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ABSTRACT

Consolidation behaviour of fine grained soil is evaluated commonly by Terzaghi’s
one dimensional linear elastic consolidation theory. It is based on several simplified
assumptions. Out of these assumptions most important assumption is constant value of
coefficient of consolidation C, during the consolidation process. But it leads serious problems
to the consolidation of soft clay like bentonite and bentonite —sand mixture. Since Terzaghi’s

one dimensional consolidation theory gives good results for small strain problems.

Hence in this study Terzaghi’s one dimensional consolidation theory is used for
evaluating consolidation of pure bentonite and bentonite —sand mixture assuming constant
value of coefficient of consolidation C, for small range of effective stress. Variation of
coefficient of consolidation with effective stress for different percentage of bentonite in sand

is shown.

Moreover variation of other consolidation properties like coefficient of
compressibility ay, coefficient of volume compressibility m,, compression index C. with
effective stress is determined and comparison of these properties for different clay content are

made.

Based on consolidation property permeability of clay is calculated indirectly for
different percentage of clay. It is observed that permeability of clay increases with decrease
in clay content.Based on consolidation properties graphs between average degree of
consolidation and time factor is plotted and comparison is made for different percentage of

clay.

Rate of consolidation is compared here using the two transforms Fourier as well as
Laurent and it is clear from the experiments that rate of consolidation is faster using Laurent

transform.
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Consolidation Behaviour of Mix Clay using Lauremamisform

CHAPTER-1
INTRODUCTION

1.1CONSOLIDATION

According to Terzaghi (1943), “a decrease of watemtent of a saturated soil
without replacement of the water by air is calledracess of consolidation” Due to
the application of an external load, there is atainincrease in pore-water pressure
throughout the sample known as the initial excese water pressure.

According to Darcy’s law, the excess pore watesguees are the driving force of
seepage flow. Flow takes place due to the hydraphdient generated by the initial
excess pore pressure distribution. At any stagieftonsolidation process, the pore-
water pressures will vary within the soil layer.eTdistribution of excess pore-water
pressure at any given time after loading can beesgmted by Isochrones.

Thus, the process of consolidation can be expiessea series of isochrones that
graphically represent the relationship between tand the degree of consolidation
over the depth of the soil stratum. Consolidatian be further characterized by the
average degree of consolidation, which repres@etsansolidation of the stratum as a

whole and eliminates the variable of depth.

Consolidation is a time dependent phenomenon. Daglication of compressive
load on saturated clay pore water pressure incseas@ediately. Hence pore water
tries to sheep towards low pressure area. Sincedhmaeability of clay is very low,

pore water takes some time to dissipate.
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1.2BEHAVIOUR OF MIX CLAY

Bentonite is a compressible soil. It shows highlbmgeand shrinkage due to presence
of montmorillonite mineral. Montmorillonite belong® smectite group. They show
structural gap in their mineral structure. Watereunale enters to the gap and stake one
above othercausing expansion of the whole minetraictsire. Due to application of
loading on saturated bentonite and bentonite- saixdpore water pressure dissipates
which causes increase in effective stress. Dukdaricreases in effective stress void ratio
decreases. Hence hydraulic conductivity and caefficof compressibility which are
functions of void ratio changes with void ratio héBe changes are very small for small
strain problem. But in case of compressible sod anft soil changes are appreciable.
Compressibility can be reduced by mixing sand impessible soil. But permeability
increases with addition of sand in bentong&aifazi (2010].

These two properties compressibility and hydraabaductivity are represented
by coefficient of consolidation. Coefficient of cwlidation isdirectly proportional to
hydraulic conductivity and indirectly proportion compressibility. Hence variation in
coefficient of consolidation will depend on chanmgehydraulic conductivity and change
of compressibility with the addition of sand in b@mte Murthy (1987)].

Permeability and swelling characteristics of berttband bentonite - sand mixture
are two very important parameter for designing ype of waste disposal applications.
Bentonite and bentonite —sand mixture is mainlydus® a buffer material for disposal of
radioactive waste. Concept of underground Disposdlazardous material comes from
nuclear industryfomine (1991)].

Since environmental requirement for all types ofdenground disposal will
converse towards the approaches developed for lisad radioactive disposal. Deep
geological repository is based on multilayer barsigstem concept. It ensures long term

confinement and isolation of waste from environni&ttirazi (2010)].
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1.3 FUNCTIONS OF BETONITE-SAND MIX

Basic function of bentonite-sand mix to fulfil as barrier material in deep
geological repository are given below:

1.3.1 Mechanical Functions:

» Buffer material should hold the container in plaoel prevent collapse of the
excavation.

» Plastic deformability of buffer material ensuredistribution of stresses.

* Heat conductivity for transfer of heat from the teapackage to the surrounding
host rock.

» Hydraulic conductivity should be low to limit théotv of ground water to the
waste material.

» Buffer material should create impermeable zone ratahe container to ensure
that radionucleoid released from the waste limitemhnot penetrate the
impervious zone.

» High swelling properties to guarantee the sealihgny cracks occurring in the

fillmaterial hence ensuring impervious barrier.

1.3.2 Physiochemical Functions:

» Buffer material must absorb escaping radionuclgt®shat their migration to the

geoenvironment is retarded.

Buffermaterial must retain their mechanical and sighemical function over a
long span time and at high temperature which mast @x that place. Bentonite—Sand
mix fulfils all the above requirements of a buffeterial hence it used as a
buffermaterial in nuclear disposal.Here its perni@glcharacteristics are calculated

indirectly using consolidation parameteg&h[razi (2010)].
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1.4 MAJOR RESEARCHES IN THIS FIELD

Table No 1.1 Major Scientists &their Contribution

Scientists

Contribution

Terzaghi’s Analysis, 1925

D

1-D Consolidation

Biot Theory, 1940

3-D Consolidation with restrudtgy of soil solids

Schiffman, 1958

1-D consolidation theory under time dependant logdvhere

permeability and coefficient of consolidation vavith time.

Geng et al., 1962

Use of Laplace transforms to obtain solution fon hoear 1-D

consolidation.

