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T. C. KENNEY Prof essor,  Uni versi t y of  Toront o (Former Empl oyee of  t he Nor wegi an Geot echni cal  Insti tute), Canada

SYNOPSIS: R e s id u a l s t r e n g th  p r o p e r t ie s  a re  re p o r te d  f o r  m in e ra l m ix tu re s  composed o f  a 
m ass ive  m in e ra l ( q u a r tz )  and a c la y  m in e ra l ( m o n t m o r i l lo n i te , h yd ro u s  m ica  o r  k a o l i n i t e ) .  The 
c la y  m in e ra ls  w ere p re p a re d  in  h o m o io n ic  s ta te s  w it h  s e v e ra l d i f f e r e n t  c a t io n s  a t  s e v e ra l 
d i f f e r e n t  s a l t  c o n c e n tra t io n s  in  th e  p o re  f l u i d s .  The r e s u l t s  in d ic a te  th a t  r e s id u a l  s t r e n g th  
is  dependen t on m in e ra l c o m p o s it io n  o f  th e  m ix tu re  and c h e m ic a l s ta te  o f  th e  c la y  m in e r a l.  
R e s id u a l s t r e n g th  p r o p e r t ie s  o f  s e v e ra l n a tu r a l  s o i l s  in  u n t re a te d  and c h e m ic a l ly - t r e a te d  co n ­
d i t io n s  a re  compared to  th o s e  o f  m in e ra l m ix tu r e s .  The r e s u l t s  a re  c o n s is te n t  f o r  s o i l s  and 
m in e ra l m ix tu re s  in  w h ic h  th e  d om inan t c la y  m in e ra l is  m o n tm o r i l lo n i te .  In  th e  case o f  s o i l s  
and m in e ra l m ix tu re s  in  w h ic h  th e  d om in a n t c la y  m in e ra l is  h yd ro u s  m ica  u n e x p la in e d  ano m a lie s  
e x is t  among th e  r e s id u a l- s t r e n g th  r e s u l t s .

INTRODUCTION

As a c o n t r ib u t io n  to  th e  G e o te c h n ic a l Con­
fe re n c e  O s lo  1967 on sh ea r s t r e n g th  p r o p e r ­
t i e s  o f  n a tu r a l  s o i l s  and ro c k s  th e  a u th o r  
p re s e n te d  th e  r e s u l t s  o f  r e s id u a l- s t r e n g th  
te s ts  on m in e r a ls ,  n a tu r a l  s o i l s  and a s m a ll 
number o f  m ix tu re s  o f  c la y  m in e ra ls  and 
m ass ive  m in e r a ls .  Fo r m in e ra l m ix tu re s  and 
n a tu r a l  s o i l s  in  w h ic h  m o n tm o r i l lo n i te  was 
th e  d om inan t c la y  m in e ra l th e  two s e ts  o f  
t e s t  r e s u l t s  compared v e ry  w e l l ,  whereas in  
th e  case o f  m in e ra l m ix tu re s  and n a tu r a l  s o i l s  
in  w h ic h  h yd ro u s  m ica  was th e  d om in a n t c la y  
m in e ra l th e  r e s id u a l  s t re n g th s  o f  th e  n a tu r a l  
s o i l s  w ere  c o n s id e ra b ly  la r g e r  th a n  th o s e  o f  
th e  m in e ra l m ix tu r e s .

T h is  p ap e r p re s e n ts  th e  r e s u l t s  o f  a d d i t io n a l  
te s ts  and , in  p a r t i c u l a r ,  th e  r e s u l t s  o f  an 
in v e s t ig a t io n  o f  th e  in c o n s is te n c ie s  betw een 
r e s id u a l  s t re n g th s  o f  n a tu r a l  s o i l s  and m in ­
e r a l  m ix tu re s  c o n ta in in g  h yd ro u s  m ic a .

M ethods used in  th e  t e s t  p rog ram  f o r  p re p a r ­
in g  h o m o io n ic  c la y  m in e ra ls  and s o i l s ,  f o r  d e ­
te rm in in g  q u a n t i t a t i v e ly  th e  m in e ra l co m p o s i­
t io n s  o f  s o i l s  and f o r  p e r fo rm in g  d i r e c t -  
s h e a r te s ts  to  d e te rm in e  r e s id u a l  s t r e n g th  are  
th e  same as th o se  d e s c r ib e d  in  d e t a i l  by 
Kenney (1967) .

MATERIALS USED IN MIXTURES

C h a r a c te r is t ic s  and p r o p e r t ie s  o f  m a te r ia ls  
used in  th e  m ix tu re s  a re  l i s t e d  in  T a b le  I .  
C rushed q u a r tz  was used as th e  m a s s iv e -m in - 
e r a l  com ponent f o r  m ost o f  th e  m in e ra l m ix ­
tu r e s ,  b u t in  a few cases amorphous S i02 ( in  
th e  fo rm  o f  v e ry  s m a ll sp h e re s ) was used 
in s te a d  o f  q u a r t z .

