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SUNIMARY 

The primary concern of this thesis is to measure the 

swell properties of compacted soils (swell potential and 

swell pressure) and to predict these and relnted properties 

using more easily meosured parameters sll.ch as soil 

composition, organic matter content, and plasticity 

characteristics. These predictions are required for 

reconnaissance studies and for the design of miner 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 measurements was also demonstrated. Strain gauges were 

found to be superior to proving bars for the laterally 

confined swell pressure apparatus. 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 attri~uted to the stress relaxation of 

the sample. 

Measurement of swell pressure Bnd 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 
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itself was found to be non-linear with composition, the 

transform~tion of 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-

sand mixt ure s • 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 that Kenny's 

(1967) results for tan fJrfollowed a similar pattern of 

behaviour, and it was suggested that the differences in 

behaviour between the bentonite and the illite were due to 

the relative importance of physico-chemical effects and 

mechanical-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) betvveen the ·samples. However, linear multiple 

regressions were eufficient to predict reasonably accurately 

these soil~properties, when the correct choice of independent 

parameters was made. 
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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. Mo~t of the 

foundation problems of residential, light commercial and 

industrial buildings, buried pipes, side-walks and ro~dways 

on expansive clays, do not result from excessive loading 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 contact with 

water and this phenomena is known as swelling. A decrease 

in watsr content is associated with a decrease in volume and 

this is shrinking. Some clay ~oils are very sensitive to 

variation in water content and such soils are classified as 

expansive or swelling soils. These types 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 parts of England also, 

where they are someti~es troublesome. In trooical countries, 

like India, where there is a large seasonal variation in80il 

moisture and rainfall, the volume changes in the soil cau~e 

cracking of light structures built on them. Chen (1975) 

reports that in the U.S.A. alone the loss caused by these soils 

comes to around 2300 million dollars per year. 
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Although soil physicists have d9veloped 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 engineers. 

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 

200,009 sq. miles and thus form about 20% of the total area 

of the country. 

Indian Black Cotton Soils are generally heavy soils of 

montmorillonitic origin, exhibiting characteristic 

properties of swelling and shrinking as the moisture ccntent 

varies, resulting in high volume changes. Vertical cracks up 

to about 4 in (100 rom) wide at ground level extending up to 

10 ft (3 m) depth are noted on these soils .. rhese soils are 

sometimes classified as belonging to the Chernozem group 

(Dinesh Mohan, 1973) because of their dark colour, suggestine 

organic matter; and of the typical horizon of calcium 

carbonate concentrations known as 'Kankar' in India. Soils 

similar to Indian Black Cotton soils are known to occur in 
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other parts of the world also, e.g.: 'Bqdole' of the 

Sudan, 'Pampus' of Argentina, 'Tirs' of Morocco, 

'Margilatic Soils' of Indonesia, 'Black Earths' of Jnva, 

Sumatra and Australia and many other places in Africa. 

Geologically their formation is usually associated 

with basalts. However, they can occur in association 

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 ft (8 m) deep. 

Although the Black Cotton soils are ascribed 

geologically to diverse parent rocks for their origj.n; 

from an engineering point of view, however, it ie 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 soils is 

• 40 to 100, plasticity index 20 to 60, and shrinkage limit 

9 to 14 (Dinesh Mohan, 1973). 

The present study was intended as a 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 PROl-ERTIES 

1.3.1 Swelling 

According to Mielenz and King (1955), two mecnani~ms sre 
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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 accepted as explaining 

swelling and can be elaborated as follows: 

If a saturated sample is removed from the grDund, the 

total stresses that acted in-situ are reduced to zero and a 

negative pore pressure or capillary tension, uk' is set up 

in the sample • 

. " 
Since cJ:i ()-u ( 1 .1 ) 

A , 

where, Ci = effective str~ss 

cr = total stress 

u = pDre water pressure. 

It follows: 

(J' :i (J - (- uk) 

= 0 + uk (1.2) 

When the total stress is zero, it is seen that 0-1 :i: Uk' 

i.e. the effective stress in the sample is approximately 

equal to the capillary tension. If the sample is sucmerged 

in water, the'menisci are destroyed and Uk becomes zero, 

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



5 

the first mechanism defined by l'iaelenz and King. 

With no confining stress, additional swelling will 

occur in some clays depending on the kind and amount of 

clay minerals present, their exchangeable ions, electrolyte 

content of the aqueous phase, 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 montmorillonite, illite and kaolinite. The 

schematic structure and properties of these minerals ~re 

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 w3ter 

being due primarily to osmotic imbibi~·ion. 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 percent3ge 

volume change under a 1 psi (6.895 ID~/m2) surcharge of a 

laterally confined sample, compacted at optimum water 

content to maximum dry density in the standard A.A.S.B.O. 

(DSIR, 1972) compaction test. This definition is ad0;,ted 

here. 

The percent swell of an unconfined sample is defined 83 
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j 

1 
1 
'I 
" 

Property 
(1) 

Schematic structure" 

Particle thickness 
Particle diameter, in microns 
Specific (Rd. 37) "urface, in sp meters per gram 
Cation exchar,gc (Ref. Ill) capacity, in millicquiva
lents pe~ 100 g d clay 
Maximum swelling (Rcf. 7), as a percentage, for 
surcharge load, in tons per squ:lre foot 

0.1 
0.2 

Kaolinite 
(2) 

Mineral 

Illite 
(3) 

0.5 fL-2 fL O.ll()} 1-'-0. I fL 

0.5fL-,jj.l. 0.511--101.1. 
5-30 'l)- I 00 

3-15 

Negligib:.: 
Negligible 

10-40 

350 
150 

Montmo· 
rillonite 

(4) 

W, -
~ 

9.5 A 
O.5I L- IO I1 

600-S(J\) 

!lO-ISO 

1,500 
350 

"0 = Gibb,;ite ;;heet; S = Silic.a sheet; k = PotassiL'm ion. 
====-===. 

Table 1.1 Diagrams and Properties of C1fty MineTals (reproduced 

from Gromko, 1974) • 
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'isotropic swell potential' in the present stQdy. ..,. ",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 pres8ure developed 

by dead load, for which, there will be neither 

compression nor expansion of the sample on saturation, 

(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 was measured in 

accordance with definition (3), by attempting to prevent nny 
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volume change in the sample. 

Many of the apparatus used for swell pressure 

measurement at constant volume also maintai.n the shape 

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 change; 

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

not. 

In all these tests 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 measured 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 swell 

properties from more easily available parameters. These 

indirect methods are also required for preliminary 

reconnaissance stuclies. M~ny studies of p!'ediction methocs 

have been made previously. However, they are unreliable 

for general validity, e.g. from the data of Ranganatham 

et al (1965), for a Bleck Cotton'Soil with a clay content 
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equal to 38%, plasticity index equal to 36.6%, Seed et a1 

(1962) predict a swell potential of 8.9%, whilst Chen 

(1975) predicts a value of 5.4% against a measured value 

of 20.2%. The general problem with which this theeis 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 type 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 original interest of this study had been 

concerned with the influence of ~he type of clay minerals 

in swelling, it is necessary to have a beibter under8tanding 
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of the effect of the quantity of clay (i.e. of clay 

size particles) on the geotechnical properties of 

expansive soils. There have been few studies in which the 

various geotechnical properties of expansive soils 8re 

studied over the full range of clay content in either 

artificial mixtures or natural swelling soils. Therefore, 3 

series 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 series of artificial 

mixtures in which the clay content was varied from 0 to 

100%, viz, bentonite-sand and illite-sand; and a third 

series 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 order 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 

study. 

Simce there are neither Indian, nor Eritish, nor 

American standard tests for the measurement of swell 

properti~s, 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 8 linenr 

mixing law, or if interaction between the components W8S 

present, by suitable non-linear mixing laws. In particu.lc1r 

it will be shown that if swell amount is referred to the 

volume of solids, then to a first approxi~ation 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 to 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 ~r' 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 Me sri (1970) made of the pa ttern 

of behaviour of consolidation. The non~linear laws which 

were considered are reviewed in Chapter 4, and the analyses 

are presented 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 nat~ral soils. 
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In ';the first course of action, the soils must be plGced 

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 

~his way, but that the criteria for inclusion in a family 

are very strict indeed. In the second course of action, 

the predictions must be made by using a relatively 13rge 

number of carefully chosen independent variables; for 

the soils studieQ here clay content, silt content, organic 

matter content, and plasticity index were used. Somewhat 

surprisingly, plasticity index was not required for 

predicti*g swell pressure for these particular soils. 

content was definitely required, al'though no previous 

investigation of its influence had been reported. 

Silt 

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 tho 

predictive equations which had been proposed earlier. 

are reviewed in Chapter 4 and analysed in Chapter 5. 

These 

All the series of measurements made in this study were 

designed with a view to 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 Objectives 

The present objective is to study the relationships 

between the swell properties, the mineralogical properties 

and the simple index properties of swelling clays. Even 

though this approach is not new and has been examined by many 

previous researchers, there has been hardly any reported 

instance' in which the factors affecting swelling have been 

tested statistically in order to assess their level of 

significance. Aitchison (1969) pOinted out that the 

literature covering this subject, although voluminous, tends 

to be vague and~isooctlnuou~ It is vague because it is 

not expressed in a uniform technical language. It is 

discontinuous 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 seneral 

pattern of recorded knowledge. This situation appears to 

be a consequence of three reasons: 

a) Even when similar equipment and testing procedures have 

been employee to measure swell properties, some investigations 

concentrated on undisturbed clays, a few on sedimented 

natural samples, and some on compacted natural soils, in SOffi9 

cases only artificial clays were studied. 

b) Even for one type of sample preparation, the methode and 

procedures of measuring the swell properties varied 

considerably in many instances. Although swelline phenc:!ler.;;~ 
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have been fully recogniged 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 

measurement of the swell properties were not previously 

taken into account. For ex~mple, 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 t.hese 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 to be Meaoured 

The important swell properties select.ed for measure~ent 
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in this investigation are the swell potential and swell 

pre ssure. It was decided tD measure these properties 

(a) on an unconfined sample, which is allowed to swell or 

develop swell pressure freely in all directions, and (b) 

on a laterally confined sample, which is allowed to swell 

or develop swell pressure only in the verticnl direction. 

The sample in the former case is expected to swell with 

no shear strain in the ideal case, if it is isotropic. The 

sample in the 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 'witj shear'. The two cases (volumetric with no 

shear and shear with no volume change) are the two extremes 

that can occur in-situ. The case of lateral confinement 

falls sOT.ewhere in between the two 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. I fare la t i v e ly 

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 

eo 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 in 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 strainten8~ 
:I 
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and to the volumetric ( '" 11 - _f--.;.1...;..1_+ __ ~.-;;2;..;;;;2_+_f __ 3.:.....3,--) 

component of the strain tensor ( ~ 11 + f 22 + 

small strain version), respectively. In practice it is 

difficult to conduct a test of pure she3r with no volume 

change, and it is not a swelling case either. Therefore t it 

was 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 laternlly 

confined and allowed to swell only in the vertical direction. 

At this staga, it was necessary to choose suitable 

equipment in order to measure the following dependent 

parameters. 

(i) swell potential on a sample which is allowed 

to swell freely in all directions without any 

confinements (For brevity, this will be referred 
• I 

to here as 'isotropic swell potentlal~ 

(ii) isotropic swell pre2sure, 

(iii) swell potential on a sample, which is laterally 

confined and allowed to swell only in the vertical 

direction. (For brevity this will be referred to 

hereafter as 'laterally confined swell potential' 

or simply as swell potentia~, 

(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 jn the 

choice and design of suitable apparatus with which reliable 

measurements of the above mentioned four parameters could be 
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made for the present investigr~tion. Points of detail 

of the apparatQs are reviewed in section 2.3. 

of apparatus is reported in section 2.4. 

rl'he de sign 

2.2 PREVIOUS 1ffiTHODS 

2.2.1 IntrodQction 

Holtz and Gibbs (1956) were probably the first to meaSQre 

swell properties in the laboratory, and subseqQently severnl 

attempts were made by other re~earch workers to improve upon 

their method. The available methods of meaSQrernent in the 

laboratory vary in complexity of concept and accQracy. Even 

in a consoliaometer, 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 fOQr 

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 equi~me:.t 

for determining the swell propertie s of expansive soils in the 

laboratory, these methods and equipment may be divided into 

two general groups. The first group includes all tests in 

which a soil specimen is soaked or immersed in water during tee 

test. In this group of tests the soil water suction at the 

end of the test is exactly or nearly equal to zero. The 

second group embraces all tests in which the suction 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 simple equipment and test procedure. 

The swell potential ~nd swell pressure determined fro~ the~e 

tests usually represent_the highest possible values. The 

equipment and test procedure for the second group of tests 

are necessarily more complicated and time consuming ~han those 

of the first group of te st s and are de pendent upon the kinc1~ and 

range of suctions to be applied during the test. The use of 

the second group of tests would be essential if it were deGire~ 

to make a precise evaluation of the volume change 

characteristics of expansive soils or for a quantitative 

analysis of heave or other problems related to soil moisture 

change s. 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 t 0 ~hieve the maximum 

efficiency in conducting the desired soil investigation ana 

analysis(Chu it a~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 

simple tests are slow to com~lete, e.g. 2 -.12 weeks each 
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in the present work. In consequence, (1) care must be 

taken that the maximum swell pressure is developed, and 

(2) the number of samples which can be t~sted will be 

re stricted • 

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. Consideration 

was given to these factors in choOSing Dna desiening the 

necessary equipment for the present study. From these 

c onsidera ti ons, t he me thod s fin,911y ad opted in this study 

to measure four selected swell properties ~ere: (1) the 

isotropic swell pressure equipment based on the design of Finn 

et al's(195e) apparatus; (2) the isotropic swell potential 

measured using a triaxial cell under an equal all-round back 

pressure of 1 psi (6.895 KN/m2 ); (3) the laterally 

confined swell pressure apparatus based on the equipment used 
A 

by Seed et al (1962); and (4) the laterally confined swell 

potential measuree 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 Gibbs (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 cm3 (6.1 in 3) graduated cylinder filled with water and 

noting the swollen volume of the soil after it comes to rest 

a~ the bottom. The free-swell value in percentaee is 
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determi~ed by using the expression: 

final volume - initial volume 0 
Percentage f~e-swell = x 1 0 

initial volume 

This value of percentage free-swell was used empirically 

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) tha 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 result use of this test might 

lead to an underestimation of the free-swell value. This 

cannot be taken as a serious objection, as it would always 

be possible 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 sotl was developed by Lambe(1960 

in order to identify the degree of expansion of a swelling clay. 

The sample is first compacted in a fixed ring consolidometer. 

with compactive effort of 55,000 ft-Ib per cu. ft 

(2632 KN - m per cu.m). Then an initial pressure of 200 psi 
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(1379 KN/m2 ) is applied and the sample is submerged 

in water. During this process the sample is partially 

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 rating 

less than 2 

2 - 4 

4 - 6 

greater than 6 

Category 

Non-Critical 

Marginal 

Critical 

Very Critical. 

Since almost all of the swell potential and swell 

pressure tests carried out in the present study took at 

least 2 weeks to develop maximum values, the time period 

of 2 hr given for the PVC test is too short; the sizes of 

the present samples were comparable 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 2000 lb/sq.ft, 

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 aI'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 

filled with water till the sample is completely submerged. 

SuffiCient time is allowed until the sample develops its 

maximum value of swell pressure. In many instances, the 

mould designed for performing the California Bearing Ratio 

test is 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 

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 for 

the no swell condition divided by the cross-sectional area 

of the sample is iaken 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 consolidometer 

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 (195B) 

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 preesure of 20 lb/sq.ft(0.96 KN/m2 ) 3nd 

is allowed to swell. When the swelling is complete, a 



Note :- The Curve is for a set of S8~ples 

with identical initial conditions. 

Different Curves will be obtair.ed 

with different initial conditions. 
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a Surcharge Load. 
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Fig. 2.2 Sketch to Illustrate The Principle of Swell Pressure 

Measurement by Uppal and Palit, 1969. 
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consolidation test is performed in the conventional manner. 

The two compression curves are plotted on the same diat~am, 

and one of the curves is selected for vertical 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 Z has an overburden 

pressure Po = Yz, where Yis the unit weight of the soil. 

In this expression, Po is the total pressure. The void 

ratio at the overburden pressure is eo. The settlement 

due to a load increment ~p can be calculated from the 

corresponding change in void ratio, eo - e 1 • 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 Po +lJL represented 

in the upper saturated curve by Po + UL and e 2 (Fig. 2.3). 

If D is the de pth of the water table, and Yw is the unit 

weight of water, U1 = Yw (D - Z). Jenni·ngs and Knight (1958) 

seem to treat Po + UL as the effective pressure and to assume 

that any change s in Yare negligible. The effect of the . 
load increment is then again taken int o._consideration, and the 

final values are (Po + UL +ba p) and e
3

• The final conditions 

of movement may then be predicted by adding the effects of 

the void ratio changes, e 3 - eo' over the whole profile. 

The method is essentially based on the assumption that there 

is a point during compression at which the initially 

unsaturated sotls pass from an applied pressure to an 

effeotive phenomenon and the compression curve joins with the 
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virgin consolidation curve. 

The double oedometer test takes account of many of the 

factors determining soil volume change, but it does not 

include the effect of horizontal stresses. While the results 

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). 

An error would occur if there were significant initial in-

situ water pressures. Usually, water is allowed access 

under relatively small loads in this test, because 

insufficient water may otherwise enter the sample. Since 

water enters in-situ soil under overburden loads, it is 

assumed that the same soil conditions occur whether 

inundation occurs prior to or following loading, i.e. the 

.p~th 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 oedometer test performed in this investigation 

on undisturbed Regina clay. It can be seen that the slopes 

of the straightline portions of the two curves are different, 

resulting in some difficulty in bringing the straightlineportions 

into coincidence. A Wykeham-Farrance oedometer was 

employed for these tests. 

The difference in the slope of the straightline portions 

for the Regina clay was unexpected out 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 

straightlin~ portions in each test, is much smaller than 

observed in the other two soils mentioned above. The results 

on Bearsden soil are almost in full agreement with the 

results published elsevlhere 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 straight line portions of the two curves 

thereby invalidating the technique of overlapping. Therefore 

other test procedures were considered for the present work. 

The following comment s (Smart, 1975) draw a ttent i on to 

some further paints of the double oedometer technique for 

predicting the heave of the expansive soils: 

(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 shoul.d they 

lose water by evaporation; nor should they exchange water with 

the porous stones, until the later stages of the test, when 
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some water will be squeezed out. A reasonable compromise 

may be to test in a Ro,\i,(e' s cell (RoWs eta}, 196Ej, 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 effe~tive pressure tests. Thus, a slight complication 

may arise in the estimation of eo for the strata lower (or 

higher) than that for which the sample was taken. 

(3) The correctness of the estimation of eo 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 mayor may not be the case. 

(4) The correctness of the estimation of e
1 

depends on 

the appropriateness of the Natural Water Content curve; 

but, in-situ, the load increment, ~ , will change the pore-
p 

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

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

as happens to the plore-pressure during the consolidation of 
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sa tura ted clays. Unless the stones 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 

Thus, accurately represent the changes in the soil in-situ. 

there is likely to be a slight approximation in the 

estimation of settlement (which occurs in the intermediate 

calculati ons) • 

(5) The correctness of the estimation of P2(=Po + ~~) 

depends largely on the estimation of the pore-water pressure, 

~u' This is difficult and the formula given earlier for 

pore water pressure when swollen, ~ u :: - Yw (D - Z)] , 

should be reviewed in the light of the circumstances of 

every particular case. 

The general procedure suggested for the double oedometer 

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. monimorillonitic 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 ':lhen 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 Multiole Consolidometer Method 

Noble (1966) studied the swelling characteristics of a 

post-glacial lacustrine clay by means of standard 

consolidation apparatus. In Noble's method 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 (prepared to constant 

initial conditions) to swell under various surcharge loads 

in the standard consolidation apparatus. 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) followed a similar procedure (presented 

earlier) except that they used a mould and dial gauge 

instead of the consolidomete~. 

Both Noble's (1966) and Uppal and Palit's (1969) 

procedures are useful for design purposes, and the stress 

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 data. 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 ~on801idometer 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 sample is placed in a 

consolidometer and subjected to a nominal pressure of 1 psi 

The samples are then submerged in water. 

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 pre s sure 

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 su~mersion in order to keep it at constant 

volume. In this case, the pressure at which the volume 

tands neither to 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. Freolund (1969) 

presented and discussed a set of typical free swell and 

constant volume test results. His results are shown in Fig. 

2.9 and are plotted using dashed and solid lines to show 

those portions of the curve which are only total stresses 

and those portions which are effective stresses respectively. 

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

based primarily on the assumrtion that the rebound 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 submersion 

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. Using 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, a prediction of heave, based upon the free swell 

test, generally assumes the initial field effective stress 

equal to point C. 

The swell pressure obtained from the free swell test 

(point C) ap~ears to be incorrectly interpreted; however, 

the results continue to be used in prac~ice because they 

produce a more conservative design. Skempton (1961) stated 

that the value obtained for swell pressure from a constant 

volume t~st gives an indication of negative pore pressures 

in-situ if the sample had not been disturbed or allowed to 

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 pre2su~e was actually positive 

(Fredlund, 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 a more 

accurate simulation of the field conditions but, rather, 

that procedural factors have produced an underesti~ation 

of the swell preesure 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 

ssm:llle 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 a correction should 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 



the same stress path as in the field, at least in some 

cases. 

The modified constant vol~me test, with a nominal 

value of in-sit~ press~re wo~ld be fairly simple; b~t 

it wo~ld not correspond to the definition adopted here, 

which requires that all change of vol~me be prevented. 

Th~s, the simpler test described in the next section, was 

preferred here. 

2.2.8 
A 

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 Departmerits 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 rnm) high. 

The samples are then subjected to static pressure until 

moisture is exuded. The pressure is then released and the 

sample allowed to stand for half an hour. A perfor3ted 

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 centre of a horizontal proving bar fixed at 

each end. A seating load of Q.4 psi (2.8 KN/m2) is used 

at the ends. A dial gauge is mounted to record subsequent 

deflections of the proving bar. Water is poured on the 



Fig. 2.11 Swell Pressure Measuring Apparatus on a 

Laterally Confined Sample (reproduced from 
a. 

Seed et al,1962J. 



upper face of the s~mple 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 deflection of ,the proving 

bar. Thus, while the actual sample expansion is quite 

small (0.0004 inch per 1 psi for a til thick proving bar), 

the true swell pressure at zero volume change is not 

measured, but rather a swell pressure corresponding to 

a anmll 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 electrical 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 systemsdoffs 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 
Q. 

(1962) should serve as an ideal piece for further modific3tion 

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 a~1962) - Swelling Potential 

Seed et al (1962) classified the degree 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 seils 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 soil 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 (6.895 KN/m2 ). 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 in~eresting to note from 

Fig. 2.12 that the maximum swell is obtained on the dry 

side 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 Ketti et al(1969) 

Katti et al (1969) measured a laree number of swell 

properties by using triaxial equipment. The measured 

properties include, (i) vertical and lateral swell pressure, 

(ii) 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 studyJ 

In order to measure the vertical swell pressure, the 

ram butting against the provine 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 

prevent cell water pressure from acting in the vertical 
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Fig. 2.1',2 Swelling Test Da.ta for Compacted Samples 

(reproduced from Seed et a1,1962). 