Davis & Raymond, 1965

Relation of permeability of soil with coefficient f

consolidation.

Gibson & Hussey,1967

Analysis of ‘rate of consolidation’ depending upibirckness of

soil strata.

Booker and Small, 1976

Finite layer analysis technique for 2-D and 3-Dsmlidation of
multilayered soils.

Oslon.et al., 1977

Incorporate Ramp loading as mode of load applioaitmo1-D

consolidation.

Sridharan et al., 1995

Analysis of Time factor for secondary consolidatiai

extremely clayey soil.

Wang and Fang, 2001

Analysis of Biot consolidation problem for multikened poroug

media by a state space method in cylindrical coartei system.

Conte et al., 2006

Analysis of coupled consolidation of unsaturated sader
plain strain loading.

Rani et al., 2011

Consolidation of mechanically isotropic but hydreally
anisotropic clay layer incorporating compressionpofe fluid

and solid constituents.

Vinod et al., 2010

Cross section range of fastilugbr radial consolidation.

Tewatia et al., 2012

Quick and fast loading methodology to guage/measaie of
consolidation of primary as well as secondary psees.

To fulfil the objective literature has been revielwe chapter-2
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CHAPTER -2

LITERATURE REVIEW

2.1 CONSOLIDATION: NATURAL PHENOMENON

Consolidation is likely to be linked to the change®ffective stress, which result
from the changes in pore-water pressure as sedfmagerogresses toward the drainage
boundaries. Upon application of an external lo&érd is an initial increase in the pore-
water pressure throughout the sample known asnihial iexcess pore water distribution.
According to Darcy’s law, the excess pore watersguees i.e., pressures in excess of
hydrostatic are the driving force of seepage flow.

Flow takes place due to the hydraulic gradient gged by the initial excess pore
pressure distribution. At any stage of the constidch process, the pore-water pressures
will vary within the soil layer. The distributionf dhe excess pore-water pressure at any
given time after loading can be represented bysaohroneqPowrie(1997]. Thus, the
process of consolidation can be expressed as @ssefithe isochrones that graphically
represent the relationship between time and theedegf consolidation over the depth of
the soil stratum.Consolidation can be further cti@rized by the average degree of
consolidation, which represents the consolidatibthe stratum as a whole and eliminates
the variable of depthTaylor (1962)]. Terzaghi’'s one-dimensional consolidation theory is
commonly adopted to describe the dissipation ofeth@ess pore-water pressure within a

consolidating soil over tim@erzaghi (1929].

In fact, Terzaghi’s theory is often used in twadahree-dimensional problems.
Here, one-dimensional consolidation settlementsan@ly modified by a correction factor
proposed bySkempton and Bjerrum (1957)]to account for two- and three-dimensional
effects. The behaviour of a consolidating soil satgd to the uniform initial excess pore-
water pressure is commonly described in geotechtegtbooks in terms of both degree of
consolidation isochrones and average degree ofotidason curves were given by
[Terzaghi (1943); Taylor (1962); Holtz and Kovacs 1981); Berry and Reid (1988);
Powrie (1997); Atkinson (2007); Lancellotta (2009)] The average degree of
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consolidation behaviour of other initial excessepasater pressure distributions has also

been analyzed in terms of one-dimensional consadicla
2.2 GENERAL THEORIES

Since the inception of Terzaghi’s 1-D consolidatibaory, several solutions have
been developed for dealing with issues relatinth&consolidation resulting from time-
dependent construction loads. This has led timewdgnt construction loads to be
approximated as constant rate loading scendfieszaghi (1943); Schiffman (1958);
Olson (1998); Zhu &Yin (1998); Conte &Troncone (208); Hsu & Lu (2006)]. They
range from semi-empirical approximations to monehssticated theoretical analyses. The
simplest of these approaches is that proposedrbyzfghi (1943] where there is the
consolidation settlement at time t (j))<is computed assuming that the pressure at that
time is applied instantaneously at t/2. Due teitsplicity, this method is still discussed in
different textbooks, with suggestions to impleméns as a graphical procedure that

accounts for the construction tim@rpig (2004)].

Later, more rational and analytical approaches vpeoposed by several others
which are summarised here briefl@lgon (1977%] extended Terzaghi’'s one-dimensional
consolidation theory to incorporate ramp loadingvering consolidation due to vertical
flow, radial flow and combined vertical and radil@w. He discredited the ramp loading
into very small incremental loads, and applied &ght's one-dimensional consolidation
theory and principle of superposition, to develapathematical expression for the excess
pore water pressure.This was used in developingexgression for the degree of
consolidation in terms of time factor. The soluamere also presented graphically in the
form of U-T charts. In Terzaghi’'s one-dimensionansolidation theory, as well as
[Olson’s (1977] extension, it is assumed that cvremains the sdumiag consolidation.

[Schiffman (1958] studied one-dimensional consolidation under tole@endent
loading where the permeability and coefficient ohsolidation vary with timeZhu and
Yin (1998)] developed solutions for one-dimensional constl@h under depth
dependent ramp loading, where the applied pressanes with time and deptiCpnte
and Troncone (2008] developed a solution for consolidation due torengeneral time
dependent loadingMikasa (1968] developed the one-dimensional consolidation theo
in terms of compressive strains instead of excess pressures, which was later extended

to multi-layered clays byim and Mission (2011); Conte (2006] proposed a method to

6
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analyse coupled consolidation of unsaturated switder plane strain and axi-symmetric

loading.

[Rani (201)] studied the consolidation of a mechanically rgpic but
hydraulically anisotropic clay layer subjected x-gymmetric surface loads, allowing for
compressibility of the pore fluid and solid constitts. Soil consolidation is often caused
by external loadings, such as in building or eminaekt construction on clayey soil.
Consolidation theory was originally developed byZeghi for the one dimensional case,
and therein, exclusively considered vertical strasd strain, and neglected horizontal
effects. Biot later extended Terzaghi’'s theory ww-t and three-dimensional saturated

soils.

