona l  o s c i l l a t i o n  t o a s a mp l e  p l a c e d  b e t w

e e n  e nd  p l a t e n s ,  on e  of  wh i c h  i s  f l a t ,  t he  o t he r  a 

t r u nc a t e d  c one  I f  t he  c one  a pe x  i s  a t  t he  f a c e  of  

t he  f l a t  p l a t e n,  t he  s h e a r  s t r a i n  i s  u n i f o r m t h r ou gh 

o u t  t he  s a mpl e .  Thi s  a p pa r a t us  ha s  t he  l i mi t a t i on ,  
ho we ve r ,  t ha t  o n l y  r e mou l d e d  s a mpl e s  ma y  be  t e s t e d.

Re s on a n t  t ype  t o r s i o n  t e s t s  ma y be  s ub di v i d e d  i n t o  

t hos e  wi t h  a dde d  i ne r t i a ,  a nd  t hos e  i n wh i c h  a dde d  

i n e r t i a  i s  ke p t  t o a  mi n i mum.  So me  of  t he  f i r s t
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r e s on a n t  t e s t s  we r e  d e s c r i b e d  by  I s h i mo t o  a nd  I i da  

( 1937) ;  c y l i ndr i c a l  s a mpl e s  we r e  mo u n t e d  on  a ba s e  

t o r s i on a l l y  o s c i l l a t e d  by an e l e c t r o ma g n e t i c  dr i v e  

a nd  t he  f r e qu e n c y  va r i e d  un t i l  t he  a mp l i t u de  a t  t he  

t op o f  t he  s a mpl e  r e a c he d  a  ma xi mum.  Th e  pr i nc i pa l  

wa s  e mpl oy e d  by Wi l s o n  & Di e t r i c h  ( 1960)  a nd i n a 

mo d i f i e d  f or m by Ha l l  & Ri c h a r t  ( 1963) .  Thi s  me t ho d  

ha s  t wo ba s i c  d i s a dv a n t a ge s ,  howe ve r :  

f i r s t l y ,  t he  a mpl i t u de s  of  v i b r a t i on  a r e  s ma l l ,  not  

r e a d i l y  c on t r o l l e d ,  a nd  i n ma n y  c a s e s  n o t  e ve n 

e va l ua t e d ;

s e c o n d l y  t he  r e s o na nt  f r e q u e n c y  i s  u s u a l l y  on e  o r  t wo 

or de r s  of  ma g n i t u d e  g r e a t e r  t ha n f r e qu e nc i e s  e n c o u n 

t e r e d  i n e a r t hq u a k e  e n g i ne e r i n g  pr obl e ms .

Fr e qu e n c y  e f f e c t s  a r e  known t o be  s ma l l  o v e r  a  l i mi 

t e d r a nge  ( 0 . 1- 30  Hz . )  bu t  ma y  be  s i g n i f i c a n t  i f  t he  

r e s u l t s  o f  t e s t s  a t  t he  na t ur a l  f r e q u e n c y  of  a s ma l l  

s a mpl e  a r e  a pp l i e d  t o e a r t h q u a k e  pr obl e ms .

The s e  d i s a d v a n t a g e s  a r e  o ve r c ome  i n f r e e  v i br a t i on  

t e s t s  wh e r e  r o t a t i o na l  i ne r t i a  i s  a d de d  t o t he  f r e e  

e n d  o f  t he  s a mpl e .  Th e  c o mb i n a t i o n  a c t s  a s  a s i ng l e  

d e g r e e  of  f r e e d o m s y s t e m,  t he  s a mp l e  p r ov i d i n g  t he  

t o r s i ona l  s t i f f n e s s  a n d  e n e r g y - d i s s i p a t i n g  pa r t s  o f  

t he  os c i l l a t or .  I f  t he  a dde d  i n e r t i a  i s  s u i t a b l y  

c hos e n ,  t he  r e s on a n t  f r e q u e n c y  ma y  be  r e d uc e d  t o a 

r a n g e  a p p r o p r i a t e  f o r  e a r t h q u a k e  e n g i n e e r i ng  pr o b l e ms  

Th e  s y s t e m i s  g i v e n  a  s ma l l  a n g u l a r  d i s p l a c e me n t  

wh i c h  i n i t i a t e s  a  f r e e  t o r s i ona l  os c i l l a t i o n  de c a yi ng  
i n a np l i t u d e  wi t h  t i me .  Ze e v a e r t  ( 1967)  de t e r mi n e d  

t he  d y n a mi c  s h e a r  mo d u l u s  o f  s a nd  a nd  c l a y  s a mpl e s  by  

t h i s  me t hod .

