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SUMMARY

The primary concern cf this thesis is to measure the
swell properties of compacted soils (swell potential and
swell pressure) and to predict these a2nd related properties
using more easily measured parameters such as soil
composition, organic matter content, and plasticity
characteristics. These predictions are required for
reconnaissance studies and for the design of mincr works.
Several methods of prediction were already available, but
they are shown to disagree, and some attention was
paid to the reasons for this disagreement.

Apparatus were designed and constructed for both
isotropic and laterally confined swell pressure measurement,
Calculations and observations suggested that all known
swell pressure apparatus lead to underestimates of the order
of 15% or more. The effect of temperature fluctuations
on measﬁrements was algso demonstrated. Strain gauges were
found to be superior to pro?ing bars for the laterally
confined swell pressure apparétus. In an extra-long term
isotropic swell pressure test it was found that the swell
pressure rose to a maximum and then fell to a steady value,
this phenomena being attribButed to the stress relaxation of
the sample,

Measurement of swell pressure and swell potential were
made on three artificial mixtures comprising bentonite-
sand, illite-sand, and bentonite-illite; and on one series
of 10 natural samples,

In the clay-sand mixtures, whilst the swell potential



Vi

itself was found to be non-linear with composition, the
transformotion cf data to a volumetric basis (i.e. swell
amount ) showed that swell amount was proportional to clay
content apart from weak interaction effects in the illite-
gand mixtures. The swell pressure variation of both
clay-sand mixtures was found to be non-linear, Algebraic
models were found which do represent the (observed) data
accurately, and consideration of these models suggested
certain physical phenomena as causes of the non-linearity.
In the bentonite-sand mixtures, the bentonite dominated

the behaviour over the entire range of the composition,
whilst in illite-sand mixtures the predominant component in
the mixture dominated the behaviour. It was noted thai Kenny's
(1967) results for tan ¢zwfollowed a similar pattern of
behaviour, and it was suggested that the differences in
behaviour between the bentonite and the illite were due %o
the relative importance of physico-chemical effects and
mechaniéal-friction effects for the two clay minerals,

It was found that prediction of the Atterberg limits, and
compaction, and swell properties of natural soils can be based
on clay content alone only in severely limited circumstances,
in which there is a close similarity (geological, mineralogical,
textural, etc) between the ‘samples. However, linear multiple
regressions were sufficient to predict reasonably accurately

these soil-properties, when the correct choice of independent

parameters was made,



Chapter 1

STATEMENT OF PROBLEM

1.1 INTRODUCTION

Experience and research in many parts of the world
~have shown the special nature of problems associated with
structures built on expansive soils. Most of the
foundation problems of residential, light commercial and
industrial buildings, buried pipes, side-walks and roudways
on expansive clays, do not result from excessive locading of
the subsoil but from the seasonal swelling or shrinking of
the soil itself.

Clay soils with low water content exhibit an increase
in their volume change when they come into contacti with
water and this phenomena is known as swelling. A decrease
in water content is associated with a decrease in volume and
this is shrinking. Some clay woils are very sensitive to
variation in water content and such soils 2are classified as
expansive or swelling soils. These tyres of soils have been
encountered in many parts of the world, including India,
Canada, U.S.A,, South Africa, Israel and Australia.
Expansive soils are encountered in paris of England also,
where they are sometimes troublesome. In trovpical countries,
like India, where there is a large seasonal variation ineoil
moisture and rainfall, the volume changes in the soil cauve
cracking of light structures built on them. Chen (1975)
reports that in the U.S.A. alone the lcss czused by these soil

k=]
S

comes to around 2300 million dollars per year.



Although soil physicists have developed theories to
explain the behaviour of swelling soils, it is only within
the past two decades that engineers have attempted to
interpret these in an engineering sense, As expected,
these interpretations have varied widely and in some
instances there has been disagreement. The identification
of swelling soils and the quantitative prediction of the
magnitude of the potential swelling pressure and volume

change are still problems for soil engineérs.

1.2 EXPANSIVE SOILS IN INDIA

In India, large tracts are covered by expansive soil
known as Black Cotton Soil, also referred to sometimes as
'Regur' soils, The major area of their occurrence is the
south of the Vindhyachal Range covering almost the entire
Deccan Plateau. These soils cover an area of about
200,000 sq. miles and thus form about 20% of the totél area
of thevcountry.

Indian Black Cotton Soils are generally heavy soils cf
montmorillonitic origin, exhibiting characteristic
properties of swelling and shrinking és fhe meisture centent
varies, resulting in high volume changes. Vertical cracks ug
to about 4 in (100 mm) wide at ground level extending up %o
10 £t (3 m) depth are noted on these soils. These soiis are
sometimes classified as belonging to the Chernozem group
(Dinesh Mohan, 1973) tecause of their dark colour, suggesting
organic matter; and of the typical horizon of caleium
carbonate concentrations known as 'Kankar' in India. Scils

similar to Indian Black Coiton soils are known to occur in



other parts of the world also, e.g.: 'Badole' of the
Sudan, 'Pampus' of Argentina, 'Tirs' of Morocco,
'Margilatic Soils' of Indonesia, 'Black Earths'! of Java,
Sumatra and Australia and many other places in Africa,

Geologically their formation is usually associated
with basalts. Howeﬁer, they can occur in asgociation
with granitegneiss, slate, shale, sandstone and limestone.
These soils occur both as residual and transported soils.
In the latter case the strata are usually found to be thicker,
up to about 26 £t (8 m) deep.

Although the Black Cotton soils are ascribed
geologically to diverse parent rocks for their origin;
from an engineering point of view, however, it is their
volume change properties and subsequent swell pressure and
differential movements of the ground that are of significance.
The range of liquid limit for Indian Black Cotton socils is
40 to 100, plasticity index 20 to 60, and shrinkage limit
9 %o 14 (Dinesh Mchan, 1973).

The present study was intended as & preliminary to a
study of Indian Black Cotton soils. In particular, it was
intended to establish methods of assessment and of analysis
which could be used for these, and to collect detailed

information for comparative purposes.

1.3 DEFINITION OF SWELLING AND RELATED PROrERTIES

1.3.1 Swelling

According to Mielenz and King (1955), two mechaniems sre



involved in the swelling of soils:

(1) a relaxation of effective compressive stress reluted to

an enlargement of capillary films,

(2) osmotic imbibition of water by clay minerals that have

an expanding lattice,

These two definitions are widely accepied as explaining
swelling and can be elaborated as follows:

If a saturated sample is removed from the ground, the
total stresses that acted.in—situ are reduced to zero and a
negative pore pressure or capillary tension, Uy s is set up

in the sample.

Since 0'3'% 0 -u . (1.1)

-

!
where, (0 = effective stress

o

total stress

u pore water pressure.

It follows:
0-'%0—" ("uk)

=0—+uk (1.2)

When the total siress is zero, it is seen that GJ T Wy
i.e. the effective stress in the sample is approximately
equal to the capillary tension. If the sample is sutmerged
in water, themenisci are destroyed and u, becomes zero,

there must be a tendency for the sample to swell. This is



the first mechanism defined by Mielenz and King.

With no confining stress, additicnal swelling will
occur in some clays depending on the kind and amount of
clay minerals present, their exchangeable ions, electrolyte
content of the acueous pnase, particle size distribution,
void size and distribution, the initial structure, water
content and possibly other factors (Mielenz and King, 1955).
Published data indicate that the magnitude of volume change
(swelling) decreases with the type of clay mineral present,
in the order monfmorillonite, illite and kaolinite. The
schematic structure and properties of these minerals are
given (Gromko, 1974) in Table 1.1. For a relatively
inactive kaolinite clay, therefore, one would not expect any

appreciable additional swelling due to osmotic imbibition.

On the other hand, a montmorillonitic clay which has a
readily expandable lattice would swell considerably following
the release of capillary tension, the adsorption of water
being due primarily to osmotic¢ imbibition. This is the

second mechanism defined by Mielenz and King.

1.3.,2 Swell Potential

In order to standardise the quantification of swell,
Seed et al (1962) defined 'swell potential' as the percentage
volume change under a 1 psi (6.895 KN/mz) surcharge of &
laterally confined sample, compacted at optimum water
content to maximum dry density in the standard A.A.S5.H.O.
(DSJR, 1972) compaction test. This definition is adorted
here,

The percent swell of an unconfined sample is defined =g



. .. Mineral
B -

. Montmo- i
3 . Property Kaolinite lilite rillonite
(1) ' 2 | (3) (4)

Schematic structure®

Y L S
o)

i
1
:
x’t s
Particle thickness 0.5u-2p | 0.0021-0.1| 95 A
Particle diameter, in microns 0.5+ 0.5u-10p | 0.5p-10p
Specific (Ref. 37) surface, in sp meters per gram 5-30 9>-100 690-800
Cation excharge (Ref. 18) capacity, 1n mullicquiva-
e lents per 100 g of clay 3-15 10-40 80-150
: Maximum swelling (Ref. 7), as a percentage, for
surcharge load, in tons per square foot
0.1 , Negligible 350 1,500
0.2 Negligible 150 350

*G = Gibbsite sheet; S = Silica sheet; k = Potassivm ion.

Table 1.1 Diagrams and Properties of Clay Minerals (reproduced
from Gromko, 1974).



'isotropic swell potential' in the present study. “ne
other conditions imposed in the definition of 'swell

potential' are kept unaltered.

1.3.3 Swell Pressure

There are at least three possible definitions that can

be attributed to swell pressure. They are:

(1) Swell pressure may be defined as the pressure to
compress a fully swollen sample back to its original

void ratio,

(2) Swell pressure may be defined as that pressure develoged
by dead load, for which, there will be neither

compression nor expansion of the sample on saturatien,

(3) Swell pressure may be defined as the pressure which must
be developed to prevent volume change when free water

is supplied.

Definition (1) has the disadvantage of changing the
initial structure of the sample during swelling, and the
sample may not attain the initial particle orientation when
brought back to its original void ratio. In order to
determine the swell pressure by definition (2), it is
necessary to test a series of identical samples with exactly
the same initial conditions and then resort to
interpolation or even extrapolation, This serves as an
indirect means of measuring swell pressure.

In the present study, swell pressure wasg measured in

accordance with definition (3), by attempting to prevent =any



volume change in the sample.

Many of the apparatus used for swell pressure
measurement at constant volume also maintain the shargpe
of the sample constant. In this study, however, two
types of test were made in accordance with the following

terms:

1. Laterally confined swell pressure, neither shape nor

volume may changes;

2. Isotropic swell pressure, shape may change, volume may

not.,

In all these testis free water was supplied to the sample
until it developed a maximum pressure, and no attempt was

made to saturate the sample,

1.4 STATEMENT OF PROBLEM

When substantial and expensive structures are to.be
built on expansive soils, the swell properties of the soils
should be carefully mezsured directly, and the design
arranged accordingly. When the structures to be built are
either small and inexpensive or extensive such as roads, the
cost of these careful direct measurements would represent too
high a proportion of the total cost of the works and
recourse must be made to indirect prediction of the shell
properties from more easily available parameters. These
indirect methods are also required for preliminary
reconnzissance studies, Meny studies of prediction methods
have been made previously. However, they are unreliable
for general validity, e.g. from the data of Ranganatham

et a2l (1965), for a Black Cotton Soil with a clay content



equal to 38%, plasticity index equal to 36.9%, Seed et al
(1962) predict a swell potential of 8.9%, whilst Chen
(1975) vpredicts a value of 5.4% against a measured value
of 20.2%. The general problem with which this thesis is
concerned is the measurement of swell properties and the
prediction of these properties from more easily measured
parameters such as the texture -of the soil, type of clay, and
the organic matter content.

The following individual factors and their various
combinations reflect the major soil characteristics relative

to susceptibility to swell:

(1) Solid phase: soil tyre and physico-chemical properties

related to such.

(2) Granulometric parameters: variations in grain size

distribution and texture of soil particles.

(3) Structure and fabric: Arrangement, surface and water

retention characteristics of soil pore space.

(4) History related to apparent loading-unloading stresses
to which the soil media have been subjected, and the

technique of sample preparation.

(5) Time, environmental changes, and the thixotropic

properties of the soil media.
(6) Type and electrolytic properties of pore fluid.
Although the originzl interest of this study had teen

concerned with the influence of the type of clay minerals

in swelling, it is necessary to have a bedter understanding



of the effect of the quantity of clay (i.e. of clay

size particles) on the geotechnical propertiecs of

expansive soils. There have been few studies in which the
various geotechnical properties of expansive soils are
studied over the full range of clay content in either
artificial mixtures or natural swelling soils, Therefocre, a
geries of 10 closely related natural soils were selected for
this study spanning a wide range of clay content (9 to 87%),
and these were supplemented by two serias of artificial
mixtures in which the clay content was varied from O to

100%, viz, bentonite-sand and illite-sand; and a third
geries of mixtures of bentonite-illite. In order to isolate
the effect of clay type and content, it is necessary to
standardise the factors (3), (4), (5) and (6) listed above;
and inclusion of these four factors would have required a
testing programme of unreasonable length. In corder to
achieve this, the initial conditions of testing were

fixed at the optimum compaction conditions and distilled
water was used as the pore fluid for all tests in this

gtudy.

Since there are neither Indian, nor British, nor
American standard tests for the measurement of swell
properties, it was necessary to choose or design suitable
apparatus for this study. The design of the apparatus
used is described in the following chapter together with
a review of apparatus which had been used for similar
measurements by other workers.

The experimental programme is reported in Chapter 3,
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The variation of soil properties with clay content for
the artificial mixtures are explained either by a linear
mixing law, or if interaction between the components was
present, by suitable non-linear mixing laws. In particular
it will be shown that if swell amount is referred to the
volume of soliids, thén to a first approximation swell
amount is proportional to the clay content in both series of
clay-sand mixtures considered, apart from a relatively small
interaction'effect. No previous investigation of this
simple hypothesis has been found, presumably because most
investigators have expressed their results only in terms of
swell potential, which will be shown here %o be a strongly
non-linear function of clay content. It will also be shown
here that swell pressure is a non-linear function of clay
content; a parallel will then be drawn between the patterns
of behaviour of swell pressure and of the tangent of the angle
of residual friction, tan gﬁr, and on the strength of this
observation it will be suggested that whereas physico-
chemical forces control the swell pressure of montmorillonitic
clays, mechanical-frictional forces are more important in
illitic clays, this suggestion being in agreement with the
analysis which Olson and Mesri (1970) made of the pattern
of behaviour of consolidation. The non-linear laws which
were considered are reviewed in Chapter 4, and the analyses
are preseanted in Chapter 5.

The analyses presented in Chapter 5 will also show that
two courses of action are possible if accurate predictions

of the swell properties are to be obtained for naturzal soils,
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Inthe first course of action, the soils must be placed

into closely defined "families", and separate sets of
predictive equations used for each family. It will be shown
in Chapter 5 that accurate predictions can be obtained in
this way, but that the criteri2 <for inclusion in a family
gre very strict indeed. In the second course of action,
the predictions must be made by using a relatively large
number of carefully chosen independent variables; for

the soils studied here clay content, silt‘content, organic
matter content, and plasticity index were used. Somewhat
surprisingly, plasticity index was not required for
predicting swell pressure for these particular soils. Silst
content was definitely required, although no previous
investigation of its influence had been reported,

The main part of this thesis is concerned with the
fundamental points mentioned above, viz, the patterns of
behaviour of swell pressure and swell amount, and the proper
choice of independent variables for use in predictive
equations. However, the data collected does permit both
direct and indirect investigation to be made of some of the
predictive equations which had been proposed earlier. Thecse
are reviewed in Chapter 4 and analysed in Chapter 5.

All the series of measurements made in this study were
designed with a view fo using statistical analysis to

determine between alternative hypotheses,
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Chapter 2

CHOICE AND DESIGN OF APPARATUS

2.1 INTRODUCTION

2.1.1 General QObjectives

The present objective is to study the relationships
between the swell properties, the mineralogical properties
and the simple index properties ¢f swelling clays. Even
though this approach is not new and has been examined by many
previous researchers, there has been hardly any reported
ingtance: in which the factors afrfecting swelling have becn
tested statistically in order to assess their level of
gignificance. Aitchison (1969) pointed out that the
literature covering this subject, although voluminous, tends
to be vague and ¢iscontinuous. It is vague because it is
not expressed in a uniform technical language. It is
disconfinuous because, engineers have been disposed to consider
their own problems of expansive soil behaviour more in the
light of their own experience than in terms of any peneral
pattern of recorded knowledge. This situation appears tc
be a consequence of three reasons: |
a) Even when similar equipment and testing procedures have
been employed to measure swell properties, some investigations
concentirated on undisturbed clays, a few on sedimented
natural samples, and some on compacted natural soils, in some
cases only artificial clays were studied.

b) Even for one type of sample preparation, the methods and
procedures of measuring the swell properties varied

considerably in many instances, Although swelling phencmerns
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have been fully recognised for..many years a standard

method of measuring the swell properties of clay has not
been established to date. One difficulty in providing

a suitable yardstick for measuring the swelling
characteristics is that numerous variables are involved.
Chen (1975) rightly stressed the urgent need for uniformity
in testing expansive soils.,

c) In some instances, points of detail affecting the
meagurement of the swell properties were not previously
taken into account. For example, Fredlund (1969) has shown
how erroneous the consolidometer could be unless corrections
were applied for a number of procedural effects, and yet

the consolidometer had been the most widely used equipment
between 1956 and 1969 to measure both the amount of swell
and swell pressure.,

To achieve the present object of studying the
relationships between various swell properties and the
numerous factors influencing them, it is not only important
to subject these factors to statistical analysis to assess
their level of significance, but it is equally important to
choose or design suitable equipment for measuring the swell
properties selected for study. Whilst the accuracy and
reliability of the measured values is important, it should be
emphasised at this stage that the equipment should be simple
and direct and should be suitable for repetitive use on a

large number of samples.

2.1.2 Properties %o be lkeagured

The important swell properties selected for measuremens
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in this investigation are the swell potential and swell
pressure. It was decided to measure these properties

(a) on an unconfined sample, which is allowed to swell or
develop swell pressure freely in all directions, and (Db)

on a laterally confined sample, which is allowed to swell

or develop swell pressure only in the vertical direction.
The sample in the former case is expected to swell with

no shear strain in the ide=2l case, if it 1s isotropic. The
sample in tﬁe latter case is expected to swell, ideally,
under zero lateral strain. In deciding on these conditions,
it was thought that the in-situ swelling is partly 'volumetric:
and partly 'with shezar'. The two cases (volumeiric with no
shear and shear with no volume change) are the two extremes
that can occur in-situ. The case of lateral confinement
falls somewhere in between the itwo extremecases mentioned.
Even though the swelling in-situ is partly 'volumetric' and
partly -*with shear', the two extreme cases may occur
approximately in the following situations. If a relatively
small "building" is underlain by swelling soil, there is

no rigid lateral restraint, which leads to 'volumetric!
swell; and, in the case of a large "building" of the same
type of soil, a one-dimensional situation tends to prevail
8o leading to swelling with lateral restraint. Logically
swelling with shear and swelling with volumetric change

are separate in that, there will be no volume change 1in the
former case, whilst it is a case of free swelling with no
shear in the latter case, Mathematically, these two

cases correspond to the deviatoric component of the strain tengy,
P4



15

and to the volumetric

(¢, - €11+ €00 433)

3
component of the strain tensor ( € 11 * € o * €33,

small strain version), respectively. In practice it is
difficult to conduct a test of pure shear with no volume
change, and it is not a swelling case either, Therefore, it
wag decided to measure the swell properties in the two
confinement conditions, viz, (i) soil allowed to swell freely
against equal all-round pressure, and (ii) soil laterally
confined and allowed to swell only in the vertical direction,

At this stage, it was necessary to choose suitable

equipment in order to measure the following dependent
parameters.,

(1) gwell potential on a sample which is allowed
to swell freely in all directions without any
confinements (For brevity, this will be referred
to here as 'isotropic swell potentiafL

(i1) isotropic swell precsure,

(iii) swell potential on a sample, which is laterally
confined and allowed %o swell only in the vertical
direction. (For brevity this will be referred To
hereafter as 'laterally confined swell potential!
or simply as swell potentiéb,

(iv) laterally confined swell pressure.

The next section is a review of previous work by earlier
researchers on the design and use of equipment for measuring the
swell properties. This review throws some light on the merits
and limitations of the earlier equipment and assisted in the
choice and design of suitable apparatus with which reliabile

measurements of the above mentioned four parameters could be
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made for the present investigztion. Points of detail
of the apparatus are reviewed in section 2.3. The design

of apparatus is reported in section 2.4.
2,2 PREVIOUS METHODS

2.2.1 Introduction

Holtz and Gibbs (1956) were probably the first to measure
swell properties in the laboratory, and subseguently several
attempts were made by other recearch workérs to improve upon
their method. The available methods of measurement in the
lavoratory vary in complexity of concept and accuracy. Even
in a consolidometer; which has been used to a large extent for
these purposes, the procedures of testing vary greatly from
worker to worker. A review of the earlier attempts is given
in the following section, and it becomes apparent from the
review that there is still a need for the design of some simple
apparatus that will permit the measurement of the fouf
selected swell parameters (mentioned in the previous section)
with the least amount of procedural effect and on a large
number of samples.,

Whilst there are many different test methods and equirment
for determining the swell properties of expansive soils in the
laboratory, these methods and equipment may be divided into

wo general groups., The first group includes all tesis in

which a soil specimen is soaked or immersed in water during the
Yest. In this group of tests the soil water suction &t the

end of the test is exactly or nearly egual to zero. Th

o

Ssecond group embraces all tests in which the sucticn can be

controlled during the test. The first group of tests, which
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are less expensive than those of the second group, are used
for economy when it is not necessary to consider conditions
other than the extreme case of 'full swell' given by soaking
or immersion, The main advantage of the first group of tests
is the relatively simprle equipment and test procedure.
The swell potential and swell pressure determined from thece
tests usually represent the highest possible values. The
eﬁuipment and test procedure for the second group of tests
are necessarily more complicated and time'consuming than tnose
of the first group of tests and are dependent upon the kind ang
range of suctions tc be applied during the test. The use of
the second group of tests would be essential if it were desiredg
to make a precise evaluation of the volume change
characteristics of expansive soils or for a guantitative
analysis of heave or other problems related to soil moisture
changes. In so far as the engineering applications in
practice are concerned, these two groups of tests may be used
to supplement each other in order toahieve the maximum
efficiency in conductiing the desired soil investigation and
analysis(Chu et 2l,1973) ,However, for the present purpose, in
which a simple apparatus is required to test a large number of
samples, apparatus of the first group is appropriate.

In the first group of tests discussed above (&.e. where
free water is supplied until the soil water suction of the
sample finally reaches zero), both the swell and swell pressure
develop gradually over a length of time and ultimately reach
their maximum values. The time required to record these
maximum values of swell properties depends mainly on the
thickness of the sample employed for testing. Thus, even

gimple tests are slow to complete, e.g. 2 -.12 weeks eagh
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in the present work. In consequence, (1) care must be
taken thai the maximum swell pressure is developed, and
(2) the number of samples which can te tested will be
restricted.

The equipment and test procedures of the earlier workers are
presented below one by one. Some significant points of
detail that contribute to the measurement of various swell
properties are then discussed in section 2.3. Consideraticn
was given to these factors in choosing and designing the
necessary equipment for the present study. From these
considerations, the methods finally adopted in this siudy
to measure four selected swell properties were: (1) %the
isotropic swell pressure equipment based on the design of Finn
et al's(1958) apparatus; (2) the isotropic swell potential
measured using a triaxial cell uhder an equal all-round back
pressure of 1 psi (6.895 KN/mQ); (3) the laterally
confingd gwell pressure apparatus based on the eguipment used
by Seed et al (1962?; and (4) the laterally confined swell
potential measured in a pot somewhat similar to that of a
consolidometer pot, the procedure of measurement being in
accordance with the original definition of swelling potential

(Seed et al,'1962).

2.2,2 Holtz and Gibts (1956)

Holtz and Gibbs (1956) proposed a simple test called the
free-swell test, This test is performed by slowly pouring
10 cm3 (0.61 in3) of dry soil passing the No 40 sieve into a
100 cm> (6.1 in3) graduated cylinder filled with water and
noting the swollen volume of the soil after it comes %o rest

at the bottom, The free-swell value in percentage is
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determined by using the expression:

{1 me = inits
Percentage free—swell = final volume initial volume x 100

initial volume

This value of percentage free-swell was used empiricelly
to express the degree of expansion.

The main drawbacks of this free-swell test are:

(a) air may be entrapped in the sample during swelling;

(b) the method of test has not been standardised.

This test has been superSeded by the use of
consolidometers, etc, to measure the swell properties.

It was pointed out (Dawson, 1956) that the volume
readings may be terminated before the sample has had sufficient
time to swell completely, and as a fesult use of this test mignt
lead to an underestimation of the free-swell value. This
cannot be taken as a serious objection, as it would always
be posqible to define a suitable period of test if the test
were to be standardised.

The free-swell test was intended essentially to measure the
material properties by estimating the degree of expansion.
This test, in fact, might still be useful to give a preliminary

idea of the nature of the soil during field reconnaissance.

2.2,3 Lambe (1960)

According to Chen (1975), the determination of the
Potential Volume Change (PVC) of soil was developed by Lambe(1960
in order to identify the degree of expansion of a swelling ciay,
The sample is first compacted in a fixed ring consolidometer.

with compactive effort of 55,000 ft-1b rer cu, fi

(2632 KN - m per cu.m). Then en initial cressure of 200 psi
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(1379 KN/m2) is appliéd and the sample is submerged

in water. During this process the sample is pertially
restrained from vertical expansion by a proving ring.

The proving ring reading is taken at the end of 2 hrs.

The reading, expressed as pressure, is designated as

swell index. Using Fig. 2.1 , the swell index can be
converted to Potential Volume Change. Chen (1975) does not
give full details on the use of this graph. Lambe

established the following categories of PVC rating:

PVC fating Category
legs than 2 Non-Critical

2 - 4 Marginal

4 - 6 Critical
greater than 6 | Very Critical.

Since almost all of the swell potential and swell
pressure tesis carried out in the present study took at
least é weeks to develop maximum values, the time period
of 2 hr given for the PVC‘test is too shorty; +the sizes of
the present samples were combarable to those of Lambe.

This test also suffers from the drawback that there is no
unique relation between swell index (i.e. swell pressure)

and potential volume change. For example, it can be seen
from Fig. 2.1, that for a swell index value of 200C 1b/sq.f%,
the potential swell can be categorised anywhere between
'‘marginal' and 'very critical', unless the soil exists
precisely in one of the two extreme conditions mentioned

in Fig. 2.1,
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Although Chen (1975) commented that the PVC meter
test should be used only as a comparison between various
swelling soils, it is really a swell pressure test from
an unusual initial condition; and Seed et al's (1962)

procedure described below was preferred for the present work.

2.2.,4 Uppal and Palit (1969)

In the absence of any particular procedure being
standardised to measure swell pressure, one general
procedure, in view of its simplicity, has been widely used
in soil laboratories around the world, This simple
procedure is to measure the vertical pressure from the
deflection of a proving ring fixed over the top of the sample,
which is enclosed in a cylindrical mould, the mould being
£illed with water t%ill the sample is completely submerged.
Sufficient time is allowed until the sample deﬁelops its
maximum value of swell pressure, In many instances, the
mould designed for performing the California Bearing Ratio
test 1s used as the enclosing mould. This method is not
free from criticism, because a fraction of the potential
total upward pressure will not be recorded because a certain
amount of swelling is accommodated within the deformation of
the proving ring.

To avoid errors which may be caused due to the
deformation of the proving ring, Uppal and Palit (1969)
suggested a modification to this method, which consisted
in enclosing the sample, compacted at a particular moisture

content to a certain density, into a metallic mould with
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a perforated base to enable the sample to absorb moisture
to saturation. A number of such samples are taken and
various dead loads are applied to the samples. The
swelling (taken as the volume change in vertical direction
and recorded with a dial gauge) is recorded when the sample
is completely swollen and plotted against increasing
overburden pressure. From this relationship, Fig. 2.2, the
overburden for no swell is extrapolated. The overburden tfor
the no swell condition divided by the croés-sectional area
of the sample is takenh as the swell pressure of the sample,
Presumably, this procedure could be modified so that
interpolation is used instead of extrapolation.

This procedure is similar to multiple consolidcmeter
test used by Noble (1966). Comments on Uppal and Palit's
method are deferred until the multiple consolidometer

method has been described in the next section but one,

2.2.5 Double Oedometer Tests

Of the many methods available to predict the amount
of total heave under a given structural load, the double
oedometer technique developed by Jennings and Knight (1958)
based on the concept of effective stress has received wide
attention. The general test procedure is as follows:

Two consolidometer rings are filled with undisturbed
samples from adjacent locations. The first sample is kept
at its natural moisture content, and a confined compression
test is performed. The second sample is submerged in water
under a small nominal pressure of 20 1b/sq.ft(0.96 KN/mz) and
is allowed to swell, When the swelling is complete, a
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consolidation test is performed in the conventional manner,
The two compression curves are plotted on the same diagram,
and one of the curves is selected for vertiical adjustment
in order to bring the virgin sections of both curves into
agreement as shown in Fig. 2.3.

The basic principle involved in this method is given
below and illustrated in Fig. 2.3.

A soil sample taken at a depth 2 has an overburden
pressure P = Y 2, where Y is the unit wéight of the soil.
In this expression, P, is the total pressure. The void
ratio at the overburden pressure is €y The settlement
due to a load increment ISP can be calculated from the
corresponding change in void ratio , €, = €40 If no load
is applied, the soil under a covered area will gain moisture
and swelling will take place. The condition will alter Po’
resulting in a new effective pressure P0 +11L represented
in the upper saturated curve by Po +T’L and €, (Fig. 2.3).
If D is the depth of the water table, and \{w is the unit
weight of water,UL = Yu (D.- 2)s Jennings and Knight (1958)
seem to treat Po + UL as the effective pressure and to assume
that any changes in Y are negligible. The effect of the
load increment is then again taken intouéonsideration, and the
£inal values are (P0 + U +Ap) and e 5. The final cgnditions
of movement may then be predicted by adding the effects of
the void ratio changes, 93 - e,y over the whole profile.
The method is essentially based on the assumption that there
is a point during compression at which the initially
unsaturated soitls pass from an applied pressure to an

effeative phenomenon znd the compression curve joins with the
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virgin consolidation curve.

The double ocedometer test takes account of many of the
factors determining soil volume change, but it does not
include the effect of horizontal stresses. While the resulis
of this test have correlated fairly well with field
measurements of heave, this test seems generally to over-
estimate heave by about 16% (Chen, 1975). Care must be
taken in this test to avoid testing partially saturated
samples with such small degrees of saturation that upon
wetting and application of load, the soil will tend to collapse;;
otherwise heave will be overestimated (Jennings, 1961), ‘ i
An error would occur if there were significant initial in- |
8itu water pressures. Usually, water is allowed accessg |
under relatively small loads in this test, beczause ;
insufficient watervmay otherwise enter the sample. Since !
water enters in-situ soil under overburden loads, it is
88sumed that the same soil conditions occur whether
inundation occurs prior to or following loading, i.e. the
.Path of heave is not significant.

Fig. 2.4 illustrates a practical difficulty which
Sometimes arises with double oedometer tests. Fig. 2.4
is for a double ogdometer test performed in this investigation
°n undisturbed Regina clay. I% can be seen that the slopes
°f the straightline portions of the two curves are different,
resulting in some difficulty in bringing the strazightlineportions
in%o coincidence. A Wykeham~-Farrance oedometer was
employed for these tests.

The difference in the slope of the straightline portions

Tor the Regina clay was unexpected but was confirmed by
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repeating the tests on a compacted bentonite-kaolinite
(1:1) mixture and employing the same oedometers as above
(Fig. 2.5).

As a further check, two pairs of tests were
simultaneously performed on Bearsden soil (a collapsing
type of soil, but low swelling), one pair being tested in
a Wykeham<Farrance oedometer, and the other pair in a
clockhouse oedometer. The results of these tests are shown
in Figs. 2.6 and 2.7. Although there are slight differences
in the overall results on the two machines, it can be seen
however, that the difference in the slope of the two
straightline portions in each test, is much smaller than
observed in the other iwo soils mentioned above, The results
on Bearsden soil are almost in full agreement with the
results published elsewhere on other soils for the double
oedometer technique,

It appears from the above results that in highly
swelling soils it may not be uncommon to observe considerably
different slopes for straightline portions of the two curves
thereby invalidating the technique of overlapping. Therefore
other test procedures were considered for the present work.

The following comments (Smart, 1975) draw attention to
some further points of the double ocedometer technique for
predicting the heave of the expansive sgoils:

(1) Whilst performing the oedometer tests at natural
water content, the samples should neither take up water
by absorption of vapour from the atmosphere; nor should they
lose water by evaporation; nor should they exchange water witn

the porous stones, until the later stages of the test, when
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gome water will be squeezed out. A reascnable compromise
may be to test in a Roiwe'scell (Rowe etal, 1968, in which
the sample is almost totally confined, adjusting the
initial moisture content of the porous stone to suit the
particular sample being tested. Alternatively, the pore
water tension of the sample might be controlled by applying
suction to the porous stone, but it would be necessary to
determine the correct tension to be applied, and this would
vary from both stage-to-stage of one test and from test-to-
test.

(2) During the tests at natural moisture content,
during the early stages, the existence of a pore-water tension
within the samples results in these tests being total-pressure
tests, as is perhaps appropriate for partially-saturated samples,
Towards the end of the test, so much air may be squeezed out
that the samples become nearly saturated, and the tests then
become effecztive pressure tests. Thus, a slight complication
may arise in the estimation of e, for the strata lower (or
higher) than that for which the sample was taken.,

(3) The correctness of the estimation of e, rests on
the assumption that when the samples are reloaded to the
in-situ total overburden pressures, Po’ whilst at their natural
moisture contents, the correct values of pore water tension
are restored, which may or may not be the case,

(4) The correctness of the estimation of e, depends on

1
the appropriateness of the Natural Water Content curvey

but, in-situ, the load increment, A _, will change the pore-

P
water tension, causing a change in the moisture content profile,

and a further change in the pgre-water tension profile, much

as happens to the pore-pressure during the consolidation of
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saturated clays. Unless the stonesg in the consolidometer
accurately represent the layers of soil above and below

the layer of the soil being considered, which is unlikely,
the changes in the sample in the oedometer will not
accurately represent the changes in the soil in-situ. Thus,
there is likely to be a slight approximation in the
estimation of settlement (which occurs in the intermediate
calculations).

(5) The correctness of the estimatioﬂ of P2(=P0 + ﬁku)
depends largely on the estimation of the pore-water pressure,

'A*u' This is difficult and the formula given earlier for
pore water pressure when swollen, [25u.= -Yw(D - Zi:} )
should be reviewed in the light of the circumstances of
every particular case,

The general procedure suggested for the double cedometer
test is quite appropriate to a structure for which construction
and settlement are relatively rapid and swelling is relatively
slow. This would frequently seem to be so for swelling
clays in the narrow sense, i.,e. montmorillonitic surface
soils in dry climates. However, in wet climates, in
heavily overconsolidated clays, foundation excavations both
unload and expose the sub-foundation strata, which may swell
rapidly before the structure is constructed. It is
necessary to make appropriate adjustments when predicting heave
in the latter cases.

Prudence suggests that the consolidometer samples which
are to swell should be say 2 mm less in height than the ring

of the consolidometer at the start of the tests.
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2.,2.,6 Multiple Consolidometer Method

Noble (1965) studied the swelling characteristics of a
post-glacial lacusirine clay by means of standard
consolidation apparatus. In Noble's methed a number of
identical samples are subjected to various oedometer tests,
in order to determine a single swell parameter (i.e. laterally
confined swell pressure). This method is therefore called
the multiple consolidometer method.

Noble allowed various Specimens (preéared to constant
initial conditions) to swell under various surcharge loads
in the standard consolidation agparatus. An empirical
relationship was obtained between volume change, surcharge
load and initial water content. Swell pressure for no
volume change was obtained by interpolation or extrapolation.
A plot of volume change versus surcharge load, obtained
from multiple consolidometer test data, is shown in Fig. 2.8.
Uppal and Palit (1969) followeéd a similar procedure (presented
earlier) except that they used a mould and dial gauge
instead of the consolidometex.

