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A B 5 T RAe T

The stress-strain-time relationships of three cohe-

sive soils were studied to verify some of the available
•models, specially the Kavaz~njian-Mitchell (19bG) general

model under one dimensional consolidation to preDict the

deformation behaviour with time.

The investigations involved one dimensional consoli-

dation test on six identical specimens of each type of

soil at stress intensities of 20 to 120 per cent of

unconfined compressive strength.

On the basis of the teet results a model was proposed

to predict the time dependent deformation behaviour of

cohesive soils.



" . ;

39

9
9

32
37

29

B

26

21
2'j

1

2

v

13

16
17

11

i

ii

VJ..i
viii,

...

...

...

...

...

...

...

...

...

...

•••

...
(1968) Creep Function
Singh_Mitche1l(196B)Creep

of Singh_Mitchell(196B)Creep
One Dimensional Case

'-..

...

Characteristic Behaviour of Secondary
Compression. •••
Relationship among C ,C and t. ~ c
Kavazanj ian-Mi tche11 (1960 )Consti-
tutiveModel

5ingh~"itchell(196B) Creep-Rate
Functions

Consolidation Process
Terzaghi'~ Consolidation Theory
Deviations from Terzaghi's Theory
General Characteristics of Time-
Deformation Curves •••
Factors affecting Time-Deformation
Behaviour of Soils
Causes of Secondary Compression
General Creep Behaviour of Soil

LITERATURE REVIEW

INTRODUCTION

2.16. Summary of Main Points

2.13
2.14

2.15 Limitation~of Kavazanjian-Mitchell
(1960) .Generai Model for Predicting
Stre.s-Strain-T~me Behaviour of Soil

Singh-MitChell
Limitations of
Function •••

2.11 Application
Function. in

2.9
2.10

2.6
2.7
2.8

2.5

Figures
Tables

r; .0 r~ T .£ N T 5

. j'

f~a l] e

CHAPTt::R2
2.1
2.2
2.3
2.4

1.1 General
1.2 Introduction to the Problem

•

CHAPHR 1

List of

iIcknow led gements
I .

hbstract
Li~t! of



....

41:J

J. V

53
53

74
b7

59
62
63

90

112

104

106

...

...

...

..,

...

...

..,

•••

...

. .,

RESEARCH SCHEHE

ANALYSIS AND DISCUSSION

LABORATORY INVESTIGATIONS

Time-Deformation Characteristics of
Soils
Relationship Between C and Ca: c
Verification of Singh-Mi'tchell( 1980)
Creep function in One Dimensional Case
Discussion on Kavazanjian-Mitchell(1980)
Gen,eral Model

Kondner's (1963) Hyperbolic Stress-
Strain Relation

Deformation Behaviour of Soil with
its Type •••

Test Methods for Classifying the Soils
Replicate Sample Preparations
Test Procedure for Determination of
Stress-Strain-Time Behaviour of Soils
So'ilMaterial s Used •••
Analysis of Test Re,sults

3.1 Statement of the Problem
3.2 Laboratory Programme

5.2
5.3

5.5

5.4

4.4
4.5

CONCLUSIONS AND RECOMMENDATIONS
fOR fUTURE RESEARCH

6.1 Conclusions... 107
6.2 Recommendations for future Research 108

CHAPTER 4
4.1
4.2'
4.3

CHfiPTtR 3

CHAPTER 6

CHAPTER 5
5,1

APPENDIX-II Test Pr.ocedure tO,Measure the
Parameter. m, -(i, A ••• ... 115

APPEND IX-I II Concolidation Readings ..- . 117
APPENDIX-IV T.ables of Strain Reates ••• 121

, ,
APPENDIX-V Listing of the Computer Programme

to Celculliltethe Strain Rates ••• 127
REfERENCES .,, ,., .., 129

APPENllIX-1



20
21

22

12

29
31

33

lU

34

se

36
37
40

42
57

61
64

65

72

66
66-70

, .,

.. ,

...

...

in.

., .

...

..,.,,

S1:ress

,,,

time during. , ,

..,

, , .

..- . ...

versus

and consolidation

time rel~ionships
theoretical and observed

...

, , ,

strain rate with deviator

creep stress intensity onInfluence of
creep rate
Variation of

.'Strain rate versus
Comparison between
creep ..•

OESCRIPTlOli

Relationship between C
0:pressure

General volumetric model after Kavazanjian
and Mitchell (1980) ,.'

in the mould ...
in the loading

The placement of soil sample
The arrangement of the mould
frame

!Typical percent consolida~ion
logarithm of time curve
Types of compression curves
Variation of axial strain with
creep ,.•

Ko as a function of OCR and plasticity index
The coefficient of secondary compression, C
from consolidation test a

LIST OF FIGUf,ES

A view of the consolidation test machines
used in experiment
Classification 6f soi~s investigated
Grain size distribution curves for the
soil tested •••
Stress-strain curves for the soils tested
unconfined.compression ••,
Dial reading v~rsus log time curves
Stress vs. strain curve in unconfined
comp'ress~on'for the ,soil used to observe
the effect of time on Co: •.•

Compression-log time curve for consolidation
pressure near critical pressure

'Relationship between C and time
0:

Relationship between C' and C'0: C
Instant and delayed compression

r! ,;;JRE

2.1

2.2
2.3

2.4

2, 5

2.6
2,7

2,e.' 2,9

2,10

2,11

2,12
2.13
2,14

2,15

4,1
4.2

4.3

4,4
4,5

4,6

4.7
4,8



DESCRIPTION

Variation of strain ~ate with creep stress .••

'J J.

73

89

BB

114

111

113

B3-85
56

75-77
79-61

95-103•••

...

...

...

. ...

...

...

...

...

•••

...
, ...

Composite re~ponse in transformed hyperbolic
form

Transformed hyperbolic representation of
stress-strain

Strain rate vers~s time relationship
during creep ••. • .•

Variation of C with pressure
_ - (X

Dial reading vs. log time curve for the
soil sample used to observe the relationship
between C' and C' •

IX c
a) Void ratio vs. log pressure curve (b)
Variation of C with pressure (c) Relationship
between C~ andaC~ ' ••• • ••

Comparison between observed and predicted
behaviour of creep by modified 5ingh-
Mitchell creep function •••
Rectangular hyperbolic representation of
stress-strain .•• .••

Dial reading versus log time curve- for,
t~e soil used to observe the effect of
time on C

! 0;

Variation of axial strain with time during
creep

1-1

1-3

1-2

5.7

5.6

5.4
5. 5

5.1

f I GLJ H E

4.9

5.2
.s. 3



VIII-X Tables of Strain Rates to Plot log
Strain Rate Vs, Creep ;;tress

V~VII Tables of Strain Rates to Plot log
Strain Hate Vs, log Time .,'

67

92

38

93

63

64

121-123

124-126

.117-120

...

.,,

,..

,,,

,..

DESCRIPTION

LIST OF TABLES

Values of C Ie for natural soil deposits
IX c •

Calculation of stress level

Consolidation Readings with Time

Characteristics of Soils Used

List of Singh-Mitchell Creep Parameters

Classification of the ;jails used in the
Investigation ,., ,••

Unconfined compressive strengths

I-IV

5,1

5,2

2,1

TABLE

4,2



PL = plastic limit;

= secondary compression index;

NOTAl"lciN5

= projected val~$ of strain rate at zero creep stress
on logatith!" of strain rate, vs. creep stress plot
for unit time;

= constant.of integration in 5ingh~Mitchell creep
function, ','

= compression index;
= true compresaion index;

time straight line;

= true secondary compression index;
•

= stress level;

= solid height;

= liquid l.imit;

= initial void ratio;

= deviatoric stress; (0-1 ':'''3);

= strength of soil; (0-1- IT)) f;

= void ratio;

= coefficient of earth pressure a t rest;"

= slope of logarithm of strain rate versus logarithm

end of primary consolidation;

= dial readings at time tdl and td2 respectively;
i I

= dial reading to the time corresponding to the
I

i.:= any time;

C
a:

A

a

C'a:

C c
C'c

e

H

D ,

LL

qu = unconfined compressive strength;

t

Hdo = the theoretical dial reading at t = 0;

m

Hdl,Hd2
Hdioo

PI = plasticity index, LL-PL;

'k o



,. x

= criti~al pressure.

= lateral effective stress; and

of stress intensity, D;

of the log strain rate vs. creep stress plot;

strain rate vs. s tress plot at any time. t;

= applied deviatoric stress; (if1 - 0:-3)

= applied ver~ical stress;

= applied pressure; normsl pressure;

= lateral stress;

= value of strain rate at unit time. a functi,)n

_ projected value of strain rate at D=O on log
= strain rate at any time t;

= delayed volumetric strain;

= immediate volumetric strain;

= "D f;

= axial strain at any time~ t;

= strain at time tl;

= volumetric strain;

.- unit tim e;

the tim e r'equired for in stant compression to occur;

= any time at which less than half the consolidation

has taken place;

(Jc

("1-0-3)f = deviatoric stress at failure;

"l f = Df in one dimensional compression;

0\ = vertical effective stress;

<1"3

Ifl - (f'3

s

e v

"

td2 = 4 tdl;
" = value a f the slope of mid ran,ge linear portion



CHAPTER 1

INTRODUCTION

1,1 General

The engineers of twentieth century are finding it

increasingly necessary to rely on rational. scientific

methods of analysis, with correspondingly less emphasis on

empirical rules or on experience, For a system.atic method

of analysis and for reliable results, a good knowledge of
•

the physical properties of soil as well as its behaviour

under various conditions are required, Since the physical

properties of soil depend on a large variety of.factors

and the great complexity of the interaction of these factors,

they impose a heavy burden on the investigator. The founda-

tion engineer is concerned with the deformation behaviour of

soils and has to know by how much a soil will be-compressed

under load and at what rate the compression will occur.

This information is important in order to make reliable

estimates of the settlement of foundations anu the possi~le

volume change of an earthwork,

Soil engineers have, in the past, focussed their

attention mostly o~ the strength of soils, but very little

on time dependent stress-strain behaviour. To date, no

completely satisfactory stress theory has been developed
.. i I

by means of which the deformation behaviour of the soil. ,

underneath the structural loading can be accurately

predicted .
•

!
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for an improved understanding of fundamental mechanism

contributing to the settlement of foundation in soils, the

studies of stress-strain-time affects are required. In order

to develop stress-strain-time relations for a real material,

an accurate model of the ~aterial is required which will

explain the physical parameters responsible for deformation

behaviour. At the present time, no general constitutive

model which can accurately predict the time-dependent defor-
•

mati on of cohesive soil is evailable~ In fact, the develop-

ment of a realistic stress-strain-time relation for soils

is one of the greatest unsolved problems in soil mechanics.

1.2 Introduction to the Problem

In an element of soil which is subjectsd to constant

external strssses, a change in the internel pore" pressure

will cause an altsration in the effective or intergranular

stresses. We may examine the effect of such change of

effective stress on void ratio.

The compressibility of the soil structure is the

principal factor to be consider~d in the deformation of a

cohesive soil. In a sit~ation of this type, the compressi-

bility of the soil solids is negligible and that of a pore

water is very small in comparison with the 10rypressibility

of soil structure (Scott, 1963). The soil, structure includ8s

th8 consideration of the orientation and distribution of

particles in a soil mass and the f6rces between adjacent
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particles. In general a~ystructure with high porosity, is

more compressible than a denseene •.A soil in remoulded

state is ueually more compressible than the same soil in

natural state.
. "

The time lag during compression in sands is largely
,

of frictional nature. Generally sands are so pervious that

the time lag is about, same whether the sand is saturated or

dry. Howevar, because of the lowp~r~eabilities of clay, the

compression under a load doss not occur immediately, since

time is required for expulsion of water from soil voids.

The process is, therefore, time dependent and t~kes place

through the gradual transfer of the applied stress from the

pore water to mineral skeleton, so that ultimately load is

carried by the soil structur~ and the process is called

consolidation. If the rate is controlled solely"by the

resistance of flow of water under the induced hydraulic

gredient, the process is term'ed as primary compression and

the decrease in volume of the soil mass that takes place

after the dissipation Of all excess pore water pressure

is known as secondary compression.

In many soil deP9sits, the volum~ change that occurs

after excess pore water pressures have dissipated are too

small to be of practical importance. Howeverr'lin some soil

deposits, the subsequent volume changes m~y e~ceed those

Occurring during primary consolidation. In highly organic

soils, such as peat, ,excess bydros~atic pressure may dissi-



..
excess pore pressur13 (Simon's, 195'7). Same fact '.-las'observed

I ...

,',

settlement of 23 inch,~n 22 years after the end of cons-

truction. From the observed settlement versus log time

plot, it was found that ihe sattlement wssim~inly due to

the secondary time effect. This conclusion ~as arrived at
~

from the measurements ,which showed full dissipation of

ments. For example, a gymnasium in Drammen continued a

settlements were stiiltaking place after 30 years. In

, I

was virtually complete, but for the other two structures,

more, after 10 years the settlement of the Masonic Temple

Auditorium Tower are 47 per cent and 62 per cent. Further-

The corresponding figures for the Monednock Block and the

Drammen, Norway, structures suffered large secondary settle-

4

settlement of Masonic TemPlle developed after five years.

Several case r~cords'are available which clearly show

MacDdnald, 1955). More than 90 per cent of the total final

Tower showed substantial amount of secondary settlement

pore water pressure. The three weli known Chicago structures,

the Masonic Temple, the Monadnock Block and the Auditorium

that in certain cirtumstances a large part of the observed

settlement has occurre'd after full dissipation of excess

(noted by Simons end Menzies" 1976 from Skempton, Peck and

ssion is significant.

" , .

pate sO rapidly that only secondary tompression may be of

practical interest. Generally, in most organic soils and

in some inorg~nic silts the magnitude of secondary compre-
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by Lewis (1956), He found that the soil underlying an embank-

ment, the height of which did not excaed 4 feet, contained

strata of organic clay and paat", suffared a settlement of

9 inch 'in,4+ years and the sattlament was continued, Bejerrum
, 1',

(196e) reported th~t the'structures subjected to large

variation in live load_ for'example, silos, storage tenks,

and high-rise structuras undar the'wind action may experi-

ence appreciably larger secondary settlements compared to
•

the nonvarying ,load conditions, Satisfactory prediction of

secondary settlement is, therefore, certainly a matter of

practical importanca.