DEVELOPMENT OF I MPROVED EQUI PMENT

I n a  f r e e  v i b r a t i o n  t e s t s  i n whi c h  s h e a r  mo d u l u s  a nd 

d a t i n g  p r o pe r t i e s  o f  s o i l s  a r e  t o be  de t e r mi n e d ,  t he  

f o l l o wi ng  f e a t u r e s  a r e  de s i r a b l e :

1.  Th e  s a mp l e s  s h o u l d  p r e f e r a b l y  be  t e s t e d  i n

t or s i on  t o a l l o w d i r e c t  e v a l u a t i o n  o f  t he  s h e a r  

modul us .

2.  Th e  f r e q u e n c y  o f  t e s t i ng  s h o u l d  be  i n t he  r a nge

o f  e a r t h q u a k e  f r e qu e n c i e s  ( 0. 1 -  10 Hz ) .

3.  . St r a i n a mpl i t u de s  s h ou l d  be  c o n t r o l l a b l e  a nd  i n

t he  r a n ge  o f  e a r t h q u a k e  s t r a i n s  ( £ 0 . 5 %) .

4.  Th e r e  s ho ul d  be  s ome  c ont r o l  ov e r  t h e  e f f e c t i v e

c o ns o l i d a t i o n  p r e s s u r e s  wh i c h  c ou l d  be  a ppl i e d .

5.  Th e r e  mu s t  b e  ne gl i g i b l e  f r i c t i o n  i n t he  a p p a r a 

t us  t o  p e r mi t  t he  e v a l u a t i o n  o f  ma t e r i a l  d a m

p i n g  f r o m t he  de c a y  of  f r e e  v i b r a t i ons .

Th e  a p pa r a t us  c on s i s t s  o f  a  t r i a x i a l  c e l l  d e s i g ne d  

p r i n c i p a l l y  t o  a c c e p t  6"  h i gh  by  3"  d i a me t e r  s a mpl e s .  

A l oa d  r a m, N c o nn e c t e d  t o t he  t op  p l a t e n ,  pa s s e s  

t h r o ugh  a  b e a r i n g  i n t he  c e l l  t op  a nd i s  l oc ke d  s e c 

u r e l y  t o a n i n e r t i a  be a m as  s h o wn  d i a g r a mn a t i c a l l y  

i n Fi gu r e  I f  Th e  f r e q u e n c y  o f  f r e e  v i br a t i o n  i s  

c on t r o l l e d  by  a d j u s t i n g  t he  r a d i us  of  a  pa i r  o f  

we i g h t s  s e c u r e d  t o t he  be a m.

Th e  we i g h t  o f  t he  b e a m ma y  b e  f u l l y  o r  p a r t l y  c o u n t 

e r b a l a n c e d  us i ng  t he  c e l l  p r e s s u r e  a c t i n g  on t he  a r e a  

of  t he  l oa d  r a m.  Thus  t he  ve r t i c a l  a nd  hor i z ont a l  

s t r e s s e s  c a n  be  i n d e p e nd e n t l y  a d j us t e d .  Th e  s a mpl e  

b a c k  pr e s s ur e  i s  s e t  t o pr o v i d e  t he  d e s i r e d  e f f e c t i ve  

s t r e s s e s .

*Ne x t  Pa ge .

At  on e  e nd  of  t he  i ne r t i a  be a m,  a n  a c t ua t i n g  de vi c e  
c on s i s t i n g  of  a s p r i n g - l o a d e d  p l u n g e r  r u nni ng  on a 

h a n d - o p e r a t e d  c a m pr o vi d e s  a s i mp l e  me t ho d  of  g i v i ng  

t he  s a mp l e  a n i ni t i a l  a n g u l a r  d i s p l a c e me nt .  Four  

c a ms ,  g i v i n g  s he a r  s t r a i n s  of  0 . 06 % t o 0 . 7% a r e  a v a i l 

a bl e .