Both Noble's (1966) and Uppal and Palit's (1969)
procedures are useful for design purposes, and the siress
path can be adjusted to give a closer approximation to that
encountered in-situ than is obtained in the double oedometer
test. Many of the points of detail presented later will
apply to these tests, so that the final value of the
measured swell pressure may be erroneous unless a number of
corrections are applied to the experimental daia. However,
a series of tests is necessary in both cases in order to

estimate the swell pressure of a single soil, so neither
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procedure was appropriate here.

2.2.7 Single Conzolidometer Tests

Fredlund (1969) studied the procedures for swell
pressure tests carried out in a single consolidometer.
Although various procedures are used, he noted that two types
of tests have been common to measure laterally confined
swell pressure. These are the free swell test and ccnstant
volume tests. In either test, the samplé is placed in a
consolidometer and subjected to a nominal pressure of 1 psi
(6,895 KN/mz). The samples are then submerged in waiter,

In the free swell test, the sample is allowed to change

volume until equilibrium is reached. The sample is then
loaded and unloaded in the conventional manner, The pressure
required to reduce the volume of the sample to its original
volume is termed the swell pressure of the soil, In the
constant volume test, the total stress on the sample is
increased after submersion in order to keep it at constant
volume, In this case, the pressure at which the volume

tands neither %o increase nor to decrease is termed the swell
pressure of the soil.

The two procedures outlined above produce swell pressure
values that are considerably different. Fredlund (1969)
presented and discussed a set of typical free swell and
constant volume tést results. His resulis are shown in Fig.
2.9 and are plotted using dashed and solid lines to show
¥hose portions of the curve which are only total stresseg
8nd those portions which are effective siresses respectively,

Additional construction lines are shown to demonstrate {hne
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interpretation of the results. The construction is

baéed primarily on the assumption that the revound curves
remain parallel when shifted vertically on the void ratio
versus effective pressure plot. On the constant volume
test, the initial effective stress in the soil is assumed
to be equal to the value at point D, During submeresion
in water, the negative stresses in the pore water were
released until atmospheric pressure was attained, Release
of the total stress on the sample would allow rebound along
line D—D1. Usiﬁg the same line of reasoning for the free
swell test leads us to assume that point A should be of
similar magnitude to point D from the constant volume test.
However, 2 prediction of heave, based upon the free swell
test, generally assumes the initial field effective stress
equal to point C,.

The swell preésure obtained from the free swell test
(point C) aprears to be incorrectly interpreted; however,
the results continue to be used in practice because they
produce a more conservative design. Skempton (1961) stated
that the value obtained for swell pressure from 2 constant
volume test gives an indication of negative pore pressures
in-situ if the sample had not been disturbed or allowed 1o
dry after sampling. Applying this reasoning to‘the
interpretation of constant volume tests performed on dessicated
lacustrine clays in Western Canada would indicate that in
many cases the in-situ pore precsure was actually positive
(FPredlund, 1969)., Since the water table there is well below
the depth under consideration, the most logical error would

appear to be in the measurement of swell pressure. In other
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words, the measured swell pressure is too low. However,
this does not mean that the free swell test is 2 more
accurate simulation of the field conditions but, rather,
that procedural factors have produced an underestimaticn
of the swell pressure measured in the constant volume
test. One cause for a difference in these two tests may
also be due to changes in soil structure during the
-recompression stage of the free swell test,

Fredlund (1969) observed that most of the points of
detail presented later will be significant only at small
pressures, and in the light of this observation modified
the constant volume test. In the modified constant volume
test the sample is trimmed, placed in a consolidation pot,
and a token pressure applied for an initial dial reading.
The sample is covered to prevent evaporation, and the load
on the sample is doubled in increments (allowing each to
come to equilibrium) until the load on the sample is equal
to the total vertical pressure existing in the field. The
sample is then submerged in water, and the test continued
according to a constant volume test procedure. The typical
results of a modified constant volume test presented by
Fredlund are shown in Fig. 2,10, It is, however, important
to note that a2 correction shbuld be made for the compressibilit;
of the apparatus, which otherwise underestimates the
measured values to a considerable extent even with the
modified procedure. The modified constant volume test is
superior to either the free swell or constant volume tests
in that the sample is allowed to consolidate under the total

in-situ pressure. In other words, this test approximates
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the same stress path as in the field, at least in some
cases.

The modified constant volume test, with 2 nominal
value of in-situ pressure would be fairly simple; but
it would not correspond to the definition adopted here,
which requires that all change of volume be precvented.
Thus, the simpler test described in the next section, was

preferred here.

2.,2.8 Seed et al (1962;‘- Swell Pressure

Seed et al (1962) while studying the factors influencing
swell potential and swell pressure, used an expansion
pressure device (Fig. 2.11) that is commonly employed by the
State Highways Departments in U.S.A., in connection with
the design of pavements. The procedure used for preparing
the specimen and measuring the expansion pressures is
described below:

Samples are mixed to the desired water content and
compacted in 4 in (102 mm) diameter moulds, using a kneading
compactor to form specimens approximately 2.5 in (64 mm) high.
The samples are then subjected to static pressure until
moisture is exuded. The pressure is then released and the
sample allowed %o stand for half an hour. A perforated
plate with a vertical stem is placed on top of the sample,
and the mould containing the sample is placed in an expansion
pressure device so that the stem of the plate firmly
contacts the cenire of a horizental proving bar fixed at
- each end. A seating load of 0.4 pei (2.8 KN/m2) is used
at the ends, A dial gauge is mounted to record subsecuent

deflections of the proving dar. Water is poured on the



L

Drat tndicvor
! !
hC -
|

______.~—_ ___

A— Pertorord Disc
— St g
RSS2 Y I I
~-— —— ‘.“ e ‘J“ Turatobie

P

Fig. 2.11 Swell Pressure Measuring Apparatus on a
Laterally Confined Sample (reproduced from
a
Seed et al,1962),



33

upper face of the sample and the pressure that developed
is observed by noting the proving bar deflection.
Calibration of the proving bar permitted computation
of the expansion pressure.

It should be noted, however, in this procedure the
sample is not maintained at constant volume, in as much
as the proving bar must deflect upwards to measure the
expansion pressures,and the sample is thus allowed to
expand by an amount equal to the deflectidn of .the proving
bar. Thus, while the actual sample expansion is quite
small (0,0004 inch per 1 psi for a £+" thick proving bar),
the true swell pressure at zero volume change is not
measured, but rather a swell pressure corresponding to
a gmaill amount of swell is determined. The investigators
noted that even this small volume increase has a marked
effect on the observed pressures.

At this stage it appears certain that one either has to
use sophisticated systems like electiical relay systems or
servo-mechanismsto maintain zero volume change or resort
to the simple equipment (like the one discussed above) by
trying to bring the sample expansion to the lowest possible
minimum, It can be seen later that even sophisticated
equipment using electrical relay systemsdogs not yield
precise values of swell pressure unless a small correction
is made. As the objective of this study was to test
a large number of samples in a simple, direct and reliable
apparatus, it was felt that the apparatus used by Seed et al
(1962flshould serve as an ideal piece for further modification
and improvement. It also appeared desirable to change

the means of measuring the swell pressure by fixing some
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strain gauges to the tie bars and avoiding the proving

bars, proving rings and dial gauges. The apparatus
redesigned and constructed in the present study is presented
later under the section 'Design of Apparatus'. Care was
taken in the design to bring down the volumetric strain

of the sample to the lowest possible value.

2.,2,9 Seed et al(1962) - Swelling Potential

Seed et al (1962) classified the degfee of expansion
of a swelling clay as low, medium, high and very high
on the basis of magnitudes of swelling potential, Seed et
al defined swelling potential as the percentage swell of
a laterally confined sample on soaking under 1 psi
(6.895 KN/m2) surcharge, after the sample had been compacted
to maximum density at optimum moisture content in the
standard A.A.S.H.O. compaction test. The main purpose
of evaluating swelling potential is the identification of
those scils on which swelling tests may be necessary for
design purposes. In order to compare the swelling potential
of different soils, it is necessary to compare the amounts
of swell that would develop under some standard conditions
of placement and test.

Samples 1 in (25.4 mm) in height were used for the
determination of the swelling potential, and in order to
achieve this a special mould was constructed having the
same dimensions as the standard A.A.S.H.O. mould but divided
into three parts, The central part, designed to yield
a 1 in(25.4 mm) high sample, also serves as a confining ring
during the swell test. The go0il in the ring was trimmed

from the compacted sample, covered top and bottom with
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porous stones, and then allowed to swell by providing
free water whilst the sample was maintained under a
surcharge pressure of 1 psi (6.8385 KN/mZ). Seed et al
determined the percentage swell at different moulding
water contents (both dry and wet of optimum), and from the
plot (see Fig. 2.12) of moulding water content versus
percentage swell, interpolated the percentage swell at
optimum water content. This value was taken as the
swelling potential. It may be interestiﬁg to note from
Fig. 2.12 that the maximum swell is obtained on the dry
gside of optimum water content.

In this study, the swell potential is adopted as a
measure of the 'laterally confined swell', and the measurement
is made in accordance with the original definition. The
apparatus for the measurement is described under the section

'Design of Apparatus'.

2.2.10 Katti et al (1969)

Katti et al (1969) measured a large number of swell
properties by using triaxial equipment. The measured
properties include, (i) vertical and lateral swell pressure,
(i1) vertical and lateral swell amount, and (iii) volumetric
swell amount (defined as the amount of swell when the sample
is allowed to swell freely with neither lateral nor vertical
restraints, i.e. in the same way as in this study)

In order to measure the vertical swell pressure, the
ram butting against the proving ring system and resting on
the sample was modified to have the same diameter as that
of the sample., This modification was done in order to

preveni cell water pressure from acting in the vertical
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direction. The lateral pressure was controlled to
maintain no lateral swell of the sample while measuring
the vertical swell pressure. The lateral swell pressure
was measured with the help of Bishop's pore pressure
apparatus; and while doing so, the sample was maintained
under no vertical swell by raising the triaxial bench
and thus increasing the foree in the proving ring to hold
the ram down.,.

The set-up to measure the swell amouﬁt (lateral)
is shown in Fig.-2.13. Katti et al report that volumetric
swelling was measured by recording the quantity of water
displaced by the swollen specimen into a scaled perspex
tubing. However, some details of the apparatus are not
mentioned, for example, khe height of water maintained in
the burette which supplies 'free' water to the sample;
and the height above the cell of the perspex tubing and the
magnitude of the back pressure on the sample resulting
from the height of the tubing. The vertical swelling was
prevented, while measuring the lateral swell (Fig. 2.13),
but again the exact details of measuring are not reported.

Even though triaxial equipment is widely used today
to study the strength and deformation characteristics of
soils, great care has to be exercised in correcting fpr
points of detail, section 2.3, while applying it to study
swell properties. Katti et al did correct for the
expansion of the cell and for the ram friction, 'but they
seem Yo have not accounted for other factors, viz, the
compressibility of filter papers and the seating of the
porous stones and of the sample. Even the proving ring

that was used for measuring the vertical swell pressure
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might, possibly, have accommodated a small amount of
deformation. All these factors lead to an underestimation
of measured values.

The triaxial equipment is useful for measurement of
the swell properties especially when attempting to separate
and measure the vertical and the lateral swell pressures.
As the lateral swell pressure had not been chosen for study
in the present investigation, the use of triaxial equipment
was not considered appropriate here for swell pressure
measurement, but it was used here for isotropic swell

potential,

2.2.,11 _ PFinnet al (1958)

Finn et al (1958) were probably the first persons torealise
the significance of volumeiric swell pressure (called
isotropic swell pressure in this study) in view of its
similarity to an extreme in-situ case of swelling. They
measured the volumetric swell pressure with the help of
an apparatus designed for the purpose. Finn et al seem not
to have calculated the volumetric strain, when measuring
volumetric swell pressure in Thew apparatus. Such an
analysis aprears to be of paramount impdrtance especially
in view of Seed et al's (1962f‘finding that even a volume
change of the sample in the order of 1% greatly underestimates
the measured values. In the present study, the apparatus
used for the measurement of the volumetric swell pressure
(isotropic) is similar to the one used by Finn et al, with
sultable modifications to improve the design. In view of

this fact, it is felt appropriate to present the full details
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of Finn et al's (1958) apiaratus here.

The apparatus designed by Finn et al is shown in Fig,
2.14. It consists of a pressure container, a base plate,
a top plate, and a rubber membrane shaped like a top hat,
The pressure container hasgs a pressure gauge for recording
the pressures, an air vent valve and a pipe plug. The
hole where the pipe plug fits may be used to connect the
chamber to an air supply. The bottom is open and is pressed
down on the bottom plate with the flange $f the rubber
membrane in between, as shown in the figure. The base
plate is about 8 inches (203 mm) square. It contains
a porous stone, 3% inches (89 mm) in diameter, which is
set down into the plate flush with the surface. Two
channels through the base plate lead to the porous stone,
to supply free water to the sample. A Y-<piece made from
% inch (16 mm) plastic tubing is connected to these channels.
There are four studs in the base plate for clamping down
the pressure chamber, providing a pressure tight connection.
The rubber membrane was fabricated from 0,012 inch (0.3 mm)
thick dehtal dam and two 4 inech (3.2 mm) thick rubber rings.
The dental dam was doubled and glued together with rubber
cement. The compacted sample with the rubber membrane
pulled down over the sample is placed in the pressure
container, The chamber and the Y-piece are filled with
water, and the pressure is read after 16 hours, which is
taken as the swell pressure of the sample, The 16 hr
period would appear to be too short; several of the samples

tested in the present study took several weeks to reach

equilibrium,
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The apparatus described above is simple and measures
the volumetric swell pressure directily; but there was
ecope for modifications and improvements, As the apparaius
for the present study was based on Finn et al's model, the
critical comments on Finn at al's apparatus are deferred until

the present design is described in detail in section 2.5.1

2.,2.12 Agarwal and Sharma (1973)

Agarwal and Sharma (13973) proposed a refinement in
the measurement of laterally confined swell pressure making
use of an electrical relay system to keep the volume of the
sample constant during the inundation process. They
succeeded in building their relay system in such a way that
when the sample swells even by"T%—th.ofa division" on a dial
gauge, 1t causes sufficient movement to close the circuit
and operate or stop the loading motor; the calibration of
the dial gauge was not given. Kassiff (1973) reporis that
although relay systems have already been successfully uced
in the past for this purpose by Kagsiff (1961) and Holland
(1968), this seems to be the first time that details of the
instrumentation have been published.

The method is based on the consolidometer and uses
the triaxial frame with a proving ring and is shown in
Fig. 2.15. The refinements introduced into this equipment
eliminate the effects of the compression of the proving ring
and expansion of the frame. However, the level of the iop
cap will rermain in the right place only if there is no
tilting of the top cap during the swelling of the sample,
The design would have been better if the pick-up point had
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been placed in the middle (as shown in Fig. 2.16), instead
of at the side. Alternatively several pick-up points
might be used around the circumference, Such a modification
in the design would not be difficult.

In view of the basic objective of the present study
to test a large number of samples on a simple and direct
apparatus, the apparatus of Agarwal and Sharma, which would
take considerable time to design and construct, has not been
considered. It is important to note thaﬁ, even in such
a sophisticated apparatus, the compression of the compressing
parts (except the proving ring) still exists, and corrections
need to be made for this compression, without which the
measured swell pressures are slightly underestimated and wil)

not be 'truly precise',

2.2.13 Alpan (1957)

Alpan (1957) constructed an interesting apparatﬁs to
measure the swell pressure whilst a predetermined soil
moisture tension was applied to the soil. Alpan claims
that this apparatus permits duplication of field conditions,
where the maximum moisture content does not necessarily reach
full saturation, and it may also be used to test compacted
samples having identical placement conditions for different
moisture ranges. The principle involved is that if~é goil
sample is brought into contact with water under tension, it
will take up moisture until a sucticn equilibrium is resached,
At this stage, the soil will have a moisture content not
necessarily that of saturation. By varying the water tension

the soil may be made to obtain various degrees of saturation,
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and its expansive behaviour can be studied. This
procedure alsgo permits the study of a series of samples,
placed under identical conditions and brought to various
degrees of saturation, whereupon full saturation is allowed.
The details of Alpan's apparatus are illusirated in
Figs. 2.17 and 2.18. Although this is an important ap:iaratus
to measure swell pressures, Alpan was concerned with a
different problem, regarding the effect of different
moisture tensions on the swell pressure of one set of
samples, whereas the present study is concerned with the
swell pressure at zero water tension on a range of samples.
The simpler design of Seed et al, section 2.2.8 was
therefore preferred here.

—-

2.2414 Summary of Previous Attempts

A review of the earlier equipment for the measurement
of both swell precssure and swell potential has been presented
above. A brief summary of this review is given bvelow. It
should be once again emphasised at this stage that the present
requirement is to choose equipment for the measurement of
maximum ewell amount and swell pressure for given initial
conditions of the sample. In other words, the swell
properties are to be measured when the sample is inundated
in water until the final value of suction is either exactly
zero or virtually equal to zero.

The free-swell test suggested by Holtz and Gibbs (1956)
and the PVC meter designed by Lambe (1960) are suitable
for identifying an expansive soil and give a preliminary

idea about its potential to swell. The multiple consolidometel\



Provin .
t ring 9 :
o '
Rod _ ;
Porous stene |7, |
(suclion p’ole\ ]
= -y

-

| Water suppiy

Fig., 2,17 Swell Pressure Cell (reproduced from Alpan,1957)

o Woter T =5 o= —Tonk iclosed)
d?) Proving ) Y ﬁ

A ring Sump j

Z' Swell Oran E
ey }3 fgﬂssw" Burette

y

Ao
i Yocuum
! reser voir

Drain i

Fig, 2.18 Diagram of Swell Pressure Apparatus (reproduced
from Alpan,1957)




42

method suggested by Noble (1966) and a similar method
suggested by Uppal and Palit (1969) to measure swell
pressure require many tests to be made on each soil and

are therefore unsuitable for the present study. The
apparatus designed by Agarwal and Sharma (1973) using

an electrical relay sjstem to maintain a constant volume

of the sample compensates for the elasgticity of the frame
and proving ring. However, the compression of the compressing
parts still exists. Alpan's apparatus (1957), though very
useful when testing samples of the same soil with different
final degrees of saturation, is not suitable for the present
study, where the objective is different.

Fredlund's (1969) observations showed that the use of
consolidometers for measuring swell properties may lead to
erroneous results unless a number of corrections for the
procedural factors are made, for details see section 2.3.

The apparatus and procedure used by Seed et al (1962)
for the measurement of swelling potential seems suitable
for measuring laterally confined swell amount, provided the
imposition of a vertical pressure of 1 psi (6.895 KN/mg)
is acceptable. Adoption of this method leads to the
advantage of standardisation, so it has been used here.

The detailed design of the apparatus is presented under
the section 'Design of Apparatus?,

The apparatus used by Seed et al (1962f1for measurement
of laterally confined swell pressure is a simple, direct
and well designed apparatus. It should be realised that
when this type of apparatus is employed, there can be no
measurement of pressure without permitting a slight expansion

of the sample, but a well designed apparatus should restrict %
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this expansion. In view of this it was felt that the
apparatus used by Seed et al could be taken as a model
and used with slight modifications in design.

Katti et al (1969) used a modified triaxial cell
to separate and measure the veriical and lateral pressures.
As the lateral swell preesure study was not an objective
of the present proéramme, it wag thought that the triaxial
equipment was not needed for the present study. However, a
triaxial cell was used in the present study‘to measure the
isotropic swell potential,

Finn et al's(1958) apparatus is the only apparatus found in
connection with the measurement of volumetric (isotropic)
swell pressure., The main drawback of Finn-et al's apparatus is
that no attempt seems to have been made to calculate the
volumetric strain of the sample. There is scope to take Finn
et al's apparatus as a model and to improve on its design in
order to reduce the unwanted volumetric strain of the sample
to the lowest possible value. It can be seen from the
design calculations in Appendix 1 that the apparatus used

in this connection has been designed to yield a volumetric
expansion of 0.,85% at a swell preszure of approximately

100 psi, i.e. 0.00123% per 1.0 KN/m°.

An important point that has been noted from the review
is that no apparatus has bezn found in which the volume of
the sample could be kept absolutely constant during the
measurement of swell pressures, This suggests that an
extremely small value of strain is inevitable in such
measurements and has to be accepted. However, in the present
study, an attempt was made to recognise the sources of error

that caused such strain and to estimate the effect of each
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source in turn.
The next section reviews the points of detail which

constitute many of these sources of error,

2.3 POINTS OF DETAIL

Points of detail such as side friction, sample
disturbance, sample size and temperature are dealt with
in the literature mainly in connection with testing soft,
sensitive clays (Matlock and Dawson, 1951; Finn, 1951;
Leonards and Girault, 1961; etc). Whilst some consideration
of these factors is necessary, the factors that play a
significant role when testing swelling clays are different
from the above and[?gttors are listed below.

(i) apparatus friction,

(ii) compressibility of apparatus,

(1ii) compressibility of filter gapers,

(iv) seating of the soil sample and porous stones,

The various apparatus described in this review for
measuring swell pressure suffer from one or more of the
four factors mentioned above. These are treated below

in turn, and in this connection the work of Fredlund (1969)

is taken as the main reference.

2.3.1 Apparatus Friction

Friction in the mechanical components of the apparatus
is of interest since it éffects the shape of the low pressure
end of the ccmpression and rebound curves, Fig. 2.19
(Fredlund, 1969) shows average results for the relationship

between load applied to the hanger and load transmitted to the
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sample for four light frame consolidometers. A small,
highly sensitive proving ring with strain gauges was
substituted for the soil sample and used to measure the
load reaching the sample. The theoretical mechanical
advantage is obtained by precise measurements of the
lengths of the lever arms,

Throughout a loading and unloading range greater
than 0.5 Kg/cm2 (7.1 psi) the load applied to the sample
is within 1.8% of the nominal value. HoWever, at low
pressures the percent error increases rapidly (Fig. 2.20).
At a preszure of 0,01 Kg/cm® (0.142 psi) the load applied
to the sample may be in error by 100%.

Similar tests on the Wykeham-Farrance bench model
consolidometers showed an error 8f approximately 1.2% for
pressure above 0.2 Kg/cm2 (2.85 psi). There is a slight
decrease in the frictional component due to the use of
knife edges rather than pin-connectors on the loading
mechanism,

Irregular behaviour often noticeable in the low range
of loading may be largely attributable to inaccuracies in
the load transmitted to the sample. Friction in the
loading mechanism may be a primary factor in the flattening
of the rebound curve often noticeable at low pressures.
The only solution to these problems may be to resort to
strain gauges or pressure transducers for swell pressure
measurements, thus avoiding the unwanted friction in the

loading and unloading mechanism,
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2.3.2 Compressibility of Apparatus

If a portion of the deflections measured during
a consolidation test is due to deflecticns in the
apparatus rather than the soil sample, the test results
will be in error unless corrections are made. Compressibility
of the apraratus affects the measurement of swell pressure
and the slope of the compression rebound curves. Attempts
have been made to increase the stiffness gf the measuring
device (Seed et al, 1962; Kassiff et al, 1965) in order
to measure more accurately the swell pressure by the
constant volume procedure. Hveem (1958) states that a
pressure mea:zuring system with a stiffness of 0,04% per
0.5 psi is satisfactory. However, at 30 psi this would
mean 2.4% volume change, which could cause serious errors
in the measurement of swell pressure, This is ecguivalent
to 0.0116% at 1.0‘KN/m2. Increasing stiffness increases
the values of measured swell pressures. The compressibility
of the apparatus can be measured by substituting a steel
plug for the soil sample. Many earlier researchers
(Means and Parcher, 1963; Hamilton and Crawford, 1959) have
suggested that the compressibility of the apparatus be
determined prior to running the consolidation test and that
corrections be applied to the results obtained,

Fredlund tested five different types of consolidometers
and presented the compressibility characteristics in terms
of statistical properties. The deformations occurring
for the first cycle of loading and unloading are shown
in Table 2.1. The results are also plotted as log pressure

versus deformation plots (Fig. 2.21) and these semi-log



R

*Residual is the term used for difference between starting and

@Able 2.1 Compressibility of Consolidometers First Cycle of Loading
and Unloading(reproduced from Fredlund,1969).

finishing dial readings.

Pressure Y5% Cozff, (.-.‘;
Type of No. of Range Standard Confid. | Variaticn
Equipnent Observ. (kg/cm?) Mean Median | Deviation| Limits (Percert)
Light Frame 26 0.0 to 0.1 |0.072 0.0002 0.000% 0.0002 39.9
Consolidometer 0.1 to 1.0 |0.0C1 c.0010 0.0003 0.00606 335.3 :
1.0 to 10. 0.0033 | 0.0033 0.0010 0.0019 28.7 !
16. to 1. 0.0029 | 0.0030 0.0010 0.0020 34,7 7
1.0 to 0.1 [0.0310 | 0.00N 6.0304 0.0007 32.0 |
0.1 to 0.010.€034 | 0.0004 0.6002 0.0004 4.5
Residual* 0.C007 | 0.0006 0.0005 0.0010 €5.9
Bench Model 6 0.0 to 0.1 j0.0C05 | 0.CC04 0.0004 0.0009 88.5 ¢
Consolidometer 0.1 to 1.0 |0.03C% | 0.0009 0.0003 0.0006 34.0
1.0 to 10. 0.0030 | 0.0035% 0.0010 0.0019 32,5 !
10, to 1. 0.0024 | 0.0025 0.0005 0.0009 20,1
1. to 0.1 |0.0070 | 0.0019 0.0004 0.0007 34.6
0.1 to 0.01]0.0007 | 0.0005 0.0006 0.0012 87.0
Residual 0.0C07 | 0.0002 0.0032 0.0023 159,
Anteus Test lab 3 0.0 to 0.1 | 0.0003
Consolidometer 0.1 to 1.0 | 0.0005
1.0 to 10. 0.0003_
10. to 1. 0.0008
1. . to 0.1 }0.0004
0.1 to 0.01]0.0001
Residual 0.C004
Large I'rane 10 0.0 to 0.1 {0.0015 { 0.0017 0.0C09 0.0018 51.4 |
Consolidometer 0.1 to 1.0 [0.0023 | 0.0026 0.0012 0.0024 83.8 }
1.0 to 10, 0.0048 | 0,0052 0.0021 0.0041 43.2 1
10. to 1. 0.0022 | 0.0021 0.0012 0.0023 51.6
. 1. to 0.1 [0.0029 | 0.0032 0.0014 0.c028 49.4
0.1 to 0.0110.0017 | 0.0019 0.0010 0.0020 57.4
Residual 0.0021 | 0.0012 0.0M9 0.0037 87.1
Conbel 2 0.0 to 0.1 |0.0008 -
_| Consolidometer 0.1 to 1.0 |0.0023
. 1.0 to 10. 0.0323
10. to 100. |0.0065 .
100. to 10. 0.0950
10. to 1. 0.002)
1. to 0.1 !0.0009
Residual 0.0241
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plots are similar to those expected from testing soil
samples. The results mainly indicate that the
consolidometers do not compress in an elastic manner,
a greater proportion of deflection occurring at low
pressures, The light frame and bench model consolidometers
show similar compressibility curves with approximately
0.0045 inches (0.11 mm) occurring at 10 Kg/cm2 (142- psi).
The large frame and conbel consolidometers show considerably
more compression. The-Anteus Test-lab consclidometer shows
only 0.0016 inches (0,04 mm) a2t 10 Kg/om® (142 psi).
All apparatus, except the Anteus, show considerable hysteresis
between loading and unlozading. The larger the hysterecis
the more residual deflection there is remaining when the
pressure is 0,01 Kg/cm2 (0.142 psi), Due t0 hysteresis
and residual effects, Fredlund suggested that there should
be one compressipility correction curve for loading and
another for the unloading of the sample.

Calculations of deflection based on the elastic
moduli of the materials involved show that many times as
much deflection occurs when loading as would be expected
theoretically. For example, at 10 Kg/em® (142.2 psi)
on the light frame consolidometers the average ratio of
the actual defdecticn to the theoretical deflection was
4,0, In the light of this observation, Fredlund took
special efforts to observe the basis of measured deflecticns,
Fig. 2.22 shows the componeﬁts giving rise to the deflections
“occurring during loading and unloading of the Conbel
consolidometer. At 30 Kg/cm2 (426.7 psi), approximately

13% of the deflection occurred in the loading ram and the
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base of the loading frame of the apparatus. Forty-eight
percent occurred in the porous stones, which also are
the major contributors to the hysteresis effects and
rééidual deformation. The remaining 39% of deformation
occurred in the consolidation pot, loading cap and the
seating of the ball on the loading cap. Due to the
large deformations in the porous stones, the properties
were further investigated by Fredlund (see Fig. 2.2 and
Table 2.2), who concluded that only thick'porous stones
show a deformation modulus approaching the:theoretical
value, and also, that factors such as roughness and warp
in the stones introduce high deflections and hysteresis.
Another factor producing a variation in results is the
gsize and smoothness of the consolidation pot. All
contact areas should be machined smooth; and even after
doing this, Fredlund noted {that three times as much
deflection occurred for a consolidation pot with a contact
area of 150 cm? (23.25 in2), as one with a contact area
of 80 cm? (12.4 in2), when loaded to 10 Kg/cm2 (142 psi),

Posgibly the mating surfaces should be scraped to fit.

2.3.3 Compressibility of Filter Paver

Filter paper is often placed above and below the
goil sample during a consolidation test in order to prevent
the soil particles sy from entering the small pores in the
porous stones (Baracos, 1976). However, Fredlund noted
that the compressibility of the filter paper is of a
Significant magnitude, and his experimental results are
shown in PFigs, 2.24 and 2.25. It can be noted that the

filter paper has not only an instantaneous compression
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PRESSURE RANGE

0 to 0.1 kg/cm?

0.1 to 1.0 kg/cm?

1.0 to 10 kg/cm?

Type of
Porous Disc
MODULUS OF ELASTICITY IN P.S.I.

Coarse Corundum )
Porous Discs 8.28 x 10"
2 - Fine, Norton 0.397 x 10° 0.926 x 10* 6.65 x 10°
Porous Discs
8 - Fine, Norton 0.339 x 10* 0.802 x 10* 3.85 x 10"
Porous Discs
Fine, Thick

9.26 x 10* 46.3 x 10* 160 x 10°

horton Porous
piscs (Anteus)

Table 2.2 Elastic Modulii of Porous Stones (reproduced
from Fredlund,1969).
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when the load is applied, but also compresses further
with time,

Fredlund has concluded that at a pressure of
1 Kg/cm2 (14.2 psi) the compression of the filter paper
is approximately five times that of the apparatus, and

approximately 24 times at a pressure of 10 Kg/cm2 (142 psi).

2.3.4 Seating of the Porous Stones and the Soil Sample

Fredlund analysed the time-deflectioh curves of a
number of consolidation tests in order to have a better
understanding of the seating of the soil sample., After
subtracting the compressibility of the apparatus and the
theoretical correction to zero loading from the instantaneous
deflection, the remaining compressibility was assumed to
be due to the compressibility of air in the sample and
seating of the porous stones and the soil. If no seating
error occurs, a plot of accumulated deflection versus
pressure should approximate a straight line in accordance
with Boyle's law (Hilf, 1948; Hamilton and Crawford, 1959).
It was concluded by Fredlund that it is difficult %o
evaluate the seating of the porous stones and the soil
sample, bul it is of significance primarily under low
pressures. As such, it has beén suggested that the
modified constant volume tests give a more accurate value
for swell pressure.

Some tests carried out in the present investigation
to study the seating and compressibility aspects of porous
stones are presented and déscussed later, see Appendix
1. The results indicate that the compressibility of

the porous stones is negligible, whilst the bedding errors
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contribute a significant error.

2.3.,5 Summary

The above discussion and data preésented by Fr<¢dlund
(1969) show that the compressibility of the consolidometer
and of the accessoriés have a significant effect upon
the interpretation of swell test data. Two main properties
are affected; first, the measurement of swell pressure
and second,'the slope of the rebound curve, Corrections
for both properties can be made by subtraciing the
deflections due to compressibility from the deflections
measured during the test. Percentage errors without
these corrections can be in excess of 100% for the swell
pressure, and generally 10% to 50% for the swelling index
(cg ) E'realund, 1969] .

Further consideration is given to the magnitude of
these errors under the section 'Design Calculations' in
Appendix 1, while designing the apparatus for measurements

in the present study.

2.4 DESIGN OF APPARATUS

2.4.1 Introduction

This section describes the design of the apparatus.
which was used in this study to measure the selected
swell properties, The relevant details of design are
presented in the later sections and the appropriate design
calculations are reported in Appemdix 1, The four apparatus
designed here provide for the measurement of the following

properties:
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(1) isotropic swell pressure, when the sample is held

at constant volume by an equal all round pressure;

(ii) disotropic swell potential, when the sample i3 able
to swell freely in all directions (the set-up for

this is described in Appendix 4);

(iii) laterally confined swell pressure, when the sample
is held at constant volume by lateral and vertical
constraints, the vertical confining pressure being

of interest;

(iv) 1laterally confined swell potential, when the sample
is laterally confined and allowed to swell only

in the vertical direction.

The size of the sample used for testing in the first
and second cases was 4 in (102 mm) in diameter and 2.5 in
(64 mm) high. The diameter is that of a standard
compaction mould. The height was chosen following the
recommendation of Finn et al(195&), Finn et al tested both
small samples in a large chamber and large samples in a
small chamber, and concluded that large samples in small
chambers give higher swell pressures. This can, in fact,
be expected as there will be a large amount of water in a
large chamber whilst using small samples, which in turn
gives a higher value of the volumetric strain of the sample
due to the compressibility of the water; thus reducing the
measured swell pressure, However, samples larger than
2.5 in (64 mm) high may become impracticable for testing,
as they take too long to reach equilibrium. The size of

the samples for the third and fourth cases was 4 in (102 mm)
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in diameter and 1 in (25.4 mm) high. The smaller height
was chosen to provide a lower ratio of length to diameter
to reduce skin friction and also to maintain agreementi with
the work of earlier researchers for a comparative study,

if required, at a later stage.

For testing unconfined samples (2.5 in high), the
gsamples were taken from the centre of the compaction
mould in order to avoid the end effects of compaction.

For testing laterally confined samples (1 in high),

the samples were again taken from the centre of the mould,
and in order to avoid extracting from the mould, the
sample was subsequently tested within the compaction

ring. It is not possible to meet these requirements with
conventional compaction moulds, As such, it was found
necessary to design a compaction mould to suit the present
requirements. The designed mould is described below,
followed by the apparatus designed in the present study.
The apparatus are described in the order in which they

were designed.

2.4.2 Compaction Mould

The compaction mould designed in the present study
is similar in principle to the one used by Seed et 2l (1962),
and the main dimensions are the same, The compaction
mould, the accessories, and the procedure of compaction
are in accordanpe with the standard A.A.S.H.0. compaction
test. The Indian Standard specification for iight
compaction is exactly the same as that of the standard
A.AS.H.O, test, whilst the British Standard specification
for 1ight‘compaction is slightly different, viz:- ~
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standard A.A.S.H.O B.S.
diameter 4,00 in (102 mm) 4.1338 in (105 mm)
height 4,6 in (117 mm) 4.5472 in (116 mm)

blows per layer 25 27

A line diagram of the special compaction mould
designed in the present study is shown in Fig. 2.26., 1%
consists of a base plate, a mould divided into three pieces,
and a collar. The 4.6 inch (117 mm) high mould is made
up of three pieces such that the central piece yields
a sample of 1.0 inch (25.4 mm) high in one version (Fig.
2.26) and a sample of 2.5 inch (64 mm) high in the other
version (not shown). In the second version the top and
bottom pieces are each 1.0 inch (25.4 mm) high. The base
plate 7.5 inch (191 mm) in diameter has 4 Nos. of £ inch
(9.5 mm) diameter tie rods that are tapped in on a circle
of 6.5 inch (165 mm) diameter. Four pins on a circle of
5.25 inch (133 mm) diameter are provided to ensure no
movement of the mould during the compaction process. These
pins are § inch (159 mm) in overall length with £ inch
(9.5 mm) length tapped in the base plate. A collar of
2.5 inch (64 mm) high is used as the top part of the mould
and is provided with 4 Nos. of lugs. The lugs 1.25 inch
(32 mm) in length have § inch (9.5 mm) in diameter holes,

The tolerances for constructicn are shown in Fig. 2.26,

2.,4.3 Isotropic Swell Prescsure

The apparatus designed for the measurement of isoctropic
swell.pressure is an improved version of Finnet al's (1958)
apparatus described earlier. In this apparatue the sample jg
free to swell in all directions but,subject %o experimental

error, volume change is prevented. The line
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diagram of the apparatus is shown in Fig. 2.27.

