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ABSTRACT

A theoretical as well as laboratory investigation
into the creep of s0il at different temperatures is presented.
Other obgservations such as the effect of temperature on pore
'pressure under constant stress are also reported.

( An hypothesis explaining the phenomenon of creep of
s0il is proposed; experimental results verifying the same are
also presented. | | |

, Experlmental work consisted of the follow1ng two
types of trlaxial tests:

- l. Unconsolidated undrained tests on cylindrical
specimens without pore pressure measurements.A

2. Consolidated undrained tests on cylindrical
specimens with pore pressure measurements.

A triaxial machine equipped with a non-flow null
indicating type pore pressure measuring device was used for
all shear tests. An oute;'jacket surrounding_the triaxial
cell was designed for temperature control for all tests
reported. |

Observed data show that other factors beingjconstant,
strain rete increases ﬁithlincrease‘Of temperature‘although
the felationship between strain rate and absolute temperature

is not linear at all times. It is also observed that pore



- ii
pressure increases.with increase of temperature provided other

factofs are kept constant.
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CHAPTER I

INTRODUCTION

A. :Description of the Problem

Clay is not a fully elastic material: its déforma-
tion upder external load is not fully recoverable even after
'the_external load has been completely removed. ’éiﬁce if:is
not fully elastic, its tqtal deformation under a particular
external stress does not take place instantanuously. When a
clay sample is loaded, an instantaneous deformation is observed.
TheAelaétic deformation is only a part of its total deforma-
tion, however: as time passes, deformation continues under the
same externally applied load. This part of the deformation
vwhich is time dépendent is known as the "creep" or "flow".
Thus the deformation of clay consists of two parts: elastic |
stfain and creep. |

"Creep" means the slow change in shape which takes
place continuously as a consequence of constant or continuous-
ly changing shear stress. Due to creep the strain of soil
increases with time even under the same external stress. Con- -
sequently the strain of a soil after a given time interval
wili be.more than that given by classical laboratory short-l
term tests; its magnitude, however, will depend on various
factors such as time, f&pe and properties of soil, magnitude
of deviétor stress, and temperature. Thus in many practical

cases the strain after a long time might be far more than is
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.acceptable although classical short-term festevmiént in@icate{
sefety against rupture. Hence the importance of studying |
creeﬁ behaviour.' : .

Creep 1s particularly signlficant in cases of
structures built on or against natural slopes, for creep
movement affects and endangers the stability and safety of }
such structures. Creep also plays an importentjrole in earth .
dams, foundations of concrete dans and in.manylother'kinds of
structnres. The intenticn cf this thesis was to Study creep
problems of conesiye eoils} so emphasis wiil be,given'only tc
such soils. | |

In slides of natural sIOpes in cohesive soils, which.
.often flatten towards the top, bowl-shaped sliding planes are
obserned. Vertical cracks are usually seen at the upper edge
of the slope (Fig. 1). These cracks are formed due to the.
combined action of teneile‘and shear stresses at the top.
When the tensile strength of the soil is overcome, the length~l
along which cehesion acts is reduced due to the crack. Tnie
worsenes the situation and prcgressive rupture takes place.

But it should be remembered that creep or flow is a slow
process: even after the tension cracks are formed, the slides
do not take place rapidly but in most cases slow movement4'
occurs over years, decades, or may be even centuries.

Reference to some actual cases of creep may be .

1nteresting in this connection.

N
~

y



. Figure 1

Professor R. Haefeli reportsl that the soil move-
ment at the southefn Heinzenbefg, resulting from a combination
of creep and slide processes, covered aﬁ area of approximatelf
40 square kilometers consisting of “schistesllﬁstrés". Sgch
creep and slide'movements often take place when the strata‘
are parallel to the slope or, as in the mentioned region, when
the inclination of the strata is flatter thsn that of fhe slope
surface; In the latter ease erosion at the foot of the slepe
brings a series of new'slidiﬁg planes ihto action, one after

anofher.

The surface movement measured in the years 1910-1931

1

at the southern Heinzenberg, which is exposed to marginal

i



erosion by the powerful Nolla torrent, varies between 10-26
centimeters at a mean slope of 25%. The thicksess”éf the -
strongly distoxted:strsta at the foot of the slope involved

in the movement has bsen estimated as 50-150 meters. This is.
a case of particularly high creep movement covering a very
large area. |

In the case of the tunnel near Klostersl which
covers a relatively guch<smaller_area, the creep movement is
rather deep seated and steady but relatively slow. The
maxlﬁﬁm'rate of creep at the surface hardly exceeds a few
centimeters a year. The deepest point of the.tunnel involved
in the movement lies at a depth of approximately 60 meters under
the surface where creep veloclty was measured as about 2 centi-
‘meters a year.

Slmllar movements can be found in cases of fallure
of bu11dings on slopes. Creep of backfill behind retaining
walls and abutments causes a considerable engineering problem,

| Thus creep movement occurs in small and large areas
| with high'as well as low velécities; it may occur in situa-
tions which would be "safe" according tb slassical methods of
analysis. )

Rheology is that particular branch of science which
deals with the deformation and flow of matter and as such
covefs both analytical and experimental studies. According
to International Rheological nomenclatures, the term "creep"
means defoimaéions which are slowly recoverable after the re-

moval of the applied load. Permanent or lasting deformations

)
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are termed "flow"; but in soil mechanics the term "creep" is g
80 ﬁidely used to denote permanent deformgtion that it might
be misleading to‘replace it by the term "flow". At the same
time it is realised that it is necessary to follbw Interna-
tional-Rheological nomenclature. So in the thesis the terms
"creep" and ‘flow'will both Be-used to mean permanent deforma-

tion.

B{ Previous Approaches to a Solution

Research workers in the past have attempted to study
the creep behaviour of soil from various view points. |

S.S5. Vyalov and A.M. Skibitsky reportzresults of
over 1000 experiments which were conducted to study the creep
of both frozen and unfrozen soils. |

Regarding the nature of creep curves in generalz
they state that depending upon the value of constant external
shear stress %, deformations are either damping or non-damping:
the former type is described as one where nb.failure takes
place and the latter type'the one which results ultimately
in failure. Non-damping deformations first develop at a de-
celerating rate (shown in stage BC of Fig. A), passing after-
wards into a stage of steady creep characterised by a comnstant
rate of &eformation represented by the linear section (stage
CD of Fig. A) of the deformation versus time curve shown in
Figure A. . . |

N oo .
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Figure A

Deformation Versus Time Curve

Curve I represents damping deformations.

Curve II represents non-damping deformations.

~ Further development of creep leads inevitably to

failure. ' The higher the stress,'the4sooner failure will occur.
If the applied shear stress ™ is greater than-the/ulfimat.e con-
tinuous shear strength Ty non-damping deformations arise '
resulting in failure; on the other hand if T<«7= the strain

practically reaches a limit and failure does not occur. Although
with V<Tk., slow flow is not impossible, it is of" very little
practical, importance. This ultimate continuous strength, the

authors claim, may be regardeq as a very relevsnt‘and signif-
} i '

icant chsracteristies'in calculating the contihuous,load-carry- :
f . ) ‘ '. ) .



‘ing capacity of soil.

The validity of this ultimate continuous strength
was conflrmed by rupture tests, in which all loads o, greater
than .085 0% (where o, is the ultimate instantanuous strength)
resulted in failure; the loado'=,.085oz, however, ‘did not‘I '
result in faiiure, though the sample was under test'fof over
4 years. ” ,

In another paper3.which may be considered as an |
extension of that described above, the euthors propose a

method for calcuiating the creep and ccntinuous strength of
soil. They discuss the peculiarities that are encountered in
cases of.creep.in dense clays. All these.are explained in

terms of a rheological model and a law of variation-cf viscosity
is proposed. V | |

M. Saito and H. Vezawa® were concerned with the
eventual failure of soils due to creep. They have eipreSsed
the view that the strain rate of the creeping soil in a slope'
may‘be taken as a good indicator of impending failure. The&
have reported that on a log-log graph, the creep rupture life
(time to failure) is inversely proportional to the'etrain
rate. They have suggested that an imminent‘failure'could be
forecast by observing a sudden rapidly increasing strain
rate., Their most eignificant contribution is their proposal -
of an emperical formula relating the creep rupture 1ife‘and

strain rate which is independent of the kind of soil and testing

procedure.
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8. Murayama‘aﬁd T. Shibata® have established theoret-‘
ically the relation of strain characters of clay under con-
stant external stress. They have stated that the strain is '
proporfional to‘the logarifhm of timeA~‘provided that the tot;l
applied-stress is within a certain §ritical liﬁit. This .
eritical limit of stress corresponds to the point of first
inflection in the graph of rate of strain versus shear stress

(commonly known as the D - ™ graph) designated as A in Fig. 2.
This stress has been named the "Upper Yield Point" of soil.