At  t he  o t h e r  e nd ,  a  l i ne a r  v a r i a b l e  d i f f e r e n t i a l  

t r a n s f o r me r  ( LVDT)  i s  us e d  t o me a s u r e  t he  a n g u l a r  d i s 

p l a c e me n t  of  t he  i ne r t i a  be a m.  Th e  o u t p u t  o f  t hi s  

t r a n s d u c e r  i s  a pp l i e d  t o a n  u l t r a - v i o l e t  r e c o r d e r  

g i v i n g  a  t r a c e  on  p h o t o g r a p h i c  p a p e r  of  s h e a r  s t r a i n  
ve r s us  t i me .  A r e du c e d  r e p r o d uc t i on  of  a n  a c t ua l  
t e s t  r e c o r d  i s  s hown i n Fi gu r e  2.

FI G.  2.  Re d u c e d  Ph o t o g r a p h i c  Re c o r d .

[| T o rs io n a l D e fo rm a tio n
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E le v a t i o n

angular

oscillation

FIG. I Schematic Diagram of the Torsion Test Apparatus.

Th e  p r ob l e m of  pr ov i d i n g  a b e a r i ng  t o s u p p o r t  t he  

l oa d  r a m r a d i a l l y  a nd y e t  be  v i r t u a l l y  f r i c t i o n l e s s  

a nd  a d a pt a b l e  t o a c onve nt i ona l  t r i a x i a l  ce l l  wa s  

s o l v e d  by  us i ng  a n e x t e r n a l l y  pr e s s u r i z e d  ga s  be a r i ng.  

Thi s  i s  s h own s c h e ma t i c a l l y  i n Fi g ur e  3.  Ai r  und e r  

p r e s s u r e  e n t e r s  t he  b e a r i n g ,  c i r c u l a t e s  i n t he  s uppl y  

ma n i f o l d  a nd  pa s s e s  t h r o ugh  t he  r i ng  of  e i gh t  j e t s  t o 

e n t e r  t he  a n nu l a r  s pa c e  b e t we e n  t he  l oa d  r a m a nd 

hous i ng .  Th e  a i r  ma y e s c a p e  up wa r ds  t o t he  a t mo s 

ph e r e  or  do wn wa r d s  t h r ou gh t he  e x h a u s t  c ha mbe r .

To  ove r c o me  mi s a l i g n me n t  of  be a r i n g  a nd s a mp l e  a xe s  a 

Ho o ke ' s  j o i n t ,  mo d i f i e d  t o a l l ow a  s ma l l  a mo un t  of  

mo v e me n t  a l ong  e a c h  a x i s  i s  i n c o r po r a t e d  i n t he  t op 

pl a t e n.  Thi s  a l l o ws  t he  t op p l a t e n  t o be  i n c l i ne d  

by  u p  t o a  f e w de g r e e s  f r o m t he  hor i z o nt a l  a nd t he

pl a t e n  a xi s  t o be  up t o 1/ 8"  ou t  o f  a l i g n me n t  wi t h  

t ha t  o f  t he  a i r  be a r i ng ,  bu t  a t  t he  s a me  t i me  t r a ns 

mi t s  t o r s i ona l  mo v e me n t  wi t h o u t  a ny  l os t  mot i on .

A mo r e  d e t a i l e d  de s c r i p t i o n  o f  t he  e q ui p me n t  i s  q i ve n  
by  Pa r t on  ( 1972) .

