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SYNOPSIS The shear modulus and damping r a t i o  o f  t h r e e  samples o f  d r y  and s a tu r a te d  copper t a i l i n g s  w i t h
d i f f e r e n t  g r a d a t io n  c h a r a c t e r i s t i c s  were d e te rm in ed  w i t h  th e  use o f  a H a rd in  Resonant Column A p p a ra tu s .  The genera l  
dynamic b e h a v io r  o f  t a i l i n g s  w i t h  re s p e c t  t o  c o n te n t  o f  f i n e s ,  i n i t i a l  v o id  r a t i o ,  c o n f i n i n g  p r e s s u re ,  and p e rc e n t  
shear s t r a i n  i s  d is c u s s e d .  The r e s u l t s  a re  compared w i t h  ave rages p u b l i s h e d  f o r  sand, and ave rage cu rves  and u s e fu l  
r e l a t i o n s h i p s  a re  p re se n te d  f o r  t a i l i n g s .

INTRODUCTION

D ur in g  th e  m in in g  and r e f i n i n g  o f  co p p e r ,  huge q u a n t i t i e s  
o f  waste  i n  th e  fo rm  o f  copper t a i l i n g s  a re  ge ne ra ted  as 
a b y - p r o d u c t .  As a consequence, the  s a fe  s t o r i n g  o f  
copper t a i l i n g s  i s  an i t e m  o f  m a jo r  con ce rn .  Today, one 
o f  th e  most w id e l y  used p ro c e s s e s ,  c a l l e d  c y c l o n i n g ,  i n ­
v o lv e s  the  s e p a ra t io n  o f  a s i g n i f i c a n t  p o r t i o n  o f  the  
f i n e  g ra in e d  m a t e r i a l  f ro m  th e  c o a rs e ,  and the  use o f  the  
l a t t e r  f o r  the  c o n s t r u c t i o n  o f  a dam to  r e t a i n  th e  former. 
In  o r d e r  t o  be a b le  to  a n a lyse  and de s ig n  such impound­
ments s a f e l y  i n  a reas  where s e is m ic  a c t i v i t y  i s  common, 
one must make use o f  the  dynamic p r o p e r t i e s  o f  t a i l i n g s .  
However, th e  dynamic c h a r a c t e r i s t i c s  o f  these  m a t e r i a l s  
a re  n o t  w e l l  u n d e rs to o d .  The work  covered  i n  t h i s  paper 
d e a ls  w i t h  th e  e v a lu a t i o n  o f  two dynamic p a ram e te rs ,  
shear  modulus and damping r a t i o ,  under low shear s t r a i n  
l e v e l s  us in g  th e  H a rd in  Resonant Column d e v ic e ,  and gen­
e r a l  f i n d i n g s  o f  th e  dynamic b e h a v io r  o f  copper t a i l i n g s .

In  th e  p a s t  s e v e ra l  y e a r s ,  s i g n i f i c a n t  advances i n  the  
a n a l y s i s  o f  prob lems i n v o l v i n g  the  dynamic l o a d in g  o f  
s o i l s  have been made and the  s tu d y  o f  s o i l  dynamics has 
a t t a i n e d  re m arka b le  g row th  and im p o r ta n c e .  Some i n v e s t i ­
g a to r s  such as Whitman and R ic h a r t  (1967) have addressed 
prob lems r e la t e d  t o  fo u n d a t i o n  v i b r a t i o n s  whereas o th e rs  
such as Seed (1967) have c o n c e n t ra te d  on th e  e f f e c t s  o f  
ea r thq uake s  and th e  e lem ents  o f  p r o t e c t i v e  c o n s t r u c t i o n .  
However, as R i c h a r t ,  H a l l  and Woods (1970) have p o in te d  
o u t ,  " t h e  p rocess  o f  o b t a i n i n g  r e p r e s e n t a t i v e  va lue s  f o r  
th e  c r i t i c a l  s o i l  p r o p e r t i e s  i s  p r o b a b ly  th e  most d i f f i ­
c u l t  p a r t  o f  th e  de s ig n  s t u d y , "  and t h i s  i s  s t i l l  t r u e  
to d a y .  In  th e  de s ig n  o f  e a r th e n  impoundments s u b je c t  t o  
dynamic fo r c e s  under sym m etr ica l  c y c l i c  lo a d in g  c o n d i ­
t i o n s  b u t  i n v o l v i n g  no r e s id u a l  s o i l  d i s p la c e m e n ts ,  the  
shear modulus and the  damping r a t i o  a re  th e  most im po r­
t a n t  s o i l  p r o p e r t i e s .  The shear  modu lus , G, i s  th e  s lope  
o f  th e  l i n e  j o i n i n g  th e  e x t r e m i t i e s  o f  the  c y c l i c  s t r e s s -  
s t r a i n  loop  i n  F ig u re  1 ,  and Gm=„  i s  d e f in e d  as the  shear