They claimed that if the total applied stress is below the
uppér yield point, no failure will occur even after long
periods of straining. They have also proppsed the-existence
of a restraining resistance in 80il which in plain wérds means
that for every soil there is a stress below whiég the straih
rate is zero. They call this stress the "lower:yield point".
of soil (designated as B in Fig.2). Unless this stress is

exceedéd, there will be no viscous or retarded strain.

T
o
4

A (upper yield Pof’r\f)._

N

_‘stnain_scqm:(D)“

EEN

B
_:_\_\owef_,_,_\/jeld._ poinf  _Shear. s%re:s‘(,'r) '
Figure 2 )




Another important feature of.tﬁeir paper is the
study of thermal effect on the creep or flow of clay;"They‘
haﬁe»deduced analytically and supported bylexperimental ‘
results a theory stating that the slopevof the strain versus
log-time graph bears a straight line relationship to absolﬁte
. temperature. Thermal effect on the flow or creeg characteris-
tics ofvsbil is a very}impgrtant aspect as it is often en-

countered in practical problems.
C. Aims of this. Thesis

The aim of this thesis was to study the effect of
temperature on the flow characteristics of ciay. Thermal |
effects on pore pressure were also measured. Experiments were
conducted to verify the theories proposed bj Mﬁrayama and ~A'l

Shibata.



CHAPTER II
THEORETICAL INVESTIGATION

i ) ‘

A. Strain of Clay

As mentioned in Chapter I of this thesis, deforma-
tion of clay consists of two parts:

Elastic and Retarded or viscous strains. v

A-brief explanation of these two types of?deforma- ’(
tions is given’below. |

| ‘a) Elastic deformation: This may be caused by the
bending of 1ndividual platy soil particle, grain compression,
or'by interparticle ‘bonds acting as elastic hinges.

b) Retarded or Viscous deformation: With the passage
of time, goil goes 'from a less to a more dispersed structure
which allows a relatively more parallel particle orientation
and as a result soil particles move relative to each other in
a time-debendent.manner.'

~ In case-of saturated‘or partially saturated soil,
the absorbed layers of water may be considered to exert a con-
Siderable influence on the viscous strain of clay as illustrated

below. - . o ) , | : :




1
In a private cdmmunication to the author, J.K.
Mitchell of the University of California asserts that creep
has ‘been observed even in the case of oven dried clays, imply-
.ing that even with solid-solid contact, relative movement of
grains can be time-dependent. |
: ~ When a soil sample is sheared under an external load,
_thé adsbrbed water layers offer a sort of bonding .effect |
against the smooth sliding of one clay partigle with respect
to angther. 'But with time, the bound molecules of the‘adsorbedA
water layers are caused to move by shear stresses, and the
adsorbed layers change shape, allowing movements or changes
in orlentation of the s0il grains as shown in figure 3. Con-
sequently 80il shows viscous strain. |
M' The combined strains can be shown schematically by
the following figure 4.

“J‘“‘r‘
R - 3
6 [
O _
Fa ‘% O
‘”; &l o !
) |
K} B
H
L}
m{_Jl_
—_————
_time

Figure 4
~ The above exblanatioh only states qualitatively the
natﬁre of viscous strain but does not explain the flow

' behaviour in any detail. An attempt has been made in the
, ' At :
followiqg pages to develop an hypothesis explaining quali- -
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tatively the flow of soil. A quantltatlve analysis of the

same, as develoPed by Murayama, is also presented. - '

B. Creep or Flow Behaviour of Clay: Qualitative analysis

, | | _ ( | .
Before mechanisms of flow involving quantitative o

analysis are discussed in-detail, the author wishes to offer
a physical explanatlon in a microscopic scale of what is \
actually happening in the soil mass. After that a brief ‘
quant:.tative explanation will be given. 5

Part;cles of dlay contalnvelectrieal charges,on their
surfaee. Pore wster molecules, being polar in nature, are
attsched onto the surfacelof the clay parficles'forming what

isiknoun as the adsorbed water layers. '

' . o Lja" afﬁde. -
. _— ‘7'P | ,
’ e ) : 8C
B A Wafer. molecule!
. - Jaler. molecule.
e Y T

b _ . ' 4 i c

Figure 5

,Consider an enclosed space abed containing clay
particles surrounded by adsorbed layers. The water molecules
are represented schematically as dots in figure 5. The number
of ‘such water molecules that are attracted onto the soil sur-
face varies under different environmental conditions. Con--

sider an ideal case when the soil in the enclosed space abed
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has no external stress and the energies of the wholglsystem
is such that most of the water molecules are attacﬁed fo the
soil forming‘the adsorbed layers viz BC and all the molecules
are at fest.' However, some water molecules such as A exist
as single molecules without any bond.. The single letter A is
used to signify'no bond and two letters BC are used to denote
the existence of only one bond.

| Adsorbed layers of water consist.of water molecules -

which-are.under some sort.of bond or link with each other and

also with the soil'particle. Schematically this is shown in

n - Mater molecule : o _daver 1
B 7
- 777777 . /
/EZZZZZZZI

. - RN P
_Soil ._?a\:tida_/ \Jayer 2
- Figure 6 : | o

But a single free water molecule like A has no bond.
If an external stress tendiﬁg to cause shearing strain, is
applied, the bonds present in the adsofbed layers willltend
to resist the imposed shear and unless the bonds are broken
_partly or'fully, the water molecules cannot be moved relative .-
to one another. .This can be 1llustrated‘by figuréﬁé. Imagine
a sheéring force P tending to move the layer 1 relative to the
layer 2. If P is not strong enough~t07bréak any one of the
existing bonds,.layer 1 will not move relative.tbllgyef 2._~
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On the other hand, if P is strong enough to break all the
bonds, layer 1 will move away from layer 2 without any further.
re81stance. In other words, under an external stress, mole-
cules under bond will show less movement than those without ‘
any bond; So if an externmal stress is applied to the soil"
mass in abed, it is expected that a free molecule such as A
will tend to move first. Imagine that under an external
stress A moves towards BC. As A comes closer to BC,'fhe
repulsion between A and BC increases resulting in the increase
of energy of the whole system. Finally a stage may be reached
when A comes very near BC and knocks off a molecule, say C,
from BC. At that time all the molecules A, B and C are in
some sort of unstable state such that any two may combine with
one anofhsf to form a bond, viz A and B may combine 0 for AB
and C will be released. Similary B and C may combine to form
BC leaving A free. The free molecule will agaih start moving
to take part in the process of deformation. In the foregoing
discussion only the interaction‘betwees A and 30; whish may
be considered as a unit process of deformation, was»cbssidered.
In fhe whole system several such unit processes of deformations
are takiné place, bringing about the total deformation of clay.

| 'If the external stress is greater, the resction takes
a somewhat different form. - Continuing with the discussion of |
A and BC, if the external stress is beyond a certain limit, |
as A approaches BC, it knocks off either B or C in such a way
that even in the final state no bond is reformed;-i.ef_thsrs
is no formation of units such as AB or AC or BC. A, B and C
wiil remain separate without any bond. Since it was assumed

\ ' ! v y
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that ‘in BC there was only one bond to start with,-and that
after one unit process of deformation only one.bond was broken,
there would be no bond left after the completion of the reac-
tion. In a case where there might initially be more than one
bond existing, even after the deformation process there may
be still some bonds left in the unit. Thus the foregoing
illustration does not necessarily mean that all the bonds
formed oy molecules in a unit such as BC are broken by one
unit process of deformation; all it means is that;in'such a
process of deformation, some bonds are broken and not all of
" them are reformed or renaired. The number of bonds breaking,
however, depends on the amount of applied stress.'ﬁt