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 wns 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 amount (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, the 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 for 

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, lbut they 

Beem to 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 amOQnt of 

deformation. All these factors lead to an Qnderestimation 

of measQred values. 

The triaxial eqQipment is useful for meaSQrement of 

the swell properties especially when attempting to separate 

and meaSQre the vertical and the lateral swell pressQres. 

As the lateral swell pressQ~e had not been chosen for study 

in the present investigation, the use of triaxial eqQipment 

was not considered appropriate here for swell pressQre 

measurement, bQt it was Qsed here for isotropic swell 

potential. 

2.2011 Finn ~t al (1958) 

Finn et al (1958) were probably the first persons torealiEe 

the significance of volQmetric 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 fo~ the purpose. Finn et al seem not 

to have calculated the volumetric strain, when measuring 

volumetric swell pressure in The.\yapraratus. Such an 

analysis appears to be of paramount importance especially 

in view of Seed et aI's (1962ffinding 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 

suitable modifications to improve the design. In view of 

this fact, it is felt appropriate to present the full netails 
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of Finn et·al's (1958) ap~:8ratus 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 has 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 of 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, 3t inches (89 mm) in diameter, which is 

set down into the plate flush with tbe surface. Two 

channels through the base plate lead to the porous stone, 

to supply free water to the sample. A Y~piece made from 

i inch (16 nun) 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) 

thic It: dehtal dam and two i inch (3.2 mm) thic k rubber rings. 

The dehtal 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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Fig. 2.14 Volumetric Swell Pressure }1easUring device 

(reproduced from Finn et a1, 1958). 
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The apparatus described above is simple and measures 

the volumetric swell pressure directly; but there was 

Bcope for modifications and improvements. As the apparatus 

for the present study was based on Finn et all s model, the 

critical comments on Finn at ales 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 (1973) 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 
.. 1 

when the sample swe lIs even by w-th of a d i visi ontl on a dial 

gauge, it 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) reports that 

although relay systems have already been successfully used 

in the past for this purpose by Kassiff (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 top 

cap will remain 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), inste3d 

of at the side. Alternatively several pick-up pOints 

might be used around the circumference. 

in the design would not be difficult. 

Such a modific3tion 

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 that, 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 AIEan (1957) 

Alpan (1957) constructed an interesting apparatus 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 la soil 

sample is brought into contact with water under tension, it 

will take up moisture until a suction equilibrium is reached. 

At this stage, the soil will have a moisture content not 

necessarily that of saturation. By varying the water tensio~ 

the soil may be made to obtain various degrees of saturation, 
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Fig. 2.16 Suggested Pick-Up Point in Agarwal and 

Sharma's (1973) Apparatus for Swell 

Pressure Keasurement. 
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and its expansive behaviour can be studied. This 

procedure also 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 illustrated in 

Figs. 2.17 and 2.18. Although this is an important ap::aratus 

tome a sure swell pre ssure s, Alpan wa s 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 aI, section 2.2.8 was 

therefore preferred here. 

2.2.14 Su~~ary of Previous Attemots 

A review of the earlier equipment for the measurement 

of both swell pressure and swell potential has been presented 

above. A brief summary of this review is given below. 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:' 
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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 system to maintain a constant volume 

of the sample compensates for the elasticity of the frame 

and proving ring. However, the compressi~n 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 at 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/m2) 

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 (1962 r for 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 W8S 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 vertical and lateral pressures. 

As the lateral swell pressure study was not an objective 

of the present programme, it was 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 at al'8(1958) apparatus is the only apparatus found in 

connection with the measurement of volumetric (isotropic) 

swell pressure. The main drawback of Finn'et a~'s appDratus is 

that no attempt seems to have been made to calculate the 

volumetric strain of the sample. There is scope to take Finn 

et aIlE! 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 pressure of approximately 

100 pSi, i.e. 0.00123% per 1.0 KN/m2• 

An important point that has been noted from the review 

is that no apparatus has be3n 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 pre sent 

study, an attempt was made to recognise the sources of er~or 

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 playa 

significant role when testing swelling clays are different 
S~C~ 

from the above andlfactors are listed below. 

(i) apparatus friction, 

(ii) compressibility of apparatus, 

(iii) compressibility of filter f3pers, 

(1v) seating of the soil sample and porous stones. 

The various apparntus 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 connec~ion 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 affects the shape of the low pressure 

end of the compression 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 
L' 
i~ ;, 
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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~e% of the nominal value. However, at low 

pressures the percent error increases rapidly lFig. 2.20). 

At a pressure of 0.01 Kg/cm2 (0.142 psi) the lo~d applied 

to the sample may be in error by 100%. 

Similar tests on the Wykeham-Farrance bench model 

consolidometers showed an error af 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 edees 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 deflccticns in the 

apparatus rather than the soil sample, the test results 

will be in error unless corrections are made. Compressibili ty 

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 of the measuring 
Q. 

device (Seed et aI, 1962; Kassiff 9t aI, 1965) in order 

to measure more accurately the s~ell pressure by the 

constant volume procedure. Hveem (1958) states that a 

pressure mea2uring system with a stiffness of 0.047£ 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 equivalent 

to 0.0116~~ at 1 .OKN/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 te sted five different types of consolid ometers 

and presented the compressibility characteristics in term3 

of statistical properties. The defor~ations occurri~g 
, 

for the first cycle of loading and unloading are shown 

j.n Table 2.1. The results are also plotted as log pressure 

versus deformation plots (Fig. 2.21) and these semi-log 
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DHllCTIO~: (rlCHr:s) 1 
Pressure -----. ·----------q5~ Cc~ff. c f : 

Type of No. of Range Standard Confid. Vol·i~ti::--.. 
Equip,nent Observ. I (l:g/cm 2 

) '·lean r':ed i an Deviation l ill,its (Pr:I'C er'~) , 
---
light FrCtme 25 0.0 to 0.1 0.00.2 0.0002 0.0001 0.0002 3'3_9 i 

Consolidometer 0.1 to 1.0 0.0010 0.0010 0.0003 0.0006 30.3 I 
I 

1.0 to 10. 0.0033 0.0033 0.001'0 0.0019 28.7 I 

._- ----r--'--'--- -_._-----
10. to 1. 0.0029 0.0030 0.0010 0.0020 34.7 
1.0 to 0.1 0.0010 0.0011 0.0004 0.0007 32.0 i 
0.1 to 0.01 I 0.0014 0.0004 0.0002 0.0004 4ft.5 I 

Rcsidual* 0.C007 0.0006 ~-"OOO~ __ O.OO~_ 65.9 , _. ---------- ------, 
Bench ":cde 1 6 0.0 to 0.1 O.OOOS 0.Oe011 0.0004 0,0009 88.5 : 
Consolidometer . 0.1 to 1.0 0.0009 0.0009 0.0003 0.0006 34.0 i 

1.0 to 10. 0.0030 0.OO3~ 0.0010 0.0019 32.5 j 
.------ ---1 

10. to 1. 0.0024 0.0025 0.0005 0.0009 20. i I 
I 

1. to 0.1 O.OOiO O.OCW) 0.0004 0.0007 34.6 I 
0.1 to 0.01 0.0007 0.0005 0.0006 0.0012 87.0 I 

Residui'l 0.0007 0.0002 0.0012 0.0023 159. I :--. 
0.0 to l Anteus Test Lab 3 0.1 0.0003 

Conso1idometer 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 0.0004 ----
I 

Large ('rIme 0.0 to 0.1 0.0015 0.0017 0.0009 0.0018 61.4 I 

10 I 

Con!>olidometer 0.1 to 1.0 0.0023 0.0026 0.0012 0.0024 53.8 I 
I 

1. 0 to 10. 0.0048 0.0032 0.0021 0.0041 43.2 ! 
-~ 

10. to 1. 0.0822 0.0021 0.0012 0.0023 51.8 I 
i , 1. to 0.1 0.0029 0.0032 0.0014 0.0028 49.4 I 

0.1 to 0.01 0.0017 0.0019 0.0010 0.0020 57.4 I 
Residual 0.0021 0.0012 0.0819 0.0037 87.1 I 

~. --Conbel 2 0.0 to 0.1 0.0008 -_ Consolidometer O. 1 to 1.0 0.0::>23 
1.0 to 10. 0.0023 

10. to 100. 0.0065 I . , 

100. to 10. I O. 0050 
10. to 1. 0.0021 
1. to 0.1 I 0.0009 

Residual 0.0041 . 
"''Residual is the tenn US{;o fOI' differcrlce be~.· .. eer. starting and finishing dial readings. 

Table 2.1 Compressibility of Consolidometers First Cycle of Loading 

and Unloading(reproduced from Fredlund,1969). 
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plots are similar to those expected from testing soil 

sample s. The results mainly indicate that the 

consolidometers do not compress in an elastic manner, 

a greater proportion of deflection occurring at low 

pressure s. 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 consolidometer~ show considerably 

more compression. The Anteus Test-lab consolidometer shows 

only 0.0016 inches (0.04 mm) at 10 Kg/cm2 (14 2 psi). 

All a ppara tus, exce pt the Ante us, shmv considerable hystere sis 

between loading and unloading. The larger the hysteresis 

the more residual deflection there is remaining when the 

pressure is 0.01 Kg/cm2 (0.142 psi). Due to hys tere si G 

and residual effects, Fredlund suggested that there should 

be one compre~si~ility cor1ection curve for loading and 

another for the unloading of the sample. 

Calculations of deflection based on the elastic 

modulL of the materials involved show that many times as 

much deflection occurs when loading as would be expected 

theoretically. For example, at 10 Kg/cm2 (142.2 psi) 

on the light frame consolidometers the average ratio of 

the actual deflection to the theoretical deflection was 

4.0. In the light of this observation, Fredlund took 

special efforts to observe the basis of measured deflections. 

Fig. 2.22 shows the components giving rise to the deflections 

. occurring during loading and unloading of the Conbel 

consolidometer. At 30 Kglcm2 (426.7 psi), approximately 

13% of the deflection occurred in the loading ram ana 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 
I 

residual 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. 2.23 and 

Table 2.2), who concluded that only thick porous stones 

show a deformation modulus appro~chingthe'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 

size 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 cm2 (23.25 in2), as one with a contact area 

of 80 cm2 (12.4 in2), when loaded to 10 Kg/cm2 (142 psi). 

Possibly the mating surfaces should be scraped to fit. 

2.3.3 Compressibility of Filter Fauer 

Filter paper is often placed above and below the 

soil sample during a consolidation test in order to prevent 

the soil particles ---r 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 Figs. 2.24 and 2.25. It can be noted that the 

filter paper has not only an instantaneous compression 
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PRESSURE RArJGE 

Type of o to 0.1 kg/em'- 0.1 to 1.0 kg/cm 2 1.0 to 10 kg/cm 2 

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" 
It 

6,65 x 10 
Porous Discs 

8 - Fine, Norton 0.339 x 10" 0.802 x 10" 3.85 x 10~ 
Porous Discs 

Finc, Thick 
Norton POI'OUS 9.26 x 10" 46.3 x 10" 160 x 10~ 
DiSc!> (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 2t 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-deflection 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, 194e; Hamilton and Crawford, 1959). 

It was concluded by Fredlund that it is difficult to 

evaluate the seating of the porous stones and the soil 

sample, but it is of significance primarily under low 

pressures. As such, it has been 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 discussed 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 pre.sented by FrC:dlund 

(1969) show that the compressibility of the consolidometer 

and of the accessories have a significant effect upon 

the~nterpretation of swell test data. Two main properties 

are affected; first, the measurement of swell pressure 

and second, the slope of the rebound curve. Correct ions 

for both properties can be made by subtrac~ing 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 

( Os ) l!redlund, 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 

ewell 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 

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

at constant volume by an equal all round pressure; 

(ii) isotropic swell potential, when the sample is 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) laterally 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 rom) 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(:195eJ. Fil'..n at iiI tested both 

small samples in a large chamber and large samples in a 

amall 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 rom) 

L 
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in diameter and 1 in (25.4 rom) high. The smaller height 

was chosen to provide a lower ratio of length to diameter 

to reduce skin friction and also to maintain agreement with 

the work of earlier resenrchers for a comparative study, 

if required, at a later stage. 

For testing unconfined samples (2.5 in high), the 

samples were taken from the centre of the compaction 

monld in order to avoid the end effects of compaction. 

For testing iaterally 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 al (1962), 

and the main dimensions are the same. The compaction 

mould, the accessories, and the procedure of compaction 

are in accordance with the standard A.A.S.H.O. compaction 

test. The Indian Standard specification for light 

compaction is exactly the same as that of the standard 

A.A.S.H.O. test, whilst the British Standard specification 

for light compaction is slightly different, viz:- --



standard A.A.S.H.O B.S. 

diameter 4.00 in (102 mm) 4.1335 in ( 105 

height 4.6 in (117 mm) 4.5472 in ( 116 

blows per layer 25 27 

A line diagram ~f the special compaction mould 

designed in the present study is shown in Fig. 2.26. It 

consists of a base plate, a mould divided into three pieces, 

and a colla'r. 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 

bott.om pieces are each 1.0 inch (25.4 mm) high. The base 

plate 7.5 inch (191 mm) in diameter has 4 Nos. of i 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 i inch (15$ 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 i inch (9.5 mm) in diameter holes. 

The tolerances for construction are shown in Fig. 2.26. 

2.4.3 Isotropic Swell Pressure 

nun) 

mm) 

The apparatus designed for the measurement of isotropic 

swe'll pre ssure is an improved versi on of Finn et al' s (1958') 

apparatus described earlier. In this apparatus the sample is 

free to swell in all directions but,subject to eXperimental 

error, volume change is prevented. The line 
, , 

i.. 
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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 top hat (without 

brim) in order to avoid any contact between the sample 

and the confiming water. When the sample is allowed to 

draw free water, it tends to swell. This tendency is 

suppressed by the confining water and the rigidity of the 

system, 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 pressure is 

recorded. As such, it is necessary to recognise the 

sources 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 vol~metric strain of 0.85% at a swell pressure 

of 100 psi (i.e. 0.00123% at 1 KN/m2) , with the percentage 

volume change decreasing linearly with decreasing value 

of ewell pressure. The design calculations are in Appendix 

1, and the deSign details of this apparatus are in section 



t I 

o 'NCH 1 

£AIR VENT 

r-------------~·r· ---------------

~ -, DEAl RED WATER 

UPPER CHAMBER 

-~~ 

1-~
§-

l~-=u-
!:~ -::~? 

b1-
I.~
\-: 
ei-
.t:-

.:.~~- / / / / / / / / / / /J~ _ .•. _ •• - .e._._ .. ,_ ._._ ........... ~ - ........ ... • .. . ... ......... .... .. ... ....................... f'\-
~.. • .. ".. • ....... : .,.....,.. ...... .. .......... .-' .. .... ..' :... .. \ .i -t ' .. t •••••••••• rOROUS STONE .••. •• • .: .,:> fJ-. 
JJ. •••••••••••••••.••..• : •.•. ·:···········~4-

- -I '1 · . . . '. ..... .' . .., ... ' . . " ',' . ':~)"":, .~~ 

• t'-- I V 
t. ~ ~L:~~ 

t 
-'-x , . ~~~~1 
f-~'$.:l 1 Ie::. ' ;j 

~r~'.~~~·:'cJ\YJ.t\':~/\}AV~. J I ~ 
~---

~'.:.:J '~O-J-,1 0 
l~ 't _...i:. 

t,< ·~H._flf\. •. H.!, ... ltf~n-------i ]Ite ...... TRANSDUCER 

FLAT RUBBER 
BANDS 

1--: <-:~ 
WATER SUP?LY 
VENTS frlT~~ .=~~ -'~.!! BASE PLATE I L? ~ ,~.~ ____________________________________________ -L~~-J 

I ".,.- tt--'-

L\"lt.TER INLET,JJu ~
VALVE 

FIG.2-27IS0TROPIC SWELL PRESSURE ApPARATUS 



55 

2.4.4 Laterally Confine~\'Vell 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 

However, suitable modifications 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 sandwiohed between two porovs 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 sorew 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 rom x 51 mm x 51 rom) clamping bar. 

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 develops 

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 strain gauges become ineffective, e.g. when 

extremely low values of swell pressures are to be measured 

( Fi g • 2. 29 ) • 

It can be seen from the design calculations in Appendix 

1 that the percent~ee strain of the sample is 1.6% at a 
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swell pressure of approximately 100 psi (i.e. 0.002)4% 

at 1.0 KN/m2), 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 

confined sample under a surcharge pressure of 1 psi (6.895 

KN/~2); 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 rom) sample 

confined within the compaction ring (see section 2.4.2) 

is placed on a porous stone. 

the base of a cylindrical pot. 

The porous stone rests on 

The pot is 6.0 inch (152 rom) 

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.e95 KN/m2) 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. 

Two 0.5 inch (13 mm) d ia. post s are rigid ly screwed on the 

cell wall. A cross bar placed across these two posts hOlds 

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 Isotrocic 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 e No t inch (9.5 mm) dial clamping 

st ud s. In order to keep the studs short, the flange 

on the upper chamber is at the bottom, see Fig. 2.27 r 

It is thought that in comparison with the four long studs 

extending from top to bottom in Finn et a,l'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) dial 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 is 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) 

covers the sample at the top and the sides. The membrane 

fits tightly against the sample, but offers a nogligible 

all round pressure on the sample, 0.003 psi at 1% volumetric 

strain (i.e.0.02 KN/m2 at 1% volumetric strain). 

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 ~hamber 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 iig. 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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and the water inlet chamber is connected to the pressure 

chamber inle t through the pre ssure transd ucer 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 IOI-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 closed, the forward seal 

prevents water from entering or leaving the pressure chamber. 

The length and position 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 ohamber to provide solidity 

for the bearing sur:irace of the forward seal, .see 

Fig. 2.35. 

(e) When the water inlet valve is open, the forward 

seal should withdraw behind the water inlet hole, 

see 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. 

(f) 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 pressure chamber inlet and extends at the bottom to 

accommodate a pressure transducer. The water inlet chamber 

meets the pressure transducer chamber tangentially (Fig. 

2.35) in order to create a forced vortex to assist in the 

removal of air bubbles from the pressure transducer chamber 

when filling the apparatus with water. 

A pressure transducer was chosen as a means of measuring 

the swell pressure with the minimum of deflection. The 

transducer used, is made by Bell & Howell, Model 4-312 with 

pressure range of 0-100 PSIA and is diagrammatically shown 

in Fig. 2.36. 

2.5.2 Laterally Confined Swell Pressure 

The apparatus consists of a main cylindrical base 

12 inch (305 rom) 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 rom) 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 rom) 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 and 

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 inch (51 rom) 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 (6.4mm) thick is cemented at the 

centre of the sample base in the swell pot. 

The central piece of the compaction mould carrying" 

a 4 inch (102 mm) dia. and 1 inch (25.4 mrn) 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 mrn) dia 

and 1 inch (25.4 rnrn) long stem brazed on top at its centre. 

The other end of the stem butts against a 11 in x 2 in x 2 in 

(279 m.m x 51 rnrn x 51 mm) clamping bar, 

The two 0.5 inch (13 mm) dia.and~ inch (203 mm) 

long tie rods corning from the main base pass through two 

1- inch (16 rnrn) holes made at the two 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 



-EP~ --
" ',e(C 

£-E9-
\ 

\ 

\ 
% 
D, 

'~-- t{)-
B 

/ 
/' 

.-""" . 

./ 
/ 

/ 

Fig. 2.37 Plan of rain :Base in Laterally Confined Swell 
l):-e ssure A ppara t us. 

, 
-@-F 

J 

/ 

A and B -- Position of two tie rods ( 0.5" dia, 8" long) 

at a Pitch of 9". 
C and D -- Position of two tie rods ( Dummy Posts of 

length 5" ) at a Pitch of 9". 
E and F -- Position of two tie rods ( 1.25 t1 dia,8" long) 

at a Pitch of 9". 



,r-lr- . -----
r~' 

tt~·.]! ~~d';;; 
~ ... ' 

"';;:.-. 
~ ----.-
-~~ 

-~-... -ft:15 
- ,. ---..... -

(a) 

:: 
\!1 . 
~ 

c ...... 

~ 

CO 

--':-'~d • ;:",;' . ..... --- "" 

~ 

9 

'" 

tj' .:;¥_. I, ' 

(b) 

--
~ -.----.-

1·15t/; , 

?-" A. I 
~ l-

(c) 

Fig. 2.36 Details of Tie Bars, (a) and (b) to be used in Strain Gauge System, 

(c) to be used in Proving Bar System.· 

• 
\0 

~ 

• 
l(\ 

~ 

"-
C) .... 



62 

gauges (1 x 10-6 inch) are fixed on each of these 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 butts against the proving bar (see Fig. 2.29) 

Noting that, the smaller the volumetric expansion of the 

sample, the more reliable is the meaSllrement of swell pressllre, 

it can be seen from the design calClllations (see Appendix 1) 

that using strain gauges is more advisable. Appendix 1 

shows that the deflection of the proving bar at 100 psi 

(6tl9.5 KN/m2) swell pressllre 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 Desifn of Apparatus 

In the present study, Finn el al's (1958) apparatlls and 

Seed et aI's (1962rappara tus were used as models to design 

isotropic swell pressure apparatus and laterally confined 

swell pressure apparatus respectively. Swell pressure 

measurements are subject to a systematic underestimate. 

In the isotropic swell pressllre apparatus, these errors 

are due to: 



a) bedding errors, 

b) compressibility of the membrane, 

c) compressibility of the f i 1 t e r pa pe r , 

d) compressibility of the O-ring, 

e) compressibility of the water, 

f) eXlPansi on of the chamber, 

g) deflection of transducer (ne gligi ble ). 

In the laterally confined swell pressure apparatus, the 

errors are due to: 

a) bedding errors, 

b) extension of the tie bars, 

c) compressibility of the filter papers. 

It was assumed that preloading of the laterally confined 

swell pressure apparatus would eliminate the error due 

to 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 to 

be both substantial and somewhat erratic, in that different 

tests 2ave different results. They were also non-linear. 

It was concluded that it would be extremely difficult to 

pre-program~e a servomechanism to compensate for bedding 

errors in a reliable manner and that in practical terms 

some error is unavoidable. 

In the presen~ apparatus, the design calculations· 

in Appendix 1 suggested that the swell pressure samples 

expanuad 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 expansion 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 ar~· underestimated by 

15% or more. 

The design of apparatus to measure swell potential 

in accordance with Seed et aI'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 conclu~ed 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 observRtions which bear on the reliability 

of the results. A further analysis of the results 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 

series of artificial mixtures studied in this programme 

wae composed of t~o components, clay and sand or bentonl~e 

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 

gravities 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.O. 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 tests 

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 results are reported 

in the following sections. 

3112 MATERIALS 

3.2.1 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 Union Ltd. in England. 

According to the suppliers, this material is composed of 

sodium montmorillonite and contains a preponderance of 

particles of less than 2 It 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 a 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 bentonite-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 resultstobtained for these two sets of samples 

re specti vely. For the Atterberg limit and specific gravity 

T see after page 82. 
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tests, equal proportions of Batches 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: 

LL = 192%; PL· = 55% ; 

PI = 137% 

The illite used in this study is Hyb?nd 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 

2f-- size (Fig. 3.1). X-ray diffraction showed some 

kaolinite as well as illite. 

material are: 

LL = 71%; PL = 32% ; 

PI = 39%; Gs = 2.71 

The properties of this 

The ~ 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 = 1.7. 