I l ia  X

modulus a t  ze ro  p e rc e n t  shear  s t r a i n  o r  f o r  a l l  p r a c t i c a l  
purposes a t  v e r y  low  p e rc e n t  s t r a i n  a m p l i tu d e s

( y =3 x 10~4 %) . The damping r a t i o ,  D, i s  th e  area o f  the  
above lo o p  d i v i d e d  by 4ir t im e s  th e  t r i a n g u l a r  a rea  shown 
in  F ig u re  1.

E f f o r t s  t o  e x p e r im e n t a l l y  e v a lu a te  th e  dynamic p r o p e r t i e s  
o f  s o i l  u s in g  l a b o r a t o r y  equ ipment and e s t a b l i s h  e m p i r i ­
ca l  r e l a t i o n s h i p s  da te  back t o  th e  work o f  Casagrande and

F ig u re  1. D e f i n i t i o n  o f  Shear Modulus and Damping R a t io .

Shannon (1948) on th e  e f f e c t  o f  bomb e x p lo s io n s  on the  
s t a b i l i t y  o f  th e  Panama C ana l .  S ince  t h a t  t im e ,  v a r io u s  
dynamic t e s t i n g  d e v ice s  such as th e  c y c l i c  t r i a x i a l  appa­
r a t u s ,  o s c i l l a t o r y  s im p le  shear  t e s t  a p p a ra tu s ,  M . I . T .  
ap p a ra tu s  f o r  r a p i d l y  loaded t r i a x i a l  t e s t s ,  and re so n a n t  
column a p p a ra tu s ,  have been used t o  d e te rm in e  th e  dynamic 
c h a r a c t e r i s t i c s  o f  s o i l .  In  a d d i t i o n ,  i n v e s t i g a t o r s  such 
as H a rd in  and B lack  (1 9 6 8 ) ,  H a rd in  and D rne v ich  (1 9 7 0 ) ,  
R o e s le r  ( 1 9 7 9 ) ,  and Yu and R ic h a r t  (1984) have p resen ted  
u s e fu l  e m p i r i c a l  r e l a t i o n s h i p s .  H a rd in  and B lack  have 
exp ressed  the  shear modulus a t  ze ro  shear s t r a i n  as a 
f u n c t i o n  o f  v o id  r a t i o  and mean p r i n c i p a l  e f f e c t i v e  
s t r e s s ,  whereas R o e s le r  has i n c o r p o r a te d  the  i n d i v i d u a l  
components o f  th e  c o n f i n i n g  p r e s s u re s ,  and Yu and R ic h a r t  
have accounted  f o r  th e  e f f e c t s  o f  s t r e s s  r a t i o .  The f o l ­
lo w in g  ge ne ra l  fo rm  o f  these  e x p re s s io n s  as d is cu sse d  by 
Seed and I d r i s s  (1970) may a ls o  be used f o r  the  shear 
modulus:

G = 1000 K2 (30 ) 0 ,5  (1 )

i n  w h ich  i s  th e  mean p r i n c i p a l  e f f e c t i v e  s t r e s s  and Kg

i s  a pa ram e te r  wh ich  accoun ts  f o r  the  i n f l u e n c e  o f  v o id  
r a t i o  and shear  s t r a i n  a m p l i t u d e .  On th e  o th e r  hand,
H a rd in  and D rne v ich  d e f in e d  a h y p e r b o l i c  s t r a i n  f u n c t i o n ,  
y h , as f o l l o w s :

yh = (Y/Yr)[l + a exp {-b(Y/yr)>J (2)

1 2 8 9
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and

(3 )

(4)w  = ( ^ V 2) 0-5

where KQ = c o e f f i c i e n t  o f  e a r t h  p re s s u re  a t  r e s t .

3 = e f f e c t i v e  v e r t i c a l  s t r e s s .

5 ,  $ = s t a t i c  e f f e c t i v e  s t r e n g t h  p a ram e te rs .

and were a b le  t o  d e r i v e  the  f o l l o w i n g  un ique  e x p re s s io n s  
f o r  bo th  sand and c l a y :

G/G, 1 / (1 + y h )max

D/Dmax = V (1+V

(5)

(6)

LABORATORY TESTING PROGRAM

D ur in g  th e  t e s t i n g  p rogram, th r e e  d i f f e r e n t  samples were 
t e s t e d  u s in g  a " f r e e - f i x e d  end" H a rd in  Resonant Column 
A p p a ra tu s .  One sam ple , d e s ig n a te d  t a i l i n g s - A ,  was made 
o f  copper t a i l i n g s  as th e y  came f ro m  th e  m ine ,  a n o th e r  
sample, l a b e le d  t a i l i n g s - C ,  com pr ised  o f  t a i l i n g s  t h a t  
had undergone c y c l o n i n g ,  and the  t h i r d  sample, c a l l e d  
t a i l i n g s - W ,  was m a nu fa c tu re d  i n  th e  l a b o r a t o r y  by washing 
away a l l  o f  th e  f i n e s  ( p a r t i c l e s  s m a l l e r  than  0 .0 74  mm) 
f rom  a sample o f  t a i l i n g s - C .  The ge ne ra l  c h a r a c t e r i s t i c s  
o f  th e  th r e e  samples wh ich  g e o t e c h n i c a l l y  range from 
c le a n  f i n e  sand t o  f i n e  s i l t y  sand a re  g iv e n  i n  F ig u re  2.

TAILINGS G, IP USCS 
1 CLASS

A 2.71 NP SM(HL)

C 2.69 NP SH

W 2.67 NP SP

10 1.0 0.1 
Grain Size in Millimeters

F ig u re  2.  G ra d a t io n  and B as ic  P h y s ic a l  P r o p e r t i e s  
o f  T a i l i n g s .

In  t o t a l ,  51 dynamic t e s t s  were pe r fo rm ed  on samples o f  
th e  m a t e r i a l  a t  v o id  r a t i o s  r e p r e s e n t i n g  a p p ro x im a te ly  
50%, 70% and 90% r e l a t i v e  d e n s i t i e s .  Twenty  seven t e s t s  
were pe r fo rm ed  on a i r  d r i e d  samples u s in g  e f f e c t i v e  
c o n f i n i n g  p re s s u re s  o f  14 7 .1 1 ,  294.21 and 490.35  kPa, 
and 24 t e s t s  were conduc ted  on s a tu r a te d  samples us in g  
e f f e c t i v e  c o n f i n i n g  p re s s u re s  o f  14 7 .11 ,  294.21 and 
441.32  kPa. A f t e r  the  dynamic t e s t s  were com p le ted ,  
t r i a x i a l  com press ion  t e s t s  were pe r fo rm ed  on th e  samples. 
In  th e  fo rm e r  t e s t s ,  th e  number o f  c y c le s  ranged f rom  
5 ,000  t o  o v e r  100,000 cycles and th e  shear s t r a i n  ranged 