' But one important fact should be mentioned here-
‘when the external stress is such that no bond is 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 partzcles somewhat. Neverthe-
less, the particles are still held by the bonds which:prejent.
the sliding relative to each other in the medium of the
adsorbed layers. But if all these bonds are broken due to
very high external stress, there will not be anythlng to hold
the partlcles against the external shear and that would mean -
failure of the sozl. |

In the foregoing discussion one point was clear:
irrespective of whether bonds were broken or not, molecules
. were in motion in order that the unit process of deformatlon

might take place. 1In other words, if clay show retarded de-

formation or creep, the‘waterlholecnles\must be in motion. . ,
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, Goingeback to the discussion involving A and BC, it was assumed
that, to start with, the energy of thefsjstem was such that all
the molecules were at rest and only when an external load was
| applied molecules started moving to take part in deformatlon
process. ' This situation mlght call for an explanation from
the ﬁoint of vieu of the energy. At the beginning (i.e. be--
fore the appllcation of external load) the molecules were at
‘rest whlch meant that the energy of the system was S0 low that |
it could not keep the molecules in relative motion: some
external energy was neceseary to set thelmolecules in motion
which was done by the applicatiom of an external force. But
itimight be misleading to'thlnk that the molecules could be
set to motion only by an external force. A1l the force didl
‘was to supply sufflclent energy to set the molecules in
motlon. In terms of physical chemlstry, the molecules wereé
activated or set in action by the external force. Similarly,
molecules can be'activated by supplying the necessary energy
in some other form, viz: fhermal energy. Thus it is possible
to ectivate molecules oy supplying thermal energy to the - ‘
system.-_Therefore, in two identical creep tests if the
temperature of one'is increased‘keeping_all other factors"
congtant, the one with increaeed temperature is expected to
show more strain - a fact supported by experimental results i
at the end of this thesis. - | |

In macroscopic scale, it may be stated as follows.
So0il particles move past each other throuéh the medium of the

adsorbed layers more easily if more and more bonds are broken,

\

LIS
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resulting wltimately in the failure of the soil mass.
The whole reaction involving A and BC can be ex-

plained by means)of a diagram of potential energy versus

strain as shown in figure 7.

A-B-C _ Activoted Stote

Rﬁenﬂaihemergy

Initial state Final gate -

. AB%%
: A A of, ACx
AMBC ‘ of, BCrh
_Strain
Figure 7

As explained before, with the approach of A to BC,
thelrépuslion increases; thus increasing the potential energy
of'fhe wholeASystem. When the potential energy reaches the"'
péak'as,shown by the crest of the curve, the state is called
the "activatgd state" and the difference of the energy be-
tween the activated state and the "initial state" is called
the "energy of activation", 5 4eonoted by E,. In terms of
chemlstry, activation energy is defined as the minimum energy
that a system must acquire before undergoing appropriate
changes. 'Physically it means the minimum energy that is
neéesgary 80 thaf thefinteraction between A and BC may také
place. In the activated state A-B-C are so disposediwith

reference to each other thatlB can be associated with either
\ .
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. A or C and a very slight displacement will result either in
the reaction to form AB+C, AC+B in the "final state" or return
to the initial state with the formation of A+BC. The fore=-
going discussion, then, gives a graphical idea of one unitv
process of deformation, starting from the "initial state",

passing thrdugh,the "activafed state", to the "Tinal state”.

C.t‘Quantitqggve Analysis

Before the mathematical equations obtained by -
Murayama'are discussed, an attempt will be made to summarize
very briefly the theories proposed by Murayama and Shibata.4

Their observations, which they are attempting to
explain, are:

1. Taking flow strain as the ordinate in natural
scale and loading time as the abscissa in logarithmic scale,
this relation results in a straight line and the tangent of
the slope angle of this straight line increases linearly with
applied stress. '

2. If a stress larger than the upper yield valve
is applied, the flow strain increases and failure takes plaqe
after‘a'certain time. |

’ %. The slbpe of strain Qersus logarithm of time
bears a stréight line relationship to absolute temperature.
 As ménfioned in the earlier part of this thesis,
4

Murayéma'and Shibata® arrived at an equation giving the strain

rate of clay. Their work is based on Henry Eyring's rate

process theory.>
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Henry Eyring arrived at the foliowing equation for h

finding out the rate of strain of certain viscous liquids:

Rate of Strain 2°1 = 2an BT exp ( E, ) Sinh
. R—

it “h (55 F)(l)
.wWhere,
kR = Boltémannfs Constant
T = Absolute temperature
h = Plank's Consfant
E_ = Energy of Activation
N = Average distance befweenAtwo balanced positions
of molecules. | |
n = number of molecules with activation in seiies
per unit length in the direction of stress.

- N = number of molecules with activation in one unit
area of cross section perpendiéular to thé direc-‘
tion of stress. | |

In his calculations, Eyring assumed that number of
molecules with acfivation and. hence the number of unit process
of deformation wés independent of the applied stress .

Murayama and Shibata for finding out the rate of
strain of clay made the following assumptions and accordingly‘
modified the equation (1) to suit their assumptionms.

Their assumptions were: .

a) Unlike Eyring's theory where it is assumed that
the number of molecules with activation is independent of the
applied stress, Murayams assumed that n and N are functions

of the total stress applied to the clay sample.

\
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' b) Clay posseeses, inside its bonds, certain resist-
a’nAcel"bo 'applied stress. They called it the "Restraining '
Resistance" and denoted it by 0% :m their equation. Physical-
ly it means that only when the a;;plied stress o is greater
than the restraining resistance o7 , does the process of viscous
de:formati‘on start. In other words, if the applied stress is
below oy, , no molecule is activated to take part in the unit
process of deformation. N
Wi*iting these .assumptions in mathematical form:
when O<o~/<§~5 norN = 0
“>o;, n=a(0-06) ) 2)
b (0-00) ) .
substituting equation (2) in equation (1), they obtained the

dey

N

following equation relating the rate of strain .of bond

with ,the"stress on the bond O .

dep = . By op,
| Thus, %» A, (o=, ) Sinh .( o~_&)) ;
" where o Ab‘= 2paRT X exp § (3) .
. ’ h - : o
‘and . B, = ;
b —Ah—z ST )

It is kmown that for materials showing__vis‘cous _

S = de T
~strain, o = YZHF
wvhere o = applied stress

n = coefficient of viscosity
a—-- strain rate ‘
Hence from equation (3) the apparent coefficient of

viscosity is represented by



‘ .
(&)

o= Co;—e(:) = Absm\(%.o\b) o .
EX . o= 6o ' C '

[D. Rheological 'Model to Explain the Flow Cheracteristics of .-

Clay

In order to simulate the visco-elastlc behaviour
of ciay; a model was proposed by Murayamé. In ordefntb rep-
resent the.presence of the restralning resistaace_bf clay,
‘thé Slider element o; was added to the ordinary %hreenelement

model. In clay, as has already been discussed in the

S ' Figure 8
Rheological Model Proposed by

Murayama and Shibata

beginning of this chepter, there are elastic as well as
retarded or viscous deformations. When a load is azpplied,

a suddeh elas%ié deformation takes place and after that vis-
cous deformation.takes vlace slowly with time. The model

resembles the visco-elastic behaviour in the following way:
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When an eiternal stress & is'applied, the spring
element E, which resembles the elastic behaviour of soil is
immediately depressed showing elastic deformation. But the
load is not transferred to the spring glement E2 or the
dashpot PV uniess it is greater than G, which, physically,
means that unless the applied stress is more than-fhe
restraining-resistance acting inside the bonds, no wviscous
_deformations take place. .If the total applied stress is more
than o , the balance i.e. ( & 0») is transferred to E, and
dashpot 02 causing viscous strain. |

Murayama and Shlbata claimed that the apparent co—
.efficient of viscosity V2, of the voigt element in the proposed
model is represented by the apparent coefficient of viscosity
expressed in equation (4). |

Thus the apparent coefficient of viséoéity v22 fbr

this mechanical model is given by

np = : .
2 A2‘Sinh(B2,o§ (5)

0™ Go

E. ZEquation Relating Strain Rate and Absolute Temperature

4

_ AsSuming total applied stress to be o and the

~ strains in the elastic spring element and modified voigt
element'to be'sl and €5 respectively, Murayama arrived at the
following equation relating strain rate and absolute temper-
ature. Referring to the rheological model,

Total strain ¢ = El + 82

\

)



Total applied stresso= ?_1 El

also o= g,E, + (0=-o%) sinh™t i d2) 4+ o5 ' (6)
B Llrw) 3t
2 2 ° . ,
1f  0<82< o-0,_ (2B, -1)
< 2B,E,

€ is approximaltle],y given by

Ay BoEy o

E= 00+ (T2%) + (9==) log .

