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ABSTRACT 

A t h e o r e t i c a l as w e l l as l a b o r a t o r y i n v e s t i g a t i o n 
i n t o the creep of s o i l at d i f f e r e n t temperatures i s presented. 
Other observations such as the e f f e c t of temperature on pore 
pressure under constant s t r e s s are a l s o reported. 

An hypothesis e x p l a i n i n g the phenomenon of creep of 
s o i l i s proposed; experimental r e s u l t s v e r i f y i n g the same are 
a l s o presented. 

Experimental work consisted of the f o l l o w i n g two 
types of t r i a x i a l t e s t s : 

1. Unconsolidated undrained t e s t s on c y l i n d r i c a l 
specimens without pore pressure measurements. 

2. Consolidated undrained t e s t s on c y l i n d r i c a l 
specimens w i t h pore pressure measurements. 

A t r i a x i a l machine equipped w i t h a non-flow n u l l 
i n d i c a t i n g type pore pressure measuring device was used f o r 
a l l shear t e s t s . An outer jacket surrounding the t r i a x i a l 
c e l l was designed f o r temperature c o n t r o l f o r a l l t e s t s 
reported. 

Observed data show that other f a c t o r s being constant, 
s t r a i n r a t e increases w i t h increase of temperature although 
the r e l a t i o n s h i p between s t r a i n r a t e and absolute temperature 
i s not l i n e a r at a l l times. I t i s a l s o observed t h a t pore 



pressure increases with increase of temperature provided other 

factors are kept constant. 
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CHAPTER I 

INTRODUCTION 

A. D e s c r i p t i o n of the Problem 

Clay i s not a f u l l y e l a s t i c m a t e r i a l : i t s deforma
t i o n under e x t e r n a l load i s not f u l l y recoverable even a f t e r 
the e x t e r n a l load has been completely removed. Since i t i s 
not f u l l y e l a s t i c , i t s t o t a l deformation under a p a r t i c u l a r 
e x t e r n a l s t r e s s does not take place instantanuously. When a 
c l a y sample i s loaded, an instantaneous deformation i s observed. 
The e l a s t i c deformation i s only a part of i t s t o t a l deforma
t i o n , however: as time passes, deformation continues under the 
same e x t e r n a l l y a p p l i e d l o a d . This p a r t of the deformation 
which i s time dependent i s known as the "creep" or "flow". 
Thus the deformation of c l a y c o n s i s t s of two p a r t s : e l a s t i c 
s t r a i n and creep. 

"Creep" means the slow change i n shape which takes 
place continuously as a consequence of constant or continuous
l y changing shear s t r e s s . Due to creep the s t r a i n of s o i l 
increases w i t h time even under the same e x t e r n a l s t r e s s . Con
sequently the s t r a i n of a s o i l a f t e r a given time i n t e r v a l 
w i l l be more than that given by c l a s s i c a l l a b o r a t o r y s h o r t -
term t e s t s ; i t s magnitude, however, w i l l depend on various 
f a c t o r s such as time, type and p r o p e r t i e s of s o i l , magnitude 
of d e v i a t o r s t r e s s , and temperature. Thus i n many p r a c t i c a l 
cases the s t r a i n a f t e r a l o n g (time might be f a r more than i s 
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acceptable although c l a s s i c a l short-term t e s t s might i n d i c a t e 
s a f e t y against rupture. Hence the importance of studying 
creep behaviour. , 

Creep i s p a r t i c u l a r l y s i g n i f i c a n t i n cases of 
i 

s t r u c t u r e s b u i l t on or against n a t u r a l slopes, f o r creep 
movement a f f e c t s and endangers the s t a b i l i t y and s a f e t y of 
such s t r u c t u r e s . Creep a l s o plays an important r o l e i n earth -

i 

dams, foundations of concrete dams and i n many other kinds of 
s t r u c t u r e s . The i n t e n t i o n of t h i s t h e s i s was to study creep 
problems of cohesive s o i l s , so emphasis w i l l be given only t o 
such s o i l s . 

In s l i d e s of n a t u r a l slopes i n cohesive s o i l s , which 
o f t e n f l a t t e n towards the top, bowl-shaped s l i d i n g planes are 
observed. V e r t i c a l cracks are u s u a l l y seen at the upper edge 
of the slope ( F i g . I ) . These cracks are formed due to the, 
combined a c t i o n of t e n s i l e and shear s t r e s s e s at the top. ' 
When the t e n s i l e s t r e n g t h of the s o i l i s overcome, the l e n g t h 
along which cohesion a c t s i s reduced due t o the crack. This 
worsenes the s i t u a t i o n and progressive rupture takes p l a c e . 
But i t should be remembered that creep or flow i s a slow 
process: even a f t e r the te n s i o n cracks are formed, the s l i d e s 
do not take place r a p i d l y but i n most cases slow movement 
occurs over years, decades, or may be even c e n t u r i e s . 

Reference t o some a c t u a l cases of creep may be . 
i n t e r e s t i n g i n t h i s connection. 
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Figure 1 

Professor R. H a e f e l i r e p o r t s 1 that the s o i l move
ment at the southern Heinzenberg, r e s u l t i n g from a combination 
of creep and s l i d e processes, covered an area of approximately 
40 square kilometers c o n s i s t i n g of " s c h i s t e s lustre's". Such 
creep and s l i d e movements oft e n take place when the s t r a t a 
are p a r a l l e l to the slope or, as i n the mentioned region, when 
the i n c l i n a t i o n of the s t r a t a i s f l a t t e r than that of the slope 
s u r f a c e . I n the l a t t e r case erosion a t the foot of the slope 
brings a s e r i e s of new s l i d i n g planes i n t o a c t i o n , one a f t e r 
another. 

The surface movement measured i n the years 1910-1931 
at the southern Heinzenberg, which i s exposed t o marginal 



4 
erosion by the powerful N o l l a t o r r e n t , v a r i e s between 10-26 
centimeters a t a mean slope of 25%. The thickness of the 
s t r o n g l y d i s t o r t e d s t r a t a at the foo t of the slope involved 
i n the movement has been estimated as 50-150 meters. This i s 
a case of p a r t i c u l a r l y high creep movement covering a very 
l a r g e area. 

In the case of the tunnel near Klosters^" which 
covers a r e l a t i v e l y much s m a l l e r area, the creep movement i s 
ra t h e r deep seated and steady but r e l a t i v e l y slow. The 
maximum r a t e of creep at the surface h a r d l y exceeds a few 
centimeters a year. The deepest point of the tunnel involved 
i n the movement l i e s at a depth of approximately 60 meters under 
the surface where creep v e l o c i t y was measured as about 2 c e n t i 
meters a year. 

S i m i l a r movements can be found i n cases of f a i l u r e 
of b u i l d i n g s on slopes. Creep of b a c k f i l l behind r e t a i n i n g 
w a l l s and abutments causes a considerable engineering problem. 

Thus creep movement occurs i n s m a l l and l a r g e areas 
w i t h high as w e l l as low v e l o c i t i e s ; i t may occur i n s i t u a 
t i o n s which would be "safe" according t o c l a s s i c a l methods of 
a n a l y s i s . 

Rheology i s that p a r t i c u l a r branch of science which 
deals w i t h the deformation and flow of matter and as such 
covers both a n a l y t i c a l and experimental s t u d i e s . According 
to I n t e r n a t i o n a l R h e o l o g i c a l nomenclatures, the term "creep" 
means deformations which are sl o w l y recoverable a f t e r the r e 
moval of the appli e d l o a d . Permanent or l a s t i n g deformations 

\ 



are termed "flow"; but i n s o i l mechanics the term "creep" i s 
so widely used t o denote permanent deformation that i t might 
be misleading t o replace i t by the term "flow". At the same 
time i t i s r e a l i s e d that i t i s necessary to f o l l o w I n t erna
t i o n a l R h e o l o g i c a l nomenclature. So i n the t h e s i s the terms 
"creep" and flow" w i l l both be used t o mean permanent deforma
t i o n . 

B. Previous Approaches t o a S o l u t i o n 

Research workers i n the past have attempted to study 
the creep behaviour of s o i l from v a r i o u s view p o i n t s . 

2 

S.S. Vyalov and A.M. S k i b i t s k y report r e s u l t s of 
over 1000 experiments which were conducted t o study the creep 
of both f r o z e n and unfrozen s o i l s . 

Regarding the nature of creep curves i n general 
they s t a t e t h a t depending upon the value of constant e x t e r n a l 
shear s t r e s s V, deformations are e i t h e r damping or non-damping: 
the former type i s described as one where no f a i l u r e takes 
place and the l a t t e r type the one which r e s u l t s u l t i m a t e l y 
i n f a i l u r e . Non-damping deformations f i r s t develop at a de
c e l e r a t i n g r a t e (shown i n stage BC of F i g . A ) , passing a f t e r 
wards i n t o a stage of steady creep c h a r a c t e r i s e d by a constant 
r a t e of deformation represented by the l i n e a r s e c t i o n (stage 
CD of F i g . A) of the deformation versus time curve shown .in 
Figure A. 

\ 
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- t i m e ( t ) 

Figure A 
Deformation Versus Time Curve 

Curve I represents damping deformations. 
Curve I I represents non-damping deformations. 

Further development of creep leads i n e v i t a b l y t o 
f a i l u r e . The higher the s t r e s s , the sooner f a i l u r e w i l l occur. 
I f the a p p l i e d shear s t r e s s i s g r e a t e r than the u l t i m a t e con
tinuous shear strength v~ , non-damping deformations a r i s e 
r e s u l t i n g i n f a i l u r e ; on the other hand i f T-^T^ the s t r a i n 
p r a c t i c a l l y reaches a l i m i t and f a i l u r e does not occur. Although 
w i t h r<r^ , slow flow i s not impossible, i t i s of very l i t t l e 
p r a c t i c a l , importance. This u l t i m a t e continuous s t r e n g t h , the 
authors c l a i m , may be regarded as a very r e l e v a n t and s i g n i f -
i c a n t c h a r a c t e r i s t i c s i n c a l c u l a t i n g the continuous load c a r r y - , 
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i n g c a p a c i t y of s o i l . 

The v a l i d i t y of t h i s u l t i m a t e continuous strength 
was confirmed by rupture t e s t s , i n which a l l loads cr, g r e a t e r 
than .085 Oo (where cr0 i s the u l t i m a t e instantanuous strength) 
r e s u l t e d i n f a i l u r e ; the loader's .085 ĉ ,, however, d i d not, 
r e s u l t i n f a i l u r e , though the sample was under t e s t f o r over 
4 years. 

3 1 

In another paper which may be considered as an 
extension of that described above, the authors propose a 

method f o r c a l c u l a t i n g the creep and continuous s t r e n g t h of 

s o i l . They discus s the p e c u l i a r i t i e s that are encountered i n 

cases of creep i n dense c l a y s . A l l these are explained i n 

terms of a r h e o l o g i c a l model and a law of v a r i a t i o n of v i s c o s i t y 

i s proposed. 

