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ABSTRACT 

A s e r i e s of constant r a t e of s t r a i n compression 
t e s t s and creep rupture t e s t s have been performed on 
undisturbed, i s o t r o p i c a l l y c o n s o l i d a t e d quick c l a y from 
the Saint-Jean-Vianney regi o n , Quebec Province, Canada. 
Both drained and undrained t e s t s were performed i n 
conventional t r i a x i a l equipment. A l s o included i s the 
data obtained from a s e r i e s of Ko c o n s o l i d a t i o n t e s t s 
performed by Dr.Y.P.Vaid at U.B.C. 

Saint-Jean-Vianney c l a y , h e r e a f t e r r e f e r r e d t o 
as S.J.V. c l a y , i s a s t i f f , h e a v i l y overconsolidated, 
cemented c l a y , from the s i t e of the Saint-Jean-Vianney 
s l i d e of 1971. 

The t e s t i n g of t h i s , very s t i f f , cemented c l a y 
proved to be very d i f f i c u l t due t o i t ' s very s t i f f and 
b r i t t l e nature, combined with i t ' s lenses of s i l t and 
f i n e sand. The c o n s o l i d a t i o n t e s t i n g showed tha t the 
p r e c o n s o l i d a t i o n pressure could vary from 7.5 Kg/cm to 
12 Kg/cm depending on the s t r a i n r a t e of the t e s t . 

Snead (1970) and Campanella and Vaid (1972) 

performed s i m i l a r creep t e s t s on a l o c a l c l a y , known as 
Haney c l a y . The a n a l y s i s of the creep tests:performed 
on S.J.V. c l a y showed s i m i l a r r e l a t i o n s h i p s to those 
reported by Snead and, Campanella and Vaid, but because 
of the extremely s t i f f nature of t h i s c l a y the s c a t t e r 
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o f "th*2* resu 1 t s was more than- -that renor-ted f o r Haney 

c l a y . The t e s t i n g i n d i c a t e d a p o s s i b l e s t r e s s - s t r a i n -

s t r a i n r a t e r e l a t i o n s h i p mav e x i s t a l o n ^ w i t h a nossxble 

d r a i n e d f a i l u r e c r i t e r i o n . 

The r e s u l t s o b t a i n e d fror" t h i s r e s e a r c h were 

very dependant on the bonding of t h i s c l a y , and i n d i c a t e 

that the bond s t r e n g t h appears to be a f u n c t i o n of s t r a i n 

r a t e , 
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CHAPTER 1 

INTRODUCTION 

1.1 I n t r o d u c t i o n . 
At present, 1975 , L i m i t Design i s used f o r 

most s o i l mechanics problems i n v o l v i n g the s t r e n g t h 
and s t a b i l i t y of slopes. Although p r o v i d i n g a means 
f o r design against t o t a l c o l l a p s e , i t does not estimate 
the magnitude of a n t i c i p a t e d deformations, e s p e c i a l l y 
w i t h respect to time. 

The i n f l u e n c e of time on s t r e s s / s t r a i n 
r e l a t i o n s has been observed under f i e l d c o n d i t i o n s by 
many, i n c l u d i n g H a e f e l i ( 1953)• S a i t o and Uezawa (1961) 

and S u k l j e ( 1 961 ) . They r e p o r t c o n t i n u a l movements 
t a k i n g place i n n a t u r a l slopes i n which the t o t a l 
s t r e s s e s are remaining n e a r l y constant. These time 
dependent shearing deformations have given the engineer 
many d i f f i c u l t i e s as he i s unable to p r e d i c t r e l i a b l y 
the long term behaviour. 

This problem i s p a r t i c u l a r y true of slopes 
i n the very s e n s i t i v e c l a y s of Eastern Canada. Such 
s l i d e s as the one t h a t occurred a t S a i n t - Jean - Vianney, 
Quebec, on May 4 t h , 1971. where an estimated 9x10 cubic 
yards of m a t e r i a l moved from an area of approximately 
3 5 0 , 0 0 0 square yards, Tavenas ( 1 971 ) . 
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With the a v a i l a b i l i t y of a block sample from 
t h i s a c t u a l s l i d e s i t e , i t was f e l t there was an i d e a l 
oppurtunity f o r anc'-investigation i n t o the s t r a i n r a t e 
behaviour of t h i s very s t i f f , very s e n s i t i v e , h e a v i l y 
over c o n s o l i d a t e d c l a y . 

1.2 Review of L i t e r a t u r e . 
T h i s l i t e r a t u r e review w i l l present the 

p e r t i n e n t i n f o r m a t i o n on creep and creep rupture and 
al s o a general review of the c h a r a c t e r i s t i c s of the 
very s e n s i t i v e c l a y s of eastern Canada. 
Creep and Creep Rupture. 

Casagrande and Wilson (195D have shown that 
some types of b r i t t l e undisturbed c l a y s and c l a y shales 
continuously deform under sustained l o a d , and t h a t 
f a i l u r e u l t i m a t e l y occurs under a sustained load 
a p p r e c i a b l y l e s s than the s t r e n g t h i n d i c a t e d by a normal 
undrained compression t e s t . V i a l o r and S k i b i t s h y (1957) 

i n v e s t i g a t e d the e f f e c t of creep i n f r o z e n s o i l s and 
showed the existence of a upper y i e l d s t r e n g t h defined 
as the maxium sustained shearing s t r e s s which would not 
cause f a i l u r e w i t h time. 

Snead (1970) performed creep t e s t s on a 
undrained normally c o n s o l i d a t e d undisturbed s e n s i t i v e 
c l a y , c a l l e d Haney c l a y , u s i n g the conventional 
t r i a x i a l apparatus. A t y p i c a l s t r a i n time curve i s 
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given i n F i g . l . He observed that the s t r a i n rate 

i n i t i a l l y decreased, reached a minimum, and then 

increased gradually proceeding to rupture. He could 

not f i n d a stage when the s t r a i n rate was constant, 

as found f o r metal, concrete and p l a s t i c . Snead 

concluded that once a minimum s t r a i n rate i s reached, 

the sample w i l l eventually rupture and f a i l u r e can be 

considered to have occurred. He also confirmed the 

existence of an upper y i e l d strength. 

Snead (1970) obtained a log log pl o t of s t r a i n 

rate and time, as shown i n F i g . 2, by performing a 

series of creep rupture tests with d i f f e r e n t sustained 

shearing stresses using the conventional t r i a x i a l 

apparatus. A l l the samples were i s o t r o p i c a l l y con­

solidated to anC.effective stress of 75 p s i (approximately 

5 .25 Kg/cm ). Figure 2 shows that f o r deviator creep 

stresses greater thn 43.4 p s i , the s t r a i n rate 

i n i t i a l l y decreased, reached a minimum then increased 

rapidly proceeding to rupture. For the sample with 

a deviator stress of 42.8 p s i the curve appears to be 

proceeding towards the l i n e of minimum s t r a i n rates but 

changes i t s course and continues p a r a l l e l to the l i n e 

of minimum s t r a i n rates. Thus i t would appear that the 

stress l e v e l of 42.8 p s i was below the upper y i e l d 

strength of that sample. Snead used the existence of a 

minimum s t r a i n rate as a f a i l u r e c r i t e r i o n , since i f a 
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sample reached a minimum s t r a i n r a t e the sample would 

e v e n t u a l l y rupture. 
S a i t o and Uezawa (1961) performed t r i a x i a l 

compression t e s t s on fo u r Japanese s o i l s and proposed 
a l i n e a r r e l a t i o n s h i p between the l o g of secondary s t r a i n 
r a t e and the l o g ; o f the t o t a l time t o rupture. Snead 
(1970) found t h a t a secondary creep stage d i d not e x i s t 
f o r Haney c l a y , and suggested t h a t the secondary s t r a i n 
r a t e measured by S a i t o and Uezawa was approximately 
equal t o the minimum s t r a i n r a t e c a l c u l a t e d by him. 
Snead a l s o found t h a t a l i n e a r r e l a t i o n s h i p e x i s t e d 
between the l o g of minimum s t r a i n r a t e "£ . " and the ° mm 
t o t a l rupture l i f e " t ". Snead and S a i t o ' s r e s u l t are 
shown on Figur e 3« S a i t o and Uezawa proposed that the 

• 

r e l a t i o n s h i p between " t " and " ^ m £ n " i s unique f o r a l l 
s o i l s , whereas Snead suggested the r e l a t i o n s h i p was 
s i m i l a r f o r other s o i l s but not n e c e s s a r i l y unique f o r 
a l l s o i l s . 