M o n tm o r i l lo n i te  (T a b le  la )  was chosen to  r e ­
p re s e n t h ig h ly - a c t iv e  and e x p a n s iv e  c la y  
m in e ra ls  and i t  was o b ta in e d  by re m ov in g  a l l  
p a r t i c le s  g r e a te r  in  s iz e  th a n  2 m ic ro n s  from  
a b e n to n i te  c o m m e rc ia lly  i d e n t i f i e d  as KWK.

H ydrous m ica  (1 0 K  r e f l e c t i o n  in  X - ra y  d i f f r a c ­
t i o n  a n a ly s is )  was chosen to  re p re s e n t  in a c ­
t i v e  c la y  m in e ra ls  o f  th e  m ica  g ro u p . I t  was 
o b ta in e d  by rem ov ing  p a r t ic le s  g r e a te r  th a n  2 
m ic ro n s  fro m  a p o s t - g la c ia l  m a rin e  q u ic k  c la y  
fro m  S e in e s , Norway and, as re p o r te d  in  T a b le  
l b ,  i t  was n o t p u re  b u t c o n ta in e d  o th e r  m in ­
e r a l s ,  p a r t i c u l a r l y  m ass ive  m in e r a ls .  T h is  
was n o t c o n s id e re d  to  be a s e r io u s  s h o r t ­
com ing because th e  h yd ro u s  m ica  was to  be used 
in  m ix tu re s  w it h  q u a r tz .  Th ree  d i f f e r e n t  
b a tch e s  w ere p re p a re d : h yd ro u s  m ica  I and 
h yd ro u s  m ica  I I  a re  th e  <2 m ic ro n  f r a c t io n  o f  
two d i f f e r e n t  sam ples fro m  S e in e s  and hydro u s  
m ica  I I I  is  th e  < 0 .5  m ic ro n  f r a c t io n  o f  
h yd ro u s  m ica  I I .

The t h i r d  c la y  m in e ra l used in  th e  i n v e s t i ­
g a t io n  was k a o l i n i t e  (T a b le  Ic )  w h ich  was 
v i r t u a l l y  p u re . T h is  m in e ra l was more 
c o a rs e -g ra in e d  th a n  th e  o th e rs  (<10 m ic r o n s ) .

Two o th e r  m a te r ia ls  w ere  used to  make m ix ­
tu r e s .  A co m m erc ia l b e n to n i te  (T a b le  la )  was 
used w ith o u t  c h e m ic a l t r e a tm e n t.  The second 
m a te r ia l  is  known c o m m e rc ia lly  as g r u n d i te  
(T a b le  I c ) ,  and c o n ta in s  a la rg e  amount o f  
h yd ro u s  m ica  ( o r  i l l i t e )  b u t a ls o  c o n ta in s  an 
im p o r ta n t  amount o f  m ix e d - la y e r  c la y  m in e ra ls  
w h ic h  have c h a r a c t e r is t i c s  somewhere between 
th o se  o f  h yd ro u s  m ica  and m o n tm o r i l lo n i te .

TEST PROCEDURES

M in e ra l m ix tu re s  w ere made by m ix in g  t h o r ­
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o u g h ly  known amounts o f  d ry  q u a r tz  o r  S i02 
w ith  specim ens o f  w e t c la y  h a v in g  known co n ­
te n ts  o f  d ry  m in e ra ls .  The c h a r a c t e r is t i c s  
o f  th e  m ix tu re s  a re  l i s t e d  in  T a b le  I I .

The m a te r ia l  to  be te s te d  was p re p a re d  to  a 
w a te r  c o n te n t e x ce e d in g  th e  l i q u id  l i m i t  and 
p la c e d  w i t h in  a c o n f in in g  r in g  as a 2 mm 
t h ic k  la y e r  be tw een two ca rborundum  p la te s
8 cm d ia m e te r  (a rea= 50  cm2) and c o n s o lid a te d  
in  d ir e c t - s h e a r  m achines o f  th e  ty p e  d e s ­
c r ib e d  by B je rru m  and Landva (1 9 6 6 ) . A f t e r  
c o n s o l id a t io n  th e  c o n f in in g  r in g  was removed 
and th e  sam ple was shea red  backw ards and 
fo rw a rd s  o v e r a d is ta n c e  o f  2 to  2 .5  mm each 
s id e  o f  c e n tre  p o s i t io n  u n t i l  th e  minimum 
v a lu e  o f  sh ea r s t r e n g th  was o b ta in e d .  The 
r a te  o f  d is p la c e m e n t was u s u a l ly  lm m /hour 
and p re v io u s  te s ts  had in d ic a te d  t h a t  r e s i ­
d u a l s t r e n g th  rem ained  e s s e n t ia l ly  unchanged 
f o r  s lo w e r  ra te s  o f  d e fo rm a t io n . O n ly  te s ts  
p e rfo rm e d  a t  v a lu e s  o f  n o rm a l e f f e c t i v e  
s t r e s s  a - '= 1 .0  kg /cm 2 w i l l  be re p o r te d  and 
th e  r e s id u a l - s t r e n g th  r e s u l t s  in  th e  f ig u r e s  
and ta b le s  a re  e xp re sse d  as tg  where
4>re s  is  th e  a n g le  o f  r e s id u a l  s h l l r  
res  is t a n c e .