M. S a i t o and H. Vezawa^ were concerned w i t h the 

eventual f a i l u r e of s o i l s due t o creep. They have expressed 

the view that the s t r a i n r a t e of the creeping s o i l i n a slope 

may be taken as a good i n d i c a t o r of impending f a i l u r e . They 

have reported that on a l o g - l o g graph, the creep rupture l i f e 

(time to f a i l u r e ) i s i n v e r s e l y p r o p o r t i o n a l to the s t r a i n 

r a t e . They have suggested that an imminent f a i l u r e could be 

f o r e c a s t by observing a sudden r a p i d l y i n c r e a s i n g s t r a i n 

r a t e . Their most s i g n i f i c a n t c o n t r i b u t i o n i s t h e i r proposal 

of an emperical formula r e l a t i n g the creep rupture l i f e and 

s t r a i n r a t e which i s independent of the kind of s o i l and t e s t i n g 

procedure. 
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S. Murayama and T. Shibata^ have e s t a b l i s h e d t h e o r e t 
i c a l l y the r e l a t i o n of s t r a i n characters of c l a y under con
stant e x t e r n a l s t r e s s . , They have s t a t e d that the s t r a i n i s 
p r o p o r t i o n a l t o the logarithm of time - provided that the t o t a l 
a p p l i e d s t r e s s i s w i t h i n a c e r t a i n c r i t i c a l l i m i t . This 
c r i t i c a l l i m i t of s t r e s s corresponds to the point of f i r s t 
i n f l e c t i o n i n the graph of r a t e of s t r a i n versus shear s t r e s s 
(commonly known as the D - graph) designated as A i n Fig.' 2. 
This s t r e s s has been named the "Upper Y i e l d P o i n t " of s o i l . 
They claimed that i f the t o t a l a p p l i e d s t r e s s i s below the 
upper y i e l d p o i n t , no f a i l u r e w i l l occur even a f t e r long 
periods of s t r a i n i n g . They have a l s o proposed the existence 
of a r e s t r a i n i n g r e s i s t a n c e i n s o i l which i n p l a i n words means 
that f o r every s o i l there i s a s t r e s s below which the s t r a i n 
r a t e i s zero. They c a l l t h i s s t r e s s the "lower y i e l d p o i n t " 
of s o i l (designated as B i n Fig.2). Unless t h i s s t r e s s i s 
exceeded, there w i l l be no viscous or retarded s t r a i n . 

.__Vlov)ie>„_yjeleL pomt .Shear, stress Cr) 
\ 

Figure 2 s 



9 

Another important feature of t h e i r paper i s the 
study of thermal e f f e c t on the creep or flow of c l a y . They 
have deduced a n a l y t i c a l l y and supported by experimental 
r e s u l t s a theory s t a t i n g that the slope of the s t r a i n versus 
log-time graph bears a s t r a i g h t l i n e r e l a t i o n s h i p to absolute 
temperature. Thermal e f f e c t on the flow or creep c h a r a c t e r i s 
t i c s of s o i l i s a very important aspect as i t i s o f t e n en
countered i n p r a c t i c a l problems. 

C. Aims of t h i s . Thesis 

The aim of t h i s t h e s i s was t o study the e f f e c t of 
i 

temperature on the flow c h a r a c t e r i s t i c s of c l a y . Thermal 
e f f e c t s on pore pressure were a l s o measured. Experiments were 
conducted t o v e r i f y the t h e o r i e s proposed by Murayama and 
Shibata. 



1 CHAPTER I I 

THEORETICAL INVESTIGATION 

A. S t r a i n of Clay 

As mentioned i n Chapter I of t h i s t h e s i s , deforma-
t i o n of c l a y c o n s i s t s of two p a r t s ; 

E l a s t i c and Retarded or viscous s t r a i n s . 
A b r i e f explanation of these two types of deforma

t i o n s i s given below. 
a) E l a s t i c deformation: This may be caused by the 

bending of i n d i v i d u a l p l a t y s o i l , p a r t i c l e , g r a i n compression, 
or by i n t e r p a r t i c l e bonds a c t i n g as e l a s t i c hinges. 

b) Retarded or Viscous deformation: With the passage 
of time, s o i l goes from a l e s s to a more dispersed s t r u c t u r e 
which allows a r e l a t i v e l y more p a r a l l e l p a r t i c l e o r i e n t a t i o n 
and as a r e s u l t s o i l p a r t i c l e s move r e l a t i v e t o each other i n 

a time-dependent manner. 
In case of saturated or p a r t i a l l y saturated s o i l , 

the absorbed l a y e r s of water may be considered to exert a con-
si d e r a b l e i n f l u e n c e on the viscous s t r a i n of c l a y as i l l u s t r a t e d 
below. 

(P) Cb) cc) 
Figure 3 
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In a p r i v a t e communication to the author, J.K. 
M i t c h e l l of the U n i v e r s i t y of C a l i f o r n i a a s s e r t s that creep-
has been observed even i n the case of oven d r i e d c l a y s , imply
i n g that even with s o l i d - s o l i d contact, r e l a t i v e movement of 
grains can be time-dependent. 

When a s o i l sample i s sheared under an e x t e r n a l l o a d , 
the adsorbed water l a y e r s o f f e r a s o r t of bonding e f f e c t 
against the smooth s l i d i n g of one c l a y p a r t i c l e w i t h respect 
t o another. But wit h time, the bound molecules of the adsorbed 
water l a y e r s are caused t o move by shear s t r e s s e s , and the 
adsorbed l a y e r s change shape, a l l o w i n g movements or changes 
i n o r i e n t a t i o n of the s o i l g r a i n s as shown i n f i g u r e 3. Con
sequently s o i l shows viscous s t r a i n . 

The combined s t r a i n s can be shown s c h e m a t i c a l l y by 
the f o l l o w i n g f i g u r e 4. 

1 c 

"time 
Figure 4 

The above explanation only s t a t e s q u a l i t a t i v e l y the 
nature of viscous s t r a i n but does not e x p l a i n the flow 
behaviour i n any d e t a i l . An attempt has been made i n the 
f o l l o w i n g pages t o develop an hypothesis e x p l a i n i n g q u a l i -
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t a t i v e l y the flow of s o i l . A quantitative analysis of the 

i 

same, as developed by Murayama, i s also presented. 

B. Creep or Flow Behaviour of Clay: Qualitative analysis 

i 

Before mechanisms of flow involving quantitative 

analysis are discussed i n d e t a i l , the author wishes to of f e r 

a physical explanation i n a microscopic scale of what i s , 

actu a l l y happening i n the s o i l mass. After that, a b r i e f ' 

quantitative explanation w i l l be given. ' 

Pa r t i c l e s of clay contain e l e c t r i c a l charges, on t h e i r 

surface. Pore water molecules, being polar i n nature, are 

attached onto the surface of the clay p a r t i c l e s forming what 

i s known as the adsorbed water layers. ' 

. C l a y p a r t i c l e -

Mater, imolecule! 

Figure 5 

Consider an enclosed space abed containing clay 

p a r t i c l e s surrounded by adsorbed layers. The water molecules 

are represented schematically as dots i n figure 5. The number 

of such water molecules that are attracted onto the s o i l sur

face varies under di f f e r e n t environmental conditions. Con-' 

sider an i d e a l case when the s o i l i n the enclosed space abed 
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has no e x t e r n a l s t r e s s and the energies of the whole system 
i s such that most of the water molecules are attached to the 
s o i l forming the adsorbed l a y e r s v i z BC and a l l the molecules 
are at r e s t . However, some water molecules such as A e x i s t 
as s i n g l e molecules without any bond. The s i n g l e l e t t e r A i s 
used to s i g n i f y no bond and two l e t t e r s BC are used t o denote 
the existence of only one bond. 

Adsorbed l a y e r s of water c o n s i s t of water molecules 
which are under some s o r t . o f bond or l i n k w i t h each other and 
a l s o w i t h the s o i l p a r t i c l e . Schematically t h i s i s shown i n 
f i g u r e 6 . 

.Water molecule .layer 1 

Soli. ..poxti.d&_ l a y e r 2 

Figure 6 

But a s i n g l e f r e e water molecule l i k e A has no bond. 
I f an e x t e r n a l s t r e s s tending t o cause shearing s t r a i n , i s 
a p p l i e d , the bonds present i n the adsorbed l a y e r s w i l l tend 
to r e s i s t the imposed shear and unless the bonds are broken 
p a r t l y or f u l l y , the water molecules cannot be moved r e l a t i v e .. 
to one another. This can be i l l u s t r a t e d by f i g u r e 6 . Imagine 
a shearing f o r c e P tending to move the l a y e r 1 r e l a t i v e to the 
l a y e r 2. I f P i s not st r o n g enough to'break any one of the 
e x i s t i n g bonds, l a y e r 1 w i l l riot move r e l a t i v e t o l a y e r 2. 
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On the other, hand, i f P i s strong enough to break a l l the 

bonds, layer 1 w i l l move away from layer 2 without any further 

resistance. In other words, under an external stress, mole

cules under bond w i l l show less movement than those without 

any bond. So i f an external stress i s applied to the s o i l 

mass i n abed, i t i s expected that a free molecule such as A 

w i l l .tend to move f i r s t . Imagine that under an external 

stress A moves towards BC. As A comes closer to BC, the 

repulsion between A and BC increases r e s u l t i n g i n the increase 

of energy of the whole system. F i n a l l y a stage may be reached 

when A comes very near BC and knocks o f f a molecule, say C, 

from.BC. At that time a l l the molecules A, B and C are i n 

some sort of unstable state such that any two may combine with 

one another to form a bond, v i z A and B may combine to f o r AB 
1 and C w i l l be released. Similary B and C may combine to form 

BC leaving A free. The free molecule w i l l again sta r t moving 

to take part i n the process of deformation. In the foregoing 

discussion only the interaction between A and BC, which may 

be considered as a unit process of deformation, was-considered. 

In the whole system several such unit processes of deformations 

are taking place, bringing about the t o t a l deformation of clay. 

I f the external stress i s greater, ihe reaction takes 

a somewhat di f f e r e n t form. Continuing with the discussion of 

A and BC, i f the external stress i s beyond a certa i n l i m i t , 

as A approaches BC, i t knocks o f f either B or C i n such a way 

that even i n the f i n a l state no bond i s reformed, i . e . there 

i s no formation of units such as AB or AC or BC. A, B and C 

w i l l remain separate without any bond. Since i t was assumed 
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that i n BC there was only one bond to sta r t with, and that 

a f t e r one unit process of deformation only one bond was broken, 

there would be no bond l e f t a f t e r the completion of the reac

t i o n . In a case where there might i n i t i a l l y be more than one 

bond existing, even a f t e r the deformation process there may 

be s t i l l some bonds l e f t i n the u n i t . Thus the foregoing 

i l l u s t r a t i o n does not necessarily mean that a l l the bonds 

formed by molecules i n a unit such as BC are broken by one 

unit process of deformation; a l l i t means i s that i n such a 

process of deformation, some bonds are broken and not a l l of 

them are reformed or repaired. The number of bonds breaking, 

however, depends on the amount of applied stress. 

But one important fact should be mentioned here.: 

when the external stress i s such that no bond i s broken per

manently, creep of clay takes place only due to the exchange 

of position of molecules; a process which eventually changes 

the configuration of the clay p a r t i c l e s somewhat. Neverthe

l e s s , the p a r t i c l e s are s t i l l held by the bonds which prevent 

the s l i d i n g r e l a t i v e to each other i n the medium of the 

adsorbed layers. But i f a l l these bonds are broken due to 

very high external stress, there w i l l not be anything to hold 

the p a r t i c l e s against-the external shear and that would mean 

f a i l u r e of the s o i l . 

In the foregoing discussion one point was clear: 

irrespective of whether ponds were broken or not, molecules 

were i n motion i n order that the unit process of deformation 

might take place. In other words, i f clay show retarded de

formation or creep, the water molecules ,must be i n motion. 
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Going back to the discussion involving A and BC, i t was assumed 

that, to s t a r t with, the energy of the' system was such that a l l 

the molecules were at rest and only when an external load was 

applied molecules started moving to take part i n deformation 

process. ' This s i t u a t i o n might c a l l f o r an explanation from 

the point of view of the energy. At the beginning ( i . e . be

fore the application of external load) the molecules were at 
i 

rest which meant that the energy of the system was so low that 

i t could not keep the molecules i n r e l a t i v e motion: some 

external energy was necessary to set the molecules i n motion 

which was done by the application of an external force. But 

i t might be misleading to think that the molecules could be 

set to motion only by an external force. A l l the force did , 

was to supply s u f f i c i e n t energy to set the molecules i n 

motion. In terms of physical chemistry, the molecules were 

activated or set i n action by the external force. S i m i l a r l y , ,' 

molecules can be activated by supplying the necessary energy 

i n some other form, v i z : thermal energy. Thus i t i s possible 

to activate molecules by supplying thermal energy to the 1 

system. Therefore, i n two i d e n t i c a l creep tests i f the 

temperature of one i s increased keeping a l l other factors 

constant, the one with increased temperature i s expected to 

show more s t r a i n - a fact supported by experimental results , 

at the end of t h i s t h e s i s . 