S a i t o used t h i s r e l a t i o n s h i p t o p r e d i c t the 
occurrence of time to slope f a i l u r e s i n 19&5 w i t h 
reasonable accuracy. Snead on the other hand proposed 
a method of p r e d i c t i n g the time t o slope f a i l u r e f o r 
t e r t i a r y creep stage. Snead (1970) defined the "time 
to rupture" as the elapsed time from the i n s t a n t 
considered u n t i l f a i l u r e and obtained a l i n e a r r e l a t i o n ­
ship between l o g of time t o rupture " t t " and curren t 
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s t r a i n r a t e , "£", as shown i n F i g u r e . 4 . 

S a i t o ( I 9 6 9 ) a l s o proposed a method f o r 
p r e d i c t i n g slope f a i l u r e during t e r t i a r y creep. I n t h i s 
method he assumed a r e l a t i o n s h i p between " t t " and "£" 
s i m i l a r to Figure 4 , to o b t a i n an expression f o r s t r a i n 
by mathematical i n t e r g r a t i o n . He found reasonable 
agreement between the p r e d i c t e d and observed time of 
occurrence of slope f a i l u r e . 

Campanella and Vaid (1972 and 1973) t e s t e d 
Haney c l a y under constant shear s t r e s s i n ; Ko c o n s o l i d a t e d 
t r i a x i a l , i s o t r o p i c a l l y c o n s o l i d a t e d t r i a x i a l and Ko 
c o n s o l i d a t e d plane s t r a i n . I n comparing the r e s u l t s 
they found t h a t the general shapes of the curves found 
by Snead were repeated but were s h i f t e d s l i g h t l y . 
They found t h a t the conventional i s o t r o p i c t r i a x i a l 
t e s t would give an unconservative estimate of rupture 
l i f e or remaining time t o rupture by a f a c t o r of about 
4 , i f the r e a l s i t u a t i o n corresponded t o Ko c o n s o l i d a t i o n 
or plane s t r a i n . 

Snead (1970) and Campanella and Vaid (1972) 

both found a unique r e l a t i o n s h i p between s t r e s s , s t r a i n 
and s t r a i n r a t e , s i m i l a r t o t h a t found by Lubahn and 
F e l g a r , ( I 9 6 I ) f o r metals. Both r e s t r i c t e d i t s use to 
samples t e s t e d undrained at constant temperature f o r 
c o n t i n u a l l y i n c r e a s i n g compressive a x i a l s t r a i n s , and 
not h e a v i l y overconsolidated. This r e l a t i o n s h i p means 





that creep t e s t curves can he obtained from s t r e s s -
s t r a i n curves at d i f f e r e n t s t r a i n r a t e s i f the samples 
have the same c o n s o l i d a t i o n h i s t o r y , thus creep t e s t s 
and constant s t r a i n r a t e t e s t s are complementary to 
each other f o r o b t a i n i n g s t r e s s - s t r a i n - time 
p r o p e r t i e s . 

Campanella and Vaid (1972) analyzed the r e s u l t s 
of t h e i r creep rupture t e s t s i n terms bf e f f e c t i v e 
s t r e s s e s . They obtained the same l i n e a r f a i l u r e 
envelope f o r both creep rupture and f a i l u r e i n con­
v e n t i o n a l s t r a i n r a t e undrained t e s t s . This p l o t i s 
shown i n Figure 5. From t h i s they could assume that 
the r h e o l o g i c a l component of shear r e s i s t a n c e appeared 
to be n e g l i g i b l e f o r t h a t s o i l . 

The e f f e c t i v e s t r e s s c o n d i t i o n at the i n s t a n t 
when the creep r a t e s t a r t e d t o increase was a l s o shown 
on F i g u r e 5. and a l i n e a r envelope passing through the 
o r i g i n appears t o define t h i s onset of i n s t a b i l i t y . 
This envelope of minimum s t r a i n r a t e s occurs at a lower 
shearing r e s i s t a n c e than t h a t defined by creep rupture 
and since a l l samples which reach t h i s s t r e s s e v e n t u a l l y 
f a i l , Campanella and Vaid f e l t i t was more appropriate 
to use the envelope defined by the minimum creep r a t e s 
as a f a i l u r e c r i t e r i o n . 

Quick Clay of Eastern Canada. 
These c l a y s are commonly found i n the v a l l e y s 
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of the St. Lawrence and Ottawa R i v e r s i n eastern 
Canada, as shown i n Fig u r e 6 . 

I t ' s g e n e r a l l y agreed t h a t they were deposited 
i n a marine or b r a c k i s h environment during a b r i e f 
post - g l a c i a l p e r i o d of i s o s t a t i c depression and marine 
i n v a s i o n . Most of these c l a y s now have a low pore water 
s a l t c o n c e n t r a t i o n of l e s s than 2 g / l which would 
i n d i c a t e t h a t much of the s a l t water has been leached 
away by p e r c u l a t i n g f r e s h ground water. 

Recent work by Gadd (1962) suggests t h a t the 
c l a y may have f i r s t been deposited i n a marine environ­
ment then the land rose and the c l a y s were redeposited 
i n t o f r e s h water. I f t h i s were so, some e x p l a i n a t i o n 
must be found f o r t h e i r open s t r u c t u r e and s e n s i t i v i t y . 
Crawford (1967) proposed t h a t the s t r u c t u r e may have 
been due to f l o c c u l a t i o n caused by r e s i d u a l c a t i o n s 
remaining even a f t e r washing by the f r e s h water. 

The s e n s i t i v e f i n e - grained sediments of 
t h i s area are normally c a l l e d "Leda" c l a y i n engineering 
l i t e r a t u r e . 

The Leda c l a y s , l i k e other s e n s i t i v e c l a y s , 
are thought to have a card house f a b r i c because of t h e i r 
environment during d e p o s i t i o n . The s t a b i l i t y of such a 
very open s t r u c t u r a l arrangement i s p a r t l y governed by 
the geometry of the arrangement and p a r t l y by the s t r e n g t h 
of the cohesive bonds at the i n t e r p a r t i c l e contact 
p o i n t s . The cohesive bonds are b a s i c a l l y due to two 
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types of bonding, one due to i o n i c and Van der Waals 
forces of a t t r a c t i o n and the other caused by cementing 
a c t i o n of chemical p r e c i p i t a t e s , mainly ferrous oxides 
and calcium carbonates. The p r i n c i p l e d i f f e r e n c e 
between the two types i s that during shearing the f i r s t 
type i s at l e a s t p a r t l y redeveloped when new contact 
p o i n t s are e s t a b l i s h e d , whereas the second type i s not. 
In a d d i t i o n to cohesive bonds a f r i c t i o n a l r e s i s t a n c e i s 
a v a i l a b l e at each load bearing contact. 

C.onion (1966) and Kenney and Bjerrum ( I 9 6 7 ) 

proposed an idea t h a t the combination of the cohesive 
bonds and the f r i c t i o n a l r e s i s t a n c e could e x p l a i n the 
unusual s t r e s s s t r a i n curves produced by these quick 
c l a y s , F i g u r e 7 . The mineral s k e l e t o n i s r e l a t i v e l y 
f l e x i b l e , so t h a t the deformation i s of an e l a s t i c 
nature up to a c e r t a i n " c r i t i c a l s t r e s s " , where the 
maximum r e s i s t a n c e of the s t r u c t u r a l arrangement i s 
reached. At t h i s p o i n t bonded contacts between p a r t i c l e s 
begin to f a i l throughout the s t r u c t u r e and i t s a b i l i t y 
t o r e s i s t shear s t r e s s e s i s g r e a t l y reduced, l e a d i n g t o 
a rearrangement of p a r t i c l e s t o c a r r y the e f f e c t i v e 
s t r e s s and shear f o r c e s by s l i d i n g r e s i s t a n c e . I t ' s 
only when a l l e f f e c t i v e s t r e s s e s are t r a n s m i t t e d through 
contact p o i n t s which are s l i d i n g , t h a t the a v a i l a b l e 
f r i c t i o n a l r e s i s t a n c e i s f u l l y m o b i l i s e d . This c o n d i t i o n 
i s only reached when the s t r u c t u r e i s so d i s t u r b e d and 
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the p a r t i c l e s so rearranged t h a t a l l movements are due 
to s l i d i n g of p a r t i c l e s over each other i n the plane 
of shearing. 