The present available methods of settlement calcula-

tions do not include the effect of secon'dary consolidation.

The 24-hours period observation between increments of load,

for example, may result in an incomplete picture of the

true settlement-tilne performance, Therefore consolidation

observation for structures and embankments should be conti-

nued over a sufficient period of time for the long term
;

trends to be indicated, However, it is convenient to develop

a .model that 'would provide accurate prediction of the time

dependent deformation with stresses from test results that
•tske reasonably short period of time, But the settlement of

soil deposits, specially that exhibit secondary compression
I I '

to an important degree, cannot be evaluatedrptionally. '

because of complex nature of secondary consolidation.
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"

. 'r ,

' ..

Generally, secondary settlement is approximated by a

straight line on a settlement ve~sus logarithm of time

behaviour has recently bee~ suggested (Kavazanjian and

viour of an embankment on peat soil in Holland which

suffered a continuous settlement', linear with logarithm

cannot in general be expected to give reliable prediction

plot (Buisman, 1936; Koppejan, ~946; Zeevaert, 1957).

Buisman (1936) 'cited an example of the settlement beha-

.
account all the factors which are known to affect secondary

,
of time for more than eighty years. But there are many

evidences to indicate that such a simple extrapolation

Various theoretical models have been proposed (Wahls,

1962; Barden, 1968;, Singh and Mitchell, 1968) in order to

in field problems (Leonards, 1962; Simon and Menzies, 1975).

predict secondary compression with time, but there is yet

compression. Therefore, a general constitutive model sui-

no satisfactory treatment available which takes into

table for use for analysis of geotechnical problems that

gating the various parameters of this constitutive m~del.

rement. However, a constitutive model to 'predict such

involves time dependent deformation behaviour of cohesive

Mitchell, 1980) by unifying existing phenomenological

models and reouires intensive experimental verification., , I I

T'he prec,ent research is performed with a.vie\' to investi-

soils under arbitrary stress condition is an urgent requi-
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With this in 'mind, the constitutive model was tested

for different types of ,soil (for.purpose of this thesis,

the term soil will be :used for cohesive soils only) and

stress-strain-tim~' effects for" soil deformation are studied

on the basis of this model under restricted boundary condi-

tions. To get more information about the deformation beha-

viour of soil, it is required to c~ack the previous pheno-

menological relationships used to define the general cons-

titutive model and to suggest modifications so that improve-

ments can be made on the general model to predict deforma-

tions more accurately.

, ".
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CHAPTER 2
, ,

LITERATURE,REVIE~

2,1 Consolidation Process

At the inatant of application of pressure on a satu-

rated, fine-grained soii mass, almost all the applied

pressure is transferred to the pore water, because water is

virtuaily incompressible in comparison with th~ compressi-

bility'of soil structure. The excess hydrostatic pressure•
,initiate a flow of water to drain out of the voids and the

soil mass begins to compress. A portion of the applied

stress is transferred to the mineral skeleton, which in turn

causes a reduction in the excess pore pressure, This process

i~volving a gradual compression occurring simultaneously

with a flow of water ou~ of the mass and with a gradual

transfer of the applied pressure from the pore'water to the

mineral skeletoni is called consolidation, Conventionally,

the process of cOf)solidation is divided into primary conso-

lidation and secondary compression, The reduction in volume

which is solely due to the flow of water from the voids

under excess hydrostatic pressure is termed primary con 50-

lidation, primar~ compression or primary time ~ffect and

is compatible with the Terzaghi l1943) consolidation theory,

Even after the reduction of all excess hydrostatic pressure
ii'

to zero, the soil mass continues to decrease in volume with
, , ,

time and is unaccounted by Terzaghi theory, This process of

reduct~on in volume ,is referred to as secondary compression

s ",condary'con.solidat'ionor ,secular tim e "ffect,
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2.2 Terzaghi's Consolida~iori 'Th~ory

The mechanic~ ~f.COh~olidation proposed by Terzaghi

(1943) are formulated from a hydrodynamic process. The

concept is based on the premise that in a saturated soil

for every void ratio there exists a maximum effective

pressure that can be supp~rt~d by the intergranular soil

skeleton. If a pressure is applied in excess of the capacity

of the soil skeleton at the existi~ void ratio, the excess

pressure at the instant of application must be supported by

the pore water. The development of pore water pressure in

excess of hydrostatic pressure causes water to flow out from

the soil and the soil mass decrease in void ratio to support

the applied pressure. 'This decrease in void ratio increases

the effective pressure of the soil skeleton and causes

corresponding decrease in pore wate~ pressure. this process

continues until the excess pOre water pressure is reduced

and the applied pressure is entirely supporteu by the soil

skelaton. Thus, in Terzaghi's theory, primary consolidation

i~ related to the development and subsequent dissipation of

pressure in the pore water and the rate of primary consoli-.
dation is derived from the principles of hydrodynamics.

2,3 Deviations from Terzaghi's Theory

Expression for the rata of consolidation was first

developed by Terzaghi (1943) for the special cas~ of one
.,

dimensional flow from a laterelly confined soil, However •

.'
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importantabberatio~s ere observed between predictions made

by the Terzaghi the~~y and 6bservations of the time rate of

consolidation, both in the field and during laboratory tests.

The most notable difference in ;the time-deformation curves

occur when the theoretical primary curve approaches its 100

per cent consolidation (see fig. 2.1). It is found that, the

Log Time

fig, 2,1 Typical consolidation versus logarithm
of time curve,

experimental time consolidation curve is in agreement with

Terzagh's theory'of consolidation only upto about 60 per

cent consolidation, This difference between observed conso-

lidation and theoretical primary consolidation is due to
i I

~he secondary time effects and defined as secondary
I

compression,
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. ,'.

2.4 General Characteristiea of lime-de'formation Curves

The time-deformation curves for remoulded clays for

secondary compression have a similar shape throughout all

the ,load incrementsirrespectiva'of the type of clay. With

a few exceptions forisboratorycleys, the ultimate settle-

ment may be reached within~hiee'weeks, the time required

increase slightly with the loading increments. The undis-

turbed samples, however, exhibit pronounced changes in the
, .

shape of secondary compression curves for different load
Iranges. for pressure'incremen,ts below the preconsolidation

load, the secondary time effect is small and the' final
"settlement is reached within a period of less than a week.

At pressures near the preconsolidation load, there is an

abrupt change in the shape of compression curve and secondary

compression is important (La, 1961).

from a stu9Y of the available literatures published on

the time-deformation characteristics and experimental evi-

dences, Lo (1961) classified time-deformation ,curves from

their characteristic shapes in a logarithmic time plot into

three catagories as shown in ,fig. 2.2.

(a) Type_I curve 'has a gentle curvature concaving up-

wards, the rate of secondary consolidation decreasing with

ti~e and the curve becomes horizontal when ~hJ ultima~e

settlement is reached. The time required for this type of

curve to,reach final settlement is comparitively short being

the order 9f 20 days 'or so for remoulded soils. r'lostof the

; "
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•Gradual
Type
II .l?l-

III
Type (a)

105.106102 103 10"
Time - min

co.-
III
III
41
l-e.
E
o
u

Fig. 2.2 Typas of compression curves; Lo (1961).

(c) Type-III curve is concave downwar~. i the ,rate of

,,

(b) Type-II curves are characterizad by the propor-

tion of compression can be ei'ther 'gradual as in Type IIl(b)

then slows down gradually and finally vanishes. The accelera-, ' '

ssion decreases rapidly near the ultimate stage and become

zerO as the final settlement is attained. This type of

. ,
secondary compression increases with the logarithm of time,

curve has no well marked inflection point.

time for an appreciable'range of time. ,The rate of compre-

tionality of secondary compression with the logarithm of

the existence of an inflect,ion point.

.: . .
The distinctive ch~racteristics of thi~type bf curve is

remoulded sample of different cleys fail within this group.
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'I,

13'j.

the observed consolidation curve bear s littl e resemblanc e

The shape of the time-deformation curve can vary over

a wide range depending on the soil type; structurel arrange-

this type of compression ~akB~ alonQ period to attain and

tests take up to 100 days or more to reach equilibrium.

•

pointed out that for most inorganic clays, primary consoli-

Effsct of Soil type: Therelativs magnitude of primary

and secondary ~ompression vary with soil.type.Wahls (1962)

bond between particles., The rate" however,' decreases at

and on drainage condition.

l ;' ...

a loose structure snd i8'bel~teved,to the breakage 0 f the

deposit can have a marked influence on the time-deformation

datio~ is much greater than secondary comprassion. However,

ment of soil. total pressure and void ratio, stress history.

or abrupt as in Type lIIea). The ultimate settlement for

2.5 Factors Affecting Time-deformation Behaviour of Soils

large time and ,becolileszero a~ the ultimate stage •

character.istics of soil. Lo (1961) reported that T'ype-lII

Type-Ill curvas' arepresen~ only: in natural deposits of

to the theoretical primary consolidation curve.

Effect of "'tructure: The structure of ~ ~atur'a1

magnitude of secondary compression is significant. For some

of these soils, the secdndary compression is so large .hat

in most organic soils and in some inorganic silts, the~ .~
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curves are present o,nlyin natural deposits of e loose

structure and most of theremoulded semples of different

clay gives Type-I ,time-deformetion curves. The later case
•• L -

takes much less time than the undisturbed semple of the

same soil. Scott (1963) mentioned thet when a body of soil
, "

issubj ected to a given deformation which is thereafter

held constant, it developes an initial interparticle stress

which diminishes as a function of time as the molecules
•

gradually migrate to minimum energy position. Therefore,

the deformation process depends on the size of clay plate-

lets and the structural arrangement o'fparticles as they

affect the yielding or sliding of clay platelets of their

points of contact.

Effect of Total Pressure and Void Ratio: Based on

the secondary compression characteristics obserVed in the

laboratory studies Wahls (1962) found that the magnitude

of secondary compression is a function of total pressure,

the void ratio and time and ie independent of the magni-

tude of the pressure increment. Vaid and Campenella (1977)

observed that deformation increases under constant applied

stresses as the fevel of creep stress increases.

Effect of Stress-History: Vaid and Campanella (1977)

investigated the time dependence of undrai~e~ stress-strain

and strength behaviour of a natural sens~tiv& marine clay

and found that the stress-strain and strength response of

: ', ' •
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They found good sgreement between the observed and predicted

ment of time or an increment of effsctive stress should

therefore time-:dep'ehdent.Th,emagni~ude of the changes in

15

clay is a function of history of loading or deformation.

fabric and in the forces between particles during an incre-

behaviour to correiate ~t~ess-strain-time behaviour of clay

by using the concept that, stress is a function of current

nism of volume cha.nge is s chain reaction process and is

Effect of Drainage Condition: The relative magnitude

and effective stress.
depend on the intensity of the previous changes with time

strain and strainr~te only;

Mesri and Godlewski (1917) reported that every mecha-

required to dissipate excess pore pressure and hence on

of primary and secondary compression depend on the time

the thickness of the soil specimen. With the decrease in

the length of the drainage path, the time required to

dissipate pore pressure becomes shorter an~ the secondary

compression is more pronounced. From the test results of

secondary compression increases with the increase of the

Berre and Iversen (1972). it was found that the rate 0 f

thickness of the specimen though more time is required for
ithe dissipation of excess pora water pressure.
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:,.,:
2,6 Cau ses 0 f Secondary Comer'assion

Possibly the viscous yielding of the grain structur~

is the cause of secondary compression, A delayed progressive

slippage of grain upon grain. or p~ate upon plate, as the

particles adjust themselves to a dense condition in the

viscous state, appears to be rasponsible for secondary

compression, Terzaghi and Peck (1946) assumed this concept

that the secondary compression is due to the gradual read-
•

justment of the soil structure to stress combined with the

resistance offered by the viscosity of the adsorbed layers

to ~ slippage betw~en grains~ Wahls (1962) also ~upport

the view of the viscous yielding of the grain structure as

the cause of the secondary compression, The effective

pressure that the interrgranular structure can support

depends on the particle orientation as well as the void

ratio, Therefore viscous reorientation of the grains

gradually reduces the capacity of the intergranular skele-

ton and produces a tendency for a small part of the inter-

granular pressure to be transferred to the pore water, This

tendency is relieved ~f the void ratio is reduced slightly,

It is generally assumed that the particle orientation occurs

so slowly that the pore pressure developed by the process

are negligible, Thus, the secondary rate of void-ratio change
i Iis "governed entirely by the rate of viscou s yielding and is

independent of hydrodynamics,'

,
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Barden (1968.) suggestea ,that a cause of prolonged

secondary tail is due to the marked decrease of permeability

during the consolidetion process, According to him the

possibility of ,micro pore structure being responsible for

secondary effect, He clinsider~d the soil as a domain or

packet structure containing micropores. interwoven by a

network of mecropore. rhe primary stage is the usual
,

Terzaghi process governed by the rate of dissipation of

pore pressure in the network of macropores. As this pore

pressure falls, load is transferred to the packets and

secondary consolidation process taking place in the micro-

pores of the packets; the rate of consolidation then being

independent of the ,overall sample dimension.

Sowers (1979) stated that secondary comppession,

appears due to the result of plastic readjustment of the

soil grains to the new stress, of progressive fracture of
the particlethems'~lv~s,

2.7 General Creep Behaviour 'of,Soil

If a given stress is applied to a body of soil a

continuous deformation will take place as the soil particles

migrate in the microscopic stress field, provided that, the
I I '

mlcrostress exceeds a certain value determinpd by the

natur" of the intermolecular bonds, the regularity 0 f the

structu~~ and the thermal state of the system. Thepheno-

.. ; ,'.