THEORY

Th e  s he a r  mod ul u s ,  G i s  de t e r mi n e d  f r om t he  obs e r ve d  

pe r i od  o f  o s c i l l a t i on  us i ng  t he  f o l l o wi ng  f or mu l a  
( Mor l e y ,  1956) .
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As  s h e a r  s t r a i n  va r i e s  f r om z e r o  on  t he  a x i s  t o a 

ma x i mu m a t  t he  p e r i ph e r y  o f  a s o l i d  c y l i ndr i c a l  t o r 

s i on  t e s t  s pe c i me n ,  i t  i s  s o me t i me s  c o ns i de r e d  t ha t  

s uc h  a  t e s t  i s  u ns u i t a b l e  f or  d e t e r mi n i ng  t he  s t r e s s  

s t r a i n  c h a r a c t e r i s t i c s  o f  n o n - l i n e a r  ma t e r i a l s .  Ho w

e ve r ,  a s i mpl e  c or r e c t i on  ma y  be  a p pl i e d  t o a c c oun t  
f or  no n- un i f o r mi t y  of  s t r a i n .  I t  c a n be  s hown 

( Ta yl or ,  1971)  t ha t

G( >

c or r e s pon ds  t o t he  s h e a r  s t r a i n ,  y .  
a t  t he  p e r i p h e r y  of  t he  s a mpl e

G i s  t he  e f f e c t i v e  mod ul us ,  as  d e t e r mi ne d  

pr e v i ous l y .

The  mo s t  us e f ul  f or m o f  t hi s  r e l a t i o ns h i p ,  f o r  us e  

wh e n  s t r a i n  i s  p l o t t e d  on a  l og a r i t hmi c  s c a l e  i s : -

0 . 1 09  d G 

G( V  = Ge  * ' d( 1 og- j o y j

FI G.  3  Sc h e ma t i c  Di a g r a m of  Ai r  Be a r i ng .

De s pi t e  t he  s t r on g  n on - l i n e a r i t y  of  t he  s o i l s  t e s t e d ,  

t hi s  c o r r e c t i o n  ha s  ne v e r  be e n  f oun d  t o e x c e e d  5%.

wh e r e J  = 

L =

! P = 

To =

r  4 tt2JL

= *7* 7P 0

ma s s  mo me n t  of  i ne r t i a  

s a mpl e  l e ngt h

po l a r  mo me n t  of  i ne r t i a  o f  s a mpl e  

pe r i od  of  f r e e  v i br a t i on .

Fr om t he  d i s p l a c e me n t - t i me  r e c o r d  t he  l og a r i t h mi c  

d e c r e me nt ,  6 i s  d e t e r mi n e d  f o r  s u c c e s s i v e  c yc l e s .  

Th e  s t a nd a r d  r e s u l t  i s  us e d  wh i c h  f or  s ma l l  va l ue s  

of  da mp i n g  g i ve s  t he  e q u i v a l e n t  v i s c ou s  da mpi ng  

f a c t or ,

e q

§ _

2n

r f her e 6 i s  t he  na t ur a l  l o ga r i t hm of  t he  r a t i o  of  

s uc c e s s i v e  e xc u r s i on s  i n t he  s a me  d i r e c 

t i on.

The s e  me t h od s  o f  a n a l y s i s  ha ve  be e n  us e d  by  Ze e va e r t  

( 1967) ,  Ko va c s ,  Se e d  a nd  Cha n  ( 1971)  a n d  o t he r s .

The s e  pr e v i ou s  wo r k e r s  t ook a v e r a g e  va l ue s  of  l og a r 

i t hmi c  d e c r e me n t  a nd  pe r i od  of  o s c i l l a t i on  o v e r  3- 5 

c yc l e s  t o ob t a i n  s i ng l e  va l u e s  o f  mo du l us  a nd  d a mp 

i ng f a c t or .  ( Fr i c t i on  i n hi s  a pp a r a t us  p r e v e n t e d  

Ze e va e r t  f r om e v a l u a t i n g  s oi l  da mpi ng) .

Wi t h  t he  i mp r ov e d  e q ui p me n t  i t  ha s  be e n  f ou nd  p o s s 

i b l e  t o e va l u a t e  s he a r  mod ul us  a nd  da mpi ng  f a c t o r  f or  

e a c h  s uc c e s s i ve  c yc l e  of  os c i l l a t i o n .  I t  i s  f ound  

t ha t  t he  pe r i o d  o f  o s c i l l a t i o n  de c r e a s e s  as  t he  a mp 

l i t u de  de c a ys  a nd  t h a t  t he  l og a r i t h mi c  d e c r e me n t  

de c r e a s e s  a l s o.  Th e s e  c ha ng i ng  pa r a me t e r s  r e f l e c t  

t he  n on - l i n e a r  s oi l  p r o pe r t i e s  a nd he n c e ,  f r om a 

s i ng l e  t e s t ,  va l ue s  of  mod ul us  a nd  d a mp i n g  ma y  be  

e va l u a t e d  ov e r  a r a nge  o f  s t r a i ns .