This type of behaviour produces an unusual 
f a i l u r e envelope, as i l l u s t r a t e d i n Figu r e 8. Below 
the p r e c o n s o l i d a t i o n pressure the peak st r e n g t h i s much 
higher than the f u l l y m o b i l i s e d f r i c t i o n envelope. This 
type of f a i l u r e envelope makes a n a l y s i s of s t a b i l i t y 
problems very d i f f i c u l t , e s p e c i a l l y w i t h n a t u r a l slopes. 
Recent i n v e s t i g a t i o n s , Crawford ( I 9 6 7 ) and M i t c h e l l 
( I 9 6 9 ) , have i n d i c a t e d t h a t e f f e c t i v e s t r e s s a n a l y s i s 
using the method of s l i c e s f o r a f i r s t f a i l u r e g ives a 
reasonable answer, although the i n f l u e n c e of the f i e l d 
pore pressure has been found t o be of g r e a t e s t importance. 
But i t i s d i f f u l t to p r e d i c t the water c o n d i t i o n s i n the 
f i e l d . A l s o the f a i l u r e s a a r e of a progr e s s i v e nature. 

There have been many such f a i l u r e s of n a t u r a l 
slopes i n eastern Canada, some, such as the s l i d e on the 
Toulnustouc R i v e r , Quebec i n 1 9 6 2 . This was a pr o g r e s s i v e 
s l i d e which occurred on a n a t u r a l slope of only a few 
degrees. The s l i d e i n v o l v e d 5x10^ cubic yards of s o i l ' . 
Another majyor s l i d e occurred i n 1971 at Sa i n t - Jean 
Vianney, Quebec. This s l i d e destroyed 40 homes and 
k i l l e d 31 people. An estimated 9x10^ cubic yards of 
m a t e r i a l moved during the s l i d e . The s l i d e commenced 
w i t h i n the c r a t e r of a much l a r g e r land s l i d e t h a t 
occurred about 500 years ago, and a f t e r complete 
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l i q u e f a c t i o n t r a v e l l e d down the R i v i e r e aux Vases at a 
speed of approximately 16 miles/hour. 

Both these s l i d e s occurred i n May when the water 
t a b l e was at i t ' s highest. 

Because of the ridged s t r u c t u r e of Leda c l a y s , 
they have a low index of recompression, but when the 
load - c a r r y i n g c a p a c i t y of the s t r u c t u r e i s exceeded 
the compression index i s very high. This r e s u l t s i n a 
sharply defined " p r e c o n s o l i d a t i o n pressure". Crawford 
( I 9 6 7 ) found that d i f f e r e n t p r e c o n s o l i d a t i o n pressures 
could be obtained by t e s t i n g the samples at d i f f e r e n t 
r a t e s of l o a d i n g . Results of these t e s t s are shown i n 
Figure 9 . 

1.3 Scope 
There i s an obvious need f o r more research i n t o 

these quick c l a y s to obta i n a b e t t e r understanding of 
t h e i r s t r e s s - s t r a i n r e l a t i o n s h i p , e s p e c i a l l y w i t h 
respect to the i n f l u e n c e of time. 

In t h i s study an attempt has been made to look 
at the e f f e c t of s t r a i n r a t e on the h e a v i l y o v e r c o n s o l i d a t i o n 
c l a y from the S a i n t - Jean - Vianney s l i d e area. A l l 
the samples were i s o t r o p i c a l l y c o n s o l i d a t e d to an a l l 
round e f f e c t i v e s t r e s s of 0 . 4 Kg/cm . This meant tha t the 
samples had an o v e r c o n s o l i d a t i o n r a t i o of around 2 5 . Since 
there are widespread areas where Leda c l a y deposites are 
s u b s t a n t i a l l y overconsolidated, i t was f e l t t hat t e s t s i n 
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t h i s study should be on h e a v i l y overconsolidated samples. 
I t was decided to i s o t r o p i c a l l y c o n s o l i d a t e the samples 
because of the ease of usi n g the more conventional 
equipment and because the r e s u l t s obtained from the 
creep t e s t s would s t i l l produce curves of e s s e n t i a l l y 
the same shape as i f t e s t e d w i t h Ko c o n s o l i d a t i o n . A l s o 
the r e s u l t s were t o be st u d i e d i n a more q u a l i t a t i v e 
r a t h e r than q u a n t i t a t i v e manor. 

Undrained s t r a i n c o n t r o l l e d t e s t s and creep 
t e s t s were performed along w i t h a group of drained . 
s t r a i n c o n t r o l l e d t e s t s and creep t e s t s . 

The' e f f e c t of s t r a i n r a t e on the c o n s o l i d a t i o n 
of S a i n t - Jean - Vianney c l a y was a l s o i n v e s t i g a t e d by 
performing Ko c o n s o l i d a t i o n t e s t s . 
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CHAPTER 2 

LABORATORY TESTING 

2.1 D e s c r i p t i o n of S o i l Tested. 
The c l a y used i n t h i s t e s t i n g programme was 

obtained from the s i t e of the S a i n t - Jean - Vianney 
s l i d e i n Quebec, and was sampled f o r Dr. P. LaRochelle 
of L a v a l U n i v e r s i t y , Quebec by the Quebec Hydro i n June 
1971. 

The sample was a block sample, 10"xl0"x8" hi g h , 
which had been given many coatings of wax and was stored 
i n a moist room u n t i l r e q u i r e d . 

This c l a y i s normally r e f e r r e d to as Leda c l a y 
but i n t h i s t e x t w i l l from here a f t e r be r e f e r r e d to as 
S.J.V. c l a y , a f t e r the area from which i t came. 

This c l a y was b e l i e v e d to have been deposited 
i n a b r a c k i s h or marine environment during a b r i e f 
post - g l a c i a l p e r i o d of i s o s t a t i c depression and marine 
i n v a s i o n . Subsequent l e a c h i n g by p e r c o l a t i n g f r e s h 
ground water has been one of the reasons f o r the c l a y s 
l a r g e s e n s i t i v i t y . Cementation at p a r t i c l e contacts 
has a l s o been p o s t u l a t e d as a major cause f o r the l a r g e 
s e n s i t i v i t y , Crawford (1967) and Kenney ( 1 9 6 7 ) . Table 
1 shows i t s t y p i c a l p h y s i c a l p r o p e r t i e s . 



TABLE 1 

PHYSICAL PROPERTIES OF UNDISTURBED 
S.J.V. CLAY. 

L i q u i d L i m i t 36% 

P l a s t i c L i m i t 20% 

P l a s t i c i t y Index 16% 

N a t u r a l Water Content ^2% + 1% 
Degree of S a t u r a t i o n 100% 

S p e c i f i c G r a v i t y of S o l i d s 2 . 7 5 

Percent f i n e r than 2 microns 50$ 

Unconfined compressive Strength 6 . 5 Kg/cm 
S e n s i t i v i t y around 100 

A c t i v i t y P.I. ' 0 . 3 2 
%<2yU. 2 

Maximum past pressure around 10 Kg/cm 
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2 • 2 D e s c r i p t i o n of the Apparatus. 
The main piece of apparatus used i n t h i s study-

was a conventional t r i a x i a l c e l l , i n which c y l i n d r i c a l 
samples 3 inches high by 1.4, inches diameter were 
i s o t r o p i c a l l y c o n s o l i d a t e d . A schematic layout of the 
measuring system i s shown i n F i g u r e 10. Drainage l i n e s 
from the top and bottom of the sample were connected to 
a device which contained a c a l i b r a t e d p i p e t t e and 
d i f f e r e n t i a l pressure transducer f o r measuring volume 
changes and a pressure transducer f o r measuring the pore 
pressure at the base of the sample. The back pressure 
was a p p l i e d through the graduated p i p e t t e . The c e l l 
pressure was a p p l i e d through a seperate p l a s t i c water 
r e s e r v o i r which a l s o had a pressure transducer a t t a c t e d . 
Both systems contained a s i x foot length o f " O.D. 