-4  -2
f rom  a p p ro x im a te ly  5 x 10 t o  3 x 10 %, whereas i n  the  
l a t t e r ,  th e  maximum d e v ia t o r  s t r e s s  o c c u r re d  on the  
average a t  abou t  8% a x i a l  s t r a i n .  In  th e  case o f  the  
dynamic t e s t s ,  th e  p e rc e n t  shear s t r a i n  l e v e l s  were so 
low  t h a t  no a p p re c ia b le  volume change o r  deve lopm ent o f  
excess po re  p re s s u re  to o k  p la c e .

The r e s u l t s  g iv e n  be low r e p r e s e n t  da ta  o b ta in e d  by 
R o jas -G onzJ le z  (1982) and Ben-Khayal ( 1 9 8 3 ) ,  as w e l l  as 
t h a t  c o n p i l e d  by Salgado (1 9 8 3 ) .  Where th e  r e s u l t s  f o r  
d r y  and s a tu r a te d  samples a re  c l o s e ,  t h e y  a re  re p re s e n te d  
by th e  same symbol i n  th e  f i g u r e s .  In  o r d e r  t o  g e ne ra te  
com parisons w i t h  p u b l i s h e d  r e s u l t s ,  pa ram eters  and forms 
o f  e q u a t io n s  p re s e n te d  by p re v io u s  i n v e s t i g a t o r s  have 
been used where p o s s ib l e .  S ince  the  range o f  th e  number 
o f  c y c le s  used d id  n o t  a p p r e c ia b l y  i n f l u e n c e  th e  t e s t s '  
r e s u l t s ,  i t  was n o t  c o n s id e re d  as a f a c t o r  i n  th e  l a b o r a ­
t o r y  t e s t i n g  p rogram.

Shear Modulus

The v a r i a t i o n  o f  th e  no rm a l iz e d  shear m odu lus , G/G_ .
ITlaX

w i t h  th e  ave rage p e rc e n t  shear  s t r a i n  i s  shown in  F ig u re  3.

As e x p e c te d ,  G/Gmax f o r  th e  copper t a i l i n g s  c i t e d  de­

c reases  i n  a n o n - l i n e a r  fa s h io n  as p e rc e n t  shear  s t r a i n  
in c re a s e s  and e x h i b i t s  th e  ge ne ra l  p a t t e r n  o f  b e h a v io r  
p re se n te d  by Seed and I d r i s s  (1 9 7 0 ) .  However,  most o f  
th e  da ta  p l o t s  above th e  graph w h ich  re p re s e n ts  the  
ave rage f o r  sands. As shown in  F ig u re  3 ,  th e  r e s u l t s  
f o r  t a i l i n g s - A  y i e l d  th e  b e s t  agreement w i t h  th e  average 
f o r  sands, whereas tho se  f o r  t a i l i n g s - W  g i v e  th e  w o r s t .

*  A -50-D  = T a i l i n g s  A, 50% r e l a t i v e  d e n s i t y ,  d r y .  
F ig u re  3.  V a r i a t i o n  o f  N orm a l ized  Shear Modulus w i t h  

P e rce n t  Shear S t r a i n .