RESIDUAL STRENGTHS OF MIXTURES

R e s u lts  o f  r e s id u a l- s t r e n g th  te s ts  on m ont- 
m o r i l l o n i t e - q u a r t z  m ix tu re s  a re  p lo t t e d  in  
F ig .  la  on th e  b a s is  o f  d r y -w e ig h t  c o n te n ts  
o f  t o t a l  c la y  m in e ra l and t o t a l  m ass ive  
m in e r a l.  The r e s u l t s  in d ic a te  th a t  th e  r e ­
s id u a l  s t r e n g th  o f  a m ix tu re  is  dependen t on 
th e  r e la t i v e  c o n te n ts  o f  m ass ive  m in e ra ls  
and m o n tm o r i l lo n i te  and on th e  r e s id u a l-  
s t r e n g th  c h a r a c t e r is t i c s  o f  th e s e  com ponents, 
w h ich  f o r  sodium  m o n tm o r i l lo n i te  is  s t r o n g ly  
dependen t on s a l t  c o n c e n tra t io n  in  th e  pore  
f l u i d .

In  a m ix tu re  o f  c la y - m in e r a l  p a r t i c l e s ,  
q u a r tz  p a r t ic le s  and w a te r ,  th e  c la y  m in e ra l 
and w a te r  fo rm  a c o h e s iv e  m a tr ix  and th e  
q u a r tz  p a r t ic le s  a re  d is c r e te  in c lu s io n s  in  
th e  m a t r ix .  The s t r e n g th  b e h a v io u r  o f  the  
m ix tu re  i s  dependen t on th e  r e la t i v e  volum es 
o f  m a t r ix  and in c lu s io n s ;  f o r  s m a ll volum es 
o f  q u a r tz  th e  b e h a v io u r  o f  th e  m ix tu re  is  
c o n t r o l le d  by th e  c la y - m in e r a l  m a t r ix ,  and 
in c re a s in g  vo lum es o f  q u a r tz  i n h i b i t  to  an 
in c re a s in g  e x te n t  th e  c la y - m in e r a l  p a r t ic le s  
becom ing o r ie n te d  p a r a l le l  to  th e  d i r e c t io n  
o f  sh ea r d is p la c e m e n t,  th u s  c a u s in g  in c re a s e d  
s h e a r r e s is ta n c e .  Beyond a c e r ta in  volum e 
th e  m ass ive  m in e ra ls  w i l l  fo rm  a c o n t in u o u s  
s t r u c tu r e  w h ic h  r e s is t s  a p p l ie d  fo r c e s ,  and 
th e  c la y - m in e r a l  m a t r ix  o n ly  a c ts  to  f i l l  the  
v o id s .  T e s ts  on s e v e ra l d i f f e r e n t  m ass ive  
m in e ra ls  h a v in g  a w id e  v a r ie t y  o f  g r a in - s iz e  
d is t r ib u t i o n s  in d ic a te  th a t  th e  p o r o s i t y  a t 
r e s id u a l- s t r e n g th  s ta te  is  u s u a l ly  n re s =0 .4  
to  0 .5 ,  and th e r e fo r e  f o r  m ix tu re s  in  w h ich  
th e  vo lum e o f  c la y  m in e ra l and w a te r  is  le s s  
th a n  40% o r  50% o f  th e  t o t a l  vo lu m e , th e  r e s ­
id u a l  s t r e n g th  o f  th e  m ix tu re  s h o u ld  be abo u t 
e q u a l to  t h a t  o f  th e  m a s s iv e -m in e ra l co n ­
s t i t u e n t s

The p e rc e n ta g e  volum e o f  th e  c la y - m in e r a l and

w a te r  m a t r ix  has been c a lc u la te d  basea on tn e  
known d ry -w e ig h t  p r o p o r t io n s  o f  m ass ive  and 
c la y  m in e ra ls  and on th e  m easured w a te r  co n ­
te n t  o f  th e  m ix tu re  a t  r e s id u a l- s t r e n g th  
s t a te ,  and th e se  v a lu e s  a re  l i s t e d  in  T a b le s
I  and I I .  They a re  p lo t t e d  in  F ig . l b  w h ich  
p re s e n ts  a c le a r  p ic t u r e  o f  th e  b e h a v io u r  o f  
m in e r a l •m ix tu r e s , and s u p p o r ts  th e  id e a  th a t  
when th e  vo lum e o f  m ass ive  m in e ra ls  exceeds 
abo u t 50% o f  th e  t o t a l  vo lum e o f  th e  m ix tu re  
th e  r e s id u a l  s t r e n g th  o f  th e  m ix tu re  is  abo u t 
e q u a l to  th a t  o f  th e  m ass ive  m in e ra l.