In macroscopic scale, i t may be stated as follows. 

S o i l p a r t i c l e s move past each other through the medium of the 

adsorbed layers more e a s i l y i f more and more bonds are broken, 



r e s u l t i n g ultimately i n the f a i l u r e of the s o i l mass. 

The whole reaction involving A and BC can be ex

plained by means of a diagram of potential energy versus 

s t r a i n as shown i n figure 7. 

.Strain _. . . 
Figure 7 

As explained before, with the approach of A to BC, 

the repuslion increases, thus increasing the potential energy 

of the whole system. When the potential energy reaches the 

peak as shown by the crest of the curve, the state i s called 

the "activated state" and the difference of the energy be

tween the activated state and the " i n i t i a l state" i s called 
5 

the "energy of act i v a t i o n " , deonoted by E Q . In terms of 

chemistry, a c t i v a t i o n energy i s defined as the minimum energy 

that a system must acquire before undergoing appropriate 

changes. Physically i t means the minimum energy that i s 

necessary so that the interaction between A and BC may take 

place. In the activated state A-B-C are so disposed with 

reference to each other that B can be associated with either 
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A or C and a very s l i g h t displacement w i l l r e s u l t either i n 

the reaction to form AB+C, AC+B i n the " f i n a l state" or return 

to the i n i t i a l state with the formation of A+BC. The fore-* 

going discussion, then, gives a graphical idea of one unit 

process of deformation, s t a r t i n g from the " i n i t i a l state", 

passing through the "activated state", to the " f i n a l state". 

C. Quantitative Analysis 

Before the mathematical equations obtained by 

Murayama are discussed, an attempt w i l l be made to summarize 

very b r i e f l y the theories proposed by Murayama and Shibata.^ 

Their observations, which they are attempting to 

explain, are: 

1. Taking flow s t r a i n as the ordinate i n natural 

scale and loading time as the abscissa i n logarithmic scale, 

t h i s r e l a t i o n results i n a straight l i n e and the tangent of 

the slope angle of this straight l i n e increases l i n e a r l y with 

applied stress. 

2. I f a stress larger than the upper y i e l d valve 

i s applied, the flow s t r a i n increases and f a i l u r e takes place 

a f t e r a certa i n time. 

3. The slope of s t r a i n versus logarithm of time 

bears a straight l i n e relationship to absolute temperature. 

As mentioned i n the e a r l i e r part of t h i s thesis, 

Murayama and Shibata^ - arrived at an equation giving the s t r a i n 

rate of clay. Their work i 3 based on Henry Eyring's rate 
5 

process theory. 
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Henry E y r i n g a r r i v e d a t the f o l l o w i n g equation f o r 

f i n d i n g out the r a t e of s t r a i n o f c e r t a i n v i s c o u s l i q u i d s : 

Rate of S t r a i n ^ f l = 2<\n RT exp / ~ E o x S i n h , J ^ > v # . » 

dt h K W ' K 2N R 0 7 U ; 

where, 

k = Boltzmannls Constant 

T = Absolute temperature 

h = Plank's Constant 

E Q = Energy of A c t i v a t i o n 

?\ = Average d i s t a n c e between two balanced p o s i t i o n s 

of molecules, 

n = number of molecules with a c t i v a t i o n i n s e r i e s 

per u n i t l e n g t h i n the d i r e c t i o n o f s t r e s s . 

N = number o f molecules w i t h a c t i v a t i o n i n one u n i t 

a rea of cr o s s s e c t i o n p e r p e n d i c u l a r t o the d i r e c -

t i o n of s t r e s s . 

In h i s c a l c u l a t i o n s , E y r i n g assumed t h a t number of 

molecules w i t h a c t i v a t i o n and hence the number o f u n i t process 

of deformation was independent of the a p p l i e d s t r e s s . 

Murayama and S h i b a t a f o r f i n d i n g out the r a t e of 

s t r a i n of c l a y made the f o l l o w i n g assumptions and a c c o r d i n g l y 

modified the equation ( l ) t o s u i t t h e i r assumptions. 

T h e i r assumptions were: 

a) U n l i k e E y r i n g ' s theory where i t i s assumed t h a t 

the number of molecules w i t h a c t i v a t i o n i s independent of the 

a p p l i e d s t r e s s , Murayama assumed t h a t n and N are f u n c t i o n s 

of the t o t a l s t r e s s a p p l i e d t o the c l a y sample. 
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b) C l a y possesses, i n s i d e i t s bonds, c e r t a i n r e s i s t 

ance to a p p l i e d s t r e s s . They c a l l e d i t the " R e s t r a i n i n g 

Resistance" and denoted i t by <y0 i n t h e i r equation. P h y s i c a l 

l y i t means th a t only when the a p p l i e d s t r e s s cr i s g r e a t e r 

than the r e s t r a i n i n g r e s i s t a n c e <y0 , does the process of v i s c o u s 

deformation s t a r t . In other words, i f the a p p l i e d s t r e s s i s 

below o% , no molecule i s a c t i v a t e d t o take p a r t i n the u n i t 

process o f deformation. 

W r i t i n g these assumptions i n mathematical form: 

when o<.(r<<js n or N = 0 

o>o£ n = a ( cr- <r0 ) ) 
) (2) 

N = b (c-o-o ) ) . •« 

s u b s t i t u t i n g equation (2) i n equation ( 1 ) , they obtained the 

f o l l o w i n g equation r e l a t i n g | t h e r a t e of s t r a i n o f bond 

w i t h the s t r e s s on the bond <fb . 

Thus, = A. (<r-<50 ) S i n h ( B b g ~ b ) ) , 
b (~0) - ) 

where A b = 2^RT exp ( " | | ) J (3) 

and B b = h 

2 bRT ) 

I t i s known t h a t f o r m a t e r i a l s showing v i s c o u s 

s t r a i n , cr = n^$-

where cr = a p p l i e d s t r e s s 

17 = c o e f f i c i e n t of v i s c o s i t y 

ŝ L = s t r a i n r a t e ' 

Hence from equation (3) the apparent c o e f f i c i e n t of 

v i s c o s i t y i s represented by 
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n b .= <• F - = - (4) 

ID. R h e o l o g l c a l 'Model to E x p l a i n the Flow C h a r a c t e r i s t i c s o f -: 

. '.Clay. 

In order to simulate the v l s c o - e l a s t l c .behaviour 

o f c l a y , a model was proposed by Murayama. In order to r e p 

r e s e n t the presence o f the r e s t r a i n i n g r e s i s t a n c e o f c l a y , 

the s l i d e r element was added t o the o r d i n a r y three element 

model. In c l a y , as has a l r e a d y been d i s c u s s e d i n the 

. ' '• F i g u r e 8 

R h e o l o g l c a l Model Proposed by  

Murayama and S h i b a t a 

beginning o f t h i s " c h a p t e r , there are e l a s t i c as w e l l as 

r e t a r d e d or v i s c o u s deformations. When a l o a d i s a p p l i e d , 

a sudden e l a s t i c deformation takes p l a c e and a f t e r t h a t v i s 

cous deformation.takes, p l a c e s l o w l y w i t h time. The model 

resembles the v i s c o - e l a s t i c behaviour i n the f o l l o w i n g way: 
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When an e x t e r n a l s t r e s s cr i s a p p l i e d , the s p r i n g 

element E^ which resembles the e l a s t i c behaviour o f s o i l i s 

immediately depressed showing e l a s t i c deformation. But the 

lo a d i s not t r a n s f e r r e d t o the s p r i n g element Eg or the 

dashpot . v72 u n l e s s i t i s g r e a t e r than o~o which, p h y s i c a l l y , 

means that u n l e s s the a p p l i e d s t r e s s i s more than the 

r e s t r a i n i n g r e s i s t a n c e a c t i n g i n s i d e the bonds, no v i s c o u s 

deformations take p l a c e . I f the t o t a l a p p l i e d s t r e s s i s more 

than ol, t the balance i . e . ( o~- <r0 ) i s t r a n s f e r r e d t o Eg and 

dashpot ^ causing v i s c o u s s t r a i n . 

Murayama and S h i b a t a claimed t h a t the apparent co

e f f i c i e n t of v i s c o s i t y v^g °^ the v o i g t element i n the proposed 

model i s represented by the apparent c o e f f i c i e n t o f v i s c o s i t y 

expressed i n equation ( 4 ) . 

Thus the apparent c o e f f i c i e n t o f v i s c o s i t y ^ f o r 

t h i s mechanical model i s g i v e n by 

E. Equation R e l a t i n g S t r a i n Rate and Absolute Temperature 

s t r a i n s i n the e l a s t i c s p r i n g element and modified v o i g t 

element t o be 8^ and £g r e s p e c t i v e l y , Murayama a r r i v e d a t the 

f o l l o w i n g equation r e l a t i n g s t r a i n r a t e and a b s o l u t e temper

a t u r e . R e f e r r i n g t o the r h e o l o g i c a l model, 

n2 = (5) 

Assuming t o t a l a p p l i e d s t r e s s t o be cr and the 

T o t a l s t r a i n £ = £, + £ 
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Vo ' (6) 

T o t a l a p p l i e d s t r e s s o r £ ^ 

a l s o c r = £ ? E ? + (^-Qp) s i n h " 1 ( 1 d £ 2 ) + 
B 2 iA2(<r-«o) dt J 

I f 0 < £ 9 < q̂ -g-o (2B 9 -1) 
f 2 B 2 E 2 ' 

6 i s approximately g i v e n by 

£= crrj + (c^-g-o) + (fr- y0) l o g f_2 B 2 E 2 t 
E l E 2 B 2 E 2 2 

= £_ + (<r-<sQ + (o~-<ro) l o g A 2 B 2 E 2 + l o g t 
E l E 2 B

2
E

2
 2 B 2 E 2 

or, d £ = (7) 
d l o g t B E 

2 2 

Comparing equations (4) and (5) and r e a l i s i n g t h a t i? 2 i n the 

model i s expressed by equation (4), B b of equation (3) can be 

s u b s t i t u t e d f o r B 2 i n equation (7). Hence s u b s t i t u t i n g the 

value of B b i n equation (3) f o r B 2 i n equation (7) and neglect

i n g cr 0, 

d£ ^ 2bfeT_o-
d l o g t 1 ^ i ^ E 2 

or d £ 2 bfco- x T (8) 
d l o g t ~ A E 2 

From the equation (8) Murayama and S h i b a t a claimed 

that d £ and a b s o l u t e temperature T are d i r e c t l y propor-
d l o g t 
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t i o n a l i f the a p p l i e d s t r e s s cr i s kept constant. 

T h i s c o n c l u s i o n would he v a l i d i f Eg and b were 

independent of T. D i s c u s s i o n of the t r u t h of these c o n d i t i o n s 

w i l l be g i v e n l a t e r i n connection w i t h the r e s u l t s of t h i s 

t h e s i s . 

\ 



CHAPTER I I I 

EQUIPMENT AND TESTING PROCEDURE 
i i 

A. Undisturbed S o i l Samples 

The undisturbed s o i l samples were obtained from 

Haney, B r i t i s h Columbia; hence the s o i l i s d e s c r i b e d as 

"Haney Cl a y . " A l l the experiments presented i n t h i s t h e s i s 

were performed wi t h undisturbed Haney C l a y s . 