Biot's reformalization of Terzaghi’'s theory is alsontemporarily referred to as
the true two- or three-dimensional consolidatiogotly, as it permits the total stress to be
varied as a function of time during the consolidlatprocess. Both theories assume that
loading is instantaneously applied and maintairedtant as a function of time; however,
realistic loadings in construction are usually agplgradually as a function of time. In
many cases, the loading process may proceed ol@ngaperiod of time, such that a
significant part of the consolidation may occuridgrthe loading process. Moreover,
during the construction of some special structusesh as silos or fluid tanks, the soils
beneath will be subjected to cycles of loading anbading that periodically repeat over

time.

The response of soils subjected to complicatedlihga conditions can be
examined as a diffusion Soil consolidation is oftensed by external loadings, such as in
building or embankment construction on clayey sodnsolidation theory was originally
developed by Terzaghi for the one dimensional casd,therein, exclusively considered
vertical stress and strain, and neglected horitaffacts. Biot later extended Terzaghi
theory to two and three-dimensional saturated sBilst’s renormalization of Terzaghi’s
theory is also contemporarily referred to as thee t2 or 3-dimensional consolidation
theory, as it permits the total stress to be vaasda function of time during the

consolidation process.

Both theories assume that loading is instantangoapplied and maintained
constant as a function of time; however, realigtiadings in construction are usually

applied gradually as a function of time. In manges the loading process may proceed

7
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over a long period of time, such that a significaatt of the consolidation may occur
during the loading process. Moreover, during thestmction of some special structures,
such as silos or fluid tanks, the soils beneath lval subjected to cycles of loading and
unloading that periodically repeat over time. Thesponse of soils subjected to
complicated loading conditions can be examined diffusion process over time, wherein
these loadings can significantly change the tdtaks as the soil consolidation develops.
As a result, the impact of the external loadingetghould be considered in the analysis.
Several solutions have been developed for clasca-dimensional consolidation
problems consisting of time-dependent loading dions in the past few
decades$chiffman (1959]was one of the first researchers to obtain a ggmselution of
consolidation with loadings that linearly increasedh time, which has subsequently
been modified by later work.

For example, cyclical loading was evaluated and ¢bgesponding solutions
therein were developed. In particulaGdng (1962] used the Laplace transformtion
obtain a general solution to the non-linear oneedigional consolidation problem for
soils that have undergone complicated cyclical ilngfConte (1966] used the Fourier
transform to develop an analytical solution to thee-dimensional consolidation of
saturated soil layers subjected to a general tiepeddent loadingdai (1981)] derived a
semi-analytical one-dimensional consolidation solutby considering the variation of

cyclically loaded soil compressibility.

Process over time, wherein these loadings canfisgmntly change the total stress
as the soil consolidation develops. As a resul, ithpact of the external loading type
should be considered in the analysis.Several solsithave been developed for classical
one-dimensional consolidation problems consistihgnoe-dependent loading conditions
in the past few decadessdhiffman (1958] was one of the first researchers to obtain a
general solution of consolidation with loadingstthaearly increased with time, which
has subsequently been modified by later work. Faanmgle, cyclical loading was

evaluated and the corresponding solutions therene weveloped.

In Several investigators have successfully obtaimealytical solutions to Biot’s
equations; however, due to the complexity of theupbed governing differential
equations, the solutions to consolidation problere generally limited to those with
simple geometries and specific loading conditi@everal investigators have successfully
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obtained analytical solutions to Biot's equatiohewever, due to the complexity of the
coupled governing differential equations, the dohg to consolidation problems are
generally limited to those with simple geometriesl apecific loading conditions. Earlier
work on three-dimensional consolidation problemss hgpically adopted a purely
isotropic elastic model for the soil skeleton; hoem the soil is often transversely

isotropic due to its original deposition in horizalnbedding.

Furthermore, imposed strains after deposition catude additional anisotropy,
which in turn leads to a preferred orientation lud plate-shaped clay particles, and has
been verified by laboratory tests that show thatgtiffness and permeability of soils are
directionally dependent. Thus, a more realisticusoh to the consolidation problem
should accommodate soil anisotropy. Existing sohgito consolidation problems all
assume that particles and pore water are incomplkessvhich may not always be
appropriate. In general, it is necessary to refiex assumption, and extend consolidation
problem analysis to compressible materials. In t&m, PJi (1948] obtained a quasi-
dynamic solution for the axisymmetric consolidatimina columnar cross-isotropic soil.
More recently, Chen (1954] derived solutions for the axi-symmetric consatidn of
transversely isotropic saturated soils using Laplacd Hankel transform techniques, but

under instantaneously applied loading that was befgtant with time.

Until now, investigations into the consolidation hbgiour of semi-infinite
transversely isotropic soils are sparse in litegtaspecially in regard to soils subjected to
complex time-dependent loadings. Therein, soiliglag and water pore compressibility
and loading histories that more satisfactorily esent consolidation problems were
analyzed. €Chen (1954]originally derived these formulations for condtgnloaded
scenarios. Several numerical examples were inastigo verify the proposed approach,
and therein, identified the influence of materialsatropy on pore pressure dissipation
and soil settlement. Since the development of lineetdimensional consolidation theory
by Biotin 1941, it has been used by researchesdlice many consolidation problems of
soils. For example McNamee and Gibson (196)) obtained the analytical solutions for

the plane strain and axi-symmetrical consolidapiomblems with a semi-infinite body.

[Schiffman and Funguroli (1968] studied the consolidation of a half-space
medium on which a uniform tangential load was aplin the cylindrical coordinate
system.Gibsonand Booker (197)proposed the analytical solutions for the
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consolidation of a finite layer subjected to suefalading.fue and Selvadurai
(1980]analyzed the interaction between a circular, figid indenter and a poro-elastic
half-space saturated with a compressible fluid. falti-layered soils,Yardoulakis and
Harnpattanapanich (1989] adopted a numerical method using displacement
functionsand integral transforms to analyze twostisional and three-dimensional
consolidation problems in the Cartesian coordinatestem.Booker and Small
(1976]developed a finite layer analysis technique tal dgth two-dimensional and three-
dimensional consolidation problems of multilayeseds.