8 

saran t u b i n g i n order to prevent d i f f u s i o n of a i r i n t o 
the system. The v e r t i c a l deformations were measured by 
a l i n e a r D.C. d i f f e r e n t i a l transformer (L.V.D.T.) 
connected t o the l o a d i n g rod of the t r i a x i a l c e l l . The 
load was measured by a b e r y l l i u m copper diaphragm load 
c e l l placed above the l o a d i n g rod. 

S i g n a l s from a l l the transducers, load c e l l s 
and transformers were fed i n t o a V i d a r D i g i t a l Data 
A q u i s i t i o n System. Test data was acquired simultaneously 
an a magnetic tape and a p r i n t e r . The Magnetic tape 
was then used as an input data f i l e w hile reducing t e s t 
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data w i t h the I.B.M. 360/67 computer at U.B.C. Data 
acquired on the p r i n t e r helped to keep t r a c k of 
s a t i s f a c t o r y progress of the experiments. The high 
speed automatic r e c o r d i n g was p a r t i c u l a r l y u s e f u l t o 
enable accurate measurements i n the i n i t i a l and f i n a l 
rupture stages of both the creep and the constant r a t e 
of s t r a i n t e s t s . 

2 . 3 . Experimental Procedure. 

Sample P r e p a r a t i o n . 
Because of the extremely s t i f f nature of the 

c l a y , sample p r e p a r a t i o n was very d i f f i c u l t . The trimming 
was done w i t h a sharp k n i f e removing only a small s e c t i o n 
at a time. The samples were found t o c o n t a i n numerous, 
very t h i n , s i l t lens which had almost zero shear s t r e n g t h 
i n the h o r i z o n t a l d i r e c t i o n , such t h a t when the ends of 
the sample were trimmed there was a tendency f o r the 
sample to shear along one of these s i l t l e n s es. Thus 
much care was taken i n the trimming of the ends of each 
sample. I t was found t h a t the trimming was aided by 
preparing the sample i n the moist room, t h i s a l s o helped 
obtain B values nearer to u n i t y . 

A l l the samples were i s o t r o p i c a l l y c o n s o l i d a t e d 
f o r a p e r i o d of 2k hours, w i t h drainage from both top 
and bottom of the sample, t o an a l l round e f f e c t i v e 
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s t r e s s of approximately 0.4 Kg/cm^. C o n s o l i d a t i o n 
was done against a back pressure of 3.6. Kg/cm . Normally 
the sample would have been l e f t undrained f o r 12 hours 
to allow any secondary compression to take p l a c e , but 
because the samples were so h e a v i l y over c o n s o l i d a t e d 
i t was f e l t unnecessary t o do t h i s . The f i r s t t e s t 
performed was l e f t , however f o r 12 hours undrained, 
a f t e r c o n s o l i d a t i o n , but the change.'iin pore pressure 
was n e g l i g i b l e , so i t was f e l t reasonable to omit t h i s 
step f o r the remaining t e s t s . A l l the t e s t s performed 
were c a r r i e d out i n a constant temperature environment 
i n order t o e l i m i n a t e the i n f l u e n c e of temperature as a 
v a r i a b l e . 

Constant-Rate of S t r a i n Compression Tests. 
For the undrained constant r a t e of s t r a i n 

compression t e s t s , the valve l e a d i n g to the p i p e t t e was 
closed a f t e r c o n s o l i d a t i o n and the s t r a i n r a t e mechanism 
s t a r t e d , such t h a t the pore pressure being recorded was 
from both the top and bottom of the sample, see Figure 
10. 

For the drained constant r a t e of s t r a i n 
compression t e s t s , the valve between the pore pressure 
transducer and the p i p e t t e was c l o s e d , such t h a t there 
was drainage from the top of the sample and pore pressure 
measurements from the base, see Fig u r e 10. 



The drainage and pore pressure arrangements 
were the same as f o r the constant r a t e of s t r a i n t e s t s . 
The re q u i r e d load was a p p l i e d through a r o l l i n g b e l l o f r a m 
p i s t o n mounted above the t r i a x i a l c e l l , see Fi g u r e 1 0 . 

The d e s i r e d l e v e l of creep s t r e s s was "instantaneously" 
a p p l i e d by connecting the l o a d i n g p i s t o n t o a preset a i r 
pressure through a 3 way v a l v e . As the sample s t r a i n s 
under the creep s t r e s s , the increase i n area causes the 
s t r e s s t o decrease s l i g h t l y , but i t was found t h a t the 
s t r a i n s encountered were so small very l i t t l e adjustment 
was r e q u i r e d i n order to maintain a constant creep s t r e s s . 

A summary of a l l the t e s t i n f o r m a t i o n i s 
shown i n T a b l e l l a n d J I I . 
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TABLE I I 

SUMMARY OF TEST INFORMATION FOR STRAIN  
CONTROLLED COMPRESSION TESTS 

UNDRAINED 

MEAN EFFECTIVE 
TEST INITIAL 
NO. W/C 

% 

CONSOLIDATED 
W/C 
% 

INITIAL 
HEIGHT 
( i n s . ) 

VOID 
RATIO 

e 
CONSOL. STRESS 

3 

Kg/cm2 

STRAIN 
RATE 

fo/min 
£ 

UD1 41.2 41 . 3 2.976 1.157 0.49 1 . 6 x l 0 " 3 

UD2 41.4 41 . 5 2 .553 1.161 0.41 2 . 8 x l 0 _ 1 

UD3 41 . 3 41.4 2 .557 1.156 0 .40 2 . 0 x l 0 " 2 

UD4 42.2 42 . 6 3.121 1.192 0.40 2 . 8 x l 0 _ 1 

UD5 42.1 42.4 3.156 1.186 0 .63 
-4 

7.2x10 
UD6 42 . 3 42 . 6 3.202 1.19^ 0.40 2. 0 x l 0 " 2 

DRAINED 

DR.T1 42.4 42 . 9 3.190 1.201 0.42 -4 
7.5x10 ^ 

UD/DR 42.2 42.8 3.170 1.198 0 .39 7.5X10"2 4" 
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TABLE III 

SUMMARY OF TEST INFORMATION  

FOR THE CREEP TESTS 

UNDRAINED 

MEAN EFFECTIVE 
TEST INITIAL 
NO. W/C 

% 
CONSOLIDATED 

w/c 
% 

INITIAL 
HEIGHT 
(ins.) 

INITIAL 
VOID 
RATIO 

CONSOL. STRESS 

Kg/cm^ 

APPLIED 
STRESS, 
Kg/cm2 

CR.T1 43.4 44.1 2.745 1 .235 0.45 4 . 7 1 

CR.T2 41.1 42 .5 3.146 1.200 0.42 4 . 3 2 

CR.T3 42 .5 44.1 3.041 1 .234 0.42 4.22 

CR.T4 42.1 42 .5 3.199 1.190 0 . 4 3 6 . 3 0 

CR.T5 
c 

44.2 45 .7 3 . 2 3 1 1.280 0.47 5.97 
CR.T6 42 .5 43.0 3.268 1 .205 0.46 5.74 

CR.T6A 4 3 . 6 4 3 . 9 3.177 1.211 0 . 4 9 5 . 8 5 

CR.T7 43.2 43.8 3.197 1.216 0 . 4 3 5 . 5 0 

CR.T8 42.2 42.8 3.197 1.197 0.45 5.17 

DRAINED 

DR.CR1 42.2 42.8 2.713 1.197 0.42 4 . 9 

DR.CR2 42.2 42 .7 2.918 1 . 194 0.39 3 . 8 
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CHAPTER 3 

EFFECTS OF STRAIN RATE  
ON CONSOLIDATION 

The c o n s o l i d a t i o n r e s u l t s shown h e r e i n were 
obtained from Ko c o n s o l i d a t i o n t e s t s performed by 
Dr.Y.P.Vaid on S.J.V. c l a y at U.B.C. The t e s t s were 
performed i n a Ko t r i a x i a l c e l l , d e t a i l s of which have 
been presented elsewhere, Campanella and Vaid (1972). 