Ey E, B,E,

T4 (0=%) + (

c—~

%) log 82B2E> 4 (o-%) 10g t

E E BE 2 B,E
1 2 5 2 F2r2
or, d4E€ = (o-%) (7)
aiogt B E :
22

Comparing equations (4) and (5) and realising that 7, in the
model is expressed by equation (4), B, of equation (3) can be
substituted for B, in equation (7). Hence substituting the
value of B, in equation (3) for B, in equation (7)A.and neglect-

ing: G'O"
dée ~ 2bkToO~
d log t {\Ez
or d€ ~ 2bRo x T (8)
: d log t- (\E2‘
From the eqﬁétion (8) Murayama and Shibata claimed
that _d€ and absolute temperature T are dirgctly'propor-

- d log t
\
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tional if the applied stress ¢ is kept constant.
This conclusion ﬁould be valid if E2 and b were
iﬁdebendent of T.» Discussion of the truth of these conditions
will be given later in conhection with.the results‘oﬁnthis

thesis.



i
CHAPTER III

EQUIPMENT AND TESTING PROCEDURE

| . : l'

A. Undisturbed Soil Samples

The.undiStufbed soil samples were obtained from
Haney, British Columbia; hence the soil is descrlbed as
"Haney Clay.“ All the experlments presented in thls thesis
were performed with undisturbed Haney Clays.

The physical propertles of the so0il are as follows: -

Specific gravity = 2.79

Grain size finer than 2 microns = 50% - : -

‘Liquid limit = 50%

Plastic limit = 25% S

Plasticity index = 25%

Natural water content = 45% - 49%

Degree of saturation = 100% '

Maximum past pressure = 35 psi

From the point of view of visual inspection, the
soillis greyish black, fairly stiff and quite sticky when
rubbed between fingers. Saﬁ@les consisted of handcut .blocks.
All the samples did not have the same water content. Even in
the same block it was observed that the water content at the .
centre was differeﬁt f;om that at the corners. While.cuttihg
smaller pieces from the big block for prepafing specimens,
sufficient care was taken so as not to expose the cut surface

of the main block to the atmosphere for a longAtime. Imme-
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deiately after a small piece was cut, the big piece_és well as
the small piece were coated with thick wax to keep.the watér
content nnchanged.' This precaution was found to be necessary
because it wés found that if the sample was exposed to the

atmosphere even for a small period, the water content changed.

B. DPreparation of Samples for Testing

Soil samples were cut out in the form of cylinders
of diameter 1-5/16" and length 2-7/8" by means of standard
cufting.tool as shown by figure 9. Cutting of soil samples

was done in the manner described in the book "Soil Testing
. .

for Engineérs" by T.W. Lambe - John Wiley & Sons. Only one
pérous stone was used, since volume change was not measured.

The porous stone was heated and saturated to assure that no
éir’bubblgs were left inside. This was done before cutting

the semple. Immediately after the sample was cut, the porous
stone was placed on the pédestal. Sufficient care was:taken

to ensure that no air bubble was entrapped between the stone

and the pedestal. Also every precaution was taken to remove

any exéess water on the pedestal. It was observed that if there
was any excess watér, it offen softened the bottomvofxthe sample
which led fo early failure in the casevof undrained tests

(Q test). With some practice and sufficient care it was found
Mthat'the,water could be removed quite satisfactorily. -Rolling
 the rubber membrane over the sample was found'tolﬁé fairly
diffiéﬁlt. However, if sufficient care was taken, satisfactory
results were obtained. "O" rings were rolled onto the membrane

i

to seal the specimen.
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Fig. 9 Cutting Tools.
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C. Testing Procedure

l. Arrangement for Temperature Control

The temperature was kept constant during a partic-
.'ular‘test. A rectangulaf jackét surround ing the_standard
triaxial cell was devised to act as‘a temperature bath as -
shown in figure 10. Two sides of the outer jacket or bath
were made of lucite éheef.to allow observétion of the soil
'samplé inside; the other.two sides.were madé'of steel. In;'
side the bath'an“immersioﬁ heater in series with a thermostat.
was installed to keep a particular témperaturé throughout the
test. 1In order to avoid local concentration of heat, an
automatic stifrer was used to keep the water in the outer
bath in éonstaancirculation. The thermostat was calibrated
by running a temperature test with water at different tem- .

' pérafures.- It was observed that up to about 100OF. there was
almost no temperature drop in about 3 days. Wheﬁ thé,températufe

was between 1100F. to 1200F. there was,a drop of 1.50F. during

o three days. While testing soil, care was taken above 1000F.

by adjusting fhe thefmostat at an interval of about 8 hours,

| to_prefent any temperéture drop in the soil. As a whole, the
temperature contfol system worked very well during all the .

. tests. Attempts were made to'heat the chaember fluid (which -
‘~waslwater) to within 5°F..of the intended test temperature .
before admitting it to the chamber. Somé difficulty was en-
éoqﬁtéred here, howévér, since cdnéideréble heat was lost in
the béianciné reservoir. ‘By trial and errdr the temperature

of input;wéter was so set that;'after loss in the balancing
, L . A'_> 4 ) o

+
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Fig. 10 Triaxial Cell

and

outer jacket for temperature control.
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reservoir, the water in the triakial cell would have approx—-
imately the same temperature as that of the test. For example.
if it was desired to maintain 80°F.yins;de the triaxial ceil,‘
it was found that if water at about 920F. was admitted to the
bélancing reser&oir,'if would éﬁd up at about 800F. inside,
the cell. Room temperature in the laboratory had'a‘cohsider-
able effect on the heat loss and proper allowancé had to be
made for that.

2. Cylindrical Triaxial test

Two types of tests were done in the triaxial machine
on similar typés of soil sample: |

a) Undrained.

b) Consolidated undrained.
Detailed procedures of teéting are discussed unde?,two diff- 
erent heads. | o |

a) Undrained test. After the soil sample had been

properiy placed on the pedeS8tal of the triaxial cell, as
described earlier, hot water was admittéd to the cell at a
temperature corresponding to that of the test._,In that con-
dition the sample was kept for about 3 hours so that the soil
could be heated up to the desired‘temperature. No drainsge
was permitted during this time. ' Then the cell pressure was
applied in six equal increments at the rate of 5 psi every 5
minutes. Thus it took half an hour to build up 30 psi, the
éhamber pressure used in tests. No drainage was permitfed
during the application of the all roun&—pressure. The uplift
on the piston due to the all round pressure was counter-

\

3
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balanced by dead weight. fhen the necessary deviator.stress

was -applied by means of additional dead weights.‘ A dial gauge
reading to 10%0 in was used to measure deformations. Readings
were taken at 1ntervals of 1l minute for the first five: mlnutes,'
intervals of 5 minutes fwom 5 up to 60 minutes and then at the
rate of one evey lO‘miqutes up to 100 minutes. After 100 K
minﬁteé the recording.time'interval‘waslincfeased. |

A It Vaé desired that the abplied deviéfor stress‘be .
such that the sbil sample would fail in about a day. Thisl
creep rupture time or time to failure was chosen arbitrarily
to give a feirly long and well defined_curvé. |