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 trented in the 

same way. This was appropriate because the s!~allest sand 

particles are much larger than any silt particles which the 

bentonite or illite might contain. 

3.2.2 Artificial Mixtures 

The three artificial mixtures studied were: 

(i ) Illite-sand 

(ii) 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%, 16.7% 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 Wootton Broadmead near 

Bedford, England, Map Reference TL 0242. The samples were 

selected and '~QllactQ~ by Messrs. C.M. Darlow and J. Darlow, 

who have farmed there for 45 years approximately. The samples 

were labelled from 350-1 to 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 



soils crack widely during summer, up to 20 rom 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, see 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-line. 

According to King (1969), these soils were mapped in 

a single 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 brief description of 

Rowsham, Denchworth, and Milton Series is reported below 

following King l1969). 

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 Jurass1a 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 

distinct 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 Dellchworth 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 old grass. 

Between 9 Dnd 18 in (230 and 460 mm) there is a very 

tenacious, grey and yellow-brown, prominently mottled, clay 

subsoil with coarse blocky or prismatic structure 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 imperfectly 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 mm) 

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 II slight rise similar to a terrace" and was there fore 

at first thought to belong to Milton Series, which are 

mainly found on gravelly and loamy drifts. The clay 

contents of the surface soils for the Milton, Rowsham and 

Detlchworth Series are quoted by King C1959) 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 e7%) and it was assumed as a first 

approximation that the selected soils belong to one of 

the three series mentioned abo~~. Although this assumption 

1s 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 the 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 

flint with sandstone, chalk and some rounded quartz pebbles. 

The stone content in the soils varied from 0.07 to 3.5~ by 

weight. 

3.3. METHODS 

3.3.1 Limit Tests 

The Atterberg limit tests, viz; liquid limit and 

plastiC limit were determined in accordance with BS 1377: 

1975 Test No 2 (A). For 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, cations and organic matter. Thus, despite the 

small amount, when present, it can playa significant role 

in modifying the properties of the soil. 
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A quick test was used to determine whether allophane 

was present in the natural soils of this study: This 

test is usually called the 'Sodium Fluoride Test For 

Am9rphous Alumina-Silicates! The allophane was detected 

by treating the soil with sodium 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 

superna tant • 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 irr~ediately. Further pH readings were 

taken at t 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 hi gh 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 Size Distribution Tests 

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 quantitative determination of 

particle size distribution in a soil from the coarse 

sand 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 ftto. BS te st sieve. 

3.3.4 Organic Matter 

The pe~centage by mass of organic matter present in 

the natural soils used in the investigction 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-ray diffraction was used for a qualitative 

:1,dentification 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 

spread on a glass microscope slide 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 Kc( 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 i·:achine 

Control Setting 

Power 40 Kv x 20mA 

Slit 1.0 x 0.2nun 

Time Constant 4 

Counts per Second 200 

Chart Speed 300nun/hr 

Saan Speed ~o/min 

Suppression Zero 
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graph showing the intensity of reflected radiation 

against diffraction angles, 2Q values. Fig. 3.3 is 

a small scale reproduction of one of these grnphs. For 

the Cu Ko( radiation, the wave length A is 1.541 A 0, hence 

d = nA = 0.7705 
2 sinG sinG 

for the first order reflection (n=1). Using this formula 

the 2G value~ were converted into d-spacings (AD). These 

d-spacings were used in identifying the various minerals. 

Supplewentary 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 to 7.2 AO suggest 

Kaolinite or chlorite; 10A o peaks suggest illite or 

halloysite; 12.5 AO peaks suggest montmorillonite; and 

14 AO peaks suge.est chlorite, vermiculite, montmorillonite 

or a mixed layer clay. 

After heating to 110° C the 10 AO peak shifts towards the 

7.2 AO range for halloysite. 

Heating to 300-40000 shifts the 12.5 AO peak to a 

spacing around 10 AO for montmorillonite. 

Heating to 600°0 destroys the structure of halloysite 

completely, whereas for illite the 10 AO 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°0 causes the 14 AO peak to intenSify for 



~ 
0tI • 
VI 
• 
VI 

C/) :r 0 .... 
~ I-' 

«< 
l2: t:;; 0 
• .... 

~ 
VI ~ 
V'1 ~ 0 
I (') 
I-' c+ 
• .... 

0 
~ 

~ 
c+ 
r+ 
(I) 

Ii 
~ 
,...., 
CI.l 
9 
III .... .... 
CI.l 
(') 

III 
I-' 
(I) 

< 
(I) 

'1 
01 .... 
0 
1:3 ......... 

~ - !=E~ . ! - . 

~-_~ :'r .. ..~ -t tt': '~'f-I---<~-' --. 1.38A Quartz 
~ .... 14 t1n,LJ-t ~tr..;:~·-~ ±_1: 
~-. ! jfft':l- -,.:= '~t' tf~~~t-i'~~-'±iEU- l.5A !lute 
5 . ,~--,·I.· ~.j- ~ . L ~l::l ~~ - ±.Dt, :_L 0 

~~ - ~ .! . ~T·H +-'1'- ~"fT t i -t', -+- b--~ 1.54A Qua.rt z ::., ,f-=rrt, _I Lt-,· --:2 ; I 't- I 1- I ; .. 1 . t . t ~_J-l-. ,L_l_ .•. , ,- -
~ - ; f· T' I-I t, - 1...L1 '--+-± "'-'--

N --! ! ;Lll"-f'Oti-tj~1L~1~' ~1~lr~~:t±t~Bl-;1;; ~~ 1 82A Q;uartz 
r:"'1 0 -,. l' ,- t ,. t- • 
,i1 I 0 _. - , "in -L~ -
.y I! I f -j~;-+-j --~t,t 1- ,t 
r 1 ,: 'L ' ___ .1 +- _1.- l' nit 
~~ ;:'-!'Tj"!J,t,-+t-t-!-~r' :-_ 1.91AKaO,~ e 
So: 1 l t ! [ r.l :,.it~ l~,:=: 2.14A Ilhte 
~~ ; i I -J _-_L +If±tH=l+H: 
~ : -~:j 1 i~t·t- 1- j'" 1(-::: 2 45A Quartz 

1 211 t' iLll t j't .1
.. • I ; n -r1'I:m!IFftf!1 

I r."'1 I I tt 1 ,L! l-tLL1J .I:$ 
;:~ iT 1-"" ltTf1 ... +1+-:t:rt r- 3.35A Quartz 
.t~~: I,'~o ::'1 t:rjl-~ 1 }(al'nit 
i"'1 , I i I tt, I . ~ -1 ..J. T 'i -t ~ 3.5 A 0 ~ e 
~~: ' :Tr --TIl -jl -:111.-11 .j: l tf :,-= 4 26A' Quartz 
~:l _I _ Iii + j j' I ~' - • 
L 1 C>; ,I '- 1 L -••. I· _. ,-
~.l ~ oi, ,'''r' .,+.L.+: "";""....J_,:- , 4 45A Illite 
[~~ • I" !~. I., T . '-t ~ ~ '-l • 

1 0 ,,' j . I'+~ I' •. 1 t j 

~~ 0:." :! l: j I :'1 - i -+ 1 J ~ 
i1 a.. : t I. 1.

1
'" _L. ff4 -: -rm-' 

c' ,II' I tit "'r1 j r:; ~ i I! i I I r t ;~, j + 1- r t. 
~~ ~ :!·t Llt .1. '['--U_-- 4- U1

1
' 

1:" 1 i f I' I ~ I 1-- ~-1 1- • - • '" 0 
L 1 ...... , r 1 I :. I , r " ,- , Mi 1 
2~' 4:' ' f :.J I-h' i -- . r 14A Expandl.ng nera 
c:'T ~ I ,!tt ,f, ,-I.~" -,-

ro..o . ~ 'q' L Tt~--rH-rr -~t 
I a:: \' I 1': I ! ~ ++ 1 + ~ ~'f I t- . , ri I, f" I· -i • It· '-, 

I 1 : j ;1 \ . .-! 1 I·' 0 .1 



15 

chlorite, otherwise the 14 AO peak may be montmorillonite, 

vermicUlite or a mixed layer clay. 

Ethylene glycol treatment shifts the 14 AO peak to a 

spacing of 17 AO for mont~orillonite; and for a mixed 

layer clay containing montmorillonite the 14 AO peak will 

be shifted to some lesser and variable spacing. For 

vermiculite, the ethylene glycol treatment shifts the 

14 AO peak to a spacing of 16.3 AO
• 

It can be seen from the above description that whilst 

it is comparatively easy to identify Kaolinite, illite and 

halloysite; it is difficult in normal practice to resolve 

the 14 AO peak for a precise identification of the mineral 

involved. Howe~er, a 14 AO 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. 

J.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 80ils, 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 

guartz Calcite 

29 d(Ao2 I hkl 29 d(Ao) I hkl 

26.6 }.;5 100 101 23.04 3.86 12 102 

20.85 4.26 35 100 29.42 3.04 100 104 

36.55 2.458 12 110 }5.99 2.495 14 lIO 

}9.48 2.282 12 102 }9.43 2.285 18 II} 

50.21 1.817 17 112 4;.18 2.095 18 202 

60.03 1.541 15 211 47.53 1.913 17 108 

68.23 1.375 II 203 48.55 1.815 17 116 

Kaolinite Illite 

29 d(Aol I hkl 29 d(Ao) I 

12.36 7.16 10 001 8.9 9.9 Very Strong 

24.92 3.575 10 002 18.10 4.9 Medium 

38.50 2.338 9 202 19.95 4.45 Very Strong 

39.38 2.288 8 1;1 22.91 3.81 Medium 

36.05 2.491 8 200 26.60 3.35 Very Strong 

62.36 1.489 8 200 35.00 2.56 Very Strong 

31.81 2.319 6 201 }7.6 2.39 Medium 

45.60 1.969 6 2O} 42.2 2.14 Medium 

55.27 1.662 1 204 62.0 1.491 strol1€ 

Netahallolsile Gypsum 

29 d(Aol I 26 d(Ao) I hkl 

11.95 1.41 6 11.70 7.56 100 020 
20.03 4.432 10 29.19 3.059 51 14T 
24.11 3.603 4 20.80 4.27 51 12T 
}5.02 2.562 4 }3.45 2.619 28 022 
62.59 1.484 5 31.20 2.861 21 002 

54.63 1.680 2 23.47 3.19 21 031 
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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 

samp~s for one compaction test were tested on the same 

day, and the actual moisture was determined by taking a 

representatiYe sample from top, bottom and middle of the 

compacted sample. The sample was compacted in 3 layers, 

with 25 blows per layer using a rammer of 5.5 Ibs (2.5 kg) 

falling through 12 inches (300 rom). 

3.3.8 Sample Prenaration For Swell Tests 

In order to obtain samples for the swell potential and 

ewell pressure tests, air dry (and sieved) samples were 

brought close to the optimum moisture 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 

exception was in the case of the earlier tests on pure 

bentonite clay, which were used for the bentonite-sand 

eeries, 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 special 

compaction moulds, see section 2..4-.2. The height of the central 
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compaction ring was 1.0 in (25.4 rom) 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 wos experienced 

in trimming the compacted natural soils. In many cases, 

a few repetitions of the compaction test were necessary 

before finally obtaining a satisfactory 8~mple for the 

swell tests. The artificial soils were relatively easy 

to trim. 

The laterally confined samples were left 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 pei (6.895 KN/m2 ) 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 porous 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 minutes, readings were 

taken every 24 hours. The readings were continued 

until the soil attained its maximum swell becoming steady 

wi th time. At this stage, the sYlell 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 compaction ring was taken 

out and a respresentative composite sub-sample was taken 

from top, middle and bottom 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 (Sc). 

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 eection2.4.4 • Plate 3.1 shows 
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the general arrangement of this apparatus. The strain 

gauge system of measuring the pressure was used for all 

the tests made in this study. 

The '1.0 in (25.4 rom) high soil sample with its 

aompaction ring was placed in the swell pot on the porous 

atone, 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 

bottom. 

The cross bar was placed across the tie bars carrying 

the strain gauges in such a way that there was about 

t to t 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 until the perforated 

plate just touched the porous stone on top of the sample. 

The screw was then tightened to apply a small 

compressivE!, 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 perforated 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. 



00 

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 

to determine the final moisture content. 

For each tie bar, the average of the two sets of 

strain gauge_readings 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 

cross-sectional area of the soil sample to obtain the 

swell pressure (Pc>. 

3.3.11 Isotropic Swell Pressure Tests 

The apparatus designed and fabricated to measure 

isotropic swell pressure was shown in Fig.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 compaction 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 perfectly 'glued' to each other. 

This double membrane was a tight fit to the sample and 

rubber bands were used to 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 together using the 5 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 driven out, and 

when water flowe~ 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 at 

close intervals in the initial stages of the test, and at 

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 investigation are presented in this section. The 

next two 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 

assessment of the results. 

3.4.2 Results on Artificial Mixtures 

The results of the various tests chosen in the present 

study 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. vwIVs refer to the volumetric water content at 

optimum conditions. Each pair of Wi and W
f 

refer to, 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 JI.ixtures 

Composi tion 

Illite % 100 82 64 50 32 14 0 
Sand % 0 18 36 50 68 86 100 

Index Properties 

Gs 2.11 2.70 2.69 2.68 2.67 2.66 2.65 
LL ?6 70.5 58.7 49.3 39.0 29.1 19.1 
PI. % 31.9 21.1 20.4 16.9 14.1 NP 
PI % 38.6 :31.0 28.9 22.1 15.0 
At 0.44 0.43 0.52 0 .. 50 0.54 
LI -0.13 -0.1 0.03 0.05 -0.01 

Compaction Prop. 

OMC % 21.0 24.6 21.2 18.0 14.0 11.8 11.4 
Yei pcf 94 97 102 106 112 105 102 

kg/cu.m 1510 1553 1630 1697 1800 1685 1637 
Yw/Ys 0.73 0.65 0 .. 52 0.47 0.36 0.;0 0.30 

Yd./Ys. 0.56 0.57 0.61 0.63 0.68 0.64 0.61 

Lat. Con. Swell 

Pc psi 39.8 36.6 23.6 18.7 9.2 3.5 
kN/sq.m 275 252 163 129 64 24 

Wi % 21.2 24.5 21.2 18.2 14.0 11.8 
'lit % 30.2 . 21.8 24.7 21.8 15.4 12.8 
Se % 21.8 17.5 14.4 10.8 1.8 0.5 
Wi % 21.2 24.5 21.2 18.2 14.0 11.8 
wr % 43.0 36.5 30.6 24.8 15.1 14.2 

Isotropic Swell 

Pi psi 31.0 27.2 21.1 17.2 8.5 1.2 
kN/sq.m 213 187 149 119 58 9 

Wi % 21.2 24.1 2;t.2 18.2 14.0 11.6 
wr % 29.9 27.6 25.0 19.6 15.7 12.7 
Pi/Pc 0.18 0.74 0.92 0.92 0.92 0.36 

NP - Non Plastic 

t Activity is calculated using clay less than 2f. 



Table 3.4 Properties of Bentonite - Sand ~lixtures 

Composi tion 

:Bentonite ~ 100 83.3 66.7 50.0 33.3 16.7 0 
Sam ?6 0 16.7 33.3 50.0 66.1 83.3 100 

Index Properties 

Gs 2.49 2.51 2.54 2.57 2.59 2.62 2.65 
LL ~ 192.0 160.0 132.0 97.8 66.0 42.6 
PL % 55.1 39.9 32.7 26.5 12.8 NP 
PI % 136.9 120.1 99.3 11.3 53.2 
A 1.31 1.45 1.48 1.43 1.61 
LI 0.02 0.08 0.08 0.02 0.13 

Compaction Prop. 

OMC % 58.5 49.5 41.0 28.0 19.8 11.) 1l.4 
y~ pct 60 70 77 88 97 105 102 

k8/cu.m 955 1115 1235 1410 1555 1685 1637 
V.,,/is 1.45 1.23 0.98 0.72 0.56 0.45 0.30 

Yfl/~ 0.38 .0.44 0.48 0.55 0.59 0.65 0.61 

Lat. Con. Swell 

Pc psi 42.8 38.8 33.7 28.0 20.6 11.2 
kN/sq.m 294 269 233 193 146 78 

Wi ~ 60.8 49.3 41.7. 27.7 20.1 16.9 
lit ~ 66.1 51.1 42.2 31.8 22.5 19.1 
Se ~ 79.4 74.7 65.3 51.2 39.8 22.2 
Wi % 60.8 49.3 41.7 27.7 20.1 16.9 
Wt ~ 148.2 114.5 91.5 62.8 41.8 30.8 

NP - Non Plastic 



Table 3.5 Properties of Bentonite - Illite Mixtures 

Composition 

llentonite % 100 83 • .3 66.7 50.0 33.3 16.7 0 
Illite % 0 16.7 33.3 50.0 66.1 83.3 100 

Index Properties 

Ga 2.48 2.52 2.56 2.60 2.64 2.68 2.12 
LL % 192.0 114.5 149.8 135.2 117.5 91.2 70.5 
PL % 55.1 50.3 46.7 43.1 40.2 36.8 31.9 
PI. % 136.9 124.2 10}.1 92.1 77.} 54.4 38.6 
A 1.31 1.25 1.01 0.98 0.84 0.61 0.44 
LI -0.03 -0.05 -0.09 -0.09 -0.11 -0.11 -0.12 

Compaction Prop. 

OMC % 51.5 43.5 37.0 34.5 32.0 30.8 27.2 
Ycl. pc! 61 64 70 16 80 86 94 

kg/cu.m 980 1020 1120 1225 1285 1380 1510 
Vwlva. 1.25 1.10 0.95 0.90 0.86 0.83 0.13 

rJ./Ys 0.40 0.41 0.44 0.47 0.49 0.52 0.56 

Lat. Con. Swell 

Pc psi 52.2 51.8 50.5 49.8 46.7 43.7 39.9 
kN/sq.m 360 351 348 344 322 302 275 

'111 % 50.6 42.8 37.5 35.0 32.2 30.3 27.2 
W! % 59.} 52.8 45.4 40.5 34.9 33.2 30.2 
So % 87.} 85.5 74.3 61.0 52.5 36.6 21.8 
'111 % 50.6 42.8 37.5 35.0 32.2 30.3 27.2 
'Ill % 137.4 134.5 111., 90.2 19.5 60.2 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 gravities vary from 

mixture to mixture within each series. Fig. 3.6, 3.7 and 

3.tl show the compaction results of illite-sand mixtures; 

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

Band series, and the other on the material used with 

bentonite-illite series; both these tests yielded slightly 

different values with regard to the optimum 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 ~.6 ProEerties of Natural Wootton Broadmead Soils 

Soil No I 2 3 4 5 6 7 8 9 10 
Property 

Grain Size 

Clay ?6 42.0 21.0 25.0 48.0 62.0 9.0 40.0 87.0 32.0 10.0 
Silt 9b 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 2.0 1.0 1.0 1.0 3.0 10.0 0.0 1.0 1.0 

Index ProEerties 

Gs 2.68 2.67 2.67 2.65 2.52 2.76 2.56 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 45.1 
PL % 24.5 14.5 25.0 28.2 34.4 15.0 23.0 45.0 40.0 24.1 
PI % 26.4 12.5 18.2 34.9 33.4 11.4 11.1 39.3 28.6 21.0 
A 0.63 0.60 0.73 0.73 0.54 1.21 0.28 0.45 0.89 2.10 
LIt 0.02 .0.04 0.22 0.03 0.27 0.19 0.36 0.15 0.40 0.20 

Chemical Pr0E. 

Organic Matter % 3.60 1.80 4.33 3.80 4.20 1.70 4.60 7.10 6.70 3.50 
pH - 7.53 4.14 4.37 3.93 5.59 5.52 4.67 3.81 5.17 4.67 
CEC meq/l00gm 2.3 30.2 
Allophane Nil Nil Nil Nil Nil Nil Nil Nil Nil Nil 

Compaction Prop. 

OMC % 24.0 15.0 21.0 27.0 25.5 12.8 19.0 39.5 28.5 20.5 
pcr 98 118 101 90 91 119 105 19 81 102 

id. kg/Cu..ro 1570 1890 1618 1442 1463 1913 1688 1257 1391 1626 
Vw/Vs 0.64 0.40 0.56 0.12 0.64 0.35 0.49 0.91 0.10 0.51 
ld./1s 0.59 0.71 0.61 0.54 0.58 0.69 0.66 0.51 0.51 0.65 

Lat. Con. Swell 

Pc psi 8.20 0.00 '.50 8.30 13.1 0.96 6.40 21.0 2.55 0.00 
kN/Sq.ro 57 0 24 40 . 90 7 44 145 18 0 

Wi 9b 23.1 16.2 21.7 26.9 26.2 12.6 18.4 39.4 28.3 20.3 
wr % 25.8 22.9 29.3 28.9 13.8 20.2 41.8 29.8 
So % 3.10 0.00 2.10 4.80 5.40 0.15 2.60 6.73 1.82 0.00 
Wi % 23.1 16.2 21.1 26.9 26.2 12.6 18.4 39.4 28.3 20.3 
wr % 29.4 25.1 33.2 35.6 15.8 23.1 53.2 31.5 23.1 

Isotropic Swell 

Pi psi 6.50 0.00 3.00 7.25 8.50 1.00 5.50 13.0 1.50 0.00 
kN/sq.m 45 0 21 35 59 7 38 90 10 0 

Wi % 23.4 15.6 20.8 26.9 25.1 12.2 18.9 38.3 28.3 20.0 
wr % 24.6 22.4 21.8 27.7 13.2 19.9 40.7 29.5 
Pi/Pc 0.79 0.86 0.81 0.65 1.00 0.86 0.62 0.59 

Clay l'dnerals lKx K KIC KIC IKx KC KIC ? Xl K 

I - Illite; K - Kaolinite; x - Trace of Montmorillonite or Vermiculite or 
Mixed layer clay; C - Calcite. 

t The LI valu.e for all soils is negative except for soil No 2. 



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 

No. 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 con~ent 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 fo~lows: 

For clarity of presentation, four of the ten natural 

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 drydensi ty s.tarts 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 variations of 

temperature in this programme, the isotropic swell pressure 

test apparatus was used. A dummy mild steel sampJe 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 to 

fluctuations in temperature of the laboratory. The 

observations were first taken in a large laboratory, in 

which there is 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 



0 LARGE RESEARCH LAB. 

X Sr'1A L L RE5EAI\CH LAB. 
200 

180 .-
VI 

0.160 
~ 

0. 140 
~ 

w 120 0 
ex: 
~ 

~ 100 0 
w 
a:: 

<:> a.. 80 
:; 

60 o-
w 
c,:) 

0 :;.: 
-t 40 
% 
(.) 

20 -
X ~ 

~ 

2 3 4 5 6 . 7 8 9 iO 'Ii 
TEMPERATURE VARIATION (OC) 

. , EFFECT OF TEt··1PERATURE ON S"JELL PRESSUnE 

F1g.}.lO 



86 

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 tests were 

± 30e and! 10 psi, but there appears to be a definite 

possibility of larger pressure fluctuations. 