The p h y s i c a l p r o p e r t i e s of the s o i l a re as f o l l o w s : 

S p e c i f i c g r a v i t y = 2.79 

G r a i n s i z e f i n e r than 2 microns = 50$ 

L i q u i d l i m i t = 50$ 

P l a s t i c l i m i t = 25# 

P l a s t i c i t y index = 25^ 

N a t u r a l water content = 45$ - 49$ 

Degree of s a t u r a t i o n = 100$ 

Maximum past pressure = 35 p s i 

From the p o i n t o f view of v i s u a l i n s p e c t i o n , the 

s o i l i s g r e y i s h b l a c k , f a i r l y s t i f f and q u i t e s t i c k y when 

rubbed between f i n g e r s . Samples c o n s i s t e d o f handout b l o c k s . 

A l l the samples d i d not have the same water content. Even i n 

the same bl o c k i t was observed t h a t the water content a t the 

centre was d i f f e r e n t from t h a t a t the c o r n e r s . While c u t t i n g 

s m a l l e r p i e c e s from the b i g bl o c k f o r p r e p a r i n g specimens, 

s u f f i c i e n t care was taken so as not to expose the cut s u r f a c e 

of the main b l o c k t o the atmosphere f o r a l o n g time. Imme-



d e i a t e l y a f t e r a s m a l l p i e c e was cut, the b i g p i e c e as w e l l as 

the small p i e c e were coated with t h i c k wax to keep the water 

content unchanged. This p r e c a u t i o n was found t o be necessary 

because i t was found t h a t i f the sample was exposed to the 

atmosphere even f o r a s m a l l p e r i o d , the water content changed. 

B. P r e p a r a t i o n of Samples f o r T e s t i n g 

S o i l samples were cut out i n the form of c y l i n d e r s 

of diameter 1-5/16" and l e n g t h 2-7/8" by means of standard 

c u t t i n g t o o l as shown by f i g u r e 9. C u t t i n g o f s o i l samples 

was done i n the manner d e s c r i b e d i n the book " S o i l T e s t i n g 
7 

f o r Engineers" by T.W. Lambe - John Wiley & Sons. Only one 

porous stone was used, s i n c e volume change was not measured. 

The porous stone was heated and s a t u r a t e d to assure that no 

a i r bubbles were l e f t i n s i d e . T h i s was done before c u t t i n g 

the sample. Immediately a f t e r the sample was cut, the porous 

stone was placed on the p e d e s t a l . S u f f i c i e n t care was taken 

to ensure t h a t no a i r bubble was entrapped between the stone 

and the p e d e s t a l . A l s o every p r e c a u t i o n was taken to remove 

any excess water on the p e d e s t a l . I t was observed that i f t h e r e 

was any excess water, i t o f t e n softened the bottom of the sample 

which l e d to e a r l y f a i l u r e i n the case of undrained t e s t s 

(Q t e s t ) . With some p r a c t i c e and s u f f i c i e n t care i t was found 

t h a t the water could be removed q u i t e s a t i s f a c t o r i l y . R o l l i n g 

the rubber membrane over the sample was found t o be f a i r l y 

d i f f i c u l t . However, i f s u f f i c i e n t care was taken, s a t i s f a c t o r y 

r e s u l t s were obtained. "0" r i n g s were r o l l e d onto the membrane 

to s e a l the specimen. • 
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C. T e s t i n g Procedure 

1. Arrangement f o r Temperature C o n t r o l 

The temperature was kept constant d u r i n g a p a r t i c 

u l a r t e s t . A r e c t a n g u l a r j a c k e t surrounding the standard 

t r i a x i a l c e l l was devised t o a c t as a temperature bath as 

shown' i n f i g u r e 10. Two s i d e s of the outer j a c k e t or bath 

were made of l u c i t e sheet to allow o b s e r v a t i o n of the s o i l 

sample i n s i d e ; the other two s i d e s were made of s t e e l . I n 

s i d e the bath an immersion heater i n s e r i e s w i t h a thermostat 

was i n s t a l l e d t o keep a p a r t i c u l a r temperature throughout the 

t e s t . In order t o avoid l o c a l c o n c e n t r a t i o n o f heat, an 

automatic s t i r r e r was used t o keep the water i n the outer 

bath i n constant c i r c u l a t i o n . The thermostat was c a l i b r a t e d 

by running a temperature t e s t w i t h water a t d i f f e r e n t tern- . 

p e r a t u r e s . I t was observed t h a t up t o about 100OF. there was 
almost no temperature drop i n about 3 days. When the temperature 

was between 110°F. to 120°F. there was a drop of 1.5°F. d u r i n g 
t h r e e days. While t e s t i n g s o i l , care was taken above 100OF. 
by a d j u s t i n g the thermostat at an i n t e r v a l of about 8 hours, 

t o prevent any temperature drop i n the s o i l . As a whole, the 

temperature c o n t r o l system worked v e r y w e l l d u r i n g a l l the 

t e s t s . Attempts were made t o heat the chamber f l u i d (which 

was water) t o w i t h i n 5°P. of the intended t e s t temperature 

before a d m i t t i n g i t to the chamber. Some d i f f i c u l t y was en

countered here, however, s i n c e c o n s i d e r a b l e heat was l o s t i n 

the b a l a n c i n g r e s e r v o i r . By t r i a l and e r r o r the temperature 

o f input water was so s e t t h a t , a f t e r l o s s i n the b a l a n c i n g 
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r e s e r v o i r , the water i n the t r i a x i a l c e l l would have approx

i m a t e l y the same temperature as that of the t e s t . F or example 

i f i t was d e s i r e d to maintain 80°F. i n s i d e the t r i a x i a l c e l l , 

i t was found that i f water at about 92°F. was admitted to the 

ba l a n c i n g r e s e r v o i r , i t would end up a t about 80°F. i n s i d e , 

the c e l l . Room temperature i n the l a b o r a t o r y had a c o n s i d e r 

a b l e e f f e c t on the heat l o s s and proper allowance had to be 
i 

made f o r t h a t . 

2. C y l i n d r i c a l T r i a x i a l t e s t 

Two types o f t e s t s were done i n the t r i a x i a l machine 

on s i m i l a r types of s o i l sample: 

a) Undrained. 

b) C o n s o l i d a t e d undrained. 

D e t a i l e d procedures of t e s t i n g are d i s c u s s e d under two d i f f 

erent heads. 

a) Undrained t e s t . A f t e r the s o i l sample had been 

p r o p e r l y p l a c e d on the p e d e s t a l of the t r i a x i a l c e l l , as 

de s c r i b e d e a r l i e r , hot water was admitted t o the c e l l a t a 

temperature corresponding to th a t of the t e s t . In that con

d i t i o n the sample was kept f o r about 3 hours so t h a t the s o i l 

c o uld be heated up t o the d e s i r e d temperature. No drainage 

was permitted d u r i n g t h i s time. Then the c e l l p ressure was 

a p p l i e d i n s i x equal increments a t the r a t e of 5 p s i every 5 

minutes. Thus i t took h a l f an hour t o b u i l d up 30 p s i , the 

chamber pressure used i n t e s t s . No drainage was permitted 

d u r i n g the a p p l i c a t i o n o f the a l l round p r e s s u r e . The u p l i f t 

on the p i s t o n due to the a l l round pressure was counter-
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balanced by dead weight. Then the necessary d e v i a t o r s t r e s s 

was a p p l i e d by means of a d d i t i o n a l dead .weights. A d i a l gauge 

readi n g t o 1 Q Q Q i n was used to measure deformations; Readings 

were taken a t i n t e r v a l s o f 1 minute f o r the f i r s t f i v e ' m i n u t e s , 

i n t e r v a l s o f 5 minutes from.5 up to 60 minutes and then a t the 

r a t e of one evey 10 minutes up to 100 minutes. A f t e r 100 1 

minutes the r e c o r d i n g time i n t e r v a l was i n c r e a s e d . 

I t was d e s i r e d t h a t the a p p l i e d d e v i a t o r s t r e s s be 

such that the s o i l sample would f a i l i n about a day. This 

creep rupture time or time t o f a i l u r e was chosen a r b i t r a r i l y 

to g i v e a f a i r l y l o n g and w e l l d e f i n e d curve. 

Fo r a gi v e n water content, the c r i t i c a l d e v i a t o r 

s t r e s s t o cause f a i l u r e i n a day was found by t r i a l and e r r o r , 

and kept constant f o r a l l the t e s t s of a s e t . S e v e r a l ex

periments had to be performed to a r r i v e at the r e q u i r e d d e v i a t o r 

s t r e s s because i f the water content o f one sample was a few 

percent d i f f e r e n t from that o f another, there was a c o n s i d e r 

a b l e change i n the f a i l u r e time under the same d e v i a t o r s t r e s s 

even a t the same temperature. Since the .water content of the 

samples could not be t o t a l l y c o n t r o l l e d i n s p i t e of care, 

s e v e r a l experiments had to be c a r r i e d out and the r e s u l t o f " 

those samples having almost same water content were recorded 

f o r comparison. To get the water content o f the samples 

almost the same, a l l the samples f o r a set of t e s t s were taken 

from.the same bl o c k of s o i l . Even from the same block, only 

the c e n t r a l p o r t i o n was taken because a t the edge or s i d e the 

water content o f t e n changed as noted b e f o r e . 

i 



30 

b) Cons o l i d a t e d Undrained T e s t s . The apparatus, 

p r e p a r a t i o n and c u t t i n g of the samples, the s i z e of the 

samples and the g e n e r a l method of t e s t i n g were the same as 

d e s c r i b e d i n the undrained t e s t s . j Only the changes are noted 

here. 

: The maximum past pressure of the s o i l under i n v e s t i g a 

t i o n was found to be about 30 - 35 p s i . In order t o avoid the 

e f f e c t of precompression, the a l l round pressure was r a i s e d 

t o 50 p s i . Drainage was permitted d u r i n g the c o n s o l i d a t i o n 

p e r i o d , which was about 2± days. C o n s o l i d a t i o n was done a t 

t h a t p a r t i c u l a r creep t e s t temperature., Since a f t e r 2£ days 

of drainage, a l l the samples came up t o almost the,same water 

content, i r r e s p e c t i v e of the i n i t i a l water content, the l a t t e r 

was l e s s important i n t h i s case. Thus i n t h i s s e t of t e s t s , 

fewer t e s t s were necessary. One t e s t a t each temperature was 

performed and the r e s u l t s were q u i t e c o n s i s t e n t . Pore 1 

pressures were recorded a t each temperature. Time i n t e r v a l s 

f o r r e c o r d i n g the s t r a i n s were e x a c t l y same as d e s c r i b e d i n 

the case of undrained t e s t s . Pore pressures were measured 

simultaneously with the s t r a i n s . 

3. Pore Pressure Panel 

The pore pressure panel i n which a l l the t e s t s were . 

performed i s based on the M.I.T. d e s i g n as shown i n f i g u r e 11. 

The pore pressure measurement i s based on a p p l y i n g a back 

pressure to the pore water to a t t a i n a , , n u l l , , c o n d i t i o n so 

that there i s no movement of water from or i n t o the specimen. 

The back pressure thus recorded i s used to represent the pore 
\ 





. . . 31 

pressure a t the bottom of the sample. In t h i s whole process 

of measuring pore water pressure, i t must be ensured that the 

whole system from the end of s o i l sample to the p a n e l i s de-

a i r e d a t a l l times, otherwise the pore pressures obtained 

would be erroneous. 

a) D e - a i r i n g of Pore Pressure Panel. The complete 

l a y o u t f o r the d e - a i r i n g of the apparatus i s shown diagrammat-

i c a l l y i n f i g u r e 12. The procedure f o r d e - a i r i n g i s o u t l i n e d 

below. 

1) With v a l v e s 1, 2, 3» 4, and 6 open and the r e s t 

of the v a l v e s shut, a vacuum of 30 inches of mercury was 

a p p l i e d to the system. T h i s was maintained u n t i l the move

ment of water i n the g l a s s tube (1.5 mm. I.D.) ceased. 