TEST PROGRAMME

I t  wa s  c on s i de r e d  mo s t  i mpor t a n t  t o e va l u a t e  t ha t  pa r t  

o f  t he  t ot a l  c a l c u l a t e d  da mpi ng ,  a s  de t e r mi n e d  f r om 

t he  l og a r i t hmi c  d e c r e me n t  of  t he  f r e e  v i b r a t i on  de c a y ,  

wh i c h  c oul d  be  a t t r i b u t e d  t o  f r i c t i o n  i n t he  e qui pme nt .

Ge n e r a l l y ,  me t a l s  ha v e  l ow da mpi ng ,  c o mp a r e d  wi t h  s oi l s  

a nd  a r e  l i n e a r l y  e l a s t i c  i n t he  s t r a i n  r a nge  . 001 t o 

1%.  Thus  f r o m a  f r e e  v i br a t i o n  t e s t  on a me t a l  i t  

s h ou l d  be  pos s i b l e  t o de t e r mi n e  a  da mp i n g  f a c t or  whi c h  

r e pr e s e n t s  t he  f r i c t i on  i n t he  t e s t  e q u i p me n t  p l us  t he  

l ow d a mpi ng  i n t he  me t a l  s pe c i me n.  Thi s  da mp i ng  

c or r e c t i o n  c o ul d  be  s u bt r a c t e d  f r o m t he  gr os s  da mpi ng  

f a c t o r  e va l u a t e d  f o r  s oi l  s pe c i me n s  t o de t e r mi n e  t he  

t r ue  s oi l  d a mpi ng  f a c t or .  To  t h i s  e nd ,  a  s t e e l  s p e c 

i me n a p p r o x i ma t e l y  3 i n.  l ong a nd  1 / 8  i n.  d i a me t e r  ( t o 

g i v e  t he  s a me  t e s t  f r e qu e n c y  as  f o r  s oi l  t e s t s )  wa s  

f i t t e d  by  me a n s  of  s pe c i a l  c l a mps  t o t he  nor ma l  t op 

a nd  b o t t o m p l a t e ns .  An i ni t i a l  s h e a r  s t r a i n  of  . 075% 

p r o du c e d  f r e e  os c i l l a t i o ns  wh i c h  c o n t i nu e d  f o r  a p p r o x 

i ma t e l y  500  c yc l e s  be f o r e  t he  a mp l i t u d e  r e du c e d  t o a 

l ow l e ve l .  Te s t s  a t  h i g he r  s t r a i ns ,  up t o 0 . 4%,  p r o 

duc e d  s i mi l a r  r e s u l t s .

A c o ns t a n t  da mpi ng  f a c t o r  o f  0. 001 a nd  a  s h e a r  mod ul us  

of  11 . 6  x 10® p . s . i . ,  bo t h  i n d e p e n d e n t  of  a mpl i t ude ,  

we r e  d e t e r mi ne d  f r o m t he  de c a y  r e c or d .  Mo r l e y  ( 1956)  

g i ve s  t he  s he a r  mo du l u s  of  mi l d  s t e e l  as  11-  12 x 106 

p. s . i .  La z a n  ( 1968)  g i ve s  da mp i n g  f a c t or s  f o r  t o r s i on  

t e s t s  on mi l d  s t e e l  i n t he  r a n ge  0 . 00 02 - 0 . 000 5.  As  

d a mpi ng  f a c t or s  f or  s oi l  i n t he  s t r a i n  r a n ge  t e s t e d 

a r e  t yp i c a l l y  0 . 02 - 0 . 1 0  t he  c o r r e c t i on  f o r  da mp i n g  i n 

t he  a pp a r a t u s  wa s  c o ns i d e r e d  ne g l i g i b l e .