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 

study. Frequent readings of both temperature and pressure 

were taken over a period of 24 hours, and the results are 

shown 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 maximum and minimum pressures occur some two 

to three hours later than the maximum and minimum temper8tures. 

In the laterally confined swell pressure apparatus, it 

may be difficult to achieve an accurate temperature 

compensation in spite of the provision of dummy strain 

gauges. It can, however, be calculated that variation of 

! 30e 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 by temperature chan~e 
~ . 
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These observations do reveal that for accurute s'Nell 

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 controlled 

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 aI, 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 swell potential versus time plots for the artificial 

mixtures are presented in Figs. 3.12 to 3.14. Figs. 3.15 

and 3.16 report the laterally confined swell pressure 

against time for illite-sand and bentonite-sand mixtures 

. re s pe c t i ve ly • Fig. 3.17 report&the isotropic swell pressure 

+ see after page 90. 
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versus time 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 discuosed in 

Appendix 7. 

Figs. 3.18 to 3.20 report the laterally confined swell 

potential, laterally confined swell pressure and isotropic 

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 similar 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 smoothly to reach a maximum value, as 

observed in the artificial mixtures. Hence the various 

swell test.s on natural soils are thought to be satisfactory 

and reliable. 

3.4.5.1 Swell Potential Versus Time 

The following trends, which ~re typical of all the 

swell potential versus time curves, can be seen from the 

results of the present study. 

(i) The swell potential versus time relationship for a 

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

similar to that of consolidation. 

(11) The tot~l time required to develop the maximum 

ewell potential is essentially a function of the type 

(mineralogy) and the amount of the clay fraction, e.g. 
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Bee 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 poteVtHaL versus time on natural 

Bcales 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 develops fairly steadily throughout 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 compacted 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 mentioned 

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. 

J.4.6 Maximum and Ultimate Swell Pressures 

It can be seen from the swell pressure against time 

plots (e.g. Fig. 3.15) in this 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 swell 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 can be seen that the swell pressure, after dropping 

from a maximum reaches a constant value equal to 80% of the 

maximum value. Thus it appears that there are two swell 

pre ssures, viz; 

(i) 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 i1: the ionic concentration in the 

pore water within the 8fiJllple. 

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 obove 

three explanations might be the dominant one in causing 

the drop of the swell pressure. 

3.5 StffiW~RY AND CONCLUSIONS 

The details regarding the type of soils and the coin 

tests undertaken in the present study are reported in this 

chapter. The results of the main tests made on both 

artificial and natural soils, and some discussions 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 swsll 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 

7. 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 pres~ure andultimat~ 

(steady)swell pressure. However, the peak value of swell 

pressure is 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 12boratory. 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 1n Chapter 5, after reviewing the 

theories for the prediction of swell properties in Chapter 4. 
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CP~PTER - 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 soil properties, 

and (2) simple mixing laws to explain the behaviour 

of swell properties. In addition, a third set of 

theories, elastic mixing laws were considered in the 

present study but were not found useful in the present 

context. these laws were originally proposed to 

predict the elastic constants 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 wae 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. 

is presented in section 4.3. 

This set of theories 

4.2. THEORIES BASED ON SOIL PROPERTIES 

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 

such as 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 

swell' were given in Section 2.2.2 ). They sugge~ted 

that soils with a 'free swell' value of more than 100% 

exhibit considerable 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 authors also attempted to classify the probable 

amount of expansion making use of simple index properties 

(plasticity index and shrinkage limit), and the percenta~e 
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oolloid content. The authors' classification data, 

Table 4.1, when subjected to multiple 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 5L = shrinkage limit (%) 

The value of the multiple correlation coefficient (R2) 

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 ( -(,2 f- ). 
He classified 80il into very high, high, medium and low 

degrees of potential expansion using the graph in Fig. 

4.1 • 

4.2.4. Dinesh Mohan (1957) 

Dinesh Mohan (1957) studied about twenty remoulded 

Indian Black Cotton Soils; these soils swell strongly. 

Taking shear strength as half the unconfined compressive 

strength, he suggested a straightline relationship 

between liquidity index and shear strength on a log-log 

Bcale. The consolidation characteristics were obtained 

from samples remoulded at the liquid limit and tested 

in an oedometer. He observed that the relationship 

be tween the Com ?Ye..\·~i'o" t\1dex .,. __ • __ • and the liquid 
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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%) 

Terzaghi and Peck (loc. Cit.) suggested that, for 

undisturbed clays, the value of Cc obtained from 

Skempton's relation should be increased by 1.30 times; 

thus p~inting 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 at al (1962) 

Seed et al (1962) used twenty three artificial 

soils, comprising mixtures of illite, kao~inite 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 to natural 

soils. 

The equation obtained by these authors from their 

study on artificial soils, for predicting swell potential, 

is: 
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where, Sc = swell potential (%), 

A = activity, 

and C = clay fraction (.c::... 2 ft ), (%). 

The usual 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 through the origin as would toe obtained with the 

British apparatus. The Qctivity was taken as: 

PI A = C - n 

where, n is the intercept on the x-axis. 

eqn. (4.4) in (4.3), it follows: 

C 3.44 

(0 _ n)2.44 

in which, 

N 
C 3.44 
(0 _ n)2.44 = 

(4.4) 

Substi tuting 

(4.6) 

Noting that the possibility of a correlation between 

swell potential and plasticity index depends on the 

var~ability 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 soile 

etudieu by these authors, so that they suggested two 

separate equations, one for artificial soils and the 

other for natural soile. 
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These are: 

(4.8) 

for artifical clays 

and, 

S = 3.6 x 10-5 (60)(PI2 •44 ) c 
for natural soils 

The authors suggested that this method is useful to 

predict swell potential within an error of ! 33%. 

If we assume that a British liquid limit apparatus 

is used, then 

A = E.! (4.10) 
C 

Substituting Eqn. (4.10) in Eqn. (4.3) it follows: 

On this basis, the difference between Eqns. (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 ~n oversimplification. 

The \York 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 ~quare fit, the authors give tte following 

equations: 

Co = 0.0025 LL + 0.05 (4.12) 

°E = 0.0025 LL - 0.06 (4.13) 

PL = 50.5 - 0.0712 (CEC) x (CaC?) (4.14) 

5L = )0.4 - 0.0409 (CEC) x (CaCo) (4.15) 

CEO = )5.0 - 0.559 (CaC0 3) (4.16) 

where, 

Cc = coefficient of compressibility, 

CE = c oe fficient of expansion, 

CEC = cation exchange capacity, 009 
1 gms 

and, 

CaCo) = 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) calcium carbonate or other 

cements might be important. Not e a 1 sot ha t E q n. (4. 1 2 ) 

predicts a value of Cc 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 limit. In this method, 

instead of using the shrinkage limit, the difference 

between liquid limit and natural water content was taken 

aa an index in the form: 

(4.17) 
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where, 

e = natural void ratio, o 
and 

e l = void ratio at liquid limit. 

Soils with an index less than -40% are considered as 

swelling soils, greater than -1Ofo as slumping soils, 

and the soils with intermediate values are considered 

as normal stable soils. The most important points that 

emerge from Da ~ilov's paper are: (1) the initial void 

ratio, e , should be taken into consideration (or the o 

initial density), and (2) the swelling phenomena is 

volumetric. 

4.2.tl 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 

soils 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 limit, as the shrinkaga 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 ~eed et al (1962), the authors arrived 

at the following relationships. 
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8 = 2b3 x 10-5 SI2 • 07 
c (4.1~) 

for artificial clays 

and 

8 = 41.13 x 10-5 812•6'( 
c (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 different sets of data. 

The approaches of Seed et al (1962) and Rang3natham 

and 8atyanarayana (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 approach 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 to 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(Y~) 

-0.0269 (wo) (4.20) 
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where, 

P = swell pressure (Kg/cm2 ), 

LL = Liquid limit (%~ 

Yd = dry density (Kg/m3), 

and 

w = natural water content (%) o 

The authors assumed that liquid limit is an indirect 

measure of" the potential propertie s such as surface area, 

type and concentration of ions and type of clay; that 

water content is a measure of the capillary tension of 

a~sorbed water; and that dry density is a measure of 

particle spacing. The authors could not find a 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 properties, 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 into 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 Gs = 2.8, and found that 

the coefficients of liquid limit and natural water 

content in Eqn. (4.20) are approximately: 
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They, therefore, define'}.. as: 

= LL - 1.3 w , o 

(4.21) 

(4.22) 

and present their final predictions as lines for constant 

A on a graph of swell pressure versus porosity. In 

doing so, they make further empirical changes to Eqn. 

4.20 so that the constants now become in effect functions 

of ~ , which are defined numerically, as shown in Fig. 

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 pressure 

theory of pure clay suspensions) and the purely empirical 

approach are inadequate to serve the purpose. They 

suggested 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 based 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 effects 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. 

+ 3.7912 (4.23) 

+ 6.38 (4.24) 

where, 

Pc = laterally confined swell pressure (lb/in2 ), 

Sc = swell potential (%), 

PI = plasticity index (%), 

C = clay content (%) , 

wi = initial water content (%) • 

4.2.12 Vijayvergiya and Ghazzaley (1973) 

Vijayvergiya and Ghazzaloy (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: 

1 log Pc = ~ (0.4 LL - wi - 0.4) (4.25) 

1 
log Sc =" (0.4 LL - wi + 5.5) (4.26) 

where Pc is expressed in tons/sq.ft. 
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Defining swell index (Is) as the ratiOQt natural 

water content to liquid limit, the investigators established 

curves between Is 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 qualitative 

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 suggest 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 samples and fitted a regression curve 

between plasticity index and the swell potential. The 

equation for the suggested curve was given as follows: 

So = 0.2558 exp (0.0838 PI) 

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) various 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 proportion 

of one phase; and y as the property of interest, ie 

Pc' Sc etc. 

These are:-

(1) Linear relationship, 

(2) Quadratic relationship, 

(3) Smart's (1970) quadratic bounds, 

(4) A new S-shaped relationship. 

Further details are given below. 

4.3.2. Linear relationship 

and 

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 
s 

a mixture of perfect ga~s, 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 (¢r) 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 (1-0). 

Of 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_0)2 was the proportion of sand 

eliding over sand, and 20 (1-0) was sand sliding over 
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clay. Based on this hypothesis, Smart (1970) proposed 

~he following equation: 

tan ¢ r = 02 tan t/c + 20 (1-0) tan ¢m + 

( 1-0) 2 tan f s ( 4 .28) 

where (/Jc' ¢ s' and ¢ m are the friction angles 

for clay-clay, sand-sand, and sand-clay respectively. 

¢ c and ¢ s may be mea sured by te st ing sand -free and 

clay-free samples, but the value of ~m cannot be 

obtained directly. 

that ¢c '-tim '-¢s· 

However, it was suggested likely 

For further consideration of Eqn. (4.2~) in the 

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

where c and s are the fradtions of clay and sand; Yc 

and Ys are the properties of interest of sand-free 

and clay-free materials respectively. X is the property 

of interest of the mixture. 

4.3.4. Smart's Bounds 

Smart (1970) extended the above argument to propose 

. two bounds for the prediction of the angle of internal 

friction ( ~r) and these bounds will be considered here 

for a more general range of properties. If it is 

assumed that Ym lies between y and y , the upper and c s 
lower bounds are derived by putting y = y and y = Ys 

m c m 

as appropriate in Eqn. (4.29), viz:-



110 

y = Yc (1-52 ) + Ys S2 

Y = Yc 02 
+ Ys (1_02 ) (4.31 ) 

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_S2) c 

Lower bound: y = y 02 
c 

4.3.5. S-Shaped Relationship 

As an alternative to the bounds mentioned above, 

a new 5-shaped relationship can be deduced by assuming 

that the preaominant 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, 

t' 
where, c and s are the frac~ons of clay and sand per 

volume of solids. Substituting Eqn. (4.34) in Eqn., 

(4.29) it follows: 

y = 02 (3-20) Yo + S2 (3-25) Y8 

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. Tne discussion is presented in three 

parts. Part-I deals with the results of tests on 

artificial mixtures, and Part-II with those on natural 

soils. 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 developed. 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 potentinl, 

i.e. volume of swell per initial total volume of sample. 

The tests on artificial mixtures~ the results of which 

will be discussed in Part-I of this chapterJwere designed 

to isolate the effects of (1) clay content, in the 

bentonite-sand and illite-sand series, or (2) clGY type, in 

the bentonite-illite series. 

The original objective of these tests was to.ascertain 

whether and to what extent the swell properties (and 

compaction properties and Atterberg limits) could be 

reg~rded 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 Xl, and 

to avoid cluttering the diagrams it is left to the reader 

either to 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 

Blight 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 s~Nell pressure 

will be compared to the pRttern of behaviour of Kenny's 

(1967) observations of tan ¢y. For illite, tan ¢r 
was found to be an S-shaped function of clay content, 

Eqn. 4.35 and Fig. 4.5; whereas for montmorillonite, 

tan CPr was repre'sented approximately by a modification 

of tbe "bentonite-controlled" bound of the quadratic 

family of equations, Eqn. 4.32 and Appendix-10. In this 

respect, the most iruportant Figures are the seven mentioned 

above, viz; 5.12, 5.21, 5.23, 5.24, 5.30 and 5.32. 

Almost all the Figures 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 possible 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 straight 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 At~erberg 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 

earlier 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 soils 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 between 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 sugeests thnt above 

30% clay content, a well rounded coarse fr~ction does not 
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influence 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 concl~de th3t 

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 discussed below also followed different 

laws for high anJ low clay contents. The most aC8urate 

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% s~~d - 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 701b sand content for 

clay-sand mixtures. 

in Figs. 5.1 to 5.3. 

The regression equations are reported 

Novaris-Ferreria (1967) reported two distinctly 

separate zones of Atterberg limits for clay contents, 0, 

greater than and less than 20.2%, respectively. He 

found that thc~e were two activities, viz:-

A = 1.15 

A = 0.70 

for C <:. 20.2%, 

for C > 20.2%-., 

and 

Presumably, there was also a small transition zone around 

C = 20:2~. However, his main conclusion was that Skempton ' s 

activity, A, of the soil will not be constant. 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 relatiDn

ships obtained fro~ 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 t~rms 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 drawn 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 

conclusion that activity varies with snnd content. 

In Fig. 5.6, the activity values of the bentonite

illite mixtures show a weakly non-linear relationship, 

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 Casa 6rande l s A-line. 

The two soils in the 01 eroup did show moderate 

swelling and cannnt:be rejected as non-swelling soils. 

The oni in the C1 group was Virtually non-swelling. 

(The data is tebulated in Table 3.3). 
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5.3 Cm.lPACTION M~D S','iELL PROPERTTES 

5.3.1 Introduction 

The results of comraction and swell tests on the 

three mixtQres chosen for this study are reported in 

Chapter 3, see Tables 3.3 to 3.5. These resQlts are 

now analysed mixture by mixtQre in the following 

secticns. In the regression eqQations mentioned on 

Figs. 5.8 to 5.25, the composition in the right hand 

side of the"eqQation is expressed as a fr~ctirn. 

5.3.2 Bentonite - Sand MixtQres 

Fig. 5.8 shows the optimum moistQrecontent 

plotted against 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, ~d, 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,~, (i.e. the moisture content ex~ressed 

as volume of water/volQme of solids) at optimum 

conditions before swell is permitted. This relationship 

is approximately linear. Fig. 5.11 shows the initial 

voids ratio, e~, 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 against 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 c18Y and s3nd bounds, 

e and S, from Eqns. 4.32 and 4.33 are also shown by 

broken lines. The closeness of the data to the clay 

bound, e, suggests that the swell pressure behaviour 

is dominated by the bentonite throughout the whole 

range. The expansions 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, a(iand o{f, are also shown in Table 5.1. 

These were obt8ined by subtracting volumetric water 

contents from initial void ratio. The quantities ~f' 

which should not be negative, and expansion, which 

should be zero, give some indication of the magnitudes 

of the errors involved in the quantities in Table 5.1, 

although o(l and expansion are themselves subject to 

error, as both o(t and o<.f were calculated as the differences 

of two large quantities. The method of calculation 

is in Appendix 9. Thus the values for expansion arise 

from three sources: (1) errors of calculaticn, (2) 

errors of measurement, e.g. of specific gravity, (3) 

actual exransion of the samples. It seems from Table 5.1 

that the estimate of the actual expansion, which was 

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

eha pter 2. 



Table 5.1 Bentonite - Sand: Laterally Confined Swell Pressure Tests 

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

r . . 
I 

Clay ~. 0(1 ei Pc 1}; c{f i Expansion 
~ I 

% % % % Psi % % I % 

100.0 151 9 160 42.8 166 -6* 2.3 I 

82.6 123 • 2 125 38.8 127 -3* 1 .5 

65.4 98 8 106 33.7 109 -4* 1.8 

48.4 71 11 82 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 poterttial test, 

plotted against sand content by volume. The relationship 

is linear throug):out, and wi thin 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. Fig. 5.16 shows the swell 

amount against water upt2ke. 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, c(t and ~f' were obtained 

by subtracting volumetric water contents from void ratios, 

and they are therefore subject to experimental error. 

The values of o(t and c(fobtained suggest that as a 

first ap~roximation changes of air content may be ignored. 

This is reasonable since the samples are submerged 

throughout the swell potential test. On this b::1sis, 

from Figs. 5.14 and 5.15 it is possible to write: 

Water uptake, DW = KC • • • • ( 5 • 1 ) 

Swell amount, Scs = DW • • • • (5.2) 
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!abJe 5,2 Bentonite - Sand: Laterally Confined Swell Potential Tests 

All quantities are referred to the volume of Solids 

Clay -1Ji 0(1 e i Ses -{}.f O<f e t 
% % % % % % % % 

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 
I 

32.0 52 14 66 ,66 124 8 132 

15.9 44 11 55 35 81 9 90 

J 00.0 33 28 61 - - - -

* Experimental Error 
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where, K = 2.10 = constant 

whence Scs = 2.10 C. 

where C = clay content expressed volumetric811y. 

5.3.3 Illite - Sand 

The specific gravities of illite and sand were 

approximately equal, so the proportions by weight were 

also taken as proportions by volume. 

Figs. 5.17 to 5.20 show for illite-sand the properties 

presented in Figs. 5.8 to 5.11 for bentonite-ssnd. 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 6B~ 

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) Throug~out 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 pheno~ena 

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 u~to 68% sand content, presum3bly 

because of a weak interaction between the components 
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which was not evident in Fig. 5.10 for bentonite. 

Similiar behavioup 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 ~about 6H% sand content, which may be expressed 

as:-

DW 2 = 0.4224 - 0.41795 - 0.1882S •••• (5.3) 

The tangent to Eqn. 5.3 was calculated at the point of 

zero sand content as:-

y = 0.4224 - 0.41793 •••• (5.4) 

The tangent is shown in Fig. 5.21 and falls to 0.0045 

at 3 = 1. This is remarkably close to zero. It is 

therefore assumed that as a first approximation the 

water uptake is proportional to the clay content:-

DW = 0.420 •••• (5.5) 

but a correction of approximately 0.1982 seems to be 

required to account for the interaction between the 

sand and the clay:-

DW = 0.42C - 0.19S2 •.•• (5.6) 

The swell amount lay close to the water uptake throughout 

except that there seems to have been a slight decrease 

in air content. The swell amount is plotted against 

wnter uptake in Fig. 5.22. Neglecting the change in 

air content, the swelling behaviour of illite-sand 

samples differed from the bentoni te-sand Samljles 

(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 reJuced to a 

volumetric bgsis in Table 5.3. The changes in air 
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Ta.ble 5.3 Illite - Sand: Laterally Confined Swell Potential Tests 

All quantities are referred to the volume of Solids 

Clay {}. 
~ «1 9 i Ses ~ o<.f e f 

% % % 10 % % % % 
, 

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 7 89 

50.0 49 9 58 17 67 8 75 

32.0 37 11 48 3 42 9 51 

14.0 31 27 58 0.8 35 24 59 

00.0 33 28 61 - - - -
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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 isotropic swell pressures, both of which follow 

S- shaped curves according to Eqn. t4.35~. 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 tests'is shown in 

Tables 5.4 and 5.5, Table 5.4 referring to the laterally 

confined tests and 5.5 to the isotro~ic 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 presurr:ably because the isotropic sam}:.'les were 

free to change shape whilst kept at constant 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 

mixtu~es studied here, 

linear mixing law, see 

it is reasonable to expect a 
Ttw 4~ 

section 4.3.2'Agiven property 

of the soil··over the entire range of composition. 

However, the ~ain point of interest here is whether 
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Ta?le 5.4 Illite - Sand: Isotropic Swell Pressure Tests 

All quantities are referred to the volume of Solids, 
exce pt Expansi on.:. which is referred to the original volume • 

• 
blay ~L G(i e i Pi -Vf C<f 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 58 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 Tests 

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

Clay {}, 0(1 e " Pc ilf o{f Expansion 1 

% % % % PSi % % 'to" 

100.0 74 6 80 39.8 82 -2* 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 0 0.0 

" 32.0 37 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 lending 

to a non-linear relationship. Table 5. b compares the 

linear and ~uadratic models for the results for the 

bentonite-illite mixtures. All the models in Table 

5. bare ve ry highly significant. The most important 

comparison is for the initial volumetric water content, 

~i. Fig. 5.28 suggests that the quadratic model is 

the better; also y2 is higher for the quadratic model. 

However, the improvement in r2 might occur because the 

quadratic regression has one~less degree of freedom from 

the linear regression. Thus, whilst it looks as if 

there may be a slight interaction between these two clays, 

it is not possible to be definite about it. The quadrn t ic 

models are drawn in Figs. 5.26 to 5.31, and linear models 

in Fig. 5.32; these and Fig. 5.33 show the dnta of bentonite-

illite mixtures. 
5.3.5 Summary of Discussions on Artificial Mixtures 

Many of the curves discussed above show two regions 

above and below approximately eO% sand content for 

bent oni te and 6B~~ sand content for illite, which is thought 

that in the samples in the higher ranges of sand content 

a continuous skeleton of granul~r particles is present. 

The liquid limit and plastic limit of the mixtures 

were linearly related to the percentage clay content up 

to approxi~ately 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 hgve found 

that Skempton's activity, A, is independent of the clay 

content and varies only with the type of clay mineral 

(Seed et aI, 1964), it was found here that activi~y increases 



Table 5.6 Linear and Quadratic RegTession, Bentonite -

Illite Mixtures. 

Note:- 1. The tem Cb in the table denotes the fraction of Bentonite 

in the mixture. 

2. The value of correlation coefficient r2 is mentioned in 

brackets after each regre'ssion equation. 

Property Linea~ Regression Quadratic Regression 

OMC 

s cs 

DW 

25.57 - 22.14 Cb (.91) 

1482 - 530 Cb (.99) 

41.70 - 12.20 Cb (.91) 

0.111 - 0.469 Cb (.92) 

0.802 - 0.739 Cb (.99) 

29.22 - 64.76 Cb (.978) 

42.54 - 192.11 Cb (.99) 

51.09 - 197.21 Cb (.99) 

2 28.46 - 1.35 Cb - 20.79 Cb (.98) 

1502 - 674 Cb - 144 cb
2 (.99) 

39.9 - 25.19 Cb - 12.99 cb
2 (.996) 

- 2 
0.763 - 0.097 Cb - 0.373 Cb (.97) 

2 0.806 - 0.710 Cb - 0.03 Cb (.99) 

21.53 - 106.32 Cb ~ 38.27 cb
2 (.996) 

2 37.60 - 227.83 Cb - 35.82 Cb (.99) 

2 41.73 - 262.97 Cb - 57.01 Cb (.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!Toximately linear 

fu~ctions of the composition, expressed volumetrically. 