2) Even w i t h a vacuum of 30 i n s . of mercury i t was 

n o t i c e d t h a t some a i r always became entrapped i n the l o n g tube 

connecting the o u t l e t of the d e - a i r e d water tank to the 

p e d e s t a l of the t r i a x i a l c e l l . T h i s a i r was d r i v e n away by 

opening the v a l v e X momentarily. T h i s momentary opening o f 

v a l v e X f o r c e d the entrapped a i r w i t h i n the t r a n s p a r e n t tube 

i n t o the pore pressure p a n e l which was kept under vacuum. By 

r e p e a t i n g t h i s process once or twice i t could be c l e a r l y 

observed whether o r not there was s t i l l any a i r i n the l o n g 

tr a n s p a r e n t tube. T h i s was repeated u n t i l a l l the a i r bubbles 

were d r i v e n out. 

3) Valve 4 was then shut, and by opening the v a l v e 

5, water was d r i v e n from t h e d e - a i r e d water tank, through the 

whole system i n t o the r e s e r v o i r of the pore-pressure p a n e l . 

While water was being drawn through the system, r a p i d c l o s i n g 
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and opening o f val v e s 2 and 3 helped the removal of a i r from 

the v a l v e s themselves. T h i s r a p i d opening and c l o s i n g o f 

v a l v e s was found t o be very u s e f u l . 

4) When the r e s e r v o i r was f u l l , v a l v e 3 was c l o s e d . 

Again r a p i d opening and c l o s i n g of v a l v e 4 removed a i r from 

the v a l v e i t s e l f . 

5) To check t h a t the whole system was d e - a i r e d , 

v a l v e s . 1 and 6 were c l o s e d and v a l v e 4 was opened. Valve 7 

was t e m p o r a r i l y opened to get a convenient l e v e l of water i n 

the g l a s s tube while t h e r e was a p o s i t i v e pressure i n the 

pressure e q u a l i z e r tank. 

6) The pressure was i n c r e a s e d by opening v a l v e 7. 

A drop i n the water l e v e l i n the g l a s s tube i n d i c a t e s e i t h e r 

expansion of the apparatus, compression of the T e f l o n Washer, 

compression of the a i r bubbles, o r leakage. When v a l v e 7 i s 

adjusted t o maintain constant pressure i n the pressure 

e q u a l i z e r tank, steady creep of the water l e v e l i n d i c a t e s 

leakage. A l a r g e drop which i s not f u l l y r e c o v e r a b l e i n d i c a t e s 

a i r bubbles. Sometimes, due t o the compression of the T e f l o n 

Washer, a drop was observed i n the water column i n the tube 

which was not a l l due to a i r . This d i f f i c u l t y was, however, 

overcome by keeping some pressure overnight before s t a r t i n g 

the experiment. With a pressure o f 50 p s i a drop of could 
o 

be expected. I t was observed d u r i n g the experiments that i f 

the pressure o f 50 p s i was kept f o r about 2 days, a drop o f 

l e s s than ^" could be obtained. 



CHAPTER IV 

DISCUSSIONS OP THE RESULTS 

As has been reported i n Chapter I I I , there were two 

s e t s o f . t e s t s : undrained t e s t s without pore p r e s s u r e measure

ments; and c o n s o l i d a t e d undrained t e s t s w i t h pore pressure 

measurements. The chamber pressure i n the f i r s t s e t was 

3 0 p s i , the chamber pressure was r a i s e d to 50 p s i d u r i n g the 

second set of t e s t s t o ensure that the s o i l was normally 

loaded. 

(a) Choice of d e v i a t o r s t r e s s i n undrained t e s t s : 

S i n c e the t o t a l s t r e s s was kept constant f o r a l l temperatures, 

i t was d e s i r e d t o f i n d a s t r e s s under which the s o i l would 

f a i l at approximately 1000 minutes at 70°P. The choice of 

the f a i l u r e time of about 1000 minutes c a r r i e s no s p e c i a l 

s i g n i f i c a n c e excepting t h a t i t would g i v e long creep time t o 

study the creep curves. A l s o i t was f e l t t h a t s i n c e time i n 

minutes would be p l o t t e d t o a l o g s c a l e f o r some curves, 

1000 minutes would be a good f i g u r e t o s e l e c t . 

The p a r t i c u l a r d e v i a t o r s t r e s s which would give a 

creep time of about 1000 minutes was found by t r i a l and e r r o r . 

I t was found t h a t f o r a p a r t i c u l a r water content 1, i f the 

d e v i a t o r s t r e s s was i n c r e a s e d or decreased even by 1 p s i , 

creep time changed c o n s i d e r a b l y . T h i s f a c t i s c l e a r l y shown 

by f i g u r e ' 1 3 . R e f e r r i n g t o curves i n f i g u r e 13, i t can be 
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seen that with 14 p s i , the samples f a i l e d i n about 3 minutes, 

with 13 p s i i n 20 minutes, with 12 p s i i n 60 minutes and with 

9 p s i i t d i d not f a i l f o r about 2 days. F i n a l l y i t was found 

that under a s t r e s s of 10 .5 p s i the sample f a i l e d i n about 

1300 minutes at 70OF. Hence 10.5 p s i was chosen as the 

d e v i a t o r s t r e s s f o r a l l temperatures f o r the f i r s t s et of 

undrained t e s t s . 

(b) In the c o n s o l i d a t e d undrained t e s t s , the 

d e v i a t o r s t r e s s was s e l e c t e d a r b i t r a r i l y t o get a f a i r l y l o n g 

creep curve. Samples were not t e s t e d up to f a i l u r e . The 

main aim of these t e s t s was, to study the behaviour of the 

pore pressures with temperature. A l s o s t r a i n - t i m e - tem

perature curves were p l o t t e d t o see i f they were c o n s i s t e n t 

w i t h the f i r s t s e t of experiments. A d e v i a t o r s t r e s s of 23 

p s i was used and that was kept constant f o r a l l temperatures. 

In g e n e r a l the f o l l o w i n g f e a t u r e s were observed and 

they are d i s c u s s e d one by one. 

1. V a r i a t i o n of s t r a i n w i t h time a t a p a r t i c u l a r 

temperature under a constant t o t a l s t r e s s . 

2. Comparison of s t r a i n curves a t d i f f e r e n t tem

pe r a t u r e s . 

3. V a r i a t i o n of pore pressure w i t h time a t a 

p a r t i c u l a r temperature and constant t o t a l s t r e s s . 

4. Comparison of the pore pressure curves at d i f f 

erent temperatures. 

5. Experimental v e r i f i c a t i o n of the f a c t t h at the 

slope of the s t r a i n versus log-time curve bears a l i n e a r 

r e l a t i o n s h i p w i t h absolute temperature. 
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A. V a r i a t i o n of S t r a i n with Time at a P a r t i c u l a r Tem

perature under a Constant T o t a l S t r e s s 

For the f i r s t s e t of experiments, the s t r a i n - t i m e 

curves were p l o t t e d f o r f i v e d i f f e r e n t temperatures v i z : 

70OF., 80OF., 90OF., 100°F. and 110-OF. ( F i g . 14), the t o t a l 

s t r e s s of 10.5 p s i was kept constant f o r a l l f i v e tem

peratures . 

For the second s e t i . e . the c o n s o l i d a t e d undrained 

t e s t s , experiments were c a r r i e d out a t 70°F., 90°F., 100OF. 

and HOOF, the t o t a l s t r e s s of 23 p s i was constant again f o r 

a l l temperatures ( F i g . 15). 

T h i s s e c t i o n w i l l begin w i t h a p h y s i c a l d e s c r i p t i o n 

of the creep curves. A f t e r t h a t an attempt w i l l be made to 

e x p l a i n the curves i n the l i g h t of creep theory. Since f o r 

a p a r t i c u l a r t e s t , say 70°F., 80°F. or 100°F. the temperature 

was kept constant throughout,- the e x p l a n a t i o n w i l l be g i v e n 

i n r e l a t i o n to the v a r i a t i o n of s t r a i n w i t h time a t any con

s t a n t temperature. Since the nature of v a r i a t i o n of the 

creep curves i s of the same kind f o r any temperature, the 

e x p l a n a t i o n should hold good f o r any of the curves presented. 

1. P h y s i c a l D e s c r i p t i o n of the Creep Curves 

R e f e r r i n g t o f i g u r e s 14 and 15, i t can be c l e a r l y 

seen t h a t the flow or creep curve a t any temperature has an 

e l a s t i c p art and a v i s c o - e l a s t i c p a r t . In the experiments, 

the f i r s t recorded s t r a i n was obtained approximately 1 minute 

a f t e r the beginning of the l o a d a p p l i c a t i o n . They would 

t h e r e f o r e c o n t a i n some creep s t r a i n but are presumed to be 



r e p r e s e n t a t i v e of the e l a s t i c or instantaneous s t r a i n s . 

A f t e r the e l a s t i c s t r a i n , v i s c o u s deformation continues non-

l i n e a r l y w i t h time. S.S. V i a l o v and A.M. S k i b i t s k y ^ r e p o r t 

t h a t when the a p p l i e d s t r e s s i s g r e a t e r than the u l t i m a t e 

continuous s t r e s s , (that i s , the s t r e s s above which f a i l u r e 

w i l l occur i n a sample s t r e s s e d f o r a l o n g time) the flow 

curve c o n s i s t s of the f o l l o w i n g stages as i l l u s t r a t e d by the 

accompanying f i g u r e . D 

F i g u r e 12(a) 

1) E l a s t i c deformation - OA 

2) V a r i a b l e - AB 

3) Steady p l a s t i c flow a t a constant r a t e - BC 

4) P r o g r e s s i v e flow a t an i n c r e a s i n g r a t e - CD 

In the f i r s t s e t of experiments where the samples 

f a i l e d i n each case, the flow curve c o n s i s t e d of the f o l l o w 

i n g stages (Refer to f i g u r e 14, graph a t 90°F.) 

1) E l a s t i c deformation - OA 

2) P l a s t i c flow at a v a r i a b l e r a t e - AB 

3) P l a s t i c f l o w a t a l e s s v a r i a b l e r a t e than that 

i n stage 2 but not q u i t e at constant r a t e - BC 

4) P r o g r e s s i v e flow ( ending i n f a i l u r e - CF. J u s t 
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before the sample f a i l e d , v ery h i g h s t r a i n r a t e was detected 

i n each case by the d i a l , gauge,' before any f a i l u r e plane was 

apparent to the naked eye. In the creep curve i n f i g u r e 14, 

f a i l u r e i s shown by a very steep s l o p e and marked P t o i n d i c a t e 

t h a t j u s t before f a i l u r e the slope became very h i g h . 

In the second s e t , the d e v i a t o r s t r e s s was r e l a t i v e l y 

low as i t d i d not cause f a i l u r e of any sample w i t h i n about 

3000 minutes. 

Flow curves i n t h i s case (the second s e t of t e s t s ) 

c o n s i s t e d i n g e n e r a l the f o l l o w i n g stages: (Refer to f i g u r e 15, 

curve at 110PF.) 

1) An e l a s t i c p a r t - OA 

2) P l a s t i c flow at v a r i a b l e r a t e - AB 

3) P l a s t i c flow a t almost constant r a t e - BC 

2. E x p l a n a t i o n of the Flow Curves i n the L i g h t of 

i t i s c l e a r from the flow curves t h a t a t any p a r t i c 

u l a r temperature, the s t r a i n i n c r e a s e s with time. Consider 

the s t r a i n - t i m e curves a t 70°F. f o r both undrained and con

s o l i d a t e d undrained t e s t s . Immediately a f t e r the s t r e s s i s 

put on, there i s an e l a s t i c deformation which may be mainly 

due to the bending of t h e - p l a t e l i k e s o i l p a r t i c l e s accompanied 

by some s t r u c t u r a l changes. 

A f t e r the e l a s t i c stage, v i s c o u s or r e t a r d e d s t r a i n 

becomes markedly predomineht. To s t a r t with, the s o i l mass 

has a p o t e n t i a l energy c o n s i s t e n t w i t h e q u i l i b r i u m a t 70°F. 