The  e q ui pme n t  wa s  us e d  t o d e t e r mi ne  t he  dyn a mi c  c h a r 

a c t e r i s t i c s  of  a v a r i e t y  of  l oc a l  s o i l s ,  un di s t ur be d  

s a mpl e s  o f  wh i c h  we r e  o b t a i n e d  i n 4 i nc h d i a me t e r  t hi n-  

wa l l e d  s a mp l i n g  t ube s .  De t a i l s  o f  t he s e  ma t e r i a l s  a r e  

g i ve n  i n Ta b l e  1.
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TABLE 1

No. Loc a t i on
De pt h  t o 

t op of  s a mpl e
De s c r i p t i on

Na t ur a l  wa t e r  

c o n t e n t  1

Li qu i d

Li mi t
Pl a s t i c

Li mi t
Pl a s t i c i t y

I nde x

1 Huma n  Sc i e nc e s  Bu i l d i n g  

s i t e ,  Uni v.  o f  Au c kl a n d
7 f t s i l t y  c l a y ,  me d i u m wh i t i s h-  

g r e y
40 79 30 49

2 Sc i e n c e  Bl oc k  St a ge  D 

s i t e ,  Uni v.  o f  Auc kl a n d
12 f t

s i l t y  c l a y,  g r e y
46 62 24 38

3 Ab bo t s  Wa y,  Au c k l a n d 10 f t s i l t y  c l a y ,  g r e y 51 69 31 38

4 Wa i k a t o  Un i v e r s i t y  

Li b r a r y  s i t e
30  f t

s e n s i t i v e  s i l t y  c l a y ,  whi t e  

wi t h  a s h  pa r t i c l e s
97 68 42 26

5 Hu nt l y 20 f t l oos e  pu mi c e  s a nd 

D60 / Dl 0 "  6 - 7

- - - -

6 Hun t l y 23 f t p a r t l y  c e me nt e d  pumi c e  s a nd  

D60 / D10 = 1 0 -°

“ - - -

Se e d  a nd  I dr i s s  ( 1969)  ha ve  p ub l i s h e d  a s e t  o f  a ve r a g e  

c ur ve s  r e l a t i ng  e q u i v a l e n t  v i s c ou s  da mp i ng  f a c t o r  a nd 

d y na mi c  s h e a r  mod u l u s  t o a mpl i t ud e  of  s h e a r  s t r a i n .

Th e  c ur ve s ,  wi t h  s u i t a b l e  c or r e c t i on  f a c t or s  a p pl i e d  

t o t he m,  ha ve  be e n  wi d e l y  us e d  by  I dr i s s  a nd  Se e d  i n 

c omp u t e r  a n a l y s e s  o f  t he  r e s po ns e  of  hor i z on t a l  s oi l  

l a ye r s  t o e a r t h q u a k e  e xc i t a t i on .  Th e  r e l a t i o ns h i ps  

b e t we e n  mo d ul us  a nd  s t r a i n  f o r  s a t u r a t e d  c l a ys  ha ve  

be e n  no r ma l i z e d  by  d i v i d i ng  mo d ul us  va l u e s  by  t he  u n 

d r a i n e d  s h e a r  s t r e n gt h  o f  t he  s oi l .  For  s a nds ,  mo d 

ul i  c ur ve s  ha ve  be e n  r e s o l ve d  i n t o  a  s i ng l e  c ur ve  by 
d i v i d i n g  by  t he  c ube  r oo t  o f  t he  e f f e c t i v e  o ve r b u r d e n  

p r e s s u r e . '

Th e  s a me  pa r a me t e r s  a r e  us e d  i n t hi s  p r e s e n t a t i o n  of  

t e s t  r e s ul t s .

Re s ul t s  f o r  c l a ys  a r e  s ho wn  i n Fi gur e s  4 a nd  5 wh i l e  

t hos e  f o r  s a nds  a r e  g i ve n  i n Fi gur e s  6 a nd  7.  The  

nu me r ou s  po i n t s  f r om t wo t e s t s  a t  d i f f e r e n t  i ni t i a l  

a mp l i t ud e s  we r e  p l o t t e d  a nd a  s moo t h  c u r v e  dr a wn 

t hr o ugh  t he m.  The  c o r r e c t i on  f o r  n o n - u n i f o r mi t y  of  
s t r a i n ,  de s c r i b e d  p r e v i ou s l y ,  wa s  t he n a pp l i e d  t o g i ve  

t he  mo du l u s  c ur v e s  s hown.