The samples were subjected to Ko one dimensional 
c o n s o l i d a t i o n under s t r a i n c o n t r o l l e d l o a d i n g w i t h 
drainage permitted from the top and pore pressure 
recorded at the bottom of the specimen. Four t e s t s were 
performed at s t r a i n r a t e s ranging from 1 . 1 3 x 1 t o 
1.95xlO~' s t r a i n r a t e / s e c . One t e s t was performed using 
the standard incremental c o n s o l i d a t i o n method. 

Figure 11 shows the r e s u l t s of these f i v e 
t e s t s on a change i n v o i d r a t i o to l o g v e r t i c a l e f f e c t i v e 
s t r e s s p l o t . The curves c l e a r l y show th a t the apparent 
p r e c o n s o l i d a t i o n pressure v a r i e s from 12Kg/cm f o r the 
fastest t e s t to 7«5Kg/cm f o r the slowest t e s t . The 
standard incremental method gives an apparent pre-
c o n s o l i d a t i o n pressure of around llKg/cm . 

These sharply defined p r e c o n s o l i a t i o n 
pressures are a c l e a r i n d i c a t i o n of the sudden break­
down of the r i g i d s t r u c t u r e of S.J.V. Clay. This sudden 
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breakdown i s c l e a r l y very s t r a i n r a t e dependant and 
makes the " c o r r e c t " p r e c o n s o l i d a t i o n pressure extremely 
d i f f i c u l t to obtained. 

F i g u r e 12 shows the change i n the c o e f f i c i e n t 
of c o n s o l i d a t i o n , Cv f o r three of the t e s t s . There 
appears to be no d i r e c t r e l t i o n s h i p between v a r y i n g 
s t r a i n r a t e s and Cv, but the range of values was q u i t e 
l a r g e . 

The importance of o b t a i n i n g a v a l i d pre­
c o n s o l i d a t i o n pressure i s very apparent. I f the r a t e 
of l o a d i n g i n the f i e l d i s slow, a standard incremental 
t e s t could give a very unconservative r e s u l t . The la r g e 
range i n C v could a l s o produce a very erroneous 
estimate f o r time f o r c o n s o l i d a t i o n to take p l a c e . 

L a t e r a l s t r a i n s were measured throughout the 
t e s t s and showed that reasonably good Ko c o n d i t i o n s 
e x i s t e d f o r the f a s t e r t e s t s , but i n the very long 
t e s t s there was a small amount of leakage l e a d i n g to 
l a t e r a l s t r a i n s of around 2 . 0 % . 
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CHAPTER 4 

RESULTS AND DISCUSSION OF CONSTANT  
RATE OF STRAIN COMPRESSION TESTS 

4 . 1 UNDRAINED CONSTANT RATE OF STRAIN  
COMPRESSION TESTS. 

Figu r e s 13 and 14 show the r e s u l t s of the 
f i r s t set of three undrained s t r a i n c o n t r o l l e d compression 
t e s t s at d i f f e r e n t s t r a i n r a t e s . F i g u r e 13 c l e a r l y shows 
that there was a 2jfo increase i n d e v i a t o r s t r e s s w i t h 
over 100 times increase i n s t r a i n r a t e . The f i r s t p a r t 
of the curves shows t h a t the d i s t o r t i o n was of a l i n e a r 
nature. The e f f e c t of s t r a i n r a t e i n t h i s l i n e a r range 
"before peak d e v i a t o r s t r e s s was q u i t e small i n comparison 
to the p o i n t at which peak occurred. I t would appear 
that any bonding t h a t e x i s t s w i t h i n the c l a y i s not 
very s t r a i n r a t e dependant, expect i n r e l a t i o n to the 
p o i n t at which the bonds a c t u a l l y break. This p o i n t of 
f a i l u r e , or peak d e v i a t o r s t r e s s , was reached at between 
0.58 and 0 . 7 0 percent s t r a i n , which i s an extremely 
small s t r a i n . This small s t r a i n l e v e l at peak d e v i a t o r 
s t r e s s would be expected f o r such a s t i f f , over-
c o n s o l i d a t e d and bonded c l a y . 

The s t r a i n s measured a f t e r peak are r e l a t i v i l y 
meaningless because shear was t a k i n g place along a 
s i n g l e f a i l u r e surface. This type of f a i l u r e mechanism 
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i s to be expected i n an o v e r c o n s o l i a t e d c l a y , s i n c e when 
i t i s sheared i t tends to d i l a t e and so when f a i l u r e 
occurs i t w i l l appear, along a s i n g l e f a i l u r e s u r f a c e . 

F i g u r e 14 shows how the pore pressure q u i c k l y 
rose t o almost equal the c e l l pressure then r a p i d l y 
decrease to a negative value. This r i s e i n pore pressure 
meant t h a t , at peak d e v i a t o r s t r e s s , the samples were 
e s s e n t i a l l y under zero e f f e c t i v e c o n f i n i n g s t r e s s . 
This r e s u l t e d i n some' of the samples showing signs of 
v e r t i c a l s p l i t t i n g due to t e n s i l f a i l u r e , see Appendix 
I I . This a l s o suggests t h a t j u s t about a l l of the 
compressive stre n g t h of these samples was due to 
cementation bonding. 

The block from which the samples came was so 
shaped t h a t the samples used f o r the f i r s t three 
undrained s t r a i n c o n t r o l l e d compression t e s t s and the 
f i r s t three creep t e s t s were from the top h a l f of the 
block w h i l s t the. remaining samples were from the lower 
h a l f . F i g u r e s 15 and 16 show the r e s u l t s of the 
undrained s t r a i n c o n t r o l l e d compression t e s t s on the 
lower l a y e r of the block, and i t can be c l e a r l y seen 
that there was a 28$ increase i n s t r e n g t h at t h i s 
second l a y e r t o t h a t of the f i r s t l a y e r , even though 
the samples were only inches apart v e r t i c a l l y . No 
complete ex p l a n a t i o n can be given f o r t h i s , except t h a t 
the c o n c e n t r a t i o n of s i l t lenses d i d appear to be 
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higher i n the top l a y e r . F i g u r e 15 a l s o shows th a t 
there was s t i l l the 2$% increase i n streng t h w i t h over 
100 times increase i n s t r a i n r a t e . The t e s t UD5 
appears to be much s t i f f e r p r i o r to peak than the other 
t e s t s . T h i s could have been j u s t sample v a r i a b i l i t y 
or more probably due to the unusually l a r g e s e a t i n g 
load a p p l i e d during c o n s o l i d a t i o n , see t a b l e IV. This 
e x t r a s e a t i n g load may have e f f e c t e d the samples i n i t i a l 
s t i f f n e s s but not i t ' s s t r e n g t h , which i s dependant on 
the bonding. 

Fig u r e 16 again shows how the pore pressure 
rose q u i c k l y to equal the c e l l pressure and then a f t e r 
peak dropped r a p i d l y t o a negative value. Again t h i s 
suggest t h a t j u s t about a l l the streng t h of these samples 
was due to cementation bonding and tha t the bond 
strength appears t o be a f u n c t i o n of s t r a i n r a t e . 

4.2 DRAINED CONSTANT RATE OF STRAIN  
COMPRESSION TESTS. 

Figu r e s 1? and 18 show the r e s u l t s of the 
s t r a i n c o n t r o l l e d drained compression t e s t s , ran at the 
slowest s t r a i n r a t e . As expected from the r e s u l t s 6'f 
the undrained compression t e s t s , the r e d u c t i o n i n 
strengt h a f t e r peak was much gr e a t e r , due t o the d i l a t i o n 
e f f e c t s (Swelling) of t h i s h e a v i l y overconsolidated 
c l a y . F i g u r e 18 shows t h i s d i l a t i o n e f f e c t , where up 
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to peak the sample was c o n t r a c t i n g s l i g h t l y , whereas 
a f t e r peak i t r a p i d l y d i l a t e d . 

The f a i l u r e at peak was so r a p i d t h a t i t was 
e s s e n t i a l l y undrained around the f a i l u r e zone. 