For the series of illite-sand mixtures both these 

properties were linear functions ~f composition modified 

by a weak interaction effect up to 68% sand. For both 

mixtures there was additional air present in the sandiest 

sample s. 

For both bentonite-sand and illite-sand mixtures, 

swell potential showed a noh-linear variatiOn with 

composition. However, when the swell was expressed in 

terms of the volume of solids, it showed a linear variation 

with composition in bentonite-sand mixtures and a linear 

variation with slight interaction effects in illite-sand 

mixtures. Thus, swell ap}:ears to be purely a volumetric 

phenomena, and swell amount is a more useful parameter than 

swell potential. 

The swell pressure in bentonite-sand mixtures approxi~ated 

a quadratic function 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 assuming 

that the bentonite dominated the behaviour, see sections 

4.3.3 and 4.3.4; and Eqn. 4.32. In illite-sand mixtures 

the swell pressures were found to approximate a cubical 

S-shaped function of clay content, Eqn. 4.35. Thi.s ~~ttern 

of behaviour for swell pressure is somewhat similar to the 
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pattern of behaviour of tan Ir as shown by Kenny I s 

(1967) results, see Figs. 4.5 and A.10-1. For illite, 

both swell pressure and tan ¢r follow the cubical S

shaped relationships of Eqn. 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 patterns of behaviour for illite and bentonite 

suggest that different physical phenomena control the 

beh8viour 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 forces are those which control the differences 

between the patterns of behaviour for swell pressure. 

The results discussed. above sugl..'est that some 

inaccuracies may arise when ?ttempts are made to predict 

the swell properties from the Atterberg limits, since 

swell pressure t' swell amount, and the Atterberg limi ts, 

all follow different algebraic functions of clay content. 

As far as the original question of linear multiple 

regression is concerned, it is a matter of judgement 

whether straight lines could be substituted for the curves 

shown here; this would de pend on the accuracy re quired 

and on the range of clay content expected. For swell 

amount, as a first approximation the graphs 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 bentonite

sand and illite-sand mixtures follow different curvilinear 

laws~ Thus, for natural soils, ii is al~ost inevitable 

that linear analysiS should be considered first, although 

some 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 

soils 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 properties 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 

6,7)9 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 Figs. 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 end 

Atterberg limits as independent variables. As in Part-I 

the whole body of data was analysed both for completeness 

and to reveal any similarities or dissimilarities in the 

patterns of behaviour. The most important of these 

patterns is the contribution of silt content to the Atterberg 

limits and swell properties respectively. 

5.4.1 Variation nf Properties with Clay Content 

The natural soils in the present study were deliberately 

chosen to have a wide variation of clay content. They came 

from the same area and had a broajly 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 

~igures 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. Earlier 

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 Figs. 5.34 to 5.40 failed 

to reach statistical Significance for all properties excepting 

those of swell pressure and swell pntential, presumably 

becau'se there are too few sample s. The s oils 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 

co~sideration was given to particle size distribution 

as is discussed below. 

5.4.2 Analysis of Particle Size Distribution 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 

size distributions of the medium textured samples from 

the particle size 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 

was 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, mediwm and coarse sand were read 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 Rows~am Series 

was calculated using the method of Appendix 8. The 



Table5.7 Outlying Samples For Regression against 

Clay Content 

Property Soils Showing Variability 

Organic Matter 2 6 • 9 • 
Liquid Limit 2 • • 9 10 

Plastic Limit • • 1 9 10 

Plasticity Index • • 1 • 10 

Activity 2 • 7 • 10 

Optimum Moisture Content • • • 9 10 

Optimum Dry Density 2 6 • 9 10 

Swell Pressure 2 • • • • 
Swell Potential 2 • • • • 
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prediction is shown by the third full line in Fig. 5.41. 

This line agrees quite closely with the observed particle 

size distribution for Rowsham Series. It was 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 caloulated from Rowsham and Denchworth. There 

1s 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 fitled into this family. 

Sample 6, 9 and 10 were compared in Fig. 5.44. The 

lines for 6 and 9 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 size distribution with the predicted 

values plotted in Fig. 5.45 that the reobserved particle 

size 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 in error. 

In BummarY.1t.herefore,the ten samples fall into three 

families as follows: 

1 t 2, 3, 4, 5 and 8 ; 

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 e; 
and (b) to use multiple regression to analyse the data 

for all ten samples in terms especially of the contents of 

clay, silt, organic matter and plasticity index. 

analyses are reported below. 

These 

5.4.3 Effect of Clay Content For First Family of Soils 

Figs~ 5.46 to 5.52 show the results of simple 

regressions for the various properties against clay content 

of the first family of samples, i.e. samples 1, 2, 3, 4, 53nd 8 
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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, mineralogicnl 

composition and particle size distribution should be similnr. 

Further, it can be seen from this example that if an nccurate 

prediction is required from clay content alone, the criterion 

of similarity is a strict one and must be carefully 

investigated. 

5.4.4 Multiole 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 

02R in the BMD package (Dixon, 1971) and checked with the 

regression programme in the SPSS package (Norman H. Nie P.t aI, 

1975). 



Table 5.8 Level of Sienificance for Simple Regressions 

Property Level of Significance, 2§ 
Using all lOSamples Using 6 Samples 

of FirRt }'amily 

Organic Yatter >5 >5 

Liquid Limi t >5 1 ... 
Plastic Limit >5 1 .. 
Plasticity Index >5 <5 .. 
Activity >5 >5 

optimum Moisture Content >5 <.5 .. 
Optimum Dry Density > .5 <5 .. 
Swell Pressure 1 .- 0.1 ...... 

Swell PotentiR.l 1 .. <::5* 

~ Significant 

~ ""* Highly Significant 

'"* -* -* Very Highly Significant 

• 



One of the main problems in forming multiple 

predictive equations in soil mechanics arises from the 

fact that the various 'independent' varia~les considered 

to predict a dependent variable are themselves dependent. 

Therefore, the following approach was used:-

As a first approximation, only composition is regarded 

as inde pendent. The variables are: 

c = clay content, % 
Z = silt content, % (or s = sand content ,~~) 

ORG = organic matter, ut. ,0 

For practical reasons, these were expre ssed by weight 

with respect to weight of solids. As 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 of these analyses are shown in 

Table 5.9, and Table 5.10 reports the predictive equations. 

The regression data for specific gravity is taken from 

Appendix 2, section Aa.3. The regression programmes used 

place the individual variables in order of importance in 

accordance with the amount of variabil±ty associated with 

each variable. The individual variables are entered in 

Table 5.9 in this order. Other regresoions which were mqde 

to clarify particular points are eammarised 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 ir.cronse 

with clay content. Organic matter also depends on management. 

Arable use of the soil is expected to deplete the organic 



Table 5.9 Multinle Regression Analysis. Natural Soils. 

Dependent Independent a2 Degrees of F 
Significance, 

Variable Variables Freedom % 

ORG C, Z .53 2 7 4.0 >5 

Gs ORG, Z, C .76 3 6 6.4 5 
ORC, Z .71 2 7 '8.5 2.5 -+-

LL C, Z, ORG .97 .·3 6 60.6 0.1 *"* '* 
PL ORG, C, Z .98 3 6 102.3 0.1"* ** 
PI C, Z, ORG .92 3 6 23.9 0.1 • * .. 
A Z, ORG, C .61 3 6 3.2 2.5"* 

OMC C, ORG, Z .95 ~ 6 41.l. 0.1*,*"* 
PI, ORa .96 2 7 74.8 0.1"* "* ~ 

~ 
ORa, C, Z .94 3 6 30.1 0.1 *-"*"* 
PI, ORa .98 2 7 199.0 0.1"* ** 

Pc. C, Z, ORG .96 3 6 43.8 0.1"* ** 
C, Z, PI .96 3 6 50.1 0.1 ***-

Se C, Z, OHG .91 3 6 24.1 0~1 * *"* 
C, Z, PI .93 3 6 28.0 0.1 *'*~ 

Sos C, Z, ORG .93 3 6 27.9 0.1 *'*~ 
C, Z, PI .95 3 6 31.4 0.1 '* "* * 

Pi C, Z, ORa .92 3 6 23.9 0.1 * ~ * 
C, ~, ~l .9} , 6 24.9 0.1 *' *' *-



Table5.10 Predictive EQuations from Multiple Regression Analysis. 

ORG = -0.0187 + 0.06670 - 0.0514Z 

G == 2.9240 - 0.0330(ORG) - 0.00373Z - 0.00181C 
8 

G = 2.8650 - 0.04 72( ORG) - 0.00216z 
.8 

LL = -9.1310 + 0.8~llC + 0.6065Z + 2.5166(ORG) 

PL = -2.1210 +3.2367(ORG) +0.25250 +0.2083Z 

PI ; -7.0110 + 0.55860 + 0.3982Z - 0.1202(ORG) 

A ::::; 0.1834 + 0.0262Z - 0.0811(ORG) + 0.00241C 

OMC = 3.899 + 0.23350 + 1. 797(ORG) + 0.104Z 

OMO = 4.329 +0.4308PI +2.1171(ORC) 

)I~ :: 2205.83 - 51.085(ORC) - 6.596C - 5.02Z 

Ya we 2114.39 - 12.248PI - 57.587(ORG) 

P - 0.7043 + 0.20130 - 0.0975Z +0.3668 (ORG) 
C 

P ::: 1.139-+ 0.16160 - 0.0945Z +0.1191PI 
C 

Sc ==-0.0319 + 0.08340 - 0.01695Z +0.062(ORG) 

s = 0.605 - 0.0029850 + 0.193PI - 0.0735Z c 

S = 0.2319+0.14500 - 0.0464Z+0.270(ORC) 
C8 

S ::; 1.7468 + 0.0520 - 0.111Z -+ 0.2172PI 
C8 

Pi = 2.18 + 0.123C - 0.082Z ..... 0.189tORG) 

P. = 2.~£ + 0.081C - O.llll, + O.107PI 
~ 



Table5.ll Comparison of Regressions Using Silt and Sand 

respectively. 

Property 
F values 

C, ORG, Z C, ORG, 

G 6.44 6.81 

LL 60.56 56.02 

PL 102.27 100.99 

PI 23.87 22.18 

A 3.16 2.99 

OMC 41.11 ~8.80 

1"4 ~0.13 29.34 

Pc 4}.79 }9.18 

Se 24.66 20.26 

Ses 27.90 
t:' 1 .;.o.J 

27.18 

S 



Table5.12 (A). Comparison of Regressions Using Clay, 

Plasticity Index. Liquid Limit and Plastic 

Limit respectively. 

Property F Values 

aRC, C, z aRC, Z, PI aRC, Z, 1L 

OMC 41.1 68.6 52.2 

Yd ~O.1 118.9 62.2 

P 43.8 27.2 32.6 c 

S 24.1 c 30.9 26.3 

S 27.9 52.8 41.2 os 

Table~.12 eBl. Comparison of Regression Usine C1a~. 

Plastioit~ Index. 1iguid Limit and Plastic 

Limit resnectively. 

Property Simple Regression Coefficients 

C PI 11 

OMC .8792 .9021 .9596 

"{Q .8067 .9188 .9746 

Pc .9639 .7585 .7696 

Se .9517 .8290 .8091 

Scs .9591 .8264 .8150 

Pi .8778 .5433 .5265 

ORC, Z, PL 

23.6 

20.7 

33.0 

14.4 

19.3 

PL 

.9417 

.9536 

.1186 

.7221 

.7366 

.4281 



Table 5.13 Comparison of Regressions Without and With Activit~ 

Property 
ORG,Z,C ORG, Z, C, A 

F Significance , % F Signi fi<?ance, % 

OMC 41.1 0.1"*"* ~ 40.6 0.1 ~.* 
,30,1 0.1 "t~~ 20.0. 1.0 ~ 

P c 43.8 0.1 ~J4'r~ 42.0 
0.1 *"* * 

Sc 24.7 0.1 "**~ 13.0 1.0 *" 
S 27.9 0.1 ~~* 17.6 1.0 "* cs 

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. 

~ Significant 

"* -* Hiehly Significant 

*" *' * Very Highly Significant 
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matter, whilst permanent pasture would 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 period of 

tima, the effect of management would be expected to be 

large. The simple regression for organic matter against 

clay content 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 improve the level of 

significance, and the equation still remained insignificant. 

As can be seen from the predictive equation. in Table 5.10, 

the effect of silt 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 regression 

surprisingly gave correlation at 2.5% level of significance, 

although there is no improvement in the correlation coeffiCient, 

r2. This is thought to be due to more nuWber of degrees of 

freedom. The correlation with sand content is as follows: 

Organttc Matter = 6.14 - 0.07 S ( t 2 = 0.53) (5.7~ 

When composition was used, the analysis was restricted 

to three variables since the sum of the texture is 100%. 

Clay was chosen as an independent variable because it was 

thought that this would be the best single variable. In every 

case except specific gravity and activity clay occurred in 

first or second place in the regressions and the coefficient 

for clay was higher than for silt. Organic matter was 

treated ftS more or less independent, and it appeared in 

many of the regressions as one of the more important variables. 

It was uncertnin whether sand or silt should be used. Table 
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5.11 shows the result of comparing regressions against 

(1) silt, clay and organic matter; and (2) 'sand', clny 

and organic matter. For these regressions gravel content 

was included in the sand. The inclusion of silt was 

preferred because most of the F values were slightly better, 

although the improvement 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 matter and silt and either one of the Atterberg 

limits or clay. Since the number of degrees of freedom 

are the same throughnut, the highest F value indicates the 

best regression. For these 10 natural Wootton Broadmead 

soils, plasticity index was always the best, except 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 between 

the trends results from the interaction between the variables 

and the multiple regressioR 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 properties, 

is primarily controlled 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 monolayers of water and each can exert 

the same force when free water is supplied. The resulting 

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 to organic matter as the least 

important independent variable after clay and silt contents, 

se e Ta ble 5.9. 

In order to investigate the usefulness of activity, 

F values were calculated for the regressions using compositinn 

alone (a.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 

a~e drawn to the usefulness of activity in predictive 

equations. 

In the course of the auove 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 expected 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 effectJ 

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 effect of clay probably reflects the ability 

of clay to hold water more loosely (i.e. more Inyers of 

water for liquid limit than for plastic limit). The 

positive effect of silt probably associates with the filling 

of the large~ 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 follo~ the plnsticity 

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 silt in the vario~s eq~ntions 

discussed above has one important implication, concerning 

the prediction of the swell properties from the Atterberg 

limits and placement properties. Predictions which ignore 

the silt fraction may be erroneous, because the silt has 

opposite effects on the dependent variables (swell) and on 

the independent variables (LL,PL,PI,OMC, etc). This may 

partly explain the impreciseness of many of the predictive 

theories suggested by earlier investigators. 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 vers~s 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 

Buitable 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; .V1jayverg1ya and Glazzaley, 1973; etc) concentrated 

on clay fraction and Atterberg limits. 

5.4.5 Su~~ary of Discussions on Natural Soils 

It was found possible to 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 were 

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 for 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 ~rea with a restricted 

range of soils, it is possible to make aC8urate 

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 matter content, and plastiCity index 

were found to be accurate. In general, plasticity 

index was found to be better thnn either liouid 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 naturgl soils, 

and the Atterberg limits were not required in the equ~tion 

for swell pressure b~sed 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 nIl 

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 which 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 frem the multiple regression 

analysis that the swell amount could be predicted with 

compflrati vely higher significance than could sllvell potent iDle 

(However, this improvement was not found for compaction, 

see Appendix 11.) 

This discussion completes the main part of this thesis, 

the most important conclusir.ns 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 

potent ial. 

Before presenting the conclusions forma~ly in Chapter 6, 

the earlier predictive theories will be discu~sed in P3rt III 
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below. 

Part-III: EA::tLIE::t l'RE~ICTIVE THEORIES 

5.5 INTRODUCtION 

The data from Part-II {and Part-I} above are uGed 

here to reconsider the earlier predictive equations ~hich 

were discussed in Chapter-4, taken in the S3me order. 

5.5.1 Holtz snd Gibbs (1956) 

Using the limits in Table 4.1 as data for a regression 

an:alys is , Holt z and Gi bb's (1956) probable e xp9.nsi on is 

given by: 

Probable Expansion = 5.2814 + 0.9091 PI - 0.47620 (R2= 0.90) 

(5.8) 

where C is the clay content less than one micron. A 

similar regression for the natural soils of the present 

study yields the following equation for swell potential: 

Sc =-0.7537 + 0.0117 PI + 0.08880 (R2 = 0.91) (5.9) 

where C is the clay content less than two microns. 

Although both the above equatirns (Eqns. 5.8 Rnd 5.9) 

are highly significant, the trend s of the p,']ra:'"!eters involved 

show an opposite 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 import 8 nt 

than cl?y 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 equ3 tions 

are required for the two areas involved. The biggest 

calculated discrepancy is 56% at 100% clay content; viz, 

-47.62?~ for probable expansion and +8.88~~ for swell 

potential. 

5.5.2 Williams (1957) 

The values of swell potential measured in the pre::oent 

study both on artificial mixtures and nat~ral 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 

swell potential were noted and are shown below. 

DeBree of Swell Swell Potenti[11 

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 ex~ected. Thus, Willia~9 Chart appears 

to be useful for a preliminary classification of expansive 

soils. 

5.5.3 Dinesh Mohan (1957) 

In order to investigate the dependence of the swell 

characteristics on the liquidity index and liquid limit 

as suggested by the work of Dinesh Mohan (1957), these 

two variables we-e regreesed 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 liquid limit, so the idea W3S at least partly correct. 

However, it was shown in Part-II that in the orescnt samples 

plasticity index is a better parameter than liquid limit. 

5.5.4 Seed et al (1962l 

Seed et al (1962) gave their final equation for 

swell potential, Eqn. 4.11, in terms of plasticity index 

and clay fraction, viz:-

S = 3.6 x 10-5 PI 2•44 0 
c (5.10) 

The predicted values of swell potential using this equation 

are shown in Table 5.14, and are plotted aBainst the 

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

be seen from Table 5.14 that Seed et aI's equation overestim3te~ 

the values to an unacceptable limit for both the artificial 

and natural samples. "By using the data of the present 

natural samples, a multiple regression of log Sc aBainst 

log PI and log 0 yielded: 

log So = -0.7291 +0.3561 log PI + 1.10 log C (R2 = 0.93) 

i.e. 

5 = O./87PIO.3561 01 • 10 
c 

(5.11) 

(5.12) 

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 aI's. In view 
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Tab1e5.14 Prediction of Swell Potential. 

Compo- Observed Seed Nayak& Vijay- Chen l-'rolll 
sition Value of et al Chris- vergiya (1975) Multiple 

S (%) (1962) tinsen & Ghaz- Eqn. Regression 
U) 

c Egn. Eqn. zaley (4.27) Equation -t G) 

(4.11) (4.24) (1913) -;:: 
G) Egn. 

CJ) 
(4.26) 

Bent. 100% 79.4 591 53.4 61.7 25185 27.2 
'E :Bent. 8}.}% 14.1 354 46.2 47.9 6009 23.8 
cd :Bent. 66.7% 65.4 180 35.9 24.0 1060 20.1 

CJ) 

:Bent. 50.0% 51.3 51 24.6 18.6 11 14.1 
I 

:Bent.33.3% 39.9 19 18.6 9.6 22 10.9 
~ Bent. 16. 7% 22.2 4. 10.6 3.0 5 0.6 
~ 

~ Illite100% 21.8 23.6 21.2 3.5 6.5 8.5 
Illi te 82'>,,6 17.5 11.3 16.2 2.4 3.4 6.8 

til 
Illite 64% 14.4 7.4 14.3 2.1 2.9 6.2 
Illite 50% 10.8 3.0 11.3 1.7 1.6 5.0 

Q) 
Illite 32% 1.8 0.8 8.7 1.8 0.9 3.5 ~ 

·ri Illite 14% 0.5 0.1 7.0 1.3 0.6 0.6 rl 
M 
H 

:Bent .100'}6 88., 588 62.1 437 25185 21.2 
G) 

:Bent. 83.3% 85.5 454 67.8 513 8413 24.6 ~ 
·rot l3ent.66. m 74.3 283 58.5 214 1446 20.5 M .... 

13ent.50.0% 61.1 210 52.0 112 575 18.4 H 
I l3ent.33.3% 52.4 133 41.4 49 166 )5.5 
~ Bent.16.m 36.6 56 28.9 9 24 11.0 
~ 

"d 350 - 8 6.7 24.3 16.7 0.6 6.9 1.4 

b 5 5.4 11.1 15.4 '.9 4.2 4.9 
4 4.8 10.1 13.4 2.0 4.8 4.5 
1 '.1 4.5 10.9 1.5 2.3 3.6 - 7 2.6 0.5 7.9 1.0 0.7 1.4 

~~ 9 1.8 4.1 9.7 2., 2.8 1.8 ..... ·ri o U) 3 2.1 1.1 8.2 1.4 1.2 2.1 
til '" Q)- 2 0.0 0.4 7.6 1.3 0.1 1.0 
rl~~ 10 0.0 0.6 1.} 1.9 1.5 0.1 ~ Q) Q) 
"d~ 6 0.2 0.1 6.9 1.9 0.1 0.6 

~ ~ 
~.,.. 8 

1- Multiple Regression Equation with higher significance for S was c 
used from Table 5.10. 



of this it is thought that Seed et al~s predictive 

equation should be restricted 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) wns calculnted 

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 six in the slumping group. None of 

the soils can be classified as ordinary soils, in Da Nilov's 

system. 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 r~sults is correet, the ranking achieved is 

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 Rnnganatham and Satyanaraynna (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 swelling 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 

~sed plasticity index, whilst the latter used shrinkage index. 



Table5.15 Da Nilov's Index For l~tural Soils. 

Da Nilov's P S S Da Nilov's 
Soil No. e c cs 

Index. % (psi) % % Classification 

350-8 -57 21.00 6.73 13.3 .. 
-350-5 -57 13.10 5.40 9.3 ~ 

H 
...:I 

350-9 -52 2.55 1.82 3.2 ...:I 

~ 
350-4 -4.5 8.}0 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 .. 
6.40 2.60 4.7-

0 
350-7 -24 ~ 

~ 350-2 -22 0.00 0.00 0.0 H 
CJ) .. 

350-6 -20 0.96 0.15 0.2 



10 

o 0 

• 
• • • 

5 10 

Predicted . 
Fig. 5.64 Prediction of Swell Potential by Ranganatham 

and Satyanarayana' s Equati on (eqn. 4.19 ) 

assuming PI:::$I, Natural Soils. 
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Nayak and Christinsen (1971) compared both these methods 

using the soils tested by Seed et a1, and concluded thnt 

Ranganatham and Satyanarayana's method gives comparatively 

less scatter. They noticed that by suitable but undisclosed 

adjustment of the constant in Ranganatham and Satyan3rayann's 

original equation, viz:-

(5.13), 

the agreemerlt would be better than that ob'tained by any 

of the equations proposed by Seed et all They concluded 

~hat for the soils studied by Seed et aI, shrinkage index 

is a considerably better indicator for swell potential 

than plasticity index. 