The apparatus acts as a pressure chamber, Swelling
of the sample is restricted by confining water which
completely fills the space between the sample and the
chamber., The soil sample is placed on a filter paper on
a porous stone, which has been cemented to the top of a
pedestal on a base plate. A rubber membrane covers the
sample at the top and all around like a fop hat (without
brim) in order to avoid any contact betweén the sample
and the confiming water. When the csample is allowed to
draw free water, it tends to swell. This tendency is
suppressed by the confining water and the rigidity of the
gystem, and as a result the sample exerts pressure which is
transmitted to a pressure transducer through the surrounding
water, Ideally this apparatus should maintain the change
in volume of the sample equal to zero throughout the period
of the test till the final value of swell precssure is
recorded. As such, it is necessary to recognise the
gources of error that tend to cause a volume increase, and
to take suitable precautions in the design to minimise the
volumetric expansion of the sample. According to the
design calculations, the present apparatus is expected
to yield a volumetric strain of 0,85% at a swell pressure
of 100 psi (i.e. 0.00123% at 1 KN/mz), with the percentage
volume change decrea2sing linearly with decreasing value
of swell rpressure. The design calculations are in Appendix

1, and the design details of this apparatus zre in section

2.541
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2.4.4 Laterally Confined Swell Pressure

The apparatus designed to measure the laterally
confined (vertical) swell pressure is shown in Fig. 2.28,.
This is similar in concept to the one used by Seed et al
(1962?; However, suitable mgdifications were brought
into the present design in order to make the measurement
more precise.

In this apparatus the 1.0 inch (25.4 mm) high soil
sample confined within the compaction ring (see section
2.4.2) is sandwiched between two porous stones in a swell
pot. The top porous stone is not shown in Fig. 2.28.
Filter papers are placed between the sample and the stones.
The swell pot consists of a sample base with a 2,0 inch
(51 mm) high rim brazed around its circumference. The
sample base is brazed to the top of a screw. A main base
supported on the screw moves up and down when it is rotated,
Two tie rods rigidly fixed to the main base carry a
11 in x 2 in x 2 in (279 mm x 51 mm x 51 mm) clamping dar.

A perforated metallic disc resting on the top porous stone

is rigidly connected to the clamping bar by a stem, The
swell pot is filled with water, and the sample develcps

swell pressure under a 'nearly no volume increase' condition.

The method of measuring the swell pressure is based on
the use of strain gauges on the tie rods, However, | |
provision is made in the apparatus to use a proving bar,
in case the sirain gauges become ineffective, e.g. when
extremely low values of swell pressures are to be measured
(Fig. 2.29).

I% can be seen from the design calculations in Appendix

1 that the percentage strain of the sample is 1.6% at a
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swell pressure of approximately 100 psi (i.e. 0.00234%
at 1.0 KN/mz), when the measurements are made using strain
gauges on tie bars, The calculated percentage strain
reduces with decreasing swell pressure.

The design details of this apparatus are given in

section 2.5.2.

2.4.,5 Laterally Confined Swell Potential

The apparatus designed in the present study for the
laterally confined swell potential enables the measurement
of percentage swell in the vertical direction of a laterally
eonfined sample under a surcharge pressure of 1 psi (6.895
KN/m2); this corresponds to the 'swelling potential' of
Seed et al (1962). The apparatus is shown in Fig. 2.30.

In this apparatus, the 1,0 in high (25.4 mm) sample
confined within the compaction ring (see section 2.4.2)
is placed on a porous stone. The porous stone rests on
the base of a cylindrical pot. The pot is 6,0 inch (152 mm)
in internal diameter and 2.0 inch (51 mm) deep, and for
rigidity the base and circular walls are 0.5 inch (13 mm)
thick. Grooves of 0.125 inch (3.2 mm) thick are milled
on the base of the cell to conduct water to the lower porous
stone, A second porous stone rests on top of the sample,
with a metallic weight providing 1 psi (6,895 KN/mQ) surcharge
on the top of the porous stone. Grooves of 0.125 inch (3.2 mm)
thick are milled on the underside of the metallic weight. |
Filter papers are placed between the sample and the stones,
Iwo 0.5 inch (13 mm) dia. posts are rigidly screwed on the

cell wall, A cross bar placed across these two posts holde

two dial gauges for recording the sample swell, These dial
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gauges bear diametrically on the weight.

A shaped circular ring 0.25 inch (64 mm) high placed
inside the pot serves to locate the bottom porous stone
and the sample. The circular ring is designed so that
it would support the sample ring should it fall,

The pot is filled with water to cause the sample to

swell,

2.5 DESIGN DETAILS

2.5.1 Isotroric Swell Pressure

The apparatus consists of two parts, the base plate
and the upper chamber, which are connected with a metal to
metal joint secured by 8 No € inch (9.5 mm) dia, clamping
studs., In order to keep the studs short, the flange
on the upper chamber is at the bottom, see Fig., 2.27
It is thought that in comparison with the four long studs
extending from top to bottom in Finn et al's (1958) apparatus,
the present design ensures greater rigidity, which is an
‘important factor of the design.

The base plate is provided in its centre with a
pedestal, 4.0 inch (102 mm) dia. and 0,75 inch (19 mm)
high, and grooves are milled on the top of the pedestal
for water supply.

The 0,25 in (6.4 mm) thick porous stone is cemented
to the pedestal in order to reduce the bedding error of the
stone. The inside of the top of the chamber is sloped
to prevent any air bubbles sticking to the lower part of

the wall during the de-airing process,see Fig. 2.27. Both
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of the above details are improvements on Finnet al's design,

An air vent valve 1s provided at the centre of the
top of the chamber and is similar to the vent valves used
on Wykeham-Farrance triaxial cells.

A specially fabricated rubber membrane (Fig. 2.31)
cgvers the sample at the top and the sides. The membrane
fits tightly against the sample, but offers a ncgligible
all round pressure on the sample, 0.003 psi at 1% volumetric
strain (i.e.0,02 KN/m2 at 1% volumetric stfain).

Flat rubber bands are used to seal the rubber membrane
to the pedestal. Flat bands are chosen in order to prevent
any air being trapped at the bottom of the band,

An O-ring is placed at the junction of the top chamber
and the base plate to seal the chamber from any possible
leakage of water, see Fig. 2.27,

There are 2 Nos, of 0.25 in (6.4 mm) vents through
the base plate and joining the grooves on the top of the
pedestal, see Fig. 2.27. One vent serves to supply free
water and the other is used to de-air the grooves,

The complex part of the system is the proper design
and construction of the water inlet valve and the pressure
transducer chamber (see Fig. 2.27 and 2.32 to 35) in the
base plate., Realising that the efficiency of these
components is an important factor in keeping the volumetric
strain of the sample within the design limits, special efforts
were taken in their design. Proper dimensioning for these
components is necessary. The design of these components
is explained below,

The water inlet hole meets the water inlet chamber

almost at right angles (see base plate plan, Fig. 2.32),
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A —» 3in ﬁiameter Studs (8Nos) on Base Plate to Clamp Upper’
Chamber. Pitch of Studs is 6.5 inch.

B —» Centré Line of Water Inlet Chamber ; C -+ Centre Line
of Water Inlet 'Hole.E!ater Inlet Chamber (2.50" overall
length) to be drilled in Base Plate as per dimensions
given.in Fig.2.33. The Chamber should provide a tight
fit t6 the Water Inlet Valve, the valve is shown in
Fig.2.32. Water Inlet Hole to be drilled to meet the
Water Inlet Chamber as per requirements in Fig. 2.35}

D -» Water Supply Vents, 0.25 inch in diametex,

E -» 4" in diameter and 3" high Pedestal on Base Plate.

Fig. 2.32 Plan of Ease Plate, Isotropic Swell Pressure
Apparatuse
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and the water inlet chamber is cocnnected to the pressure
chamber inlet through the pressure transducer chamber
(see Fig. 2.33). The water inlet valve is a screw, which
in the fully tightened position (as shown in Fig. 2.27)
closes the water inlet hole. It has two 'O'-ring seals,
a back seal and a forward seal. The seal provided at the
back serves to prevent any low pressure water entering
the threads of the screw. When cloced, the forward seal
prevenis water from entering or leaving tﬁe pressure chamber,
The length and poesition of the water inlet valve is governed
by the following requirements:

(a) The pressure transducer chamber is placed directly

below the pressure chamber inlet, see Fig. 2.35,

(b) Enough metal is left between the pressure transducer
chamber and water inlet chamber to provide solidity
for the bearing surface of the forward seal, see

Fig. 2.35.

(¢c) When the water inlet valve is open, the forward
seal should withdraw behind the water inlet hole,
gee Fig. 2.27.

(d) The start of the thread is positioned so that the
back seal continues to seal when the water inlet

valve is open, see Fig. 2.27.

(e) The length of the thread must provide a positive
bearing in the fully open position.

(£) The threads require lead-ins for their construction.
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The dimensions of the water inlet valve are fixed in
accordance with these requirements (see Figs. 2.33 and
2.34), and it is then found necessary to drill the water
inlet chamber angularly on the base plate, Fig. 2.32.

The pressure transducer chamber leads at the top
to the pressuré chamber inlet and extends at the bottom to
accommodate a pressure transducer. The water inlet chamber
meets the pressuretransducer chamber tangentially (Fig.
2.35) in order to create a forced vortex fo assist in the
removal of air bubbles from the pressure transducer chamber
when f£illing the apparatus with water,

A pressure transducer was chosen as a means of measuring
the swéll pressure with the minimum of deflection. The
transducer used, is made by Bell & Howell, Model 4-312 with
pressure range of 0-100 PSTA and is diagrammatically shown

in Pig. 2.36.

2.5.,2 Laterally Confined Swell Pressure

The apparatus consists of a main cylindrical base
12 inch (305 mm) in diameter and 2 inch (51 mm) thick.
Two holes made at a pitch of 9 inch (229 mm) on this base
hold two tie rods of 0.5 inch (13 mm) dia. and 8 inch
(203 mm) long, and another two holes at the same pitch hold
two dummy tie rods. These four rods are used when the strain
gauges are used in the apparatus. However, two more holes
are drilled on this base at a pitch of 9 inch (229 mm) to
hold two numbers of 1.25 inch (32 mm) dia, tie rods. These
1.25 inch (32 mm) dia. tie rods are used when the measurements
are made using a proving bar.~ The plan of the main base ang

the dimension of the tie rods are shown in Figs. 2.37 and
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2.38 respectively.

A screw 4 inch (102 mm) dia. and 5 inch (127 mm)
long is provided at the centre of the main base; and the
screw has a hand-wheel at its bottom to facilitate its
rotation, To eliminate backlash the threads are made to
fit tightly. Theoretically a backlash eliminator would be
preferable, but the simpler design did seem satisfactory.
The screw carries a sample base, 6 inch (152 mm) in dia, and
1 inch (25.4 mm) thick, at its top. This sample base
carries a rim 2 in¢h (51 mm) high, brazed all around its
circumference. The sample base and the screw are constructed
as a single unit to avoid bedding errors. Triangular
threads are provided on the screw in order to achieve
greater rigidity in the system. A porous stone 4 inch (102 mm)
in dia. and 0.25 inch (6.4 mm) thick is cemented at the
centre of the sample base in the swell pot.,

The central piece of the compaction mould carryings
a 4 inch (102 mm) dia, and 1 inch (25.4 mm) high sample
is placed on the porous stone, with a second porous stone
on the top of the sample. A 4 inch (102 mm) dia. and
0,25 inch (6.4 mm) thick perforated plate is placed on
the top of the porous stone, and has a 0,5 inch (13 mm) dia
and 1 inch (25.4 mm) long stem brazed on top at its centre.
The other end of the stem butts against 2 11 in x 2 in x 2 in
(279 mm x 51 mm x 51 mm) clamping bar,

The two 0.5 inch (13 mm) dia. and 8 inch (203 mm)
long tie rods coming from the main base pass through two
% inch (16 mm) holes made at the iwo ends of the clamping
bar. The clamping bar is held rigidly by using two § inch

(16 mm) dia. nuts on each of the two tie rods. Two strain



Fige 2.37 Plan of Main Base in Laterally Confined Swell
tressure Apparatus,

A and B ==

Cand D =

E and F e

Position of two tie rods ( 0.5" dia, 8" long)
at a Pitch of 9", )

Position of two tie rods ( Dummy Posts of
length 5" ) at a Pitch of 9", -
Position of two tie rods ( 1.25" dia,8" long)
at a Pitch of 9".
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gauges (1 x 10_6

inch) are fixed on each of theze two
tie rods to measure the extension of tie rods during
swell pressure development of the sample. Two dummy
tie rods, fitted with strain gauges, are provided for
temperature compensation.

Should it become necessary to use a proving bar as
the method of measuring swell pressure, in place of strain
gauges; the four tie rods are replaced by two tie rods
of 1.25 inch (32 mm) diameter. The proving bar and a
clamping bar on its top are fixed by bolting them onto the
top of the tie rods. A dial gauge is fixed to record
the deflection of the proving bar and in this case the
vertical stem butis against the proving bar (see Fig. 2.29)

Noting that, the smaller the volumetric expansion of the
sample, the more reliable is the measurement of swell pressure,
it can be seen from the design calculations (see Appendix 1)
that using sirain gauges is more advisable. Appendix 1
shows that the deflection of the proving bar at 100 psi
(689.5 KN/m2) swell pressure is 0,014 in (0.36 mm) compared
with a deflection of tie bars equal to 0.00084 in (0.02 mm)

in the strain gauge system.

2.5.3 Summary of The Desisn of Apparatus

In the present study, Finn et al's (1958) apparatus and
Seed et al's (1962f‘apparatus were used as models to design
isotropic swell pressure apparatus and laterally confined
swell pressure apparatus fespectively. Swell pressure
measurements are subject to a systematic underestimate.
In the isotropic swell pressure apparatus, these errors

are due to:
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a) bedding errors,

b) compressibility of the membrane,

¢c) compressibility of the filter paper,
d) compressibility of the O-ring,

e) compressibility of the water,

f£) expansion of fhe chamber,

g) deflection of transducer (negligible),

In the laterally confined swell pressure apparatus, the
errors are due tos

a) bedding errors,

b) extension of the tie bvars,

¢) compressibility of the filter papers,

It was assumed that preloading of the laterally confined
gwell pressure apparatus would eliminate the error due
Y0 compressibility of the filter paper. It was recognised
that the effedt of the extension of tie bars could be
eliminated by using a servomechanism to compensate for
the extension, However, the experimental work on which
the estimations of bedding error were based showed them 1o
be both substantial and somewhat erratic, in that different
tests cave different results. They were also non-linear,
It was concluded that it would be extremely difficult to
pre-programme a servomechanism to compensate for bedding
errors in a reliable manner and that in practical ferms
some error is unavoidable,

In the presen’ apparatus, the design calculations.
in Appendix 1 suggested that the swell pressure samples
expandéd by approximately 1.0 to 1.5% volumetric strain,

The observations cited in section A1.2.8 suggested that
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this value might be an overestimation, whilst the values
of probable expancsion shown later in Tables 5.1, 5.4,
and 5.5 of chapter 5 suggested that this value might be
an underestimate. Small values of volumetric expansion
ars known to be associated with much larger errors of swell
pressure measurement, and in section A1,2.10 it was
suggested that the results here are underestimated by
15% or more.,

The design of apparatus to measure swell potential
in accordance with Seed et al's (1962) definition was
straightforward, and no serious problems were encountered
in its subsequent use. The problem of measuring isotropic
swell potential is discussed in Appendix 4, in which it
was concluded that a full-scale investigation would be
required before it would be possible to measure isotropic
swell potential with any degree of accuracy.

The next chapter discusses the programme of testing

that was undertaken in the present study.
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CHAPTER 3

MATERIALS, METHODS AND RESULTS

3.1 INTRODUCTION

An outline of the soils investigated and the test
procedures used in the course of this research are presented
in this Chapter. This Chapter also reports the results
obtained in the programme of tests and presents a discussion
of those of the observations which bear on the reliability
of the results. A further analysis of the resulis will
be presented later in Chapter 5.

The soils tested in this programme include three series
of artificial mixtures, providing in total 18 artificial
soils, and one series of 10 natural soils. Each of the
geries of artificial mixtures studied in this programme
wag composed of two components, clay and sand or bentonite
and illite. For each series, the mixtures ranged from 100%
of one component to 100% of the other.

As a preliminary to the other tests, the specific
gravitiée of all 28 samples were measured as reported in
Appendix 2. Cation exchange capacity was also measured
for two of the natural soils, see Appendix 3. Atterberg
limit tests, standard A,A.S.H.O0. Compaction tests, laterally
confined swell pressure tests, and laterally confined swell
potential tests, were done on all the soils considered in
this study. In addition, 16 isotropic swell pressure tesis
were carried out on the illite-sand series (of artificial

samples) and on the natural samples, A preliminary series
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of isotropic swell amount tests is reported in Appendix 4.
The details of the main tests and the resulis are reported

in the following sections.

3.2 MATERIALS

3,21 Soils for Artificial Mixtures

Two artificial soils, bentonite and illite, and a
local sand were used in preparing three artificial mixtures
in the present study. The details of these soils are
reported below, '

The bentonite used is Fullbent 570, produced and
supplied by the Fuller's Earth Urnion Ltd. in England.
According to the suppliers, this material is composed of
sodium monimorillonite and contains a preponderance of
particles of less than 2 M size, see Fig. 3.1. The
material was supplied in 25 kg bags, but it was observed
that some of the properties varied slightly from bag to
bag., With this in view, material from a2 single set of
bags was used for the compaction and swell tests in a given
series of mixture. Thus, Batch 1 of the material containing
a mixture of 3 bags was used for the bentonite-sand series;
and Batch 2 containing a mixture of another three bags, was
used for the benionite-illite series. For the compaction
and swell tests, two sets of 100% bentonite samples, made from
the appropriate batches, were used for the bentonite-sand
and bentonite-~illite series respectively. Tables 3.4 and
3,5 show the resulté*obtained for these two sets of samples

respectively. For the Atterberg limit and specific gravity

*t see after page 82.
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tests, equal proportions of Batiches 1 and 2 were mixed
together, and this composite material was used for both
the bentonite-sand and the bentonite-illite series. The

properties of the bentonite are:

1L = 192% PL = 55% 3

PI G

8

137% 2.490,

-e

The illite used in this study is Hybond Blue Illite,
supplied by the Fayle's Blue Company in England. The
material was supplied in 20 kg bags and seemed to be fairly
uniform from bag to bag. A test made by the present writer
showed approximately 88% of the particles to be finer than
2 size (Fig. 3.1). X-ray diffraction showed some
kaolinite as well as illite. The properties of this

material are:

1%
39%

LL PL

32%

-e

PI

G

g = 2.71

-

The sand used in preparing the clay-sand mixtures was
obtained from the Lochaline area in Scotland. According
to M.A. Osman (per. comm.) the material is closely graded
fine to medium size, Fig. 3.1. The sand particles were

observed to be rounded with a few of them being sub-angular.

Some properties of the sand are:
Gs = 2,65 d10 = 0,15 mm ;

U = 1070
There is some doubt about the accuracy of the particle
size analysis of bentonite quoted in Fig. 3.1, because

these results relate to a different sample than that used
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here. It was therefore decided to treat the bentonite

as 100% clay when calculating the proportions of the
bentonite-sand mixtures. The illite was treated in the
same way. This was appropriate because the smallest sand
particles are much larger than any silt particles which the

bentonite or illite might contain,

3e2.2 Artificial Mixtures

The three artificial mixtures studied were:

(1) Illite-sand
(i1) Bentonite-sand
(iii)Bentonite-Illite
The proportions by weight of clay in the illite-sand
mixture were 100%, 82%, 64%, 50%, 32%, 14% and 0%.
In both bentonite-sand and bentonite-illite mixtures,
the proportions by weight of bentonite were 100%, 83.3%,
66.7%, 50.0%, 33.3%, 18.7% and 0.0%
For each of these mixtures, a stock of 5-6 kg was

prepared and used for all the tests, except as noted.

3,2.3 Natural Soils

Ten soil samples were obtained for this study from the
plough layer from a farm called Wobtton Broadmead near
Bedford, England, Map Reference TL 0242, The samples were
selected and '¢ellacted by Messrs., C.M. Darlow and J. Darlow,
who have farmed there for 45 years approximately. The samplesg
were labelled from 350-1 %o 350-16 and were accompanied by a
6 inch-plan showing the approximate positions from which they

had been taken. It was reported that the heavier of these
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soils crack widely during summer, up to 20 mm at the
surface,

All the ten samples were disturbed when brought into
the laboratory. These ten soils had been chosen to differ .
widely in clay content (9 to 87%), but they appear to have
similar mineralogy, éee results in section 3.4.3. The
Unified Classification system for these soils is shown in
Fig. 3.2, from which it is seen that all the soils fall
near the A-iine. |

According to King (1969), these soils were mapped in
a gingle mapping unit containing mainly Rowsham Series and
Denchworth Series of the Rowsham Association and Milton
Series of the Milton Association, Although these are of
different Associations, it was stated that areas of Milton
Series occur within the Rowsham Association. Moreover,
an occurence of Milton Association is mapped within 2 km.
to the South of the sampling site. A briefdescription of
Rowsham, Denchworth, and Milton Series is reported below
following King (1969).

The Rowsham Series is most widespread and is formed in
a layer of clayey drift containing some stones and
appreciable amounts of sand, often with a narrow gravelly
seam immediately overlying the Jurassia clay at depths of
between 18 and 36 in (460 and 920 mm)., A dark brown
clay loam or sandy clay loam surface horizon overlies an
olive or greyish brown clay loam to clay subsoil with
distincet fine ochreous mottling. Below, a discontinuous
seam of gravelly sandy clay loam overlies grey plastic

clay faintly mottled with olive and brownish yellow, often
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with some small secondary calcium carbonate concretions.
Intimately associated with the Rowsham series in a complex
mosaic are soils of the Denchworth series in which the
superficial drift layer, if present,is predominantly clayey.
The surface soil is a dark greyish brown clay loam or clay,
with rusty mottling along root channels under o0ld grass.
Between 9 and 18 in (230 and 460 mm) there is a very
tenacious, grey and yellow-brown, prominently mottled, clay
subsoil with coarse blocky or prismatic sfructure merging at
greater depths into darker grey clay with faint to distinct
olive-yellow mottling and some secondary calcium carbonate
concretions. These heavy soils are imperfectily or poorly
drained and crack severely in periods of drought. The
parent material for the Milton Series is gravelly and loamy
drifts, which is the same as that for the Rowsham Series.
However, the Milton Series is found on gravelly terrace
deposits, with no gravel occuring within‘36 in (920 mnm)
of the surface. The Milton Series has a dark greyish brown,
more or less stony, sandy clay loam or clay loam plough
layer,

C.M. Darlow reported that a thin gravelly seam was
present at site No. 3, which is a characteristic feature
of the Rowsham soil Series., Sample 350-6 had been obtained
from a “"slight rise similar to a terrace" and was therefore
at first thought %o belong to Milton Series, which are
mainly found on gravelly and loamy drifits. The clay
contents of the surface soils for the Milton, Rowsham and
Denichworth Series are quoted by King (1969) as 19%, 33%

and 75% respectively. However, as stated earlier, the ten
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soils chosen for the present study widely vary in their

clay content (9% to 87%) and it was assumed as a first
approximation that the selected soils belong to one of

the three series mentioned ahoxe. Although this assumption
is approximately correct, a detailed analysis of the
particle size distribution results is presented later in
Chapter 5.

The coarse organic matter and the stones were removed
from all thé soils before they were subjected to the
laboratory tests in the present study. The coarse organic
matter was mainly grass with some roots and stalks and
varied from 0.04% to 0.2%. The stones detected were mainly
f1int with sandstone, chalk and some rounded quartz pebbles.
The stone content in the soils varied from 0.07 %o 3.5%. by
weight.

3.3. METHODS

3,3.,17 Limit Tests

The Atterberg limit tests, viz; 1liquid 1limit and
plastic limit were determined in accordance with BS 1377:
1975 Test No 2 (A), TFor the illite-sand series, the tests
were duplicated by a second person.,

3.3.2 Allophane Test

Clay crystals are often coated with amorphous alumina-
silicate material, which is often loosely called allophane.
This is highly reactive in its ability to combine with
anions, cétions and organic matter, Thus, despite the
small amount, when present, it can play a significant role

in modifying the properties of the soil,
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A quick test was used to determine whether allophane
wasg present in the natural soils of this study. This
test is usually called the 'Sodium Fluoride Test For
Amorphous Alumina-Silicates! The allophane was detected
by treating the soil with scdium fluoride solution. The
F-ions complex 'mobile' or reactive aluminium, displacing
its hydroxy groups, so thet the pH of the suspension rises.
The details of the test are as follows:

An approximately 1N solution of NaF was made up by
preparing a saturated solution and drawing off 50 ml of the
supernatant., 1'gm of air dry soil was placed in a 100 ml
beaker. The pH electrode was placed in readiness above
the soil and the 50 ml NaF solution was added. The pH
reading was taken immediately. Further pH readings were
taken at % minute intervals, with stirring at the time of
measurement., As the rate of change slowed down, the intervals
were increased to 1 minute. The pH was plotted against time
for 10 minutes,

As a first indication of allophane content, the pH after
10 minutes was considered, the following interpretation
being made: The allophane content was negligible if
pH €9.0, low if pH is 9,0 to 9.8, medium if pH was 9.8 to
10.5, and high if pH > 10.5. The rate of fall of pH also
gave an indication of the amount of Allophane present.

The writer thanks Dr H.Fullerton for providing the
details of the test,

3.3.,3 Particle SizevDistribution Tects

The particle size distribution tests for the ten
natural soils and for the illite were carried out using
the hydrometer technique in conjunction with sieving in

accordance with BS 1377 ¢ 1975 Test No 7 (D).
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This method covers the guantitative determination of

particle sgize distribution in a soil from the coarse

gand size downwards, Test 7(D) was used in preference

to Test 7(B) because, in all the natural soils tested

in this investigation, more than 10% of the material passed the

63,4'” BS test sieve.

3¢3.4 Organic Matter

The percentage by maés of organic matter present in
the natural soils used in the investigation was determined

in accordance with BS 1377:1975 Test No 8.

3.3.5 oH Value

The pH values of the natural soils were determined by
the standard electrometric method described in BS 1377:1975
Test No 11 (A).

3.3.6 X-Ray Diffraction Tests

X—ra& diffraction was used for a qualitative
Ydentification of the clay minerals in the natural soils
used in this programme,

In order to prepare samples for x-ray diffraction,
about 10 gm of soil were ground in an agate pestle and
mortar, and mixed in water. This suspended soil was
gpread on a glass microscope sglide of size 2 in x 1 in
and allowed to dry under an electric lamp for 12 to 24
hours. Care was taken to spread a thin layer in all cases,

Copper KX radiation was used in the x-ray machine,
The settings of the instrument are shown in Table 3.1.

The results from the x-ray machine were in the form of a



Table 3.1 Control Settings for Tests on X-Ray

Diffraction liachine

Control Setting
Power 40 Kv x 20mA
Slit I.0 X 0,2mm
Time Constant 4

Counts per Second 200

Chart Speed 300mm/hr
Sean Speed 3°/min
Suppression Zero
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graph showing the intensity of reflected radiation
against diffraction angles, 206 values. Fig. 3.3 is
-a small scale reproduction of one of these graphs. For

the Cu K& radiation, the wave length A is 1,541 A®, hence

g = oA - 0.7705
2 8in6 8in@

for the first order reflection (n=1). Using this formula
the 20 values were converted into d-spacings (A®). These
d-spacings were used in identifying the various minerals.,
Supplementary tests were performed (e.g. by heating or by
adsorption of ethylene glycol), wherever it was found
necessary. The critieria used in identifying the clay
minerals are summarised below.

Peaks with d-spacings of 7.1 %o 7.2 A® suggest
Kaolinite or chlorite; 10A° peaks suggest illite or
halloysite; 12.5 A® peaks suggest montmorillonite; and
14 A° peaks sugegest chlorite, vermiculite, montmorillonite
or a mixed layer clay.

After heating to 110° C the 10 A® peak shifts towards the
7.2 A®° range for halloysite.

Heating to 300-400°C shifts the 12.5 A® peak to a
spacing around 10 A° for montmorillonite.

Heating to 600°C destiroys the stiructure of halloysite
completely, whereas for illite the 10 A® peak remains
stable at this temperature. This temperature also causes
the 7.2 A® peak to disappear for both kaolinites and
chlorites.,

Heating to 700°C causes the 14 A® peak to intensify for



— e s

[
- Q
m
)]
3 - g
d o 8 3 .m 5 3 k2]
ps B 1% v B v g
o m m woM 8 3 g,
43 & 54 S A
’ <¢
<3 A 23 A o
~ < Mo N .
QU ° . [ [ I o M
LBk g L i
R e e R s
ed 2 FURURA IR SRR B SR S|
CrrTTeTaT SREER RGN SRR N NSRS
REh e .;1,.-.441'&4:#4,.«.-,17 IR R R RS S R
AR RS LRERS Mo M e S Aaned hnn nanea e N EROEY
R BURER NN EENNEE BN SRR SR . L
o 1;. i T RS it L@. i wf'v:_. o
il ST IS AR IEITS I .,H,rl..hi.»h.w.ﬂ.«_ SERESR RSN
S Sk Lol nesnnae e e ey stergw SECS
e B! —— R I i
b RN - C cl , P
s T
. J. tor ; : . M [ l|<.» 4o i ,‘I :
BEERRE _ T " LT
H _ ! ; — i +
: _ i . ; T T T
RN TR NI, o _
Sy } 1

N R R : Lo L0026k dd  9T01/1LU/HAY
ilnddianndsngiinpdldilntintnitnnnsiiilacrttislgitie tatesiRsirairitiroriirteis

Fig. 3.3 X=-Ray Diffraction Pattern (Small Scale Version),
Soil No. 350-l1.
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chlorite, otherwise the 14 A° peak may be montmorillonite,
vermiculite or a mixed layer clay.

Ethylene glycol treatment shifts the 14 A° peak to a
spacing of 17 A® for montmorillonite; and for a mixed
layer clay containing montmorillonite the 14 A° peak will
be shifted to some lesser and variable spacing. For
vermiculite, the ethylene glycol treatment shifts the
14 A° peak to a spacing of 16.3 A°,

It can be seen from the above describtion that whilst
it is comparatively easy to identify Kaolinite, illite and
halloysite; if is difficult in normal practice to resolve

the 14 A° peak for a2 precise identification of the mineral
involved. However, a 14 A° peak does indicate a mineral
with an expanding lattice of a swelling nature.

In addition to the general procedure discussed above,
the subsidary peaks and theirrelative intensities were
also considered to assist in the clay mineral identification.
This data for some important minerals was compiled from

Brown (1961) and are shown in Table 3,2.

3.3.,7 Compaction Tests

The compaction tests reported in this study were
performed in accordance with the standard A.A.S.H.O (DSIR,
1972) test requirements, and were carried out in the
special compaction mould designed in this programme, see
section 2.4.2, Fig., 2.26 , For the natural soils, samples
were passed through a 20 mm BS sieve, but in the case of
the artificial soils the compaction tests were made on the
material as it had been mixed. In all cases, different

samples were mixed at the different moisture contents, with



Table 3,2 Diagnostic X~Ray Diffraction Peaks

Quartz

26 a(a%) 1 hkl
26.6  3.35  I00 101
20.85 4.26 35 100
36,55 2,458 I2 II0
39.48 2.282 12 102
50,21 I.8I7 1I7 II2
60,03 I.54I 15  2II
68.23 1.375 II 203
Kaolinite

20 a(a®) 1 hkl
12,36 7.16 IO 00I
24,92 3.575 IO 002
38,50 2,338 9 202
39,38 2,288 8 131
36,05 2.491 8 200
62.36 1.489 8 200
37.81 2,379 6 201
45.60 I.989 6 203
55,27 I.662 7 204
Metahalloysite

20 a(A® 1

IX.95 T7.41 6

20.03 4.432 10

24,71 3,603 4

35,02 2,562 4

62,59 1.484 5

54,63 1,680 2

Calcite

20 a(a®) 1 hk1l
23.04 3.86 12 I02
29.42 3.04  I00 104
35.99 2.495 14 1I0
39.43 2.285 18 I13
43,18 2.095 IQ 202
47.53 1,913 I7 108
48,55 1.875 I7 116
Illite

20 a(a®) 1

8.9 9.9 Very Strong
18,10 4.9 Medium
I9.95 4.45 Very Strong
22,97 3.87 Medium
26,60 3.35 Very Strong
35.00 2,56 Very Strong
37.6 2,39 Medium

42,2 2,14 Medium

62,0 I.497 Strong
Gypsum

20 a(a® 1 hk1
I1.70 7.56 100 020
29.I3 3.059 57 I4T
20.80 4.27 5I 12T
33.45 2.679 28 022
31,20 2,867 27 002
23.47 3.79 I 03I
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two or three falling below the plastic limit and two or
three above the plastic limit. These samples were well
mixed and kept in air tight polythene bags for 7 to 14 days
in order to attain moisture equilibrium. All the soil
samples for one compaction test were tested on the same
day, and the actual moisture was determined by taking a
representative sample from top, bottom and middle of the
compacted sample, The sample was compactgd in 3 layers,
with 25 blows per layer using a rammer of 5.5 lbs (2.5 kg)
falling through 12 inches (300 mm).

3,3,8 Sample Preparation For Swell Tests

In order to obtain samples for the swell potential and
swell pressure tests, air dry (and sieved) samples were
brought close to the optimum mcisture content. After
allowing two weeks for them to attain moisture equilibrium,
the samples were tested for their moisture content. The
moisture content was then corrected by air drying or wetting,
depending on whether the moisture content is above or below
the optimum moisture content. This trial and error approach
was continued until the moisture content of the sample falls
within ¥ 1% of the optimum moisture content. The only
excepliion was in the case of the earlier tests on pure
bentonite clay, which were used for the bentonite-sand
series, where the initial moisture content exceeded the
optimum moisture content by 2.3%., The prepared samples were
compacted to the A.A.S.H.O specification in the speciai

compaction moulds, see section 2.42.The height of the central
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compaction ring was 1.0 in (25.4 mm) for the laterally
confined tests and 2.5 in (63.5 mm) for the isotropic
tests. After compaction, the upper and lower parts of
the compaction mould were removed, and the sample was
trimmed level with the edges of the central compaction
ring. A certain amount of difficulty was experienced
in trimming the compacted natural soils. In many cases,
a few repetitions of the compaction test were necessary
before finally obtaining a satisfactory sample for the
swell tests. The artificial soils were relatively easy
to'trim.

The laterally confined samples were lefi in the
compaction rings for the swell tests, whereas the samples
for the isotropic tests were extruded using a hydraulic

;jack.

3.3.9 Swell Potential Tests

The swell potential tests were carried out in
accordance with the definition of Seed et al (1962) by
measuring swell on a laterally confined sample under
1 psi (6.895 KN/h2) surcharge load. The equipment
designed for this purpose in the present study was shown
in Fig. 2,30 .

The 1.0 in (25.4 mm) high soil sample alongwith
the surrounding compaction ring was placed on the base of
the swell pot, sandwiched between two dry pbrous stones.
Filter papers were placed both at top and bottom between
-the sample and the stone. The weight providing the 1 psi

surcharge was placed on the top porous stone. The cross
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bar carrying the dial gauges was brought down until
both the dial gauges were firmly in contact with the
weight. A time of about 15 minutes was allowed for the
sample to settle and the initial readings of both the
dial gauges were noted. Next, the swell pot was filled
with distilled water until the top porous stone was
submerged. This initiated the process of swelling.
The dial gauges were read at close intervals in the
beginning and after about 100 miﬁutes, reédings were
taken every 24 hours. The readings were continued
until the soil attained its maximum swell becoming steady
with time, At this stage, the swell potential test was
taken as completed.,

After the completion of the swell potential test,
the water in the swell pot was removed by syphoning.