For a given watér content, the critical deviator

stress to cause failure in a day was found by trial and error, -
and kept constant for all the tests of a set. Several ex-
periments had to be performed to arrive at the reQuired deviator
stress because if the water content of one sample was a few
percent different from that of another, there was a consider-
able change in the failure time under the same deﬁiétor étresé
even at the same femperature. lSince the ,water content of the
samples could not be totaily controlled in spite of care,
several experiments had to be carried out and the result of -
those samples having almost same water content were recorded
for comparison. To get the water content of the gamples.
almost the same, all the samples for a set of tests were taken
from‘the same block of soil. Even from the same block, only

the central portion was taken because at the edge or side the

water content often changed as noted before.

t
)
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b) Congolidated Undrained Tests. The apparatus,

preparation and éutting of the samples; the size of the
sampies and the general method of testing wére the same as
descr;bed in the undrained tests.; Only the changQS'arelnoted
here., |

. The maximum past pressure of the soil under investiga-
tion was found to be about 30 - 35 psi.v In or?er to avoid the
effect of precompression,.the all round pressure wasﬂraised
td‘BO.psi. Drainage was permitted during the consolidation:
period, which was-abéut 24 days. Consolidation-was.done at 
that particular creep test temperature. Since after.2% déys
of drainage, all the samples came up to almost tﬁe;same water
‘content,‘irrespective of the initial water-contenf, the latter
was less important in this case. Thus in this set of tests,
fewer tests were necessary. One test at each temperature was
performed and the results were quite consistent. Pore ‘
pressures were recorded at each temperature. 'Time intervals
for recording the strains were exactly same as described in

the case of undrained tests. Pore pressures were measured

simultaneously with the strains.

3. Pore Pressﬁre Panel

The pore preséure panel in which all the tests were .
performed is based on thevM.I.T. design as shown in figure 1l.
The pore pressure measuremgnt is based on applying a back
.preséuré to the pore water to attain a "null" condition so
thét'there is no movement of water from or into the specimen.

The back pressure thus recorded is used to repreéeht thé‘poré
, \ ,
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Fig. 11 Pore Pressure Panel.



‘pressuré at the bottom sf the_ssmple. In this wholeiprocéss _
of heaSuringApore water pressure, it must be ensﬁred that the
- whole system from the end of soil sample to the panel ig de~
'alred at all tlmes, otherw1se the pore pressures obtalned
would be erroneous. |

'a) De-airing of Pore Pressure Panel. The complete

layout for the de-airing of the apparatus is shown diagrammat-.
‘_iCally in figufe 12. The procedure for de-airing is outlined
'Below. J |

-_ 1) With valves i, 2, 3, 4,sand 6 open and the rest
i<of-the valves shut, a_vacuum of 30 ihches of mercury was
"applied to the system; This was maintainsd until the msve;
ment of water in the glass tube (1.5 mm. I.D;) ceased.

2) Even with a vacuum of 30 ins. of mercury it was
noticéd fhat.somelair-always becamé entrapped in the long tube
conneéting‘fhe outlet of fhe de-aired water tank to the
pedestal of the triaxial cell. This'air was driven away by
opening the vslve X momentarily. This momentary opening of
’Avalve X forced the shtrapped air within the transparent fube
into the pore prsssure panel which was kept under vacuum. By
»repéating this process once or twice it coﬁid be clearly
observsd whether or notlthere was still any air in the long
'transparent‘tube. This was repeated until all the_sir:bubbles
were - drlven out. o o }

| 3) Valve 4 was then shut, and by opening the valve
5,}water was driven from ‘the de-aired water tank, through the
whole system 1nto the reservoir of the pore-pressure panel.

Whlle water was being drawn through the system, rapld clos1ng
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and opening of valves 2 and 3 helped the removal of air from
the valves themselves. This rapid opening and closing of
valves was found to be very useful.

4) When the reservoir was full, valve 3 was closed.
Agaih,répid opening and closing of valﬁe 4 removed air from
the valve itself.

5) To check that the ﬁhole system was de-aired,
valves}i and 6 were closed and valve 4 was opened. Valve 7
was temporarily opened to get a convenient ,levei of water in
the glass tube while there was a positive pressure in the
pressure equalizer tank. |

‘ 6) The pressure was increased by opening valve 7.
A drop in the water level in the glass tube indicates either
expansion of the apparatus, coﬁpression of the Teflon Vasher,
compression'of the air bubbles, or leakage. When valve 7 is
adjusted to maintain constant pressure in the pressure
equalizer tank, steady creep of the water level indicates '
| leakagg.' A large drop which is not fully recoverable indicates
air bubbles. Sometimes, due to the compression of the Teflon
Washer; a drop was observed in the water column in the tube
which was not all due to air. This difficulty was,'however,
overcome Ey keéping some pressure overnight before starting
the experiment. With a pressure of 50 psi a drop of 3" could
be expected,8 It was observed during the experiments that if
the. pressure of 50 psi was kept for about 2 days, a drop of

less than 3" could be obtained.



CHAPTER IV

DISCUSSIONS OF THE RESULTS

' As has been reported in Chapter III, there were two
sets of tests: undrained tests without pore pressure measure-
ments; and cgnsolidated undrained tests with pore pressure
measurements.ilThe chamber pressure in the first set was
36 psi, fhe chamber pressure was raised to 50 psi during the
second set of tests to ensure that the soil was normally
loaded.

4(a) Choice of deviator stress in undrained tests:
Sincelthe total stress was'kept constant for all temperatures,
it was desired to find a stress under which the soil would
fail at approximately 1000 minutes at 700F. The choice of
the failure time of about 1000 minutes carries no special
'significance-excepting that'it would give long creép time to-
study'the creep curves. Also it was felt that since time in
minutes would be plotted to a log scale for some curves,
1000 minutes would be a good figure to select. _

The particular deviator stress which woﬁi& give a
creepitimé of about 1000 minutes was found by trial and error.
It was found that for a particular water content, if the
deviator sfress was increased or decreased even by i.pSi,
creep time changed considerably. This fact is cleérly'showﬁ
byvfigure’13. Referring to curves in figure 13, it can be

! i
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seen that with 14 psi, the samples failed in about 3‘minutes,
with 13 psi in 20 minutés, wifh 12 psi in 60 minutes and with
9:psi.it?did not fail for about 2 days. Finally‘it was found
that un@er‘a stréss of 10.5 psi the sample failed in about
1300 minﬁtes at T700F. Hence 10.5 psi was chosen as the .
deviator streés for all temperatures for the first set of
uﬁdrained ﬁests. | |

(b) In the consolidated undrained tests;'{he
deviator stress was selected arbitrarily to get a fairly long
creep curve, -Samples were not tested up to failure. The
main aim of these tests was to study the behaviour of the-
pore pressures with temperature. Also strain-time - tem~
perature curves were plotted to see if they were consistent
with thé first set of experiments. A deviator stfessvof 23
‘psi was used and that was kept consfant for all temperatures.

In general the following features were observed and
they ére discussed one by one. |

1. Variation of strain with time at aipartigular
temperature under a constant total stress. |

2. Comparison of strain curves at different temQ'
peratures; ’ | |

.3. Variation of pore pressure withitime.éf a .‘
particular temperature and constant total étress.

4. d§mparison of fhe pore pressure curves at diff-
erent temperétures. | | |

o 5. Eiperimental verification of the fact'that th§
slope of the stréin versus log-time curve bears a iinear .

relationship with absolute temperature.

il
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A, lVariation of Strain with Time at a Paiticular Tem-

-perature under a Congtant Total Stress

For the first set of experiments, the strain;time
curves were plotted for five different temperatures viz: _
700F., 800F., 90OF., 1009F. and 1100F, (Fig. 14), the total
stress of 10.5 psi was kept constant for all five tem-
peratufes.

For the second set i.e. the consolidated undrained
tesfs, experiments were cérried_out at 70°E., 90CF., 1000F,
and 1100F. the total stress of 23 psi was constant again for
all temperatures (Fig. 15).

‘ This éection will begin with a physical description
of the cfeep curves. After that an attempt will be made to
explain the curves in the light of creep theory. Since for
a particular test, say 7OCF., 80°F. or 100°F. the temperature
was kept constant throughout, the explanation will be given
in relation to the wvariation of strain with time at any con-
stant temperature. Since the nature of variation of the
creep curves is of the same kind for any temperature, the
explanafion should hold good for any of the curves presented.