I:.
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menon is called plastic flri~ or creep. The creep behaviour

is present to some extent in primary' consolidation and

solely in secondary compression. In the following discuss-

ions. the term' creep' will be used for the deformation

of the soil structure due to the plestic flow at constant

stress in both the primery and secondary compression.

Sometimes creep stress is expressed aS,a percentage of

failure strength of the soil and is termed as stress.'
level.

A number of different rheological models have been

proposed to provide e description of the creep behaviour

of soils. Some investigators (Gibson and Lo, 1961;

Murayama and Shibats, 1961; Garlanger; 1972) constructed

the mechanical models of clay by introducing mechanical

elements like springs, dashpots and friction surfece and

arranged them in such a way that they provide a reasonable

approximation of the behaviour of ~ertain soils and loading

conditions. Others (e.g.; Singh and Mitchell, 1968) used

phenomenological models. The mechanical models gave rise

to differential equations which were compliceted and dfffi-

cult to solve even for simple boundary conditions (Scott,
, "

1963). For the present thesis studies concerning the creep

behaviour of soil were limited to the pheno~e101ogical

models only.

Finne and Heller (1959) .uggested that followino the
,

period of transient creep duiing wHich the $tr~in rate

. .. ,

]: .. ,
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Fig, 2,3 Variation of axial strain with time.
'during creep; Paduana (1965).
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.
consisting of a mixture of 40 per cent kaolinite and 60

per cent sand under two different creep stress level.

continously decreases, creep continues at a constant rate

for some period of time as ~ho",n in F'ig. 2.3 for a soil

In the course of continuing study of the stress-

strain-tim e behaviour 0 f' soils. Singh and Mite hell (1968)

oractice. a nea,rly linear relationship is found' betwesn

observed a phenomenological relationship of the influence

of the creep stress intensity on creep rate at 59me given

time after the stress is applied, In the~iJrange of
I

stresses which are representative of stre'sses ,used in
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€ = Strain rate

D

Influence of creep stress intensity
,on creep rate;' 5ingh and Mitchell( 1965).

o
,A

Fig. 2.4

For many clays sGbjected to loading within the range

) .

20

Failure
Range of Engg.

IE Interest ~

, lJ)

bay mud in Fig. 2.6.

strain rate and time as shown as an example" far 5an FranciscQ

ship is best illustrated by the form of a plo~ between

istic relationship between strain and time. This relation-

of engineering interest for instance 30 percent to 90,per

cent of fail~re strengththeie appears to be a character-

At stresses ap~roaching the failure stress of the material

the strain rates become very, larqe and failure occurs.

Fig. 2.4 and 2.5 show this type of,behaviour of soil •

creep rates are small and of little"practical interest.

the logarithm of strain rate and stress. At low stresses
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Fig. 2.5 Variation of strain rate with deviator
stress for undrained creep of remoulded
illite; Singh and Mitchell (1968).

Based on the phenomenologica.l relationship mentioned

In

2.6 Singh-Mitchell (1968) Creep-rate Functions

above Singh-Mitchell (1968) developed a creep rate function

(or a range of stresses where the curves ai-e i1ine.ar.

The r~lationship shown can be expressed by,
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( 6)

( 5 )

( 4 )

( 3 )

( 2)

" ,, ~:' ,-,

",

deviator-stress plot.

the logarithm of strain-rate versus,

ex = value of slope of the linear portion of

t ;

e function of time after start of creep.

.',

function of stress intensity, D;

portion of the logarithm of strain rate

versus logarithm of time plot; and
•
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tl = unit time, e.g., 1 min.

m = absolute value of slope of the straight

• _value of strain rate at unit time, ae(tl,D)

For the case of D • 0, this equation may be written as

Eliminating A from aquation (1) and (3) gives,

in which 8( ) = fictitious velue of strein rate at D=O,t,Do

ed by
••

In (. ) = ,aD
&(t;Do)

• In • + aDor, In e • 8(t;Do)

The same data plotted in the form of Fig. 2.5 can be express-

or,

1'nwhich • = strain rate at any time, t;e !
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( 13 )

( 7)

(
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'-.. ;

to a value of 0 = O.

rete and devietor stress at any time

the reletionship between log-strain

which e ) = value of strain rate obtained through
. (tl'Do .

proj llctinl,lthe straight portion of

Eq.(9) is a simple three-parameter relationship which

."

When the creep stress is expressed as a unit of stress,

the parameter IX will have units of reciprocal stress, e.g.,,
2 kg. If, the other hand, the is expressedcm per on stress

as a stress level, i.e, the ratio of creep stress to failure
. i !

strength at the beginning of the creep, D/Or then the dimen-

sionless function IXDf is appropriate. It has been found that

•

In • = In '(t D) + «0 -m In
l' 0 •

appears adequate for the description of creep rate charac-

teristics of a variety of soils.

in which A =

which may be written es

or •. = Ae«D, ..

Thus eq. (4) becomes;

in
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(ll)

( 12 )

( 13)

( 14 )

(m # 1)

(m = 1)

•,,

AeaOt In t + const.1

A eaO
91 - I-m

a = aOf and 0 = O!Of = stress level.
•

'.,'

, ' ,

,~ .

, .
Thus eq. (9), may bl!!further generalised to

A general relationship between strain and time may be

It has been found that the value 0 f the parameter m for

8 '"

The constent of integration in eq. (12) and eq.'( 13)

a =

, '

for a given soil typ e" values' of ttDf do not very greatly
for different weter contents. This fact was also confirmed

by Campanella (1965) from creep tests on illite.

in which

2.9 Singh-Mitchell (19613) Creep Function

obtained by integration of eq. (11).

practical purposes may be taken as unity for many cases. Then

can be evaluated from • kno~nvalue of strain at some known
valu e of time, for instance, unity. If 81 is strain at unit
time t = 1 and if tl = 1, the constant of iht1egration, a of
eq. ( 12) will be



be r,,!writtenas

a nonlinear relationship holds.
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(15 )

The eqs. (16) anrl (17) are the derived Singh-Mitchell..

nature of the parameter A is shown in fig. 2.4. It is mean-

that reflects composition, structure and stress, history. The

paramgter a indicates stress intensity effect on creel) rate

• ••Thus the solution given by eq. (12) and eq. (13) can

Singh-Mitchell (1968) general model has bee~ proposed

with logarithm of time (provided t::>1). In general case mil.

ingful, however, it reflects the order of magnitude of the

._-
(tp-m" IXD (m ~ 1) ( 16)e = a + TZm e

and Ae IXD In t (m = 1, t>l) (17)
6 = 61 +

to d8scribe the axial deformation of samples in triaxial

creep rate for the soil and thus in a sense of soil property
. I I

shows that only for the case m = 1, the strain vary linearly

many of the facets of the real soil behaviour. The .fictitious

compr"!ssion when subject to a constant deviator stress (creeo).

2.10 Limitations of Singh-Mitchell (1968) Creep function

The rate of deformation is expressed as a function of three

material constants - A, IX and m. These parameters describe

and for eq. (13) it willb&

(1968) creep function. An examination of eqs. (16) and (17)
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and the valLe of the parameter,m reflects the rate at whichi '

the strain rate decreases with time. The value of m is found

to lie between 0.75 andl.O. It has been found that the value

of parameter m may for practical purposes be taken as unity

in many cases, Singh-Mitchell (1968) mentioned a number of

such clays - Osaka alluvial clay, dry illite, London clay,

remounded San Francisco bay mud.

The threaparamaters A, a and ~ are calculated from
two phenomenological relationships as mentioned before

(Art. 2.7 and 2.8). Singh-Mitchell (1966) found these rela-

tionships valid for normally consolidated San Francisco bay

mud both in undisturbed and remoulpad (Fig. 2,6) conditions,

Similar relationships were obssrved for saturated remoulded

illite (Fig, 2.5; data taken from Campanella, 1965), dry

illite and overconsolidatad 'San Francisco bay mud, all tested

in,undrained creep, The result~ of drained creep tests on

undisturbed London clsy (Bishop, 1966), undisturbed Osaka

alluvial clay (Murayama and Shibata, 1966) give the same

relationship. Andersland and Akali (1967) have also observed

a linear relationship between logarithm of strain rate Fnd

creep stress fOr frozen ,soils.at high stresses.

Using the parameters A, ex and m Singh-Mitchell (1963)

developed a creep equation for a sustained dJv~ator stress D.
,

To compare the observed creep ~ith creep pfedicted by Singh-

Mitch",ll ,(1968) creep function, creep tests on illite and
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overconsolidatedSan francisco bay mud were performed by

them. The comparisonsilre illustrated in fig. 2.7(a) and

2.7(b) respectively. In each ease the value of 'a' or 'el'

of eq. (16) or (17) was chosen to give the best fit between

7 II

- Observe
6 0 Theoretical

• 5

"' 0.,.1.58 kg
c: l,

Cl•.. 3-U'l

a 2
0 0= .23

< 1 0=1.05
0=0.61

°0 10 100 .1000
Time- Minutes

Fig. 2.7(a) Comparison between theoretical and
observed creep of illite; Sing and
Mitchell (1966).

observed and predicted behaviour. The agreement is observed

good over a significant range of stress and time, however,

it deviates as time.and stress are increased. On the other

hand, using the data from Bishop (i966) they found that the

prediction is substantially in accordance with the real soil
I I

behaviour for any time and for any time and for the allowable
I

stress range.
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°T heoretiCal

4.0

~ 3.5
0 3.0
c
Cl 2.5•..-VI 2.0
Cl 1.5
)C 1.0<{

,
0.5,

Fig. 2.7(b) Comparison between theoretical and
observed creep of overconsolidated
San Francisco bay mud; Singh and
Mitchell (196e).

Though limited information is available, the results

Singh-Mitchell (196B) creep function is developed,to

.have proven to ba valuable for further study of Singh-

stress-strain-tima behaviour of soil,
Mitchell (l96e) creep function in order to investigate the

2.11 Application of Singh-Mitchell (196B) Creep Function in
one Dimensional Compression

describe the axial deformation of cylindrical samples under

deformation is expressed as a function of.three material

constant deviator stress in triaxial compre~s~on. The axial

c:onstants (A, ii, m), the deviator strass (D), and the ins-
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( 19 )

( 20)

( 21)

erl and the

(Since "3 = O)

- -
"1 - ITJ =0"1 - O"J =D =

"
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~enteneous deviator atress which would cause fai~ure in

triaxial compression (D,).

The laterel effective stress, 00-3 cen be expressed

predict the exial deformation. The equivelent result can
, .

be obtained by coneiderlng the influence of lateral earth

pressure on time-dapendent deformation of the soil.

:. '

Unconfined compressive peak strength may be taken as

For one dimensional compression, it is necessary to

in terms of the vertical effective s~ress

coefficient of earth pressure at rest, ko'

the failure deviator stress, then

In such situation the stress level, (D)

Now eqs. (16}and( 17) of Singh-Mitchell creep function may

be used taking the modification of D and ~ = a "If'

for undisturbed San Francisco bey mud. He, however,

Again KO is time dependent. Lacedra (lP7p) observed

the variation of ko with time~ He found that ko increasing

from 0.53 at t = ,1,000 minutes to 0.56 at t = 10,000 minutes
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neglected the increase of Df due to consolidation and thus

possibility of overestimating the value of ko at larger

times.

Neglecting the variation of ko with time and pressure,

its value can be calculated from'the empiricel relationship

the fo1lowi ng appro,ximate equation.

Over the region from PI = 0 to 40 per cent1the r~~ationshi6
,

is approximate~y linear for'nomrally con'solidated clflY with

among ko' overconsolidation ratio (sOCR), and plasticity

index given by Brooker and Iraland (1965) shown in Fig. 2.8.



32

Fig, 2.9).

( 23)

( 24)

k = 0.6B + 0.001 (PI - 40)o

ko = 0.19 + 0.233 log PI

, ,conducted a comprehensive study one secondary compre-

In the region PI = 40 to BO, ko is approximately

Al~an (1967) recommends

fo describe the secondary effects of compression of

2.1Z Characteristic Behaviour of Secondary Compression

soils, C ,the coefficient of secondary compression is used.ex

The value C is defined as the slope of the void ratio versusex

log time cUrve after excess pore pressure have completely

Both the methods for determination of k were used
o

in percent.
for normally consolidated clay, where PI = plasticity index

dissipated i.e, in the secondary compression range (see

C~ in One Dimensional Compression : The most common

assumption about C in one dimensional compresaion is ~hat
'tx

it is constant' i.e.,secondary compression curve on a void

in determining the deviator stress.

ratio vs. log time plot is a straight line, the slope of

which is independent of volumetric stress. tialJdand Preston',

ssion in one dim'ensional-consolidation tests and ,concluded

( 196 5)



remains approximately co'nstant for higher pressures. SOI'/ers
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studied a number of ~oils in which C remained prac-
ex

Fig. 2,9 The coefficient of secondary compression,
C from consolidation test,a

problems. However, Wahls (1964) refers the experiences

that this assumption is reasonable for most engineering

(1962)

tically constant beyond the preconsolidation pressure, for

From fieJ.d and laboratory measurements Qf secondary

some soils C decreased with increasing pressure and for .a. lX

few soils no trends were apparent. The later case involved

(1979) noted that C veries with effective press~re. wahlsex

soils for which the magnitude of secondary compression was

small, Fig, 2.10 shows the variation of C and C with
c 0:

consolidation pres~ure' for three cl~ys as observed by Masri

of Gray with New England clays where C atteins a maximum
a

.value in the vicinity of preconsolidation pressure and

and Godlewski i1977).