Then the sample inside its compacfion ring was ijaken
out and a respresentative composite sub-sample was taken
from top, middle and bottiom of the sample to determine the
final water content.

The average of the change in dial gauge readings was
taken as‘the net change in height of the sample, The ratio
of the net change in height to the original height,
expressed as a percentage was designated as the swell

potential (S,).

3.3.10 Laterally Confined Swell Pressure Tests

The apparatus designed and fabricated to measure
laterally confined swell pressure is shown in Fig.2.28
and was detailed in section?2.,4,4 . Plate 3.1 shows
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the general arrangement of this apparatus, The strain
gauge sysiem of measuring the pressure was used for all
the tests made in this study.

The 1.0 in (25.4 mm) high soil sample with its
compaction ring was placed in the swell pot on the porous
stone, cemented to the base, A second porous stone was
placed on the top of the sample. Filter papers were
used between the stone and the sample both at top and
bottonm. |

The cross bar was placed across the tie bars carrying
the strain gauges in such a way that there was about
% to 4+ in (3.2 to 6.4 mm) space between the perforated
plate of the cross bar and the top porous stone. After
ensuring that the cross bar was perfectly horizontal, the
nuts were tightened to lock the bar in place, Next, the
main base was rotated about the screw uniil the perforated
plate just touched the porous stone on top of the sample.

The screw was then tightened to apply a small
compressiva force on the sample, and then released. This
tightening was repeated 4 - 6 times in order to reduce
the bedding error due to the stones (see section A1.2.6).
Finally the screw was adjusted until the perforated plate
was just in contact with the porous stone, and the initial
strain gauge readings were taken. |

Distilled water was poured into the swell pot until
the perfprated plate was submerged, The strain indicator
readings were taken at close intervals up to 5 or 6 hours
and thereafter every 24 hours, The test was taken to be

completed after the swell pressure had risen to a maximum.
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At the end of the test, water was removed from the pot
first, and then the load was released. The soil sample
was taken out and a representative sub-sample was used
%0 determine the final moisture content.

For each tie bar, the average of the two sets of
strain gauge;readingé was used to calculate the load
using the relevant calibration chart (Fig. 3.4). The
sum of the loads carried by the two tie bars was taken
as the total load. The total load was divided by the
crogss-sectional area of the soil sample to obtain the

swell pressure (PC).

3,311 Isotropic Swell Pressure Tests

The apparatus designed and fabricated to measure
isotropic swell pressure was shown in Pig.2.27
and was described in section 2.4.3 . Plate 3,2 shows
the general arrangement of this apparatus,

The 2.5 in (63.5 mm) high test sample, which was
extruded from its compaciion ring, was placed on the
porous stone that had been cemented onto the base plate
of the apparatus. The first of the two rubber membranes
designed for the purpose (Fig.2.31 ) was pulled over the
sample, and after this was coated with silicon grease the
second membrane was pulled over it, Care was taken to
squeeze out any air present between the two membranes, and
to see that they were perfectily ‘glued' to each other,
This double membrane was a tight fit to the sample and
rubber bands were used %o seal the sample from any contact

with outside water in the chamber. The upper chamber was
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placed in position on the base plate and the two halves
of the apparatus were clamped itogether using the 8 studs
provided on the base plate,

The burette connected to one of the water supply
vents was filled with water. The other vent was used
to permit the air trapped in the apparatus to escape.

To achieve this, the valve between the burette and the
vent was opened simultaneously with the valve on the
other vent. When all the air had been dfiven out, and
when water flowed freely through the apparatus, both the
valves were closed simultaneously.

Next, the air vent valve on the top of the apparatus
was opened, and the chamber was filled with water via the
water inlet valve in the base of the chamber. When the
chamber was full of water, the water inlet valve and the
air vent valve were closed, About one hour was permitted
for the apparatus and its parts to acquire temperature
equilibrium, It was subsequently realised that it would
have been preferable to have left the air vent valve open
until equilibrium has been achieved,

The initial reading of the transducer and the room
temperature were recorded, and the water vent valve
between the burette and the vent was opened allowing free
water to the sample. This was taken as the start of the}
isotropic swell pressure test.

The pressure transducer readings were recorded a%
close intervals in the initial stages of the test, and a%
24 hour intervals thereafter, until the sample developed

the maximum swell pressure, The transducer calibration
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chart (Fig. 3.5) was used to convert the recorder
readings to swell pressures.

At the end of the swell pressure test the apparatus
was dismantled, and a representative sub-sample was used

to determine the final moisture content.

3.4 RESULTS

. 3.,4.1 Introduction

The results of all the main series of tests carried out
in this investigétion are presented in this section, The
next iwo sub-sections introduce the results for the
artificial mixtures and natural soils respectively. The
last three sub-sections report some detailed observations
which have bearing on the methods of measurement and the

assegsment of the results.

3.4.,2 Results on Artificial Mixtures

The results of the various tests chosen in the present
gtudy for the three artificial mixtures are shown in Tables
3.3 to 3.5. The liquidity index, LI, values in Tables
3.3 to 3.5 were calculated for optimum moisture content
values, Vw/Vs refer to the volumetric water content at
optimum conditions. Each pair of Wi and Wf refer tq the |
initial and final water contents for the swell property
quoted on the line above.

Table 3.3 pertains to the illite-sand mixtures,

Table 3.4 to bentonite-sand mixtures, and Table 3.5 to
bentonite-illite mixtures. The results reported in these

Tables include the Atterberg limit values, activity,

moisture content and dry density at optimum compaction
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Table 3.3 Properties of Illite = Sand Mixtures

Composition

Illite %
Sand %

Index Properties

Gs -
LL %
PL %
PI %
AT -
LI -

Compaction Prop.

OMC %
Ya pef
kg/cu.m
Yw/is -
T/Ys -
lat. Con, Swell
Pc psi
kN/sq.m
wi %
we %
Sc %
wi 9%
wf %

Isotroplic Swell

Pi psi

kN/sq.m
wi %
Wf %

Pi/Pc -

100

2.71
70.5
31.9
38.6
0.44
-0.13

27.0
94

1510
0.73
0.56

39.8
275

27,2
30,2
21.8
27.2
43.0

31.0
213

27,2
2949
0.78

82
18

2.70
28.7
27.7
31.0

0.43
-0.1

24.6
91

1553
0.65

0,57

36,6
252
24.5

" 27.8

17.5
24.5
36.5

27,2
187

24,1
27.6
0.74

64
36

2,69
49.3
20.4
28.9
0.52
0.03

21.2
102

1630
0.52
0.61

23,6
163

21,2
2447
14.4
21.2
30.6

21.7

149

21,2
25,0
0.92

50
50

2,68
39.0
16.9
22,1
0.50
0.05

18.0
106

1697
0.47
0.63

18.7
129

18.2
21.8
10.8
18.2
24.8

17.2
119

18,2
19.6
0.92

32
68

2,67
29.1
14.1
15.0
0054
-0,01

11.8
105

1685
0.30
0.64

3.5
24
11.8
12.8
0.5
11.8
14.2

1,2

9 B
11,6
12.7
0.36

0
100

2.65

11.4
102

1637
0.30
0.61

NP - Non Plastic

T Activity is calculated using clay less than Zfl.



Table 3.4 Properties of Bentonite = Sand Mixtures

Composition

Bentonite %
Sand

Index Properties

Gs
LL
FL
P
A

L1

I | RRR1I

Compaction Prop,

oMC %
Y pef
cu.m
Yw/Vs -
Yd4/7s -
lat. Con, Swell
Pc psi
kN/sq.m
Vi %
"7 %
Sc %
Wi %
vf %

2.49
192.0
25.1
13649
1,37
0.02

28¢5
60
955
1.45
0.38

42.8
294

60.8
66.7

19.4
60.8

148.,2 114.5

2451
160,0
39.9
120.1
1e45
0.08

49.5

1115
1,23

- 0.44

38.8
269

4945
51.1
T74.7
43.3

41.0

1235
0.98
0.48

33.7
233
41.7.
42,2
65.3
41.7
91.5

50.0
50.0

2.57
97.8
26.5
11.5
1.45
0.02

28.0
88

1410
0.72
0455

28.0
193

27.7
31.8
51.2
27.7
62.8

19.8

1555
0,56

0.59

20.6
146

20.1
2245
39.8
20,1
47.8

1743
105

1685
0.45
0.65

11,2
78

16.9
19.1
22,2
16.9
30.8

100

2.65

11.4
102

1637
0.30
0.61

NP - Non Plastic



Table 3.5 Properties of Bentonite - Illite Mixtures

Composition

Bentonite %
Illite %

Index Properties

Gs -
LL %
PL %
PL %
A -
LI -
Compaction Prop.
oMC %
LY pef
kg/cu.m
Vw/Vs -
14/s -
Lat Cono Swell
Pc psi
kN/Bq_om
Wi %
wf %
Sc %
Wi %
vf %

100
0

2,48

192.0
55.1
136.9
1.37
~0.03

315
61
980
1,25
0.40

5242
360
50.6
293
87.3
50.6
137.4

2,52
174.5
50.3
124.2
1.25
-0.05

45.5
64

1020
1.10
0.41

51.8
357
42.8
52.8
85.5
42.8
134.5

66.7 50.0 33.3
33.3 50.0 66.7
2,56 2.60 2.64
149.8 135.2 117.5
46.7 43.1 40,2
103.1 92.1 T7.3
1.07 0,98 0.84
-0.09 =0,09 =0,11
37.0 3.5 32.0
70 76 80
1120 1225 1285
0.95 0.90 0.86
0.44 0.47 0.49
50.5 49.8 46,7
348 344 322
37.5 35.0 32.2
45.4 40.5 34.9
4.3 61,0 52,5
37.5 35.0 32,2
111.3 90.2  79.5

2.68
91.2
36.8
54.4
0061
-0,11

30.8
86

1380
0.83
0.52

43.7
302

30.3
33,2
36.6
30,3
60,2

100

2.72
70.5
31.9
38.6
0.44
=0,12

27.2
94

1510
0.73
0.56

3949
275

27.2
30.2
21.8
27,2
43.0
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conditions, and the swell potential and swell pressure
values for the samples compacted at optimum conditions.
Isotropic swell pressure tests were made only on the illite-
sand series, and the results are reported in Table 3.3.
Graphical presentation of the variation of many of these
properties with composition are given in Chapter 5.

The compaction results are presented on a non-
dimensional plot, details of which are given in Appendix 5,
This is necessary because the specific grévities vary from
mixture to mixture within each series. PFig. 3.6, 3.7 and
3.8 show the compaction results of illite-sand mixtiures;
bentonite-sand mixtures; and of bentonite-illite mixtures
respectively. Two separate compaction tests were made on
pure bentonite, one on the material used with bentonite-
sand serieg, and the other on the material used with
bentonite-illite series; Dboth these tests yielded slightly
different values with regard to the opiimum moisture.
content, see Tables 3.4 and 3.5, As expected, the optimum
conditions lay around 5% air voids content for the more
clayey samples, rising to around 20% for the sandier
samples. The optimum conditions predicted from these
curves were used as the basis for the swell tests,

Further analysis of these compaction and swell results

is deferred until Chapter 5.

3,4.3 Results on Natural Soils

The results of the various tests for the natural
Wootton Broadmead soils are reported in Table 3.6. In
addition to the tests made on the artificial soils, Table

3.6 shows the results of particle size distribution tests
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Table 3.6 Properties of Natural Wootton

Broadmead Soils

Soil No

I 2 3 4 5 6 7 8 9 10
Property
Grain Size
Clay % 42.0 2I.0 25.0 48.0 62,0 9.0 40.0 87.0 32,0 10.0
Silt % 28.0 34.0 28,0 32.0 28,0 33,0 5.0 9.0 58,0 63.0
Sand % 29.0 44.0 46.0 19.0 9,0 55.0 45.0 4.0 9.0 26,0
Gravel % 1.0 20 1.0 1,0 1.0 30 10,0 0,0 11,0 1,0
Index Properties
GS - 2.68 2.67 2.67 2'65 2.52 2076 2056 2.48 2.47 2.50
LL % 50.9 27.0 43.2 63,1 67.8 26.4 34.1 84.3 68.6 45.7
PL %  24.5 14,5 25.0 28.2 34.4 15.0 23.0 45.0 40.0 24.
PI % 26,4 I2.5 18,2 34.9 33.4 II.4 II.I 39.3 28,6 2I.0
A - 0,63 0,60 0.73 0,73 0.54 1,27 0.28 0,45 0.89 2,I0
it - 0,02 +0.,04 0.22 0,03 0,27 0.I9 0.36 0,I5 0,40 0,20
Chemical Prop.
Organic Matter % 3,60 I.80 4.33 3.80 4.20 1,70 4.60 7,10 6,70 3.50
pH = Te53 4.14 4.3T 3493 5.59 5452 4.67 3.87 5.I7 4.67
CEC meq/I00gm 2,3 30,2
Allophane ~ Nil Nil Nil Nil Nil  Nil  Nil O Nil  Nil  Nil
Compaction Prop.
oMC % 24,0 I5.0 21,0 27.0 25.5 12,8 19.0 39.5 28,5 20,5

pef 98 II8 I0I 90 91 II9 105 179 87 102
N4 kgfcuem I570 I890 I6I8 1442 1I463 1913 1688 1257 1397 1626
Vw/Vs - 0.64 0.40° 0.56 0,72 0.64 0.35 0.49 0.97 0.70 0.5I
8/1s - 0.9 0.71 0.6I 0,54 0.58 0.69 0.66 0,5I 0,57 0.65
La-to Cono_§E911
Pc psi 8.20 0.00 3,50 8.30 I3.I 0.96 6,40 2I.0 2,55 0.00
kN/sqgem 57 O 246 40 - 90 7 44 145 18 O
Wi % 23.1 I6s2 21,7 26.9 26,2 12,6 18.4 39,4 28,3 20.3
we % 25.8 22,9 29.3 28,9 13.8 20.2 4I.8 29.8
So % 3.70 0,00 2,I0 4.80 5,40 0.I5 2,60 6.735 I.82 0,00
wi % 23,1 16,2 2I.7 26.9 26,2 12.6 18.4 39,4 28,3 20.3
wf % 29.4 25,1 33.2 35.6 I5.8 23.7 53.2 3I.5 23,1
Isotropic Swell
Pi psi 6.50 0.00 3.00 7.25 8,50 I,00 5.50 13,0 I,50 0,00
kN/sgem 45 O 21 3% 59 T 38 90 10 O

wi % 23.4 I5.6 20.8 26.9 25,I 12,2 18,9 38,3 28,3 20,0
we % 24.6 22,4 27.8 27.7 13.2 19.9 40.7 29.5
Pi/Pc - 0079 —-—aan 0.86 0087 0065 I.OO 0.86 0062 0059 ————
Clay Minerals IKx K KIC KIC IKx KC KIC 7 K1 K

I - Illite; X - Kaolinite; x - Trace
Mixed layer clay; C - Calcite,

of Montmorillonite or Vermiéulite or

T The LI value for all soils is negative except for soil MNo 2.
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pH tests and organic matter tests which were made on the
natural soils. The clay minerals identified by X-Ray
diffraction are also reported in Table 3.6. The sample
Nu. 350-8 proved troublesome in that no illite or
montmorillonite clay could be detected by X-Ray diffraction,
whilst it showed the highest swell properties amongst the
ten soils considered here., Lashley and Lindsay (1978)
observed during a detailed study on this soil that the
greater part of the clay content was less than one micron.
However, they went to considerable trouble to get satisfactory
dispersion. They used X-Ray diffraction supplemented by
electron microscopy and concluded rather tentatively that
Kaolinite and Saponite, possibly a mineral in the
montmorillonite grouping, were present in the soil,

The details with regard to the presentation of test
results are as follows:

For clarity of presentation, four of the ten nafural
soils were chosen which had Wide variations in clay content.
These soils are 350-1,3,5 and 8., The non-dimensional
compaction curves for these four soils are shown in Fig.
3.9, The compaction curves for the remaining soils are
similar without any extraordinary features, except for soil
No. 350-9 which is also shown in Fig. 3.9. The flat shape
of this curve posed slight difficulty in deciding the |
precise optimum moisture content. In the present study
the point where the dry density starts falling was taken
as the optimum moisture content. However, the
peculiarity observed in the shape of this curve is thought
unimportant in the present context. The variations in the

optimum conditions of curves in Fig. 3.9 reflect the
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variations in texture of the soils. Except for sample
350-8 the air voids content at optimum conditions is in
the order of about 3% to 5%.

The complete set of results shown in Table 3.6 for the

ten natural soils is further discussed in Chapter 5.

3,4,4 Effect of Temperature on Swell Pressure

In order to estimate the effect of vgriations of
temperature'in this programme, the isotropic swell pressure
test apparatus was used. A dummy mild steel sample with
a single membrane was placed inside the apparatus,
surrounded by water. A pressure of 100 psi was applied
via the water inlet valve, and then the water inlet valve,

- was closed sealing the high pressure water inside. The
temperature of the laboratory was measured by placing a
thermometer near the apparatus. As time passed the pressure
in the apparatus was found to fluctuate in response %o
fluctuations in temperature of the laboratory. The
observations were first taken in a large laboratory, in
which there 1s no temperature control, and then repeated

in a small laboratory, which has partial temperature control.
The results are shown in Fig. 3.10, from which it can be

seen that the fluctuations of pressure were relatively less
in the small laboratory. The variations shown in Fig.

3.10 are the variations from the initial condition regardless
of sign. The line in Fig. 3.10 was calculated on the
assumption that the temperature would effect the pressure
chamber and the water but not the sample. A cubical

coefficient of expansion of 0,000033 for steel and 0,000053
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for water (5 to 10°C) were used in these calculations.
'On the whole and in the small laboratory in particular
the observed pressure fluctuations are less than the
corresponding calculated pressure fluctuations, and it
can be concluded that the temperature variations do not
penetrate the apparatus fully. In the small laboratory
the largest recorded variations in these tesis were
* 3°C and £ 10 psi, but there appears to be a definite
possibility of larger pressure fluctuatiohs.

A further set of observations was made to study the
time lag between the temperature and pressure fluctuations.
These observations were made during the course of the
isotropic swell pressure test on the 100% bentonite sample,
the bentonite material coming from Batch 1 of the present
gtudy. Frequent readings of both temperature and pressure
were taken over a period of 24 hours, and the results are
gshown in Fig. 3.11, as pressure against time, temperature
against time, and pressure against temperature. The
separation of the rising and falling branches of the cycle
of pressure against temperature indicate that there is a
time lag; the meximum and minimum pressures occur some two
to three hours later than the maximum and minimum temperatures,

In the laterally confined swell pressure apparatus, it
may be d;fficult to achieve an accurate temperature
compensation in spite of the provision of dummy strain
gauges. It can, however, be calculated that variation of
¥ 3°C in temperature would result in variation of #30 psi on
the assumption that the compensation is wholly ineffective

and only the slender tie bars are affected bytemperature change
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These observations do reveal that for accurcte swell
pressure measurements, the measuring devices should be used
in a temperature controlled laboratory. It was hoped
in the earlier stages of the present study that such a room
would be available, but in the event the best available room
was the small laboratory with partial temperature control.
However, it was noted in practice that the scatter of
points on the pressure versus time plots were not too far
from the mean curve (eg. See Fig. 3. 23) " The error was
of the order of % 2 psi regardless of the pressure developed,

The suggestion of using a temperature coniroclled
laboratory for swell pressure measurements is also of
importance in view of the fact that changes in temperature
~may alter the properties of the test sample iteelf (Seed
et al, 1962f{ This aspect was not studied in this

present investigation.

3.4,5 Variation of Swell Properties With Time

Although a detailed analysis of the variation of swell
properties with time is outside the scope of the present
investigation, the graphs of the observed swell properties
against time reflect the reliability of the swell tests and
the degree of dependability of the maximum values obtained
for analysis in the present study.

The =well potential versus time plots for the artificial
mixtures are presented in Figs. 3.12 to 3.14. Pigs. 3.15
and 3.16 report the laterally confined swell pressure
against time for illite-sand and bentonite-sand mixtures

. respectively. Fig. 3.17 reportsthe isotropic swell pressure

4 see after page 90.
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versus itime for illite-sand mixtures. It is seen from

all these plots (Figs. 3.12 to 3.17) that they behaved

in the conventional and expected manner, the swell property
rising smoothly to reach a maximum value. Hence, these

tests are thought to be satisfactory. The laterally

confined swell pressure tests on bentonite-illite mixtures
were not entirely satisfactory and are discusbed in

Appendix 7.

| Figs., 3.18 to 3.20 report the lateraily confined swell
potential, laterally confined swell pressure and isotfropic
swell pressure against time for four of the ten natural soils,
viz; 350-1, 3,5 and 8. The graphs of swell properties
against time for the remaining six soils are sgimilar except
that samples 2 and 10 were non-swelling. It can be seen from
Figs. 3.18 to 3.20 that even for natural soils the swell
properties rise esmoothly to reach a maximum value, as

observed in the artificial mixtures. Hence the various

swell tests on natural soils are thought to be satisfactory

and reliable.

3.,4,5,1 Swell Potential Versus Time
The following trends, which are tybical of all the
swell poiential versus time curves, can be seen from the
results of the present study.
(1) The swell potential versus time relationship for a

given soil appears to be a typical S-shaped curve, somewhat

gimilar to that of consoiidation.

(11) The total %¥ime required to develop the maximum
swell potential 1s essentially a function of the type

(mineralogy) and the amount of the clay fraction, e.g.
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see Figs. 3.12 and 3.13. The dependence of all the

properties on the clay fraction is discussed in Chapter 5.

(iii) Graphs of swell potewtiol versus time on natural
scales for pure illite and pure bentonite (see Figs. 3.21
and 3.22) reveal that in illite, the rate of swell
potential is fast in the beginning, slowing down with
further increase of time, however, in bentonite the swell
potential develcps fairly steadily throughoﬁt the period
of testing, the average rate being low from the beginning
to the end of the test, This difference between illite
and bentonite is thought to be due to the difference in

permeabilities of the compactied samples.

3.4.5.2 Swell Pressure Versus Time

It can be seen from the graphs of swell pressure versus
time reported in the present study that all the trends meniioned
in the above section for swell potential, apply to the swell
pressure variation with time also, Whilst the trends are
similar, the only difference is in the magnitude of time,
which is relatively smaller for the development of
maximum swell pressure than for the development of maximum swell

potential.

3,4.,6 Maximum and Ultimate Swell Pressures

I¥ can be seen from the swell pressure against time
plots (e.g. Fig. 3.15) in fhis study that the swell
pressure drops after it has reached a maximum value.
Similar drops in swell pressure are evident in results
reported by Alpan (1957) and Agarwal and Sharma (1973),

although these investigators neither explain nor even
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appear to notice this phenomena.

Although the design and research interests are in
obtaining the maximum swell pressure, in an attempt to
study the swell pressure after the drop from the maximum,
a single test was conducted on a pure bentonite sample
in the isotropic sweil pressure apparatus. The test was
run for a total time of about 100,000 minutes (3 months).
The swell pressure is plotted against time in Fig. 3.23, from
which it cah be seen that the swell pressﬁre, after drooping
from a maximum reaches a constant value equal to 80% of the
maximum value. Thus it appears that there are two swell
pressures, viz;

(1) maximum swell pressure,
and (ii) ultimate swell pressure.
This aspect could not be studied for all the samples tested
in the present study in view of the long time required for
swell pressure tests.

At least three possible explanations can be given for

the drop from the maximum swell pressure, They are:

(1) there may be a plastic yield of the sample as clay is

extruded from heavily stressed positions into voids,

(2) there may be some internal swelling of the sample, in
which the sample expands into voids which had originally

contained air, and

(3) there may be a change in the ionic concentration in the
pore water within the sample.
Although there is no direct evidence for any Of these

three explanations, and all are purely hypothetical at this
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stage, it is thought probable that the first of the above
three explanations might be the dominant one in causing

the drop of the swell pressure.

3.5 SUMMARY AND CONCLUSIONS

The details regarding the type of soils and the rcoin
tests undertaken in thé present study are reported in this
chapter. The results of the main tests made on both
artificial and natural soils, and some diécussions which
bear on the dependability of these results are also
reported. The material presented in this chapter permits

the following conclusions to be drawn:

(1) The compaction test results were broadly as would be

expected with no serious anomalies or peculiar behaviour.

(2) The swell properties developed with time much as expected,
showing a reversed S-shaped curve somewhat similar to a
consolidation curve, when plotted against log time and a
fairly simple rise against natural time. (The laterally
confined swell pressure against time for the bentonite-illite
mixtures showed a somewhat erratic behaviour, see Appendix

T However, even this seemed unimportant in its effect on
the maximum values of the swell pressure needed for analysis

in Chapter 5).

(3) After the swell pressure reached a peak, it dropped from

the maximum to reach a steady state, Thus, there appeared to
be two swell pressures, viz; maximum swell pressure anduliimatgq
(steady )swell pressure. However, the peak value of swell
pressure 1s of importance in the present study and is used for

analysis in Chapter 5,
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(4) Laboratory measurement of swell pressure is sensitive
to the temperature fluctuations in the laboratory. For
precise measurements of swell pressure, particularly on low
swelling soils, it is recommended that the apparatus be used
in a temperature controlled room,

Further analysis of the test results presented in this
Chapter are reported later in Chapter 5, after reviewing the

theories for the prediction of swell properties in Chapter 4.
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CHAPTER - 4
PREDICTION OF SWELL PROPERTIES
4.1, INTRODUCTION

This chapter reviews two sets of theories which
attempt to predict or explain swelling of soils.
They are: (1) predictions based on goil properties,
and (2) simple mixing laws to explain the behaviour
of swell propertiesg, In addition, a third set of
theories, elastic mixing laws were considered in the
present study but were not found useful in the present
contexts these laws were originally proposed 1o
predict the elastic constanis of 2-phase mixtures of
polymers and solids. They are reported in Appendix - 6,

From the point of view of an engineer in practice,
the most popular methods of prediction are the first set
mentioned above, which use the properties of soils that
can be readily determined in the laboratory. These
methods are reviewed in section 4.2, and use a wide
variety of properties as independent variables, of which
it was decided to concentrate on texture, organic matter,
and Atterberg limits in the present study, since these
have been the most popular choices and are the most
readily available parameters.

Since many of the predictions in the first set seemed
inaccurate, consideration was given to other approaches,
In particular, the simple mixing laws which form the

second set of theories, although empirical in nature,
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did prove useful when considering the mixtures of gand
and clay tested in this programme. This set of theories

is presented in section 4.3.

4,2, THEORIES BASED ON SOIL PRCPERTIES

4,2.1. Introduction

A number of equations or graphs have been proposed
for the prediction of the swell properties, viz, swell
pressure and swell potential, from engineering properties
sugh ag Atterberg limits, The more important of these
are reviewed below in a chronological order.

Comparisons of the different theories reported
below with the data collected in the present study

are presented in Chapter 5.

4.2.2. Holtz and Gibbs (1956)

Holtz and Gibbs (1956) were the first to investigate
the identification criterion for swelling soils. In
order to quantify the degree of expansion, they used the
value of 'free swell' (testing details of measuring 'free
gswell' were given in Section 2.2,2 ). They suggested
that soils with a 'frce swell' value of more than 100%
exhibit consideradble volume changes in the field, and
soils with a 'free swell' value of less than 50% do not
show any serious volume changes even under light loadings.
The aduthors also attempied to classify the probable
amount of expansion making use of simple index properties

(plasticity index and shrinkage 1limit), and the percentage
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colloid content. The authors' classification data,
Table 4.1, when subjected to muliiple regression analysis

by the present writer, yields the following equation:

Probable Expansion = 1,882 C - 0,177 PI +

0.914 SL - 26,796 (4.1)

where, C = colloid content (0.001 mm) (%)
PI = plasticity index (%),

and SL = shrinkage limit (%)

The value of the multiple correlation coefficient (RZ)
is 0,9706, which is highly significant.

4,2.3., Williams (1957)

Williams suggested a simple classification based
on the relationship between plasticity index of the
whole sample and the percentage clay fraction ( <2M ),
He classified soil into very high, high, medium and low
degrees of potential expansion using the graph in Fig.
4ot

4.,2.,4., Dinesh Mohan (1957)

Dinesh Mohan (1957) studied about twenty remoulded
Indian Black Cotton Soils; these soils swell strongly.
Taking shear sirength as half the unconfined compressive
strength, he suggested a straightline relationship
between liquidity index_and shear strength on a log-log
scale, The consolidation charzcteristics were obtained
from samples remoulded at the liquid limit and tested
in an oedometer. He observed that the relationship

between the Comprvension index  posmsidehiaiiy and the licuid
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limit was close to Skempton's relationship for

- remoulded clays, given as (Terzaghi and Peck, 1967):

Cc = 0,007(LL - 10%) (4.2)

Terzaghi and Peck (loc. Cit.) suggested that, for
undisturved clays, the value of Cc obtained from
Skempton's relation should be increased by 1.30 times;
thus pointing to a difference between remoulded and
undisturbed clays. A similar difference might be
found for the swell properties. However, in the
present context, the main importance of Dinesh Mohan's
work is to suggest that there may be a correlation
between the swell properties and either the liquid
limit or liquidity index or both.,

4,2,5. Seed et al (1962)

Seed et al (1962) used twenty three artificial
g0ils, comprising mixtures of illite, kaolinite and
bentonite, in order to develop a reliable means for
predicting the potential expansion characteristics of
clays from classification test data. The authors
also used data from thirty eight natural soils published
by the United State Bureau of Reclamation in order to
verify the applicability of their approach %o natural
soils.

The equation obtained by these authors from their

study on artificial soils, for predicting swell potential,
is:

S, = 3.6 x 1072 aS.44  (3.44 (4.3)
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where, S, = swell potential (%),
A = activity,
and C = clay fraction (K2M), (%).

The usuzal ratio of plasticity index and clay content
for activity was modified, because the liquid limit
apparatus used in the U.S.A. produces data which
displaces the graph of PI versus C slightly downward

and not thfough the origin as would e oﬁtained with the

British apparatus. The activity was taken as:

PI

I (4.4)

where, n is the intercept on the x-axis. Substituting
eqn. (4.4) in (4.3), it follows:

_ -5 2,44  C3:44
S, = 3.6 x 10 PI (o )24 (4.5)
S,= 3.6 x 107> pI®+44 (4.6)
in which,
o 3-44
N = (—C—-—n—5.2°44 (4.7)

Noting that the possibility of a correlation between
swell potential and plasticity index depends on the
variability of N, the authors attempted to determine
an average value of N. Both the average value of n
and the range of clay content differed between the set
of artificial soils and the set of natural soils
studied by these authors, so that they suggested two

separate equations, one for artificial soils and the

other for natural soils.
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These are:

S, = 3.6 x 107 (100)(PIZ*44) (4.8)
for artifical clays

and,

S, = 3.6 x 1072 (60) (P1°**4) (4.9)

for natural soils

The authors suggested that this method is useful to
predict swell potential within an error of I 33%.
If we assume that a British liquid limit apparatus
is used, then
PI

A = == (4010)
C

Substituting Eqn. (4.10) in Egn. (4.3) it follows:
S, = 3.6 x 107> (p1%°4%) (0) (4.11)

On this basis, the difference between Egns. (4.8) and
(4.9) might be explained if it could be assumed that the
clay contents of the artificially prepared soils and
of the natural soils were 100 and 60 respectively. This
seems to be an oversimplification.

The work of Seed et al suggests that there is a
wider scope for regression analysis to obtain a multiple
correlation between plasticity index, clay content and

the swell potential,

4.2.6 Roderick and Jin (1963)

Roderick and Jin (1963) studied nine undisturbed
soils from and around isconson and obtained correlations

between the results of simple physical tests and

mineralogical and physico-chemical tests. Using a
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least equare fit, the authors give the following

equations:

Cc = 0,0025 LL + 0.05 (4.12)
Cg = 0.0025 LL - 0.06 (4.13)
PL = 50.5 - 0.0712 (CEC) x (C,Coy) (4.14)
SL = 30.4 - 0.0409 (CEC) x (C,Co,) (4.15)
CEC = 35.0 - 0.589 (C,Co,) ' (4.16)
where,

Cc = coefficient of compressibility,

Cgp = coefficient of expansion,

CEC = cation exchange capacity, 1%%ggms

and,

CaCo3 = percentage of equivalent calcium carbonate.

In the present context, this work has two implications:
(1) non-linear as well as linear regression analysis
should be considered, (2) 6alcium cesrbonate or other
cements might be important. Note also that Eqn. (4.12)
predicts a value of C, which is less than half that
predicted by Eqn. (4.2)

4,2,7 Da Nilov (1964)

Da Nilov (1964) has devised a chart for identifying
swelling and slumping soils from dry density, specific
gravity of solids, and liquid 1limit., 1In this method,
instead of using the shrinkage limit, the difference
between liquid limit and natural water content was taken
as an index in the form:

eo-e

<O 1

...ci -!-ao_,‘, 7' (4017)
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where,
e, = natural void ratio,
and

ey = void ratio at liquid limit.

Soils with an index less than -40% are considered as
swelling soils, greater than -10% as slumping soils,

and the soils with intermediate values are considered

as normal stable soils. The most important points that
emerge from Da Nilov's paper are : (1) the initial void
ratio, e , should be taken into consideration (or the
initial density), and (2) the swelling phenomena is

volumetric,

4,2,8 Ranganatham and Satyanarayana (1965)

Ranganatham and Satyanarayana (1965) studied the
swell characteristics of Black Cotton Soils obtained
from Southern India, The authors observed that
prediction of swell potential from empirical equations
suggested by Seed et al (1962, see section 4.2.5) causes
an error of 30 to 65% in predicting the measurements on
goils considered in their study. In an attempt to
find a more rational approach for the prediction of swell
potential, the authors used shrinkage limit in place of
plastic 1limit, as the shrinkage limit is defined as the
lower end of the range of swelling states, They, therefore,
define shrinkage index (SI) as the difference between
liquid limit and shrinkage limit. Using a similar

approach to that of Seed et al (1962), the authors arrived

at the following relationships.
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S, = 263 x 10™2 s12-67 (4.18)

for artificial clays

and
S, = 41,13 x 1079 g12+67 (4.19)

for natural soils.

The authors used only six artifical clay mixtures and
four natural soils in their study. It is disconcerting
that the constant for artificial clays is six times
greater than for natural soils, particularly as truly
independent regression analyses would have yielded
different values for the exponents of shrinkage index for
the two differeni sets of data,

The approaches of Seed et al (1962) and Ranganatham
and Satyanarayana (1965) when viewed in the light of the
simultaneous use by Holtz and Gibbs (1956) of plasticity
index, shrinkage limit, and clay content suggest that a
more rewarding aprroach would be to measure various index
and mineralogical parameters and to eliminate the

insignificant parameters by regression analysis,

4,2,9 Komornik and David (1969)

Komornik and David (1969) made a statistical analysis
of 200 undisturbed clays from Israel in order %o correlate
swell pressure with indicative parameters. The multiple
correlation (with a correlation coefficient of 0.60)

suggested by the authors is given below:

log P = 2,132 + 0.0208(LL) + 0,00065(Yy)
-0.0269 (w_) (4.20)
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where,

P = swell pressure (Kg/cm2),

LL = Liquid limit (%)

Yd = dry density (Kg/h3),

and

w, = natural water content (%)

The authors assumed that liquid limit is an indirect
measure of the potential properties such as surface area,
type and concentration of ions and type of clay; that
water content is & measure of the capillary tension of
adsorbed water; and that dry density is & measure of
particle spacing. The authors could not find & means of
formulating the effect of structure, For compacted
clays, their correlation suggests that swell pressure, as
might be expected, would be a function of not only the
potential properties but also of the initial placement
conditions. Even though the statistical approach seems
to be sound in principle, the collection of data for
different soils from different laboratories does not
guarantee that exactly uniform procedures were used for
obtaining a particular parameter, and this may be the
cause of some of the unexplained variability, which resulted
in the low correlation coefficient,

In the present context, the work of Komornik and
David suggests that attention should be paid to the initial
placement propertiés, viz, the dry density and the moisture
content, These parameters might be kept constant

uniformly for all of the soils to be tested or they might
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be taken infto regression analysis.