[Senjuntichai and Rajapakse (198f solved the consolidation problems of
multi-layered soils by an exact stiffness method time cylindrical coordinate
system.Pan(1990] employed vector functions and a propagator matmethod in the
cylindrical and Cartesian coordinate systems taaiobGreen’s functions in a multi-
layered, isotropic, and poro-elastic half spateupg and Fang (200)] analyzed the Biot
consolidation problem for multi-layered porous naetdy a state space method in the
cylindrical coordinate system. More recentli [and Han (2003]used a state space
method to obtain the solution for the plane straonsolidation of multi-layered
soils.Numerical methods, such as the finite elenmathod and the boundary element
methodhave also been used to solve these complicatesolidation problems.Since
Terzaghi printed his consolidation theory and tfoeee the principle of fective

stress, analysis work on consolidation issues heatly inflated.

The conventional consolidation theories typicalgglected the non-linearity of
soil for sensible function. Studies of non lineansolidation behaviour of saturated soil
started from concerning forty years past. Many réffare created to get analytical

solutions for various forms of one-dimensional edigstion theories

[Davis and Raymond (1965)] derived associate analytical resolution for the
opposite constant loading case supported the asmunsp that the decrease
in porousness is proportional to the decreaseurexpbility throughout the consolidation
of a soil and therefore the distribution of initeffective pressures is constant with depth.
With a similar assumption concerning the squeeitglaind porousness of a sojKie
(1965)] developed associate analytical resolution to the dimensional consolidation
drawback for time-dependent loading. The answesgrgivoy Davis and Raymond
was considered a special case ofPdskitt (1971)] studied a lot of general one

10
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dimensional non linear consolidation drawback by plxying a perturbation
methodology; however no express resolution wasngi¥®r the linear consolidation of
superimposed soils, some analytical solutions eperted.However, there appears to be
no analytical solution for nonlinear consolidati@aking the superimposed characteristics
of soil into thought. This could be primarily owiig mathematical problem. During this
study, associate analytical resolution comes fBirhensional non linear consolidation of
double-layered soil considering time-dependant itggdsupported a similar assumption
projected by Davis and Raymond apart from loadimgpddion, and everyone the
analytical solutions up to now developed squaresmmeasummarized within the tables.

The nonlinear consolidation behaviour of doublestayg soil is additionally mentioned.

The modelling and prediction of the mechanical bé@ha of structures like
building foundations, embankments, oil- cans, séwsl ground anchors resting on a
saturated layered soil system area unit common emsgntial issues in geotechnical
engineering. Saturated soil consists of 2 phasasely, a solid part (the soil skeleton)
and a liquid part. These 2 phases act once theasadusoil is subjected to associate in

nursing external load.

[Biot (1941)] developed a theory that may justify the complidateteraction
between the solid and also the fluid, i.e., the egp@ Biot’'s consolidation theory. This
theory will accurately describe the method of sodnsolidation during a three-
dimensional condition. Within the past few decadssjeral researchers have advanced
the data and theory of soil consolidation. For rmesthanisms planned to make a case for
secondary effects, one would expect a lot of nabte secondary result within the
laboratory than within the field. Laboratory valugsc, (and k) area unit seemingly to be
too low as a result of retarding secondary effacesa unit seemingly to be rather more
vital within the laboratory than within the fiel&ebause of the upper strain rate within the
laboratory[Taylor (1942); Barden (1965); Lo et al. (1976); Pkit (1967)]. Thetime
needed to finish the check victimisation the speaalysolidation methodolog\sfidhar
an (1999)]can be as low as 4-5 h compared with 1 or 2 weeltsn the case of the

traditional consolidation check on extremely clageys.

Rectangular conic section methodology needs knayeled concerning 70% U for
decisive ¢, 8100 €tc. Where, \canddigp area unit constant of vertical consolidation and

supreme primary settlement, severally. However,aghealues area unit not up to true

11
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c.due the consequences of secondary consolidatieeasdary consolidation primarily
starts at 60% USridhar an et al. (1995)] Also, it is not legendary to what extent c
values area unit stricken by secondary consolidakize trend or rate of settlement of
pressure acting on clay will be determined at am twhile not knowing the past history
of pressure increment. It will be a supply of sohedpful data like fast analysis of
consolidation characteristics within the laboratang field, time-compression knowledge
of the current, past and future, kind and stageoofolidation, emptying conditions, time

of load increment et¢Tewatia (2012)]

Using the speed of settlement idéawatia (1998); Tewatia and Satyendra N.
Bose (2006)]a quickest fast loading methodology is projetteduage ¢ minimizing the
results of secondary consolidation that offers s@sgmate additionally that to what
extent ¢ is plagued by secondary consolidation. There squagasure range of fast
loading ways for vertical consolidation however fexist for radial consolidatiofvinod
et al. (2010); Tewatia et al. (2012a)) fast loading methodology is projected for radial
consolidation that's abundant quicker than the wdfered in literature with the higher
than mentioned deserves additionally. The projestagts will be used even once the

settlement or time of load increment is not glosiou

On the basis of literature review and keeping thgaives in mind a laboratory

investigation has been made which is reported apter-3

12
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CHAPTER -3

EXPERIMENTAL ANALYSIS

3.1 INTRODUCTION

Progress of consolidation with time of cohesivd simeasured by odometer test.
Based on odometer test settlement—time and voith-effective stress curve are
plotted.Now on the basis of void ratio-effectiveess curve, compression index is
calculated which is further used for total consatidn settlement at the end of dissipation
of whole excess pore water pressure. Moreover icoaif of compression and coefficient
of volume compressibility are also calculated dtedent effective stresses.Settlement-

time curve is used for determining coefficient ofsolidation.

Here coefficient of consolidation is calculateddmpare root of time method.Now
based on coefficient of consolidation time facter galculated. Time factor is a
dimensionlessparameter which is connected withipalyparameter time with the help of
coefficient of consolidation. Now Terzaghi’'s onengéintional consolidation theory with
fourier transform and Laurent transformare used determining average degree of

consolidation with time factor.