~rated that 1n ma~y cases th~ secondary compiession Curve

compression curve M esri and Godlewski (1977) have demons-
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Fig. 2.10

does not have same slope in void ratio versus logari~hm of

time plot. They. showed that the behaviour of this type is

dation pressure in the range of 0.5 ~ to a.6 ~ , in which'c c
~ c is the critical pressur,. Fig. 2.11 ~hbw~ this type of

behavio,ur of New Haven silt for consolidation pressure ne.,,.

most pronounced end often ~n increase in C for consoli-
a

Gritical ~resswre.
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C in Three 'Oimensional _Compression: Several investi-IX

gat-ors have-measured (:,_ fqr stx;ess sta':es other the" the
tX_
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They also observe~ that, for consolidatio~ pressure

Fi9. 2.11 Compression VB. log time curve for con-
solidation pressure near critical pressure,
New Haven silt; Mesri and Godlewski(1977,.

less than the critical pressure, C increases with timeex
whereas it decreeseswith time _for pressure greater than

pressure obtained from the void ratio versus log pressure

, --

the critical pressure. The critica~ pressure is the

curve corresponding to the end of primary consolidation~

Fig. 2,12 shows the relationship of C with time fOT two
IX

different soils. It was observed that for consolidation

pressure near the critical pressure Co:initiJliy increases
with time and then decreases.
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level. They conc~uded that C could reasonably be assumed' 0:

constant. Walker (1969) studied the volumetric creep under

I,'.
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one dimensional case. Ledd end Preston (1965) measured C in
0:

triaxial compression test'for different deviatoric stress

Cge/Cc =0.031,

triaxial conditions for deviatoric stress levels for less

than 10 per cent to greater than 85 per cent of the p;ak
, '

shear stress. He 'found that C is independent of deviatorica '

stress level. However, he reported a dependence on stress

system, finding diffarent values for C in Itrliaxialcompre-
0:

ssion. de Ambrosis (1974) in his study of the creep settle-

ment of,foundation, concluded that the effect of'stress
level on C to be insiqnificant.0: "', ' " '
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(a) Mexico.City clay, (b) lade clay;
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From the analysis of consolidation data on samples of

2.13 Relation~hip amon~.C'.C ~hd t
. . IX C

three natural soil deposits, Mesriand Godlewski (1977)

concludad that for linynature.l soil a unique relationship

exists between truesecohd~iy compression index

C' = e/ log t and true prim~ry compression index C' =~ . c

e/ log •. However. this result may not be true in general.

Fig. 2.13 for two' clays •.

This unique re.lationship between C' and C' holds true et~ c
any effective stress level, void ratio condition and time

during ~he secondary com~rassion stage. This is shown in

They also demonstrated that for a variety of natural

soils the valua of C,' Ic are in the range of 0.025 - O.H!;.~ c

0.5

o.~

-
""

0.1
0
.q

"-QI 0.2<l
"'{,

Cd-I Cc= 0.031,u
0.1
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C Ic0: C

0.03-0,04
0,05

0,035-0,06
0,035-0,083
0,09-0,10
0,025-0,06
O,05-0,OB
0,05-0,97

0,026
0,04-0.06
0,025-0,055
0,04-0,06 I
0,03-0,06

0,032 I
0,055-0,075 I
0,03-0,035 I
0,03-0,06 I'

O,LJ4-0,075
I

Values of C, Ic for Natural Soil Deposits
IX c

(after Mesri and Godlewski, 1977)

. '

New Haven organic clay silt

Whangamarino clay
Norfork organic silt
Calcareous organic silt
Amorphus and fibrous peat
Canadian muskeg
Lede clay
Peat
Post-glacial organic clay
50ft Blue cl,ay
Organic clays and silts
Sensitive clay, Portland
San Francisco bay mud
New Liskeard varved clay
Silty clay, C
N~arshore clays and silts
Mexico silty,~lay
Hudson River silt ,

Soil typs

the range 'fo,rinorganic 80ilis 0.025 _ 0.06. The high

values of C Ic correspond the high o'rganic soils. Table~ c ',' ,

2.1 provides a list for C IC values for a number of
IX c ,

soils.

Table 2,1

The magnitude of Co:/Cc can be usad to.predict the shaoF.!

of the volume change va, logarithm of time curve in the
transition from primary to secondary~ This may proJide a
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quantitative explanation for the cibserved shape of the
settlement curve,'

2.14 Kavuan j iari-t-litche11(1980) Constitutive Model

A genersl constitutive lIlodel.for the time dependent,

deformation behaviour of cohesive soil is developed by

Kavazanjian and Mitchell (1980) -by unifying existing

phenomenological moda1s for the stress-strain-time

behaviour of cohesive soil under arbitrary three dimen-
sional states of stress.

This constitutive model composed of separatejbut not
independent ~olumetrit and deviatoric components. Each

~odel component is assumed to consist of time-dependeni or

delayed and time-independent o~ immediate contributions.,

Bjerrum (1967) suggested that the deformation of a

soil is composed of immediate and del~yed components. The

immediate (or instant) component is that deformation which

would result if the excess pore water pressure set up by a

foundation loading could dissipate instantaneously with
.load application; da1ayed compressJ.on is the settlement

developing at cons'tant ~ffective stress. The concept of

instant and delayed compression is illustrated in Fig.2.l4.
I i

The concept of immediate compression di~fers from that

of primary consolidation, defined as compression occuring

during dfssipation of excess pore pressure in a consolidation
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Volumetric Model:, The void ratio _ log stress
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The elimination of hydrodynamic lag in the fine

Fig. 2.14 Instant and delayed compression,
after Bjerrum (1967).

test, in that primary compression can contain both ~mme-

diate and delayed contributions. Secondary compression,
however, consists, sOlely of delayed deformation.

grained soil is not POssible without altering its proper-

ties. Therefore, immediate compression cannot be measured

directly. If laws governing the delayed volumetric co~_

pression of soils can be deduced from observations of

secondary compression, the immediate deformation comoonent

can then be determined by subtracting the dlsliayedcontri_
bution from primary compression.

describe the immediste VOlumetric compression and
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• (26)

log (t/ti)

(av)d = the delayed volumetric strain;
eo = the initial void ratio;
ti = the time required for instant compression

to occur;

t = any time, t > ti•

The use of such a logarithmic model for deiayed

assumed to be valid ovet,a ~ids range of conditions

encountered within normal enginaering practice.

41

where

., .." :.,

•. '

Based on the discussion in Art.' 2.12, C was essumed
IX

independent of both deviatoric end volumetric stresses and

coefficient of secondary comp~ession was used to describe

the delayed volumettic compres~iJn of cohesive soils.

compression necessitetes arbitrarily defining a time

required for immediate compression to occur. For conve-

nience, it is suggested thatti is taken equal to unity.
Thus volumetric strain av is

in which (e ).• immediate volumetric strain.v :I.

i IThe virgin compression index Cc was also assumed

constant. This two assumption~ create a general model,

Fig, 2.15 is representation bf the ~eneral volumeiric
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- log stress

VOid Ratio
t

D= 0
0.2
O. 4
0.8
1 .0 ' ..-~..-,

log Time

. ,\'
: ' .'

,,

tained loading on an element of cohesive soil.

model in void ratio-log atress-log time space. Deforma-

stress ratios) can be described by a unique re~ationship

tion at constant devietoric stress levels (or principal

Deviatoric Model: To describe the time-independent

fig. 2.15 General volumetric model, after
Kavazanjian and Mitchell (1980).

among void ratio, effective stress and time under sUs-

undrained stress-strain behaviour Of soils, any of the

existing models can be used to describe immediate devia-

hyperbolic stress-strain model in conjunction with L~dd and

toric behaviour. For reason of aimplicity and compatibility,

Kavazanjian-Mitchell (1960), adopted the Kondner's (1963)

Foott's(1974) concept .of normalized soil properties.

Kondner (1963) suggested that the stress-strain curve

j'ora cohesive soil from a consolidated un~rbined, triaxial:

test could be represented by a rectangu18r hyperbola. He

demonstrated that the deviatoric behaviour of a -cohesive•
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soil at a specifiedo~erconsolidation ratio, rate of strain
. ,

and a confining preS$ure can be represented by a straight

line plot in whichexial strain/deviatoric stress is plotted

as a function of axial strain, The slOpe of .the transformed

plot is the reciprocal of the ultimate strength of the soil

and the intercept. is the reciproc'~l of the initial tangent
modulus of the soil"',

Comparison of bsst fit hyperbOlic curves with actual

stress-strsin curves has shown the asymptotic value of the

fitted hyperbola overestimetes the shear strength of the

soil. for this Kavazanjian and Mitchell (1980) employed a

third parameter, called Rf by Duncan end Chang (1970) which

gives the ratio of the actual shear strength of the soil to
the asymptote of the fitted hyperbolic curve,

To describe the stress dspendence of the deviatoric

stress-strain behaviour of normally consolidated cohesive

soil Kevazanjian and Mitchell (1980) adopted the ladd and

Foott's (1974.) suggestion and modified this model for over-

consolidated soil, Since the interest is on volumetric model,

no details are inCluded in this review, HOwever, pape~s by

Ladd and Foott's (1974) together with Hvorslev's (1960)

suggestion about equivalent ~onsolidation pressure for
overconsolidated soils may be consulted,

'" Detailed mathematical proof of the Kondner's (1963)
transfprmed hyperbolic model is given in Appendix-I.. ,

. . ~.
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To describe the del~yed deviatoric deformation of

cohesive soils, Singh-Mitchell (1980) creep model is used.

They choose this particular mode.l.'becauseit is simple as

it requires.only three paremeters to describe delayed

deviatoric deformation and.as it provides a good represen-
tation of the soil behaviour .•

The general deviatoric model evaluates both immediate

and delayed deformation as a function of the stress level,

( crl - cr3)/( Ifl - <1"3)f' in which ( lfi - (l"'3) is the applied

deviator stress and ( '''1 - <l"3)fi9the deviator stress at

failure evaluated on the basis of the unique re~ationship

between void ratio end deviator ~tress at failure postulated

by the general volumetric model.

2.15 Limitations of Kavazanjian-Mitchell (19BO) 'General
Model for Predicting Stress-Strain-Time Behaviour
of Soil

Kavazanjian and Mitchell (19BO) deve~oped a laboratory

experiment programme to test their general model for stress-
l'

strain-time deformation 0' 80il. Thay choose remoulded San

Francisco bay mud, a characteristic soft clay, for th,dr
test programme.

They found that the. geriera1 model did not predict well

the time dependent increase in pore pressurei d~ring undrained

laboratory teets. They supposed that many 'cohe'sive soil would

not confirm one or more of the components of this model,•

':, .
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Therefore, more experimental evidence on a wide variety of

cohesive soils is necessary in order to establish the

validity of the model. The evidence is likely to result in

some modificAtions of the genElral theory.

2.16 Summary 0 f 1'1 ain Points

The results of previous studies which have led to some

conclusions and generalization concerning the time dependent

deformation bahaviour of soils may be summerised as follOl",s:

1. The experimental time consolidation curve is in

agreement with Terzeghi's (1943) theory of consolidation

only upto 60 percent consolidation.

2. The time-deformation curves can be classified into

three types eccording to their characteristic beh~viour _

type-I: the rate of secondary consolidation decreasing with

time and become horizontal when the ultimate settlement is

reached; type-II: the rete is proportional to logarithm of

time for considereble range of time and then rapidly d~crea-

s~s; type-I II: the rate increases with time, then slows down
gradually and finally vanishes.

3. For most inorganic clays. primary consolidation is

much greater than secondary compression. But in most organlC
i isoils and in some inorganic silts, the magnitud~ of secondary

compression is significant.

I:.
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5. In many cases, the secondary compression curve

8. The deformation of a soil can be divided into

general stress-strain rate~timerelationship. Integrstion

7. The observed values of e /e for a variety ofex c '

natural soils are in,the range of 0.025 to 0.10. The high

does not ramain linear in void ratio versus logarithm of

6. For many natural soils a unique relationship exists

" .

values of e /e correspond to the high organic soils ••ex c ,

4. There exists a lirt~.r,relationship (a) between the

logarithm of strain rete and stress at any given tims and

for given stress, provided the creep stress level is between

between e~ = .6e/.6109 t and e~ .• Aa/ 610g CT

time. This type of,behavillur is rl10stpronounced with an

of this relationship yields Singh~Mitchell (1968) creep

neously .ith load' app~ication; delayed compression is the

curves which are observed to agree in form with experimental

.; . ,"'

strength. These findings lead to simple three psrameters

increase in e for consolidation pressure in the range ofex
0.5 to 1.5 of critical pressure.

the practical limits of about 30 to 90 per cent of soil

immediate and delayed components. The immediate (or ins-
i i"tant) compression is tha settlement which would result if

I

the excess pore-water pressur~ could dissipate instanta-

(b) between logarithm of strain rate and logarithm of time
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settlement then developing at constant effective stress.

9. A theory for the genera! stress-strain-time

behaviour of fine grained Boils has been formulated on the

basis of separate volumetric end deviatoric components.

The volumetric anddeviatoric models are developed from

the existing knowledge of the stress-strain-time behaviour

of cohesive $oils. Eachindividua~ model is assumed to have

an immediate and a delayed component. The volumetric model

is described by a series of parallel planes in void retio-
I

log stress-log time space. The planes are assumed to rep-

resent S unique relstionship smong void ratio, effective

stress and time under a give~ sustained loading. The devie-

toric model is based on Ladd and Foott's (1974) concept in

conjunction with Kondner's (1963) hyperbolic formulation

end Singh-Mitchell (1966) creep function.

10. Evidence from a wide variety of soil types is

necessary, before the overall validity of the Kavazanjian

and Mitchell (1960) genera~ constitutive model is estab-

lished. This evidence may result in some modifications of

the mode!.