5.5.7 Komornik and David (1969); Livneh et 81 (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 Pc = 3.135 - 0.0017 ~ + 0.0346 Wi - 0.01242 LL (R2=O.61) 

(5.14) 

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

log Pc = '2.132 + 0.000651d. ... 0.0269 Wi + 0.0208 LL 
(5.15) 

These two equations are different in their trends and 

numerical coefficients. The equation for Wootton Broadmead. 

80i18 is statistically insignificant which indicatre th3t 
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dry density, initial moisture content and liquid limit 

are not the correct choice for the present samples. 

Nayak and Christinsen (1971) tested Komornik and David's 

equation and found it unsuitable for their samples. 

Table 5.16 also shows the predictions given by Livneh 

et aI'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 ~ for these soils is beyond 

the range suggested by Livneh et ale 

Both Komornik and David's and Livneh et alas 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 Christineen'S( 1971) semi-e::-.pirical equation 

for swell pressure, 

2 
PI1 • 12 .9.

2 
Wi 

+ 3.7912 (5.16) 

was· found to be the nearest in predicting the observed 

values, see Table 5.16 and Fig. 5.65. However, their 

equation for swell potential, 

-2 Sc = 2.29 x 10 (5.17) 

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 



Table2.16 Prediction of Swell Pres8ure. 

Compo- Observed Komonik Livneh Nayak& VJjay- }'rom 
sition Value of and et al Chris- vergiya Multiple 

Pc (psi) David (1969) tinsen & Ghaz- Hcgrcssion 
CD (1969) (1971) zaley E:qu;),tion 
Q) 

~ Eqn. Eqn. (1973) T 
Q) (4.20) (4.23) Eqn. C/.) 

(4.25) 

:Bent. 100% 42.8 189.9 -- 27.4 311.2 42.4 
'S :Bent. 83.3% 38.8 102.2 25.3 241.2 36.5 
~ :Bent. 66.7% 33.7 52.6 20.3 121.4 50.1 

I :Bent.50.0% 28.0 25.0 16.5 93.8 22.2 

~J 
:Be nt • 33.3% 20.6 13.7 56-.6 12.4 48.2 16.2 
:Bent .16.7% 1l.2 . 6.4 28.3 5.8 15.2 4.0 

~ 

~ 
IllitelOO% 39.9 10.0 30.2 26.2 17.4 21.8 
Illite 82";6 36.6 7.3 9.2 18.3 11.8 17.8 C/.) 

Illite 64% 23.6 6.3 15.9 14.6 10.7 14.9 I Illite 50% 18.7 5.1 6.2 10.5 8.7 11.9 Q) 
~ Illite 32% 9.2 4.8 1l.9 6.7 9.2 8.1 
.,..f 

Illite 14% 3.5 2.9 0.0 4.3 6.5 3.0 rl ..... 
H 

Q) 

:Bent. 100% 52.2 212.5 37.2 2194 42.4 ~ 
'r! !lent. 83.3% 51.8 271.8 52.0 2583 37.3 ..... ..... 

l3ent.66.7% 50.5 153.9 52.3 1052 30.8 H 

I Bent.50.0ro 49.8 99.7 49.2 565 26.0 
~ Bent.33.3% 46.7 49.0 40.4 247 20.5 
~ :Bent. 16 • 7% 43.7 18.7 32.1 47 13.1 

rtj 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 

~~ 4 8.30 6.4 1.5 9.8 10.3 8.8 
1 8.20 5.2 6.0 8.1 7.2 8.0 

-....; 7 6.40 3.8 13.5 6.2 5.1 5.2 ~~ 
't'i 'r! 9 2.60 7.1 30.0 5.7 11.8 3.9 o It) 3 3.50 4.1 6.0 5.1 7.2 4.4 
C/.) '" rl~; 2 0.00 4.1 4.9 6.5 2.1 
Got: 10 0.00 5.5 10.5 4.1 9.3 ·0.0 Q) Q) 

'd~ 6 0.96 5.4 18.2 4.1 9.3 0.0 
~ ~ 
~ . ..c8 

1r Multiple Regression Equation with higher significance for P was c 
used' from Table 5.10. 
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consider clay content, which is the single most important 

variable that controls swell pressure, as has been found 

in the present study. However, Fig. 5.65 does SUBCest 

that there is a small systematic error in this prediction. 

5.5.9 Vij2yvergiya and Ghazzaley (1973) 

Predictions from Vijayvergiya and Ghazzaley's equations, 

log Sc = ~ (0.4LL - Wi + 5.5) 

log Pc = ~ (0.4LL - Wi - 0.4) 

(5.18) 

(5.19) 

are shown in Tables 5.15 and 5.16, and are not satisfactory. 

For Wootton Broadmead soils the following equation vws 

pbtained for swell potential, viz:-

log Sc = -0.3467 + 0.0212 Wi + 0.004611 (R2=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 neceseary. 

5.5.10 Chen (1975) 

The predicted values using Chen's equation, 

Sc = 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 underestimntes 

for the illitic soils. However, the predictions for the 

Wootton Broadoead 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 ~ 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 predictive theories considered above, 

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

gave a rens~nably 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 aI'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 aI's (1965) approach on shrinkage index. As 

the natural soils in the present study were few in number, 

closely related to each other,and basically illitic, it is 

not known whether the above agreement obtained here is real 

or fortulitous. There is also the problem that these 

earlier theories differ amongst themselves, for example, 

even though Seed et a1 (1962) and Chen (1975) both used 

plasticity index alone, Seed et aI'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 pro~erties, the work presented here 

suggests that there are three factors contributing to these 

inaccuracies: (1) the different patterns of behnviour 

as~oOiaied with~h~ 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 locnl validity nnly, 

as shown indirectly by the improvement obtained when 

samples 6, 7, 9, and 10 were excluded in Part-II. In 

gener~l, a fourth factor would be expected to contribute, 

viz; the effect of cementing 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 ~re, in fact~ accurate 

for the soils for which they are used. 

Ih a wider context, if predictive equations which are 

accurate for a wide range of soils are to be obtained, 

further research will be required. ~o 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 sories 

of closely related montmorillonitic soils. 
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Chapter 6 

CONCLUSIONS AND RECmUvlENDATIONS 

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. 

(c) organic matter content 

(d) initial conditions: 

soil structure, 

moisture content. 

(e) shape of sand particles 

(f) cementing agents 

(g) composition of pore fluid, 

including absorbed ions. 

In this study attention was concentrated on type of clay, 

texture and organic matter 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 salts associated with the clay 

and organic matter, which were definitely similar in the 

artificial mixtures, and probably similar in the natural 

ones. 

The more important 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 swell properties: 

(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 due to these errors 

expanded by approximately 1.0 to 1.5% volumetric 

strain, which resulted in an underestimate of the 

ewell 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 volumetric 

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 co~fined swell 

pressure measurement are also affected by 

temperature fluctuati ens. Swe 11 pre ssure te st s 

should therefore be conducted in a 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 ste3dy 

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) For the mixtures studied the Atterberg 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 
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a function of clay type alone as is often 

suggested. 

(6) 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 quantities 

were expressed volumetrically. However, there 

were weak interaction effects between clay and sand 

in the illite-sand mixtures. 

(7) 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 interaction 

effects in the illite-sand mixtures. 

(8) In the clay-sand mixtures, the swell pressure 

variation was essentially non-linear. In the 

bentonite-sand mixtures, the bentonite dominated 

tha 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 to 

be similar to that shown by Ke~~y's (1967) results 

for tan ~r. It was suggested that the differences 

in behaviour between the bentonite and the illite 

were due to the relative im~ortance of physico

chemical effects and mechanical-friction effects for 

the two clays. 
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(9) 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 

some of the properties. 

(D) The following conclusions were reached with reBard to 

the study of natural soils in this investigation: 

(10) Prediction of various geotechnical 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. 

(11) 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. 

(12) 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. 

(13) Plasticity Index was better than any of liquid limit, 

plastic limit, or activity for representing the 

effect of the plasticity of the soil on poth the 

compaction and swell properties as found from 

multiple regreSSions. However, for the natural 
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80i18 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 

Christinsen's (1971) equation for swell pressure 

gave a reasonably accurate prediction for both the 

natural and artificial soils considered here, and 

Ranganatham et aI's (1965) and Chen's (1975) 

equations for swell potential were satisfactory for 

the natural soils. 

\(15) The differences between the earlier predictive 

equations were attrib~ted 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) The present work should be extended to a series of 

closely related montmorillonitic soils. 

(2) Further attention should be paid to the importance 

of silt content. 

(3) 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. 
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(4) For predictions for natural soils, consideration 

should be given to the sphere of validity of the 

predictions, i.e. to whether they are of local 

validity only. 

(5) Consideration should be given to the effect of 

cementing agents in undisturbed natural soils. 

(6) Further attention should be given to the problem 

of measurement of isotropic swell potential. 

(7) A furt~er study should be made of stress relaxation 

effects on the development of swell pressure. 

(8) 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 estima~ 

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 

sample, 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/m2 ) 

~Ward et al, 1959 as quoted by Yong and Warkentin, 196~ 
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 presented in the same units. 
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A1.2 ISOTROPIC SWELL PRESSURE 

A1.2.1 Introduction 

The apparatus designed for measuring the isotropic 

swell pressure is described earlier in section ~.4r.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 are:-

(a) Compressibility of water; 

(b) 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 

strain due to each source of error is calculated. 

A.1.2.2 Corepressibility of water 

Normal practice is to consider water as an 

incompressible material as its value of compressibility is 

-6 1 ( as low as 3 x 10 psi Handbook of Chemistry and Physics, 

1974-75). However, it is necessary to consider even this 

'negligible' compressibility of water, as we require the 

volumetric strain of the sample due to a combination of 

various 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 =------...:..-----
3 x 10-6 ( 1 ) psi 

6 = 0.33 x 10 (psi). 

Swell Pressure, P = 100(psi). 

Volume of water in the chamber, V 

= Internal volume of chamber - volume of sample 

= 58.93 - 31.43 (in3) 

= 27.50 (in3). 

Change in volume of wa te r, ~ v 

P 
=X V 

= 

Volumetric strain of the sample 

= change in volume of water 
volume of the sample 

= 8333.33 x 10-6(in3) 
31.43 (in3) 

= 265 x 10-6 • 

A1.2.3 EXD3nsion of Chamber 

Precautions were taken in the design of this preasure 

chamber in order to make the chamber as rigid as possible by 
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(i) constructing the chamber with steel, and (ii) maidng 

the chamber wall thickness as great as 0.5 in all 
AS 

around as well~at the top. However, for an internal swell 

pressure of 100 psi there will still be q slight expansion. 

In the present context, where an attempt is made to keep 

the sample as closely as possibl~ 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 distribution to obtain 

displacements (TimoshenlO and Goodier, 1951 ) : 

-r) ~ 
where, 

u = the radial displacement on the inner face of 

the pressure chamber, 

P = internal swell pressure = 100 psi, 

E = Young's modulus for steel = 30 x 106pSi, 

f = Poisson's ratio for steel = 0.3. 

·The above equation can be rearranged as: 

. { (1 .. t') b
2 

+ (1 -".) a~ 
where t is the thickness of the chamber wall equal to 0.5 in. 

S~bstiiuting for the values of a, b, t and ft in the 

parenthesis of the above equation, we can rewrite the 



e qua t i on as: 

u = 1.17 P a
2 

• 
E~ 

161 

Change in cross-sectional area of the chamber on the inner 

face due to internal, pressure 

= 7\ (a + u)2 - 7\ a 2 

* 2lfa u , 

since a is the inner radius of the pressure chamber, 

Substituting for u in the above equation, 

, Change in cross-sectional area 
2 

= 2.34 T\ a ~ 

• 

Et 

• 
• .Change in volume 

Pa2 
:: 2.34 T\ a -. L • 

Et 

The above volume change is the component due to the hoop 

stre~ses developed on the inner face of the chamber. 

Considering the change in volume due to the axial 

stress separately, 

axial force = 7\a2 P. 

axial stress -n a2 P 
:; 

7\ (b2_a2) 

axial strain = 7t. 8
2 P 

2 2 7\ (b -a ). E 

a2 P 
:: 

E(b2_a2) • 

. . Change in length = a2 P • L. 
E(b2_a2) 

Change in volume = PL a2 
7\ a 2• 

E(b2_a2) 
• 
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To~al change in volume 

Pa 3L + -n" Pa 4L = 2.34 7\ I '\ ~ 2 
Et E(b -a ). 

.• Volumetric strain of the chamber 

= 100(psi) x 2.4 (in) + 100(psi) x 2.42(in2) 
2.34 30x106(psi)xO.5(in) 30X106(pSi)x(2.92-2.42) (in2 ) 

6 -6 = 44. 9 x 10 • 

Volumetric strain of the sample due to Expansion of Chamber 

volumetric strain of chamber x volume of chnmber = ------~~=-~~--~~~~------=-~----~~ volume of sample 

= ..:,4..:.,4.=;.;. 6;;..;9;;.....;;.;x~1 0;:;..-_6....;.;x~5 4.:...;.~3~1~( 1,:.:' n:;.3...t-) 

31.43 (in3). 

= 77.22 x 10-6• 



A1.2.4 Compressibility of Membrane 

The rubber membrane enclosing the sample is itself 

liable to compress, and hence may permit some volumetric 

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 1,000,000 psi, 

and'" values of Poisonn's ratiO, ~ , 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 lb/inch for a rubber membrane of 0.01 inch thickness, 

which would correspond to a 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 strips 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 ~v = change in volume of membrane, 

~v·=iv 
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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 f) 3 

= _1.-.;2;...;0~( ... ps ...... i-..l) ....... 
(1-:-2 x 0.46)3 

= 500 (psi). 

Change in volume of membrane, A v 

p 
=X V 

= 100 (psi) x 0.439 (in3) 
500 (psi) 

= 0.0878 (in3) • 

. Volwmetric strain of the sample 

= change in volume of membrane 
volume of sample 

= 0.0878 (in 3) 
31 .43 (in 3) 

= 2800 x 10-6 • 
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A1.2.5 Expansion of 'Ot-ring 

An O-ring is placed in the apparatus between the 

top chamber and the b@se 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 chamber, thus resulting in tensile 

expansion of the O-ring. 

Design swell pressure, P = 100 psi. 

Diameter of O-ring, d = 4.5 inches. 

Thickness of O-ring, 2 V = 0.24 inch. 

Radial force due to 

internal swell pressure = Pd. 21 

= 100 (psi) x 4.5(inch) x 0.24(inch) 

;;: 108 Ibs. 

Let, t be the tensile stress in the O-ring 

Then, 
Radial force 

1i = 
2 1\ r2 

108 (lbS~ 

:!: 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 up~er value of E for further calculations. 

:. E = 1.0 x 106 psi 



Tensile extension 

t 
=E' 
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_ 1194 (psi) 
- 1.0 x 106 (psi) 

= 1194 x 10-6 

Ad 
=-0-

Dod = 1'194 x 10-6 x 4.5 (inch) 

= 5373 x 10-6 (inch). 

Change in volume of O-ring 

1f d2 
= 6..( 4 ) x 2'1' 

=~2dAdX2¥' 

= ~ 2 (4.5 inch) x 5373 x 10-6(in) x 0.24 (in) 

~ 9120.00 x 10-6(in3) • ... 

. • Volumetric strain of the sample 

= Change in volume of O-ring (in3) 
volume of the soil sample lin)) 

_ 9120 x 10-6 (in3) 
- 31.42 (in 3) 

-6 = 290 x 10 • 

If the O-ring obtains lateral support from the o~tside 

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. 

these tests are given below. 

The details of 

The first two tests were carried out by using a 

conventional consolidometer. In the first test the 

porous stone was placed between a brass dummy sample and 

the loading cap i'n a consolidometer cell and a maximum 

load of 16 Ibs was placed in increments on the hanger. 

Due to a lever arm ratio of 1:11, this represents a load 

of 176 Ib 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 10-5 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 lbs, representing 

a maximum load of 1320 Ibs on the porous stone. This load 

was chosen ~s it is 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 two 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 Ib 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 deflecti~n per unit pressure of 22.6 x 

10-5 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 lbs was placed in three equal 

increments on the poruus stone and the deflection under 

each load was recorded after 24 hrs. This test yielded 

a deflection per unit pressure of 28.0 x 10-5 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 deflection is fitted to the observntions. 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 pSi, it was expected 

that most samples will be tested would develop lower 

pressures, and the average value of 15.40 x 10-5 inch/psi 

was adopted when calculating the volumetric strain of the 

sample due to the presence of porous stones. 

Thus, 

Deflection per 100 psi of pressure 

= 15.40 x 10-5 (~~i) x 100(psi) 

= 1540 x 10-5 (inches). 
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Table A.l-l Compressibility and Bedding 

Error of Porous Stones 

Sl Type of Test Deflection Pressure 
No. (inch/psi) (psi) 

1. Consolidometer, Low 5.0)( 105 16 
order Loading. 

2. Conaolidometer, High 6.0 X 10 ... 5 100 
order Loading. 

}. Cell with Loading Yoke 22.6 X 10-5 1.4 

4. Surface Plate 28.0 X 10-5 1.4 

Average = 15.4 X 10-5 
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Volumetric Strain of the Sample 

~ axial strain T 

deflection = 
height of sample 

= 1540 x 10-5~inl 
2.5 (in) 

= 6160 x 10-6 

Since this value of volumetric strain appeared to be 

very high, it was 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 results 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 ped2stal 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 10-6 • 
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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 Y', 

approximately 0.01 in. It is reasonable to expect that 

one or more cycles of preloading and unloading of the 

assembly before the beginning of the swell pressu~e test 

would improve the initial bedding of the set up so that the 

effects of the porous stone and filter paper were mutually 

c ompensa ting. However, in th~ isotropic swell pressure 

tests of the present studYi 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 

= c ompre ssi on of filter paper 
height of sample 

= 0.005 ~inl 
2.5 (in) 

= 2000 x 10-6 • 

A1.2.8 Preliminary Test of Apparatus 

According to the design calculations, the total 

percentage volumetric strain 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 Source of Error Volumetric Strain 
No. of Sample 

1. Compressibility of Water 265)< 10-6 

2. Expansion of Chamber 77 X 10-6 

,. Compressibility of Membrane 2800 )( 10-6 

4. Expansion of O-ring 290 X 10-6 

5. :Bedding Error of Stone ,080 X 10-6 

6. Compressibility of filter paper 2000 X. 10-6 

Total ::= 8512 X 10-6 

- 0.85?6 -
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experimental ,~6r.ification of this, the apparatus W3S 

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 burette 

(Bishop and Henkel, 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 (5B psi) were applied to the burette. The corresponding 

volumetric expansion of the apparatus was measured. After 

extrapolation to 100 psi the corresponding volumetric 

strain of the sample was found to be 0.125%, see Fig. A1-7. 

It was reassuring that this measured expansion was les9 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 sample. The consequent error in 

swell pressure measurement due to the presence of volumetric 

strain of the sample would be very difficult to ectimate 

accurately. However, it can be noticed, from the data 

of McCormack and Wilding (1975, Fig 3) on two low swelling 

soils, 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 press!:tres, 

except that the non-linearity of some of the intermedjnte 

results (eg, see Fig. A1-2) suggests that the percentage 

error might be 80mewhat greater than 15% for low values 

of ewell pressure. 



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 
4 

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 amount of volumetric expansion of the sample. 

Seed et al (loc. cit.) measured swell pre~sure 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 t in thickness was used. 

sources of error should be considered: 

(a) deflection of stem ; 

(b) bedding error, porous stone; 

(c) bedding error, jack; 

The following 

(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 the 

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 leng.'th (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 to eliminate the 

compressibility of the filter papers. 

The following two sections show the design calculations. 

A1.3.2 Use of Strain Gauges 

In order to design a load measuring system, tho cross 

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 extending the strnin gauges 

sufficiently to produce readings large enough to be read. 

The tie bars were t inch in diameter and the design 

calculations are as follows: 

Design swell pressure, P = 100 psi. 

Area of sample inside the swell pot 

= -,r. r2 

= 7\(2)2 (int 

= 12.56 sq.in. 

Total force on tie rods due to development of maximum 

ewell pressure 

= P. A 

= 100 (psi) x 12.56 (sq. in) 

= 1256 Ibs. 

Total force on each tie rod, 

W = 628 lbs. 

Cross-sectional area of tie bar, At 

2 (I ",)2-= 7\. (0.25) 

= 0.2 sq. in. 

Length of tie bar,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 (lb) x 8 (in) 
= 

0.2 ( sq. in) x 30 x 

= 837 x 10-6 (in) • 

Strain in the bar 

S 
=I; 

837 x 10-6 ( it\) 
= 

8 (it\) 

.!. 105 x 10-6 • ... 

106 (psi) 

The strain gauges used on the tie bars were i inch 

long with a gauge factor of 2.10 ! 0.5% at 75 0 F (24°C), 

and were provided with self compensation for temperature. 

The strain was measured in microinch/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 

10-6 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 thoueht 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 it 

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 t in dia. were replaced (see Fig.2.2g ) 

by two tie rods of 1t 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 

bd 3 
= "'T'2'"' 

= 1 (in) x 1 3 (in3l 
12 

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 1 06 ps 1 • 
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The proving bar was treated as fixed at both ends, thus 

Deflection of proving bar, S 

WL 3 
=~--

48 EI 

= 1256 (lbs) x 11 3 (in3) 
48 x 30 x 106 (psi) x t (in4) 

= 0.014 inches. 

This deflection 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 made 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 bar (0.014 inch) is much larger 

than the extension of tie bars (0.00084 inch) in the 

strain gauge system. Furthermore, 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 satisfactorily, 

it was decided to use the strain gauge system for the entire 

series 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 samr,le 

was 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. 

A 1 .3.5 Sumrr.ary 

From the figures given above, the total percentage 

strain of the sample in the laterally confimed swell 

pressure apparatus was estimated to be 1.6%, see Table 

A1-3. This figure was accepted without experiWoental 

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 

ser~omechanism to obtain a null reading force measuring 

system (Agarwal and Sharma, 1973). Either 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 



S1 
No. 

1. 

2. 

Table A.1-3 Volumetric Strain of Sample in Laterally 

Confined Swell Pressure Apparatus. 

(Sample thickness 1= 1.Oinch) 

Source of Error 

Extension of tie bars 

Eedding Error of Stones 

Deflection 
(inches) 

Percentaee ~train of 
Sample at 100 psi 
Swell Pressure 

, 0.0831 

1.5400 

Total c 1.6% 
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in swell pressure would apply here also except that in 

t~:s case the error will be somewhat greater, say 

20 'to 25%. 

A.~.4 CONCLUSIONS 

From the calculations made in this appendix on 

cc~h swell pressure apparatus it seems that after all 

re~sonable precautions have been taken there would be a 

v0:umetric expansion of 1.~fo to 1.5% in 'constant volume' 

sw~ll pressure tests, leading to underestimates in the 

swell pressure of the order of 15% to 25% say. If an 

ac~urate value of the absolute value of swell pressure 

was required, then consideration should be given to 

~ethods such as the use of a novel servomechanism or 

compacting the sample directly into a rigid pressure 

chamber, in which the swell pressure waB measured by 

stiff load cells. However, the development of either 

system would be a major task in its own right. Since 

abaolute values of swell pressure were not required 

in this study, it was decided that the simpler apparatus 

deacr1bed above could be used here. 
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APPENDIX-~ 2 

SPECIFIC GRAVITY 

A2.1 Introduction 

Accurate values of the specific gravity of the 

various soils studied in this investigation were needed 

in the calculations. The specific gravity was 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 theoretical equation: 

1 X -=-+ (A2-1) 
G Ga 

where, X is tho fraotion of one phase in the 2-phase 

mixture; Ga and Gb are the speoifio gravities of the 

1wo phases. The Eq • A2-1 can be rearranged in the form: 

1 
G=-a-+~b-X-

where a and bare oonstants. 