1., Physical Description of the Creep Curves

Referring to figures 14 and 15, it can be clearly
seen that the flow or creep curve at any temperature has an
elastic part and a visco-elastic part. In the experiments,
the first recorded stfain was obtained approximately 1 minute
after the beginning of the load application. They would

therefore contain some creep strain but are presumed to be
)
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representative of the elasfic or inétantaneousHstrains.. |
Aftef the elas@ic strain, viscéus deformation continues non~
linearly with time. S.S. Vialov and A.M. Skibitsky3 répdrt
fhat'when the applied stress is greater than the ultimate
continuous stress, (that is, the stress above which failure
will occur in a sémple stressed for a long time) the flow

curve consists of the following stages‘as‘illustrated by the

accompanying figure. D

dfﬁbﬂnaﬁbm _

dime

Figure 12(a)

1) Elastic deformation - OA

2) Variable - AB

3) ©Steady plastic flow at a constant rate - BC

4) Progressive flow at an increasing rate - CD

In the first set of experiments where the samples
failed in each case, the flow curve consisted of the fdlloﬁ-
.ing étages (Refer to figure 14, graph at‘90°F.) |

1) Elastic deformation - OA

2)  Plastic flow at a variable rate - AB

3) Pléstic flow at a less variable rate than that
in stagé 2 but not quite at constant rate - BC |

4) Progressive flow ending in failure - CF. Just
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before fhe sample féiled, very high strain rate.was detected
in each case by the dial.gauge, before any failure plane wéé
apparent to the naked eye. In the creep curve in figure 14,
failure is shown by a very steep slope and marked F to indicatév
thaf just befofe failure the slope became very high.

In the second set, the deviator stress was relatively
low as it did ﬁot cause failure of any sample within about
3000 minutes. |

Flow curves in thls case (the second set of tests)
consisted in general the following stages: (Refer to flgure 15,
curve at 1100F.) | ' | |

_l) _An elastic part - OA ‘

2) Plastic flow at variable rate - AB

3) Plastic flow'affalmost constant rate - BC

2. Explanation of fhe-Flow Curves in the Light of

It is clear from the flow curves that at any partic-
ular temperature, the strain increases with time. Consider
'the strain-time curves at 700F, for both undrained and con-
solidated undrained tests. Immediately after the stress is
put on, there is an elastlc deformatlon which may be malnly
- due to the bendlng of the plate llke SOll partlcles accompanled

'by some structural changes. S | | |
. After the elastlc stage;‘viséous or refa;ded strain
becomes mérkediy predominent. To start with;'the soil mass
has a pofential énergy congistent with équilibrium at TOOF.
When the load is put on, additional enérgy'ié supplied and

thé molecules in the adsorbed layer are activated to a state
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out’by the fact that the ﬁaximuﬁ strain at the end of'about“
2000 minutes was only 3.5%. The strain‘increased‘with timé
in the second setipossibly due to the mutual exéhange of posi-
'tion_of fhe molecules céusing weakening of the existing bond
but possibly no major bond breakage.

_ From the point of view of soil structure, it may be
expiaihed as foilows: With the;paéségé of time, as the‘bonds‘
become weaker, even under fhe Same.external stfess, the spil ‘
is subjected to more and more shear strain. This shear stfain
causes the so0il particles to be aligned in a more parallel
array and consequently, the structure becomes more and more'
dispersed with time. This becomes apparent in the form of
increased strain as shown by the creep‘burves.

| The differences due to different starting temperatures

will be discussed in the next section.

B. Comparison of the 3train Curves at Different Temperatures

During each test the temperature was képt conéfant"
" throughout; but se?eral tests were performed at different tem-
peratures with the same constant total stress to observe the ‘
influence of temperature.

| | If two different creep tests are conducted with the
same goil (initial structure presumed the same) at the same
temperature and the same total stress under identical condi-
tions, it is exbected that (neglecting experimental and
instrumental errors), after any given time interval, the strain

should be the same for both tests.

4
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Creep tests présented in this theéis were coﬁducted
at différent temperatures. Thus any difference in strain of
one test from that of another after any given inter#al of %imeg
may be attributed to the difference:in temperature. |

‘-Referring-to figure 14 and comparing the strains of
different creep curves after any interval of time,'sayiloo
minutes, it is clear that the strain is maximum ét 110°F,
being less at lower temperatures and finally minimum at 70°FL
Similar situation exists in the second set of tests (Refer to
-figure 15). - |

‘ This observed fact can be explained in the light of °
creep theory in the following way.

At T00F, the soil mass and its adsorbed layérs have
certain amount of energy in the whole system; the_same soil gt
1100F, however, will havé more energy in the sysfem because of
higher temperature. If now an equal external stress is épplied
separatély on soils at 700F.and at 1100F., it may be expected
that the energies of both the systems wiil be increased ‘
‘equally gso that after the application of the external stress,
the total energy of the soil at 110CF., will be more than that
at 70OF., | |

Thus considering the creep tests, it can be said
that after any given time interval, soil at 1100F. will have
more energy than that at 70°F. and this, in the light of cfeep,
theory would mean that relatively a greater number of mole-
cules will be activated at 1100F. than those at TOOF.

Activation of more molecules means more weakening

\
}
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of the bond and consequently mofg strain; '; E'
‘Thus the observed fact that after any giVeh time | S0
inferval, the same so0il uhder the same total stress but at'a
higher temperature: (in a different test) would show rela tively

moré strain, is quite consistent with the theory of cfeep.‘

C. Variation of Pore Pressure with Time at a Particular Tem-

perature and Constant Total Stress.

As méntioned,earlief, pore pressure was measured’
only in the second set of tests, i.é..tﬁe consolidated un-
drained tests, Consolidation was done under'ah'all—round{
pressure of 50 bsi for over 2% days at creep test temperature.
No filler paper side drain was used. Then a deviator stress
of 23 psi was put on and the soil was sheared without drain-—
age. Tests were conductéd at four different temperatures but
during each test the temperafure was kept conétant throughout. -
Since the nature of variation of pore pressure curves is almost
the same for all the tests, the explanation regafding the
variafion of pore pressure with time will be given in fhis
section. The effect of temperature on the pore pressure will
be discﬁssed as the next. item. . |

When the deviator stress was put on, it_was'exﬁected,
as is generally the case fdr a normally loaded clay, that the
pore pressure at the beginning would reach a magnitude correspond-
ing to an A value of .5 to 1.0. But that was not the case.

The A value was as low as .2. The value of A was considerably
low for all the experiments: there was only a slight but in-

significant difference in value from one experiment to another.
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Followi@g is a discussion of the possible reasons why such
low A values were observed.

It was»at first suspected that the soil in questionv
was. very impermeable and that the reason for the low value of
poré pressure at the beginning was simply a lag in the:response
of the measuring system. But this explanétion had to be:
abandoned because even after considerable time - :say 50
minutes.? the pore pressure was still very low. Impermeabil-
ity dould be the cause of a time lag but could not be the
cause of a permanent low reading.

- It was next suspected that the soil mightAhot be
fully saturated. In the case of a pértially saturated soil,
the development of pore pressure due to‘an applied deviator
stress is lower because the pore fluid is compressible.
Trapped air is reduced in volume in accordance with Boyle's
Law and is partially dissolved into pore water in accordance
with Henry's law. Consequently the pore pressure developed .
in partiélly saturated soil would be less than that in a
Vfully saturated one by an amount dependent on various factors
such aé the &egree of saturation, the value of the applied
deviétor,strééé, etc. Thus to check the saturation, the B
value was measured. Chamber pressure was raised in five incre-
ments at-the rate of 10 psi and after éach increment the B
value was measured. In general for the soil in question the
B values were as follows:

10 psi - B = .8

20 psi - B = .8
30 psi - B = .8 or .9
40 pgi - B = .9
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50 psi - B = .9 |
The B values as recorded above were not vefy consistent. The
amount of air that wés present in the sample at 10 psi to-
yield B = .8 should have been dissolved béfore 50 psi, so that&
B wduld then be unity. But from the values obtained, B was
not equal to 1 even at 50 psi. This would suggest an instru-
ment error. So it may be assumed that even if the soil was
not saturated at the beginning, at 50 psi it had reached full
saturatién. Thus fhe suggestion that the A value was low
because of incomplete saturgtion could no longer be considered
as valid. |

A value of 1.0 for normally loaded cié.ys9 are
probably‘for marine clays. For fresh river deposits the value
might be quite different. Generally the A value is lower for
clays with a more dispersed structure. Thus a fresh water

depdsit might have a lower A value than that of marine clays:

it may be less by an amount depending upon how dispersed a

{
1

structure it has. Added to this, disturbance of the sample
duriné'cutting, placing, etc. would probably tend to make the
structure more dispersed, reducing further the value of A.
Therefore, this Waé a probable reason for the low A value
observed at the béginning of the tests.