1290



In  o t h e r  w o rd s ,  th e  da ta  p re se n te d  tend  t o  approach the  

average g iv e n  f o r  sands as the  p e rcen tage  o f  s i l t y  f i n e s  

i n c re a s e s .  A l s o ,  th e  s a tu r a te d  samples gave v a lu e s  which 

were g e n e r a l l y  lo w e r  than tho se  f o r  th e  d r y  sam ples. A t  

t h i s  t im e ,  no e x p la n a t i o n  has been found f o r  the  above 

b e h a v io r  o f  t a i l i n g s  w i t h  s i l t y  f i n e s  b u t  i t  i s  b e l ie v e d  

t o  be a f u n c t i o n  o f  g r a d a t i o n ,  g r a in  c h a r a c t e r i s t i c s  and 

s t r u c t u r e  o f  the  s o i l .  In  any case ,  the  proposed average 

c u rve  p re se n te d  i n  F ig u re  3 (b )  appears t o  be a b e t t e r  

r e p r e s e n t a t io n  f o r  copper t a i l i n g s  than  th e  average cu rve  

g iv e n  f o r  sands.

Aga in  as e x p e c te d ,  Gmax in c re a s e s  w i t h  i n c r e a s in g  e f f e c ­

t i v e  c o n f i n i n g  p re s s u re  and d e c re a s in g  v o id  r a t i o .  

However,  i f  th e  da ta  i s  p re se n te d  as shown in  F ig u re  4 ,  

i n  a fo rm  s i m i l a r  t o  t h a t  d is c u s s e d  by Seed and I d r i s s  

( 1 9 7 0 ) ,  th e  ave rage va lue s  f o r  V. (wh ich  i s  r e a l l y  a 

f u n c t i o n  o f  30 ) a re  shown t o  be f o r  th e  most p a r t  be low 

tho se  f o r  c le a n  sands. F u r t h e r  com par ison  between the  

da ta  p re se n te d  and t h a t  f o r  c le a n  sands i n d i c a t e s  f a i r  

agreement f o r  c le a n  t a i l i n g s  b u t  g e n e r a l l y  poor ag re e ­

ment f o r  t a i l i n g s  w i t h  s i l t y  f i n e s .  Based on th e  da ta 

p r e s e n te d ,  th e  proposed cu rve  g iv e n  i n  F ig u re  4 i s  

th o u g h t  t o  be more r e p r e s e n t a t i v e  f o r  c yc lo n e d  t a i l i n g s .
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o b ta in e d  f ro m  E qua t ion  2 ,  and th e  shear modulus d e t e r ­

mined f ro m  E q u a t io n  5 .  F ig u re  6 fu r n i s h e s  the  r e l a t i o n ­

s h ip  between $ and e f o r  th e  t a i l i n g s  samples c o n s id e re d ,  

and thu s  a f f o r d s  th e  e v a lu a t i o n  o f  the  maximum shear 

s t r e s s  and u l t i m a t e l y  the  d e te r m in a t i o n  o f  G once the  

v o id  r a t i o  i s  known.

0.9

0.8

| 0.7

is
oc
0.6

0.5

0.5 0.5 0.7 0.8 0.9 l.C
Void Ratio

F ig u re  4 .  V a r i a t i o n  o f  w i t h  Vo id  R a t io

SYMBOLS 
• A-D 
® A-S 
9 C-D 
O C-S 
A W-D

Proposed Average 
for Cycloned Tailings

On th e  o t h e r  hand, i f  th e  da ta  i s  r e p l o t t e d  a c c o rd in g  t o  

H a rd in  and D rn e v ich  (1 9 7 0 ) ,  v a lu e s  f o r  pa ram eters  a and 

b may be o b ta in e d  f o r  d r y  and s a tu r a te d  sam ples, and 

t h e i r  r e l a t i o n  w i t h  v o id  r a t i o  and mean e f f e c t i v e  

p r i n c i p a l  s t r e s s  d e te rm in ed  as shown in  T ab le  I .