,',

", ," ,','



3.1 Statement of the Problem

Most present models for the stress-strain-time behaviour

.",
"

:

specially to the volumetric com~ohent ~f defor-'

CHAPtER 3

RESEARCH SCHEME

It has also been shown that a general modei proposed

,
, '

dependent deformation under multi-axial states of stress.

of soils are limited to either specific phenomenological

It has been snown ,in the review that no general cons-

titutive relationship suitable for use is yet available for

analysis of geotechnical problems that involve time-

dependent deformation behaviour of cohesive soil.is avail-

able. This model separates the deforma~ion as volumetric

of ciay (Murayama and Shibata, 1961, Garlanger, 1972).

and deviatoric components. Models for each component is

developed by generalizing existing hypothesis for the devi-

present research was propossd to investigate the effect of

by Kavazanjian and Mitchell, (1980) for analyzing the time

soil type on various parameters that are involved in defining

been tested for only limited types of soils and still

the model

soils were used for the purpose. The specific obje.ctives of

atoric and volumetric behaviour of soils. But the model has

requires to be tested for a wide variety of soil types:The

models (Singh and Mitchall,1968)'or to mechanical models

,
mation. A local soil (from Faridpur) and two reconstituted
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this programme were:

(i) To eval.uate the parameters (A, ii and m) necessary

to define, the Singh-Mitchell (1966). creep function and to

compare the observed behaviour ofdeformstion with the

predicted creep by this formulation,

(ii) To verify the rel.ationship between C' and C'ex c

and the range of the values of C IC as proposed by Mesriex c

and Godlewski (1977),

(iii)' To observe the effect of stress and time on C •. ex

(iv) To study the time-deformation behaviour of soils

with respect to its type,

As mentioned earlier, the secondary compression is

very significent for organic clays and for some inorganic

silts, In tropical region, organic cl.ays occur p~incipal.ly

in coastal areas and silts in alluvial deposits, As large

soil deposits in Bangladesh are of alluvial or marine type,

the secondary compression problem is also important in this

country and investigation on these types of soils requires

special attention, For this reason an inorganic silt was

collected from Far'ipdur end two other soils were reconsti-

tuted at the laboretory to fulfil the requirements of the

investigation,

The general constitutive model (Kav~zanjian and

Mitchell, 1980) was to be analyzed under three dimensional

:'
, i'
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states of stress. Since the field condition resemble more

closely to three. dimensional states of stress, it is more

justified to investigate the deformation behaviour in such

condition .than in one dimension. Again, the compression

in the underground at shallow depths are definitely three

dimensional, but that in deeply buried strata are essentia-

lly one dimensional; one dimensional analysis will, there-

fore, have practical applications. For this reason and also

for the limitations of the laboratory facilities at SUET

to perform test at three dimensional conditions of stress,

a laboratory experimental programme was developed for one

dimensional case only.

3.2 Laboratory Programme

A laboratory experiment programme was developed to

investigate the s1lress-strain-time behaviour of soils for

verifying the general constitutive model. The investigation

of stress-strain-time relations required samples which were

to be of uniform consistency, density and similar character-

istic fabric. Therefore some amount of investigation was

necessary to attain reproducible samples. Therefore, the

overall laboratory investigation programme was divided into

the following phases.

(i) Classification of soil types used ~n the

investigation.
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To evaluate the 5ingh-

It has baen mentioned in the

of soils undzr stu~y.

Preparation of the Samples:

Classification of Soiis:

stress levels. A method for uniform sample preparation was

out so that the same soil would be used under different

therefore developed and detailed in Art.

Determination of Stress-Strain-Time Relations of

specimens.

(iii) Determination of stress-strain-time relations

vDlumetric and ,d'elay,eddevi~tDric,'defDrmation of Ule soil

5Dils: To observe the stress":strain-time behaviDur Df sDils.

Iii) Evaluation of a method to pr6vide replicate

and uniform structural property in order to provide repro-

That is eacn sample for same batch was to be of same density

soils were determined.

required a number of soil samples of similar co~sistency.

effect of soil type on thestress-strain-time behaviour. the

of particles and uniform water content and density tnrDugh-

classification, these along with specific gravity of the

ducible results. It was necessary to devel.op a laboratory

method that would give a soil free of ra'ndom distribution

soils were to be classified. As the grain size distribu-

tion and Atterberg limits are useful index tests for soil

compression vary with soil type. In order to observe the

~1itchell (1968) parameters the experimental. programme

review that the relativ~ magnitude of primsry and secondary
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werp investigated. To find th~ delayed deviatoric deforma-

tion and to observe the effect of stress on C and to verify
lX

the relationship between C' and C', oedometer tests were
. lX C

performed.

The Singh-Mitche'll (196a) parameters A, lX, m were

determined from one dimensional c.se applying the suggestion

given in Art. 2.11. At least two creep tests are required

to establish the value of A, ex and m for any given soil.

However, six identical specimens of each soil were tested

using different creep stress intensities between 20 to 120

per cent of unconfined compressive strength.

To observe the effect of time on C , long term conso-
CIt

lidation test was performed for a soil specimen under a

stress of 80 per cent of unconfined compressive strength of

the soil; a stress which is within normal engineeting appli-
cation range.

, ,
.'
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A technique was developed for preparing replica~e soil

gravity and grain size distribution were performed in accor-

The investigations in the l$boratory were conducted

according to the programme outli~ed in Art, 3,2, The

details of apparatus; experimental procedure and soil

materials used will be discussed in this chapter.

Phyeical propertiee of soils required for soil classi-
,

fication, that is liquid limit, plastic limit, specific

CHAPtER 4
LABORATORYLNVE5Tl~Arl0NS

for Testing and Materia1s(ASTM), A5TM standard D423-66 (1972)

4,1 Test Methods for Classifying the Soils

dance with the procedure specified by the American Society

for grain size diatribution. The soils were classified accor-

was followed for liquid limit, D424-59 (1971) for plastic

limit, DB54-5B (1972) for specific gravity and D422-63 (1972)

ding to A5TM standardD24B7-69 (1975) based on Unified Soil
Classification 5ystem,

specimens - that is soil specimens having identical density,

fabric, strength and stress~strain characteristics, Many

4,2 Replicate Sample Preparations

processes were tried in achieving uniformitiY iin the consis-,

tency and fabric of the soil, but none of t'heJmproved

entirely sati~factory, .However, the method developed by
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Leonards' (1955). was followed with some modifications. A

At first, Leonards (1955) attempted to compact the

The process involved compaction of disturbed soils in

a reasonably constant initial water content. All processinqs

98 per cent) for hot less than one month in order to obtain

were to be done in the humid room.

soil samples were to,beseaied in metal containers and stored

mixed with water, if water was to be added. The soil, thus

a specified manner. Before compaction, the soils must be

in a constant humidity room (having a relative humidity of

general description of the apparatus and procedures followed
by Leonards (1955) is 9ive~ below.

Leonards/ (1955) Meihod: Ih this method, the disturbed

processed, was then to be force-sieved with a large rubber
stopper, through a No. 20 sieve which wss to be backed by

a coarse sieve, say No. :3 sieve, for support. All vissible

particles were to be removed, and the product, expected to

be a homogeneous material was to be seaied again in metal

containers and to be stored in the humid room. Leonards

between specimens processed in this manner was 0.2 PS! cent.

(1955) found that the ma:ximum variation in water content

individual specimen using static pressure in a 3 in. diame-

ter mould. But he found variation in structiu~e caused by
,placing the soil in the mould and variations in unit weight

at the top, cent!e, bot~om of the specimen because 0' side
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void ratio and soil fabric.

'1r: '

a sensitive proving frame,Weter contents were to be deter-

A second 10 in. diameter mould was to b~ USed to yield

tha soil. Variations in horizontal direction were to be

lic testing machine of 100,0001b capacity for compacting

sample was to be determined. Leonards (1955) used a ~ydrau-

friction. He, therefore; used'lO in. diameter moulds to

According to the method; the 10 in. diameter mould

minimize the effects of side frietion and ~o permit simul-

: .'

consisting of three rings 'and two collars was to be used

taneous compaction of all the, specimens to be used in a
particular test series.

mined at each penetretion point. After removing 1he top ring,

cation of static pressure, tha unit weight of the entire

for checking uniformity in dry unit weight, water content

and soil structure. After eompacting the sample by appli-

determined using a proctor penet.ration needle attached to

the protruding soil was to be cut off with a wire saw and

the soil surface scr~edea with ~ straight edge. Again the

unit weight, penetration resistance and water contents were

to be determined. The entire procedures were to be repeated

after the rSlloval of second ring. By successive repetitions

of this process a compaction procedure would be developed

that would result in,uniform, condition of water content,

an "undisturbed" sampleapproxlmately 3t in. high from which
"

a number. Of repl.icate,specim"ns could be cut. This mould
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that cutting with piano wire or with coping saw was not

centred in the base of ~ mitered box, the collar put in

place and the soil cut along the mitered grooves, Leonards

The procedures Followed: Since Leonards (1955) method

56

would consist of a split ring section and two collars. One

10 in. diameter piston and spacer block to permit compac-

spaces.

entirely satisfactory. He found that the maximum variation

tion from top and bottom simultaneously, were to be fabri-

(1955) suggested that a thin, continuous, high-speed band

saw was the only satisfactory tool for this purpose and found

cated to fit this mould with just enough space for movement

but not enough to permit the soil to enter the clearance

The compaction process would yield a cake of soil 10

in. in diameter and 31- in. high. The cake was then to b a

in unit weight of e given series wes less than 0.5 per cent

and that was roughli equal to the precision of the measure-
ments used to determine the unit weight.

is tedious and time consuming, 'a technique, suitable for

present use giving 7atisfactory results, was developed and
is described below.

About 15 Ib of s6il enough to prepare a number of

spec.imens at Single water content was teken. ~a~er was added

and thoroughly mixed by hand kneading. All visible coarse

particl-sfl were rem.oved and, tha product was kept in,a metal

contalner foi one~ay.~,
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The remoulded soil was then placed in the mould, The

mould consisted of a ring 6 in. in diameter and 6 in,

height and a collar of 2f in, high. The innerface of the

Fig. 4.1 The plac,,",ein'tof soil sample in
the mould,

mould was lubricated wi~h grease for reducing side friction.

placed at the top filter paper and used as loading disc for

Two filter papers, one at top and the other at bottom of

the soil were placad to 'permit drainage. A spacer' block was

compaction of the soil. The spacer block fitted the mould

with a clearance to eliminate friction but not permitting

placement of soil, filter papers and spacer bloCk in the

the soil to enter the clearance spaces. The arrangement for

mould is shown in Fig. 4.1
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Fig. 4.2 The arrangement oftne mould in the

loading frame.
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The sample' was ttim'p'ressad,under a, st,atic pressure

.. ~ .;: ~'," i' ,: -'/'/IfH_-.;;'~','!.' \:~-,::-p'\~~i_:"'_
provided thro(Jgl1a'"loatJihg>f'rama:~" The arrangement of the

.,' -,; ",) . '.' -;.; ~" - ;',,;, ,t,.,;
,',' " •>; : :'0 ',,: ',,~.;, ,'~'"

mould in the loadi~g ~ra~~'is'hb~rii~ Fi~.' 4.2. The load,
was applied slcwly'and,tJ'Ie"sciii'wasallowad to dissipate

:' ,'~
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excess hydrostatic pressure through the drainage at top and

bottom of the mould. After the compaction of compression

which was indicated by the reversal of the load dial to

initial reading, further load was applied and time was

allowed for further compression. The process was repeated

until the load dial reading ~nd strain dial reading were

no longer moved. Six to nine days were required to achieve
)

this equilibrium ~ondition.

The process of compressi~n yielded a cake of soil
6 in. in diameter and approximately 6 in. high, The soil

cake was extruded from the mould using a hydraulic jack,

The water contents and unit weights from different portions

of the cake were measured to check the uniformity of the

specimens. For the purpose of checking, small grooves were

cut, approximately rectengular in size on top fa~e and

sides of the soil ceke. Four to six grooves on top face

and three to four grooves on sides were cut. The unit weights

and water contents of the soils from these grooves were

measured. To determine the unit weight, the 'volume of the

soil was measured by mercury displacement, It was found

that the variation 'in unit weights and water content in

these measurements were limited to 1 pe~ tent and D,S per
cent respectively.

14.3 Test Procedures for Determination of 5tress-5train-Tim~
Behaviour of Soils

,
A fter checking ~or unifo"rmity; th'3 samples were trimmeci

..
I,
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solidation test and one for unconfined compression test for

•

To investigate the time defor-"~oncolidation Tests:

fined compressive strength. The dimension of each specimen

soils at stress intensities of 20 to 120 per cent of uncon-

" '

each type of the soil. Detailed description of the test

before the test was 2.5 inch in diameter and 1 in. thick,

compression test are given below~

Determination of 5trength of Soils: To determine the

. ..~,

were performed on six identical specimens of each type of

procedures in performing the consolidation and unconfined

strength was ASTM standard D2166-66 (1972).

strength of soil, unconfined compression test were performed

bottom of the sample to prevent the soil from beine fo~ced

Lacf; spe,cimsn was tested under a given sustained load,

into the porous stone. ,In all. cases" drainage was permitted

to the required sizes for.unconfined compression test and

for consolidation te'st. Six samples were prepared for con-

at both ends of the sample. Before applying the load, the.'
sa(l1p':!.eswithin the ring were kept in water fot one day co\:

The consolidometer rings were lubricated with grease to

saturating the soil but not allowing the soil'to expand,

on soil cylinder of 1.4 in.diameter and 2.8 in. high, The

reduce side friction. Filter pa~ers were,placed at top and

test method followed to determine unconfined compressive

...•.
mation behaviour at different stresses, consolidation tests
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Fig. 4.3 A view of th~ consolidation test machines
,used in the experiment.
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time behaviour of soil.

test machines used for the determination of stress-strain-

dard D2435-70. Fig. 4.3 shows a view of the consolidation

approximately doub~ing~he previous time of reading.