This gives the rate of consolidation or consoliatwith time. Finally coefficient
of permeability is calculated indirectly with thelp of coefficient of consolidation and
coefficient of volume compressibility. Permeabiligwelling characteristics of bentonite
and bentonite- sand mixture are two very imporfzrameter for designing any type of
waste disposal applications. Bentonite and berdgonsiand mixture is mainly used as a
buffer material for disposal of radioactive wastoncept of underground Disposal of

hazardous material comes from nuclear industry.

Since environmental requirement for all types ofdenground disposal will
converse towards the approaches developed for ligad radioactive disposal. Deep
geological repositoryis based on multilayer barggstem concept. It ensures long term

confinement and isolation of waste from environment

13
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3.2 MATERIALS AND METHODS

In the present study an experimental work was wgotedl to evaluate the
consolidation characteristics and other parameféng® index as well as engineering
properties have been evaluated. Details of matasat and test procedures adopted are

described in this chapter.

Characterization of clay:-
1. Moisture Content determination.
2. Density bottle test to determine specific gravity.
3. Hydrometer test to find grain size distribution.
4. Liquid limit & Plastic limit determination.
5. Ash Content & loss of ignition test.

6. Swelling Index

Characterization of sand:-
1. Density bottle test to determine specific gravity.
2. Sieve analysis to find grain size distribution.
3. To determine different properties of Compaction.

4. Determination of coefficient of permeability.

14
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3.3 EXPERIMENTAL ANALYSIS
3.3.1 For Clay :
3.3.1.1 Moisture content determination:

Sample is being taken in three different crucildeabout 10 gms. And kept in the

oven for about 24 hours at %5After 24 Hours weight is again taken through \aeig

machine and moisture content is determined.

Table No 3.1: Moisture Content Determination

Initial weight Dried weight Water content
Sample name

(gm) (m) (%)

10 9.3 7
B 10 9.5 5

10 9.6 4

Average moisture contentis33%.
3.3.1.2 Specific gravity by density bottle IS: 272(Part I11)

Specific gravity is the ratio of the mass of unilume of soil at a stated
temperature to the mass of the same volume of rgasdistilled water at a stated

temperature, generally taken at 4 degree centigrade
Test procedure:

Determine and record the weight of the empty claaeh dry Density bottléN ;.
Place about 150-200 gm of a dry sample (passedighrdahe sieve No. 10) in the
Density bottle .Determine and record the weighthef Density bottle containing the dry
sample,W,. Add distilled water to fill about half to threedrth of the Density bottle.
Soak the sample for 10 minutes. Stir the mixtugonously with a glass rod to ensure

removal of all the entrapped air. Fill the Denditttle with distilled (water to the mark),

clean the exterior surface of the Density bottléhwa clean dry cloth. Determine the
weight of the Density bottle and contenié;. Empty the Density bottle and clean it. Then
fill it with distilled water only (to the mark). @an the exterior surface of the Density

15
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bottle with a clean, dry cloth. Determine the weighthe Density bottle and distilled
water,W 4. Empty the Density bottle and clean it.

The Specific Gravity of Clay Matter was found toh&9
3.3.1.3 Particle size distribution 1S: 2720 (PartV)

There are two types of grain size analysis, fisssieve analysis and second is
hydrometer analysis. The grain size analysis islyidised in classification of soils.The
particle size distribution (PSD) of a powder, oamular material, or particles dispersed in
fluid, is a list of values or a mathematical functithat defines the relative amounts of
particles present, sorted according to size. PS&lsis known as grain size distribution.
Particle Size A better indication of the fineness is to deterenithe particle size
sdistribution. For example, one can determine tlessmpercentage below 10 pm or
determine the mean particle diameter. The parsde of organic matter varies from
below 75 um to 300 um or more. Thus a clay conteight have the following
distribution (on a mass basis): 0.7-0.8 % belowitg 0.5 % finer than 150 um, 35-40 %
above 300 pm and 60-65 % above 600 pum.

* The percentage of sample retained on each sielledbshzalculated on the basis of

total weight of sample retained in sieve.

» Cumulative percentage of soil retained on successave is found.

120

100

. /Jf??
//' / ——60% clay + 40% sand
0 —=—80% clay + 20% sand
-/./
100% clay
20

0
0.001 0.01 0.1 1 10

60

Percent passing (%)

Grain size (mm)

Fig 3.1: Grain distribution of mix clay
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3.3.1.4 Liquid limit and plastic limit determination
3.3.1.4 (a) Liquid limit determination

Theoretical background

Liquid limit is the minimum water content at whithe soil is still in liquid state
but has a small shearing strength against flowimgther words it is the water content at
which soil suspension gains an infinitesimal stterfgom zero strength. In the standard
liquid limit apparatus from practical purposesisithe minimum water content at which
part of soil cut by groove of standard dimensiomd, flow together for as a distance of

12 mm (1/2 inch) under an impact of 25 blows.

Calculations:

W;-W,
m
nz

Liquid limitw =

logio

W, = water content corresponding to bloy n

W, = water content corresponding to blows n

500

450 N

350

——100% clay
300

\ —=—80% clay+20% sand
0, 0,
250 60% clay+40% sand

200

Water content (w%)

150

10 100
NO. of blows (1

Fig 3.2: Liquid limit determination of mix clay
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Liquid Limit of pureclay 410%
Liquid limit of 80% clay + 20% sand 270%

Liquid limit of 60% clay + 40% sand 230%

3.3.1.4 (b) Plastic limit determination

Plastic limit is the minimum water content at whiglsoil just deigns to crumble
when rolled into a thread of 3 mm in diameter. ager content in is between the plastic

and semi-solil states of soil.
Thus Plastic Limit of given Clay 2%
3.3.1.5 Swelling index IS: 2720 {Part XL (40)} 1977

Free Swell Index is the increase in volume of angla material, without any external

constraints, on submergence in water.

Calculation:

Free Swell Index, (%) = (V~ Vk)/ Vk x 100%

V4= Volume of the specimen read from the graduayéidder containing
Distilled water.

Vi = Volume of the specimen read from the graduayéidder containing

Kerosene

Free Swell Index is calculated 30%.