F ig u re  4 has been p re p a re d  to  compare r e la ­
t i v e  r e s id u a l  s t r e n g th  o f  m in e ra l m ix tu re s ,  
den o te d  by R^ and e xp re sse d  by th e  r e la t i o n ­

s h ip  :
tgd> m ix tu re  — tg<i> c la y  m in e ra l

r  = s y re s_____ ______ &Hre s  }______________
$ tg4>re s m ass ive  m in e r a l— tg £ esc la y  m in e ra l

These d a ta  in d ic a te  th a t  th e  r e la t i v e  r e s id u a l  
s t re n g th s  o f  a l l  m ix tu re s  o f  m o n tm o r i l lo n i te  
and m a ss ive  m in e ra ls  a re  s i m i l a r l y  in f lu e n c e d  
by th e  r e la t i v e  vo lum es o f  th e  com ponent c la y -  
m in e ra l m a t r ix  and m ass ive  m in e ra ls .

R e s u lts  o f  te s ts  on k a o l i n i t e  and g ru n d i te  
m ix tu re s  a re  p lo t t e d  in  F ig s .  2 and 4 and th e  
f in d in g s  a re  in  g e n e ra l s im i la r  to  th o s e  f o r  
th e  m o n tm o r i l lo n i te  m ix tu r e s .

R e s u lts  o f  te s ts  on h yd ro u s  m ica  m ix tu re s  a re  
p lo t t e d  in  F i g . 3 and th e  f o l lo w in g  o b s e rv a ­
t io n s  can be made.

1. R e s id u a l s t r e n g th  in c re a s e s  f o r  i n ­
c re a se d  c o n te n t o f  m a ss ive  m in e r a ls .  One 
e x c e p t io n  is  th e  case o f  h yd ro u s  m ica  I I I ,  
th e  v e ry  f in e - g r a in e d  m a te r ia l ,  a t  30 gm 
N a C I/1 , f o r  w h ich  th e  in c re a s e  o f  d ry  
w e ig h t o f  q u a r tz  fro m  a b o u t 10% to  35% 
caused a d ecre a se  o f  r e s id u a l  s t r e n g th  and 
f u r t h e r  a d d i t io n s  o f  q u a r tz  caused 
in c re a s e s . These r e s u l t s  were r e p r o d u c ib le .

2. F o r m ix tu re s  h a v in g  th e  same adsorbed  
c a t io n ,  th o se  w it h  la rg e  s a l t  c o n c e n tra ­
t io n s  e x h ib i te d  th e  la r g e r  v a lu e s  o f  r e s ­
id u a l  s t r e n g th .

3. P o ta ss ium  m ix tu re s  have la r g e r  r e s id u a l  
s t re n g th s  th a n  sodium  m ix tu r e s .

R e s u lts  o f  te s ts  on h y d ro u s -m ic a  m ix tu re s  
have n o t been p lo t t e d  in  F ig . 4 ; r e s u l t s  o f  
te s ts  on m ix tu re s  c o n ta in in g  h yd ro u s  m ica  I 
and h yd ro u s  m ica  I I  f o r  0 g m /l w ou ld  p lo t  
w i t h in  th e  band f o r  m o n tm o r i l lo n i te  m ix tu r e s ,  
w hereas th e  o th e r  r e s u l t s  w ou ld  p lo t  o u t ­
s id e  o f  t h i s  band.

STRENGTHS OF NATURAL AND TREATED SOILS

T a b le  la  c o n ta in s  in fo r m a t io n  c o n c e rn in g  
n a tu r a l  s o i l s  h a v in g  s i g n i f i c a n t  amounts o f  
m o n tm o r i l lo n i te  and m ix e d - la y e r  c la y  m in e ra ls  
and w h ich  a re  fo u n d  in  n a tu re  in  th e  fo rm  o f  
v e ry  s t i f f  c la y s  o r  c la y  s h a le s . The f i r s t  
n in e  s o i l s  ( L i t t l e  B e lt  to  P ie r r e  in c lu s iv e )
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TABLE 1. PROPERTIES AND MINERAL COMPOSITIONS 01r NATURAL SOILS AND MINERALS USED IN THE TEST PROGRAM.
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Massive Minerals 
% dry weight

Clay Minerals 
% dry weight

Residual State 
«u = J.O Jig/cm’

wP Range <2u

( J O  £ :2 <j XS '¿I

A. MATERIALS CONTAINING MONTMOR1LLONITE

Natur al  Soil s 
Little Beit, Denmark 
Bearpaw, Canada 
Pierre, USA 
Cucardcha, Panama 
Vajont 1, Italy 
Vajont II, Italy 
Taylor I, Texas*4* 
Kincaid, Texas10 
Pierre, S. Dakota141 
Vajont III, Italy 
Sandnes II, Nonvay 
Bearpaw, Montana**’ 
London-Wray sbury111 
London - Walthamstow*1’ 
Strawn, Texas*4*
Pepper, Waco, Texas 
Bentonite, USA 
Processed Mineral s 
Montmorillonite - Na1*’ 
Montmorillonite - Na