Consolidation test~ were perfo~med according to ASTM stan-

Arrangements were made so .that'the soil specimen always
, , r

resisted the same vertical st~ess~ The time of readings
. " .~ , .

after the application of str~ss wera t, t, 1,2,4,8,15,30,

60,120,240,4eO~1440t2e8~,5760,10080'minutes, that is

I
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by
I
sup"li ed,

" '

i
soil sample was in disturbed state and
Foundation Consultant, Dhaka •

Three soils were selected for the presen" study, Of

Test Procedure to Observe the Effect of Time on C :
0:

were prepared by mixing two differen" type of so:tls- one

with a No, 30 sieve and the two soils were mixed at differ-

and the other one had lerge percentage of silts, so that

of which had a ,subs'tantialpercentage of clay particles

. i

stress of 80 per cent of the unconfined compressive

them, one was a natural soil and the other two were recons-

tituted at the laboratory, The netural soil, an inorganic

silt, was collected from Faridpur'lll,The reconstituted soils

strength.

the procedure developed and described in Art. 4.2. Its

'" The
1~/5

the soils, the coarse partic~es were removed by sieving

Consolidation test was performed on the sample under a

strength was dBter.inedby unconfined compression test,

the soils resu.:ltedwere of clayey-silt type. Before mixing

To observe the effect of time on C
ll

only one sample of a

natural soil w~s used. The soil w~s prepared according to

4.4 Soil Materials used
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" ':

The three soils used for present investigation differ

in their physical properties. Their classification and particle

size distribution are given in Table 4.1 and in Fig. 4,4 and

4.5.

These three soils were prepared to investigate their

stress-strain-time behaviour. The characteristics of the soil

specimens prepared for the study are given in Table 4.2. The

natural soil collected from Faridpur was remoulded and used

to observe the effect of time on Ca.

Table 4.1 Classification of the Soil Used in the Investigation

Grain Size Atterberg Limits Speci- Unified
Distribution fic soilSoil Location % % % LL PL PI gravi- classi-No. Sand Silt Clay (~) ( %) (%) ty fication

.
1 Faridpur 3 79 HI 40 31 9 2.61 r~L

2 Recons- 19 54 27 29 19 10 2.77 CL
tituted

. I3 Recons- 14 50 36 37 23 14 2.66 CL
tituted

.

4.5 Analysis of Test. Results

The unconfined compression test data were used to plot
. . i ithe stress-strain curve. The peak of the curve was taken as thp

strength of the soil. The stress-strain curves of three soils

are given in Fig. 4i6 and their stren~ths are given 'in Table a"J.

I



50il Type Water Wet Dry Degree of
No. of content density density saturation

soil ( %) (pcf) (pcf) ( ;b)

I
1 ML 33 116 87 I 97 •.80 i

,

!

2 " CL 25 121 97 B8.51 !

I.
I

,

3 CL 21 123 102 I 89.09
i.J.l_ j

"

,
•..'

64

1008060

. ! ,"

1,0

"'

20

, '.'

50'11 No. V
• 1 ~V~ 2 CH ,

• 3 ~'/
'\V

~
;-,.'

"-
• y.'"

CL 7 OH and MH
)',

%tL. MLJI' ML and OL
/

10

40

60

so

Fig. 4.4 Classification of soils invetigated.

•.•30
'z
III

"Q. 20

• ...l

Table 4.2 Characteristics of 50il 5amples Used in
Consolidation Test to observe the 5ingh-
Mitchell Creep Function
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deformation behaviour ~t different stress inten~ities and

.~':

\ :.
,.' : ,"".(

' ..

Unconfined Corres- Water Densit)
Soil compressive ponding cO(ltent YdNo. stfength strain ( %) (pcf)tsil < (%) . .

. ..
1 0.27 20 33 87..

2 0.17 . 22 25 97

3 0.23 10 21 102
.

the theoretical dial reading at t = 0. To obtain Rdo

To find the strain rate it was necessary to Dbtain

the strain rate and the magnitude of C •
IX

The consolidatiDn test data were used to observe time-

Table 4.3 Unconfined Compressive strengths

shown in Fig. 4.7(a), 4.7(b), 4.7(c). The corresponding

readings and calculations are given in Appendix-I II. from

Table I to III. The~e curves were also used in calculating

on the semi-1Dgari thmic plot, a time tdl and a tim e td2 =

4tdl were selected. The Drdinate from tdl to td2 on the curve

was then laid Dff vertically abDvil the Drdinate at tdl, The

intercept of the horiz~ntal line through this point on the

dial reading Drdinate is Rdo' Refinement was made for Rdo
by using other points alDng the curve for tdl [and td2 and

the average valUe Df Rdo was taken.

To plot the void ratio versus log pressure curve ~jlDO'
,t,'hedial reading to the time corresponding, to the end of
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( 27)

OJ

\ ,::

(Rd2 - Rdl) /H
log td2/tdl

=

I
" .

",

C and
~

Aa
Ca = log td2/tdl

ssion index,

The strength of the soil used to observe the effect of

The siope of the streight line portion of the curve in

71

Fig. 4.9 and the corresponding. data are gi~en in Appendix-III,

of the curve were extended. The intercept of the horizontal

line through their point of intersection on the dial reading

ordinate is RdlOO'

the secondary range was used to compute the secondary compre-

. "

primary consolidation was uaad. Since C , the slope of thisc
plot is the msasure of primary consolidation, the change in

void ratio from Rdo to Rd100 wesused in obtaining this plot.

To obtain RdlOO' from the dial reading' versus log time curve,

the straight line portion of the primary end secondary range

time on C", was determined from stress-strain plot given ~n

Fig. 4.6. The dial reading versus log time plot is given in
. ,

use td2 = 10 tdl, SO that Ae, the change in the void ratio

between time tdl and td2 is equal to Ca'

where, Rdl and Rd2 are dial readings at time tdl and td2
respectively and H is the solid height. It is convenient to

Table IV.
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was negligible. For example, for soil 1, the rate increased

soil with creep stresses outside this range was not investi-,I I. "

gated. The increase of strain rate with i~cre.sing stress

strain rate continuously d~c~eases creep continues for some

The figures also show that the constant strain rate is

period of time as mentioned in Art. 2.7.

..,
CHAPTERS

ANALYSIS ANOO! SCUS'S'IO~

following the period of transient creep during which the

The general ~haracteriBties ,of time deformation curve

approximately independent of the applied stress. It may be

q • The Figures show that after a period of transien" creep
u

con firm to the suggestion 0 f Finne and Heller (1959) that

mentioned that the soils were investigated within the range

of practical interest, i.e.40 per cent to 100 per cent of qu'

Since the engineers ~re,generally interested in stresses

wi"hin this range, the dependence of the creep rates of the

continued at a constant rate for some period of time. Approxi-

during which the strain rate decreased continuously, the creep

mately after one day, the rate became linear. Thus the results

50 per cent to 100 per cent of unconfined compressive strength,

a) General Characteristics of Time-eformation Curves

in confined compression for three different soils investigated

are shown in Fig. 5.1(a), (b), (c) at the creep stresses of

5.1 Time-deformation thara~teiisticsof Soils
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Variation of axial strain with
time during creep of soil 1 In
confined compression.
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Fig. 5.1(b) Variation of axial strain with
time durIng creep of solI? in
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Some anomalies can be observed in these figures, the

"

• I .• :.' '

, '
'I

of these strain rates were omitted. However, these strain

period of time cennot be less ,for higher stress, the iQfluence

strain rates corresponding to the stresses of 40 and 120 per

cent of qu 'for soil I, 120 per cent of qu for soil 2 and 30

per cent and 60 per cent of qu for soil 3 were not considered

in obtaining this relationship. Because the strein for a given

linear for strese of 30 to 110 per cent of unconfined com-

pressive strength, The corresponding limits for soil 2 and

120 per cent of qu respectively.

i< The methods fo!lowed to calculate the strainl rate and the
parameters m, ~, and A are given in Append~x~II.The
strain rat e for di fferent stressas at di ffer!"nt tim e are
given in Table V to X in Appendix-IV.

The relationship between stress intensity and log of

strain rate~ for three different soils is shown in Fig,5,2

b) Strain Rate-Stress-Time Relationship

3 were approximately between 40 to 100 per cent, and 40 to

period of transient creep ie independent of stress if the

stress is within the practical ~en~e mentioned above,

-5 ' -5from O,972xlO per cent pe~ minute to l,llxlO per cent

per minute as stress increased f~om 60 to 100 per cent of qu'

Therefore it can be inferred that, the strain rate after the

(a), (b), (cl. For soil I, the reletionshipwas found to be!
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(a), (b), (c).

"
\ .:.'

: ' "

I ;
"

, ;

The variation of C wss SO small thC!t it may be assumed
<X

c) Jariation of [ex with Pressure

variation in structure between the. samples of each soil

Another re!ationshi~ was found between logarithm of

test results described in Art. 2.7. The va!ue of m for soil

previous investigators from three dimensional consolidation

These findings are similer to those obtained by the

vertically upwards, that is, the initial creep was higher

for higher stress. The relationships are shown in Fig. 5.3

stress intensity. rhese anDmaiieswere possibly due to the

From the result of present investigation, it is found
i I

that C varied linearly with logarithm of stress. rhe rela-
<X

tionship is shown in Fig, 5.4 'for three soil types tested.

strain rate decreased linearly with log of time. Furthermore,

I, 2 and 3 were respective!y 0.65, 0,86 and 0.B6. These

stress and the increese in stress only shifted the line

the slope of the curve was fDund independent of the creep

rates are shown on the plDt 'of log of strain rate versus

strain rate and logarithm Df time. It was found that log of

tested or due tD the initial errDr in setting the load

dial of the s~mples in th~ consolidation machines.

values are within the range suggested by Singh and Mitchell

(196B) for three dimensional cOnsolidation.
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constant within the practical range of interest. For example,

,
tem consolidation test shown. in Fig. 4.9 'for the soil types

investigated give. more proof about this behaviour, After the•

was same for other: soils investigated, Therefore, it may be

for soil 1, the magnitude of C increased from 0.0226 to<i:

U.0245 for increase in creep stress from 60 to 100 per cent

of unconfined compressive strength, The order of' variation

't
u

o,ot,

assumed that C~ is independent of pressure, provided the

pressure in within the limit of normal engineering practice.

Fig. 5.4 Variation of Co: with pressure.

, ',', ,

',"

B6

d) Variation of C with Time
~

It was found that' C did not remain constant with time
~

after the end of primary ,consolidation. Mesri and Godlewski

(1~77) first reported this behaviour. The r~sJlt of long
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dary compression index, C~ and true primary compression

ject to confirmation from experimental results.

not will depend upon the type of soil and therefore, sub-

A linear re~ationship was observed between true secon-,

for 24 hours period between increments of load with load

end of primary consolidation'C remained constant to a value
,IX

of 0.00237 for 4 days, ,then increased to a new value of

5.2 Relationship Between CIX and Cc

reading versus log time curve during the observation is

0.00386. This later constant value was maintained within

increment ratio of 1 between 1/4 tsf to 2 tsf. The dial

the remaining period of test. However, this relationship

may not be valid for the eoii types' different from ,that

presently used. Wh~th'~r ~imilarbehaviour will occur or

C', the true compression index fuay be considered asc
C~ = 4e/"'10gcT et a particular pressure 'and these vaJ-ues

of C' were taken at differen~ pressures and the correspondingc

values o'f C' = "e/ "log t at' was used. The reiationshipa:

thus found, is shown in fig. 5.6. The equatiionlof the linear',

relationship between C~ and C~ is found to be IC~ = 0.000862 +

0.0172 C'
c'
•

illustrated in fig. 5.5. To plot the curve between C' anda

index C~. Soil 2 was only used for this investigation. To

obtain this re~ationship, the soil deformation was observed
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5.3 Verification of Sin h-Mitchell
One imensional ase

the demonstration of Mesri and Godlewski (1977).

in order to establish the overall validity of the creel?
function. fhis function. was tested ,!sing triaxial test results

mental evidence for different types of s oils were necessary

It is mentioned earlier in Art. 2.13 that more experi-

sSJ.on from the results of one dimensional cojns.olidationtest"

has not been investigsted. Further confirmatio'n in both

three dimensional compression and uni-axial compression were

curve was taken as C~ and the average value of Cel within the

pressure whether a-log "curv~ ie straight was used. The magni-

tude of C Ic for soil 1, thu s gave further can firm ation to
el c

only. The applicability of the results for confined compre-

natural soil was investigated for the purpose and the

magnitude of C~/Cefor it in the remouldad state was found

to be 0.046. To find the value of C IC , the slope of theCl c

straight line portion of the void ratio versus log pressure

90
. ': :'

.. > ;.., .
Since it is a genera.l,p'ractice to assume a constant

Cc value for a soil and elso that Ca is ganerally assumed

constant, thereforeC IC value mey be assumed constant fora c.. ,

a particular soil. This may. vary'with soil type. It is

mentioned earlier in Art: 2.13 that Mesri and Godlewski

(1977) found the value of eliCe for a variety of natural

soils to lie within the range of 0.025 to 0.10. only one
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necessary for various types of soils. In the present investi-

gation, time deformation results of one dimensional consoli-

dation tests on th~ee different types of soils have been

analyzed.

Since Singh-Mitchell (196Sj creep function was developed

for predicting the axial deformation from the results of three

dimensional consolidation, i~ was necessary to modify the

craep parameters for predicting deformation in one dimensional

strain condition. Such modifications have been presented in

Art. 2.11 and discussed in detail. On the basis of these
.•.modi fica~ions, the Singh-Mitchell param eters A, 0:, m were

calculated from the relationship of log strain .rate versus

stress and log strain rate versus log time.

To calculate a, it was necessary to use deviatoric

stress, D. The value of the lateral pressure i3 = ko ~l

was used in the calculation of abova deviatoric stress value.

Two methods were available for calculation of ko value and

they yielded two values of D as well as two different values

of ~. Again to predict the creep at any time the creep func-

tion required the use of ii and D •. The values of the dev.:i.a-

toric stress, D and the ~orresponding stress level D for

the creep stress at 100 per cent of the unconfined compre-

ssive strength (qu) for different soils are cjil/enin Table

5,1. For other stresses, D and D can be calculated by multi-

plying U and D values in Table 5.1 by the corresponding
.'