When the l o a d i s put on, a d d i t i o n a l energy i s s u p p l i e d and 

the molecules i n the adsorbed l a y e r are a c t i v a t e d to a s t a t e 
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out by the f a c t t h a t the maximum s t r a i n a t the end of about 1 

200.0 minutes was on l y 3«5%. The s t r a i n , i n c r e a s e d w i t h time 

i n the second s e t p o s s i b l y due to the mutual exchange of p o s i 

t i o n of the molecules c a u s i n g weakening of the e x i s t i n g bond 

but p o s s i b l y no major bond breakage. 

From the p o i n t o f view of s o i l s t r u c t u r e , i t may' be 

explained as f o l l o w s : With the passage of time, as the bonds 

become weaker,, even under the same e x t e r n a l s t r e s s , the s o i l 

i s subjected t o more and more shear s t r a i n . T h i s shear s t r a i n 

causes the s o i l p a r t i c l e s t o be a l i g n e d i n a more p a r a l l e l 

a r r a y and consequently, the s t r u c t u r e becomes more and more 1 

d i s p e r s e d w i t h time. T h i s becomes apparent i n the form of 

in c r e a s e d s t r a i n as shown by the creep curves. 

The d i f f e r e n c e s due to d i f f e r e n t s t a r t i n g temperatures 

w i l l be d i s c u s s e d i n the next s e c t i o n . 

B. Comparison of the S t r a i n Curves a t D i f f e r e n t Temperatures 

During each t e s t the temperature was kept constant 

throughout; but s e v e r a l t e s t s were performed at d i f f e r e n t tem

peratures w i t h the same constant t o t a l s t r e s s to observe the 

i n f l u e n c e of temperature. 

I f two d i f f e r e n t creep t e s t s are conducted w i t h the 

same s o i l ( i n i t i a l s t r u c t u r e presumed the same) at the same 

temperature and the same t o t a l s t r e s s under i d e n t i c a l c o n d i 

t i o n s , i t i s expected t h a t ( n e g l e c t i n g experimental and 

in s t r u m e n t a l e r r o r s ) , a f t e r any g i v e n time i n t e r v a l , the s t r a i n 

should be the same f o r both t e s t s . 
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Creep t e s t s presented i n t h i s t h e s i s were conducted 

at d i f f e r e n t temperatures. Thus any d i f f e r e n c e i n s t r a i n of 

one t e s t from t h a t of another a f t e r any gi v e n i n t e r v a l of time, 

may be a t t r i b u t e d t o the d i f f e r e n c e i n temperature. 

R e f e r r i n g to f i g u r e 14 and comparing the s t r a i n s of 

d i f f e r e n t creep curves a f t e r any i n t e r v a l o f time, say 100 

minutes, i t i s c l e a r that the s t r a i n i s maximum a t 110°F, 

being l e s s a t lower temperatures and f i n a l l y minimum at 70°F. 

S i m i l a r s i t u a t i o n e x i s t s i n the second s e t of t e s t s (Refer.to 

f i g u r e 15). 

T h i s observed f a c t can be explained i n the l i g h t of 

creep theory i n the f o l l o w i n g way. 

At 70°F. the s o i l mass and i t s adsorbed l a y e r s have 

c e r t a i n amount of energy i n the whole system; the same s o i l a t 

HOOF, however, w i l l have more energy i n the system because of 

h i g h e r temperature. I f now an equal e x t e r n a l s t r e s s i s a p p l i e d 

s e p a r a t e l y on s o i l s a t 70OF. and a t HOOF., i t may be expected 

th a t the energies of both the systems w i l l be i n c r e a s e d 

e q u a l l y so t h a t a f t e r the a p p l i c a t i o n o f the e x t e r n a l s t r e s s , 

the t o t a l energy of the s o i l a t 110°F. w i l l be more than t h a t 

at 70OF. 

Thus c o n s i d e r i n g the creep t e s t s , i t can be 1 s a i d 

that a f t e r any g i v e n time i n t e r v a l , s o i l at HOOF, w i l l have 

more energy than that at 70°F. and t h i s , i n the l i g h t of creep 

theory'would mean t h a t r e l a t i v e l y a g r e a t e r number o f mole

cu l e s w i l l be a c t i v a t e d a t HOOF, than those a t 70OF. 

A c t i v a t i o n of more molecules means more weakening 



I 

41 

of the bond and consequently more s t r a i n . • • \ 

Thus the observed f a c t t h a t a f t e r any g i v e n time 

i n t e r v a l , the same s o i l under the same t o t a l s t r e s s but a t a 

h i g h e r temperature> ( i n a d i f f e r e n t t e s t ) xvould show r e l a t i v e l y 

more s t r a i n , i s q u i t e c o n s i s t e n t w i t h the theory of creep. 

C. V a r i a t i o n of Pore Pressure w i t h Time at a P a r t i c u l a r Tem

perature and Constant T o t a l S t r e s s . 

As mentioned e a r l i e r , pore pressure was measured 1 

o n l y i n the second set of t e s t s , i . e . the c o n s o l i d a t e d un

drained t e s t s . C o n s o l i d a t i o n was done under an a l l - r o u n d 

pressure o f 50 p s i f o r over 2\ days a t creep t e s t temperature. 

No f i l l e r paper s i d e d r a i n was used. Then a d e v i a t o r s t r e s s 

o f 23 p s i was put on and the s o i l was sheared without d r a i n - 1 

age. Tests were conducted a t f o u r d i f f e r e n t temperatures but 

d u r i n g each t e s t the temperature was kept constant throughout. : 

Since the nature of v a r i a t i o n of pore pressure curves i s almost 

the same f o r a l l the t e s t s , the e x p l a n a t i o n r e g a r d i n g the 

v a r i a t i o n of pore pressure with time w i l l be g i v e n i n t h i s 

s e c t i o n . . The e f f e c t of temperature on the pore pressure w i l l 

be d i s c u s s e d as the next item. 

When the d e v i a t o r s t r e s s was put on, i t was expected, 

as i s g e n e r a l l y the case f o r a normally loaded c l a y , t h a t the 

pore pressure a t the beginning would reach a magnitude correspond

i n g t o an A v a l u e of .5 to 1 . 0 . But that was not the case. 

The A value was as low as . 2 . The v a l u e of A was c o n s i d e r a b l y 

low f o r a l l the experiments: there was only a s l i g h t but i n 

s i g n i f i c a n t d i f f e r e n c e i n value from one experiment to another. 
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F o l l o w i n g i s a d i s c u s s i o n o f the p o s s i b l e reasons why such 

low A values were observed. 

I t was a t f i r s t suspected t h a t the s o i l i n q u e s t i o n 

was. very impermeable and t h a t the reason f o r the low value of 

pore pressure at the b e g i n n i n g was simply a l a g i n the response 

of the measuring system. But t h i s e x p l a n a t i o n had to be 

abandoned because even a f t e r c o n s i d e r a b l e time - say 50 

minutes - the pore pressure was s t i l l v e ry low. Impermeabil

i t y could be the cause of a time l a g but could not be the 

cause of a permanent low r e a d i n g . 

I t was next suspected that the s o i l might not be 

f u l l y s a t u r a t e d . In the case of a p a r t i a l l y s a t u r a t e d s o i l , 

the development of pore pressure due to an a p p l i e d d e v i a t o r 

s t r e s s i s lower because the pore f l u i d i s compressible. 

Trapped a i r i s reduced i n volume i n accordance with Boyle's 

Law and i s p a r t i a l l y d i s s o l v e d i n t o pore water i n accordance 

w i t h Henry's lav/. Consequently the pore pressure developed 

i n p a r t i a l l y s a t u r a t e d s o i l would be l e s s than t h a t i n a 

f u l l y s a t u r a t e d one by an amount dependent on v a r i o u s f a c t o r s 

such as the degree of s a t u r a t i o n , the value of the a p p l i e d 

d e v i a t o r s t r e s s , e t c . Thus to check the s a t u r a t i o n , the B 

v a l u e was measured. Chamber pressure was r a i s e d i n f i v e i n c r e 

ments at-t h e r a t e of 10 p s i and a f t e r each increment the B 

v a l u e was measured. In g e n e r a l f o r the s o i l i n q u e s t i o n the 

B values were as f o l l o w s : 

10 p s i - B = .8 

20 p s i - B = .8 

30 p s i - B = .8 or .9 

40 p s i - B = .9 
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50 p s i - B = .9 

The B values as recorded above were not very c o n s i s t e n t . The 

amount of a i r t h a t was present i n the sample a t 10 p s i t o 

y i e l d B = .8 should have been d i s s o l v e d before 50 p s i , so t h a t 

B would then be u n i t y . But from the values obtained, B was 

not equal t o 1 even at 50 p s i . T h i s would suggest an i n s t r u 

ment e r r o r . So i t may be assumed t h a t even i f the s o i l was 

not s a t u r a t e d a t the beginning, at 50 p s i i t had -reached f u l l 

s a t u r a t i o n . Thus the suggestion t h a t the A value was low 

because of incomplete s a t u r a t i o n c o u l d no l o n g e r be considered 

as v a l i d . 
9 

A value of 1.0 f o r normally loaded c l a y s are 

probably f o r marine c l a y s . For f r e s h r i v e r d e p o s i t s the value 

might be q u i t e d i f f e r e n t . G e n e r a l l y the A value i s lower f o r 

c l a y s with a more d i s p e r s e d s t r u c t u r e . Thus a f r e s h water 

d e p o s i t might have a lower A value than that o f marine c l a y s : 

i t may be l e s s by an amount depending upon how d i s p e r s e d a 

s t r u c t u r e i t has. Added t o t h i s , d i s t u r b a n c e o f the sample 

d u r i n g c u t t i n g , p l a c i n g , e t c . would probably tend t o make the 

s t r u c t u r e more d i s p e r s e d , r e d u c i n g f u r t h e r the v a l u e of A. 

Therefore, t h i s was a probable reason f o r the low A value 

observed a t the beginning of the t e s t s . 

Regarding the g e n e r a l t r e n d o f the pore pressure curve, 

i t i s q u i t e c l e a r that pore pressure i n c r e a s e d w i t h time. When 

a d e v i a t o r s t r e s s i s a p p l i e d t o a normally loaded c l a y , the 

c l a y sample tends to reduce i n volume. But i n the case of a 

satur a t e d sample with no drainage permitted, no volume change 



takes p l a c e . Thus the whole process of s h e a r i n g takes p l a c e 

a t a constant v o i d r a t i o . , 

I t was found by Rutledge"'"'1" t h a t the v o i d r a t i o 

p l o t t e d a g a i n s t , f i r s t the minor p r i n c i p a l s t r e s s d u r i n g ! 

c o n s o l i d a t i o n , and second, the minor p r i n c i p a l s t r e s s a t 

f a i l u r e , w i l l y i e l d two p a r a l l e l s t r a i g h t l i n e s on a semi-

l o g a r i t h m i c p l o t . 

F i g u r e 12(b) 

cy = Normal E f f e c t i v e S t r e s s (Logarithmic S c a l e ) 1 

I t has been suggested' 1 t h a t the d i f f e r e n c e between 

these two l i n e s i s due to a d i f f e r e n c e i n s t r u c t u r e . In con

s o l i d a t i o n stage, the s o i l has a random s t r u c t u r e , while a t 

f a i l u r e , s h e a r i n g s t r a i n s have produced a d i s p e r s e d s t r u c t u r e . 

As s t r u c t u r e goes from a l e s s t o a more d i s p e r s e d one, average 

i n t e r p a r t i c l e d i s t a n c e i n c r e a s e s , c a u s i n g a r e d u c t i o n i n the 

"net i n t e r p a r t i c l e r e p u l s i o n " . In a s a t u r a t e d , d i s p e r s e d 

c l a y the "net i n t e r p a r t i c l e r e p u l s i o n " i s equal to the e f f e c t -
10 

i v e s t r e s s . Thus a dispersed^ s t r u c t u r e a t a g i v e n e f f e c t i v e 
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s t r e s s corresponds to a s m a l l e r v o i d r a t i o . 