0.76
0.79
O.GO

30 10 50

10 25 5 15 40
20 45 15 25

30 15 10 35
5 36 15
1 28 40
5 30 45

25 15 ■*— <5—

401»
60*»’

150*«

55 70*» 85

0.16
0.11
0.10
0.11
0.18
0.16
0.15
0.09
0.05
0.28
0.25
0.11
0.17
0.16
0.130.10
0.10

B. MATERIALS CONTAINING HYDROUS MICA

Natur al  Soil s

(a) Unuieathered
Manglerud 1, Norway < 2 25 18
Myrer, Norway 0.5 31 19

(b)Chemically Treated
Manglerud I-Oiatmos < 2 46 24
Manglcrud I - NaCI 0 26 22
Manglcrud I - NaCI 30 42 24
Manglcrud I - CaCIi 0 48 28
Manglerud 1 - CaCU 15 49 26
Manglerud I - KCI 0 32 26
Manglerud I - KCI 30 50 26
Myrer - Nt atmos 0.5 32 19
Myrer - 0* atmos 0.5 45 25
Myrer - NaCI 20 43 25
Myrer - FeCli 19 47 26
Manglerud III -  Na 0 26 20
Manglcrud 111 - Na 30 47 25

(c) Weathered 
Seines, Norway 
Manglerud Ilf, Norway 
Asrum I, Norway 
Studentcrlunden, Norway***
Labrador, Canada 
Ottawa, Canada 
Sandnes I, Norway

Processed Mineral s

Hydrous mica I - Na 0 47 31
Hydrous mica I - Na 30 81 34
Hydrous mica 1 - K 0 44 34
Hydrous mica I - K 30 92 42
Hydrous mica II - Na 0 51 33
Hydrous mica II - Na 30 99 39
Hydrous mica II - K 0 84 39
Hydrous tnica II - K 30 118 46
Hydrous mica III - Na 0 87 46
Hydrous mica III - Na 30 151 53

C. OTHER MATERIALS USED IN MIXTURES

Kaolinile 0 59 37
Grundile - Na 0 164 46
Grunditc - Na 30 130 43 
Quartz
Amorphous SiO- O 33 28

< 2
I

>10 
< 2
I

0.50 
0.10 
0.49 
0.45 
0.53 
0.11 
0.45 
0.30 
0.49 
0.42 
0.48 
0.14 
0.50

0.30
0.34
0.54
0.18
0.52
0.30

0.16
0.47
0.10
0.50
0.18
0.60
0.45
0.72
0.41

19 O ¿V 9 ¿U IV OU

I l i  I I I I
5 10 5 85

I I I I I I

0 au

1 I

L'j U 1V lij 1U U<J O CH*

1 1 1  I I I I I

0.32
0.36
0.34
0.36
0.31
0.33
0.38
0.32
0.31
0.30
0.31
0.29
0.30

0.50
0.56
0.50
0.58
0.50
0.55
0.53

0.31
0.35
0.39
0.48
0.29
0.43
0.39
0.46
0.37
0.49

0.27
0.20
0.18
0.69
0.56

1. Salinity oi natural soils was determined by electrical conductivity on pore fluid.
2. Na, K and Ca homoionic materials were prepared by using solutions of NaCI, KCI and CaCl> respectively.
3. Estimated on basis oi Atlerberg limits.
4. Data from Townsend and Gilbert, 1973.
5. Data from Bishop ei al„ 1971.
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Content of massive minerals , % dry weight Content of massive minerals, % volume

F ig . 1. M ixtures and n a tu ra l s o ils  containing m ontm orillonite

Content of massive minerals,% dry weight Content of massive minerals, % volume

F ig . 2. K a o lin ite -q u a rtz  and gru n d ite -q u artz  mixtures
Content of massive minerals, % dry weight Content of massive minerals, % volume

thered soil -

Myrer

-------- hydrous mica I
------- hydrous mica 1
------- hydrous mica ]II

o Na 0̂ 1 A Natural soil
O Na 30g/l «Treated soil

0 20 
Content of clay minerals , % dry weight Content of clay minerals and water,% volume

F ig . 3. Mixtures and n a tu ra l s o ils  containing hydrous mica
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can be considered approximately as being m ix­
tures o f massive m inerals and clay m inerals 
which behave s im ila r ly  to m ontm o rillon ite , 
based on th e ir  m ineral composition, A tterberg  
l im its ,  A c t iv ity  and cation  exchange capacity  
Data fo r  these s o ils  are p lo tte d  in  F ig .la  
and lb  and are consistent w ith  the re s u lts  o f 
te s ts  on m on tm o rillo n ite -q u artz  m ixtures.