4,2,10 Livneh et al (1969)

Livneh et al (1969) suggested several correlations
for clays from Israel, which were intended to aid the
design engineer dealing with road and airfield pavements.
The authors presented graphical correlations between
index properties and other characteristics like moisture-
density relationships, CBR value, swell potential and
swell pressure.' They did not test these correlations
statistically. However, they found fairly good multiple
correlation between the percent swell of the remoulded
CBR samples and the plasticity index and the initial
moisture content as shown in Fig. 4.2. The results
show the dependence of the amount of swell on the
initial conditions of the sample for a practical range
of placement conditions. ihis correlation was
recommended to determine the necessary placement
conditions, allowing a minimum of 2% swell under a
surcharge of 10 lbs, which is a common design practice
in Israel. It should, however, be noted that very few
points of the authors' test data lie in the range of
2% swell,

The second correlation deals with the swell pressure
of undisturbed clay, see Fig. 4.3. The authors
adopted Eqn. (4.20), assumed G, = 2.8, and found that
the coefficients of liquid limit and natural water

content in Eqn. (4.20) are approximately:
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0.021 (LL - 1.3 wo) (4.21)
They, therefore, define )X as:
A =1L - 1.3 w, (4.22)

and present their final predictions as lines for constant
N\ on a graph of swell pressure versus porosity. In
doing so, they make further empirical changes to Eqgn.
4,20 so that the constants now become in effect functions
of :\ s Wwhich are defined numerically, as shown in Fig.

4.3.

4,2,11. Nayak and Christinsen (1971)

Nayak and Christinsen (1971) examined the limitations
of the existing methods for the prediction of swelling
behaviour of compacted clays, and noted that both the
purely theoretical approach (based on osmotic pressdre
theory of pure clay suspensions) and the purely empirical
approach are inadequate to serve the purpose. They
suggesied a semi-empirical approach in which a model of
swelling behaviour is developed leading to equations
relating the swelling potential and swell pressure of
compacted soil to its plasticity index,clay content, and
initial moulding water content. The model was baseé on
the concepts of the diffuse double layer, modified by
introducing empirical constants to account for elastic
swelling effects and other limitations (eg: in equating
the osmotic pressure to the swelling pressure of a soil
the effectis of elastic rebound, pressure in entrapped

air bubbles and the forces of attraction are neglected).
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The investigators studied 18 samples of compacted
artificial clay mixtures and arrived at the following

equations that are claimed to be applicable to all soils.

P_ = 3.5817 x 1072 p1'+12 c’ +3.7912 (4.23)
c - —;?_—_ . *
i
s =2.29 x 102 pr'-4 G + 6.38 (4.24)
c wi .
where,
P, = laterally confined swell pressure (1b/in2),

S. = swell potential (%),

PI = plasticity index (%),
C = clay content (%),
w; = initial water content (%).

4,2,12 Vijayvergiya and Ghazzaley (1973)

Vijayvergiya and Ghazzaley (1973) analysed test data
from about 270 samples of undisturbed natural soils to
obtain single and multiple correlations that relate
swelling characteristics of soils with the routine
physical and classification properties. The prOposed
correlations to predict swell pressure and percent swell

under 0.1 tons/sq. ft. surcharge load are:

log P, = 75 (0.4 LL = w; - 0.4) (4.25)
log S, = 73 (0.4 IL = w; + 5.5) (4.26)

where P, is expressed in tons/sq.ft.
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Defining swell index (Is) ag the ratioof natural
water content to liquid limit, the investigators estiablished
curves between I  and LL to predict the percent swell
and swell pressure under no volume change, see Fig. 4.4.
The curves appear to provide a quick gualitative
identification of troublesome clays, However, it should
be noted that the percent swell was determined under a
surcharge load of 1.5 psi against the common practice of
1 psi. The form of Vijayvergiya and Ghazzaley's
expressions sugéest that perhaps the logarithm of the
swell properties should be considered for use in

predictive equations.

4.2.13 Chen (1975)

Chen (1975) analysed the test results of 321
undisturbed sampies and fitted a regression curve
between plasticity index and the swell potential. The

equation for the suggested curve was given as follows:
S, = 0.2558 exp (0.0838 PI) (4.27)

Although Chen and Seed et al (1962) use the same definition.
for swell potential, their predictions, Eqns,.(4.27) and
(4.9), differ numerically.

4.,2.14 Comments

The predictions listed above differ mainly in four

ways:

(1) wvarious definitions are used for the swell potential

and swell pressure.
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(2) various independent variables are used.

(3) equations which seem to be similar differ

numerically.

(4) the initial conditions are treated differently or
omitted.

Further consideration will be given to these

predictions in Chapter - 5,

4.3, SIMPLE MIXING LAWS

4,3,1, Introduction

Four empirical mixing laws for mixtures of two
phases are considered here, taking x as the proportiion
of one phasey and y as the property of interest, ie

Pc' Sc etec.

These are:-

(1) Linear relationship,

(2) Quadratic relationship,

(3) Smart's (1970) quadratic bounds, and
(4) A new S-shaped relationship.

Further details are given below.

4,3.,2. Linear relationship

The linear mixing law, ie y = a + bx is the
simplest mixing law and is based on the assumption that
the swell property is linearly proportional to the

amounts of sand and clay or clay and clay present in
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the mixture. This relationship is similar to the law
proposed by Voigt (see Appendix 6). Also, there might
be an analogy between swell pressure and the pressure of
a mixture of perfect gaqés, which also follow a linear

mixing law,

4,3.3. Quadratic Mixing Law

The quadratic mixing law is the next simplest to

the linear law and can be expressed in the form:

y =a+ bx + cx2'

This empirical relationship is also the simplest
which has interaction between the components and in some
circumstances may be derived from consideration of the
probability of contacts of different types. This type
of quadratic relationship was suggested by Smart (1970)
in the prediction of the residual angle of internal
friction (@) of sand-clay mixtures. He postulated
that after a shear plane has formed, the sample can be
treated as two rigid blocks one sliding over the other.
It was reasoned that the area of one of the sliding
surfaces contained a proportion by area of clay equal
to C and a proportion by area of sand equal to (1-C).
0f this area of clay, a proportion by area of C was
assumed to be in contact with clay in the other surface,
so that the proportion by area of clay sliding over clay
was 02. Similarly, (1-C)2 was the proportion of sand

sliding over sand, and 2C (1-C) was sand sliding over
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clay. Based on this hypothesis, Smart (1970) proposed
the following equation:

tan¢r = ¢2 tan ¢c + 2C (1-C) tan ¢m +

(1-C)% tan @ (4.28)

where (J, ¢s, and ¢m are the friction angles
for clay-clay, sand-sand, and sand-clay feSpectively.
960 and g?s may be measured by testing sand-free and
clay-frce samples, but the value of 9bm cannot be
obtained directly. However, it was suggested likely
that B, L@, <fs

For further consideration of Eqn. (4.28) in the

next section, it is written below in the general form:

y=0cy, +205y +s®y, (4.29)

where ¢ and s are the fractions of clay and sand; Yo

and yg are the properties of interest of sand-free

and clay-free materials respectively. Y is the property
of interest of the mixture.

4.3,4, Smart's Bounds

Smart (1970) extended the above argument to propose
- ¥wo bounds for the prediction of the angle of internal
friction ( ¢§) and these bounds will be considered here
for a more general range of properties. If it is
assumed that y lies between ycand Yo+ the upper and
lower bounds are derived by putting Ym = Yo and y, =V

8
as appropriate in Eqn. (4.29), viz:-
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y =y, (15%) + y_ s° (4.30)

2, Vg (1=¢?) (4.31)

y=3,C

Noting that the swell properties of pure sand are

zero, the above equations take the following form for

sand-clay mixtures:

Upper bound: y =y, (1-52) ' (4.32)

2

Lower bound: y

Vo C (4.33)

4,3.5. S-Shaped Relationship

As an alternative to the bounds mentioned above,
a new S-shaped relationship can be deduced by assuming
that the predominant component dominates the relationship.
In other words, it is postulated that clay dominates in
the region of high clay content, sand in the region of
high sand content, and in between both phases.contribute

to the property. Assuming that,

Ym =C ¥, *+ S yg (4.34)

t

where, ¢ and s are the fraqgons of clay and sand per
volume of solids. Substituting Eqn. (4.34) in Eqgn.
(4.29) it follows:

y = ¢% (3-2¢) y, + 8% (3-25) g, (4.35)

This is a cubic expression and as an example is
fitted by Smart and Rao (in preparation) to some results
of Kenny (1967) for the angle of internal friction of
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illite-sand mixtures, see Fig. 4.5.

4,3,6. Summary

As will be discussed in Chapter - 5, the empirical
mixing laws outlined above were found useful in
explaining the swell and related properties of the
artificial mixtures studied in this investigation.
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Chapter 5

DISCUSSION OF RESULTS

The test results reported in Chapter 3 are discussed
in this chapter. The discussion is presented in three
parts. Part-I deals with the results of tests on
artificial mixtures, and Part-II with those on natural
gsoils, The various predictive theories detailed by
earlier investigators and presented in Chapter 4 are
tested for their validity or otherwise in Part-III of

this chapter.

Part-I: ARTIFICIAL MIXTURES

5.1 INTRODUCTION

The swelling properties of soils are controlled by
(1) compositicn in the most general sense and including
mineralogy, and (2) structure. Throughout the work
reported in this thesis, an attempt has been made to
standardise the effect of structure by starting all the
tests from the optimum compaction conditions., The most
convenient method of studying the effects of composition
would be to use linear multiple regression, since this
method of analysis is highly develogped. However, the
usefulness of linear multiple regression is curtailed
unless the relationships which are being studied are
either linear or can be made so by a suitable choice of
variables; for example, the discussion below will suggest

that the whole of the analysis will be simplified if

swell amount, i.e. volume of swell per volume of solids,
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is used in preference to the more usual swell potenticl,
i.e. volume of swell per initial total volume of sample,
The tests on artificial mixtures, the results of which

will be discussed in Pari-I of this chapter,were designed
to isolate the effects of (1) clay content, in the
bentonite~-sand and illite-sand series, or (2) clay type, in
the bentonite-illite series,

The original objective of these testis was to.ascertain
whether and to what extent the swell prOpérties (and
compaction properties and Atterberg limits) could be
reggrded as linear functions of "clay content", with a
view to linear analyses of the corresponding properties
of natural soils, which will be reported in Part-II., The
data which will be discussed below in Part-I does suggest
that linear analyses would be the most promising.approach
for natural soils; and the subsequent linear analyses
of Part-II were successful. However, small but significant
deviations from linearity are evident in much of the data
reported in Part-I, and in this respect the reader is
forewarned that the most important figures are: for swell
pressure: 5.12, 5.23, 5.24, and 5.30; for swell amount:
5.14, 5.21 and 5,32, For this purpose, the appropriate
straight line is the regression line ©of 'y upon x', and
to avoid cluttering the diagrams it is left to the reader
either 1o imagine this or to place a transparent straight
edge over the Figures in the appropriate position.

The presentation of the discussion of Part-I is
complicated by three factors: (1) almost all the data shows

vlight deviations from linearity; and (2) algebraic models
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have been found which do represent the data accurately;
and (3) consideration of these models suggests certain
physical phenomena as causes of the non-linearity. The
conclusions will be summarised in section 5.3.5.

In the summary, the pattern of behaviour of swell pressure
will be compared to the psttern of behaviour of Kenny's
(1967) observations of tan ¢y . For illite, tan &

was found to be an S-shaved function of clay content,

Egqn. 4.35 and Fig. 4.5; whereas for montﬁorillonite,

tan ¢r was represgsented approximately by a modification
of the "bentonite-controiled" bound of the quadratic
family of equations, Eqn. 4.32 and Appendix-\o. In this
respect, the most important Figures are the seven mentioned
above, vizj; 5.12, 5.21, 5.23, 5.24, 5.30 and 5,32,

Almost all the Fiagures of Part-I can also be analysed
in a third way which might be thought to be of interest,
This would be to answer the question: is it pogsible to
predict the value of the property in question for any
clay content by interpolation between measurements at
100% clay and 100% sand? For the present purposes, this
is trivial and only occasional remarks are made concerning
it. The appropriate siraight line would be that connecting
the two extreme measurements on the Figure concerned.

There is however one further question which must be
considered since many of the predictions in Chapter-4
presuppose that the swell properties vary with Atterberg
limits. It will be shown below that the swell properties
and the Atierberg limits differ in their dependence upon

clay content and thus cannot be exactly correlated.
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Before discussing the compaction and swell behaviour
of these mixtures, the variation of Atterberg limits with

composition is considered first in the following section.

5.2 ATTERBERG LIMITS

The Atterberg limits of the three mixtures studied
in this investigation are shown in Figs. 5.1 to 5.3,
where the limits are plotted against sand.content in
clay-sand mixtures and against bentonite in bentonite-
illite mixtures.” In accordance with the findings of
eartier investigators (e.g. Seed et al, 1964), a linear
model fits the data for each mixture with reasonable
accuracy except at high sand contents (>70%). Dumbleton
and West (1966) studied the influence of the type of coarse
fraction on the plastic properties of clay socils and
found that the liquid limit and plastic limit of the
mixtures were proportional to the percentage of clay, only
when the coarse fraction consisted of well rounded glass
spheres. The majority of the sand particles in the present
study were observed to be well rounded and this probably
results in the linear variation betwsen Atterberg limits
and clay content in:accordance with the findings of Dumbleton
and West (loc. cit.). However, this behaviour is found
to be valid only above about 30% clay content for clay-
sand mixtures, below which the mixtures essentially showed
a non-plastic behaviour. Dumbleton and West (loc. cit.)
do not show any experimental points below about 30% clay
content for their mixtures, so no comparison could be made

in this region. The above behaviour suggests that above

30% clay content, a well rounded coarse froction does not
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iﬁfluence the limits of clay-sand mixtures other than as

a diluent of the clay fraction, and the coarser particles
themselves impose no rigidity on the mixture. However
below about 30% clay content it is logical to conclude that
there is a virtually continuous skeleton of granular
particles, the bonding provided by the clay is negligible,
and the mixtures are non-plastic. The compaction
properties to be discugsed below also followed different
laws for high and low clay conients. The most accurate
estimates of the dividing points between these two ranges

were obtained for the maximum dry density results and were

bentonite - sand 83.3% sand - 16.7% clay
illite - sand 68.0% apnd - 32,0% clay

Presumably different phenomena assumed importance in the
high and low clay ranges.

‘With the above discussion in view a linear regression
analysis has been made separately for each mixture, the
regression being limited to about 70% sand content for
clay-sand mixtures. The regression equations are reported
in Figs. 5.1 to 5.3.

Novaris-Ferreria (1967) reported two distinctly
separate zones of Atterberg limits for clay contents, C,
greater than and less than 20,2%, respectively. He

found that there were two activities, viz:-

A = 1.15 fOI‘ C 42002%, and

Presumably, there was also a small iransition zone around
C = 20.2%. However, his main conclusion was that Skempton's

activity, A, of the soil will not be constent. Attention
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should therefore be paid to activity here. The points
in Figs. 5.4 to 5.6 show the activity plotted against
composition for the three mixtures. It is apparent
that activity is not constant for a given clay mineral
and varies with sand content. If the linear relation-
ships obtained from the regression analysis for
plasticity index in the present study are accepted,

it will be found that the variation of activity with
clay content is hyperbolic, since S = 1 -'C and A = PI/C,
The hyperbolic terme for activity are derived from

the constant terms in the regression equations for
plasticity index. These constant terms may be the
results of small experimental errors in the deter-
mination of the liquid and plastic limits. The two
hyperbolic curves derived in this way are draﬁn in
Figs. 5.4 and 5.5. Whilst these curves do not resolve
the question of whether the hyperbolic terms do

result from errors, they do reinforce the more important
conclusicn that activity varies with sand content.

In Fig . 5.6, the activity values of the bentocnite-
il11lite mixtures show a weakly non-linear relationehip,
presumably because there is a slight interaction

between the clay minerals,

The plasticity index is plotted against liquid
limit in Fig. 5.7 for the three mixtures. All the
clays fall above and close to Casagrande's A-line.

The two soils in the CI group did show mcderate
swelling and cannot'be rejected as non-swelling soils.
The one in the CL group was virtually non-swelling.

(The data is tezbulated in Table 3.3).
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5.3 COMPACTION AND SWELL PROPERTIES

5.3.1 Introduvection

The results of compaction and swell tests on the
three mixtures chesen for this study are reported in
Chapter 3, see Tables 3.3 to 3;5. These results are
now analysed mixture by mixture in the following
secticns. In the regressicn equaticns menticned on
Figs; 5.8 to 5.25, the composition in the right hand
side of the equation is expressed as a fracticn,

5.3.2 Bentonite - Sand Nixtures

Fig. 5.8 shows the optimum moisture content
plotted againsi sand content by weight. The quadratic
regression shown was better than a linear one presumably
for empirical reasons, section 4.3.3. Fig. 5.9 shows
the maximum dry density,\(ﬁ, plotted against sand content
by weight. The relationship is linear up to 83.3%
sand content. Fig. 5.10 shows the initial volumetric
water content,{x, (i.e. the moisture content expressed
as volume of water/volume of solide) at optimum
conditions before swell is permitted. This relatiocnship
is approximately linear. Fig. 5.11 shows the initial
voids ratio, €{, which is approximately linear up to
80% sand content, between 80% - 100% sand content
there is extra air present in the samples. Fig. 5.10
and 5.11 are plotted against sand content by volume.
Fig. 5.12 shows the swell pressure ag2inst sand
content by volume, i.e. volume of sand solids/volume
of total solids, since this is the appropriate basis

for non-empirical use of Eqn. 4.29, section 4.3.3.
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The full line is calculated from Eqn. 4.29, the exact
form being shown on the diagram. It does give a close
fit to the (observed) data. The clay and sand bounds,

C and S, from Eqgns. 4.32 and 4.33 are also shown by
broken lines. The closeness of the data to the clay
bound, C, suggests that the swell pressure behaviour

i§ dominated by the bentonite throughout the whole
range. The expansicns of the samples in the swell
pressure tests were estimated, see Table 5.1, making

use of the final.water content measured after the test
and assuming that the sample is fully saturated after
the swell pressure test. The initial and final
volumetric air void contents, i.e. volume of air/ volume
of solids, ; and «}, are also shown in Table 5.1.

These were ottained by subtracting volumetric water
contents from initial void ratio. The quantities oy,
which shculd not be negative, and expansion, which |
should be zero, give come indication of the magnitudes
of the errors involved in the quantities in Table 5.1,
although &4 and expansion are themselves subject to
error, as both & and K¢ were calculated as the differences
of two large quantities. The method of calculation

is in Appendix 9. Thus the values for expansicn arise
from three sources: (1) errors of calculaticn, (2) |
errors of measurement, e.g. of specific gravity, (3)
actual exgansion of the samples. It seems frcm Table 5.1
that the estimate of the actual expansion, which was

made in Appendix 1, was a little low, as was stated in

Chapter 2.



Table 5.1 Bentonite - Sand: Laterally Confined Swell Pressure Tests

A1l quantities are referred to the volume of Solids, except
Expansion which is referred to the original volume.

f
Clay -5% o5 |eq | By {t ofp i Expans}on
% % | % | % | Psi % | % %
100.0 } 151 9 | 160| 42.8 | 166 |-6* 2.3
82.6 123+ 2 125| 38.8 127 | =3% 1.5
65.4 98| 8 | 106| 33.7 | 109 |-4* 1.8
48.4 11 11 821 28.0 | 81 1 0.0
32,0 | 52|14 | 66| 20.6 | 58 | 8 0.0
15.9 44 | 11 55| 11.2 50 | 6 0.0
00.0 33| 28 61 - - - -

* Experimental Error.
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Fig. 5.13 shows the swell potential plotted
against sand content by weight. The relationship is
quadratic presumably for empirical reasons. In order
to explain the swell potential behaviour, all the data
was reduced to a volumetric basis by reference to the
volume of solids, since swell potential is volumetric
expansion. This reduced data is presented in Fig. 5.14
and shows the swell amount (i.e. volume of swell/volume
of solids) calculated from the swell poteritial test,
plotted against sand content by volume. The relationchip
is linear throughout, and within a very small error
falls to zero swell at zero clay content. Fig. 5.15
shows the water uptake, DW, i.e. the change in volumetric
water content during the swell potential tests. The
relationship is virtually the same as for the swell
amount shown in Fig. 5.14. PFig. 5.16 shows the swell
amount against water uptazke. The points all lie
close to the 1:1 line. Table 5.2 shows the data on
a volumetric basis. The initial and final values
of the volumetric air content, O(Land<1§, were obtained
by subtracting volumetric water contents from void ratios,
and they are therefore subject to experimental error.
The values of 0(;_ and °<§ obtained suggest that as a
first apiroximation changes of air content may be ignored.
This is reasonable since the samples are submerged
throughout the swell potential test. On this basis,
from Figs. 5.14 and 5.15 it is possible to write:

Water uptake, DW = KC cees (5.1)

Swell amount, Scs = DW eees (5.2)
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Table 5.2 Bentonite - Sand: Laterally Confined Swell Potential Tests

All quantities are referred to the volume of Solids

Clay | =), ’°<i °1 |Ses | Wy |%e °r
% | % | % | % 5 | % %
100.0 151 | 9 | 160 207 | 369 | -2% 367
82.6 | 123} 2 125|167 | 290 | 2 | 292
65.4 | 98| 8 | 106 | 134 | 233| 7 240
48.4 71 [ 11 82| 93 162 |13 175
32,0 | 52|14 | 66| .66 | 124 | 8 132
15.9 | 44 {11 | 55| 35 81| 9 90
00.0 | 3328 | 61| - - | - - B

* Experimental Error
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where, K = 2.10 = constant
whence Scs = 2,10 C,

where C = clay content expressed volumetriczlly.

5,3.3 T1llite - Sand Mixtures

The specific gravities of illite and sand were
approximately equal,'so the propertions by weight were
also taken as proporticns by volume.

Figs., 5.17 to 5.20 show for illite-sand the properties
presented in Figs. 5.8 to 5.11 for bentonite-sand. The
maximum dry density, Fig. 5.18, followed a quadratic
curveup to about 68% sand content, and it is thought
that different phenomena act below and above about 68%
sand content, section 5.2. This observation helps in
the interpretation of Fig. 5.17. The optimum moisture
content, Fig. 5.17, could be fitted in three ways of
increasing accuracy.

(1) Througrout the whole range by a quadratic

curve, concave upwards, as a rough approximation.
(2) Upto 86% sand, by a linear relationship,
which was better than (1).
(3) Upto 68% sand, close agreement was obtained
with a quadratic curve, concave downwards.
- Whilst the first two methods may be useful for some
purposes, on the assumption that different phenomena
act below and above about 68% sand content, the third
method is more correct. Only the third method is
illustrated in Fig. 5.17. The volumetric version of
‘Fig. 5.17, i.e. Fig. 5.19, also shows close agreement

with a quadratic curve ucto 68% sand content, presumadbly

because of a weak interaction between the components
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which was not evident in Fig. 5.10 for bentonite.
Similiar behaviour is shown for the initial voids ratio
in Fig . 5.20.

Fig. 5.21 shows the swell amount and the water
uptake as functicns of the sand content for the laterally
confined tests. The water uptake followed a quadratic
curve up to about 68% sand content, which may be expressed
ass- :

DW = 0.4224 - 0.41795 - 0.18825° * ....(5.3)
The tangent to Eqn. 5.3 was calculated at the point of
zero sand cortent as:-

Y = 0.4224 - 0.4179S eees(5.4)
The tangent is shown in Fig. 5.21 and falls 1o 0.0045
at S = 1. This is remarkably close %o zero. It is
therefore assumed that as a first approximation the
water uptake is proportional to the clay content:-

DW = 0.42C : ceee(5.5)
but a correction of approximately 0.1982 geems to be
required to account for the interaction between the

sand and the clay:-

DW = 0.42C - 0.195° ere.(5.6)
The swell amount lay close to the water uptake throughout
excepl that there seems to have been a slight decrezse
in air content. The swell amount is plotted against
water uptake in Fig. 5.22. Neglecting the change in
air content, the swelling behaviour of illite-sand
samples differed from the bentonite-sand samules
(reported in the preceding section) in that a negative
interaction term was required when relating the water
uptake to the clay content. The data is reduced to a

volumetric bzsis in Table 5.3. The changes in air
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Table 5.3 Jllite - Sand: Laterally Confined Swell Potential Tests

All quantities are referred to the volume of Solids

Clay \9; ;| e | S ‘(9_": X e,
% % | % % % % % %

100.0 | 74 6 | 80 | 39 117 2 119
82.0 | 66 8 [ 74 | 30 98| 6 104
64.0 | 57 8 | 65 | 24 82| 17 89
50.0 | 49 9 | 58 | 17 67( 8 75
32.0 | 37 | 11 | 48 3 421 9 51

14,0 {31 | 27 | 58 0.8 35| 24 59
00.0 |33 | 28 | 61 - -1 - -
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content are small and can be ignored during a swell
potential test.

Figs. 5.23 and 5.24 show the laterally confined
and isotrovic swell pressures, both of which follow
S- shaped curves according to Egqn. (4.35). This
behaviour of these illite-sand samples differs from
that of the bentonite-sand samples; which followed
quadratic curves. The estimated volumetric expansion
of the sample during swell pressure testis-is shown in
Tables 5.4 and 5.5, Table 5.4 referring to the laterally
confined tests and 5.5 to the isctropic tests. These
Tables support the comments for Table 5.1 regarding
the expansion of the samples. They also show that the
changes of air content are of only minor importance
for illite-sond mixtures. In order to compare the
isotropic to laterally confined swell pressures, their
ratio is shown in-Fig. 5.25. This is always less than
unity presumably because the isotropic samples were
free to change shape whilsf kept at constanti volume
(within experimental error) Whilst the laterally confined
samples could change neither shape nor volume (within
experimental error)., The same result was found for
natural soils, Table 3.6.

5.3.4 Bentonite - Illite Mixtures

In clay-clay mixtures such as the bentonite-illite
mixtures studied here, it is reasonable to expect a
linear mixing law, see section 4.3.2,Agi;:g proverty
of the soil-over the entire range of composition.

However, the main point of interest here is whether
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Table 5.4 Illite - Sand: Isotropic Swell Pressure Tests

All quantities are referred to the volume of Solids,
except Expansion:which is referred to the original volume.

Clay ’SL ;| ey By -D:'._ X Expansion
%

% ¢ | % | #| Pst % %
100.0 | 74 | 6 | 80| 31.0] 81 |-1.5%+| 1.0
82.0 | 66 | 8 | 74| 27.2 | 74 |-0.7%| 0.4
64.0 | 57 | 8 | 65| 21.8 | 67 |-2.0% 1.0
50.0 | 49 | 9 |s58| 17.3 | 53 | 5.0 0.0
32.0 | 37 | 11 | 48| 8.5 42 | 6.0 0.0
14.0 | 31 | 27 | 58| 1.3 | 34 |24.0 0.0

00.0 33 | 28 | 61 - - - -

* Experimental Error



Table 5,5 Illite - Sand: Laterally Confined Swell Pressure Tesits

All quantities are referred to the volume of Solids, except
Expansion which is referred to the original volume.

Clay \9«. <y ] o4l Po ,3{ 0(1. Expansion
%

% % | %| ks | %] # | %
100,0 | 74 | 6| 80| 39.8 | 82| -2x 1.4
82.0 | 66 | 8| 74| 36.6 | 75| -1% 0.9
64,0 | 57| 8| 65| 23.6 | 66 | ~1% 0.9
50.0 | 49 | 9| 58] 18.7 | 58| o© 0.0
32,0 [ 31|11 ] 48| 9.2| 41| 7 0.0
14.0 | 31 | 27| 58| 3.5 34| 24 0.0

00.0 33 | 28 | 61 - - - -

* Experimental Error
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there is an interaction between the components leading

to a non-linear relationship. Table 5.6 compares the
linear and guadratic models for the results for the
bentonite-illite mixtures., All the models in Table

5.6 are very highly significant. The most important
comparison is for the initial volumeiric water content,
qj;. Fig. 5.28 suggests that the quadratic model is

the better; also {2 is higher for the quadratic model.
However, the improvement in Y2 might occur because the
quadratic regression has one.less degree of freedom from
the linear regression. Thus, whilst it looks ag if

there may be a slight.interaction between these two clays,
it is not possible to be definite about it. The guadratic
models are drawn in Figs. 5.26 to 5.31, and linear models
in Fig. 5.32; these and Fig. 5.33 show the data of bentonite-

illite mixtures.
5¢3.5 Summary of Discussions on Art%ificial Mixtures

Many of the curves discussed above show two regions
above and below approximately 80% sand content for
bentonite and 68% sand content for illite, which is thought
that in the samples in the higher ranges of szand content
a continuous skeleton of granulsr particles is present.

The liguid limit and plastic limit of the mixtures
were linearly related to the percentage clay content up
to approximately 70% sand content in clay-sand mixtures,
see Fig. 5.1 and 5.2; and over the full range in the
clay-clay mixtures., Although other workers have found
that Skempton's activity, A, is independent of the clay
content and varies only with the type of clay mineral

(Seed et al, 1964), it was found here that activily increases



Table 5,6 Linear and Guadratic Regression, Bentonite -
Illite Mixtures,

Note:= 1, The term Cb in the table denotes the fraction of Bentonite

in the mixture,

2. The value of correlation cpefficient r2 is mentioned in

brackets after each regression equation.

Linear Regression

Quadratic HRegression

Property

OoMC 25.57
Yd. 1482
PB 41.70
{91 0.711
e 0.802
Sc 29.22
S.q 42f54
o 51.09

22.14 Cy (.91)
530 Cy (.99)
12.20 Cy (.91)
0.469 C, (.92)
0.739 ¢, (.99)
64.76 C, (.978)
192.11 €, (.99)

197.21 C, (.99)

26,46 - 1.35 C, = 20,79 Cb2 (.98)
1502 - 674 C_ - 144 Cb2 (.99)

39.9 - 25.19 C, - 12.99 C,% (.996)
0.763 = 0.097 C, = 0.373 ¢, (.97)

0.806 - 0.710 C, - 0,03 Cb2 (.99)

21.53 - 106.32 C, = 38,27 Cb2 (.996)

37.60 - 227.83 C, - 35.82 cb2 (.99)
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with increasing sand content. Further attention might
be paid to this point in future work.

For the series of bentonite-sand mixtures, at the
optimum compaction conditions, both the volumetric water
content and the void ratio were ap:roximately linear
functions of the composition, expressed volumetrically.

For the series of illite-sand mixtures both these
properties were linear functions 6f composition modified
by a weak interaction effeck up to 68% sand. For both
mixtures there was additional air present in the sandiest
samples.,

For both bentonite-sand and illite-sand mixtures,
swell potential showed a non-linear variation with
composition. Howevef, when the swell was expressed in
terms of the volume of solids, it showed a linear variation
with comuposition in bentonite-sand mixtures and a linear
variation with slight interaction effects in illite-sand
mixtures., Thus, swell appears to be purely a volumetric
phenomena, and swell amount is a mors useful parameter than
swell potential,

The swell pressure in bentonite-sand mixtures approximated
a quadratic functibn of clay content, which lay close to the
curve which would be obtained by considering the.proportions
of the types of contacts in a test plane, and by aesuming
that the bentonite dominated the behaviour, see sections
4,3.3 and 4,3.,4; and Egn. 4.32, In illite-sand mixtures
the swell pressures were found to approximate a cubical
S-shaped function of clay content, Eqn. 4.35. This pz2ttern

of behaviour for swell pressure is somewhat similar to the
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pattern of behaviour of tan 4¢r as shown by Kenny's
(1967) results, see Figs. 4,5 and A,10-1, For illite,
both swell pressure and tan Q&-follow the cubical S5~
shaped relationships of Egqn. 4.35 see Figs. 4.5 and 5.23,
For bentonite, both properties approximate to the quadratic
bound for which the bentonite controls the behaviour,

see Figs. 5.12 and A.10-1, although a modification was
required for tan ¢r, Appendix-10, The differences |
between the patiterns of behaviour for i1lite and bentonite
suggest that different physical phenomena contirol the
behaviour of these two clay minerals, Olson and Mesri
(1970) showed that in consolidation, physico-chemical
forces predominate for montmorillonite (i.e. bentonite),
whilst, except at low pressures, mechanical-frictional
forces predominate for illite. Presumably these two
sets of forcea are those which control the dlfferences
between the patterns of behaviour for swell pressure.

The results discussed above suggest that some
inaccuracies may arise when attempts are made to predict
the swell properties from the Atterberg limits, since
swell pressure, swell amount, and the Atterberg limits,
all follow different algebraic functions of clay content.

As far as the original question of linear multiple
regression is ccncerned, it is a matter of judgement
whether straight lines could be substituted for the curves
shown here; this would depend on the accuracy reguired
and on the range of clay content expected, For swell
.amount, as a first{ approximation the graphe are linear,

the worst error being approximately 8% at 68% sand content
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for the illite-sand mixtures. For the swell pressure,
the situation is more complicated because the benionite-
sand and illite-sand mixtures follow different curvilinear
laws, Thus, for natural soils, ii is almost inevitable
that linear analysis should be considered first, although
gsome difficulty may arise if a series of soils which
contain widely differing clay minerals is to be analysed.
However, for present purposes, further discussion would

be of little practical importance, because linear analyses
of sufficient accuracy were obtained for the natural

goils discussed in Part-II below.

Part-II: NATURAL SOILS

5.4 INTRODUCTION

Part-II is concerned with the ten natural soils from
Wootton Broadmead, The data was first analysed to see
if the swell properties (compaction vroperties and Atterberg
limits) could be expressed as functions of clay content alone.
This showed that clay content was significant, but a more
accurate method of analysis was required. Consideration
of the particle size analysis suggested that samples
64749 and 10 are dissimilar from the other six and by
restricting attention to these six samples it was found
possible to predict their properties as functions of
clay content. For this reason the results for the four
samples which were subsequently discarded are plotted as
triangles in Pigs. 5.34 to 5.40. In order to find a

method of analysis which embraced all ten samples, linear
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multiple regressions were made taking composition &nd

Atterberg limits as independent variables. As in Part-L
the whole body of data was analysed both for completeness

and to reveal any similarities or dissimilarities in the

patterns of behaviour. The most imporiant of these

patterns is the contribution of silt content to the Atterbverg

limits and swell properties respectively.

5.4.,1 Variation pf Properties with Clay Content

The natural soils in the present study were deliberately
chosen to have a wide variation of clay content. They czame
from the same area and had a broadly similar geological and
mineralogical origin., Moreover, they had been placed in
a single mapping unit by King (1969), presumably on account
of their similarities. Therefore it was decided, as a
first step in the analysis, to see if the soil properties
could be explained and predicted by clay content alone.

Figs. 5.34 to 5.40 show the various soil properties
plotted against the clay content. It can be seen from these
Figures that the trends of variation are broadly as expected,
i.e. swell increases with clay content, etc, although there
is a considerable amount of random variability, Barlier
investigators (e.g. Davidson and Sheeler, 1952) show similar
random variability, although the soil properties under
consideration were often stated to have linear relationships
with clay content. In the present study, the simple linear
regression equations shown in Pigs. 5.34 to 5,40 failed
to reach statistical significance for all properties excepting
those of swell pressure and swell potential, presumably
because there are too few'samples. The scils which showed

large deviations from the regression line were selected
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visually from the graphs and are reported in Table 5.7.
Samples 6, 9 and 10 featured most frequently in this Table.
Further, it was noted that the particle size distribution
curves of these three samples differed from those of the
other samples, except perhaps sample 7; therefore further
consideration was given %o particle size distribution

ag is discussed below,

5.4.2 Analysis of Particle Size Distfibution Curves

Partly as a result of King's (1969) account, it
had been thought in the first place that the soils were
derived from the underlying Oxford clay with varying
amounts of an admixture of glacial origin. If this idea
were correct, it would be possible to predict the particle
gize distributions of the medium textured samples from
the particle cize distribution of the lightest and heaviest
samples; the method of calculation is explained in Appendix
8. As these results were examined more closely, the idea
wag progressively modified, until it was thought that four
separate sources of material were involved.