18
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3.3.2 Characterization of Sand:

3.3.2.1 Specific gravity by density bottle IS: 272(Part I11)

Specific gravity is the ratio of the mass of unilume of soil at a stated
temperature to the mass of the same volume of rgasdistilled water at a stated

temperature, generally taken at 4 degree centigrade

.And the specific gravity of sand sampleis5

3.3.2.2 Sieve Analysisto find grain size distribudin

100

80 —
70 £

60 -

50 /

2 /

30 /

20 /

10 /

/

% Finer

0
0.01 0.1 1 10

ParticleSize(mm)
Fig 3.3: Grain size analysis of sand
Following terms were determined with the help & turve in Fig 3.3 of sieving like
(a) Effective Diameter or Effective Size;p= 0.14
(b) D3o& Do D3g=0.19 , Qo= 0.26
(¢) Cu& Co, Cu= (Deo/D1o) = 1.857 , €= [(D30)/(Deo) X (D10)] = 0.992

(d) Nomenclature of Sand sample is silty sand.
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3.3.2.3 Determination of compaction properties ofand layer by Standard proctor
test IS 2720 (VI1):1980

The standard proctor test was invented by R.R.Brd@33) for the construction
of earth fill dams in the state of California.Thellbdensity and the corresponding dry
density for the compacted soil are calculated ftois

The test is repeated with increasing water conteantd the corresponding dry
density obtained is therefore determined. A compadaturve is plotted between the water
content as abscissa and the corresponding drytesnas ordinates. The dry density goes
on increasing till the maximum density is reach€&kis density is called maximum dry
density (MDD) and the corresponding moisture contencalled optimum moisture
content (OMC).Optimum Moisture Content (OMC) of ddayer is13.5%

(a) Void Ratio of Compacted sand(e) = {{'q) -1 =0.508 =51%
3.3.2.4 Determination of coefficient of permeabilit
Theoretical background:

The property of material which permits fluids torgeate through its voids is
called permeability. According to Darcy's law inetllaminar range the velocity of

percolation is proportional to the hydraulic gradiev/ [ i
V= Ki

AV =Kai

AV= flow rate = Q= Kai

K = g
hA

By Constant Head permeability method, Coefficiehpermeability ‘k’ for this silty sand

is determined and is abo#26X10* mm/sec.
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3.4 CONSOLIDATION BY ODEOMETER

Consolidation is determined by using Odeometerr giit@paring the sample.

Specification of apparatus:

1. Consolidometer consisting essentially;
a. Aring of diameter = 60mm and height = 20mm
b. Two porous plates or stones of silicon carbidemahium oxide or porous

metal.

c. Guide ring.
d. Outer ring.
e. Water jacket with base.
f. Pressure pad.
g. Rubber basket.

2. Loading device consisting of frame, lever systeaading yoke dial gauge
fixing device and weights.

3. Dial gauge to read to an accuracy of 0.002mm. .

4. Stopwatch to read seconds.

5. Sample extractor.

6. Miscellaneous items like balance, soil trimminglspspatula, filter papers,
sample containers.

Procedure:

Sample is prepared by in the mould.

Saturate two porous stones either by boiling itilthd water about 15 minute
or by keeping them submerged in the distilled wéie#d to 8 hrs. Wipe away
excess water. Fittings of the consolidometer whécto be enclosed shall be

moistened.
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Assemble the consolidometer, with the soil speciauath porous stones at top
and bottom of specimen, providing a filter papetwaen the soil specimen

and porous stone. Position the pressure pad dgrdrathe top porous stone.

Mount the mould assembly on the loading frame, egwtre it such that the

load applied is axial.

Position the dial gauge to measure the verticalpression of the specimen.
The dial gauge holder should be set so that tHegdiage is in the begging of

its releases run, allowing sufficient margin foe twelling of the soill, if any.

Connect the mould assembly to the water resernalrthe sample is allowed
to saturate. The level of the water in the resersbould be at about the same

level as the soil specimen.

Apply an initial load to the assembly. The magné&uaf this load should be
chosen by trial, such that there is no swellingshibuld be not less than 50
g/cnt(5 kN/nt) for ordinary soils & 25 g/lcm(2.5 kN/nf) for very soft soils.

The load should be allowed to stand until ther@aschange in dial gauge

readings for two consecutive hours or for a maxinair®4 hours.

Note the final dial reading under the initial logpply first load of intensity
0.1 kg/cnf (LOKN/nf) start the stop watch simultaneously. Record tizé d
gauge readings at various time intervals (andrfihe table). The dial gauge
readings are taken until 90% consolidation is redcPrimary consolidation is
gradually reached within 24 hrs.

At the end of the period, specified above take did reading and time
reading. Double the load intensity and take thé idiadings at various time
intervals. Repeat this procedure fir successivd inerements.

The usual loading intensity are as follows: 0.2, 0.5, 1, 2, 4 and 8 kg/ém

After the last loading is completed, reduce thalltmhalf (1/2) of the value of
the last load and allow it to stand for 24 hrs. iRedthe load further in steps of
1/4th the previous intensity till an intensity afLGkkg/cnf is reached. Take the

final reading of the dial gauge.
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* Quickly dismantle the specimen assembly and rentiozexcess water on the
soil specimen in oven, note the dry weight of it.

Three samples of Bentonite-Sand mixture are prelparth water content of 1.5
times of liquid limit (W ).Pressure applied at each sample are 20kPa, 508B&Ra,
200kPa and 400kPa respectively.Corresponding tb &sd increment settlement-
time curves are plotted for 24 hours. These cuavegresented in fig 3.5, fig 3.6 and
fig 3.7 i.e. for pure clay, 80%clay and 60% clagpectively.