Regarding the general trend of the pore pressure curve,
it is quite clear that pore pressure increased with time. When
é deviator stress is applied to a normally loaded clay; the
clay sampie tends to reduce in volume. But in the case of a

saturafed'sample with no drainage permitted, no vblume change

\
+
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takés plaée. Thus the whole process of sheariﬁg takes place
at a constant vdid ratio. | _ | |

| It was found by Rutledggj'that tﬁe void ratio
plotted against, first thé minor principal streés during
consolidation, and second, the minor principal s?ressvat
failure, will yieid two'pgrallel straight linés16ﬁ a semi-

logarithmic plot.

P .
R

Noid ratio  ”,

T

G
Figure 12(b)
O = Normal Effective Stress (Logarithmic Scale):

—

It has been suggesteé‘ that the difference between
these two lines is due to a difference in structure. In-con-
solidation stage, ﬁhe soil has a random structure, while'at
failure, shearing strains have produced a dispersed structure.
As structure goes from a leés to a more dispersed one, average
'interparticle distance increases, causing a reduction in the
"net interparticie repﬁlsion". In a saturated, dispersed
clay the "net interparticle repulsion" is equal to the éffect-

ive stress. Thus a dispersed structure at a given effective
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sfress corresponds to a smaller void ratio. |

Now, if the structurélvchahge takes place at a
constant void rafio, it is clear that it must be accompanied
by a reduction in effective stress; and,.at constant total .
--stréss,,thisAmeans an increase in pore pressure. It is
postuiated here, then, that the application of the deviator
stress_is ac;ompanied by immediate strains and‘immediate
change of stfugture, followed by a long term strain and a
long term chaﬁge of structure. | |

| | If these were true, the curves for the tests described

herein mighf Be'superimposed on those of figure 12b as shown

in figure l2c. ,
: ' _more cﬁspersed
_somewhat dispersed

_—

__ random _etructure’

!
_- O3 cometime after aPplicq‘rioﬂ of
deviaftor stvess of 23 psi.

- Structuve . . .
_,T,.a{eviai'orr,.,.,..5+ress of..23 psi

Void ratio

o
-
9'1

Pigure 12(c)

O- = Normal Effective Stress (ng.‘Scale)

This hypothesis would explain the increase‘_s.f'o‘f pore
pressure with time under constant volume, temp-erature,"an,d '
deviator stress that were observed in the tests, in a manner

consistent with the foregoing theory. \

i

f"/,_padh -Ealloweol during constant vol.test.

05 _immediatel ofter. apphcaﬁcn\ OF
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D. Comparison of the Pore Pressure Curves at Different

" Temperatures

 Since temperature was kept constant throughout one
singie test the effect of a change qf temperature on pore
pressuré cannot be.observed unlesgs :pore bressure curves at
different temperatures are compared. Since all other factors
were kept the same, the difference in the value of pore
pressure after any interval of tiﬁe ma§ be attributed to the
dlfference in temperature.

It is clearly seen from figure 16 that at a partlc-
ular time pore pressures are greater for tests at higher tem-
pérafﬁre,than those at lower temperature. Possible explana-
tions with some discussion are offered below.

Professor Lambe of M.I.T. has put forward the follow-
~iﬁg equafions in his paperlo on the mechanistic picture of
shear strength of clay: He stated that, in the case of a
highly piastic, saturated, dispersed clay having no air-minéral
contact or mineral-mineral contact, total stress

| o= U + (R=1) .....(a)
where,

total stress

pore water pressure

electrical repulsion between particles

> ® g q
]

= electrical attraction between partiqles
Although thé‘assumption of no air-mineral or mineral-

mineral'éontact may be controversial, it is true that in a

' saturated soil there is no free air present. Then if mineral-
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mineral contaet is assumed, equation (a) becomes, according
to Lambe, -

0= U + (Samw + R=4) ....(b)
where, Eﬁam is the intergranular stress.

Before equations (a) and (b) are discussed-to inter-
pret the change in pore pressure, an explanation’regarding the
structure of soil, for tests at different temperetures, is
neCessary.‘ |

Research workers in the past have shown experimental-
ly and to some extent quantltatlvely that an increase in tem-

’ perature tends to cause flocculation in a 001101dal medluﬁ%o
Since all other factors except temperature were kept
, constent in the tests presented herein, it is expec%ed that
after a particular time interval, the samples at higher tem-
perature will tend to have a relatively more flocculated

- structure than those at lower temperatures. But in'actual
ease, the structure of the semplesjat higher temperetﬁre,
efter eny time interval, remains equally dispersed as'thoee
aﬁ lower femperature. In other words, samples af higher tem-
peratures, in spite of their tendency towards a(relatively
more flocculated structure, have the same amount of dispersed
strﬁcture as these at lower temperatures. Thus, compared fo-
the samples at lower'temperafure, those at higher temperatures
correspond to a relatively more dispersed structgre.

If a soil structure becomes more dlspersed, its
average interparticle spac1ng is increased eventually redu01ng

A as well as R. But A is relatively insensitive to environment

‘:
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(Ref. 10, page 565)'and so0 more dispersion would mean reduc-
tion in (R-A). | |

Considering both the equations (a) and (b) it is
clearly seen that a decrease in (R - 4) with constant g,
meané an increase in U if static equilibrium is to.be main-
tained. |

Thus samples at higher temperatures, corresponding
to a relafively more dispersed structure, also correspond to.
a relatively lower‘valué.of (R -A) and hence to a relatively
higher value of pore jressure than those at lower temperatures.

Thus the pore préssure curves, showing higher values
of pore pressures with rise of temperature at any interval

of time, since the application of the deviator stress, are

quite consistent with the theory.

E. Experimental Verification of the Fact that the Slope of

the Strain Versus Logarithm of Time Curve Bears a Linear

Relationship with Absolute Temperature . .

[

As has already been mentioned in'Chapfer II of this
thesis, Murayama and Shibata derived theoretically and verified
experimentally thé‘fact that the slope of the strain versus
logaritﬁm of’time‘bears a linear relationship to absolute tem-

peréture. It was a part of this thesis to determine experiment-

ally the relationship between E_%gz_? and absolute temperature

' . . . dg — :
T and henpe verlfy the-equation T 1oz tw— C.T. where C is a

conétant.
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The above point will be discussed with respect to the
flrst and second sets of experiments respectlvely.

Considering flgure 18 showing the first set, it can
be seen‘that the above straight line relationship is ﬁell |
maintained. But this curve (fig. 18) is based on fesults up
to about the first twenfy minutes. After this,.the'étrain-log
time curves (fig. 17) do not have constant slopes and ngtg %
versus T curves no longer remain straight lines. Since the
(€ - log t) curves, after about twenty minutes, chéhge»slope

constently, it is inconvenient to draw (d ggg‘t - T)'curves

de

beyond this point. Instead_a—isg g versus time curves are

drawn to illustrate the relationship between-'d gié % and T
at different times.

| Cons1der the graphs in flgure 19. TFrom fhese curves
it is elear that in the initial period of about 20 miﬁutes
there is a constant rate of strain for each temperature.