Now, i f the s t r u c t u r a l change takes p l a c e at a 

constant v o i d r a t i o , i t i s c l e a r that i t must be accompanied 

by a r e d u c t i o n i n e f f e c t i v e s t r e s s ; and, a t constant t o t a l , 

•stress, t h i s means an i n c r e a s e i n pore p r e s s u r e . I t i s 

pos t u l a t e d here, then, t h a t the a p p l i c a t i o n of the d e v i a t o r 

stress, i s accompanied by immediate s t r a i n s and immediate 

change of s t r u c t u r e , f o l l o w e d by a lo n g term s t r a i n and a 

l o n g term change of s t r u c t u r e . 

I f these were t r u e , the curves f o r the t e s t s d e s c r i b e d 

h e r e i n might be superimposed on those of f i g u r e 12b as shown 

i n f i g u r e 12c. 
.more dispersed 

; w h a t d i s p o s e d 
random ..structaire' 
-perth followed durtncj constant \jo\.-\: 

o 
0ii 

?£V SorAeVme c\f{e.r application o f 
jde^i cttor- s t ress ^ 23 p s i . 
-C^'..immediacy exffer. a.pp!ioaricr>\ 

..^evicrfor s t ress o f 23 p s i 

SC 

P i g u r e 12(c) 

5- = Normal E f f e c t i v e S t r e s s (Log. Scale) 

T h i s hypothesis would e x p l a i n the i n c r e a s e s of pore 

pressure w i t h time under constant volume, temperature, and 

d e v i a t o r s t r e s s that were observed i n the t e s t s , i n a manner 

c o n s i s t e n t w i t h the f o r e g o i n g theory. 

file:///jo/.-/
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D. Comparison of the Pore Pressure Curves a t D i f f e r e n t 

Temperatures 

Since temperature was kept constant throughout one 

s i n g l e t e s t the e f f e c t of a change of temperature on pore 

pressure cannot be observed u n l e s s -pore pressure curves at 

d i f f e r e n t temperatures are compared. Since a l l other f a c t o r s 

were kept the same, the d i f f e r e n c e i n the value of pore 

pressure a f t e r any i n t e r v a l of time may be a t t r i b u t e d t o the 

d i f f e r e n c e i n temperature. 

I t i s c l e a r l y seen from f i g u r e 16 t h a t a t a p a r t i c 

u l a r time pore pressures are g r e a t e r f o r t e s t s a t h i g h e r tem

perature, than those at lower temperature. P o s s i b l e explana

t i o n s with some d i s c u s s i o n are o f f e r e d below. 

P r o f e s s o r Lambe of M.I.T. has put forward the f o l l o w -
10 

i n g equations i n h i s paper on the mechanistic p i c t u r e of 

shear s t r e n g t h of c l a y : He s t a t e d t h a t , i n the case of a 

h i g h l y p l a s t i c , s a t u r a t e d , d i s p e r s e d c l a y having no a i r - m i n e r a l 

c o n t a c t or m i n e r a l - m i n e r a l contact, t o t a l s t r e s s 

0T= U + (R - A) (a) 

where, 

0" = t o t a l s t r e s s 

U = pore water pressure 

R = e l e c t r i c a l r e p u l s i o n between p a r t i c l e s 

A = e l e c t r i c a l a t t r a c t i o n between p a r t i c l e s 

Although the assumption of no a i r - m i n e r a l or' m i n e r a l -

m i n e r a l contact may be c o n t r o v e r s i a l , i t i s t r u e t h a t i n a 

s a t u r a t e d s o i l there i s no f r e e a i r present. T h e n . i f m i n e r a l -
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m i n e r a l contact i s assumed, equation (a) becomes, a c c o r d i n g 

t o Lambe, 

(?= U + ( + R - A)' (b) 

where, CT<a.™ i s the i n t e r g r a n u l a r s t r e s s . 

Before equations (a) and (b) are d i s c u s s e d to i n t e r 

p r e t ' the change i n pore p r e s s u r e , an e x p l a n a t i o n r e g a r d i n g the 

s t r u c t u r e of s o i l , f o r t e s t s a t d i f f e r e n t temperatures, i s 

necessary. 

Research workers i n the past have shown-experimental

l y and to some extent q u a n t i t a t i v e l y t h a t an i n c r e a s e i n tem

perature tends to cause f l o c c u l a t i o n i n a c o l l o i d a l medium"1;0 

Since a l l other f a c t o r s except temperature were kept 

constant i n the t e s t s presented h e r e i n , i t i s expected that 

a f t e r a p a r t i c u l a r time i n t e r v a l , the samples a t h i g h e r tem

perature w i l l tend to have a r e l a t i v e l y more f l o c c u l a t e d 

s t r u c t u r e than those a t lower temperatures. But i n a c t u a l 

case, the s t r u c t u r e of the samples' a t h i g h e r temperature, 

a f t e r any time i n t e r v a l , remains e q u a l l y d i s p e r s e d as those 

a t lower temperature. In other words, samples a t h i g h e r tem

peratures, i n s p i t e of t h e i r tendency towards a ' r e l a t i v e l y 

more f l o c c u l a t e d s t r u c t u r e , have the same amount of d i s p e r s e d 

s t r u c t u r e as those at lower temperatures. Thus, compared to 

the samples a t lower temperature, those at h i g h e r temperatures 

correspond to a r e l a t i v e l y more d i s p e r s e d s t r u c t u r e . 

I f a s o i l s t r u c t u r e becomes more d i s p e r s e d , i t s 

average i n t e r p a r t i c l e s p a c i n g i s i n c r e a s e d e v e n t u a l l y r e d u c i n g 

A as w e l l as R. But A i s r e l a t i v e l y i n s e n s i t i v e t o environment 
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(Ref. 10, page 565) and so more d i s p e r s i o n would mean reduc-

t i o n i n (R-A). 

C o n s i d e r i n g both the equations (a) and (b) i t i s 

c l e a r l y seen that a decrease i n (R - A) with constant CT , 

means an i n c r e a s e i n U i f s t a t i c e q u i l i b r i u m i s t o be main

t a i n e d . 

Thus samples a t h i g h e r temperatures, corresponding 

to a r e l a t i v e l y more d i s p e r s e d s t r u c t u r e , a l s o correspond to 

a r e l a t i v e l y lower value of (R -A) and hence to a r e l a t i v e l y 

h i g h e r value of pore pressure than those a t lower temperatures. 

Thus the pore pressure curves, showing hi g h e r v a l u e s 

of pore pressures with r i s e o f temperature a t any i n t e r v a l 

o f time, s i n c e the a p p l i c a t i o n of the d e v i a t o r s t r e s s , are 

q u i t e c o n s i s t e n t w i t h the theory. 

E. Experimental V e r i f i c a t i o n of the Pact t h a t the Slope of  

the S t r a i n Versus Logarithm of Time Curve Bears a L i n e a r  

R e l a t i o n s h i p w i t h Absolute Temperature . 

As has a l r e a d y been mentioned i n Chapter I I of t h i s 

t h e s i s , Murayama and S h i b a t a d e r i v e d t h e o r e t i c a l l y and v e r i f i e d 

e x p e r i m e n t a l l y the f a c t t h a t the s l o p e of the s t r a i n versus 

l o g a r i t h m of time bears a l i n e a r r e l a t i o n s h i p to absolute tem

pe r a t u r e . I t was a p a r t of t h i s t h e s i s to determine experiment-
d£ 

a l l y the r e l a t i o n s h i p between ^"^Qg ^ and a b s o l u t e temperature 

T and hence v e r i f y the- equation d
d | 0 g ^ = C T . where C i s a 

constant. 
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The above point w i l l be discussed with respect : to the 

f i r s t and second sets of experiments respectively. 

Considering figure 18 showing the f i r s t set, i t can 

be seen that the above straight l i n e relationship i s well 

maintained. But t h i s curve ( f i g . 18) i s based on results up 

to about the f i r s t twenty minutes. A f t e r t h i s , the s t r a i n - l o g 

time curves ( f i g . 17) do not have constant slopes and ̂  £"0g ̂  

versus T curves no longer remain straight l i n e s . Since the 

( 8 - log t) curves, a f t e r about twenty minutes, change slope 

constantly, i t i s inconvenient to draw '^og t ~ ^ curves 

beyond t h i s point. Instead ^ ^ versus time curves are 
Ac 

drawn to i l l u s t r a t e the relationship between d
 1 ^ md* T 

at different times. 

Consider the graphs i n figure 19. From these curves * 

i t i s clear that i n the i n i t i a l period of about 20 minutes 

there i s a constant rate of s t r a i n f o r each temperature. 

A f t e r t h i s i n i t i a l period there i s a complicated 

t r a n s i t i o n stage which l a s t s up to about 160 minutes. This 

stage i s quite indeterminate. But a f t e r about 160 minutes, 

t h i s t r a n s i t i o n stage gives way to a f a i r l y steady state where 

again the curves (excepting that at 100°F.) approximate 

horizontal straight l i n e s . , However, the relationship between 

these constant rates of s t r a i n and t h e i r corresponding tem

peratures i s not the same as was the case during the f i r s t 

twenty minutes; there does appear to be a correlation, although 

there i s not a good l i n e a r r e l a t i o n s h i p . After..300 minutes, 

the rates of s t r a i n again diverge, and, p r i o r to f a i l u r e , be

come very e r r a t i c . \ 



The above d i s c u s s i o n can p o s s i b l y be s i m p l i f i e d i n 
the f o l l o w i n g way to ob t a i n a l e s s complicated r e l a t i o n s h i p . 
Each ( 6 - l o g t ) curve i n f i g u r e 17 can be approximated 
reasonably to two s t r a i g h t l i n e s , such that each curve 
c o n s i s t s of only two slopes. One curve of d '2x>g t v e r s u s T 

i s drawn f o r the i n i t i a l slopes (shown i n dotted l i n e f i g . 20) 
and another curve of d ^ ^ versus T (shown i n f u l l l i n e 
f i g . 20) i s drawn f o r the slopes a f t e r the t r a n s i t i o n stage. 
These two curves are put on the same diagram ( P i g . 20). 
Although from f i g u r e 20 i t i s q u i t e c l e a r that the l i n e a r 
r e l a t i o n s h i p i s maintained during the f i r s t period (dotted 
curve), i t shows that a f t e r the t r a n s i t i o n stage the r a t e of 
s t r a i n d ^ ^ s t i l l increased w i t h temperature. Prom these 
t e s t s , however, the r e l a t i o n s h i p between r a t e of s t r a i n and 
temperature was no longer l i n e a r . 

In the second set of experiments a l s o an attempt 
dP 

was made to determine the r e l a t i o n s h i p between -g ^ ^ and 
absolute temperature T. Considering f i g u r e 21, i t can be 
c l e a r l y seen that the s t r a i n and log a r i t h m has a constant 
slope at a l l the temperatures considered. I n the f i r s t set 
t h i s l i n e a r r e l a t i o n s h i p i s maintained only up to about the 
f i r s t 20 minutes, a f t e r that the curves become n o n - l i n e a r . 
This may be due to the f a c t that the p r i n c i p a l s t r e s s r a t i o 
i s much higher i n the f i r s t set than that i n the second. 

According t o Murayama i f the ap p l i e d s t r e s s i s l a r g e r 
than a c e r t a i n l i m i t (upper y i e l d p o i n t ) c o n s i s t e n t w i t h the 
p a r t i c u l a r c l a y and t e s t i n g procedures i n question, then 
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log t curve becomes non-linear after a certain time. 

Probably that is the reason why t- log t in the-first set 
is non-linear after the i n i t i a l period. 

It is expected that results of consolidated un
drained tests to be in better accord with Murayama's theory 
than those of unconsolidated undrained tests since the C-U 
tests were carried out at a deviator stress more l i k e l y to 
be less than upper yield point. 

In the second set £- log t curves (Fig. 21) are 
straight lines throughout conforming to Murayama's theory. 