A f t e r these r e s u l t s i t was decided to perform 
a t e s t where the sample was s t r a i n e d undrained up t o 
i t ' s peak and then drainage allowed t o occur. The 
r e s u l t s of t h i s UN/DR. t e s t are shown i n F i g u r e s 19 and 
20. The l o s s i n d e v i a t o r s t r e s s a f t e r peak was very 
marked, more so than the drained t e s t . The r e s u l t s a l s o 
showfthat the drained and undrained peak d e v i a t o r 
s t r e s s e s were almost the same but at d i f f e r e n t s t r a i n s . 
Figure 20 shows the v a r i a t i o n of pore pressure, measured 
at the base, plus volumetric s t r a i n a gainst a x i a l s t r a i n . 
This p l o t shows the sharp decrease i n pore pressure a f t e r 
drainage was allowed to occur, combined w i t h an i n i t i a l 
s mall decrease i n volume followed by a steady increase 
i n volume. Fig u r e 21 shows a comparison of the undrained/ 
drained t e s t w i t h the drained t e s t and one of the undrained 
t e s t (UD5), a l l of which were performed at the same 
l e v e l i n the block sample. The f i n a l s trength i n the 
drained c o n d i t i o n i s c l e a r l y much lower than the undrained 
s t a t e due t o the increase i n water content. Since there 
i s normally water a v a i l a b l e i n the f i e l d t h i s l a r g e l o s s 
i n s t r e n g t h could take place a f t e r an i n i t i a l undrained 
f a i l u r e . 
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F i g u r e 22 shows the e f f e c t i v e s t r e s s path on 
a modified Mohr p l o t f o r one of the undrained s t r a i n 
c o n t r o l l e d compression t e s t s (UD2). The s t r e s s path 
shows how the e f f e c t i v e s t r e s s e s w i t h i n the sample 
q u i c k l y climb and r i s e up c l o s e l y t o the l i m i t of t r i a x i a l 
t e s t i n g (<y - o ). The s t r e s s e s continue to r i s e up 
c l o s e l y to t h i s l i n e . u n t i l peak d e v i a t o r s t r e s s , where 
upon the s t r e s s e s drop back sharply. A f t e r t h i s sharp 
drop the s t r e s s e s begin to climb again and then f a l l to 
a lower s t r e s s c o n d i t i o n . A l l the undrained s t r a i n 
c o n t r o l l e d compression t e s t s followed t h i s same p a t t e r n 
except f o r the p o i n t at whichpeak d e v i a t o r s t r e s s was 
reached. 

F i g u r e 23 shows the r e s u l t s of a l l the s t r a i n 
c o n t r o l l e d compression t e s t s on the modified Mohr p l o t . 
This shows how a l l the p o i n t s of peak d e v i a t o r s t r e s s 
l i e on or very c l o s e to the l i m i t of t r i a x i a l t e s t i n g , 
i t a l s o shows tha t the f i n a l d e v i a t o r s t r e s s c o n d i t i o n 
l i e s on a l i n e a r envelope passing through the o r i g i n 
t h a t r i s e s at around 33° to the a b s i s s a f o r a value of 
^ = 4 0 ° . This value appears to agree w e l l w i t h the 
" r e s i d u a l f r i c t i o n envelope" found by Conlon (1966) 
and shown i n F i g u r e 8. F i g u r e 23 i m p l i e s that the s t r e n g t h 
of t h i s bonded c l a y i s dependant on e f f e c t i v e s t r e s s e s 
which i s c o n t r a r y to the concept of a bonded s t r u c t u r e . 
This would i n d i c a t e t h a t t r i a x i a l t e s t i n g f o r a bonded 
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c l a y at such a low s t r e s s l e v e l i s i n e f f e c t i v e i n 
ob t a i n i n g the complete f a i l u r e envelope. 

A l s o p l o t t e d on Fig u r e 23 are the peak and 
f i n a l d e v i a t o r s t r e s s c o n d i t i o n s f o r the drained t e s t . 
These p o i n t s l i e on a l i n e t h a t r i s e s at 4 5 ° from the 
i n i t i a l s t r e s s c o n d i t i o n , which would be expected f o r a 
drained t e s t . The f i n a l d e v i a t o r s t r e s s c o n d i t i o n l i e s 
very c l o s e to the r e s i d u a l f r i c t i o n envelope produced 
from the undrained t e s t s . 

A summary of a l l the r e s u l t s f o r the s t r a i n 
c o n t r o l l e d compression t e s t s i s shown i n t a b l e IV. 
This t a b l e shows that the peak d e v i a t o r s t r e s s , , was 
reached at s t r a i n s ranging from 0.40 t o 0 . 7 0 $ f o r the 
undrained t e s t s , and 0 . 2 6 ^ f o r the drained t e s t . These 
very small s t r a i n s were reached i n times ranging from 
5 | minutes to 860 minutes f o r the undrained.tests and 
961 minutes f o r the drained t e s t . The pore pressure 
parameter at f a i l u r e , A f, f o r the undrained t e s t s , were 
a l l around - 0 . 5 i which was as expected f o r an over-
c o n s o l i d a t e d c l a y . 
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TABLE IV 

SUMMARY OF RESULTS OF STRAIN  
CONTROLLED COMPRESSION TESTS. 

UNDRAINED 

TEST 
No. 

STRAIN 
RATE 
£ 

%/min 

PEAK 
°k 2 

Kg/cm 

FINAL 
(>3fo)2 Kg/cm 

STRAIN 
AT PEAK 
%/min 

TIME 
TO 

PEAK 
MINS 

PORE PRESSURE 
PARAMETER 

AT PEAK or 
Af. °-

UD1 1.6xl0 : 7-3 4 . 7 0 3 . 1 0 0 . 5 8 420 - 0 . 7 4 

UD2 2.8x10' -1 5.80 4 . 2 0 0 . 7 0 5 . 5 - 0 . 5 6 

UD3 2.0x10' -2 
5 . 3 5 3 . 7 5 0 . 6 8 57 - 0 . 5 5 

UD4 2.8x10' -1 
7 . 4 5 4.40 0 . 6 8 6 . 7 -o.6o 

UD5 7 . 2 x 1 0 ' -4 5.80 3 . 6 0 0.40 860 - 0 . 5 4 

UD6 2 . 0 x 1 0 ' -2 6 . 9 0 N / A 0 . 6 5 54 - 0 . 5 8 

DRAINED 

TEST 
No. 

STRAIN 
RATE 

t 

fo/min 
-4 

PEAK 
% 

Kg/cm 

FINAL 
2 ^ 

Kg/cm 

STRAIN TIME 
AT PEAK TO 

PEAK 
fo/min MINS 

VOLUME 
CHANGE 
crrr 

DR.T : 7 . 5 x 1 0 ' -4 
6 . 2 5 2 . 5 5 0 . 2 6 961 0 . 2 6 

UD/DR 7 . 5 x 1 0 ' -4 
6 . 5 0 2 . 3 0 0 . 5 2 945 N/A 



CHAPTER 5 

RESULTS AND DISCUSSION OF CREEP TESTS. 

5.1 UNDRAINED CREEP TESTS 
Figure 24 i s a p l o t of a x i a l creep r a t e 

against time, i n minutes, and shows th a t i n i t i a l l y the 
creep r a t e i s very f a s t , hut w i t h time decreases to a 
minimum, where upon i t begins to increase r a p i d l y again, 
l e a d i n g t o f a i l u r e . These curves d i f f e r from those 
found by Snead (1970) and Campanella and Vaid ( 1 9 7 2 ) , 

i n that i n i t i a l l y a l l the t e s t s f o l l o w more c l o s e l y the 
same l i n e of decreasing creep r a t e . T h i s agrees w e l l 
with the r e a c t i o n obtained from the s t r a i n c o n t r o l l e d 
compression t e s t s p r i o r to peak, since they a l l tended 
to f o l l o w the same s t r e s s - s t r a i n l i n e . R e s u l t s of a l l 
the creep t e s t s have been p l o t t e d on Figure 24. I t i s 
i n t e r e s t i n g t o see t h a t even though the samples t e s t e d 
from the top l a y e r of the block (CR.T . 1 ,2 and 3 ) , which 
had lower strengths, s t i l l l i e along the same i n i t i a l l y 
decreasing creep r a t e l i n e . 