Data quoted by King (1969) for the surface horizon
of the Milton, Rowsham and Denchworth Series are shown in
Fig. 5.41, where the observations are plotted as points.
- Smooth curves were drawn through the points of Milton and
Denchworth; the proportions of clay, fine, medium and
coarse silt, fine, medium and coarse sand were reéd off;
and using these figures and the assumption that Rowsham
Series consists ®f a mixture of Milton and Denchworth Series,
the predicted particle size distribution of Rowsham Series

was calculated using the method of Appendix 8. The



Table 5,7 Outlying Samples For Regression against

Clay Content

Property Soils Showing Variability
Organic Matter 2 6 . 9 o
Liquid Limit 2 . . 9 10
Plastic Limit . . 1 9 10
Plasticity Index . . 7 . '10
Activity 2 . 1 . 10
Optimum Moisture Content . . . 9 10

Optimum Dry Density

N
o
.
O

10

Swell Pressure 2 . . . o
Swell Potential 2
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Fig. 5.41 Particle Size Distribution Curves, Milton, Rowsham and

Denchworth Series,
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prediction is shown by the third full 1line in Fig. 5.41,
This line agrees quite closely with the observed particle
size distribution for Rowsham Series. It wag decided
therefore to treat these three soils as belonging to a
single family.

Samples 2, 3, 1, 4, 5 and 8 are compared with Milton,
Rowsham and Denchworth in Figs. 5.42 and 5.43. For
samples 2 and 3, the lines shown were calculated from
Milton and Rowsham Series; for the other samples, the
lines were calaulated from Rowsham and Denchworth, There
ig fairly good agreement between the observed and predicted
particle size distribution; and all those samples were
thought to belong to a single family, which is more or less
a simple mixture of two sources approximated by samples
2 and 8. None of the other four samples (6,7,9 and 10)
could be fitied into this family. |

Sample 6, 9 and 10 were compared in Fig. 5.44. The
lines for 6 and § are smooth curves drawn through the
observations, and that for 10 is calculated from 6 and 9,
Although the agreement between the observed and predicted
particle size distribution for sample 10 was not entirely
satisfactory, as a matter of expediency, these three samples
have been placed together in a second family whose sources
are approximated by 6 and 9.

Samples 6, 7 and 8 are compared in Fig. 5.45 which
shows the smooth curves from Fig. 5.44 and 5.43 for samples
6 and 8, together with the predicted curve of sample 7.

The reobserved particle size distribution of 7 is shown

by triangles and agrees fairly well with the predicted
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curve, It was therefore assumed that these three samples
formed a family whose sources were approximated by samples
6 and 8, It was partly on account of the agreement of
the reobserved particle gize distribution with the predicted
values plotted in Fig. 5.45 that the reobserved particle
gize distribution was preferred to the original. There
is of course some danger in making this choice, although
the reason for requesting the reobservation was that the
original observations were thought to be ih error.

In summary,therefore,the ten samples fall into three

families as follows:

1, 2, 3, 4, 5 and 83
6, 9 and 10;
6, 7, and 8.

This helps to explain the discrepancies summarised in
Table 5.7, which involves samples 2, 6, 7, 9 and 10, Of
these five samples, 6, 7, 9 and 10 differed in their
particle size distribution from the other six samples.

It was therefore decided (a) to consider the effect of
clay content on its own for samples 1, 2, 3, 4, 5 and B8;
and (b) to use multiple regression to analyse the data

for all ten samplés in terms especially of the contents of
clay, silt, organic matter and plasticity index. The se

analyses are reported below.

5.4.3 Effect of Clay Content For First Family of Soils

Figs: 5.46 to 5.52 show the results of gimple
regressions for the various properties against clay content

of the first family of samples, i.e. samples 1, 2, 3, 4, 5 and
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ORG =1,32 + 5.93C (r=0.73)
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Fig.5.46 Organic Matter VS Clay Content, Six Soils
of First Family.
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Fig.5.47 Atterberg Limits VS Clay Content, Six Soils
of First Family,
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Fig.5.,49 Maximum Dry Density VS Clay Content, Six

Soils of First Family,
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Fig.5.52 Activity VS Clay Content, Six Soils of
First Family.
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In the regression equations mentioned on these Figures

the clay content is expressed as a fraction. Table 5.8
compares the level of significance for all nine properties
considered for the two cases, the first based on all ten
samples and the second on the six samples of the first
family. Although there are less degrees of freedom.in
the second case since four samples have been dropped from
the analysis, the variability is less, and the degree of
significance is generally high.

On this basis, the prerequisite for an accurate
prediction of the properties of a soil from its clay content
alone are that all of the geological history, mineralogical
cbmposition and particle size distribution should be similar,
Further, it can be seen from this example that if an accurate
prediction is required from clay content alone, the criterion
of similarity ig a strict one and must be carefully

investigated.

5¢4.4 Multivle Regression Analysis For Prediction

Of Soil Properties

As an alternative to the method outlined in the section
above, predictions must be based on the simultaneous use
of several independent variables.

In order to investigate the dependence of the compaction
and swell properties, etc, on the composition of the soil,
linear multiple regression analyses were made using programme
O2R in the BMD package (Dixon, 1971) and checked with the
regression programme in the SPSS package (Norman H. Nie et al,

1975).



Table 5.8 Level of Significance for Simple Regressions

Level of Significance, %

Property

Using all 10Samples

Using 6 Samples
of First Family

Organic Matter

Liquid Limit

Plastic Limit
Plasticity Index
Activity

Optimum Moisture Content
Optimum Dry Density
Swell Pressure

Swell Potential

>5

>5
>5
>5
>5
>5
>5

1 ¥

> 5

1 W

1 W
<5 *
>5
<5 ¥
<5 ¥
0.1 % ¥k

<5 ¥

Sk Significant
* —*- Highly Significant

K Sk S very Highly Significant
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One of the main problems in forming multiple
predictive equations in soil mechanics arises from the
fact that the various 'independent' variaples considered
to predict a dependent variable are themselves dependent.
Therefore, the following approach was used:-

As a first approximation, only composition is regarded

as independent. The variables are:

C = clay content, %
Z = sgilt content, % (or s = sand content,%)
ORG = organic matter, %

For practical reasons, these were expressed by weight
with respect to weight of solids. Ag a second approximation,
for compaction and swell properties, only one of the liquid
limit, plastic limit, plasticity index or activity is
included with composition.

The final results bf these analyses are shown in
Table 5.9, and Table ?.10 reports the predictive equations.
The regression data for specific gravity is taken from
Aﬁpendix 2, section A2.3. The regression programmes used
place the individual variables in order of importance in
accordance with the amount of variabiiity associated with
each variable., The individual variables are entered in
Table 5.9 in this order. Other regressions which were made
to clarify particular points are summarised in Tables 5,11
to 5.13.

.The soils in the present study are surface soils, so
it is reasonable to expect that organic matter would ircreace
with clay content. Organic matter also depends on management,

Arable use of the soil is expected to deplete the organic



Table Multinle Re

ession Analysis

Natural Soils,

Dependent Independent R2 Degrees of F Significance,
Variable Variables Freedom %
ORG C, 2 93 2 17 4.0 >5
Gy ORG, Z, C .76 3 6 6.4 5
ORG, 2 .71 2 7 ‘8¢5 2.5 4
LL C, Z, ORG ’.97 ‘3 6 60.6 0.1 3k *
FL ORG, C, Z .98 3 6 102,3 0.1 ¥ % ¥
FI C, Z, ORG .92 3 6 23.9 0.1 % % %
A Z, ORG, C .61 3 6 3.2 2.5 %
OMC C, ORG, 2 .95 3 6 41.1. 0.1 S 3k K
PI, ORG «96 2 1 74.8 0.1 3¢ ¢ %
Y ORG, C, Z .94 3 6 30.1 0.1 % % 3k
d PI, ORG .98 2 7 199.0 0.1 ¢ K e
P, C, 2, ORG .96 3 6 43.8 0.1 3k ¥ sk
c, 2, PI +96 3 6 5041 0.1 e 3
S, C, Z, ORG .91 3 6 24.7 0°1 3% % %
c, 2, FI 93 3 6 28,0 0.1 ¥ -k
Seg C, Z, ORG .93 3 6 27.9 0.1 % 3% e
C, 2, 1 «95 3 6 37.4 0.1 S e e
P, C, Z, ORG 92 3 6 23,9 0.1 % % ¥
S Cy 4y M .93 3 6 24.9 0.1 e ¥ de




Table5.10 Predictive Eaquations from Multiple Regression Analysis.

ORG = -0,0187 4 0,0667C - 0.0514Z

G, = 2.9240 - 0,0330(0RG) = 0,00373Z - 0,00181C
G, = 2,8650 - 0.0472(0ORG) - 0,002162

LL = =9.1310 4= 0.8111C 4 0,60652 4 2.5166(O0RG)
PL = =2,1210 <+ 3.2367(0RG) <4 0.2525C + 0,2083Z
PI = =7.0110 4 0.5586C -+ 0.39822 - 0,7202(ORG)
A = 0.1834 4 0.0262Z - 0,0817(0RG) 4 0,00241C
OMC = 3.899 4 0.2335C <4 1.797(ORG) + 0.104Z

OMC = 4.329 < 0.4308PI 4 2.1171(0ORG)

Y, = 2205.83 - 51.085(0RG) ~ 6,596C ~ 5,022
T4 ™= 2114.39 - 12,248PI - 57.587(0RC)

P. = 0.7043 4 0.2073C = 0.09752 +40.3668(0RG)

P = 1,139 0.1676C - 0,09452 <4 0.1791PI

¢ =-0.0379 4 0.0834C ~ 0,01695Z -+ 0,062(0RG)
S = 0,605 = 0,002985C 4 0,193PI = 0,0735Z

S = 0.,23194 0.1450C - 0,04642 4 0,270(ORG)
= 1.7468 4 0,052C = 0,111Z < 0,2172PI

= 2,18 4 0.123C - 0.082Z <4 0.189(0RG)

P. = 2.9y¢2 4+0,081C = 0,111% -4 0,107P1




Table9.11 Comparison . of Regressions Using Silt and Sand

respectively.
Property F values

C, ORG, 2 C, ORG,
G 6.44 | 6.61
LL © 60,56 | 56,02
PL 102,27 100,99
PI 23,87 22,18
A 3,16 2.99
OoMC 41.11 38.80
Ya 30,13 29.34
P - 43.79 39.18
Sc 24,66 20.26

S, | 27.90 27.18

,,,,,,,




Table9.12 (A)., Comparison of Regressions Using Clay,

Plasticity Index, Liguid Limit and Plastic

Limit respectively.

Property F Values
ORG, C, Z ‘ ORG, 2, PI ORG, Z, LL OnG, 4, PL
oMC 41.1 68.6 52,2 23.6
X4 30.1 118.9 62,2 20,7
P . 43.8 27.2 32.6 33.0
8, 24.7 30.9 26.3 14.4
Sca 27.9 52.8 41,2 19.3

Table9.12 (B)., Comparison of Regression Using Clay,

Plasticity Index, Liquid Limit and Plastic
Limit resvectively.

Simple Regression Coefficients

Property
¢ PI LL PL
OMC «8792 .9021 .9596 <9417
A€ 8067 .9188 9746 9536
P, 9639 <7585 76396 7186
8, 9517 +8290 .8091 .7221
Seq 9591 8264 +8150 7366

P, .8778 .5433 5265 .4261




Table 5.13 Comparison of Regressions Without and With Activity,

Progerty ORG, Z,C ORG, Z, C, A
P Significance, % F Significance, %
oMC 41.1 0.1 ¥ ¥ % 40.6 0,1 & e 4
30,1 0.1 % % ¥ 20.0. 1.0 ¥
P 43.8 0,1 & % ¥ 42,0 0,1 3 ¥ ¥
S, 24,7 0.1 Sk e 3k 13,0 1,0 ¥
. 27.9 0.1 % 3k 17.6 1.0 ¢

Note :=~ Levels of Significance were read from Statistical Tables

(Murdoch and Barnes, 1970); they are shown approximately because

accurate estimates involved extrapolation., In the regressions without

A the F values are higher, the degrees of freedom are lower and

therefore the significance is greater than the regressions with A.

sk
kK

Significant

Highly Significant

=k 3k M very Highly Significant
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matter, whilst permanent pasture woulé enrich it. Since

some of the present soils have been in arable use for a

very long period of time, whilst others had until recently

been under permanent pasture for an equally long periocd of

time, the effect of management would be expected to be

large. The simple regression for organic matter against

clay con%tent shows an increasing trend as expected, Fig.

5.34, but failed to reach a statistical level of significance.

The inclusion of silt content did not imprbve the level of

significance, and the equation still remained insignificant.

Aé can be seen from the predictive equation.in Table 5,10,

the effect of cilt is to decrease the organic matter. As

an alternative to the two variables clay and silt, the

variable sand alone was considered, and this simple regressicn

surprisingly gave correlation at 2.5% level of significance,

although there is no improvement in the correlation coefficient,
F2., This is thought to be due to more nugber of degrees of

freedom. The correlation with sand content is as follows:

Organtc Matter = 6.14 - 0.07S ( Y2 = 0.53) (5.7%

¥hen composition was used, the analysis was restricted

to three varizbles since the sum of the texture is 1C0%.,

Clay was chosen as an independent variable because it was
thought that this would be the best single variable. In every
case excepl specific gravity and activity clay occurred irn
first or second place in the regressions and the coefficient
for clay was higher than for silt. Organic matter was

treated ms more or less independent, and it appeared in

many of the regressions as one of the more important variabdles,

It was uncertqin whether sand or =£ilt should be used. Table



135

5.11 shows the result of comparing regressions against

(1) silt, clay and organic matter; and (2) 'sand', clay
and organic matter. For these regressions gravel content
wag included in the sand. The inclusion of silt was
preferred because most of the F values were slightly better,
although the improvemént was marginal,

In order to see whether the plasticity index, plastic
limit, or liquid limit would be useful; the regressions
summarised in Table 5.12 (A) were made. Each contains
organic matiter and silt and either one of the Atterberg
limits or clay. Since the number of degrees of freedom
are the same throughbut, the highest F value indicates the
best regression. For these 10 natural Wootton Broadmead
soils, plasticity index was always the best, excepti for
swell pressure, for which the clay was the best, However,
care should be taken in generalising this as the simple
regression coefficients in Table 5.12 (B) show different
trends in that liquid limit was best for compaction properties
and clay for swell properties. The difference betiween
the trends results from the interaction between the variables
and the multiple regressiom equations are to be preferred.

Tables 5.,12 (A) and 5,12 (B) show one interesting
point in that the swell pressure, unlike the other prorerties,
is primarily conirolled by the clay both in multiple and simple
regression, A simple explanation would be that all of
optimum moisture content, optimum density, swell potential
and swell amount are controlled by the "water-imbibing
properties" of the clay, whereas in the swell pressure

test the sample is prevented from imbibing water freely.
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In these swell pressure tests, in which similar materials

are compacted to similar conditions, it is approximately

true to say that each clay particle has initially the

same number of monoclayers of water and each can exert

the same force when free water is supplied, The resuliing
swell pressure is proportional to the sum of these forces, and
thus to the number of clay particles. Note, however,

that the most accurate model for swell pressure used
plasticity index in preference io organic'matter as the least
important independent variable after clay and silt contents,
gee Table 5.9,

In order to investigate the usefulness of activity,

F values were calculated for the regressions using compositien
alone (d.e. clay, silt and organic matter) adding activity

to this composition, see Table 5.13. The inclusion of
activity reduces the F value for all the properties, and
therefore the levels of significance are all lower when
activity is included. Thus activity seems not to be

useful for these samples., However, it is necessary to test
this conclusion on a larger sample before any conclusions

ape drawn to the usefulness of activity in predictive
equations,

In the course of the abvove analysis, the question arose
whether the effects of the clay and silt fractions were
additive or not, In the equationsbased on composition alone
in Table 5.10, the effects of the clay and silt fractions
add for Atterberg limits and compactibn properties, and
subtract for swell properties. This trend is as might

be expecied as will now be explained. Both the clay
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fraction and organic matter attract and hold water,

During the determination of the liquid and plastic limits,
the silt fraction presumably causes a minor disrupting effect,
which results in small pores, which hold water. Thus the
effects of clay, silt and organic matter are all additive
for liquid and plastic limit. For plasticity index the
positive effedt of clay probably reflects the ability

of clay to hold water more loosely (i.e. more layers of
water for 1liquid limit than for plastic limit)., The
positive effect of silt probably associates with the filling
of the larger pores which are caused by the silt, as the
moisture tension falls to the lower values corresponding to
the liquid limit, The negative effect of organic matter

is not understood and might be an experimental error.

For activity the general pattern follos the plasticity

index except that the quantities differ numerically.
Similarly for compaction properties, as all the samples

were brought to optimum conditions, it is reasonable to
expect that the effects of clay, silt and organic matter
will add, as indeed they did. For swell pressure, the
effects of clay and organic matter are positive, because

the swell pressure is developed as these components attempt
to swell., This trend is similar for both swell potential
and volumetric swell amount in that both the effects of clay
and organic matter are positive. However, in all cases of
swelling the silt acts as an inert but disrupting material,
because the double layer does not extend into the pores
associated with the silt fraction., On this assumption,

its net effect would be negative as indeed it is.
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The role of gilt in the various equations
discussed above has one imgportant implication, concerning
the prediction of the swell properties frcm the Atterberg
limits and placement properties. Predictions‘which ignore
the silt fraction may be erroneous, because the silt has
opposite effectis on the dependent variables (swell) and on
the independent variables (LL,PL,PI,O0MC, etc). This may
partly explain the impreciseness of many of the predictive
theories suggested by earlier investigatofs. These
earlier predictive theories will be discussed further
in Part-III of this chapter. |

For each property, the best predictive equation in
Table 5.10 was used to make observed versus predicted plots
for the various properties considered in this study.

These are shown in Figs. 5.53 to 5.61 (A). These provide

a visual check on the accuracy of the equations considered,
and there are no outlying points in those of the regressions
which were highly significant.

It was originally intended to test these predictive
equations on the data of earlier investigators, however, no
suitable data on natural soils has been found. The earlier
investigators either published the data of artificial
mixtures (Seed et al, 1962; Nayak and Christinsen, 1971, etc), !
or those who dealt with natural soils (Komornik and David,
1969; Vijayvergiya and Glazzaley, 1973; etc) concentrated

on clay fraction and Atterberg limits.

5.4.5 Summary of Discussions on Natural Soils

It was found possible 1o establish accurate empirical
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equations to predict the swell (and other) properties
of soils in two quite different ways. In the case of
the predictions based on clay content alone which weré
studied here, in addition to geological and mineralogical
similarity, it was necessary for the soils to have a
"family likeness" to each other, which was tested in
terms of their particle size analysis. However, if the
predictions were to be used fdr all the ten of the soils
considered, it was found necessary to use independent
variables additional to clay content. Two conclusions
follow:
(1) When working in a restricted area with a restricted
range of soils, it is possible to make accurate

predictions from equations whose validity is local,

(2) When attempting to establish predictive equations
for wide scale use, care: must be taken to ensure
that the samples on which the equations are based
do contain representation of all types of soil

to be found in the wide area of intended validity.

Predictive equations based on clay content, silt
content, organic metier content, and plasticity index
were found to be accurate, In general, plasticity
index was found to be better than either liquid limit
or plastic limit for this purpose. Somewhat surprisingly,
clay content was found to be the most significant single
variable to predict the swell pressure of natural soils,
and the Atterberg limits were not required in the equation
for swell pressure bzsed on multiple regression. Although

an explanation was advanced above, this point seems to
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require further study using a wider range of soils,

In view of the absence of silt content from all
the predictive ecuations in Chapter 4, the importance
of silt content is remarkable, It was noticed that
the contribution of silt to the Atterberg limits is
opposite to its contribution to the swell properties.
This must place a second restriction on the usefulness
of the Atterberg limits in predicting swell properties
in addition to the effect of clay type whiéh was noted
in Part-I. It is recommended that further consideration
should be given to the use of silt content in these
predictions, especially as it involves very little, if
any, additional testing.

As expected from the tests on artificial mixtures
in Part-I, it was found frcm the multiple regression
analysis that the swell amount could be predicted with
comparaiively higher significance than could swell potential.
(However, this improvement was not found for compaction,
see Appendix 11,)

This discussion completes the main part of this thesis,

the most important conclusicns being:
1. the importance of silt in predictive equations;

2, the different patterns of behaviour of bentonite and

illite, especially for swell pressure; and

3. the importance of swell amount rather than the swell

potential,

Before precenting the conclusions formally in Chapter 6,

the earlier predictive theories will be discucced in Part III
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below.,

Part-III1: TEARLIER 1REDICTIVE THEORIES

5.5 INTRODUCLION
The data from Part-II (and Part-I) above are used
here to reconsider the earlier predictive equations which

were discussed in Chapter-4, taken in the sz2me order,

5.5.,1 Holtz and Gibbs (1956)

Using the limits in Table 4.1 as data for a regression
analysis, Holtz and Gibbs (1956) probable expz2nsion is

given Dby:

Probable Expansion = 5.2814 + 0,9091 PI - 0.4762C (R°= 0.90)

(5.8)

where C is the clay content less than one micron. A
similar regression for the natural soils of the present

gtudy yields the following equation for swell potential:
S, =-0.7537 + 0.0117 PI + 0,0888C (R® = 0,91) (5.9)
where C is the clay content less than two microns.

Although both the above equaticns (Egns. 5.8 and 5.9)

are highly significant, the trends of the parameters invelved
show an oppocite effect in that the probable expansion
decreases with clay fraction whereas swell potential increases,
It is difficult to see why this difference should occur.

In Holtz and Gibb's case plasticity index is more important
than clay content whereas in the present study clay is more
important than plasticity index. Therefore, it seems

possible that these differences are due to the different
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soils involved, and that different prediction equations
are required for the two areas involved. The biggest
calculatéd discrepancy is 56% at 100% clay content; viz,
-47.62% for probable expansion and +8,.88% for swell

potential.,

5.5.2 Williems (1957)

The values of swell potential measured in the precsent
study both on artificial mixtures and natural soils were
plotted in William's Chart, see Fig. 5.62. The measured
swell potential is shown beside each point. For each of
William's four groups of soils, the extreme values of

gswell potential were noted and are shown below,

Degres of Swell ’ Swell Potential
Low 0.0 - 2,6%
‘Medium 0.0 - 10.8%
High 1.8 = 17.5%
Very High 4.8 - 87.3%

Although the details are not fully satisfactory, the
trends are as exyected. Thus, Williams Chart appears
to be useful for a preliminary clacssification of expansive

soils,

5.5.,3 Dinesh Mohan (1957)

In order to investigate the dependence of the swell
characteristics on the liquidity index and liguid limit
as suggested by the work of Dinesh Mohan (1957), these
two variables we-e regressed separately with swell potential,

swell amount and swell pressure. The swell characteristics

did not correlate with liquidity index, presumatly because
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the present experiment had been designed in effect to
eliminate the effect of liquidity index. All the swell
properties did correlate well at 1% level of significance
with liguid 1limit, so the idea was at least partly correct.
However, it was shown in Part-II that in the prescnt samples

plasticity index is a better parameter than liquid limit.

5.5.4 Seed et al (1962)

Seed et al (1962) gave their final equation for
swell potential, Egn. 4.11, in terms of plasticity index

and clay fraction, viz:-
S, = 3.6 x 107 PI?*# ¢ (5.10)

The predicted values of swell potential using this equation

are shown in Table 5.14, and are plotted against the

observed values for the natural soils in Fig. 5.63. It can

be seen from Table 5.14 that Seed et al's equation overestimatee
the values to an unacceptable limit for both the artificieal

and natural samples. By using the data of the present

natural samples, a multiple regression of log Sc against

iog PI and log C yielded:
log S, = =0.7291 +0.3561 log PI + 1,10 log C (R% = 0.93)

(5.11)

i.e.

The above equation is significant at the 1% level only,
this being less satisfactory than those in Table 5.9,
which are linear. Further, the numerical values of the

coefficients are different from Seed et al's. In view
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Tabled.14 Prediction of Swell Potential,

Compo- Observed Seed Nayak& Vijay- Chen From
sition Value of et al Chris- vergiya (1975)  Multiple
S (%) (1962) tinsen & Chaz- Eqn, Regression
® ¢ Eqn. Eqn. zaley (4.27) Equation +
T (4.11)  (4.24)  (1973)
(g Eqno
(4.26)
Bent . 100% 79.4 591 5344 61.7 25185 27.2
d Bent.83.3% 74.7 354 46,2 47.9 6009 23.8
c;g Bent,66.7% 65.4 180 35.9 24,0 . 1060 20,1
i Bent.50.0% 51.3 51 24.6 18,6 71 14.7
o Bent.33.3%  39.9 19 18.6 9.6 22 10.9
§ Bent 16.,7% 22.2 4 . 10.6 3.0 ) 0.6
g I11itel00% 21.8 23,6 21,2 3.5 6.5 8.5
K Illite 82% 17.5 11,3 16,2 2.4 3.4 6.8
. Illite 64% 14.4 Te4 14,3 2.1 2.9 6.2
o Illite 50% 10,8 3,0 11,3 1.7 1.6 5.0
8 Illite 32% 1.8 0.8 8.7 1.8 0.9 3.5
~ Illite 14% 0.5 0.1 7.0 1,3 0.6 0.6
=4
© Bent . 100% 88.3 588 62,1 437 25189 27.2
o Bent.83.3% 85.5 454 67.8 513 8473 24,6
= Bent.66,7% T74.3 283 58.5 214 1446 20,5
H Bent.50.0% 61.1 210 52,0 112 575 18.4
- Bent.33.3% 52.4 133 41.4 49 166 15.5
§ Bent,16.T% 36.6 56 28.9 9 24 1.0
S 350 - 8 6'7 2403 1607 006 609 704
% 5 5.4 1.7 15.4 3.9 4.2 4.9
g o 4 4.8 10.1 13.4 2.0 4.8 4.5
g 1 3.7 4.5 10.9 1.5 2.3 3.6
w9 7 2.6 0.5 7.9 1.0 0.7 1.4
— & 9 1.8 4.1 9.7 2.3 2.8 1,8
R 3 2.1 1.1 8.2 1.4 1.2 2.1
-~ B 2 0.0 0.4 7.6 1.3 0.7 1.0
5 g = 10 0.0 0.6 T3 1.9 1.5 0.1
3% 6 0.2 0.1 6.9 1.9 0.7 0.6
358 |

'1" Multiple Regression Equation with higher significance for Sc was
used from Table 5,10,
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of this it is thought that Seed et al!s predictive
equation should be restiricted to the region from which

the samples on which it was based were obtained,

5.5.5 Da Nilov (1964)

The index suggested by Da Nilov (1964) was calculated
for the natural soils and tabulated in a decreasing order
in Table 5,15 . The index values show that four of the
ten natural Wootton Broadmead soils fall in the swelling
group and the other gix in the slumping group. None of
the soils can be classified as ordinary soils, in Da Nilov's
gystem. Values of swell pressure, swell potential and
swell amount for the present natural samples are also
shown in Table 5.15, From these it appears that although
the trend of results is correet, the ranking achieved ie
imperfect especially for samples 7, 3 and 9, The imperfection

is presumably because the only soil property considered by

Da Nilov is liquid limit.

5.5.6 Ranganatham and Satyanarayana (1965)

Although no rigorous test of Ranganatham and
Satyanarayana's (1965) predictive equation was possible
in the present study, the results of making the approximation
that plasticity index is equal to shrinkage index is shown
in Fig. 5.64, the trend is correct but there is large scatter
for low ewelling soils, perhaps because the approximation
is a bad one. It is of interest to note here that Seed et
al (1962) and Ranganatham and Satyanarayana (1965) made
a similar approach with the only difference that the former

used plasticity index, whilst the latter used shrinkage index.



Tabled.15 Da Nilov's Index For Natural Soils,

Da Nilov's P, S, Seq Da Nilov's

Soil Mo. Index, % (psi) % % Classification
350-8 =51 21,00 6.73 13.3
350-5 =57 13.10 5.40 9.3 %

: |
350-9 =52 2.55 1.82 3.2 g
350-4 -45 8.30 4.80 8.8 -
350-1 -39 8.20 3,70 6.3
350-10 -38 0.00 0.00 0.0
350-3 =31 3.50 2.10 4.2
350=7 -24 6440 2.60 4.7 %
350-2 -22 0.00 0.00 0.0 5
350-6 ~20 0.96 0.15 0.2 d
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and Satyanarayana's Equation (eqn, 4+19)
assuming PI=SI, Natural Soils,
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Nayak and Christinsen (1971) compared both these methods
using the soils tested by Seed et al, and concluded that
Ranganatham and Satyanarayana's method gives comparatively
less scatter. They noticed that by suitable but undisclosed
adjustment of the constant in Ranganatham and Satyamarayana's

original equation, vizs-

S, = 41.13 x 1072 g12+67 (5.13),

the agreement would be better than that obtained by any
of the equations proposed by Seed et al, They concluded
fhat for the soils studied by Seed et al, shrinkage index
is a considerably better indicator for swell potential

than plasticity index.

5.5.7 Komornik and David (1969); Livneh et al (1969)

Predicted values of swell pressure from Komornik
and David's (1969) equation are shown in Table 5.16, and
are unsatisfactory when compared with the observed values.,
A multiple regression on the Wootton Broadmead soils using

the same variables as Komornik and David, yielded:

log P, = 3.135 - 0.0017 Yg + 0.0346 W, - 0.01242 LL (R?=0.61)

(5.14)

Komornik and David's equation, Eqn. 4.20, wasg:

log P, = 2.132 + 0,00065 Y4 - 0,0269 Wy + 0.0208 LL

(5.15)
These two equations are different in their trends and
numerical coefficients. The equation for Wootton Broadmead

soils is statistically insignificant which indicates that
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dry density, initial moisturé content and liquid limit
are not the correct choice for the present samples.
Nayak and Christinsen (197%) tested Komornik and David's
equation and found it unsuitable for their samples.

Table 5.16 also shows the predictions given by Livneh
et al's modification.of Komornik and David's method.

(This uses the graph in Fig. 4.3). These seem to be
unsatisfactory for both the natural and artificial soils,
No calculations could be made for most of'the bentonite
soils because the value of A\ for these soils is beyond
the range suggested by Livneh et al.

Both Komornik and David's and Livneh et al's equations
require modification to incorporate soil properties other
than liquid limit, e.g. clay fraction, silt fraction,
cementing agents like organic matter and plasticity index

(see section 5.4.4).

5.5.8 Nayak and Christinsen (1971)

Nayak and Christinsen's(1971) semi-empirical eguation
for swell pressure,
a=2 prlet2 G2
P, = 3.5817 x 10°° PI'*'° 2, + 3,7912 (5.16)
L
wasg - found to be the nearest in predicting the observed
values, see Table 5,16 and Fig. 5.65. However, their
equation for swell potential,
S, =2.29 x 1072 P14 & 46,38 (5.17)
i
overestimates the observations (see Table 5.15) and is

unsatisfactory for practical use. Their success with their

swell pressure equation may result from the fact that they



Table5.16 Prediction of Swell Pressure.

Compo- Observed Komonik Livneh  Nayak& Vijay- From o
sition Value of and et al Chris- vergiya Multiple
Pc (psi) David (1969) tinsen & Ghaz= licgression
o (1969) (1971) zaley Equation
o Eqn. Eqn. (1973)
3 (4.20) (4.23)  Ean.
(4.25)
Bent,100%  42.8 189.9 -- 27.4 311,2 42.4
g Bent,.83.3% 38,8 102.2 - 25.3 241,2 5645
a8 Bent.66.7%  33.7 52,6 - 20,3 - 121.4 5041
; Bent.50.0% 28,0 25,0 — 16.5 93.8 22,2
- Bent.33.3% 20.6 13.7 56+6 12.4 48.2 16.2
g Bentl.16.7% 11,2 ° 6.4 28,3 5.8 15.2 4.0
% I11itel00%  39.9 10.0 30,2 26,2 17.4 21,8
\ Illite 64% 23.6 6.3 15.9 14.6 10,7 14.9
o Illite 50% 18.7 5.1 6.2 10.5 807 11.9
s Illite 32% 9.2 4.8 11,9 6.7 9.2 8.1
= Illite 14% 3.5 2.9 0.0 4.3 6.5 3.0
[
8 Bent,100%  52.2 212.5 - 37.2 2194 42.4
. Bent.83.3% 51.8 271.8 - 52,0 2583 37.3
) Bent.66.,7% 50.5 153,9 -~ 5243 1052 30.8
£ Bent.33.3% 46.7 49.0 - 40.4 247 20,5
8 Bent.16.7% 43,7 18.7 -— 32.1 47 13,7
o 350 - 8 21,00 6.2 30.6 14.4 4.7 20.5
§ 5 13.10 9.1 45.0 14.6 19,60 12.4
g e 4 8.30 6.4 7.5 9.8 10,3 8.8
o 1 8,20 5e2 6.0 8.1 7.2 8.0
e t 7 6.40 3.8 13,5 6.2 5e1 562
— 8 9 2,60 7.1 30,0 5¢7 11.8 3,9
3 8 3 3.50 4.7 6.0 5.1 7.2 4.4
~ 2 2 0.00 4.7 — 4.9 6.5 2.1
§ S5 10 0,00 5¢5 10.9 4.1 9.3 0.0
et o "é 6 0.96 5.4 18.2 401 905 0.0
258

'1’ Multiple Regression Equation with higher significance for Pc was
used from Table 5,10,
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consider clay content, which is the single most important
variable that controls gwell pressure, as has been found
in the prresent study. However, Fig. 5.65 does sug;est

that there is a small systematic error in this prediction.

5.5.9 Vijayvergiya and Ghazzaley (1973)

Predictions from Vijayvergiya and Ghazzaley's ecuations,

log S, = 75 (0.4LL - W, + 5.5) (5.18)
log P, = 73— (0.41L - W, - 0,4) (5.19)

are shown in Tables 5.15 and 5.16, and are not satisfactory.
For Wootton Broadmead soils the following equation was

pbtained for swell potential, viz:-

log S, = -0.3467 + 0,0212 W, + 0,0046LL (R“=0.61)(5.20)

The above equation is statistically insignificant, No
equation was obtained for swell pressure because the

computer rejected Vijayvergiya and Glazzaley's form of
equation as insignificant before completing the calculations.

Again it appears that soil properties other than liquid

limit are necescary.

5.,5.10 Chen (1975)

The predicted values using Chen's equation,

S, = 0.2558 exp (0.0838 PI) (5.21)

are shown in Table 5.14, As the equation is an exponential
type, it predicts unacceptably high values for the bentonite
soils whose plasticity index is very high, and underestimates
for the illitic soils, However, the prediclions for the
Wootton Broadmead soils are in reasonable agreement with

the observed values see Fig. 5,66, However, for the low
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swelling soils, the error in swell potential is bt 2% ,
which could represent an error of several hundred percent
of the true value. Fig. 5.60 shows a better prediction

on the basis of linear multiple regression.

5.5.11 Summary of Earlier Predictive Theories

Of the earlier prediciive theories considered above,

Nayak and Chrictinsen's (1971) equation for swell pressure

gave a reasonably accurate prediction for .both the natural
| and artificial soils considered here. None of the theories
for swell potential was entirely satisfactory, although
Chen's (1975) and Ranganatham et al's (1965) equations
were reasonably satisfactory for the natural soils studied
here, Nayak and Christinsen's (1971) apprcach was based
on clay content, plasticity index and initial water content;
Chen's (1975) approach on plasticity index; and
Ranganatham et al's (1965) approach on shrinkage index., As
the natural soils in the present study were few in number,
closely related Yo each other,and basically illitic, it is
not known whether the above agreement obtained here is real
or fortuiltous. There is also the problem that these
earlier theories differ amongst themselves, for example,
even though Seed et al (1962) and Chen (1975) both used
plasticity index alone, Seed et al's predictions for the
soils studied here were inaccurate. Apart from any
differences which may result from differences in the method
of measuring the swell prbperties, the work presented here
suggests that there 2re three factors contributing to these

inaccuracies: (1) the different patterns of behaviour

associated with-the different clay minerals; (2) the complexity
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of the effect of texture, as shown by the importance
of silt content; (3) the possibility that all of the
correlations found so far are of local validity =only,
as shown indirectly by the improvement obtained when
gsamples 6, 7, 9, and 10 were excluded in Part-II, In
general, a fcurth factor would be expected to contribute,
viz; the effect of cemeniing agents, The immediate
conclusion, therefore, is th=t it is possible to establish
predictive equations which are accurate; 'but in the present
state of knowledge it is necessary to check that any such
equations which are used in practice are not.used outside
the sphere of their validity and are, in fact, accurate
for the soils for which they are used.