TABLE I .  E xp re ss io n s  f o r  Parameters R e la te d  t o  G/G

Samples

0 . 7 + ( 3 . 8 e - 1 . 2 ) e x p ( - 3 . 7 / B o ) 

0 . 5 + 2 . 9 e x p ( - 0 . 6 / 3 o ) 
( 8 . 7 e - 4 . 5 ) e x p ( - l / 5 0 ) 

0 .5 + ( 7 e - 3 ) e x p ( - 0 .7 5 / f f o ) 
- 0 . 5 + ( 1 0 . 5 e - 2 . 6 ) e x p ( - 5 / 3 o )

0 . 5 + ( l l . 8 - 1 3 . 2 e )e x p ( -4 /a b )

i n  kg/cm^

A-DRY
A-SAT
C-DRY
C-SAT
W-DRY
W-SAT

12 .4exp (-0 .8 /<Jo ) 

1 3 .5 e x p ( -2 .3 /B o )  
1 1 .5 e x p ( - 1 . 5 /5 0 ) 

14 .9exp (-3 / !T0 ) 
0 .1 4 + 6 7 e x p ( - 4 .5 /g o ) 
0 .1 4+16exp( - 4 /Cq )

F ig u re  5 i n d i c a t e s  t h a t  th e  f u n c t i o n a l  r e l a t i o n s h i p s  
deve loped f o r  a and b y i e l d  r e s u l t s  t h a t  a re  i n  good 
agreement w i t h  th e  h y p e r b o l i c  cu rve  p re se n te d  by H ard in  
and D rn e v ic h .  T h is  means t h a t  i f  th e  maximum shear 
s t r e s s  can be o b ta in e d  f rom  E qua t ion  4 ,  the  r e fe re n c e  
shear s t r a i n  may be found  f ro m  E qua t ion  3 u s in g  a va lu e  
o f  G f rom  F ig u re  4 ,  the  h y p e r b o l i c  s t r a i n  may be

Void Ratio

F ig u re  6 .  E f f e c t i v e  Ang le  o f  S hea r ing  R es is tan ce  
v s .  Vo id  R a t i o .

Damping R a t io

W ith  re g a rd  t o  the  damping r a t i o ,  th e  da ta  a l s o  f o l l o w s  
th e  ge ne ra l  p a t t e r n  o f  b e h a v io r  p r e v i o u s l y  e s ta b l i s h e d  f o r  
n a tu r a l  s o i l s .  As shown in  F ig u re  7 ,  th e  damping r a t i o ,
D, in c re a s e s  as the  ave rage p e rc e n t  shear s t r a i n  i n ­
c re a s e s ,  b u t  most o f  th e  da ta  p resen ted  f a l l s  be low the  
cu rve  r e p r e s e n t i n g  th e  average f o r  sands and t h i s  i s  
e s p e c i a l l y  t r u e  a t  shear  s t r a i n s  g r e a t e r  tha n  a p p r o x i ­
m a te ly  0.001%. For a l l  va lue s  o f  p e rc e n t  shear  s t r a i n  
c o n s id e re d ,  th e  s a tu r a te d  samples gave s l i g h t l y  h ig h e r  
va lue s  o f  D. A t  h ig h  p e rc e n t  shear  s t r a i n ,  th e  damping 
r a t i o  i s  e x t r a p o la t e d  t o  be i n  th e  r e l a t i v e l y  low  range 
o f  a p p ro x im a te ly  18%. As w i t h  th e  shear  m odu lus , the  
agreement w i t h  th e  average f o r  sands i s  f a i r l y  good f o r  
t a i l i n g s - A  b u t  r e l a t i v e l y  poor  f o r  t a i l i n g s - C  and W, and 
i t  i s  b e l ie v e d  t h a t  th e  proposed cu rve  i n  F ig u re  7 (b )  i s  
a b e t t e r  r e p r e s e n t a t io n  f o r  copper t a i l i n g s  tha n  th e  
ave rage cu rve  p resen ted  f o r  sands.