': .
: ' .'
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in Appendix-II and the values listed in Table 5.2,

( 16) ,
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m ~ 1, tl = 1 i
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A eaD tm (t) 1-11\
I-m 1

and Ireland's methad was used in finding ka (Art,2,11).
methad was .used in calculating k (Art, 2.11).. a

Table 5.1 Calculatian .of Stress Level

e = a +

... ,'

Braoker
Alapn's

The.Singh-Mitchii11 (1966) creep function used for calcu-

,
Plasti- Crsep (a) (b)

5ail city stress - D= -
No. index (tsf) k D ••' .D = k D=

(PI) a iT1-ka(fl D/Qu a D/qCfl-ka"l u
(taf) (tsf)

1 9 0.27 0.46 0.145 0,54 0,42 0,159 0,59

2 10 0.17 0.47 0,090 0.53 0,42 0,096 0.58

I3 14 0,23 0,50 0.115 0,50 0,47 0,125 0,54
i

( a)

(b)

percentage .ofthe qu value. In the present investigatian, the

creep functian was examined within the range .of practical

per cent .ofuncanfined campressive strength in order to verify

parameters A, a and m were calculated by themethads mentioned

stresses far each type..of Bail, that is, at 60, 80 and 100

lating the axial strain eis

interest. The creep functicn was analyzed at three creep

its applicability in a~e dimensianal campressian. To verify the

ko was calculated by two methods; that is, Brooker and IrelAnd

(1965) and A'lpan (1967) w.Quld lead to two different v'alu.esof
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cx and ~ were calculated by use of the value of k that
was found by applying Broker and Ireland's meth08(Art.2~11).
ex and ii were found using the value of k , which was found
by applying Alp~n's ,method (Art. 2.11).0

higher than the observed strain. An empirical approach was

Table 5.2 List of the Singh,,~"iich'ellCreep Parameters

creep function was assumed, the strain thus obtained cqin-

therefore made so th~t the predicted strain was in good

cided approxim ately witt) the measured strain over a range

of tim e. On the basis of the'se observation s, a modi fed ere ep

function may be suggested as follows:

1 ( A scxD t1-m) ;, I, 1 ( 28)e = a + 3 I:m m tl =

was used, The strain thus found, was more than three times

( a)

( b )

agreement with themeesured value. The empirical approach

ex and D. However i~ has been observed that the strain rate

of 3. After division, a value 'of the constant' a' for the

involved the division of the predicted strain by a factor

remained same irrespective of whichever value of a and n

(e) (b)
Soil - -
No. m ex ex ex ex A

(lite f) -ex. qu (l/tef) =cx.q (%/min)u
. ,

1 0.B5 10.01 2.10 9.13 2.41 0.092

2 0.B6 IB.38 3.12 16.B1 2.B1 0.053

3 O.B6 9.B9 2.2l! 9.50 2.13 0.050
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94

con 50- ..

, ,
, , '.,

" '

"

I '

.: ,J. ': "' "

'I,, ,,'

" '

.'

.'

. ,/,
. , '

soil both in the triaxia~ and in one dimenjsional
I .

same

Art. 2,11 orby experimentally from the test results of the

done either by critically examining the assumptions made in

figures it can be seen that the agreement is good over a

The reasons for variation of calculated strain by

wide~y after this period,

lidation test,

tude 0 f the param eters, for a particul ar soil, if they are

tion would probably be due to the different testing methods

Singh-~litchell (1968) creep function and the modi Hed func~

strese of 100 percent of q • The predicted strain differ
.. U

the axia~ strains determined by two methods. This may b••

good agreement between obseived sftdpredicted strains upto

a time of 120 minutes' for the soi.ls investigated at creep

range of time for the soils investigated. These can be a

triaxial test. Therefore an attemp, may be made to correlate

The modified strain was compared with the observed strain and

the comparison is shown in figs. 5.1(a) to 5.1(i). from the

fications were made in computing the value of ko and instead

of considering (lfl -0-3 ) at failure; the qu valui was used.

Therefore, there will certainly be a difference in the magni-

through which these parameters wera obtained. for exemple

in defining a and D for one dimensional compression, modi-
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•stress levels can be described,by a ~eries'of parallel planes.

In describing volumetric model it is also assumed that

as ~c and Co;are constants, deformation at co\'Jtant"deviatori\:

be taken correct as described ,in Art. 5.1(c).

as shown ~n fig. 2f 17, In this assumption, however, they omit

primary deformations, for simplicity," deformation after unit

both volumetric and deviatoric stress. This assumption ~ay

cribe the delayed volumetric compression", it is assumed that

Volumetric Modell Because of hydrodynamic lag, imme-

diate volumetric deformatione cannot be determined directly,

104

Rules for delayed volumetric deformations must be developed

first and immediate deformation must be back calculated from

is a straight line, the alope of which is independent of

C in one dimensional compression is constant, that is, the
Cl

secondary compression curve on a void ratio-log time plot

time is taken as delayad component of deformation. To des-

sional compression.

5.4 Discussion on KBvazenjian~itcheli (19BO) General Model

concept of immediate and "deleyed components of deformation •

modi fication, if neceseary, "so thet the tim e deform ational

behaviour can be predicted from the result of one dim en-

.
In this article, each of the component of deformation is

examined criti~ally to che~k the jodel and to suggest

It was discue~~din Art. 2.14 that the Kavazanjian-

Mitchell (19BO) general model is based" on Bjerrum's (1967)
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be due to the difference between the testing methods, in
i i

sample thickness and between the definition of soil strength.

stress level is defined as (~l - ko ~l)/qu(Art. 2.14).

But it is shown in Art. 5.3 that there is a discrepency

between observed deformation and predicted by Singh-

particular model in one dimensional case, the deviatoric

However, other reasons may affect this variation. Therefore

deviatoric deformation, ,Kavazenjian and Mitchell (19BO)

mation is of present interest. To ,describe the delayed

Deviatoric Model: Only the delayed deviatoric defor-

adopted the Singh-Mitchell (1966) creep model. To use this

Mitchell creep function. The reasons 'for this deviation may

parallel planes may be taken coriect. But in general, the

time can no~ be correlated with thi$ assump~ion.

105

assumption of unique relationship among void ratio, effective

stress and time under sustained loading is subject to limi-

tations by the assumption of constant C with time and~

therefore the soil which shows different values of C withex

investigators found constant C~ for a wide range of time

the variation of C with time. aut the varia~ion of C with~ ~

tigation. The result of this variation is described in Art.
, ,

5.1(d). In this connection, it may be mentioned that, some

•and Godlewski (1977) and also observed in the present inves-

, '

time must be taken into consideration as reported by Mesri

;

(Art. 1.2) and for this constant C , the ,assumption of, ex
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another model as suggested in Art. 5. J by eq. (28) may be

used to provide a good representation of the real soil

behaviou r.

5.5 Deformation Behei~iour of Soil with its Type

Two differe!.t soils ware invastigated to observe the

deformation behaviour of soil with its type. The two soils,

soil 2 and J, reconstitutad frOm the mixture of same type

of silt and clay, are analyzed to observe the effect of

finer particles on the, nature of the time deformational

behaviour. However, no general conclusion could be made

from this analyeis. It was observed that soil 3 has milder

slope than the soil 2 in the log strain rate versus creep

stress curve and also the 'A' value of soil J was found

lower than that of soil 2, Though the m values for two

soils were found same, the strains in unit time were found

lower for soil 3 than Boil 2. This fact was also observed

by comparison of Fig. 5.l(b) and 5.l(c), that the axial

strain of soil 3 was lower than that of the soil 2 in the

same length of time under a particular creep stress. Since

the soil 3 had higher percentage of clay it may be suggested

that the lower str~in o~ ~oil 3 was due to this higher clay

contents.
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3. The secondary compression index,

thepractiFa~ range o! unconfined ~ompressive strpnQth.

to 100 per cent of unconfined compressive strength.
I i

was within the practical range of intetes'\;;thetis, 40

creep stress at an~given time provided the creep stress

logarithm of strain rate and logarithm of time for a given

creep stress and (b) between logarithm of strain rate and

1. The general time deformation curves showed that the

The stress-strain-time re~ationships of cohesive soils

independent of creep stress, provided the stress is within

2. A linear relationships was obtained between (a)

CHAPT£R6
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

to be one day.

rate become constant for the soils invsstigated was found

for a period of time, after this period the creep rata

attained a"constant value. The period after whicr the creep

initial creep rate was higher and then decreased continuously

now be summarised as follows:

conclusions drawn on various aspects of the research can

of two soils. The important findings of the research and

taken also, to observe time-dependent deformational b "hcwiour

the deformational behaviour with time. Schemes were under-

have been investigated in the present study with a view to

cheCk the previous phenom'enologica~ models used to predict

6.1 Conclusions
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--e = s + i (AetXD ~l-m)

B. The unique relationship among void ratio, creep

~oils.

7. The 5ingh-Mitchell (1966) creep function has been

require' further .stu'dyand have been described in, the rE'levFJnt

Several aspects 0 f the' work presented in this tfJesis

4. C did not remain constant with time for some
<X

5. A linear' relationship has been found to exist

6. The range of CtX/C
C

values for a veriety of 'natural

soils were found to lie between 0.025 and 0.10.

predicted strein was greater than three times than the

stress and time under sustained loading su~gested by

tested by the data obtained from consolidation test results

assumption of constant C with time and it has been s~own
, <X

thatCIi did not remain' constant with time for some soils.

of three different soils and it hss been observed that the

tion has been proposed:

Kavazanjian and 'Mitchell (19BO) is subject to limitation of

between true secondsry compression index, C' and true
<X

primary compression index, C~ for the soils investigated.

However, this may not be true for all soil types.

observed strain. The following empirically modified func-

6.2 Recommendations for Future Research
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chapters. Some of the'important areas for further research
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with the observe~ beh~vi~ur. "

establish its validity. Three dimensional co~splidation

tests may be performed on a "':Jrnberof diff,erent types of

soils to verify the consistency of the predicted result
•

should be checked on a wide ~ariety of soil in order to

investigated on limited ,types of soils only. The function

3. The 5ingh-Mitche11 (1968) creep function has qeen

1. Only thedeformetional character of one inorganic

develop a method by which samples with,identical soil state

individual samples the assumption of similar fabric condi-

tion could not be ensured. Further research is necessary to

no available methods to study the fabric details 0 f each

from the variation in the fabric of the soil. As there was

; , .

2. In plotting the log strain rate versus creep

and fabric may be made.

That is, the axial strain after a period of time is higher

stres's some incon sistency in the resul ts have been ob served.

for a lower creep stress. This inconsistency may result

of other types of soils; specially organic clays.

investigation may ba carried out for undisturbed samples

the soil on the stress-strain-time behaviour, the same

of soils and to observe the influence of composition of

silt and two clayey silts have been investigated in the

remoulded state. To observe this behaviour on other types

may be listed as follows:
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three dimensional with one dimensional consolidation.

"

"l :.

I "
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and the variation of C with time have beenex

5. The relationship between C' = ilei Lllog tand. <X

experimental evidence on e wide variety of cohesive soils

4. In the preasntraasarch, the Singh-Mitchell (1980)

C~ = ileftlog<1"

is necessary in order to confirm this behaviour.

was noted. The reason for such discrepancy is not known.

observed for a very limited types of soil. Therefore, more

axial deformations by relating the axial deformation in

An attempt mey be made to relata predicted and observed

time, a variation between predicted and observed strain

experimentally. A modified function is therefore suggested

to predict axial strain. However after e certain period of

strain by this function is found more than that observed

Of one dimensional consolidation tasts. The predicted

creep function is examined with respect to prediction 0 f

'axial deformation in confinad compression from the results
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Kondner (1963) suggested that the st~ess-strain curv~

.. /

Fig, I-I Rectangular hyperbolic representation
of stress-strain (Kondner, 1963),

The equation of the hyperbola can be written as

APPENDIX-I
KONDNER'S (1963) HYPERaOLIC STRESS-STRAIN RELArION

for a cohesiva soil from a consolidated undrained triaxial

test could be represented by a ractangular hyperbola, ,

Fig. I-I shows a rectangular hyperbola passing the origin

in • two dimensional stress-strain plane and having as
asymptotes the lines

in which ITis the deviator stress.a;-"3'

Dividing by <Tend letting



zontal asymptote.

which is the form of a' straight line, if k is plotted as a

Fig. 1-2 is a plot of straight line of the form of

( )7)

( 3 A)

( 35)
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( 36)

( )'1 )

( 33)

( 34 )

;

I'" I',,.

e -~k + 0: = 0

<J"= e
a + be

0:a = ii
b 1= ii

1 ex
or, k ,. ii • + ii

lim e 1
O"u 1t. .=" be = b'e-.nO'

a, +

,, I ,
I, \';

'" ,
"

!. •• a + be
(J

Solving for stress eq. (35) yields

Rearranging the terms ,eq.( 34) yields,

function of e. The straight line thus obtained intersects

the strain axis at a point (~o:,O) on the vertical asymptote

The u1t im ate va lu e 0 f t has t res s can be, 0 bt ai ned bv
, I ,I ,"

taking the limit of eq. (38) as e becomas ver,Y large. or

in which

of the original hyperbola. The inverse of the slope of th~,

eq. (35) in terms of e/fJ and 9.

line (de/dk) is a measure of the height, ~; of the hori-

[q. (31) becomes
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Therefore, the deviatoric behaviour of a cohesive soil

Fig. 1-2 Transformed hyperbolic representation
of stress-strain (Kondner, 1963).

Differentiating eq. (38) with respect to s~rain and

Thus, the ultimate strength is measured by the inverse

on the a/r;-axis of Fig. 1-2 is a measure of the initial

by two parameter", a slope and'an intercept, rhe inte,clwt

tangent modulus of the material tested.

at a specified overconsolidation ratio and 9 1pecified ~on-

fininj pressure can be d8scribed on the baSis 'of this olo~

evaluating' the derivative at e equal zero yields

Thus, the inversa 6f the intercept of the straight line fQr~

of the slope of the ,straight line as given in Fig. 1-2.
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response in transformed
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which b is the slope of the inclined straight line portion

be a measure of the ultimate strength of the material. in

a/15' versus e will be horizontal. For such a situation, the

of th9 plot given as Be of Fig, 1-3.

. 1initial tangent moduluB wou.ld still be -, in which 'a' is. a

the intercept of the horizontal line AS, and ~ would still

If the initial portion of ~he original stress-strain

curve is linear, the initial part of thehyperbolic plot of

is the reciprocal of tha initial tangent modulus of the

hyperbola and the'alope is the reciprocal of the asymptote

of the hyperbolic curve.
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follows:

, ' , .~.