R e s ults from Figure 24 suggest that the onset 
of an a c c e l e r a t i n g creep r a t e i n d i c a t e s impending 
f a i l u r e , s ince as long as the creep r a t e i s i n c r e a s i n g , 
f a i l u r e i s i n e v i t a b l e . However, s u f f i c i e n t warning 
concerning rupture was u s u a l l y present, since elapsed 
time u n t i l rupture (rupture l i f e ) was g e n e r a l l y around 
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twice the elapsed time up t o the p o i n t when the creep 
r a t e s t a r t e d a c c e l e r a t i n g (minimum creep r a t e ) . 

F i g u r e 25 shows the rupture l i f e , t , f o r 
each s t r e s s l e v e l p l o t t e d against the corresponding 
minimum creep rate,£ min, on a l o g - l o g s c a l e . T h i s p l o t 
shows th a t there e x i s t s a reasonable s t r a i g h t l i n e 
r e l a t i o n s h i p between the rupture l i f e and the minimum 
creep r a t e , r e g a r d l e s s of s t r e s s l e v e l . I n long term 
t e s t s , the rupture l i f e could be estimated from t h i s 
r e l a t i o n s h i p as soon as the minimum creep r a t e has 
occurred. U n f o r t u n a t e l y the width of e r r o r bands are 
extremely l a r g e , which shows that f o r a given minimum 
creep r a t e , rupture l i f e could vary by as much as a 

f a c t o r of 5 . 

Since, f o r n a t u r a l slopes i n the f i e l d , the 
s t a r t of creep i s not u s u a l l y known, a p l o t of minimum 
creep r a t e against remaining timetto:'rupture: i s ; shown 
i n Figure 2 6 , f o r a l l the creep t e s t s . Again a reasonable 
s t r a i g h t l i n e a r r e l a t i o n s h i p i s shown w i t h the same e r r o r 
band as F i g u r e 2 5 . This r e l a t i o n s h i p would i n d i c a t e 
that once the minimum creep r a t e has been reached, and 
i t s value found, an estimate of the remaining time to 
rupture can be obtained. But again, s i n c e i t would be 
d i f f i c u l t t o obta i n the p o i n t of minimum creep r a t e i n 
the f i e l d , a p l o t of t e r t i a r y , or a c c e l e r a t i n g creep 
r a t e a g a i n s t remaining time to rupture, t t r , has been 
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p l o t t e d i n Figure 2 7 , f o r three of the creep t e s t s . 
The s c a t t e r of the p o i n t s was extremely l a r g e when a l l 
the t e s t s were p l o t t e d , so the data was seperated i n t o 
i t s i n d i v i d u a l t e s t s and seperate l i n e s p l o t t e d f o r 
each, of which only three.are shown i n Figure 2 7 . 

Campanella and Vaid (1972) obtained a s i n g l e l i n e f o r 
a l l t h e i r t e s t s at d i f f e r e n t s t r e s s l e v e l s , u n l i k e the 
seperate l i n e s obtained here. P a r t of the reason f o r 
t h i s disagreement could be due to the d i f f i c u l t y of 
o b t a i n i n g reasonable data f o r t h i s quick c l a y i n the 
t e r t i a r y creep r a t e range, a l s o the f a c t t h a t s t r a i n s 
measured near to rupture are meaningless due t o the 
movement along a s i n g l e f a i l u r e plane. 

I t was apparent from Figure 24 that as the 
creep s t r e s s l e v e l increased the rupture l i f e p r o g r e s s i v e l y 
decreased. F i g u r e 28 shows the r e l a t i o n s h i p between 
creep s t r e s s and the corresponding minimum creep r a t e 
f o r both l a y e r s of the block sample. Both l i n e s 
appeart;to be p a r a l l e l although the data a v a i l a b l e f o r 
the top l a y e r was obviously l i m i t e d . F i g u r e 29 shows 
the same p l o t , but w i t h the s t r e s s l e v e l s at peak 
d e v i a t o r s t r e s s p l o t t e d f o r a l l the undrained s t r a i n 
c o n t r o l l e d compression t e s t s , the dotted l i n e s on the 
p l o t are the creep data as from F i g u r e 28. Although the 
data i s a l i t t l e s c a t t e r e d there does appear to be a 
trend that would i n d i c a t e the"existance of a p o s s i b l e 
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r e l a t i o n s h i p between s t r a i n r a t e and s t r e s s r e g a r d l e s s 

of the t e s t i n g method. 
Figu r e 30 shows a p l o t of s t r e s s l e v e l a gainst 

lo g time to rupture f o r the creep t e s t s performed on the 
bottom l a y e r of the block sample. At higher s t r e s s 
l e v e l s the creep strength shows e s s e n t i a l l y a l i n e a r 
decrease w i t h l o g rupture l i f e . At lower s t r e s s l e v e l s , 
however, the decrease i n creep s t r e n g t h was much slower 
w i t h time t o rupture and the form of the curve seems to 
i n d i c a t e the existence of a long term y i e l d s t r e n g t h 
below which creep rupture w i l l not occur. This i s 
u s u a l l y termed the upper y i e l d s t r e n g t h . 

There are v a r i o u s methods of e s t i m a t i n g the 
upper y i e l d s t r e n g t h from creep t e s t r e s u l t s , but 
because of the l i m i t e d number of t e s t s performed here, 
no r e a l i s t i c value can be obtained. These methods 
r e q i r e a l a r g e number of t e s t s t o be performed, which 
i s not always p o s s i b l e , but i f two s t r a i n c o n t r o l l e d 
compression t e s t s are performed at d i f f e r e n t , very slow 
s t r a i n r a t e s and give the same st r e n g t h , then that 
strength can be regarded as the upper::/ y i e l d s t r e n g t h . 

5 . 2 DRAINED CREEP TESTS. 
One drained creep t e s t was performed, 

DR.CR1, but due t o the problems w i t h the a v a i l a b i l i t y 
of the V i d a r D i g i t a l Data A q u i s i t i o n very l i t t l e 
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i n f o r m a t i o n was obtained to f u l l y a n a l y s i s the r e s u l t s . 
F igure 31 shows a p l o t of a x i a l s t r a i n r a t e against time, 
and the curve f o r DR.CR1 i s shown, as p l o t t e d from the 
a v a i l a b l e data. I t can be seen from Fi g u r e 31 t h a t the 
curve f o r t h i s drained t e s t followed very much the same 
p a t t e r n as the undrained t e s t s . 

Another drained t e s t was performed, DR.CR2, 
i n which the a p p l i e d s t r e s s l e v e l was much lower than 
th a t a p p l i e d i n DR.CR1. I t i s i n t e r e s t i n g to see that 
the curve at the lower s t r e s s l e v e l p l o t s above t h a t of 
the higher s t r e s s l e v e l curve, which i s contrary t o 
the undrained creep curves. A f t e r 3000 minutes of 
loa d i n g f o r DR.CR2, the pore pressure was boosted by 
0.1 Kg/cm to t r y and simulate a r i s e i n the watertable 
i n n a t u r a l slopes. I t can be seen from Fi g u r e 31 t h a t 
t h i s increase i n pore pressure caused an immediate 
increase i n s t r a i n r a t e , which a f t e r a p e r i o d of time 
reached a maximum and then began to decrease again. 
This continued f o r another 3000 minutes where the pore 
pressure was again boosted by 0.1 Kg/cm , but again, due 
to problems w i t h the a v a i l a b i l i t y of the V i d a r and a l s o 
the f a c t t h a t the s t r a i n measured remained p r a c t i c a l l y 
constant, the curve has been terminated. The t e s t was, 
however, kept running f o r another 3000 minutes, i n which 
time i t was observed t h a t the s t r a i n remained almost 
constant but the sample was sucking i n water. 
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This i n d i c a t e s t h a t the compression due to the s t r e s s 
l e v e l was being e x a c t l y compensated by the s w e l l i n g due 
to the boost i n pore pressure. A f t e r a t o t a l time of 
9000 minutes the pore pressure was again boosted by 
0.1 Kg/cm , which put the sample under an e f f e c t i v e 

2 

s t r e s s of 0 . 1 Kg/cm . The t e s t was then continued f o r 
another 3000 minutes, a f t e r which time the sample had 
s t i l l not f a i l e d . This i n d i c a t e s how the stren g t h of 
the sample i s dependant almost completely on the bonding 
which appears to be independant of e f f e c t i v e s t r e s s . 