As was th e  case f o r  th e  n o rm a l iz e d  shear  modu lus , e x p re s ­
s io n s  g iv e n  i n  T ab le  I I  were deve loped f o r  pa ram e te rs  a 
and b ,  and va lue s  o f  D/D were p l o t t e d  ve rsus  h y p e r -

> i / 0 + y h)

SYMBOLS

□ C-90-S
C-50-D

AC-70-0

0.3 0.4 0.5
Hyperbolic Strain,

F ig u re  5. Gmeasurec|/Gmax v s .  *̂ ca -ic u ia ted/Gm
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b o l i c  s t r a i n  f o r  a l l  t h r e e  sam ples. However,  o n ly  th e  

r e s u l t s  f o r  c yc lo n e d  t a i l i n g s  a re  shown i n  F ig u re  8.

Once a g a in ,  th e  da ta  o b ta in e d  i s  shown t o  f i t  th e  h y p e r ­

b o l i c  r e l a t i o n s h i p  p re s e n te d  by H a rd in  and D rn e v ic h .

1
. ... .J

= y h /( 1 + y h ) _

a

1 1/

D/D 
' max — v  * •\ /  A 

X /  o 

A

/— • ° ^

¿é i SYMBOLS

9 fe
o C-50-S 
• C-70-S 
0 C-90-S
AC-50-D

'i. zkC-70-D 
□ C-90-D

A

0 0.1 0.2 0.3 0.4 0.5
Hyperbolic Strain, yh

F ig u re 3- Dmeasurec|/Dmax v s - Dc a l c u l a t e d / Dmax-

TABLE I I . E xp re ss io n s  f o r  Parameters  R e la te d  t o  D/Dm, „Illa X
Samples a b

A-DRY 0 .5 + 0 .2 3 o - 0 .4 e 9+630 -18e

A-SAT 2+0.5¡Jo -0 .4 e 18 .5+ 8 .7 30 -28e

C-DRY 2 .4 + 0 .2 3 o -2 .7 e 32+2.630 -49e

C-SAT 6+0.43o -3 .8 e 12+1 l 3 0 -2 5 .8 e

W-DRY 6 . 2 + 0 . 550 -8e 81.5+4.33,5-11 Oe

W-SAT 9+0.73o - 7 .7 e 10+14 .930 -27e

30 = kg/cm 2

Based on th e  da ta  p r e s e n te d ,  th e  f o l l o w i n g  c o n c lu s io n s  

may be drawn r e g a rd in g  th e  shear  modulus and damping 

r a t i o  o f  copper t a i l i n g s :

(1 )  Copper t a i l i n g s  f o l l o w  the  ge ne ra l  p a t t e r n  o f  behav­

i o r  p r e v i o u s l y  e s t a b l i s h e d  f o r  n a tu r a l  s o i l s  such as 

sand. However, when compared t o  sand, th e  t a i l i n g s  ex ­

h i b i t  (on th e  ave rage )  lo w e r  G , h ig h e r  n o rm a l iz e d

shear m odu l i  and lo w e r  damping r a t i o s  f o r  th e  same 

p e rc e n t  shear s t r a i n .

(2 )  Clean t a i l i n g s  do n o t  a lways y i e l d  th e  b e s t  agreement 

w i t h  c le a n  sands and th e  ave rage f o r  sands. Thus, i t  

appears t h a t  g r a d a t io n  and p o s s ib l y  g r a in  c h a r a c t e r i s t i c s  

and s o i l  s t r u c t u r e  do i n f l u e n c e  th e  shear modulus and 

damping r a t i o .

(3 )  There was n o t  much d i f f e r e n c e  i n  b e h a v io r  between the  

d r y  and s a tu r a te d  sam ples. In  g e n e r a l ,  th e  s a tu ra te d  

samples gave lo w e r  v a lu e s  f o r  the  n o rm a l iz e d  shear  modu­

lu s  and h ig h e r  v a lu e s  f o r  the  damping r a t i o .

(4 )  Curves and f u n c t i o n a l  r e l a t i o n s h i p s  have been p resen ­

te d  f o r  use i n  e v a lu a t i n g  th e  shear  modulus and damping 

r a t i o  o f  t a i l i n g s .

CONCLUSI ONS
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