In a wider context, if predictive equations which are
accurate for a wide range of soils are to be obtained,
further research will be required. Two immediate steps

are recommended:

1. If the data can be obtained, to reconsider the data

collected by earlier workers paying particular attention

to silt content.

2. To extend the present work on natural soils to a series

of closely related montmorillonitic soils,
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Chapter 6

CONCLUSIONS AND RECOMMENDATIONS

6.1. INTRODUCTION

It is recognised that the following factors influence

the swell properties of soils:-

(a) type of clay

(b) texture:
clay content,
silt content,
sand content,

gravel content.
(¢) organic matter content

(d) initial conditions:
soil structure,

moisture content.
(e) shape of sand particlés
(£) cementing agents

(g) composition of pore fluid,

including absorbed ions.

In this study attention was concentrated on type of clay,
texture and organic matier content. The other factors were
not measured on natural soils, since they were not required
for the analyses presented in Chapter 5. It is considered
that the influence of these factors, (d) to (g), was minimal

for the reasons discussed below.
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The initial conditions were standardised. The
influence of the shape of the sand particles was definitely
eliminated in the artificial mixtures, since they all
contained the same sand. It was probably eliminated in
the natural soils, since they were all selected from a
similar source. All the samples were remoulded, thereby
minimising the ‘'effects of any cementing agents which may
have been present. All the samples were mixed using
distilled water, so that the composition of the pore fluid
was controlled mainly by the salis associated with the clay
and organic matter, which were definitely similar in the
artificial mixtures, and probably similar in the natural
ones.

The more imporiant conclusions of the thesis and
recommendations for further research have been presented in

this Chapter.

6.2 CONCLUSIONS
(A) The following conclusions were reached with regard to
the apparatus which was designed and used in the present
study to measure the sweil properiies:
(1) Swell pressure measurements are subject to a
systematic underestimate resulting from bedding
and other errors. In the apparatus used here, it
was estimated that the samples dus to these errors
expanded by approximately 1.0 to 1.5% volumetric
strain, which resulted in an underestimate of the
swell pressure of say 15% or more., Similar errors

are thought to occur in all other apparatus.

(2) Calculations showed that the use of strain gauges
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instead of proving bars for swell pressure
measurement would decrease the volumeiric
expansion of the sample. This method of

‘measurement was found to be satisfactory.

(3) Observations showed that the apparatus for
isotropic swell pressure measurement was subject
to temperature effects. Calculations indicated
that apparatus for laterally confined swell
pfessure measurement are also affected by
temperature fluctuaticns. Swell pressure tests
should therefore be conducted in & temperature
controlled environment. The temperature effect

is relatively more severe for the low swelling soils,

(B) The following conclusion was reached regarding the

development of swell pressure:

(4) In all the swell pressure tests, the observed swell
pressure drppped after reaching a maximum, In one
extra-long term test it was found that the swell
pressure rose to a maximum and then fell to a steady
value. Of three hypotheses considered, stress
relaxation was thought to be the most likely reason

for this behaviour.

(C) The following conclusions were reached with regard to the
study of artificial mixtures comprising illite-sand,

bentonite~-sand, and bentonite-illite:

(5) Por the mixtures studied the Atterverg limits show
a linear variation with clay content, below about
70% sand content. Skempton's activity, A, was also

found to vary with sand content, so that it was not



(6)

(7)

(8)
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a function of clay type alone as is often

suggested.

In the clay-sand mixtures, both optimum moulding
water content and maximum dry density, as measured
in the standard compaction test, approximated to
linear functiors of composition, when all quantiities
were expressed volumetrically. However, there

were weak interaction effects between clay and sand

in the illite-sand mixtures.

In the clay-sand mixtures, whilst the swell
potential itself was found to be non-linear with
composition, the transformation of data to a
volumetric basis (i.e. swell amount) enabled the
variation with composition to be represented by a
linear model. There were again weak interacticn

effects in the illite-sand mixtures.

In the clay-sand mixtures, the swell pressure
variation was essentially non-linear, In the
bentonite-sand mixtures, the bentonite dominated
the behaviour over the entire range of the
composition, whilst in the illite-sand mixtures the
predominant component in the mixture dominated the
behaviour. This pattern of behaviour was found %o
be similar to that shown by Kenny's (1967) results
for tan féf' It was suggested that the differences
in behaviour between the bentonite and the illite
vere due to the relative importance of physico-

chemical effects and mechanical~friction effects for

the two clays.
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In the bentonite-illite mixtures, the dependence

on composition of all the properties considered

here was exactly or almost linear, although some
slight interaction effects may have been present for

csome of the properties.,

The foliowing conclusions were reached with regard to

the study of natural soils in this investigation:

(10)

(11)

(12)

(13)

Prediction of various geotechnidal properties of
natural soils can be based on clay content alone
only in severely limited circumstances, in which
there is close similarity (geological,

mineralogical, textural, etc) between the samples.

Linear multiple regressions were sufficient to
accurately predict the soil properties, when the
correct choice of the independent parameters was
made . For the present samples, clay content, silt
content, organic matter content and plasticity index

were found to be important.

Whereas for the Atterberg limits and the compaction
properties, the effect of silt reinforced the effect

of clay, the opposite was found for the swell

properties.

Plasticity Index was better than any of liquid limit,
plastic limit,‘or activity for representing the
effect of the plasticity of the soil on both the
compactiion and swell properties as found from

multiple regressions, However, for the natural
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soils studied here, plasticity index was found

to be less important than clay content to predict

swell pressure.

(E) The following conclusions were reached with regard to

the test of earlier predictive theories on the data of

" the present samples:

(14) Of the earlier predictive theories, only Nayak and

(158)

Christinsen's (1971) equation for swell pressure
gave a reasonably accurate prediction for both the
natural and artificial soils considered here, and
Ranganatham et al's (1965) and Chen's (1975)
equations for swell potential were satisfactory for

the natural soils.

The differences beiween the earlﬁer predictive
equations were attributed mainly to the different
patterns of behaviour of the different clay
minerals, the effect of silt, and the possibility
that the equations were of local validity only.

6.3 RECOMMENDATIONS

(1)

(2)

(3)

The present work should be extended to a series of

closely related montmorillonitic soils.

Further attention should be paid to the importance
of silt content.

For predictions for natural soils, consideration
should be given to both the accuracy and
significance of the predictions, and statistical

methods should be used for this purpose.



(4)

(5)

(6)

(7)

(8)
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For predictions for natural soils, consideration
gshould be given to the sphere of validity of the
predictions, i.e. to whether they are of local

validity only.

Consideration should be given to the effect of

cementing agents in undisturbed natural soils.

Further attention should be given to the problem

of measurement of isotropic swell potential,

A further study should be made of siress relaxation

effectson the development of swell pressure.

The effect of the shape of sand particles should be

studied in artificial mixtures.
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APPENDIX - 1

DESIGN CALCULATIONS

A1.1 Introduction

In designing the equipment for the measurement of
both isotropic swell pressure and laterally confined swell
pressure, it is of fundamental importance to keep the
volumetric strain of the sample to the lowest possible value
throughout the test. To achieve this objective and to estimats
the value of the volumetric strain, it is necessary first
to identify the sources of error in the apparatus, and then
to calculate the magnitude of the components of volumetric
strain of the sample introduced by each source of error.
Realising that the volumetric strain of the sample will be
dependent on the magnitude of swell pressure exerted by the
gample, it is necessary to choose a value of anticipated swell
pressure when making the design calculations. The literature
shows that swell pressures as high as 140 psi (965 KN/hz)
[ward et al, 1959 as quoted by Yong and Warkentin, 1966 |
could be developed depending on the type of soil and its
placement structure. With this in view, a pressure of
100 psi was chosen as the design swell pressure. This
value of 100 psi was used for all subsequent calculations,
made for both swell pressure apparatus.

As the designs were made in imperial units, all the

subsequent calculations'are presenied in the same units.
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A1,2 ISOTROPIC SWELL PRESSURE

A1.2.1 Intrcduction

The apparatus designed for measuring the isotropic
gswell pressure is described earlier in sectiion 2:4.3
and is shown in Fig. 2.27.. The possible sources of error
that may effect the volumetric strain of the sample in such
an apparatus ares-

(a) Compressibility of water;

(v) Expansion of chamber;

(c) Compressibility of membrane;

(d) Expansion of O-ring;

(e) Compressibility and bedding.

error of porous stone;

(f) Compressibility of filter paper.

Each source of error is considered in turn in the following
sections, and the magnitude of the components of volumetric

gtrain due to each source of error is calculated,

A.,1.2,2 Compressibility of water

Normal practice is to consider water as an
incompressible material as its value of compressibility is

as low as 3 x 10"6

%ET (Handbook of Chemistry and Physics,
1974-75). However, it is necessary fo consider even this
'negligible' compressibility of water, as we require the
volumeiric strain of the sample due to a combination of

varioiis sources, which also tend to be in the same range.
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Bulk modulus of water,k

= Inverse of compressibility of water

1

-6 1
3% 10 ()

= 0.33 x 106(psi).

Swell Pressure, P = 100(psi).
Volume of water in the chamber, V

= Internal volume of chamber - volume of sample

i

58,93 - 31.43 (in)

27.50 (in3).

Change in volume of water,A

§ v

_ 100 (psi)

1 x 27,50 (in3)
0033 x 10 (pSi)

8333.33 x 1070 (1a3),
Volumetric strain of the sample

- change in volume of water
volume of the sample

_ 8333.33 x 107%(4n3)
31.43 (in3)

265 X 10-60

A1,2.3 Expansion of Chamber

Precautions were taken in the design of this precsure

chamber in order to make the chamber as rigid as possible by
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(1) constructing the chamber with steel, and (ii) making
the chamber wall thickness as great as 0,5 in all

around as wellZ?t the top. However, for an internal swell
pressure of 100 psi there will still be a slight expansion.
In the present context, where an attempt is made to keep
the sample as closely ag possiblc to a 'true no volume
change condition', it becomes essential to consider the
chamber expansion.

The pressure chamber is treated as a thick walled
cylinder with internal radius, a, equal to 2.4 in and
external radius, b, equal to 2.9 in. Considering the
equation for symmetrical stress distpibution to obtain

displacements (Timoshenlo and Goodier, 1951):
2 2
P a b
0 = S (M+4) = + (1 - ).;]
E (b -82) [; /‘ a 2

where,

u = the radial displacement on the inner face of

the pressure chamber,

d
L]

internal swell pressure = 100 psi,

td
"

Young's modulus for steel 30 x 106psi,

Poisson's ratio for steel

=
"

0.3.

-The above equation can be rearranged as:

P 2
tTE lr?(g?-a?) ,{(1 B0+ (=g az\l

whers t is the thickness of the chamber wall equal to 0.5 in.

Substituting for the values of a, b, % and fL in the

parenthesis of the above equation, we can rewrite the
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equation as:

2
g = Le1T P at

E%

Change in cross-sectional area of the chamber on the inner

face due to internal pressure
= T<(a + u)? - T\ &°

£ 2Tau ,

since a is the inner radius of the pressure chamber,

Substituting for u in the above equatioen,

' Change in cross-sectional area

2
= 2,34 Tr a 28

Et

« «Change in volume
2
= 2,34 7xa 22, L,
E%
The above volume change is the component due to the hoop

stremsdes developed on the inner face of the chamber,

Considering the change in volume due to the axial

stress separately,

axial force = 7T82 P,
2

axial stress A 2P »
7V(b“-a)
7Ya2 P

axial strain = s
7N (b“-a“). E
E(b°-a®)

.. Change in length = a2 P . L.

E(v°-a®)

Change in volume = PL a° A al,

E(b2—a2)
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Total change in volume

3 Pa4L
= 2.34 7T + TN =
Et E(b“- ).

.. Volumeiric strain of the chamber

L 2. 347(Pa3L i
Et E(bz )

T a°L
2
Et E(b a)

- 2.34 100(psi) x 2.4 (in) , 100(psi) x 2,4%(in°)
30x10°(ps1)x0.5(in)  30x100(pat)x(2.92-2.42) (in2)

= 44.69 x 100,

Volumetric strain of the sample due to Expansion of Chamber

- volumetric strain of chamber x volume of chamber
volume of sample

_ 44.69 x 10™% x 54,31 (ind)
31.43 (ind)

17.22 x 100,
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A1.2.4 Comrrecssibility of Membrane

The rubber membrane enclosing the sample is itself
liable to compress, and hence may permit some volumeiric
expansion of the sample. According to Bishop and Henkel
(1962), the compressiblity of the membrane will be too
small to be important, but it was decided to confirm this
for the worst possible circumstances.

Yarwood and Castle (1959) quote values of Young's
modulus, E, varying between 1420 psi and {,OO0,000 psi,
and Wm values of Poisonn's ratio, M , varying between
0.46 and 0,49, The Polymer Handbook (1965) give values
of Young's modulus, E, varying between 188 psi (pure-gum
vulcanizate) and 435000 psi (hard rubber, Ebonite).

Bishop and Henkel (1962) quote an extension modulus of

2.0 1b/inch for a rubber membrane of 0.01 inch thickness,
which would correspond %o & Young's modulus of 200 psi.

Due to this extremely large variation in the quoted value of
Young's modulus, it was decided to conduct laboratory tests
on sirips cut from one of the batch of rubber membranes
actually used in this work, following the test procedure
described by Bishop and Henkel (1962, pp 168)., The tests
yielded a value for E equal to 120 psi. The lowest of
these values (i.e. E = 120 psi) was used because it applied
to the rubber actually used and because it gave the safest
estimate. For Poisson's ratio, the lowest value of 0.46

quoted by Yarwood and Castle (1959) was used.

Let l&v

A,=gV

= v

change in volume of membrane,
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where, P is the internal swell pressure (psi),

K is the bulk modulus of rubber (psi),

V is the total volume of membrane (in3).

Bulk modulus, K
E

(1-2 4)3

_ _120 (psi)
(1=2 x 0.46)3

-

500 (psi).

Change in volume of membrane, A

-
= 100 (psi) 4 .439 (in3)
500 (psi)

= 0.0878 (in3).

~Volumetric strain of the sample

- change in volume of membrane
volume of sample

_ 0.0878 (in3)
31.43 (in3)

2800 x 10-6.

"
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A1.,2.,5 Expansion of 'O'-ring

An O-ring is placed in the apparatus between the
top chamber and the base plate in order to provide a
good seal, However, this O-ring may be subjected to
tensile stresses due to the water pressure developed
within the water chaﬁber, thus resulting in tensile

expansion of the O-ring.

Design swell pressure, P 100 psi.

Diameter of O-ring, 4 4,5 inches.

Thickness of O-ring, 2¥ = 0.24 inch.
Radial force due to
internal swell pressure = Pd, 2Y

100 (psi) x 4.5(inch) x 0.24(inch)

Let, t be the tensile stress in the O-ring

Then,
% = Radial force
2
2 \r

- 108 (1vs)
2 7%(0,12)° (in®)

= 1194 psi,

As seen in the earlier section the value of Young's
modulus, E, for soft rubber varies from 120 psi to
1000000 psi. As the O-ring is made with a rubber harder
than the type used for membranes, it is thought justified to

take the uprer value of E for further calculations.

*, E=1.0 x 10® psi
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Tensile extension

%
E

_ 1194 (psi)
1,0 x 1067(psi)

6

1194 x 10

_Ag
==

A -6

1194 x 107" x 4,5 (inch)

5373 x 100 (inch).

Change in volume of O-ring

2
AT x 2y

=§2dAdx2V‘

7} 2 (4.5 inch) x 5373 x 10~0(4n) x 0.24 (in)

. 9120.00 x 10~%(in3).

[]
v

.. Volumetric strain of the sample

Change in volume of O-ring (in3)
volume of the soil sample (in3)

_ 9120 x 107%(3n3)
31.42 (in3)

290 x 107°,

If the O-ring obtains lateral support from the outside

of the groove some or all of this volumetric strain will be

unable to develop.
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A1,2.6 Compressibility and Bedding Error

Of Porous Stones

In order to estimate the compressibility and bedding
error of the porous stone on the volumetric changes of
the sample, four tests were conducted. The details of
these tests are given below,
The first two tesis were carried out by using a
conventional consolidometer, In the first test the
porous stone was placed between a brass duﬁmy sample and
the loading cap in a consolidometer cell and a maximum
load of 16 1lbs was placed in increments on the hanger.
Due to a lever arm ratio of 1:11, this represents a load
of 176 1b on the stone. The reading of the deflection
under each load was taken after 24 hours, This test
yielded an average value of deflection per unit pressure
of 5.0 x 10~ inch/psi, see Fig. A1=1.
The same set-up described above was used for the
second test with the only difference that the load on the
hanger was increased in increments to 120 1lbs, representing
a maximum load of 1320 1bs on the porous stone. This load
was chosen as it 1s comparatively much higher than that used
in the first test. The graph of deflection against pressure
on the stone is shown in Fig. A1-2, which yielded a deflection
per unit "pressure of 6.0 x 10"5 inch/psi at 100 psi pressure.
In the third test, the porous stone was placed in a
consolidometer cell sandwiched between a dummy sample and
loading cap as in the first iwo tests, but was directly
loaded with the help of a loading yoke (Fig. A1-3), without

the use of the consolidometer lever., A load of 15 1lb was
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applied in three increments of 5 lbs and the deflection
was measured 24 hrs after placing each load. The
results of this test are shown in Fig. A1-4, which yielded
an average value of deflection per unit pressure of 22.6 x
10™2 inch/psi.

The fourth test was performed on a surface plate
(a perfectly plane and smooth cast iron sheet), see Fig.
A1-5, A load of 15 1lbs was placed in three egual
increments on the porocus stone and the deflection under
each load was recorded after 24 hrs. This test yielded
a deflection per unit pressure of 28.0 x 1072 inch/psi,
see Fig., A1-6,

The results of the four tests are summarised in
Table A1-1, the last column shows the pressure at which
the dePlection is fitted to the observations. Tests
3 and 4, which were at low pressures yielded much higher
values than tests 1 and 2 at higher pressures. This is
not surprising due to the curvature of the graphs for
tests 1 and 2 (Figs. A1-1 and A1-2) and the non-zero
intercept of graph for test 3, see Fig. A1-4, Despite the
fact that the design pressure was 100 pgi, it was expected
that most samples will be tested would develop lower
pressures, and the average value of 15.40 x 1072 inch/psi
was adopted when calculating the volumetric strain of the

sample due to the presence of porous siones.

Thus,
Deflection per 100 psi of pressure
=5 (in
= 15.40 x 10 (-p—-sT) X 100(pSi)

1540 x 1072 (inches).
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Table A.1l-1 Compressibility and Bedding

Error of Porous Stones

S1 Deflection Pressure
No. ype of Test (inch/psi) (psi)
1. Consolidometer, Low 5.0 X 102 16
order Loading.
2, Consolidometer, High 6,0 X 1072 100
order loading.
3. Cell with Loading Yoke 22,6 X 102 1.4
4. Surface Plate 28,0 X 10°2 1.4

Average

15.4 X 10°°
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Volumetric Strain of the Sample

2 axial strain

deflection

height of sample

1540 x 10~2(in)
2.5 (in)

6

6160 x 10™

Since this value of volumetric strain appcared to be
very high, it wasg decided to use it to calculate the
Young's modulus, E, of the stone. A value of 6,0 x 103
psi was obtained. But the value of E for a ceramic stone
would be expected to be very nearly equal to that of concrete
and should therefore be of the order of 3000 x 103 psi.
This suggests that the resulis are due mainly to the bedding
errors of the stone, and not due to the compression of the
stone itself, The non-linear curves and non-zero intercepts
mentioned above in connection with Figs. A1-1, A1.2 and
. A1.4 and the dependence of deflection on pressure shown in
Table A,1-1 will all be explained by this conclusion. With
a view to halve the bedding error, the porous stone was
cemented to the ped:stal of the chamber using araldite.
Presumably, the remaining part of the bedding error could
be eliminated by compacting the soil directly on to the
porous stone, but this idea was thought to be impracticable,
because of the risk of shattering the stone,

In accordance with the above, taking half the previous
value, the volumetric strain of the sample for an internal

pressure of 100 psi will now be equal to 3080 x 1078
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A1,2,7 Compressibility of Filter Papers

According to Fredlund (1969,Fig 12) the initial
compression of a pair of filter papers at 100 psi is
approximately 0.01 in. It is reasonable to expect that
one or more cycles of preloading and unloading of the
agsembly before the Eeginning of the swell pressure test
would improve the initial bedding of the set up so that the
effects of the porous sione and filter paper were mutually
compensatiné. However, in the isotropic swellipressure
tests of the present study, no such preloading was given.
Therefore, it was decided to estimate the volumetric strain
of the sample due to the compressibility of filter paper.

In the present apparatus one filter paper was used, and
therefore an allowance of 0,005 inch was adopted. The

height of the sample was 2.5 inch.

. Volumetric Strain of Sample

compression of filter paper
height of sample

_ 0,005 (in)
2.5 (in)

2000 x 10-6.

A1,2.,8 Preliminary Test of Apparatus

According to the design calculations, the total
percentage volumetric sirain in the isotropic swell pressure
apparatus amounted to 0.85%, see Table A1-2, This has

been discussed in section A1.2.10, In order to make an



Table A,1-2 Volumetric Strain of Sample in

Isotropic Swell Pressure Apparatus

Sl Volumetric Strain

No. Source of Error of Sample
1. Compressibility of Water 265 X 1076
2. Expansion of Chamber 77 X 1076
3. Compressibility of Membrane ‘ 2800 X 10-6
4. Expansion of O-ring 290 X 10-6
5e Bedding Error of Stone 3080 X 10-6
6. Compressibility of filter paper 2000 X 107°

6

Total = 8512 X 10~
= 0,85%
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experimental ~entification of this, the apparatus was
assembled using a dummy mild steel sample with a single
membrane around it. The air vent valve on the top of

the pressure chamber was connected to a pressure buretite
(Bishop and Hemnkel, 1962). After the pressure chamber had
been filled with water and deaired, the water inlet valve

at the bottom was closed and various pressures up to 4

bars (58 psi) were applied to the burette. The corresponding
volumetric expansion of the apparatus was measured. After
extrapolation to 100 psi the corresponding volumetric

gtrain of the sample was found to be 0.125%, see Fig. A1-T.
It was reassuring that this measured expansion was less than

that predicted in the design calculations.

A1,2.9 Expansion of a Typical Sample

After the .completion of an isotropic swell pressure
test on a pure illite sample, the dimensions of the sample
were measured in order {to calculate the sample expansion in
the apparatus. The value obtained was 1.5%¢. The
measurements were made with Calipers and were therefore
crude and approximate. Furthermore, there is a possibility
for the sample to swell by absorbing water from the wet
porous stone after the release of the swell pressure and
during the process of dismantling the apparatus to remove
the sample. In view of this, it was thought that the

performance of the apparatus was similar to that which

had been predicted.
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A1.2.10 Discussion

Three values of volumetric strain of the sample at
100 psi swell pressure have been obtained, viz; 0.85%
by design calculations, 0.125% by a preliminary test using
a dummy sample, and 1,5% by an approximate measurement
on a typical illite éample. The consequent error in
swell pressure measurement due to the presence of volumeiric
strain of the sample would be very difficult to estimate
accurately.' However, it can be noticed,.from the data
of McCormack and Wilding (1975, Fig 3) on two low swelling
gsoils, that up to 10% swell of the sample the percentage
loss in swell pressure would be around 10 times the actual
value of swell. Accepting the highest figure of
volumetric strain of the sample, ie 1.5%, and assuming
that the effect of volumetric strain on swell pressure
would be 10 times greater suggests that there might be a
15% under-estimate in the measured swell pressures, This
would apply over the entire range of swell pressures,
except that the non-linearity of some of the intermediate
results (eg, see Fig. A1-2) suggests that the percentage
error might be somewhat greater than 15% for low values

of swell pressure.



175
A1.3 LATERALLY CONFINED SWELL PRESSURE

A1,3.1 Introduction

The apparatus designed for measuring the laterally
confined swell pressure was described in Section 2.4.4
and is shown in Fig.2.28 ., This apparatus is a
modification of the one used by Seed et al (1962§£ The
modifications were made in order to eliminate as far as
possible the sources of systematic error and to reduce
the emount of volumetric expansion of the sample.

Seed et al (loc. cit.) measured swell pressure by using
a proving bar, They recorded that the deflection of the
bar was equivalent to 0.04 inch per 100 psi, when a
proving bar of } in thickness was used. The following

gources of error should be considered:

(a) deflection of stem ;
(v) bedding error, porous stone;

(c) bedding error, jack;

(d) volumetric change in sample before actuation of

dial gauge;
(e) reading error of dial gauge;

(f) compressibility of filter papers.

The modifications made when designing the present

apparatus are given below:-

(1) Strain gauges on the tie rods were used to measure the

swell pressure thereby eliminating the use of a proving
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bar and dial gauge.

(2) The screw and the sample base were designed as a
single unit, and the porous stone in the swell pot
was cemented to the sample base. This eliminated
the bedding errors that could be caused by the jack
and the porous stone, apart from the bedding of ihe

sample on the stone.

(3) The vertical stem, connecting the perforated plate
and top clamping bar, was made large in diameter
(0.5 in) and small in length (1.0 in ) and was brazed
to the perforated plate at the bottom and screwed at
the top to the clamping bar. This was done in order

to make the stem as rigid as possible,

(4) In order to eliminate backlash in the screw, the threads
were machined'carefully to be a tight fit. It is
recommended that any future apparatus should incorporate

a backlash eliminator, e.g. some form of split nut

arrangement.

(5) Preloading of the assembly was used %o eliminate the
compressibility of the filter papers.

The following two sectiocns show the design calculations,

A1.,3.2 Use of Strain Gauges

In order to design a load measuring system, the cyoss
bar was made 11 inch long x 2 inch wide x 2 inch thick,

and was assumed not to deflect under load. The length
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of the tie bars was controlled by the height of the
apparatus and was 8 inches. The area of the tie bars
was a compromise between restricting the expansion of the
tie bars and the sample and e:ztending the strain gauges
sufficiently to produce readings large enough to be read.
The tie bars were % inch in diameter and the design

calculations are as follows:

Design swell pressure, P = 100 psi.

Area of sample inside the swell pot
= ﬂirz

7X(2)2 (inY

12.56 s8q.in, -

i

Total force on tie rods due to development of maximum

swell pressure

=P, A

100 (psi) x 12.56 (sq. in)
1256 1lbs,

Total force on each tie rod,

w = 628 lbs.

Cross-sectional area of tie bar, At

75(0.25)2  (im)
0.2 sq. in,

Length of tie bvar,L
= 8 in,
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Young's modulus of steel, E

= 30 x 106 psi.

Extension of tie bar, S

WL

AtE

628 (1b) x 8 (in)
0.2 (sq. in) x 30 x 10° (psi)

837 x 10'5 (in).

Strain in the bar

_§

- T

_ 837 x 1078 (im
$ 105 x 107°,

The strain gauges used on the tie bers were % inch
long with a gauge factor of 2.10 ¥ 0.5% at 75°F (24%),
and were provided with self compensation for temperature.
The strain was measured in mieroinch/inch using a strain-
indicator, Model No P-~350 of Budd Instruments Division.
At the design pressure of 100 psi, the strain of 105 x
‘IO"6 on each tie bar corresponded to about 200 divisions
when the strain-indicator was used at full sensitivity.
Thus, it was expected that the calibration would be
approximately 2 divisions per 1 psi. At first sight this
will be satisfactory, however it was thought that by
running the system at full sensitivity random errors would

be incurred. The alternative would have been to use more

flexible tie bars, however it was decided to accept any
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random errors which did occur, since these would be
expected to average out in a series of tests, and 1t

was necessary to keep the systematic error,which would

not average out,as low as possible.

A1.3,3. Use of Proving Bar

Provision was made in the laterally confined swell
pressure apparatus to measure swell pressure using a
proving bar; as an alternative to the strain gauge system.
The two tie rods of # in dia. were replaced (see Fig.2.29 )
by two tie rods of 1% in diameter. This was to ensure
that there is negligible extension of the tie bars.,

Instead, there is a deflection of the proving bar, which
can be calibrated to measure the swell pressure. The
design calculations were made choosing a proving bar of

11 inch x 1 inch x 1 inch.

Moment of Inertia, I

ba3
EVE

_ 1 (in) x 13 (ind)
12

'115 (1nh).

Total force coming to the proving bar, W
= 1256 (lbs).

Length of proving bar, L
= 11 (in),

Young's modulus of steel, E

= 30 x 106 psi.



178

The proving bar was treated as fixed at both ends, thus

Deflection of proving bar, &

wL3
48 EI

1256 (1bs) x 113 (in3)
48 x 30 x 106 (pei) x % (in4)

It

0.014 inches.,

This deflectiion is for a design pressure of 100 psi, and

the deflection per 1 psi will be approximately 0,0001

inch. In order to measure this deflection, a dial gauge

sensitive to 0.0001 inch has to be used, the deflection

of each division representing an expansion pressure of the

order of 1 psi. This choice of values again leads to some

random errors in the measurement of swell pressure, but

the choice was madé in order to keep the systematic error

resulting from expansion of the sample as low as possible.
It can be seen from the above calculations that the

deflection of the proving baf (0.014 inch) is much larger

than the extension of tie bars (0.00084 inch) in the

strain gauge system. Farthermore, the deflection in the

former case will be larger still if perfect end fixing of

the proving bar is not achieved. Therefore, once it was

seen that the strain gauge system was working satisfaciorily,

it was decided to use thg strain gauge system for the entire

geries of tests in the present study.
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A1,3.4 Compressibility and Bedding Error of

Porous Stones

Two porous stones were used in the laterally
confined swell pressure apparatus. It was estimated in
section A1.2.6 that at 100 psi swell pressure, each porous
stone would deflect by 15.40 x 10™3 inches. However,
in order to minimise this deflection by reducing the
bedding error, the porous stone underneath the soil samyle
wag cemented to the base and the sample was loaded and
unloaded four or 'five times before the test began.
Assuming that the net effect of these precautions would
be to reduce the bedding error by 50%, the net bedding

error in the apparatus becomes 15.40 x 10~3 inches.

A1.3.5 Summary

From the figures given above, the total percentage
strain of the sample in the laterally confined swell
pressure apparatus was estimated to be 1.6%, see Table
A1=3, This figure was acceptied without experimental
verification because methods of measuring the dimensions
of the sample before and after the tests seemed to be too
crude for a worthwhile comparison. Most of the expansion
resulted from the bedding errors of the porous stones and
would not necessarily be eliminated by using a
servomechanism 1o obtain a null reading force measuring
system (Agarwal and Sharma, 1973). ZEither a predetermined
positive compensation or a signal from the face of the

sample itself would be required.

The comments in section A1.2.10 relating to the error



Table A.l-3 Volumetric Strain of Sample in Laterally

Confined Swell Pressure Apparatus,

(Sample thickness e 1,0inch)

S1 Deflection Percentapge Strain of

No, Source of Error (inches) Sample at 100 psi
Swell Pressure

1.  Extension of tie bars 0.837 X10™° - 0.0837

2. Bedding Error of Stones  15.40 X 107> 1.5400

Total = 1.6%
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in swell pressure would apply here also except that in
n2s case the error will be somewhat greater, say

2C to 250‘ .

A,7,4 CONCLUSICNS

From the calculétions made in this appendix on
teth swell pressure apparatus it seems that after all
rezsonable precautions have been taken there would be a
ve_umetric éXpansion of 1.0% to0 1.5% in ‘éonstant volume'
ewell pressure tests, leading to underestimates in the
swell pressure of the order of 15% 1o 25% say. If an
accurate value of the absolute value of swell pressure
wz e required, then consideration should be given to
rethods such as the use of a novel servomechanism or
compaciing the sample directly into a rigid pressure
chzmber, in which the swell pressure was measured by
gtiff load cells, However, the development of either
gyetem would be a major task in its own right. Since
absolute values of swell pressure were not required

in this study, it was decided that the simpler apparatus

described above could be used here.
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APPENDIX.Z 2

SPECIFIC GRAVITY

A2.1 Introduction

Accurate values of the specific gravity of the
various soils gtudied in this investigation were needed
in the calculations. The specific gravity wag determined
in accordance with Test No 6 (B) BS 1377:1975. The results
for the artificial mixtures and for the natural soils are

in the next two sections.

A2,2 Artificial Mixtures

For the mixtures, the specific gravity was measured
in duplicate, and the results were smoothed by regression

analysis, based on the theoreiical equation:

1 (A2-1)
G

where, X is the fraction of one phase in the 2-phase
mixture; Ga and Gb are the specific gravities of the

two phases, The Eq . A2-1 can be rearranged in the form:

1 A ]
G = a +b & ‘ (42-2)

where a and b are constants., The results for the mixtures
of illite - sand, and bentonite - sand, and bentonite -
illite are in Figures A2-1 to A2-3, As the data for each

set of mixtures was used independently for the regression
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Illite 66.7% 2,653  2.655 2,637
Illite 50% 2,590  2.594 2,596
Illite 33.3% 2,567 2,569 2,557
Illite 16.7% 2,512 2,516 2,519
Bentonite 100% 2.474  2.477 2,481

Fig. A%=3 Specific Gravity of Bentonite~Illite
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analysis, two final values were obtained for each of
illite, bentonite, and sari. The worst difference

was 0,011, and it was decii=2d to use these different
predicted values in the calculations for the corresponding

sets of mixtures.

A2,3 Natural Soils

The specific gravity values of the 10 natural
samples are reported in Chapter 3, see Taﬁle 3.6,
The specific gravity of these natural soils was found to
correlate primarily with tke organic matter present at 1%

level of significance. The correlation is as follows:

Gy = 2,7815 - 0.04489 (ORG) (A2-3)

(R = 0.7745)

where,

ORG= orgonic matter exrressed as a percentage.

However, it is logical to expect that the specific

gravity will be partly dependent on the texture of the
soil. With this in view, multiple regression was
performed by including silt and clay in addition to the
organic matter, Although the multiple regression
coefficient showed a slight improvement, the correlation
was found to be significant only at the 5% level of
significance, presumably because there are now less degrees

of freedom. The prediction equation with these three

variables 1s as follows:
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G, = 2.9240 - 0.0330 (ORG) - 0,00373 (silt) =~
0,00181 (clay) (A2-4)

(R = 0.8346)

where, organic matter, silt, and clay are expressed as

percentages by weight.

The measured values of specific gravity were used

in the calculations.
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APPENDIX - 3

CATION EXCHANGE CAPACITY

A3.1 Introduction

The process of replacing cations of one kind by
those of another in an adsorption complex is known as
‘base exchange'. The quantity of such exchangeable
cations in a soil is termed 'Gation Exchaﬁge Capacity'
and is usually expressed in milli-equivalents (meq)
per 100 gms dry soil, The cation exchange capacity
of the three important clay minerals kaolinite, illite,
and montmorillonite are 10 to 15 meq/100 gms, 30 to 40
meq/100 gms, and 90 to 110 meq/100 gms respectively
(Kelley, 1948).

In this investigation, the cation exchange capacity
of two natural soils was determined in accordance with
the procedure suggested by Bear (1955). These two soils
were selected on the basgsis of the highest and lowest clay
contents (350 - 8 and 350 - 6)., The object of the
determination was to provide an indication of the range
of cation exchange capacity of the natural soils used here,
and to compare this with the x-ray results (see Chapter-3,

Table 3.6), for clay mineral identification, of these soils,

A3,2 Experimental Procedure

A 10 gm sample of air-dry 2 mm sieved soil was placed

on a 12.5 cm Whatman No 2 filter paper, and was leached

with successive portions of Neutral Barium Sulphate ( Ba SO;)
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solution to 500 ml. Then 10 ml of a 10% Barium
Chloride (Ba 012) golution was poured over the sample
in the filter paper, The excess Barium was washed
out with distilled water, until the washed solution
indicates the absence of chlorides. Next, the
Barium adsorbed by the soil was displaced using 0.05 N
Hcl to a volume of 500 ml, and was collected in a clean
Jar. The jar was heated on a Bunsen burner flame, and
the Barium was precipitated by adding 2% H, S0, to the
hot solution. The precipitate was collected on a
gravimetiric filter paper. The filter paper was ashed
inside a silicon crucible of known weight. The
difference in weights of crucible in the empty state
and after ashing the filter paper is equal to the weight
of the precipitate. The weights were taken using a balance
accurate to 0,0001 g.