Wi t h o u t  e xc e p t i on ,  t he  s h e a r  modu l i  o f  t he  s o i l s  t e s 

t e d  we r e  s t r o n g l y  s t r a i n  de pe nde nt .  Be l o w a  s t r a i n  

a mp l i t u de  of  0 . 0 1 % ma t e r i a l  p r ope r t i e s  t e nd t owa r ds  

l i ne a r  e l a s t i c  be ha vi our .

The  d a mp i n g  f a c t o r  e xhi b i t s  s t r o n g  a mp l i t u d e  d e p e n 

de n c e ,  va l ue s  i n c r e a s i n g  wi t h  i nc r e a s i n g  s t r a i n  a mp 

l i t ude .  Ge ne r a l l y  d a mp i n g  va l ue s  t e nd  t o a c on s t a n t  

l o we r  l i mi t ,  o f  a p pr o x i ma t e l y  2%,  b e l o w s t r a i n  a mp 
l i t ude s  o f  0 . 0 1%. ,  a nd r i s e  t o a b ou t  10% a t  0 . 5% s t r 

a i n  a mpl i t ude .

Th e  r e s u l t s  o b t a i n e d  f o r  c l a ys  a r e  c o mp a r e d  i n Fi g 

ur e s  4 a nd  5 wi t h  t hos e  o f  Se e d  a nd I dr i s s  ( 1969)  a nd 

Kova c s ,  Se e d  a nd  Cha n  ( 1971) .  I t  i s  s e e n  t ha t  t he  

o b s e r v e d  modul i  a r e  c o n s i d e r a b l y  l e s s  t ha n  t hos e  

g i v e n  by  t he  c ur ve  of  Se e d  a nd  I dr i s s ,  wh i c h  i s  i n t e n 

d e d  t o be  a n a ve r a ge  va l u e  f or  c l a ys .

Re s ul t s  o f  Kova c s  e t  al  a r e  f o r  a  r e mo ul de d  c l a y 

mi x t u r e  wh i c h  ma y  a c c o un t  f or  t he  l o w modul i  r e c or de d.

Da mp i ng  va l ue s  we r e  f ound  t o be  l owe r  t ha n  t hos e  

pr e s e n t e d  by  Se e d  a nd  I dr i s s  The  da mp i n g  c ur ve s  

f o l l o w t he  s a me  t r e nd  as  Se e d  a nd I d r i s s 1 b u t  a r e  

d i s p l a c e d  ve r t i c a l l y .

The  r e s u l t s  o f  Kova c s  e t  a I i nd i c a t e  l owe r  da mp i ng  

va l ue s  a t  h i gh  s t r a i ns .  At  l ow s t r a i n s  t he  da mp i n g  

f a c t or s  o b t a i ne d  us i n g  t he  i mpr o ve d  e q u i p me n t  a r e  

s i gn i f i c a n t l y  l e s s  t ha n t hos e  p ub l i s h e d  pr e v i ous l y .

Th e  modul i  de t e r mi n e d  f o r  s a nd s  a r e  s hown i n Fi gu r e  6 

i n wh i c h

K = G/ ( 0 ' ) 1/ 3

wh e r e  o'  i s  t he  e f f e c t i ve  ve r t i c a l  o ve r b ur de n  

pr e s s u r e  ( I b / s q . f t ) .

Th e  ob s e r v e d  mo du l u s  va l ue s  we r e  a d j u s t e d  f o r  r e l a t i ve  
d e ns i t y  us i n g  t he  r e l a t i on s h i p  g i ve n  by  Ki e f e r ,  Se e d  

a nd  I dr i s s  ( 1970) .  I t  i s  s e e n  t ha t ,  a t  l ow s t r a i ns ,  

o b s e r v e d  va l ue s  a r e  a b o u t  on e  f i f t h  of  t hos e  p r e s e n 

t e d  b y  Se e d  a nd  I dr i s s .  Thi s  ma y be  a t t r i b u t e d  t o 

t he  h i gh  v e s i c u l a r  pu mi c e  c o n t e n t  o f  t he  s a n d  t e s t e d.