(A2-2) 

The results for the mixtures 

of illite - sand, and bentonite - sand, and bentonite -

illite are in Figures A2-1 to A2-3. A9 the data for each 

se1 of mixtures was used independently for the regression 
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0 2.116 2.710 2.112 
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50 2.614 2.611 2.680 
68 2.668 2.610 2.668 
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100 2.650 2.650 2.648 
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Where I is the illite fraction in the mixture. 

Observed values Calculated 
Type of Mixture No.1 No.2 Values of G 

Illite 100% 2.710 2.116 2.123 

Illite 83.~ 2.678 2.613 2.619 

Illite 66.7% 2.653 2.655 2.637 

Illite 50% 2.590 2.594 2.596 

Illite 33.3% 2.561 2.569 2.557 
Illite 16.7% 2.512 2.516 2.519 
l!entoni te 100% 2.414 2.471 2.481 

Fig.A:a.-3 Specific Gravity of Bentonite-Illite 

Mixtures. 
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analysis, two final values were obtained for each of 

illite, bentonite, and sar-:. The worst difference 

was 0.011, and it was deci=ed to use these different 

predicted values in the ca:culations for the corresponding 

sets of mixtures. 

~2.3 Natural Soils 

The specific gravity values of the 10 natural 

samples are reported in Cha~ter 3, see Table 3.6. 

The specific gravity of these natural soils was found to 

correlate primarily with the organic matter present at 1% 

level of significance. The correlation is as tollows: 

Gs = 2.7815 - 0.04489 (ORG) 

(R = 0.7745) 

where, 

ORG= orgnnic matter ex;ressed as a percentage. 

However, it is logical to expect that the specific 

(A2-3) 

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, pres~ably because there are now less degrees 

of freedom. The prediction equation with these three 

variables is 8S follows: 
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Ga = 2.9240 - 0.0330 (ORG) - 0.00373 (silt) -

0.00181 (clay) 

(R = 0.8346) 

(A2-4) 

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 

CATI0N 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 '6ation Exchange 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 gmB, 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 basis 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 S04) 
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solution to 500 mI. Then 10 ml of a 10% Bariwm 

Chloride (Ba 012 ) solution was poured over the sample 

in the filter paper. The excess Bariwm 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% H2 S04 to the 

hot solution. The precipitate was collected on a 

gravimetric 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 woight 

of the precipitate. 

accurate to 0.0001 g. 

The weights were taken using a balance 

Of 
The weight of the precipitate is the weightlBarium 

Sulphate, from which the total cation exchange capacity 

was calculated as follows: 

Weight of Ba S04 = Jc mg 

Weight of Barium = ..;....X,=--ox ....... 5 .... 6_ - mg 
152 

Cation Exchange Capacity 

= X x 56 x 10 _m_e ... 9 __ 

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 ap~ropriate 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 

ISOTROPIQ 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/m2) of an unconfined 

sample compacted 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 snmple enclo~cd 

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 1s seated, and the other two 

leading to the surrounding part of the cell. One of the 

valves leading to the pedestal was used to supply free 

water to the sample, and the other to permit air to escape 

from the apliaratus. 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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supply 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 swelling 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 stone, which in turn was placed on the pedestal 

of the triaxial cell. A rubber membrane similar to the 

one used in the is~tropic swell pressure test (see 

section Z.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 triaxial 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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filled with water without any air bubbles in the tube. 

The system was left in this state for about 60 minutes 

to attain equilibrium. Next, free water was supplied 

to the sample to in~ttate the swelling process. The 

water displaced due to the increase in the volume of the 

soil 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 reduce 

evaporation. The swelling was taken as completed when there 

was no difference between two successive readings of the 

graduated 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 isotropic swell 

potential (S1>. 

A4.4 Results and Comments 

Fig. A4-1 shows the graphs of the isotropic 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. 

Q~adratic 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: Isotropic Swell Potential Tests 
.. 

All quantities are referred to the volume of Solids • 

. ' 

Clay ~. 
Co 

0(1 e1 Sis ~ oCf e f 

% ~ % % % % % % 

100.0 74 6 80 33 110 3 113 . 

82.0 66 8 74 27 98 3 101 

64.0 57 8 65 23 84 4 88 

50.0 49 9 '58 20 71 7 78 i 

32.0 37 11 48 4 44 8 52 

14.0 31 27 58 1.5 34 25 59.5 

00.0 33 28 61 - - - -
- --- -- -- --- -
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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 ease are approxim~tely 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 isotropic case were less than the 

correspunding values for the laterally confined case at 

high clay contents. This is illustrated in Fig. A4-4, 
S 

which the ratio ~ is plotted against the sand content. 
c 

in 

The values of Si and Sc are very small at high sand content, 
S 

and therefore the value of the ratio ~ may be somewhat in 
c 

error towards the right of the graph in 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 

oontents. In Chapter-5 it was reported that the isotropic 

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 adju~t 

its shape to relieve the stresses acting on it. This 
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explanation would not hold for swell potential. It 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-DI~ffiNSIONAL COMPACTION CURVES 

It is customary to present the results of compaction 

tests by plotting dry density ~d 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 Ys • If results for severgl 90ils are to be 

plotted on the same diagram for comparative purposes, 

several sets of contours of air voids content are required, 

and confusion results. For such purposes it would be 

preferable to plot relative dry densi ty ~ against 

volumetric water content x, where:-

On such a diagram, there are unique sets of contours, 

which are independent of 1(8' for all of the following 

five quantities; 

Voids ratio 

Porosity 

Air voids content 

Degree of saturation 

Degree of aeration 

= e 

= n 

= a 

= S r 

= S a 

Va+ Vw 
= Va 

Va+Vw 
= Vt 

= 
Vw 

Va + Vw 

= 
Va 

Va+ Vw 

1 1 = - -y 

= 1 - y 

= 1 - Y - xy 

= x:l 
i - y 

1 - Y - xy = 1 --y 

(A5-1) 

(A5-2) 

(A5-3) 

(A 5-4 ) 

(A5-5)' 
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Relative dry density = y (A5-6) 

Volumetric water content = x (A5-7) 

The last two equations have been added for convenience; 

Va' Vw' Vst Vt are the volumes of air, water, and solids, 

and total volume, respectively. The various se~s of 

contours may be plotted by calculating y from:-

Voids ratio 

Porosity 

Air voids content 

Degree of saturation 

Since porosity 

linear functions of 

y = 1 
1 + e 

y = 1 - n 

1 - a 
y = 1 + x 

Y = 
Sr 

x + Sr 

and voids ratio are linear 

y, and since:-

1 - S r 

(A5-B) 

(A5-9) 

(A5-10) 

(A5-11 ) 

and non-

(A5-12) 

~here are only two sets of contours of importance, those 

for a and Sr. 

V§lues of y for plotting contours of a and S are in r 
Tables A5-1 and A5-2 respectively; values of y for various 

e are in Table A5-3. 



')00[·0 (";?~-O nnc;C"ao nClrao 01")0"·0 (\C?..,-o t)('lC;~-0 OSl"·O onoCj-O OO-t nrO(·~ rD~r-n crc,C"-o QQLC-O "~n~-n ~~~~-n S~S~·0 ~~L~.O {SOS·/) \-I~·O TqOr.-(1 :1Trr·o Tl.cC"·O l?Q(·O ?qO.,·O I~~~·O ?AS~·O L~Q~-O. 7(\15·0 9';-0 r. (, 0[· 0 lcer·O Qf)ClC"·n qQ..:?r·o ..,;11"'·1) T ··)r~· 0 ,.~t) ... • C U ... ;)+'·I) C;STc;·O t.-f.,. 0 
~~T(·O sorr·o o+,QC"-n qn~r.·o IQT"·O 1~t,+,·0 q09h-n \h1!(~ t; - f) Q (}?S· 0 ;U,·O wc,tr-fJ T:1.,(-O "'rlqC"-o If:oh(ao IT?.,·O ~l~~·n L(L~·O OU()S·O (CZS·O u,.,-o 
T~1~'0 lc"'r-O r 7 tC"-o ~o~r·n Cc;?~-n T7c, .. ·n lo/.,·n (~ns·n ~Trs·o 'R~-O Q??r·o C;~i?r·o ~Q/C"·O ?ro+.·o TI)(.,-n nL~+'·Q ~(q+,-O pulS·O 9l~S-0 ~~·O 
T9~(·ry (r.cr·o ... OqC"·o QJO~-O o~r.~·o n~9~·O T~Q"'-O C91S·0 sr~s-o ~~-o l (, 2(· 0 tJc,r-o o+OQC"·(l t~T+Jao Q~f"·O n/.q..,-O C,':'A~-O 02?5"0 c~"'S"O 2~-O "rfr·o tTtJr·O ~1l(H"·1) lot..,ao ","''''''·0 ~7~1.~-n nnOS-0 ~J?;·n occ;c;·o o~-o 
TIf:c-n ~cqr-o rC"~C"-1l f.T?.,·n +o~"~·o CIJ+o·O cc;ns-o I.£rs-o 0loS·O 'dJ.· 0 
~~+'r.·n C"~qr·o II~C"·O 10(1"'-0 c+'S"·O O~P"'·o ~{TC;-O ~b~S·O coqs-O ~J. "0 
(,.,~(. 0 t)C: l r. - () ("'~()4 ... 0 Or(+'·o n~c~-o CQQ~-O ?llS·O OQ+;S·O L+,LC,·O +,L • 0 
Q ~ t,r • 0 ~ u r - 0 (\/') ... ·0 ocr"·o T~4"·0 ~,,~,,·o ((?c,·o r2SS-0 ~TQS·O .2l·0 
~?~r.·n +o~~r·n OlT~an ;1r~~·n on,..,.n oooc·r ~~~S·0 ~~~S-f) ?,OQc·o OJ. • 0 llC;~-O "oRr·o /at .. ·o "Q~..,·n ;1°I.+J-O OYOr:aO LS~S·O SSQS· (\ ?C;f1S· 0 bq·O 
~lQ;-0 OT~("'-O IT;1.,·O QTC;"'·O ~{Q~·O n~lc·0 ?2"c;-O (?~S-O ..,;109.0 99·0 
~~Q':·O rq~r-o nU? .. -o rJc,~·o PLR~·n C"~tc·o qp+,c;-o E~lS-O P~09-0 t,q· 0 
+,n,(·O ~Tn.,·/') T~ri?·O nro.,·o o~';~·o 1~2c·n QSGS·O bq~S-o (/19"0 Zq-O 
o Co L ~ - 0 f q (I'" - 0 c: I. C" +, • 0 P Q A., • 0 000<;-0 rt~c·o S?YS-0 ~r.hS·O OS;1q-O Oq·O 
J. (.., / [ - 0 h t 1 ., • 0 n~., .. ·o '~l.,·n C"Qns·o n~rc·o Q~gs-o £109·0 ~?rq-o 9:;·0 q .. pr.-O I. Q 1 +!. 0 /~"h-O POP"'-O o?tG·O ~"~c·O ~91S-U Ohf)9-0 01+,q-O I:IS-O' 
Q~')f·() {;1(1"-O C.,C;"·O nlR+,-O c~tS·O Alsc-n ..,~~s-o ~~Tq·n "h~q-O "'C;-O 
I~~r-o 0/?"·0 COQ.,·O .,r~.,·o rQ~S·o ;1~GC-" 1~h~-O O<:-?9"n ~/.C;q-O 2c;-0 
{)()t)..,·0 p"r.,·o ICO+'·O 000<;·0 C"rrs-" lOQc·n on00-0 ((r~-o LOQ9-0 uS·O 
+'C;O+'·O ?~r"·o o("'I. .. ·n oqO~-O C;f)"~-O ~~lc·0 Ip n9-t') 6y"g-n iClY-O i:1 t,· 0 
OTt.,·o ?<;""·O c~L"·O 1£lc-O AL"S·O ?2~c·0 ~QTq·O LOC,~·O r.,+;-qq.f) iJ.,·O 
I..QI"-O ~lc;,,-O TQ~"-O ~o?C·O QSSS-O ~OhC·n f)S?q·O U"c,q·" -t;~A4·0 ?.,·O 
C,72.,-O IIc+;·O n~~~·o ~Q2S·0 ~r9C;·O OQ~C·O Q(~9·0 Of,q.;·O ~+;(lL·O ~+'-O 
q~)2~-O f.+,q.,-I) nnnc-o lC~C:;·O "'ILS·O Tln~-f) 62~o"o 9ijfY-" (+'TL-O 0"-0 
Q"'r.,·o ot/ ... ·O ;1/0~·O C~.,S·O J~'-S·O ~~tq·0 ??Cq"o f7;:iQQ"f) C;"'ZL·O ..,£-0 
.":'1 ... .,·0 ~IJ_.,·O I~Tc·O ST~S·O ?q~S·O O~?C-O QTaq-o Sk~q·0 (CEl·O I:lr~o 
Q~. +1+'· 0 T~p,,·O +'.:'2c;·0 I~';S·O n!~san r~ro·o qll9-0 0f-I)L·O r.a~L·O .,r-o 
~ ... ~.,.!) .. -?~ .. -O r0£c;·0 ?oqc·O TOOgan ~f.~c·O ~{Y9·!) U,TL-O ol.c,/.-O 2€·0 
~TQ+'-O OOOC;-f) CQrc·o ~9lc·O "~T9-n Q~CO-O (2~9"O 80C"L-O ~~ql·O Or.·O 
O~q~.f) ~JOC·(l ~Q+'C·O ~c~c·n oc?q·n t+,oc-n t(O{-O 22+'l-0 (IOL-O ij~·O 
~~L~-n ~cIC,·O oec;c·o ~G';S·O ~.,rQ·Q Qf7LG·O r.+,IL-O Oi;>Cl-" Lr~L-O 'i2-0 
~~u~-O ~"'?C·f) c+,oc·o c.,Oq·o ?C;~q-n ~~oq-o QS?L.n TcoL-n C;90~-O '77.-0 
O{h..,·O o~rs-n prLc,-o u.,tq-O LGS~·O L,:j~Q-') I. L ~ J. • 0 L':;'IL-n U· T;:1-0 2~·O 
nnoC;·o /T~C;-O rc:uc·o f)C?q-f) /qqq-" C".on/"l) nOcl·o l U"L -I) err?· n 02·0 
conc;-o ~oc;c-n ~r-~c·o QCrQ-O OqLq-o ro?,-o L20L-0 Is()~pn CliJP·O ~n -0 
,;1l.1"';-0 r(\C)c-n_~C"no-o QQ~q·n I~PQ·n OJr/·" ASlr-!) (\f-1H-n t?qq-o 9t ··0 
~O?C;·o ~nlc·n ""10·0 ~lC,O·O oTOL·0 oC~I·O S6~L.n CE(a-O 2lC~·'J '7PO 
Icr~·o ~opc-o "S?o·O 0~9q-n C"~tl·n ~~C;!-O O~oQ·O ~o"'1:l"1) ~~r.~-o 21·0 
cc;+,s·o ~f),,<;-O ... qC"q-O Qt~q·o rt?L·O I?I'·O ~RtO·O 9(Qg-n Y~06-0 o {·o 
QC,SC;·O ~tC9·0 Tq~Q·O ., ... ~q-O Ln"'L-o n IP' - I) £" t. (P - f) q( ... I.~·O ~C?,,-I) ~o·o 
nqqs-n ?rtQ-n hnq~·o c/Ol·O , ",c/. - 0 '" TO" - n T-St.l.'·O ? c.. r~ '>j • () +, r..,,, • 0 9!PO 
~4'.C,-O r·C?o·o TrLo-o 712L·0 ~~O'-·() ~'T~-~ "C;o~-O S(t6-o CTQA·O .,0·0 
~p~s-n rlrq-O ro~o-OrcC".L·O r"'~L-n ([rO"O ~?~~·n ht r 6-0 "(l8t.,·O 20-0 
0009·0 OOSq-O noo/·o OOSt-o noo~p 0 oOc;o-O OOOF;·O OOS6-0 0000-1 00·0 

S"/~" 
0"-0 cr.-o or-o S2·n o~·o CT·n nl-O CiO·O oo·o=\! 

. 
., l>nfd ~lISN~n ~lri~ 3~Ilv'3~ I-S'V :n~\fl 



TAtiLE ~5-1 t<ELATlvt. UULK Dt.N~ITY PAI .. q 2-

A=0.50 0.5:' 0.60 0.0:' 0.70 0.7':) O.bO 0.!j5 0.90 
Vw/VS 
0.00 0.5000 0.4:'00 O.,+00li O •. bOli u.30VO 0.2::;,UO O.cOUU O. 1 ~o 0 O.10uu 
0.02 O.4'iU~ 0.4"+12 L'.3c..2c O.,j~,jl () • c' -i.,. ! U.e'+:>1 0.!'i1:l1 0.1 ... 11 O.O'loU 
u.04 O.4oUe (I.4j~-7 U.3b4b U.3Jb:) O.~~~:> lJ.~,+lJ4 O.1'i~.) u.1,,+,.t:' (l.ULJbt:! 
0.06 0.4-11 -, U.4c4S 0.3774 u.J:':hIC:: lJ.t:::"S:"v lJ.23:>b o el b~ I O.l ... l~ O,U"'4.j 
O.O~ 0.4b30 0.41»7 tJ.3fU<+ O • ..)c:: .... 1 O.21"1b 0.c31~ U.t d~C::: O.lJo'; U.O'i~b 
0.10 0.454:' (J.4v91 O.3tJ3o (i.Jlb~ U.t::.It::1 0.22;..) o.lold u.lJ':>'+ O.Ul)U~ 

0.12 0.4464- O.4{)1ts O.3~71 lI.Jl"::> (J. t:.t'-I'; lJ.22jc O.17bo U.lJJ~ o • 0 !i'i,.) 
0.14 0.4300 (J.39"+7 U.3:>U·1 U • ..)lJ/U u.2oJc O.~l"'J U.1l':>,,+ U.lJit) O.Ub/' 
0.}6 0.4310 0.3b79 0.3440 u.3U17 U.2Sbo O.cd:>~ U.llc'" O.l~'1J O.UHoc 
O.}H 0.'+2.H 0.301'+ 0 • ..)3'70 ().C'i~b lJ.i::~'+~ v.cll,; 0.10':1;) U.lr.:'11 0.00-.. I 
O.cO 0.4107 0.3/50 0.3333 O.~\.Jl7 u.i:::;ou O.t:'{J;~j O.!obl O.le:>u U.ObJj 
0.t:'2 0.4U";;0 0.3b':'~ 0.3c7,; U.~ht)1:J U.i::4:>'; O.204-';,O.lOJ'J 0.12J0 O.()~C::u 
0.c4 0.4u32 0.3b29 0.322b O.Cot':; u.i41'i 0.2016 Otlb}..1 0.J210 U • IH~ U t) 

0.26 0.396b U.3':)71 O.:il7~ O.2nd o • (:'Jtd u.l~lj" o d:>~ I 0.11.,,0 O.v/-,,+ 
O.~? 0.3'106 0.3516 0.312:' O.~1.j4 0.t:::34,,+ O.l~;:,j 0.1:>0..1 O.llic O.Olbl 
0.30 0.3Ci'+O 0.3462 0.3077 u.2o'1C:: u.23uo (j.l'l~J 0.1':):"0 0.11':)'+ o .0 "/t>'-J 
0.:,2 O.37dfl 0.34-0~ U.3u3U O.cb:>£: 0.cc7J 0.}t1'1'+ 0.1':) 1 ':> U.11,jo u.OI~/::j 
0.34 0.37.H 0.3358- u.29~~ v.cole: O.t:::t:.,'1 O.}oob O.l,+~J 0.111'1 (I. U -1'+6 
0.36 U.3b7b 0.3309 (;.2941 0.2:>74 0.2c{)o O.ltdti 0.14'/1 U.IIO:" 0.07J~ 
0.38 0.3623 0.3c'<;1 () .2. (j <; 'j O.2::>jb 0.217 .. U.}612 0.1'+'+'1 0.10r;7 O.O-'c.~ 
0.40 0 • .3:' 71 0.3214 {J.2b57 U.c::>i)U O.clLtj (;.170b o .l'+l'''' O.lull 0.0114 
0.42 O.3S21 0.31-",9 0.2t:)11 u.c4~:' ().~ll" u.l 7t> 1 0014UO O.lU;:,1') (J.U/U .... 
0.44 0.347'C 0.3125 f1.277c O.c4Jl O.'Clle..) u.17")tl o d ju'1 0.1U'+t: 0.00'7 .. 
0.46 0.3,+'C~ O.3u P2 0.2740 U.~j97 U.i:O~':) O.171t:: Od3/u U.1U27 lI.U611::> 
0.48 0.3376 0.3u41 iJ.270'J O.d.36!::> 0.20~7 O.lob'-j 0.1.,::;,1 O.lUl'+ U.Oo/o 
O.~O 0.3333 0.3uno O.2h6·1 u.c3jj u.couu 0.1"07 o al J3..1 u. 1 (H) 0 o • (J b t,; 
O.~2 O.32dl:.f 1.J.2~ol 0.2632 lI.cJOJ o d'1/ .. u.16"t':) 0..1J10 o.O':ldl U.Ob':>o 
0.:'4 0.3247 O.2<j22 0.2:'91 O.c:::27j ().1~4b O.loc::., O.lclj'1 O.OI.JI'+ O.Oh,+~ 
0.56 O.3eLlS {J.?~M5 O.2~64 O.~r.'+4 O.192J O.}bUJ o d Ct'C 0.01-1("(.' (I .00'+ 1 
0.~8 0.3165 O.2b48 O.2:'JC O.c:~1':) u.1~':1'; O.l~di:: O.lebtl O. O~'+'J O.O!'>3..) 
0.60 0.312~ (j.2~13 (;.2So0 O.~1rj~ u.lbf~ O.1~b3 O.lc~u U.O'ij{') 0.1)02';:) 
0.62 O.3uljo O.271'n 0.2,+6':1 O.~l"u O.IM':>C:: O. 1 ~'+:'i O.l~j:> O.O'!~o U.On!, 
O.f14 O.3U'+lJ 0.?744 0.243", O.~lj" O.l(jl;:"J O.l~l::'+ Ooi~~V (J.IHl::> 0.0611.1 
0.66 0.3012 O.2111 O.~410 O.C:llld Veldl)( u.l~uo O.lcu':) O.(J~(J'+ U • l) t) U t:' 
0.68 O.2':J"l6 0.2079 O.23~1 O.c:uoj u.llbtl O.l'+t1tj (J.ll'1V O.Od'1j o .lIS~~ 
0.70 0.2'1,,+1 lJ.2b47 IJ.23S3 O.cO:>,; 0.170':> 0.1'+71 0011 70 U.OOi:1C::' O.O':ldb 
0.72 0.2':107 u'. lib 1 b O.~:;Cb u.cOJ~ U.l/'+'+ O.l,+~j 0.110..) O.Oti/~ O.O~C11 
0.74 O.2c-74 O.2':>db O.2t:.'"J'-j O.~O11 U.l-'~ .... 0.1';31 O.J.l4~ O.Oljo~ O.OS/~ 
0.76 0.20 .... 1 U • cS:,"1 O.~27.3 O.l'1o~ v.IIO':) O.14£.u U.ll..)o 0.Otb2 O.O~C'>o 
0.78 O.2~0." O.?-:;2H o .22'+', O.l'it:>b O. It)/''I:> 1,).}40,+ Odlc::'+ O.Od,+) O.O':lO~ 
0.80 0."277'6 O.?:'flO O.222c 0.1~4'+ 1).101.:',-1 O.lj(j'1 0.1111 O.Orl,,j ().O:-'~6 
0.62 0.?.7l-t7 U.2473 U.c190 O.1'12j U.l040 u.131,+ U.l0-j'" O.O~~4 o .O,:> ... ~ 
0.~4 0.211-1 0.2 .. 46 O. ~ 1 -, i. 0.19u(:: O.16~V 0.13':>'1 0.'1Ubl IJ.Odl':> o • 0 ~'+:" 
0.86 O.2botl 0.2414 0.21':>1 O.ld-:c u.}blJ 0.134-'+ 0.1u1,:> U.I) I'ue o .O~ .. Hl 
O.dA 0.2060 u.23'-i4 O.c12tl O.lbh~ 0.1':>'10 O.13J() O.!Oo" O.O/-jM (/.O~")~ 
0."'0 t:.i::r-:Jt:: iJ.2.,0~ 0.£::lu,:> u.ld ... ,,- u.l':>/'; u.131o v • .l.u;)J v.u/o,", V • U ::>c: t> 
0.'12 0.20U4 O.23~+4 O.20CSJ 0.1623 O.I-;'bJ i).l~~Or. O.lU'+c O.0f<1l O.O~t:l 
V.~4 0.2':>77 O.2j2U O.~{)b2 lJ.!oli'+ O.l~Lto u.1 t::.C",I O.!Uj! u.v/7j o.u':>!~ 
O.~6 0 • .2:':'1 O.?~~6 o.clJ41 O.1/~o 0.1':):"1 Uol~/u (JdO~\J O.ulo':> O.u':>lv 
O.YP O.'C':>2S O.2c73 0.2020 U.llnr:. Dol:;!':> 0.1l:03 O • .J.(Jl U O.O/':)t\ o.o~o!::> 
1.00 0.2:'uO O.2~:)O U.2000 I). ! 1:'0 0.1:'0u 1J.1~:'u OolUQu 0.07";)0 o.o~uu 