The weight of the precipitate is the weight[g:arium
Sulphate, from which the total cation exchange capacity

was calculated as follows:

Weight of Ba SO4 = X mg
Weight of Barium =X X 56 mg
152

Cation Exchange Capacity

=X x 56 x 10 meg
152 x 56 100 gm

A3,.3 Results

The cation exchange capacity of soils 350 -8 and
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350 - 6 were observed to be 30.15 meq/100 gm and

2.33 meq/100 gm respectively. Dividing these values
by the aprropriate percentages of clay in the soils, the
cation exchange capacity of soils 350 - 8 and 350 - 6
per clay become 34.6 meq/100 gm and 25.9 meq/100 gm
respectively. These figures are slight overestimates
because the effect of organic matter has been ignored.
This low range of cation exchange capacity suggests
that the soils are essentially either Kaolinitic or
illitic without any montmorillonite group minerals.
This was in line with the x-ray results of these soils

shown in Chapter - 3 (see Table 3.6).
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APPENDIX - 4

ISOTROPIC SWELL POTENTIAL

A4.,1 Definition and Principle

The isotropic swell potential is defined in the
present study as the percentage swell under an allround
back pressure of 1 psi (6.895 kN/mz) of an unconfined
sample compactied at optimum conditions in a standard
A.A.S.H.O. compaction test. An attempt to measure this
property was based on the principle that a sample encloced
in a rubber membrane and surrounded by water in a closed
cell, when given access to free water, swells freely in all
directions and displaces water from the cell equivalent to

the increase in volume of the sample.

A4,.2 Apparatus

A Triaxial cell of the type used for testing 4 in
(102 mm) diameter samples was selected in the present study
to measure the isotropic swell potential. This cell has
four valves on its base, two valves leading to the
pedestal on which the sample is seated, and the other two
leading to the surrounding part of the cell, One of the
valves leading to the pedestal was used to supvly free
water to the sample, and the other %o permit air to escape
from the apparatus. One of the other pair of valves was
used to fill the cell with water, and the second was
connected to a horizontal glass tube, 0.25 in.(6.4 mm) in

diameter and 60 in. (1524 mm) long. The height of the
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suppiy point of free water above the base of the
triaxial cell and the height of the glass tube were
arranged so that the sample in the cell is under

a back pressure of 1 psi throughout the period of
testing. The displaced water due to swe;ling of the
sample is collected in a measuring jar from the end

point of the glass tube.

A4,.3 Test Procedure

The extruded compacted sample was placed on a dry
porous stond, which in turn was placed on the pedestal
of the triaxial cell. A rubber membrane similar to the
one used in the isotropic swell pressure test (see
gection 2.5.1 ) was used to enclose the sample., Rubber
O-rings were used to seal the sample from contact with
the cell water, The top piece of the iriaxial cell was
rigidly attached to its base and the system was checked for
any possible leaks, Next, the cell was filled with water
keeping both the air outlet from the pedestal and air vent
on the top of the cell open, and the valve leading to the
glass tube closed, After the cell was completely filled
with water, the air vent on the top of the cell was closed,
Then, free water was flushed through the base of the pedestal
by opening the valve supplying free water to the sample
in order to drive out the entrapped air between the pedestal
and the porous stone. Then, both the valve supplying free
water and the valve for air release were closed, and the
valve leading to the glass tube was opened, Water was run

into the cell until the horizontal glass tube was completely
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£illed with water without any air bubbles in the tube,
The systiem was left in this state for about 60 minutes
to attain equilibrium. Next, free water was supplied
to the sample {0 initiate the swelling process, The
water displaced due to the increase in the volume of the
soll was collected from the end of the glass tube in a
graduated jar, the readings of the graduated jar being
taken at regular intervals of time, An aluminium foil
cover was placed on the graduated jar to feduce
evaporation., The swelling was taken as completed when there
was no difference between two successive readings of the
gradhated jar taken at an interval of 24 hours,

The ratio of the volume of water collected in the
measuring jar to the initial volume of the sample, expressed
as a percentage, is designated as the isoiropic swell

potential (Si).

A4.4 Results and Comments

Fig. A4-1 shows the graphs of the isoiropic swell
potential against time for the illite sand series,
Whilst the shape of the curves is similar to that of the
variation of laterally confined swell potential (see
section 3.4.5.1), it was observed that after reaching
'‘maximum*, the water level at the end point of the glass
tube receded. For this reason it was decided that these
results should be treated with caution.

The results in volumetric terms are summarised in
Table A4-1. Fig. A4-2 shows both water uptake, DW, and
isotropic swell amount, Sis' against sand content.
Quadratic curves are fitted to both these sets of data

up to 68% sand, although the fits are not as good as for
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Table A4-1, Illite - Sand: IsptrOpic Swell Potential Tests

All quantities are referred to the volume of Solids,

clay | ) |® | o5 | Si Vi [%e | eg
%

% % % % % % %
100.0 [74 | 6 | 80| 33 [ 110| 3| 113.
82.0 |66 | 8 | 74 | 27 98| 3| 101
64.0 |57 | 8 | 65| 23 8a| 4| 8
50.0 {49 | 9 |58 | 20 |l 7| 78
32,0 [37 |11 ] 48| 4 44| 8| 52
14.0 |31 |27 | 58| 1.5 38|25 9.5
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Fig. A4-2 Water Uptake and Isotropic Swell Amount

versus Sand Content, Illite~Sand Mistures.
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the laterally confined case, see Fig.5.21. » The

values of isotropic swell amount, Sis' when plotted
against the water uptake, DW, fall close to the 1:1

line, Fig. A4-3. This behaviour is similar to that of

the laterally confined samples, Fig.5.22 . However,

the behaviour of both quantities did seem to differ from
that of the laterally confined case as is evident when
Fig. A4-2 is compared in detail with Fig.5.21 . In the
laterally confined case, water uptake was’fitted by a
quadratic curve, whose tangent at 100% clay content passed
through the no-clay content origin. This tangent is
replotted in Fig. A4-2, The observed values of water
uptake for the isotropic case are approximately tangential
to this straight line at about 40% sand, but this may well
be fortuitous. In particular both water uptake and swell
amount for the isoiropic case were less than the
corresponding values for the laterally confined case at
high clay contents. This is illustrated in Fig. A4-4, in
which the ratio gl is plotted against the sand content.

The values of Si gnd Sc are very small at high sand content,
and therefore the value of the ratio Sl may be somewhat in
error towards the right of the graph i: Fig., A4-4, It is
not clear why the isotropic swell potential, Si is less than
the laterally confined swell potential, Sc’ at high clay
contents. In Chapter-5 it was reported that the isotiropic
swell pressure is less than the laterally confined swell
pressure for high clay contents, and it was suggested that
this was because the unconfined sample is able to adjust

its shape to relieve the stresses acting on it. This
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explanation would not hold for swell potential. I{ was
therefore feared that some experimental error associated
with the recession of the water level in the glass tube
has crept in. This may be due to (1) the sample
shrinking, or (2) loss of water from the apparatus or (3)
bedding corrections under the 1 psi back pressure as the
sample wets and becomes softer.

It is recommended that further research is necessary

to estimate the isotropic swell potential more satisfactorily.
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APPENDIX - 5

NON-DIMENSIONAL COMPACTION CURVES

It is customary to present the results of compaction
tests by plotting dry density X g against gravimetric
water content m. As an aid to interpretation, a few
contours of air voids content are often plotted; the
location of these contours depends on the density of the
solids Yg « If results for several soils are to be
plotted on the same dimgram for comparative purposes,
geveral sets of contours of air voids content are required,
and confusion results. For such purposes it would be
preferable to plot relative dry density }J against

volumetric water content x, where:-
y = Yd/Ys'

On such a diagram, there are unique sets of contours,

which are independent of Yge for all of the following

five quantitiesy

\' \'/
Voids ratio = o =8N =% -1 (AS5-1)
g
v_.V
Porosity = n = -9$:ﬁ =1 -y (A5=2)
\'A
Air voids content = a = V% =1 -y - Xy (A5-3)
Degree of saturation =S = v—!ﬁv- = g2l (A5-4)
r at Yw -y .
Degree of aeration =8 = 'a ==Y = XX (a5-5)
a Va+ Vw 1 -y
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Relative dry density (A5-6)

m<1 ﬁ< *1 m<

Volumetric water content

(]
o
]

(A5=7)

The last two equations have been added for convenience;
Vé, Vw, Vs, Vt are the volumes of air, water, and solids,
and total volume, respectively. The various sets of

contours may be plotted by calculating y from:-

Voids ratio : y = ~T—}1;- (A5-8)
Porosity y = 1-n (A5-9)
1 - a
Air voids content y = ¥ X (A5-10)
Sy
Degree of saturation Yy = 3753 (A5=11)
r .

Since porosity and voids ratio are linear and non-

linear functions of y, and sinces-

S, = 1-8, (A5-12)

there are only two sets of contours of importance, those
for a and Sr'
Vglues of y for plotting contours of a and Sr are in

Tables A5-1 and A5-2 respectively; values of y for various

e are in Table A5-3,
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Cecvla
Qec>o?7
Decbnl
0ecoes
Ue2500

0455

Ge4500
O0.tul2
Cetas27
Uelcad
Oetr157
Uetu91]
04018
003947
Oe3&79
De3nly
03750
Ve3b™Yy
0.3629
Ue3571
03516
Ge3462
0.3409
0.3352
Ue3309
be3251
be3cl4
Ue3159
0.3125
Ve2ur2
0e3u4l
Ue3000
Vecvnl
Der922
e85
UeZ2b48
Le2B13
De2778
be2744
Ve2711
0.2679
Ue2b4T
U;?blﬁ
0e2bub
Ue29557
Ue2528
De2500
Ve2473
002446
Ve2419
Ve23%4
Velsomn
Ue2344
Ue2320
00?(96
Oe2c?3
0e2250

0e60

O.QOOU
L’o3"‘2£
VUe3bab
0e3774
Ued70%
Oo3h30
De3071
Lel3sU
0e344p
Ceni350
03333
0e3c7v
Ge3226
Ce3175
0.3125
0e3077
Uel3030
be2915
Gecsal
Ce209Yy
Gel20657
Oecbl/
Ge2l7c
0e2740
Ve2703
002667
Uelts32
Uec597
0e2564
0el253¢
(e2500
Ue246Y
0e243%
Dezal(
Ge2381
02353
Ueli20
DeleY9y
Geg2?3
Oe2247
0e222¢
Vel 19n
Vecl?s
Ue2151
De2lcn
Usclud
0.208%
OelUbZ
VelU&]
Oe2U20
Ue20GOO0

0.05

Ve300
00-5‘?.’1
Vedsod
Ved3ue
Qedci
Oedloe
Uedlzo
VesU /U
VedUl7
VelYtb
UDec91i7
Uodbﬁ9
Ueldls
Uod?]ﬁ
Del34
Uelove
Uecbdrc
00501&
VelD74
e 22306
Decoily
Ueldbnd
Deca sl
Ue2397
0e236bH
ed333
Uel303
Uecl2?3
QelZauy
Oecelo
Uodldﬂ
Ueclny
ODec2lis
Dedluao
Oecvod
De20oy
Ve2045
VeIl
Oelvey
Oel9nb
0elYaq
Oelv2y
Qelvue
Ooldcd
Qelbiry
Ueldwe
Velm2d
Velola
Qel /00
Vel /0
el 750

0.70

Ve3000
Ve 741
Oecoed
VecHov
Vecl'to
Veclci
Decoty
Uelbic
UeZDEO
VecHul
UecbUOU
Uec4dY
UelG1lv
Declsol
Uec3b
Vel3lo
Decl?ys
VecidsY
Ve.2lU0
Ce2l17%
Delles
Vecllas
Ve20C0
UoéUbD
UelUc7
VellUU
Vel7/r
UelYso
0elves
Ueluyy
Uelb7d
OelHrbe
DeloeYy
Vel
Vel 700
Vel 76Y
Vel /luu
Vel 'ty
Jel/UD
Uelbud
Ullbb?
UOIOQO
0el605U
Velbld
Uelovo
Veld/ry
0elS6d
Oelbao
Velnul
0elblo
OeloGy

075

OQZDUO
Ve2uDl
Velal4
Uezi3dn
Del3ld
UQZZIJ
VDe2l3¢
Declvd
Declo®
Ueclly
DeciUny
Ve 0uv
Ceculb
Velvow
Qelvod
UelGzy
belva
Oelone
Uelsdn
Uelble
UelT00
UelT70l
Uel730
Uel7lc
Oelon
Oelno?
0elbud
Delocy
OelUy
Delbae
0el963
Delbey
Uelbeow
UelnUuob
Qelautt
Uol“?l
Velaubdd
O 1"'37
Ueldcu
Jelaiy
0elsoy
001374
0elloy
Vellay
0el1330
Ueldlo
Vell0z
Velces
0012'0
Uelczeod
Delou

0en0

OecOuu
OelYnl
Oelves
Velbin/
Gelabe
Oseiola
0.17b0
Uol’b%
Qellew
VelbYD
Deltbo/

DelO3Y

Detol s
OQelozt
Ueldny
s ibDs0
Oeiol>
Oelauyy
0.1471
Qoelaewy
Colary
Delavo
OelsvYy
Vedl3/7U
Oelusni
01330
Oelsto
Qetldyv
Qelcere
OsicdHo
OelcHu
Oellso
Qellry
Oelcud
Oetlvwy
Oell7o
fellos
Oellay
Uelluso
Oellge
Cellll
VelUvy
Oellbf
QelU?D
OQellot
velUDd
Oetunc
VeiUSI
Oelbgu
0.1010
OolUQU
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0elb00
ODelall
Ue 1‘*"0(
Oelwlnv
Vel 30Y
Vel 3nu
Veldoy
Velldlo
OelZvy
Vel 1/l
Oell>u
Vel?2350
Uel2lt
Oellvwu
Oellre
Dellouw
Vellusb
DelllY
UellO3s
0elOn7?
0.1071
0s1006
UelUuc¢
VelUZY
UelUlew
JelO0O
QeO9a?
VeUYT7%
U.0%?
0e0ay
Vel 30
Oel9ee
Ueuvin
UeUYua
OeOdvys
Velldbe
Qelinnie
0e0Bo/
0.0852
UelBuJ
De0AL3
Uevctets
Ve0d1H
Je vt
e /7908
Vel Ty
Oe/l05}
Ueuti73
UelfoD
Qe /or
0,070

0.90

0.100u
0.09%50
U-Ung
UlUVHJ
Vel
0090y
O.08v.3
OeblBVY
DeUBOLZ
Qe ?
DebAs
Qelocvu
Uelltiyes
Ue /v
00“’01
000705
DelO7o8
(leQ 706
0.0745
0e07c%
0.0/14
(UPE T AV
DeD0Yq
VDeUbay
UeOO Y
Oalibe?
UellObDe
UDelbuy
UMV
YU R
Oellory
UeloOL Y
0.0610
Uelbue
OeUDYy
UeOOcsts
000501
00575
000500
000305
De0H%K
0.03“5
OOObQJ
00500
00055d
VelUDcb
0e05c}
OeUDILYH
Ge.udly
0.050%
0eU®UY



TasLe AS-2

SR=1000
VW/VS
0.00 1.0000
0,02 0.,9804
0.04 09615
0.06 O0eva3a
0.08 00,9259
010 0.9091
0.12 0.8929
0ol 048772
0,16 0.80521
0.18 0.38475
0.20 0.8333
0.22 0.8197
0.24 0.8065
0.26 0.7937
0.28 0.7813
0,30 0.7692
0.32 047576
0634 067463
0.36 0.7353
0638 047246
Oe40 007143
042 0.7042
Des4 046940
0s46 0.6849
0.48 00,6757
0,50 0.6667
0.52 0.6579
0.54 06494
0.56 046410
0.58 0.6329
0660 006250
0eb62 0.6173
0.64 06098
0.66 0.6024
0.68 0.5952
0.70 045882
0e72 0e505l4
074 0.5747
0.76 0.5682
0e78 045618
0.80 045556
0.82 045495
OeBB&4 045435
0.86 0.5376
0.88 0.5319
0.90 045263
0.92 0.,5208
094 045155
0e96 (0.5102
0.98 0.5051
1.00 0.5000

RELATIVE BULK DENSITY

0.95

1.0000
09794
0.9596
094006
0.9223
09048
0.8b79
0.8716
08559
0.8407
0.5261
UeB1l20
0.7983
0e7551
0e7724
07600
0.74890
0e7364
0.7252
0e¢7143
07037
0.6934
0.6835
0.6738
06043
0.6552
0.6463
06376
06291
06209
0.6129
06051
0.5975
05901
0.5828
05758
0.5689
0.5621
05556
0.549]
0.5429
05367
05307
065249
0.5191
05135
0.5080
0e5026
Oet974
0.6922
0.4872

0.90

1.0000
0.9783
0957
09375
0.9184
09000
0.8b24
0.8654
0.8491]
068333
0.8182
0e80G36
0e7895
0.7759
07627
07500
07377
0.7258
0.7143
0.7031
0.6G923
0.6818
0.6716
0.6618
06522
0e6429
06338
0406250
0.6164
0.6081
06000
05921
VeS844
0.5769
05696
05625
045556
0e5488
05422
065357
045294
05233
0.5172
05114
0.5056
0.5000
044945
0.4891
0.4839
0.4787
0.4737

0.85

1.0000
09770
0.9551
De93al
09140
08947
03763
0.8586
DeB&4l6
0.8252
08099
0e7944
047798
07653
07522
067391
0e726Y5
0.7143
0s7025
06911
0.6800
06693
00589
0.5489
0.0391
0.62906
0.6204
0.61195
0.6028
0edv44
0.5862
Q.2782
003705
03629
05556
00404
Qedbla4
02346
02280
0e5215
0ed152
02090
045030
0644971
0.4913
0e4857
Det802
et 749
09696
04045
0.6459S

0.80

1.0000
09756
0.9524
0.9302
0e909Yl
Q.b889
0.86906
0.8511
0.8333
0.8163
048000
07803
0.7692
0e7547
07407
07273
0.7143
0.7018
0.6897
0.6780
0.6667
066557
0.6452
0.634Y
06250
0e6154
0.6061
045970
0.58&2
05797
0.5710
0.5634
05556
05479
0e540Y
05333
065263
05195
DeS)120
05063
05000
0.4938
De&878
OetBlY
Qea762
04706
0ebb6b]
0ettb98
0ebb4H
Dettb4yvyy
VY YT

0.75

1.0000
0e%740
0.949¢4
0.5259
09036
0.B824
0.6621
0eB427
O.8242
0.8065
0.7895
Ue7732
0.7576
0.7426
07282
0e7143
Ue700Y
0.68b1
Oeb757
066637
06522
0.6410
Ue6303
0.6158
06098
0.6000
0.5906
0.581l4
0.5725
065639
05556
UeS474
05396
0.5319
0.5245
0e5172
0.5102
05034
Det9067
064902
0.4839
04777
0et717
04658
0.4601
0et4565
0.649)
0+.4438

0.70

1.000v
0.9722
0eYaby
o921l
Debv7a
0.07590
0.053/
0.8334
Deblav
067955
07770
0e/bUY
Delual
0e 7292
07143
047000
0.6863
0e.6731
0.6604
0.06481
0.6364
06250
0.6140
0.6034
0.593¢2
0.5833
0.5738
0eHo4d
05556
Deb4bY
0e538H
0eb304
OeD22u%
0eola7
0e>07¢
0e5000
0.4930
Osqdol
0.‘0795
0.473u
0eubel
0.4605
0e4545
Oeets87
Osau30
0ea379
O0.a32l1
Nealbl

PART
0.65

1,0000
0.9701
09420
0e9155
Deb90u
Q8667
0.B44°
0e22b
0.80¢25
0es7831
0el647
Gelaa?l
0.73u3
0.7143
0.6989
0.bH42
UebT701
0.65606
0.0436
De.b311
0.6190
0.6075
0eH963
0.5856
Dev752
0.96%¢
0.9956
0edhbe
0e9372
02285
(e9200
0.5118
0690459
0.4962
0.uH67
D.0815
0.474%
00467b
De4610
0oebHhbd
0.,49483
0.042c
00362
0 o“:i()b
00“2“6
DeejYw
0e1a0
0.4000

00“3Db 00“217 Qo037

0.433%
042806

Dealb/
Deullb

0,398
063939

0.60

1.0000
0.9677
0.3375
09091
0.882¢4
08571
0.8333
0.8104
Ue 1895
Oe7bye
0.7500
0.7317
0e7143
0s6977
DebB1Y
0.6607
0.6522
0e6303
0e6250
D.6lc¢
0.6000
0.588¢
0.5769
0.5660
0.55%6
0e545%
065357
0e5¢63
0517«
0508
0.500u
Dol
Uet3Y
Qetalloe
OQQbe
Oc“blb
0.4945
Oetsts T2
ODetsts]l ¢
Oet30ny
Detacon
0et2¢%
0.4l67
0.“110
VY VLTN
000
0.36¢47
De 38yt
Uo3(‘t‘¢()
063797
043750



TasLe AS-2

SR=0.,50
VW/VS
0.00 1.0000
0.02 049615
0.04 0.9259
0.06 0.8929
0.08 0.08621
0,10 0.8333
0.12 0.8065
0.14 Q.7812
0.16 0.7576
0.18 0.,7353
0.20 0.7143
0e22 046944
0.2¢ 0.6757
0.26 0.6579
0.28 046410
0+30 046¢50
0.32 0.,6098
034 05952
0.36 ODedDBlb
0.38 045682
0440 0.5556
0.42 0.5435
044 0.5319
Ue6 0.5208
0.48 0.5102
0.50 0.5000
0.52 044902
0.54 0.,4808
0.56 04717
0.58 04,4630
0s60 C.4545
0.62 044464
0.64 0.4386
0.66 04,4310
0.68 04237
070 0e4l67
0.72 0.4098
0.74 0Q.4032
0.76 043968
0.78 043906
0.80 0.3846
0.82 0.3738
0.84 0.3731
0.6 043076
0.68 043623
0s90 043571
0.92 0.3521
0.94 (0.3472
096 0.3425
0.98 0.3378
1.00 0.3333

HRELATIVE BULK DENSITY

0.45

1.0000
0.9574
0.9184
0.8824
0.849]
0.8182
07895
070627
067377
07143
De6923
06716
0e6522
06338
Oebl64
06000
05844
0.5096
05556
0+5422
065294
0.5172
05056
0e4945
0.4839
0.4737
04639
064545
0.44585
04569
0e42806
06206
De4128
0.4054
0.3982
0.3913
0.3b46
0.3782
0.3719
03659
03500
03543
0e3484
Ue343%
03383
0.3333
03285
0.3237
0.3191
03147
0.3103

0.40

1.0000
0.9524
0.9091
0.68696
0.8333
0.8000
0.7692
07407
0.7143
0.6897
0.6667
0.6452
0.6250
0.6061
0.5882
0.5714
0.5556
0.5405
045263
0.5128
045000
0.4878
Des762
04651
04545
O0eb444
0.4348
0.4255
Oeul67
0.4082
044000
0.3922
03846
0.3774
043704
03636
0.3571
0.3509
0.3448
0.3390
063333
043279
0.3226
0.3175
0.3125
03077
0.3030
02985
0.2941
0.2899
0.2857

0.35

1.0000
069459
0.8974
03537
0.8140
0s.7778
0o 7447
07143
0.6863
0.6604
045364
0.6140
095932
00738
0e2556
02385
0e0224
05072
0e4930
066795
0.4667
0+.64545
0.4430
0.,4321
0e.4217
O.4lly
0.4023
03933
0.3840
063763

0e3634"

0.36086
0.3535
0.3465
03398
0.3333
0.3271
0.3211
043153
03097
0.3043
0.2991
0.2941
00,2893
0.2846
0.2800
0.2756
0.2713
0.2672
0.2632
0.2593

0.30

1.0000
0.937>
Detiica
08333
0.7895
07500
0.7143
0.6u818
0.6522
06250
0.6000
0.570v
045556
05357
0.5172
05000
04839
0eu687
0e&54H
0e.4412
0.42806
0.4167
0.4054
0e3947
0.3846
063750
063659
03571
0+340b
Q0e340U9
03333
0.3261
0e3191
0.3125
03061
0e3000
0029%1
0.2885
0e283V
0e2778
Gec7217
Del2679
0.2632
0ecoB6
De2542
Ueco00
0el4bY
0e2419
De2381l
De2344
V.2308

0.25

1.0000
0e9259
0.8621
086065
0.7576
0e7143
0e6757
06410
06098
0«581l4
05556
065319
0e510¢2
0e490¢
0717
0e4545
0.4386
0.4237
Det098
03968
0e3846
0.3731
0.3623
0.3521
063425
03333
063247
Ue3l65
0.3086
03012
0e2941
0.2874
0.2309
0e2747
Ue26b8B
0.2632
0.2577
02525
Oeczd75
0e2427
02381
0.2336
02294
0e2252
0.2212
0.2174
De2137
Ue2101l
0.2000
0.2033
0.2000

0.20

1.0000
0.v091
Dets335
07692
0.7143
Q.606/
0.6250
0«Sboe
0.55506
0eD2063
05000
Dealbl
0e454b
0ea34a
Oetlo/
Oe400U
0+3846
063704
03571
0e3440
063333
Ded22b
Dedliv
0e¢3030
Decba)
Qe85 7
Dec7706
0.2703
0.2632
0el5hy
0.2500
0ecquly
0.2311
0e.2326
0e.c273
0.2222
00217%
De2l2y
Decd
0204l
0200V
0.16961
061923
001867
0e.lbub¢
0.1810
0sl700
0el 754
0e1724
0169
0.16067

PART &

0.15

1.0000
0.8824
0.7895
0.7143
0.6522
0.6000
0.5556
0.5172
0.4839
0.4545
0.4286
0e0054
0.3846
03659
0edaupB
0.3333
0.3191
0.,3061
062941}
0.2830
0.2727
0.263¢2
0.25472
0.2459
0.2381
0.2308
0.223Y
0.2174
0.2113
0.2055
0.,2000
0.1948
0.189%
0.,1857
0.1807
0.1765
01724
0.1685
0016“8
Dslbls
0.1579
0e1546
0.1515
0eladd
0.14506
0.142y
O.140¢2
0.1376
0.1351
0.1327
0.1304

0.10

1.0000
0.8333
0.7143
06250
0.5556
0.5000
04545
04107
043846
0.3571
0.3333
0.31¢H
02941
0.2778
0.2632
0.2500
0.2381
0.2273
0.2174
0.2083
0.2000
061923
0.1852
01786
0.1724
01667
0.1613
0el56¢
0.1515
0.1a71]
01429
0.1389
041351
0.1316
0.1282
0.125%0
061220
0.1190
0.1163
0.1146
Oellll
01087
Del0b4
DelOac
01020
0.1000
0.0900
0.096¢
060943
0.09206
00909



Table —« A5-3

g Ya/Ys
0.00 1.00
0.05 0.9524
0.10 0.9091
6.15 0,8696
0.20 0.8333
0.25 0.8000
0.30 0,7692
0.35 0.7407
0.40 © 0.7143
0;45 0.6897
0450 0,6667
0.55 ‘ 0.6452
0.60 0.625
0.65 0.6061
0.70 0.5882
0.75 0.,5714
0,80 0.5556
0.85 0,5405
0.9 0,5263
0.95 ' 0.5128

1.00 ~ 0.5000
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APPENDIX. 6

ELASTIC MIXING LAWS

A6.,1 Introduction

Several workers in the past have attempted to develop
suitable mixing laws for the prediction of the elastic
constants of 2-phase mixtures of metals and polymer
materials. These laws were considered here as a semi-
empirical approach to the problem of predicting the swell
properties from the corresponding properties of the soil
components, such as sand and clay. Throughout this
section, the soil is assumed to be composed of two solid
phases, eg. sand and clay; and v, and v, are the paris

by volume of these phases.

A6,2 Voigt and Reuss

According %o Gray and McCrum (1969), Voigt (1910)
suggested a linear mixing law of the forms

K =vK, + v,K, (A6-1)
where K is the bulk modulus of the mixture, and K1 and
K2 are the bulk moduli of phases 1 & 2 respectively.
Whilst Voigt suggested the above relation assuming that
the strain throughout the composite mixture is uniform,
Reuss (1929) (quoted by Gray and MeCrum, 1969), based on

the assumption of constant stress throughout the mass,

suggested the relation:

1 v v
- = -1-1— + —g (A6"2)
K K K2
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- Comparison of Equations (A6-1) and (A6-2) draws attention
to the importance of defining the property of interest
in the most suitable way, eg. if Reuss were correct %

woulp te more suitable than K.

A6.3 Paul's Theory

Paul (1960) put forward the following two laws as
the uprer and lower bounds on Young's modulus (E), by

making use of the strain energy theorems of elasticity:

E =E,v, + E,v, (A6-3)
1.1 v, + 1 \& (A6-4)
E E1 E2

It can be noticed that these bounds have the same
form as the equations proposed by Voigt and Reuss

respectively.

A6.4 HSH Bounds

According to Gray and McCrum (1969), Hill (1963)
and Hashin and Shtrikman (1963) tightened the above laws
by recommending the following bounds, usually called as

HSH bounds:

V2 V1
K, ) T < KKKy + T (A6<5)

where G denotes shear modulus, The HSH bounds use two
material properties K and G, of both phages to predict a

single property of the composite mixture,
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A6,5 Logarithmic Mixing Law

Gray and McCrum (1969) considered the implications
of a logarithmic mixing law of the following form for

elastic shear modulus, G, viz:-
log G = v, log G4 + v, log G, (A6-6)

They observed that this mixing law falls well within the
HSH bounds, and they suggest it as a law of mixing.
Because of the agreement with the HSH bounds it has been

included here, but strictly it is empirical.,

A6.,6 Summary

The equations above were considered to discover
whetner satisfactory mixing laws could be generated by
substituting P, say for the elastic constants E,G ork.

In practice, only the linear mixing law of Voigt (1910) has
proved useful, and in particular many of the swell pfessure
measurements lay outside the Voigt-Reuss bounds, which are

themselves wider than the HSH bounds.
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APPENDIX 7

LATERALLY CONFINED SWELL rRESSURE OF

BENTONITE-ILLITE MIXTURES

The time versus laterally confined swell pressure
relationships for the bentonite-illite series are shown
in Figs. A7-1 to A7-5, They are somewhat erratic, with
the swell pressure falling and rising before the maximum
value was reached. The only reason for fhis appears to be
that the strain gauge indicator was shared with another
person working in a different room, whilst these readings
were being taken. It is feared that some of the adjustments
were altered as the instrument was moved from place to place,
thus altering the initial calibration. The whole system wasg
recalibrated after this series had been completed.
(Calibration involves dismantling the swell pressure
apparatus in order to apply known loads %o the tie bars;
thus, a recalibvration can not be made once a test is in
progress). For the other series of tests made in this
study the readings were taken without moving the instrument,
thus avoiding any distortion of the initial calibration.
These tests yielded well behaved and reliable results, see
Chapter 3.

Consideration was given %o the idea of repeating
the bentonite~illite series of swell pressure tests.
However, the original mixtures had been expended. The
bentonite varied from bag to bag, and it would have been
necessary to make a complete set of five new mixtures, and

to make compaction tests on these. However, only one swell
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pressure apparatus was available, and five tests at about
4 weeks per test would have taken too long after the main
programme had been cOmpleted.’ Since these tests were
less important than those on the clay + sand mixtures, and
gince this series of tests was not expected to show large
variability, it was decided not to repeat these tests.
Furthermore, the tests at the end points (pure bentonite
and pure illite) yielded satisfactory results, and the
maximum swell pressures of the mixtures fall between the
values for the two pure clays in a linear manner as could

be expected, see section 5.3.4.
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APPENDIX 8

ANALYSIS OF PARTICLE SIZE DISTRIBUTION CURVES

Assume that soil x is a mixture of a fractiion F of
soil A and a fraction (1-F) of soil B. Then any given

particle size fraction of soil x, Px, is given by:-

P, = FP,  + (1-F) P (A8.1)
where, Pa = Particle size fraction of A,
Py = Particle size fractiocn of B.

Hence, the fraction F may be calculated from:-

S Sl a: (48,2)
P, - Py -
The particle size distributions were split into seven size
fractions, clay, fine silt, medium silt, coarse silt, fine
sand, medium sand and coarse sand, which seemed suitable
for these particular samples, The method of analysis is

outlined below:

1. Calculate the values of F for each of the seven fractions

in turn using equation (A8.2)

2. Find the weighted average of these seven values of F,
where the weighted average is proportional to the

difference between the two soil sources involved,
Weight, W = \Pa - Pb\ (A8.3)

Find the mean of the seven fractions calculated in Step 1,

by using the formula:
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Mean Fraction, FM = = (F x W) (A8.4)
= W
3. Calculate the error in fractions using:
error, E = (F-FM) (A8.5)

4, Calculate the mean square error in fractions using the

formula:
52 E2 x W
= W

5. Using the following formula, calculate'in turn the seven

Mean Square Error, EM =

(A8.6)

predicted proportions of particle size distributions of

soil x

Q =Py + [:?M # (P, - Pb;} (A847)

where Q is the proportion of predicted particle size
for any size fractiion under consideration.

In this method of analysie, the mean square error in
fractions calculated by eq . (AB8,6) was used to measure the
goodness of fit. However, the main method of assessment
used was %o compare the observed against predicted particle
size dist¥ributions graphically., The final results of this
analysis are reported in Chapter 5 (Figs.5.41 to 45 ),

and are discussed in section 5.4.2 .
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Appendix 9

CALCULATION OF SAMPLE EXPANSION, etc.

oC; and X, in Tables 5.1, 5.4 and 5.5 were calculated
to cne place of decimals by subtractiing {91 and {}f from

@i respectively. The small discrepancies in the Tables are

due to rounding off.
The expansion in the Tables 5.1, 5.4.and 5.5 was
calculated by using the final measured water content at the

end of swell pressure iest, Wf, in the following way:

W
L I __w
¥ =W x W N . Wf—W;

w | b i
v - w
Yoy
w
v - e
8 GY
w

Assuming full saturation, it follows:

vfinal = vw + vs

If V, + Vg < Vinitialr 1% was assumed that the expansion

was zero. Otherwise, expansion = (Vw + Vs) - Vinitial -

The expansion is expressed as percentage with respect to

the original volume.

The expansion (%) could alsc be calculated by using

the formula:
Ve - &
Expansion, % = ————= x 100,
: 100 + Ei

but note that the figures in the Tables have been rounded,

80 their use in this equation will be slightly inaccurate.
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In the Tables 5.2 and 5.3 the calculations were made
before they were rounded off by using the following

formulae:
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Appendix 10

Tan ¢%' V8 CLAY CONTENT, MONTMORILLONITE

tan é,

4 N 1 - . T
() 20 40 0 80 100
CLAY CONTENT,C,%

“TAN ¢, VERSUS CLAY CONTENT FOR Na-MONTMORILLONITE, < 2it, 0 C NaCl
PER | (Points: Kenney’s observations; C and S—predicted limits based on clay mineral
coatent; and C* and S*—predicted limits based on clay plasma content)

Fig. A10-1 (Reproduced from Smart, 1970)

Smart (1970) suggested that for softer and more
active clays, it may be that clay content should be
based on the volume of clay plasma, which is conceived
as & gingle phase comprising the clay mineral and its
adsorbed water. In other words C was replaced by C*, where,

C* = vc + vabs
Vc + Vs + Va

bs

where,

Vc = volume of clay solids,
Vs = volume of sand solids,

Yabg volume of adsorbed water.

Smart (1970) assumed V =5Y
a

bs c*
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Appendix 11
ADDITIONAL REGRESSION EQUATIONS

The follcwing regressions for the optimum compaction
conditions, i.e. initial volumetric water content,1§;, and

initial void ratio, e;, supplement those in Tables 5.9

and 5,10,

(1]

t

0.172 + 0.C056C + C.038(ORG) + 0.002 Z
(R2 = 0,93) (0.,1% level of significance)

0,157 + 0,011 PI + 0,043(ORG)
(R?

(@),

= 0,94) (0.1% level of significance)

(3)e&.=.o.232 + 0,0058C + 0,031(ORG) + 0,0024 2

(R2 = 0.85) (1.0% level of significance)

(4) Ci = 0,22 + 0.013 PI + 0,033(ORG)
(R2 = 0.94) (0.1% level of significance)
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