Ob s e r v e d  va l u e s  of  da mp i n g  s hown i n Fi gu r e  7 c l os e l y  

a p p r o x i ma t e  t hos e  o f  Ha l l  a nd  Ri c h a r t  ( 1963)  a t  s ma l l  

s t r a i n  a mpl i t u de s ,  b u t  a r e  c o n s i d e r a b l y  l e s s  t ha n  

t hos e  pr e s e n t e d  by  Se e d  a nd  I dr i s s  ov e r  a  wi d e  

s t r a i n  r a nge .

SUMMARY AND CONCLUSI ONS

Th e  d e v e l o p me n t  of  a  f r e e  v i b r a t i on  t o r s i on  t e s t  ha s  

be e n  d e s c r i b e d  a nd  r e pr e s e n t a t i v e  r e s u l t s  f or  s a t u r a t 

e d  c l a ys  a nd  p u mi c e  s a nds  pr e s e n t e d .  Th e  f o l l o wi ng  

c on c l u s i on s  a r e  d r a wn : -
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C yc lic  Shear S tra in  • /•

FIG. 4 Variation of Modulus with Strain

Sat uroted Clays.

C yc lic  S h e a r S t r a in  %

FIG. 5 Variation of Damping Factor with Strain

Saturated Clavs
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C y c lic  S h e a r S tra in  • /•

FIG. 6 Variation of Modulus with Strain.

Medium Sands, Relative Density 8 0  */. .

C y c lic  S h e e r S tra in

FIG. 7 Variation of Damping Factor with Strain.

Medium Sand s, Relative Density 80  */.
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( 1)  Va l ue s  of  s he a r  mo du l u s  a r e  s t r o n g l y  s t r a i n-  

de p e n d e nt ,  mo du l u s  v a l ue s  de c r e a s i n g  wi t h  

i nc r e a s i ng  s h e a r  s t r a i n .

( 2)  Be l o w a  s t r a i n  a mp l i t u d e  o f  a p p r ox i ma t e l y  0 . 0 1% 

t he  b e h a v i o u r  of  t he  ma t e r i a l s  t e s t e d  c ha nge s ,  

a nd  be c ome s  a p p r o x i ma t e l y  l i ne a r l y  e l a s t i c .

( 3)  Va l ue s  o f  e q u i v a l e n t  v i s c ous  d a mp i n g  f a c t or  
e v a l u a t e d  a r e  f oun d  t o be  s t r o n gl y  s t r a i n  d e p e n d 

e n t ,  d a mpi ng  f a c t or s  i n c r e a s i n g  wi t h  i n c r e a s i n g  

s t r a i n  a mp l i t ude s .

(4 )  Be l o w a  s t r a i n  a mp l i t ud e  o f  a p p r o x i ma t e l y  0 . 01 % 

va l ue s  of  d a mpi ng  f a c t o r  a r e  f o un d  t o be  

a pp r o x i ma t e l y  c ons t a nt .

( 5)  For  c l a ys ,  t he  e q u i v a l e n t  v i s c ous  d a mp i n g  f a c t o r ,  

p a r t i c u l a r l y  a t  l ow s t r a i n . a mp l i t u d e s , ma y  be  

l owe r  t ha n  ha d  p r e v i ou s l y  be e n  e s t i ma t e d .

( 6)  The  r a ng e  of  d y na mi c  s oi l  p r o pe r t i e s  o bs e r ve d  

i n p r a c t i c e  a ppe a r s  t o be  s o  wi d e  t h a t  t he  us e  

o f  a v e r a ge  pa r a me t e r s  f o r  a b r o a d  s oi l  g r o up  

s uc h a s  ' s a nds '  o r  ' c l a ys '  c a n  g i ve  on l y  a  r ough  

a p p r o x i ma t i o n  t o t he  a c t ua l  d y n a mi c  pr ope r t i e s  

o f  a  p a r t i c u l a r  s o i l .
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