Returning to the question of rate of strain as a 
function of temperature, however, although there was a constant 
rate of strain throughout each test of the second set, figure 
22 shows that the rates were not linearly related to tem
perature. An i n i t i a l straight line followed by an upward 
curve was obtained as in the previous case - see figure 20. 

It might be interesting in this connection to discuss 
the validity of the assumptions made by Murayama in arriving 
at the conclusion that strain rate bears a linear relation
ship to absolute temperature. The relationship of strain rate 
( ^) to absolute temperature T, as obtained by Mayarama, 

is given by the following equation: 

d~Tog t ^ ̂ MP T ( r e f e r t 0 Pas® 23. o f this thesis) 

From the equation i t is clear that ^ ^ bears a 
linear relationship with T provided Eg and b are independent 
o f T. 
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Although Eg may be independent of T, independence of 

b t o T r e q u i r e s i n v e s t i g a t i o n . 'i . . 

R e c a l l i n g equation (2) page 20 of t h i s t h e s i s , i t 

may be seen t h a t , 

, N = b ( c r - e i ) - (9) 

where N i s the number of molecules w i t h a c t i v a t i o n i n a u n i t 

a r e a of c r o s s s e c t i o n p e r p e n d i c u l a r to the d i r e c t i o n of s t r e s s . 
i 

Since i t has been observed t h a t even wi t h the same 

e x t e r n a l s t r e s s , s t r a i n s as w e l l as s t r a i n r a t e s change with 

change i n temperature, i t may be s a i d that N is>not'independ-

ent of T. 

I f N i s not independent of T, c o n s i d e r i n g equation 

(9) i t may be seen that b a l s o i s not independent of T s i n c e 

(cr-cro) may be assumed as constant i f e x t e r n a l s t r e s s cr 

remains unchanged. ( 

Thus the l i n e a r r e l a t i o n s h i p of s t r a i n r a t e t o 

a b s o l u t e temperature as claimed by Murayama i s open to q u e s t i o n . 

Although i t i s d i f f i c u l t t o d e f i n e e x a c t l y the 

nature of the curves i n f i g u r e s 20 ( f u l l l i n e ) and 22, the 

f o l l o w i n g o b s e r v a t i o n may be made, Prom both f i g u r e 20 and 22, 

i t appears t h a t up to 100°F, a l l the p o i n t s are on a s i n g l e 1 

s t r a i g h t l i n e , but t h a t a t 110°F. l i e s above the l i n e . The 

i n c r e a s e of ^'"^og t w i"^^ temperature i s thus uniform up to 

100°P. and more r a p i d t h e r e a f t e r . 

P h y s i c a l l y i t may mean th a t the s o i l i n q u e s t i o n i s 

not as s e n s i t i v e to temperature changes up to lOOop. as i t i s 

above lOOop. I t i s r e a l i s e d that t h i s 100°P. temperature i s 
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o n l y c r i t i c a l f o r the s o i l under i n v e s t i g a t i o n ( i f a t a l l ) and 

i s not n e c e s s a r i l y an a b s o l u t e f i g u r e f o r s o i l s i n g e n e r a l . 

The important p o i n t i s t h a t there may be some c r i t i c a l tem

perature c o n s i s t e n t w i t h the nature of a s o i l , the environmental 

c o n d i t i o n s , and the t e s t i n g procedures', above which a s o i l i s 

more s e n s i t i v e t o temperature w i t h regard t o i t s deformation 

c h a r a c t e r i s t i c s . Regarding pore pressure changes a l s o i t i s 

c l e a r l y seen from f i g u r e 16 that the i n c r e a s e of pore pressure 

w i t h temperature a f t e r lOOop. i s more r a p i d than that up t o 

100-Op. 

The f o l l o w i n g hypothesis may be put forward, t o ex

p l a i n the observed r e s u l t s , i n the l i g h t of creep theory. 

I t has been d i s c u s s e d b e f o r e that i f energy of the 
• i 

s o i l mass i s i n c r e a s e d , more molecules are a c t i v a t e d ; number 

of such molecules a c t i v a t e d maybe p r o p o r t i o n a l t o the amount 

of e x t e r n a l energy,supplied to the system. T h i s i s p o s s i b l y 

t r u e u n t i l the t o t a l energy of the system reaches a c e r t a i n 

c r i t i c a l l i m i t c o n s i s t e n t w i t h a s o i l and i t s environment. 

I f , however, t h i s l i m i t o f energy i s exceeded, a c t i v a t i o n of 

molecules would take p l a c e at a f a s t e r r a t e and p o s s i b l y 

s i g n i f i c a n t bond breakage w i l l b e g i n . 

In the t e s t s presented, maybe the energy correspond- 1 

i n g t o the temperature of 100°P. i s c r i t i c a l f o r the s o i l under 

i n v e s t i g a t i o n . 

Thus below 100°F, the r a t e of a c t i v a t i o n o f the mole

c u l e s and hence the s t r a i n r a t e i s p r o p o r t i o n a l t o the tern- , 
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perature but above lOOop. s t r a i n r a t e i s h i g h e r as shown by 

f i g u r e 20 and 22. 

F u r t h e r r e s e a r c h i s necessary t o a r r i v e a t a more 

d e f i n i t e c o n c l u s i o n ; n e v e r t h e l e s s , f i g u r e s 20 and 22 b r i n g out 

t h i s important p o i n t : t h e r e may e x i s t a temperature correspond

i n g t o a p a r t i c u l a r c l a y under a p a r t i c u l a r environment above 

which the s o i l i s more s e n s i t i v e i n regard t o i t s deformation 

c h a r a c t e r i s t i c s . 
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CHAPTER V 

SUMMARY OF CONCLUSIONS j 

Based on the experimental data and d i s c u s s i o n s ' 

presented i n t h i s t h e s i s , f o l l o w i n g c o n c l u s i o n s can be made-, 

f o r the s o i l under i n v e s t i g a t i o n : , 

1. S t r a i n o f c l a y i n c r e a s e s w i t h temperature under 

a constant t o t a l , s t r e s s . 

2. I f the p r i n c i p a l s t r e s s r a t i o i s low, s t r a i n 

bears a s t r a i g h t l i n e r e l a t i o n s h i p w i t h l o g a r i t h m o f time: 

I f the p r i n c i p a l s t r e s s r a t i o i s q u i t e h i g h t h i s s t r a i g h t l i n e 

r e l a t i o n s h i p i s not maintained f o r a l o n g time. 

3. The r e l a t i o n s h i p between d ^ ^ and absolute 

temperature T i s not l i n e a r f o r a l l temperatures. 

4. There may be a temperature corresponding to a ' 

s o i l , i t s environment and t e s t i n g procedures, above which t h a t 

s o i l i s more s e n s i t i v e t o temperature with regard t o i t s 

deformation c h a r a c t e r i s t i c s . T h i s p o i n t r e q u i r e s v e r i f i c a t i o n . 

5 . Under a constant t o t a l s t r e s s , pore pressure 

i n c r e a s e s w i t h the r i s e of temperature. 
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CHAPTER VI 

RECOMMENDATIONS 

F u r t h e r i n v e s t i g a t i o n s are needed on every phase of 

the work repo r t e d i n t h i s t h e s i s . Time and t e s t i n g were 

l i m i t e d , r e s u l t i n g i n data t h a t need v e r i f i c a t i o n by i n v e s t 

i g a t o r s i n f u t u r e . 

The f o l l o w i n g a r e the recommendations r e g a r d i n g 

changes i n the equipment and t e s t i n g procedure, which may 

improve the q u a l i t y of r e s u l t s t o a gre a t extent:-

1. Measurement o f sample temperature i n s t e a d of 

measuring the temperature o f water i n -phe' t r i a x i a l c e l l . 

2 . Use of f i l t e r paper s i d e d r a i n s . 

3. Use of te m p e r a t u r e - c o n t r o l l e d bath from which 

water a t r e q u i r e d temperature can be d i r e c t l y pumped i n t o the 

t r i a x i a l c e l l i n s t e a d of p a s s i n g the water through the ba l a n c 

i n g r e s e r v o i r where c o n s i d e r a b l e heat i s l o s t . 

4. Use of ceramic end p l a t e s i n s t e a d o f porous < j 

stones. 
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APPENDIX 

EXPERIMENTAL RESULTS 

P h y s i c a l P r o p e r t i e s o f S o i l ; 

S p e c i f i c G r a v i t y 2.79 

G r a i n S i z e f i n e r than 
2 microns 50% 

L i q u i d L i m i t 50% 

P l a s t i c L i m i t 25% 

P l a s t i c Index 25% 

N a t u r a l Water Content ... k7% ± 2% 

Degree of S a t u r a t i o n .... 100^ 

Maximum Pa s t P r e s s u r e ... 35 p s i . 

Dimensions o f t e s t specimen: 

Diameter 1.31 In-

Area o f Cross S e c t i o n ... 1.35 sq. i n 

.' Height 2.875 i n . 

Volume 3.88 cu. i n 

\ 
i 



__W cder. Cox\\cr\\ _= . 45't°/o - C h a m b e r Pressure = 3p f>*i 

. . D e v i a W .$Vr€« = las Jp>si . 

TA-bLE 1 

Time 
in 

Dial . 

in 
ib* in 

•Vet+i ca 1 
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Test 2. 

W a f e r content Al'S'lo 
Temperature 9O°F 

U&viator S t r ess ( 0 7 - < J \ ) 2 3 p s i 

C h a m b e r P r e s s u r e ^ o p s i 

I n i f r a / di'tfi reading after 

Consolidation 4 9 5 

J n i h ' a i height cD-f Sample 

after Consolidation 2QO 

ELAPSED 

T//v}£ /N 
j Ml/4 5. 

'DIAL 
READING 

'0 INS, ' 

7) E FORMATION 
STRAIN 

• £ w % 
Po&E 

1; " ' 

i' 
li / 
j 

i 

! 2 / • CO 2-3 
3 3\>o /• / © 2-3 

4 
i 

32- 5 »•/£. 2-4 
1! 
i| »~ 
|| ^ 

3 4 -° /•2l 2-5 
ii 
1 ^ • 

1-25 
n - • 
\ ' '$&-o ' •25 2-7 

\ $ ' 
53 37- 0. /•32 

!! 9 • 
i 

533'0 ^ 3g'D /•35 3-0 

/ © ' ' 533 -c 30-3 /•35 3-£ • 

5i£-e> • • 4-1- 0 3'4 
20 5 o 1-3 42-g /•53 3-5. 

' , 4-5 

47'<? / 4'< 

50 5*3-0 4'5"^ 4*4 

<eO 

, •' , 

. 49-5 
1 

4 7 



67 

T A B L E l/i.l C O N T P . 

f 

I TIME IN 

i 
! MINS. 
i 

U.BAUNO 
It-J 

-3 
to IMS . 

Z> TRAIN 

• 

Pok.s 

tf-J 
P-3-1-

i 
AUBA A | i 

2 ij 
• il 

ii 

1. 

Ii ' . 'Jl- O 
• 

i-32 5-2. . 
• 

i : 
52-O I-&5 5 - 5 r. 

• I; 
1! \co 
ii 

22-S 5-7 

jl ii i5° • • • 

1 2*12- 0 •57 O . ' 7-5 f 
! Z5c 

j . 5 534 Z-o& s-© • 
- 2-10 S ' 3 

i 1 
Gi- 0 2 - 1 6 •̂•5 • 

1 
2-24 

•i 

C5-5 2-Z1 lc-- 5 
r: 

trooc. z'~2-0 (c-7-c- li-7 • j ! 
i ' 

l&OG 
$m -

lo-o 

72-6 
2-50 12-7 

>"3'C-5 

- i! 
!•; 

i! 

• • S 
2coiz 74-3 2G5 • 

,t 
;i •t» 

i 
ii 

• i ! 



68 

Test 3 

Water c&nt&nt 4.7/. 
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Test 4 

Wafer' c c o j e r j f 4-0-9 
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^ELAP$£I> 
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