Table V shows a summary of the r e s u l t s of 
the creep t e s t s . CR.T3 and CR.T8 have been omitted 
since they d i d not f a i l . Table V a l s o shows that the 
s t r a i n reached at minimum s t r a i n r a t e ranged from 0.40 
to 0.4-9 percent. 

5 . 3 STRESS-STRAIN-STRAIN RATE RELATIONS. 
Campanella and Vaid (1972) had found that f o r 

a given c o n s o l i d a t i o n h i s t o r y there e x i s t s a unique 
s t r e s s - s t r a i n - s t r a i n r a t e law th a t could be used to 
c o r r e l a t e the r e s u l t s of creep and constant s t r a i n r a t e 
t e s t s . 

F i g u r e 32 shows the constant s t r e s s creep rupture 
curves f o r some of the undrained t e s t s on a l o g s t r a i n 
r a t e versus s t r a i n p l o t . A constant s t r a i n r a t e t e s t 
i s a l s o shown on t h i s p l o t by a h o r i z o n t a l l i n e 



TABLE V 

SUMMARY OF RESULTS OF  

CREEP TESTS. 

UNDRAINED 

APPLIED MEAN EFFECTIVE MINIMUM STRAIN RUPTURE 
TEST 
No. 

STRESS 

(Kg/cm ) 

CONSOL. STRESS 
J*™/ 2 
Kg/cm 

STRAIN RATE 

%/min 

AT a £ • 

< 
LIFE, 

miKs 

CR.T1 4.71 0.45 1.8xl0"3 0.40 40 

CR.T2 4.32 0.42 1.2xl0"i|' 0.42 300 

CR.T4 6.30 0.43 2.7xl0" 2 0.42 10 

CR.T5 5.97 0.47 1.5xl0"3 0.455 50 

CR.T6 5.74 0.46 4.6xl0" 4 0.46 135 

CR.T6A 5.85 0.49 -4 
2.1x10 ^ 0.47 120 

CR.T7 5.50 0.43 8.9xlO~5 0.49 1050 
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corresponding to the value of the s t r a i n r a t e used. 
I f the s t r e s s i s assumed uniquely r e l a t e d to the c u r r e n t 
s t r a i n and s t r a i n r a t e , then the p o i n t s of i n t e r s e c t i o n 
of the constant s t r a i n r a t e t e s t w i t h the creep curves 
would give a set of values d e f i n i n g the s t r e s s - s t r a i n 
curve f o r t h a t p a r t i c u l a r constant s t r a i n r a t e used. 

The s t r e s s - s t r a i n curve determined from a 
constant s t r a i n r a t e t e s t , having the same c o n s o l i d a t i o n 
h i s t o r y as t h a t used f o r the creep t e s t s , i s shown i n 
Figure 33• The p r e d i c t e d s t r e s s - s t r a i n curve from the 
s e r i e s of creep curves i s a l s o shown "by the c i r c l e s . 
I t can be seen t h a t reasonable agreement e x i s t s , except 
t h a t the p r e d i c t e d p o i n t s are s h i f t e d t o one side by 
approximately 0.1%. Because of the very small range 
of s t r a i n s encountered w i t h t h i s c l a y , t h i s s h i f t could 
w e l l have been caused by a nonuniformity i n the s e a t i n g 
loads. 

Snead ( 1970) and Campanella and Vaid ( 1972) 

both r e s t r i c t e d the use of a unique s t r e s s s t r a i n - s t r a i n 
r a t e r e l a t i o n s h i p to s o i l s t e s t e d undrained at constant 
temperature and not h e a v i l y overconsolidated, where as 
these r e s u l t s would i n d i c a t e that t h i s r e l a t i o n s h i p 
could s t i l l be a p p l i e d t o a h e a v i l y overconsolidated 
and bonded c l a y . 
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5 . 4 EFFECTIVE STRESS CONDITIONS. 

Figure 34 shows the e f f e c t i v e stress conditions 

of the undrained creep tests at the instant of minimum 

creep rate on a modified Mohr p l o t . A l l the points l i e 

very close to the l i n e of l i m i t f o r t r i a x i a l ; t e s t i n g , 

where the e f f e c t i v e confining stress, cr^, equals zero. 

Comparison of t h i s plot with the equivalent p l o t f o r the 

undrained s t r a i n controlled compression te s t s , Figure 

2 3 , shows that the instant of peak deviator stress i s 

also defined by the same envelope. These points could 

have f a l l e n onto t h i s same l i n e simply because the 

tests had a l l reached t h e i r l i m i t for t r i a x i a l t e s t i n g , 

that i s , the pore pressure equalled the c e l l pressure. 

But i n the undrained/drained s t r a i n controlled 

compression t e s t , where the drainage valve was opened 

just a f t e r peak deviator stress, the e f f e c t i v e stress 

within the sample was not zero at peak, but t h i s point 

s t i l l p lots very close to the envelope. This indicates 

that there could be a single envelope fo r peak deviator 

stress i n the s t r a i n controlled compression tests and 

minimum creep rate i n the creep t e s t s . 

Campanella and Vaid (1972) found that the 

l i n e a r envelope defined by the instant of minimum creep 

rate occurred at a lower shearing resistance than that 

defined by the s t r a i n controlled compression t e s t s . 
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This d i f f e r e n c e i n r e s u l t s i s c h i e f l y due to the f a c t 
that the r e s u l t s h e r e i n are f o r a h e a v i l y overconsolidated, 
cemented c l a y , whereas those obtained by Campanella and 
Vaid were f o r a normally c o n s o l i d a t e d c l a y . 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

The t e s t i n g of t h i s very s t i f f , s e n s i t i v e c l a y 
was very d i f f i c u l t since the a x i a l s t r a i n s t o f a i l u r e 
were very s m a l l , a l l l e s s than 1 percent. 

Based on the u n a x i a l constant s t r e s s creep 
rupture t e s t s and the s t r a i n c o n t r o l l e d compression t e s t s 
c e r t a i n conclusions can be drawn. There appears to e x i s t 
a l i n e a r r e l a t i o n s h i p between l o g minimum creep r a t e and 
l o g rupture l i f e and a l s o l o g minimum creep r a t e and 
l o g remaining time to rupture. A l i n e a r r e l a t i o n s h i p 
was a l s o noted between l o g current creep r a t e during 
t e r t i a r y creep and the remaining time to ruptu r e , 
although very l i t t l e r e l i a n c e can be placed on s t r a i n s 
measured near t o creep rupture. A . l i n e a r r e l a t i o n s h i p 
between l o g minimum creep r a t e and s t r e s s l e v e l and a 
p o s s i b l e l i n k between s t r e s s and s t r a i n r a t e f o r both 
s t r a i n c o n t r o l l e d compression t e s t s and creep t e s t s 
appears to e x i s t . There i s some i n d i c a t i o n t h a t a s t r e s s -
s t r a i n - s t r a i n r a t e r e l a t i o n s h i p may e x i s t f o r t h i s over-
c o n s o l i d a t e d , cemented c l a y . 

R e sults from the Ko c o n s o l i d a t i o n t e s t s , 
performed by Dr. Y.P.Vaid, show tha t the apparent pre-
c o n s o l i d a t i o n pressure v a r i e s over a very l a r g e range, i f 



t e s t e d at d i f f e r e n t s t r a i n r a t e s . 
I n c o n c l u s i o n , the r e s u l t s obtained i n t h i s 

research were very dependant on the bonding t h a t e x i s t e d 
i n t h i s c l a y , and t h a t the bond strength appeared to be 
a f u n c t i o n of the s t r a i n r a t e . 
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APPENDIX I 

CALCULATION OF STRAIN RATES 

The s t r a i n rates were computed by using the s t r a i n 

log time plot as shown i n Figure A l . A smooth curve was 

drawn through the s t r a i n - l o g time points plotted from 

the "raw" data. The technique to calculate s t r a i n rates 

assumes a l i n e a r change i n s t r a i n f o r f i n i t e time 

i n t e r v a l s . The s t r a i n rate at a given time " t " was 

determined by subtracting the value of the s t r a i n at 

(t-At) from the value at t+At and divided by time i n t e r v a l 

At (Figure A l ) . That i s the s t r a i n at B (Figure Al) was 

taken to be: 
_ S t r a i n ordinate at C - s t r a i n ordinate at A 

time AC (natural scale) 
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SKETCHES OF FAILED SAMPLES 
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