I t,I.
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subtracting the corrected zero reading from the strain
which the strain at that time is to be calcul~ted. ~v. -

to be computed mathematically or graphically. The best fit

Step 3: Strain rates' at various values of time are

zero reading is to bF determin.d.

plot of strain versus logarithm of time, the corrected

Step 2: For a particular applied stress, from the

points.

linear curve is to be passed upto the desir$d I time, from

APPENIlIX-ii
TEST PROCEDURE 10 MEASURE THE PARAMETERS m, ~, A

-The values of paremeters m, 0: and A can be found as

Step 1: Strains are to be plotted against ..logarithm

At least two identical samples, at the same water

of time and a smooth curve is to be passed through the data

observed against time.

for different soils. Under these sustained loads; strain is

stresses, say Dl and D2, such that the stress in either

case is within the practical range of 40 to lOO per cent of

unconfined compressive strength. This range may be differ"n,:

two samples are subjected to creep tests under two different

ssary to measure the creep parameters of a given soil. The

content and the same initial stress conditions, are nece-o



( 42)

( 41)In .
B
1

A = (S2 _ ~l)/ (e~02 - e~DI)

~ =

t = 1 gives the value of A.

Now (i =cxDfwhere Of is assumed unconfined compressive

strength for one dimensional case ••

« A computer programme was run to obtain str13ih rate for
the determination of m, ex and .A. The listinq 0 f th",- ,
programme is given in Appendix-VI •

" ,i'
! ."

116

..

I, I,
'.,

These parameters can also be determined by plotting

log e VB. D for a given value of time. The slope 0 f this

olot gives the value of ~ and its intercept for D = 0 and

gives the value of m.

two deviatoric stresaes 01 and O2, For t = I, eq. 2 9ivE'S

Bl = AeexDl and 8
2

= Ae~02. Solving the two simultaneous

equations gives

Step 5: Values of strain rates 61 and A2 at some

known time, for instance t = 1, are to ba read off for the

parallel straight lines. The slope of these streight lines

Step 4: Strain rates are then to be plotted against

time on log-log graph paper. Lo~ strain rate versus log

time plots for different stress values are served to be

reading and dividing this by time, the strain rate can be
IIfound •



Table -I Consolidation Readings for Soil Type 1

Dial Reading, in 10-4 in.
Time
(min.) Percent of Unconfined Comoressive Strenath

20 40 60 80 100 120

t 1075 500 680 685 864 1162
1 1077 505 687 693 872 1167~

1 1079 513 692 701 883 1175 !

2 10B2 525 69B 710 894 11B3

4 10B5 537 704 720 908 1192

B 1087 545 70B 730 . 922 1200

15 1090 552 711 736 932 12U6

30 1093 556 716 740 941 1211

60 1095 562 720 747 947 1215

120 1099 565 723 750 952 1220 I.
I

240 1101 570 729 754 955 1222

480 n08 576 730 756 959 1226

1440 1111 582 737 . 763 966 1230 I

28BO 1113 585 739 766 971 1231
i I "

';760 1115 589 745 771 974 1237
I I

10080 1116 591 747 775 978 1239 i
, I--'

,',

'"

, '.
,

: ." !

: .. '

I

APPtNDI X-II I

:. '.

CONSOLIDATION READINGS

•

" "



. Dial Reading, in 10-4 in.
Time
(min.) Percen't of Unc:onfined Compressive Strength

3D 50 60 80 100 I 120
.

t
.

156B 26e3 2095 1895 2070 1755

t 1573 2689 2099 1900 2079 175a I
I.' I1 1575 2692 2102 1907 2088 I 1762 I

2 1579 2695 2106 1912 2097 1767 I
I

I
4 15e2 2699 2110 19UI 2107 1773 I

I
Ia 1584 2702 2114 1925 2116 1780 I

15 15e6 2706 2117 1929 2125 1785 I
II I

30 1590 2710 2122 .1933 2132 1790 I

I
I

60 1592 2714 2125 1935 2140 '1794 !.
I

120 1594 2717 2127 1938 2145 I 1798 i
240 1598 2720 2129 1941 2la9 I

I
18 U2 I

. i
480 1600 2723 2131 1944 2151 1806 I

1440 1601 2726 2134 1946 2154 18J.0 I
\

I

2880 1610 2729 2136 1949 2157 1813 I
I
I,

5760 1612 2732 2138 1952 2J.61
I ]""6

I

I
10080 1616 2735 2140 1954 2164 le~~lI

-- j

. '.'

lIB

. "

. .' .\ ;" .',' .

I I ..,
,~, , '

. II I

. "

Table-II Consolidation Readings for Soil Type 2



Time Dial Reading, in 10-4 in.

(min. ) Percent of ,Unconfined Compressive Strengt h
, I30 50 60 80 HJO 120

,
I

I
t 192 20511 1501 486 1870 , 1834

I,

I
t 196 2062 1502 492 1874 1 1839i

I

I 1 200 2067 1504 49B 1880 I 1845,
I

2 205 2072 1506 505 1886 I 1851
,

I
,

4 20B 2077 1508 512 , 1893 1850
II i

I
8 211 20e7 1510 519 1899 , 1870

II
15 214 2092 525 19[]4 , IB78 I

! 1511 , I;

Ii
I 30 217 2095 1514 529 1900 1885
I,

60 I! 221 2100 1516 533 191[1 18lJ9.
I

i! 120 224 2105 1520 538 1914 1894
I

240 228 2109 1521 542 1918 le97 I
I

,
480 231 2114 1524 545 1922 1900 I

I I,,
144U 236 2117 1527 547 1926

I
1909

,

2880 238 2119 1529 549 1928 l~ 14

5760 24~ 2127 1531 551 1930 If)~7. _ ...i

i0080 " 244 2129' .1.533 555 1934 1(J 20
,

-

I'

119

,',

. ' ,"

, ,

: ' "

"

Table-I I I Concolidation Readings fo'r Soil Type 3



Creep Stress: 60 per cent of
Unconfined compressive
Strength.

Table-IV Con.olidation Reading to Observe
the Effect of Time on C •

ex

120

,':

:,' .. ;'
. : ." ,','

Time Dial Reading
(min. ) in

0-4 .1 J.n.

1- 590

t 606

1 625

2 6411 I
4 670

!l 687 ,
I

15 696 I
I30 705

60 709
120 712

240 716
460 720 I
U40 725 I

I
2/l80' ,729 I
5760 733 I

i

I:11520 740

23040 746 I
!

---l

,/, ,,:'
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TAHLLS OF STRAIN HATES

rable-V Strain Hates to Plot log ~train Hate versus Log Time Curve for Soil I,

Strain rate, percent per minute
Creep stress, per cent 0 f unconfined compressive strength

Time
(min.) 20 c 40 60 8,0 100 120

..:::-

>-'
N

>-'

0,244997
0.161995
0,102500
0,061666
0,037461
0.020915
0,011378
O,00612B
0,003238
0,001703
O,0006l!
0,000313
0,000162
0.000094

0,355000
0,231997
0,147999
0,090692
0.056051
0,031713
0,017377
0,009322
0,004912
0,002576
0,000921
0.000474
0.000243
0,000141

0,203332 0,280002
0.130500 0,183496
0,060000 0.115500
0.046130 0~069999
0,027096 0,042423
0.015048 0,023412
O,OOB2J8 0,012616
0,004436 0.006852
0.002~04 I 0,003627
0,001275 0.001900
0,000468 0.D00683

I 0,000244 I u.000352
I O,OU0129 0.000182J ~'~0_0~J761 .0,O~O~O7..

0,264997
0.185996
0,122000
0,073273
0,044454
0,024520
0.013334
O,00709B
0,003757
0,001987
0.000718
0.000372
O,OUOln

0.000112

1

2

4

8

15
3D

60
120
240
<LB0._.

28 fJO

1£'140

0,090000
0,058594
0,036500
0.021309
0.013078
0,007505
0,004181
0.002346
0,001287
0,000727

I 0.000277
I LJ.IJ00148

576u I iJ.000079

J
' ,

100~0 0.000047
- .~--------. -- ---"- ,-_.. - ---- ----

--..



rabIe-VI Strain Hates to Plot loQ Strain Rate Versus log Time Curve for Soil 2.

Strain rate, percent per minute
Creep stress, per cent of unconfined compressive strength

1 0.134995 0.124999
2 0.D64995 0.077996
4 I 0.050499' 0.047996
6 I 0.026451 0.026095

15 I 0.016596 0.017256
30 I 0.009311 0.009914
60 0.005097 0.005610

120 0.002749 0.003105
240 I 0.001469 0.001695
48u-. I U.000779 0.000915

I 1440-- I 0.000283 0.000337
- 28tiO I 0.000155 0.000177
I 5760 U.000083 I 0.000093 II .
I lOOOO U.lJOOI;)51 I 0.000056 I
--------- ---~ - -------~

100

0.280000
0.1849911
0.116499
0.069880.
0.043067'
0.024442
0.013594
0.007402
0.003951
0.002077
0.000740
0.000380
0.000194

i
! 0.000113
I

I

..: ...•

,..,
N
N

120

0.138334
0.092496
0.059997

,0.037916
0.023890:
0.013816
0.007745
0.004260
0.002314
0.001246
0.000458
0.000240
0.000125
0.000075

80
1-.. _. - ,"0.--1'-_ u •.•_

0.206667
0.1'30996
0.080000
0.048035
0.028974
0.016124
0.006692
0.004632
0.002456
0.001293
0.000461

I
I 0.000238
I

J
. 0.000123
0.000072

, -,-_.

60

0.121667
0.079494
0.049500
0.029702
0.016065
0.010441
.0.005651
0.003189
0.001710
0.000907
0.000329
0.000172
0.000089
0,0000'19

5030

Time
I (min.)

. '.

.



rabIe-vII Strain ~ates to Plot log 5train Hate versus log Time Curve for 50il 3

Strain rate, p~rcent per minute
Creep stress, per cent of unconfined compressive strength

.:-

... -

Time
(min.)

30 50 60 80 100 120

I<~.: _'

--.

1 0.149999 0.069997
2 0~096499 0.046494
4 0.061500 0.034497
6 0.036309 0.023035

15 I 0.021739 0.015083
30 I' 0.012053 '0.006766
60 0~006578 0.004676

120 I 0.003524 0.002651
240 0.001667 0.001423
480_ 0.000986 0.000761

1440-. 0.000359 0.000278
I 2880 0.000168 0.000146

l5760 0.000098 0.000076
,lOOB~__,_ O.OOO~00045

0.058335
0.038999
0.024496
0.014761
0.006846
0.005151

I 0;002931
, 0.001697
i .
I 0.000942
, 0.000522
I 0.000199

[i.000l07
I
, 0.000057
I 0.000034
I

0.128327
0.067498
0.055249
0.034642
0.021438
0.012020

I 0.006566
0.003535
0.001905
0.001018
0.000373

, 0000197I •
'I 0.000104

0.000062
I

0.176665
0.117996
0.075496

I 0.045654
I

0.027968
0.015706
0.008509

I
i 0.004579,
i 0.002451, '

'I' 0.001306
0.000473
0.000246
0.000127
0.000075

0.21B327.
0.138994
0.086996
0.055773
0.OJ5084
0.020295
0.011262
0.006137
0.003278
0.001730
0.000633
0.000332
0.000173

II 0.000102

,...
N
w



rable-JII! jtrain Hates to ~lot log jtrain ~ate Versus Creep ~tress Curve for
50il 1.

Creep stress
% of q

u

Strain rate, percent per min.
Time

.. ._' --1----

1000 I 10000

0.0003838 0~OOO0476

0.0009993 0.0001134

0.0006509 0.0000771

0.0009500 0.0001080

0.0012811 0.0001429

0.0008496 0.0000956

100

0.0109066

0.0027448

0.0080216

0.0083096

0.0051972

I 0.0071745

J ~__'-__

10

0.0588972

0.0178476

0.0387163

0.0764718

0.0518440

0.0616816

1

0.0900000

0.2649975

0.2033325

0.3550000

0.2449975

I 0.2800024

20

40

so

60

HJO

120

L _

.".

---,~-

>--
N."



fable-IX Strain Hates to Plot log ~train Hate Vs. Creep ~tress Curve for
Sail 2.

-~.-'-

-

Creep stress Strain rate, percent per min,
"b 0 f q, u Time .

1 10 100 1000 10000

. ' 30 0.1349951 0.0237B25 0.0032247 •. 0.0003951 . 0~0000752'

50 0.1249999 0.0236533 0.0036290 0.0004674 0.0001142 .

60 0.,1216674 0.0249758 0.0037289 0.0004577 0.0000726

.

80 0.2066674 0.0403503 0.0054268 0.0006425 0.0000531

I 1lI0 '0.2600000 0.0588755 0.0086527 0.0010285 0.0000563
I - -- I 'I
I 12U

,
0.0049 '770I 0.1383349 0.0319'429 0.0006345 0.0000512

I I
II I IL__ ._~_. _____ L_ .•

r-
N
U1
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Table-X Strain riates to Plot log jtrain Rate Vs. Creep Stress Curve for
Soil 3.

Creep stress
% of qu

Strain rate, percent per min.
Time

l20
j,
I'-- ..- -_.- -~-_..

_ .~.2:'~76t.:"""'_1 ".""7:n_I_"."""~7e9.

-

-

,'.

t
i
I
j

I
I

I
I

30

50

60

80

100

1

0.1499996

0.0699975

0.0583350

0.1283276

0.1766656

- - . 10

0.0304917

0.0195137

0.0124072

0.0291902

0.0384370

100 -.

0.0041286

0.0030931

0.0019830

0.0041346

0.0053586

1-000

0.0005002

0.0003855

0.0002750 -

0.0005183

0.0006574

10000

o ~000059"1

0.0000460

0.0000346

0.0000629

0.0000757

0.0001029

....
N
0\

•
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