—

e

e

~ ——400 kPa

)

S 2

) —=—200 kPa

e

<@ 100 kPa

=

3 ——50kPa
——20kPa

0 10 20 30 40

Square root of time

Fig 3.4: Settlement-square root of time curve for pre Bentonite
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Initially when load is 20 kPa void ratios are véayge. Void ratio decreases with
time because effective stress increases with tirhe. rate of settlement or slope of
the curve is very large initially.as loading isn@ased slope of curve decreases since
void ratio decreases.Gapping between the curveds® decreasing as we moves
towards higher loading. Initial void ratio for 20P& is very large hence overall

settlement is also very large. But for higher logdinitial void ratio is lesser then

lighter loading hence less overall settlement.

——400 kPa
—=—200 kPa
100 kPa

Settlement (mm)
N

——50 kPa
—=—20kPa

0 10 20 30 40

Square root of time

Fig 3.5: Settlement-square root of time curve for 8 Bentonite+20% Sand

Pattern of the curves are similar as for pure betegdout overall settlement is less
than pure bentonite. Gapping between the curvedifi@rent loading is smaller than pure
bentonite. Since sand decreases the initial vdid o pure bentonite which causes the

decrease in overall settlement. The rate of se#ttens lesser than pure bentonite. When
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small percentage of sand is added to the bentdnitecreases the initial void ratio and

bentonite sand matrix behaves as a less permealbéziah.

As amount of sand in bentonite sand mix is incréaserall settlement increases but
the curves are stepper. Hence the rate of settleisw@rcreased at fix higher percentage of

sand. Gapping between the curves is also incrdasbdws lesser overall settlement at
higher percentage of sand.

4

3
S
3 ——400 kPa
o 2 —=—200 kPa
S
@ 100 kPa
© ——
2 50 kPa

1 —=—20 kPa

0

0 10 20 30 40
Square root of time

Fig 3.6: Settlement-time curve for 60% Bentonite 40% Sand

On the basis of laboratory experiment results ascudsion are reported in chapter-4
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CHAPTER- 4

RESULTS AND DISCUSSIONS

4.1 Variation of void ratio with consolidation presure

3.5

2.5

——60%Dbentonite+40%sand
——80%bentonite+20%sand
——100% clay

\Void ratio (e)

0.5

10 100 1000
Consolidation pressure p (kPa)

[any

Fig 4.1: Void ratio — log p curve.

It is clear from the curves that higher percentafjbentonite have steeper slope
compared to low percent bentonite content. Diregitact between coarse grained
particles is prevented by bentonite particle byrfimg a coating around the coarser
sand particle. Coarser particles float in the maprovided by bentonite clay.
Moreover final void ratio is higherfor higher peent of bentonite although size of
void is very small in case of bentonite but is kasy large specific surface .hence

final void ratio is large in comparison to mixechbenite with sand
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4.2 Variation of coefficient of compressibility withh consolidation pressure

Variation of coefficient of compressibility with neolidationpressure is presented
in fig 4.2
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Fig 4.2: log a-log p curve for Bentonite-Sand slurry
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Table No. 4.2 Coefficient of compressibility @(m?kN)

Load range(kPa) Pure clay 80%clay+20%sand 60%clpsdnd
0-20 0.0355 0.022 0.015
20-50 0.0167 0.01133 8.33x10

50-100 7.6x18 5.2x10° 4.6x10°
100-200 2.8x18 2.2x10° 2.2x10°
200-400 4.5x19 4.5x10* 4.5x10"

Coefficient of compressibility decreases with irage in effective stress. Rate of

decrease of coefficient of compressibility decrsaseth decrease in bentonite

content. Increased quantity of sand

compressibility decreases with increase in sand.
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4.3 Variation of coefficient of volume compressibity with consolidation pressure

Coefficient of volume compressibility varies witbrsolidation pressure. Variation is

plotted on log-log plot as presented in fig 4.3
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Fig 4.3: log m-log p curve for Bentonite —Sand slurry

Table No. 4.3 Coefficient of volume compressibilityn, (m*kN)

Load (kPa) Pure clay 80%clay+20%sand 60%clay+408&ocsan
0-20 0.00849 0.0069 0.00562
20-50 0.004 0.00355 3.12x10
50-100 1.82x18 1.6x10° 1.5x10°
100-200 6.7x10 6.5x10" 6.4x10*
200-400 1.1x10 1x10° 1.7x10°
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4.4 Variation of compression index with consolidatin pressure

Compression index measures change in void ratio wdrease in effective stress.

Compression index is decreasing with increase fect¥e stress. Test results are

represented in fig 4.4

Q
X
()
]
=
c
% ——100% clay
g ——80% clay
Q.
£ 60% clay
@]
@)
0.1 — '
10 100 1000
Consolidation pressure p (KPa
Fig 4.4: log G-log p curve for Bentonite-Sand slurry
Table No. 4.4 Compression index £
Load range(kPa) Pure clay 80%clay+20%sand  60%clay+®osand

20-50 0.54578 0.37106 0.272839

50-100 0.54822 0.3751 0.33182

100-200 0.40395 0.31739 0.317393

200-400 0.12984 0.30296 0.129842
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Value of Compression index for pure bentonite saggr than mixed bentonite. Its
value further decreases with increase in sand.e&ser in sand increases stiffness of

bentonite. Hence compression index decreases matbase of sand in bentonite.

4.5 Variation of coefficient of consolidation withconsolidation pressure

Coefficient of consolidation represents combindigot of compressibility and
permeability. It is assumed constant in Terzaghiis-dimensional analysis but actually it
varies with effective stress for a given soil. Heoefficient of consolidation is calculated

by square root of time method corresponding to 3@%onsolidation. It's variation with
effective stress is shown in fig 4.5
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Fig 4.5 : Coefficient of consolidation- consolidatin pressure curve
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From the curve it is clear that coefficient of colation increases with increase
of sand. Since coefficient of consolidation is dilg proportional to permeability and
inversely proportional to volume compressibilityerReability effect of bentonite
dominates the compressibility effect. Permeabdityure bentonite is less than bentonite
sand mixture hence coefficient of consolidation pafre bentonite is less than mix
bentonite with sand.