The next seven s o ils  (Vajont I I I  to Pepper) 
contain a v a r ie ty  o f c lay  m inerals and poss­
ess a v a r ie ty  o f prop erties  and index char­
a c te r is t ic s , such th a t i t  is  d i f f i c u l t  to 
categorize  any o f them as a m ixture o f mas­
sive m inerals and a s in g le  c lay m inera l.
Data fo r  these seven s o ils  have not been p lo t  
tte d  in  F ig .1 ,2 or 3. Residual strengths o f 
both Vajont I I I  and Sandnes I I ,  which contain  
im portant q u a n titie s  o f m o n tm o rillo n itic

TABLE II. RESULTS OF RESIDUAL STRENGTH TESTS ON MIXTURES.

Mineral
Content Residual State

% dry wt. o0' = 1.0 kg/cm1

Mixture s  .2I  a >.
a I  Ü

JÏ S H H

A. MIXTURES CONTAINING MONTMORILLONITE

Montmorillonite - Na 0 50/50 50 50 200 Q2 0.09
and Quart % •25/75 25 75 96 80 0.11

10/90 10 90 44 60 0.42
5/95 ft 95 39 54 0.61

Montmorillonite - Na 30 50/50 50 50 72 84 0.24
and Quartz 25/75 25 75 51 69 0.36

10/90 10 00 34 54 0.56
Montmorillonite - Na 30 50/50 50 50 150 90 0.21

and Amorphous SiO* 25/75 25 75 87 78 0.24
Bentonite and Quartz 0 75/25 44 56 01 84 0.12

50/50 62 38 52 75 0.25
25/75 81 19 42 63 0,40
15/85 89 11 32 53 0.64

Bentonite and 0 91/9 32 68 70 89 0.10
Amorphous SiOj 82/18 39 61 56 84 0,11

68/32 49 51 68 SI 0.13
47/53 65 35 60 76 0.18
25/75 81 19 47 66 0.27
10/90 92 8 51 61 0.49

B. MIXTURES CONTAINING KAOLINITE AND GRUNDITE

Kaolinite and Quartz 0 75/25 25 75 40 88 0.32
30/30 50 50 30 73 0.49
25/75 75 25 23 54 0.65

Kaolinite and 0 75/25 25 75 44 89 0.32
Amorphous SiO, 50/50 50 50 31 74 0.41

Grunditc - Na 0 75/25 25 75 67 91 0.25
and Quartz 50/50 50 50 49 79 0.40

25/75 75 25 36 62 0.62
Grunditc - Na 30 75/25 25 75 63 91 0,22

and Quartz 50/50 50 50 40 77 0.40
25/75 75 25 30 62 0-62

C. MIXTURES CONTAINING HYDROUS MICA

Hydrous mica I - Na 0 75/25 48 52 30 74 0.35
and Quartz 50/50 65 35 31 65 0.44

Hydrous mica I - Na 30 75/25 48 52 32 7 ft 0.38
and Quartz 50/50 65 35 33 66 0.46

Hydrous mica 1 - K 0 75/25 46 52 30 74 0.41
and Quartz 50/50 65 35 30 65 0.47

Hydrous mica 1 - K 30 75/25 4S 52 41 78 0.49
and Quartz 50/50 65 35 3ft 67 0.50

Hydrous mica 11 - Na 0 75/25 33 67 31 SO 0.32
50/50 55 45 22 66 0.46

Hydrous mica II -  Na 30 75/25 33 67 41 S3 0.45
50/50 55 45 27 07 0.47

Hydrous mica III - Na 0 75/25 33 67 54 85 0.44
50/50 55 4ft 40 74 0.4S

Hydrous mica III - Na 30 75/25 33 67 52 85 0.44
50/50 55 45 46 76 0.50

m inerals as w ell as micaceous m inera ls , 
would be located on the high side o f F ig . l  
and on the low side o f F ig .3. Bearpaw, 
Montana and the two London s o ils  also contain  
im portant q u a n titie s  o f both m o n tm o rillo n itic  
and micaceous m inerals but th e ir  res id ua l 
strengths lo cate  comfortably in  F ig . l .
Strawn and Pepper shales , by v ir tu e  of th e ir  
large contents o f k a o lin , might be expected 
to correspond to the re la tio n s h ip s  in  F ig .2 
b u t, in  fa c t ,  they correspond to the weakest 
o f the m ontm orillon ite  mixtures in  F ig . l .  No 
explanations fo r  these apparent anomalies can 
be given.

Table lb  contains in form ation concerning 
n a tu ra l s o ils  in  which the predominant clay  
m ineral is  hydrous m ica. (The next most 
abundant c lay m ineral in  these s o ils  is  
c h lo r ite  which might be expected to behave 
s im ila r ly  to hydrous m ica.) Special care 
was taken to obtain and te s t two samples of 
unweathered Norwegian quick clay which con­
ta ined  very l i t t l e  dissolved s a lts  and were 
expected to have sodium as the dominant 
adsorbed c a tio n . The s o ils  were obtained  
from Manglerud I and Myrer in  Oslo and weath­
ering  o f the samples was prevented by begin­
ning the te s ts  immediately a f te r  the samples 
were taken from the ground and performing the 
tests  in  a nitrogen atmosphere to prevent 
o x id a tio n . The res id ua l strength values are 
p lo tte d  in  F ig .3, and agree w ith  tests  on 
hydrous-mica mixtures having sodium as the 
adsorbed ca tion  and containing small concen­
tra tio n s  o f dissolved s a lts .