After this initial period there is a domplicated
transition stage which lasts up to about 160 minutes. This
staée is quite ihdeterminate. But after about 160 mlnutes,
this transition stage gives way to a fairly steady state where
again the curves (exceptlng that at 1000F.) approx1mate
horizental straight lines.[ However, the relatlonship between
- these constant rates of straln and their correspondlng tem—
peratures is not the same as was the case during the first.
twenty minutes; there does appear to be a correlation, altheugh
there is not a good linear relatlonship. After 300 minutes,
the rates of strain again dlverge, and, prior to failure, be-

come very erratic. - g

'
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The abbve discussion can possibly be simplified in
the following way to obtain a less complicated relationship.
Eéchl(i - log t) curve in figure 17 can be approximated
reasonably to two straight lines, such that each curve
consists of oply two slopes. One curve of a—%%g g versus T
is drawn for the initial slopes (shown in dotted line fig. 20)
and another cﬁrve of E—%%g 4 versus T (shown in full line
fig. 20) is drawn for the slopes after the transition stage.
These two curveshare put on the same diagram (Fig. 20).
Although from figure 20 it is quite clear that the linear
relétionship"is maintained during the first period (dotted
cﬁrve)) it shows that after the transition stage the rate of

strainAddf;g % 8till increased with temperature. From these

testg, however, the relationship between rate of strain and
temperature wés no longer linear. |

| | In the second set of experiments also an attempt
was made to determine the relationship between 54%%§ % and -
absolute temperature T. Considering figure 21, it can be
cléarly séen that the strain and logarithm has a constant
slope‘at all the temperatufes considered. In the first set
this linear relationship is maintained only up to about the
first 20 minutes, after that the curves become non-linear.
This_may be due to the fact that the principal stress ratio
is much higher in the firstEset than that in the Sééond.
| - According to- Murayama if the épplied stress ;s larger
thah a certﬁin limit (upper yield poiﬁt) consistent with the

., particular clay and testing procedures in question, then

\

!
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£~ log t curve becomes non-linear after a certain time.
Probably that is the reason why € - log t in the first set
is non-linear aftef the initial period. |

It is expected that results of donsolidated un-
drained tests to be in better accord Qith Murayama's theory
than those of unconsolidated undrained tests since the C-U
tests were carried out at a deviator stress more likely to
be less than upper yield point. _ |

In the second set £- log t curves (Fig. 21) are
stréight lines throughout conforming to Murayama's theory.

| Returning to the question of rate of strain as a
function of temperatufe, however, although thére was a constant
rate 6f strain throughout each test of the secohd set, figure
22 shows that the rates were not linearly related to tem~
perature. An initial straight line followed by an upward
curve was OBtainéd 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 reléfionship of strain rate
( L&

d log ¢t
is given by the following equations:

) to absolute temperature T, as obtained by Mayarama,

(refer to page 23 of this thésis)

at

From the equation.it is c¢lear that T log t bears a

linear relationship with T provided E, and b are independent

!
}

o£ T.
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" Although E2 may be independent of T, independence of
bto T requires investigation. b l '
. Recalling equation (2) page 20 of this fﬁesis; it
- may be seen that, | . ‘
‘N=b(o-6) - | | (9)
where N is the number of molecules with activgtioﬁ.in a unit
area of cross séction perpendiculgr to the &irectipp'of'stress.j,
Since it has been obser;ed that even with the same
external stress, strains as well as strain rates chanée with
cﬁange in~temperature, it may be said that N is: not independ-
ent of T. o | | |
, If N is not indépehdent of T, considering equation
(9),it.may be.seen\that b also is not independent of T since
(0~o. ) may be assumed as constant if external stresé o
reméins unchanged.. | | - 5 -
.Thus the linear relationship of strain rate to
" absolute temperafure as claimed by Murayama is open to question.
Although it is difficult to define exactly the
naturefof the curves in‘figures'éo.(full line) and 22, the
following>observation may be made, ‘From both figure 20 and 22,
it appeafs that up to 1000F, all the points are on a single
straight line, but that at 1109F. lies above the line. The
increase of E‘%%E % with temperature is thus uniform up to
100°F. and more rapid thereafter. |
'*Physically.it may mean that the soil in question is
not“gs sensitive to temperafure changes upkto 1000F, as it is

abové 1000F. It is realised that this 100OCF. temperature is

\
t
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only_critiéal for the soil under investigation (if atfall) and
is not'neeessarily an absolute figure for soils in general.

The important point is that there may be some critical tem-
peratﬁre‘consistent with the nature of a soil, the environmental
conditions, and the testing procedures) above which a soil is
more sensitive to temperature with regard to its deformation
characteristics. Regarding pore pressure changes eisd it is
clearly seen from figure 16 that the increase of pore pressure
with:temperature‘after 1000F. is more rapid than fhat up to
1009F. ; | A
| The’following hypothesis may be put forwerd, to ex- |
plain the observed results, in the light of creep theory. ‘
It has been discussed before that if energy of the
soil mass is increased, more molecules are acti;ated;'number o
ofﬂsuch molecules activated ﬁaybe proportional to the amount
of external energy\suppliea to the system.‘ This is possibly'
true until the‘totalAenergy of the system reaches e certain
eritical limit consistent with a soil and its environment.
If, however, this 1imit"of[energy is exceeded, activation of
molecﬁles would fake place at a faster rate and possibly
signiflcant bond breakage will begin. |
In the tests presented, maybe the energy correspond-
ing to the temperature of 1000F. is critical for the soil under
investlgatlon. 2 -

" Thus below 100°F, the rate of actlvatlon of the mole-

cuies and hence the strain rate is proportional to the tem=-
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perature but above 1000F. stirain rate is'higher és shéwn by
figure 20 and 22. |
| Further research is necessary to arrivé—éf-é more
definite-conclusion; nevertheless, figures 20 and 22 bring out
this important point: there may exist é temperature correspond-
ing to a particular clay under a particular envirdhment above
which_the soil is more sensitive in regard to its déformation

- characteristics.
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i
CHAPTER V

SUMMARY OF CONCLUSIONS |

Based on the experimental data agd discussioﬁs
presented in this thesis, following conclusions ‘can be made:
for the soil under investigation: |

1. Strain of clay increases with tempérgture under
a constant total stress. | )

2. If the principal stress ratio is low, strain
bears a straight 1ihe pelatiénéhip with logarithm of time:

If thevprincipal stress ré%io is quiteAﬁigh this straight line
relationship is not maintained for a long time. o

3.  The relationship between 5_%52 £ and'absoluté
temperature T is not linear for all temperatures.

4. There may be a temperature corresponding to a
soil, its environment and'testing procedures, above which that
s0il is more sensitive to teﬁperature with regard to its
defofmation characteristics. This point requires verification.

5. Under a constant total stress, pore pressure

increases with the rise of temperature.
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CHAPTER VI

RECOMMENDATIONS

Further investigétions are needed on every phase of
" the work reported in this thesis. Time and testing were
limitéd, resulting in data that need verification by invest=
igators in future. | |
- The following are the recbmmendations regarging
changes in the equipment and testing procedure, which may
1'improve the quality of results to a great extent:-*:‘
| -1, Measurement of sample temperature instead of
measuring the temperature of water in the trlaxial cell
2. Use of filter paper side drains. :
3. Use of temperature-controlled bath fréﬁ which
.wéter at required temperature can be directly pumped inté the'
- triaxial cell instead of passing the water thrbugh the balanc-
1ng reservoir where considerable heat is lost. '
4. Use of ceramic end piates instead of porous

stones.
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APPENDIX

EXPERIMENTAL

RESULTS

Physical PrODerties of 30il:

Specific Gravity ........

Grain Size finer than
zmicrons e o9 68 o0 0 e e 0o oo

Liquid Timit veeeeceeoons

Plastic Limit ....

Plastic IndeX ..veeecesecos

Natural Water Content ...

Degree of Saturation ... .

Maximum Past Pressure ...

‘Dimensions of test specimen:

Diameter ceeeecectvececce

Area of Cross Section ...

Height oo‘oooo-'ocoaocoo-o

Volume

0o o000

2.79

sof
50%

25%

25%

L7 + 2%
100% |
35 psi.

1.31 in.
1.35 sq. in.
2.875 in .
3,88 cu. in.
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