4.6 Variation of permeability with consolidation pressure

Permeability measures rate of flow of liquid thgbusoil. Its value depends on
void ratio, viscosity of liquid, and path of travef liquid. Here permeability is measured

indirectly by consolidation parameters. It's vapnatwith void ratio is shown in fig 4.6
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Q transform)
£
o 300 1 —=—80% clay (laurent
(B transform)

200 60% clay (laurent

transform)
100 -
0 T T 1
1 10 100 1000
Consolidation pressure p (kPa)

Fig 4.6: Permeability- consolidation pressure curvéor Bentonite-Sand slurry
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Table No. 4.6 Coefficient of permeability by Fourie transform

Load range (kPa) Pure clay 80%clay+20%sand  60%436sand
0-20 8.919x10 7.506x10’ 7.958x10’
20-50 3.276x10 3.348x10’ 3.782x10’
50-100 1.233x10 1.41x10 1.817x10
100-200 3.93x1% 5.254x10° 7.345x10°
200-400 5.967x1d 2.221x10° 1.244x10°

Table No. 4.7 Coefficient of permeability by Lauremtransform

Load range (kPa) Pure clay 80%clay+20%sand  60%486sand
0-20 4.4x10 4.8x10’ 5.56x10’
20-50 1.6x10 1.8x10’ 2.2x10’
50-100 0.5x10 0.6x10’ 0.8x10’
100-200 3.93x1% 0.35x10° 0.04x10°
200-400 5.967x1d 0.08x10° 0.1x10°
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From the curve it is obvious that permeability akinentonite with sand increases

with increase in sand quantity at a given voidotaBpecific surface area for sand is less

than bentonite. Hence size of void increases wittreiases in sand quantity. Hence

permeability of bentonite sand mixture is greabentpure bentonite. Value of coefficient

of permeability is larger by fourier transform thiaaurent transform but as load increases

permeability converges to the common value.

4.7 Variation of average degree of consolidation i time factor

0
S 0.1 s, <L
N—’ a %
5 02 ‘.
T . . « Pure clay (fourier transform)
E 0.3 q %
o . .
& 04 ‘. % = 80% clay + 20% sand (fourier
O .
o % x transform)
© 0.5 % * + 60% clay + 40% sand (fourier
8 . * transform)
o .
3 0.6
o R .
g 07 . .
< \ . = 80% clay + 20% sand(laurent
q>) 0.8 . transform)
< . N 60% clay + 40% sand(laurent

0.9 . . transform)
1 * - x
0.001 0.01 0.1 1
Time factor (T)

= Pure clay (laurent transform

Fig 4.7 : Average degree of consolidation — time ¢gor curve for different percentage

of clay by Fourier and Laurent transform
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Average degree of consolidation measures the rfasetdement with time. It is
normally expressed in terms of non-dimensional ipatars. Variation of degree of

consolidation with time factor is expressed in4i@

From the above curves it is clear that rate of obdation increases as the
percentage of sand in bentonite increases. Sintegability increases as the percentage
of sand in bentonite increases hence increase raigadbility causes increase of rate of

consolidation.

It is also clear from the curves that Laurent tfamsation gives faster rate of

consolidation than fourier transformation.
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CHAPTER-6
CONCLUSION

Effect of loading and effect of sand on consolidiatbehaviour of bentonite clay is
studied. These variations are represented cleaylydifferent coefficient used in
consolidation phenomenon. Finally rate of consoilmhaare compared using fourier and

laurents transformation. From the study the follaywtonclusions are drawn.

(1) Coefficient compressibility of pure clay decreaseish increment of loading.
Variation is non-linear. When loading is increasesim 20 kPa to 400 kPa. it's
value decreased to 98.73%.

(2) Coefficient of compressibility decreases with iragiag percentage of sand in pure
clay. Decrease in compressibility is 30% correspumndo 20% sand while it is
57.74% corresponding to 40% sand in clay.

(3) Compression index of clay decreases with increasiagl. At lower loading
variation is very small but at higher loading icdeases sharply.

(4) Compression index decreases with increasing pexgerdf sand in clay. Decrease
in compression index corresponding to 20% san®% and corresponding to 40
% it is 50% at 20 kPa to 50 kPa.

(5) Coefficient of consolidation decreases with incnegi$oad. It's value decreases to
30% when loading increased from 20 kPa to 400 kPa.

(6) Coefficient of consolidation increases with incee@s percentage of sand in pure
clay. Increase in coefficient of consolidation i8% corresponding to 20% of sand
whole it increases to 34.79% at 20 kPa.

(7) Coefficient of permeability decreases with incragsioad on clay. Decrease in
Coefficient of permeability is 99.33% when loadiisgincreased from 20 kPa to
400 kPa.

(8) Coefficient of permeability decreses to 15.84% wRe&86 sand is added while
after 20 percent. it’s value decreases to 6.02% anbther 20% addition of sand.

(9) Rate of consolidation is increased using laureahdformation compaired to

fourier transformation.
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5.1 Limitations:

(1) Change in behaviour of soil is very complex. It elegls upon a lot of factors. So
exact calculation of the results are not 100% aateur

(2) Bentonite is a compressible soil. Hence coefficefrtonsolidation is not constant
during consolidation. But results are based on dgh¢s one dimentional
consolidation theory in which coefficient of consglaltion is assumed constant.

(3) Value of coefficient of consolidation is calculated square root of time method
which is an empirical method. Hence calculatiorc@éfficient of consolidation is
not exact but empirical.

(4) Coefficient of permeability is calculated based aoefficient of consolidation
hence error in calculation of coefficient of condation is inherent in calculation
of coefficient of permeability.

(5) Initial pore water pressure is assumed to be constacalculation of average
degree of consolidation but actually it varies swmidal with depth.

5.2 Future scope:

(1) Variation in consolidation behaviour of bentongestudied with 20% increment of
sand. Change in behaviour can be observed for %%4..1..i.e. more smaller
increment of sand.

(2) Mainly consolidation behaviour is studied here welling behaviour of bentonite
can be studied.

(3) Based on consolidation parameters hydraulic candtycis calculated. But heat
conductivity is another important parameter forfeumaterial which is necessary
to calculate for designing underground waste digpos

(4) Chemical properties of bentonite are another ingmbrfactors which affect the

chemical behaviour of bentonite with waste material
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