Samples o f Manglerud and Myrer s o ils  were 
chem ically trea ted  to in v e s tig a te  the in ­
fluence o f ca tion  type and cation  concen­
tr a t io n  in  the pore f lu id .  The treatments 
are ind icated  in  Table lb  but methods of 
treatm ent were d if fe r e n t ;  Manglerud I  samples 
were washed in  such a way as to produce 
homoionic systems and in  so doing any 
n a tu ra l gels in  the s o ils  would have been 
removed, whereas in  the case o f Myrer 
samples strong s a lt  so lutions were added to 
na tu ra l s o i l ,  thus m aintain ing i ts  n a tu ra l 

Content of massive minerals , % volume
100 80 60 40 20 0

Content of clay minerals and water , % volume
Fig . 4. R e la tive  res id u a l strength
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c o n te n t o f  g e ls  b u t th e  sam ples w ou ld  n o t 
have become h o m o io n ic . To in v e s t ig a te  the  
in f lu e n c e s  o f  w e a th e r in g , c h e m ic a lly  u n t r e a t ­
ed M y re r sam ples w ere s to re d  f o r  f i v e  months 
in  n it r o g e n  (N 2) and oxygen (0 2) a tm ospheres 
b e fo re  p e r fo rm in g  th e  sh ea r t e s t s .  In  a d d i­
t i o n ,  F e C l3 was added to  a M y re r sam ple in  
th e  e x p e c ta t io n  th a t  i t  w ou ld  become a lt e r e d  
and p r e c ip i t a t e  in  a fo rm  o f  i r o n  g e l ,  g iv in g  
th e  s o i l  added s t r e n g th  (Mourn, 1 9 6 7 ). The 
o b v io u s  and m ost im p o r ta n t  fe a tu r e  o f  the  
r e s id u a l  s t re n g th s  o f  th e s e  t r e a te d  s o i l s  is  
t h a t  th e y  d i f f e r  v e ry  l i t t l e  from  one a n o th e r  
and fro m  th e  unw ea thered  sam ples in  s p i t e  o f  
th e  b roa d  range  o f  c h e m ic a l t re a tm e n t i n ­
f l i c t e d  on th e  sam ples to  p rod u ce  minimum and 
maximum s t r e n g th s .  The r e s u l t s  p ro v id e  
e v id e n c e  in  s u p p o r t o f  th e  minimum s tre n g th s  
o f  h y d ro u s -m ic a  m ix tu re s  b u t th e y  in d ic a te  
s m a lle r  maximum s tre n g th s  th a n  m ix tu re s  
c o n ta in in g  f in e - g r a in e d  hydro u s  m ic a .

The re m a in in g  seven n a tu r a l  s o i l s  in  T a b le  lb  
were in  a w e a th e re d  c o n d i t io n  when te s te d .
The f i r s t  f i v e  (S e in e s  to  S tu d e n te r lu n d e n  
in c lu s iv e )  e x is te d  p r io r  to  s a m p lin g  as u n ­
w ea th e re d  p o s t - g la c ia l  m a rin e  q u ic k  c la y s  
w h ich  became w e a th e re d  d u r in g  s to ra g e  and 
te s t in g  in  th e  la b o r a to r y .  O ttaw a  had a 
s im i la r  g e o lo g ic a l  h is t o r y  b u t i t  was w e a th ­
e re d  in  s i t u .  Sandnes I  i s  an o ld e r  s o i l  
w h ic h  e x is t s  in  s i t u  in  a h e a v i ly -o v e rc o n -  
s o l id a te d  s ta te  and was w ea th e re d  in  s i t u .
The r e s id u a l- s t r e n g th  v a lu e s  f o r  th e s e  s o i l s ,  
w ith o u t  e x c e p t io n ,  p lo t  in  F i g . 3 above the  
r e s u l t s  o f  te s ts  on th e  h y d ro u s -m ic a  m ix tu re s  
and w e l l  above th e  r e s u l t s  o f  te s ts  on 
M ang le rud  and M yre r s o i l s .  A sam ple o f  one 
o f  th e  w ea th e re d  s o i l s ,  M ang le rud  I I I ,  was 
t r e a te d  c h e m ic a lly  by re p e a te d  m ix in g  in  NaCI 
s o lu t io n s  and w ash ing  w it h  d i s t i l l e d  w a te r  to  
p rod u ce  h o m o io n ic  sodium  m a te r ia ls  o f  s m a ll 
and la rg e  s a l t  c o n c e n t r a t io n s .  The r e s id u a l  
s t re n g th s  o f  th e s e  two m a te r ia ls  (T a b le  lb )  
were v e ry  much reduced  from  th e  v a lu e s  o f  th e  
p a re n t w e a th e re d  s o i l  and th e y  p lo t  a t  th e  
lo w e r bound o f  th e  o th e r  t e s t  r e s u l t s ,  c o n ­
s i s t e n t  w it h  th e  r e s u l t s  o f  te s ts  on 
M ang le rud  I  and M yre r s o i l s .