TAtiLE AS-2- RELATIVE &ULK Ot:.NSITV PART 

S~=l.OO 0.9~ 0.90 0.85 0.80 0.75 0.10 0.6S 0.60 
VW/VS 

0.00 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.000u 1.0001) 1.0000 
0.02 0.9604 0.9194 0.9783 0.9770 0.97:'0 0.~7'+O 0.'172c 0.9"/Ul o • l) 6·' ., 
0.04 0.Y615 0.9S96 0.9S7,+ 0.9551 0.952,+ 0.9494 O.'1'+S~ 0.'142fJ 0.9J7~ 
0.06 0.'1434 0.9,+06 0.'1375 0.93'+1 0.930~ 0.92~9 0.'1211 O.'11~~ O.tJO'll 
0.08 0.92~lj 0.9223 0.9164 O.~1'+0 O.Yu'11 0.~O30 0.b..,7 .. O.bY{J'+ O.HH2'+ 
0.10 O.YO"'1 0.9048 0.9000 0.~9'+7 0.b8e~ 0.8ti24 0.b7!:>O O.!j661 O.~~~)71 
0.12 0.~929 0.8b79 0.8b24 O.d763 O.b69b 0.b621 O.tj53( 0.~'+4c O.H3)3 
0.14 0.B772 0.tH16 0.8654 O.~~~b 0.8511 0.H427 0.b33J O.ti?2b O.dlutj 
0.16 0.d621 0.8559 0.ti4Y1 O.ti410 0.tS33J 0.H242 0.b14U 0.ti02:' u • -, ~3'-j :, 
0.18 0.0475 0.B407 0."8333 O.tj252 0.8163 0.80b5 0.741S~ 0.7831 O.7b'-Jc 
0.20 0.tj333 0.B261 0.8182 0.d09S 0.8000 0.7895 0.777d O. Ib4 7 O./Suu 
0.l2 0.tH'i7 0.8120 0.8036 0.1944 0.7843 U.7To3e 0.7bU'1 0.1,+71 0.7317 
0.24 0.8065 0.7liS3 0.7d95 O.179ti 0.7692 0.7576 0./441 0.'10303 0.71'+3 
0.26 0.7937 0.7tj51 0.7759 0.165d 0.7';;47 0.7420 0.729c O. 7143 O. h'-l71 
0.28 0.7813 0.7724 0.7627 0.7522 0.7401 0.72d2 o. ·/1,+3 0.6Yd41 O.obltl 
0.30 0.7692 0.7000 0.7500 0.1391 0.7273 0.7143 0.70UO O. b8iH~ 0.h6b7 
0.32 0.7':>76 0.7480 0.7377 0.726:' 0.7143 0.70UIi 0.68603 U.6701 0.6~22 
0.34 0.7463 0.7364 0.725~ 0.1143 a.701d O.b8b1 0.b731 0.6S60 0.b3~,j 
0.36 0.7353 0.7252 0.7143 O.102!:> 0.6897 0.b7~7 0.660'+ 0.04,36 0.b2'::>0 
0.38 0.7246 0.7143 0.7031 0.6~11 0.67BO 0.6637 0.b4ti1 0.b311 D.61ee 
0.40 0.7143 0.7037 0.6923 0.6800 0.6667 0.6522 0.63b,+ O.61'i0 0.6000 
0.42 0.7042 0.6934 0.6~18 0.6693 0.655" 0.6410 0.62SU 0.607S 0.58b~ 
0.44 0.6~44 0.61j35 0.6716 0.bSH9 0.6452 0.6303 0.b140 0.~9b3 0.516~ 
0.46 0.6B49 0.673tj 0.6b18 0.0489 0.634'1 0.619b 0.6034 O.':>HSb O.S660 
0.48 0.6757 0.6b43 0.6522 O.b391 0.6250 0.609Ej 0.S93~ 0.':>7:'2 O.SSSb 
0.50 0.6667 0.6552 0.6429 0.6296 0.6154 0.6uOO O.Sti33 0.~6~2 0.S4'::>';) 
0.52 0.057'1 0.6463 0.6338 0.0204 0.6061 0.5'106 0.~73c:S 0.~~S6 0.':»:'1 
0.54 0.6494 0.6)76 0.6250 0.611:' 0.54170 0.5814 O.:'b'+~ 0.~46G: 0.':>20] 
0.56 0.6410 0.6291 0.6164 0.002d 0.5862 0.5725 O.S~':>b O.~3'12 0.51/2. 
0.58 0.6329 0.6209 0.6081 o • :,..~'+ '+ 0.5797 0.5639 0.:'46'1 0.:>2~~ O.Sl'~~ 
0.60 0.b2~0 0.6129 0.6000 0.:'db2 0.5714 0.5550 0.:'3e~ It.~200 0.500u 0.62 0.6173 0.6051 0.5921 0.:;-(82 0.5634 U.5474 0.~30J 0.S118 O.I.1.J1e 
0.64 0.609u 0.5975 0.5b44 O.;)70~ 0.5556 0.5396 0.~22'+ O.',:)Oj'i 0.483') 
0.66 0.6024 0.5')01 0.5169 0.:)6~~ 0.54-''1 0.5319 0.':>147 0.44162 0.'.7bc:. 0.68 0.59~2 0.5b28 0.':>690 0.5556 O.540~ 0.5245 0.::>07c 0.,+HH7 O.4h~b 
0.70 0.58d2 0.5758 0.5625 0.::>404 0.5333 O.Sl7'C. 0 • ..,000 0.4dlS 0.,+61'.) 
0.72 0.5b14 0.5689 0.5550 0.::>414 0.S26J 0.5102 0.493u 0.474!:> 0.4S4~ 
0.74 0.5747 0.5021 0.S,+8b 0.::>346 0.519::> 0.:'03,+ 0.'+d01 0.'+670 o .447 t, 
0.76 0.5682 0.5~56 0.5422 0.~280 0.512d 0.49b7 o. 't 79~ 0.461U O.4'+le 
0.78 0.:'618 0.5491 0.5357 0.::>21:' 0.50b3 0.4902 0.473u 0.4':)/.',:) u.43'+b 
O.bO 0.5556 0.5'+29 0.529,+ O.~l~~ 0.5000 0.4B39 0."+66-' 0.'+4C'3 O.'+CO() 
0.~2 0.5495 0.5367 0.5233 0.::>090 0.493B 0.4777 0.460~ 0.442c 0.422~ 
O. til. 0.5435 0.5307 0.5172 0.S030 0.4~7d 0.4717 0.4:'4:' 0.40362 0.4167 O.bb 0.5376 0.5249 0.5114 0.'+971 0.4bl'1 0.46SH O.'+4tl7 o .-dOS 0.'.1 1 U 0.88 0.5319 0.5191 0.5056 0.4913 0.476c 0.4601 0.'+430 0.424b O.'+O~'+ 
0.'70 0.5263 0.5135 0.5000 0.4d57 0.4706 0.454:' O.'+37~ 0.41~'+ 0.400<; 0.")2 0.520d 0.5080 0.4945 0.4ti02 0.4651 0.4491 0.'+3'C.1 0.'+1'+0 o .3947 0.94 0.515::> 0.5026 0.4891 0.47,+~ O.4:'9d 0.4438 O.'+2b~ 0.40t\{'\ U.)H'1b 0.96 0.5102 0.4~74 0.4839 0.'+6~b 0.454.., 0.43tjb 0.'+217 0.'+037 O.)Mt.f) 0.Y8 0.50~1 0.44122 0.47ti7 0.4645 0.44'74 0.4335 0.~161 O.:iCjtjtj O.3/~1 1.00 0.5000 0.4872 0.4737 0.4595 0.4444 O.42d6 0.'+11b U.3Y)'-I O.3-/~v 



· ~ --. -. 

TAbLE A.5-2 HELATIVE bULK DtNSITY PART t.. 

SR=0.50 0.45 0.40 0.35 0.30 0.25 0.20 0.15 0.10 
VW/VS 

0.00 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.000u 1.0000 1.0000 
0.02 0.~615 0.9574 0.9524 O.":I,+S'1 0.937::> 0.92:>'1 0.'10~! 0./;824 0.8333 
0.04 0.9259 0.9184 0.9091 O.d974 o • tH32'+ 0.b621 0.tj33.J O.fb<.J':J 0.7143 
0.06 0.H'12~ 0.8b24 0.b696 0.d537 0.8333 O.bOb~ o • '/6'1t: 0.1143 0.62~0 
0.08 0.d6~1 0.8491 0.8333 O.tH'+O 0.7tj'1:> 0.7576 0.7143 0.6522 0.5556 
0.10 0.b333 0.8182 0.8000 0.777b 0.7500 0.7143 O.bbbf 0.6000 0.5000 
0.12 0.8065 0.7b95 0.7692 O. (447 0.7143 0.6757 0.6250 0.~556 0.4545 
0.14 0.7b12 0.7627 0.7407 o .1l43 0.6d18 0.6410 O.~bbC:: 0.5172 0.4167 
0.16 0.7':;)76 0.7~77 0.7143 0.6863 0.6522 0.60Y8 0.':J5Sb 0.4B3'J 0.38'+0 
0.18 0.7353 0.7143 O.6b97 0.6604 0.62~0 0.5H14 0.~2b3 0.4~45 0.3571 
0.20 0.7143 0.6":123 0.6667 0.6364 O.hOOO 0.5556 O.~OOU 0.42d6 0.3333 
0.22 0.6Y44 0.6l16 0.6452 0.6140 0.576'1 O.531'J O.47bC:: 0.40~4 0.31C:~ 
0.24 0.6157 O.6!:>22 0.6250 0.:>':132 0.55':;)6 0.5102 0.'+':;)4~ o. :,H~4b 0.2'141 
0.26 0.6579 O.6~38 0.6061 0.::>730 0.5351 0.49(J~ 0.'+34d O.365~ 0.2Tlb 
0.28 0.6410 0.6164 0.5882 0.:::>::>56 0.5172 0.4717 0.41b( 0.34tH' 0.2632 
0.30 0.6C::~0 0.6000 0.5714 0.::)38':;) 0.5000 0.4545 0.400U 0.3333 0.2500 
0.32 0.6098 0.5b44 0.5556 0.::>224 0.4839 0.43d6 0.3840 0.3191 0.23t:)1 
0.34 0.5952 0.5b96 O.S405 0.::>072 0.46b7 0.4237 0.3704 0.3061 0.2273 
0.36 O.5tl14 0.5':;)56 0.5263 0.41.)3U 0.454:' O.40":ltj 0.3:>71 0.2941 0.2174 
0.38 0.56d2 0.5422 0.512b 0.47~5 0.4412 0.3~6b 0.J44b 0.2t33U O.20d] 
0.40 0.5556 0.5294 0.5000 0.4667 0.42bb O.3ti46 0.333J 0.2727 0.20ll0 
0.42 0.5435 0.5172 0.4878 0.454':;) 0.4167 0.3731 0.322b 0.263~ 0.1':J23 
0.44 0.5319 0.5056 0.4762 0.4430 0.40~4 0.3623 0.312:> 0.2542 0.1d52 
0.46 0.520tj 0.4":145 0.4651 0.4321 0.31.)4'7 0.3521 0.3030 0.2459 O.17~6 
0.48 0.5102 0.4b39 0.4545 0.'+217 0.3~46 0.34c:, 0.2'141 0.2381 0.1724 
0.50 0.5000 0.4737 0.4444 0.4118 0.3/~O 0.3333 0.~8~1 0.C30d 0.1667 
0.52 0.4902 0.4639 0.4348 0.'+023 0.365":1 0.3247 O.t:.77tj 0.22]lj 0.161] 
O.!:>4 0.4808 0.4:>45 0.4255 0.3933 0.3571 0.310:' 0.2703 0.2174 O.156i:;: 
0.56 0.4717 0.4455 0.4167 0.3b4b O.34~b O.30db 0.2632 0.2113 0.1515 
0.58 0.4630 0.4369 0.4082 0.3703 0.34u9 0.3012 O.2S~4 0.2055 0.1471 
O.bO C.4545 0.4286 0.4000 O. j6,~4· 0.3333 0.2941 0.2500 0.2000 0.142'1 
0.62 0.4464 0.4206 0.3922 0.360b 0.3261 0.2874 0.~43":1 o .194b o • 13b9 
0.64 O.43d6 O.4121:i O.3b46 0.3535 U'.311.)1 0.2t3G9 0.~3Ijl O.lH~t; 0.13~1 
0.66 0.4310 0.4054 0.3774 0.3465 0.3125 0.2747 0.2326 O.lHS2 0.1316 
0.68 0.4237 0.31.)82 0.3704 0.331.)b U.J061 0.2bb8 O.227j 0.1807 0.1282 
0.70 0.4167 0.3913 0.3636 0.3333 U.3000 0.2632 0.2222 0.1765 0.1250 
0.72 0.40~8 0.3b46 0.3571 0.3271 O.2'J't1 0.2577 0.217,+ 0.1724 0.1220 
0.74 0.4032 0.3782 0.3509 0.3211 0.2bb5 0.2525 0.2120 0.16d,:;) O.ll~U 
0.76 O.3I.)b~ 0.3719 0.3448 0.3153 O.283u 0.247~ O.i:::ObJ 0.16,+8 0.1163 
0.78 0.3906 0.3(:-,59 0.3390 0.30<J7 o .2r/d 0.2427 0.2041 O.lbl~ 0.11J6 
O.dO 0.3es46 0.3000 0.3333 0.J043 0.2727 0.2~Cs1 O.~oou 0.157'1 0.1111 
0.t32 0.37db 0.3~43 0.3279 0.2991 0.2079 0.2336 0.1'Jbl 0.1546 O.IOCs"l 
0.~4 0.3731 0.348d 0.3226 0.~1.)41 0.2632 0.2294- 0.1923 0.151:; 0.1004 
0.b6 O.:;b76 O.343~ 0.3175 0.2d93 0.t:':>t:)6 0.22~2 0.1807 O.14tb 0.1042 
0.b8 0.3623 0.3383 0.3125 0.2fj46 U.2S42 0.2212 0.1ti':;)~ 0.1456 0.1020 
0.90 0.3~11 0.3333 0.3077 0.2t30U 0.2::)00 0.2174 O.lesLo O.142lj 0.10UO 
O.~2 0.3521 O.3~ti5 0.3030 O.~7S6 0.24~'7 0.2137 Oel7do 0.1402 0.09oU 
0.94 0.3472 0.3237 0.2985 0.~71J 0.241-) U.2101 O.! 75'+ 0.137b 0.09bt:' 
0.96 0.3425 0.3191 0.2941 0.2672 0.2301 0.2060 0.1724 0.1351 0.0943 
0.98 0.337d 0.3147 0.2899 0.2632 0.234,+ 0.2033 0.169~ 0.1327 0.0920 
1.00 0.3333 0.3103 0.2~57 0.2593 O.230d 0.2000 0.1667 0.1304 0.0909 



Table - A5-3 

e Ya/Ys 

0.00 1.00 

0.05 0.9524 

0.10 0.9091 

0.15 0.8696 

0.20 0.0333 

0.25 0.8000 

0.30 0.7692 

0.35 0.7407 

0.40 0.7143 

0.45 0.6897 

0.50 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 

0.90 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 v1 and v2 are the parts 

by volume of these phases. 

A6.2 Voigt and Reuss 

According to Gray and McCrwn (1969), Voigt (1910) 

suggested a linear mixing law of the forml 

(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 McCrum, 1969), based on 

~he assumption of constant stress throughout the mass, 

Buggested the relation: 
1 

K 
(A6-2) 
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Comparison of Equations (A6-1) and (A6-2) draws attention 

to the importance of defining the property Df interest 

in the most suitable way, ego if Reuss were correct * 
would be more suitable than K. . . 

A6.3 Paul's Theory 

Paul (1960) put forward the following two laws as 

the upper and lower bound s on Young's mod ull:ls (E), by 

making use of the strain energy theorems of elasticity: 

(A6-3) 

(A6-4) 

It can be noticed that these bounds have the same 

form as the equations proposed by Voigt and Reuss 

re s pe c t i ve ly • 

A6.4 HSH Bounds 

According to Gray and McCrum (19b9), Hill (19b) 

and Hashin and Shtrikman (1963) tightened the above laws 

by recommending the following bounds, usually called as 

HSH bounds: 
V1 

~ K ~ K2 + --T'1--""'3~v-2----
- + -
K1-K2 3K2 

where G denotes shear modulus. The HSH bounds use two 

material properties K and G, of both phases 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:-

(A6-6) 

They observed that this mixing law falls well within the 

HSH bounds, and they suggest it as a law of mixing. 

Eecause 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 

whether satisfactory mixing laws could be generated by 

substituting Pc 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 pressure 

measurements lay outside the Voigt-Reuss bounds, which are 

themselves wider than the HS~ bounds. 
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APPENDIX 7 

LATERALLY CONFE~ED SWELL FRESSURE 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 this 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 fe8red that some of the adjustments 

were altered as the in~trument was moved from place to place, 

thus altering the initial calibration. The whole system wno 

recalibrated after this series had been completed. 

(Calibration involves dismantling the swell pressure 

apparatus in order to apply known loads to the tie bars; 

thus, a recalibration 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 av~iding 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 

since 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 fraction F of 

soil A and a fraction (1-F) of soil B. Then any given 

particle size fraction of soil x, Pxt is given by:-

(A8.1 ) 

where, Pa = Particle size fraction of At 

Pb = Particle size fraction of B. 

Hence, the fraction F may be calculated from:-

(A8.2) 

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. 

outlined below: 

The method of analysis is 

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 Ft 

where the weighted average is proportional to the 

difference between the two soil sources involved. 

Weight, W = \ P a - Pb \ (A8.3) 

Find the mean of the seven fractions calculated in Step 1, 

by using the formula: 



Mean Fraction, FM 

200 

= ~ (F x W) 
~ w 

3. Calculate the error in fractions using: 

error, E = (F-FM) 

(A8.4) 

(A8.5) 

4. Calculate the mean square error in fractions using the 

formula: 

Mean Square Error, EM ~ E2 x W 
= ---:----
~W 

(A8.6) 

5. Using the following formula, calculate in turn the seven 

predicted proportions of particle size distributions of 

soil x 

(A8.7 ) 

where Q is the proportion of predicted particle size 

for any size fraction under consideration. 

In this method of analysi~, the mean square error in 

fractions calculated by eq • (A8.6) was used to measure the 

goodness of fit. However, the main method of assessment 

used was to compare the observed against predicted particle 

size distributions 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 i and oC f in Tables 5.1, 5.4 and 5.5 were calculated 

to one place of decimals by subtracting ~i and t7 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 te st, Wf , in the following way: 

Ww Ws x Wf 
• • Wf 

Ww 
= , • =T 

e 

Vw 
Ww 

=-
Y.w 

Va 
Wa 

=-
G Yw 

Assuming full saturation, it follows: 

If Vw + Va ~ Vinitial' it 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 also be calculated by using 

the formula: 

Expansion, % = 
Vf - e i 

1·00 + :e i 
x 100, 

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: 

0(1 = e 1 - ~1 

e f = e 1 + S cs 

o{f = e f - -:Jf • 

• 
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Appendix 10 

Tan rjJr VS CLAY CONTENT, MONTMORILLONITE 

.". 
'--' %~~~~~+'40~~60~-aOO~ ~ 

CLAY CONTENT ,C, 0/0 

TAN ~ VERSUS CLAY CONTENT FOR Na_MONTMOHlLLONlTE, < 211. 0 C. NaCl 
PER I (~Olnts:Y K;nney' s observations; C and S_predicted limits. based on clay mlnprai 
cOlltentj and C' and SO_predicted limits based on clay plasma contont) 

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 a single phase comprising the clay mineral and its 

adsorbed water. In other words C was replaced by CiI', where, 

Vc + Vabs C* = ------~~----
Vc + Vs + Vabs 

where, 

Vc = volume of clay solid s, 

Vs = volume of sand solids, 

Vabs volume of ad sorbed water. 

Smart (1970) assumed V = 5 V 
abs c· 
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Appendix 11 

ADDITIONAL REGRESSION E~UATIONS 

The following regressions for the optiffillffi compaction 

conditions, i.e. initial volumetric water content,,J:, and 
. 1 

initial void ratio, e i , supplement those in Tables 5.9 

and 5.10. 

(1)..;t = 0.172 + 0.C056C + O.038(ORG) + 0.002 Z 
1 

(R2 = 0.93) (0.1% level of significonce) 

(2)~ = 0.157 + 0.011 PI + 0.043(ORG) 

(R2 = 0.94) (0.1% level of significance) 

(3)e i = 0.232 + 0.0058C + 0.031(ORG) + 0.0024 Z 

(R2 = 0.85) (1.0% level of significance) 

(4) e. = 0.22 + 0.013 PI + 0.033(ORG) 
1 

(R2 = 0.94) (0.1% level of significance) 
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