No e x p la n a t io n  can be g iv e n  re g a rd in g  th e  
a p p a re n t d is c re p a n c y  betw een th e  r e s id u a l  
s t re n g th s  o f  th e  seven w ea th e re d  n a tu r a l  
s o i l s  and th o s e 'o f  th e  o th e r  h y d ro u s -m ic a  
m a te r ia ls .  P o s s ib i l i t i e s  e x is t  such as the  
in f lu e n c e  o f  n a tu r a l  g e ls  in  w ea th e re d  n a t ­
u r a l  s o i l s ,  b u t a t  t h i s  t im e  such a sugges­
t io n  i s  o n ly  s p e c u la t io n .

CONCLUSIONS

1. The n u m e r ic a l a c c u ra c y  o f  th e  m in e ra l-  
c o m p o s it io n  d e te rm in a t io n s  o f  n a tu r a l  s o i l s  
s h o u ld  be c o n s id e re d  as b e in g  o n ly  re a s o n a b ly  
g ood ; a lth o u g h  g re a t  amounts o f  t im e  and 
e f f o r t  w ere expended on t h i s  w ork  th e  i n t e r ­
p r e ta t io n s  were f r e q u e n t ly  based on a p p ro x ­
im a te  and in d i r e c t  c o r r e la t i o n s . The a c c u ­
ra c y  and r e p r o d u c ib i l i t y  o f  m easurem ents o f  
r e s id u a l  s t r e n g th  w ere e x c e l le n t .

2. R e s id u a l s t r e n g th  o f  m in e ra l m ix tu re s  
and n a tu r a l  s o i l s  is  dependen t on t h e i r  m in ­
e r a l  c o m p o s it io n  and c h e m ic a l s ta te  and on

th e  r e la t i v e  vo lum es o f  c la y - m in e r a l  m a tr ix  
and m ass ive  m in e ra ls  ( F ig .  lb ,2 b ,3 b  and 4 ) .

3. C o n s is te n t  co m pa riso ns  w ere fo u n d  between 
th e  r e s u l t s  o f  te s ts  on m in e ra l m ix tu re s  and 
n a tu r a l  s o i l s  c o n ta in in g  s i g n i f i c a n t  amounts 
o f  m o n t m o r i l lo n i t e . A n o m a lies  w ere fo u n d  in  
th e  cases o f  S traw n  and Pepper s h a le s  w h ich  
e x h ib i te d  s m a ll v a lu e s  o f  r e s id u a l  s t r e n g th ,  
s im i la r  to  m o n t m o r i l lo n i t i c  s o i l s ,  b u t ap ­
p a r e n t ly  c o n ta in e d  v e ry  l i t t l e  m o n tm o r i l l ­
o n i te  and la rg e  amounts o f  k a o l in .  I t  is  n o t 
known w h e th e r o r  n o t th e s e  a no m a lie s  r e s u l t  
fro m  in c o r r e c t  d e te rm in a t io n s  o f  m in e ra lo g y  
o r  from  u n e xp e c te d  p r o p e r t ie s  o f  th e  k a o l in .

4 . C o n s is te n t  r e s u l t s  w ere fo u n d  from  te s ts  
on m ix tu re s  o f  hyd ro u s  m ica  and q u a r tz  and 
th e s e  r e s u l t s  w ere a ls o  c o n s is te n t  w ith  th o se  
f o r  two n a tu r a l  q u ic k  c la y s .  T e s ts  on seven 
w ea th e re d  n a tu r a l  s o i l s  c o n ta in in g  s i g n i f i ­
c a n t amounts o f  h yd ro u s  m ica  gave r e s id u a l  
s t re n g th s  w h ich  w ere much la r g e r  th a n  th o se  
f o r  m ix tu re s  o f  h yd ro u s  m ica  and q u a r t2 . To 
f i n d  an e x p la n a t io n  f o r  th e s e  r e s u l t s  u n ­
w ea th e re d  n a tu r a l  s o i l s  w ere c h e m ic a lly  
t r e a te d  to  s im u la te  w e a th e r in g  p ro c e s s e s  b u t 
th e s e  tre a tm e n ts  had o n ly  m in o r in f lu e n c e s
on th e  r e s id u a l  s t r e n g th ,  and th e r e fo r e ,  the  
la rg e  r e s id u a l  s t re n g th s  o f  th e  w e a th e re d  
m a rin e  c la y s  re m a in s  u n e x p la in e d .
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