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SUMMARY

SWELLING BEHAVIQUR OF UNSATURATED EXPANSIVE CLAYS

by
S. WILLIAMS BSc.

This thesis examines two available approaches for predicting the swelling
behaviour of unsaturated expansive clays:

(1) simplified empirical relationships for rapidly identifying
swelling soils and
(i1)  a more accurate prediction method suitable for design purposes

and based upon experimentally measured swell moduli.

. The work was prompted by the absence of a universally accepted procedure
for use with these soils.

The initial (and shorter) phase of the work uses published swell data to
assess available empirical swell prediction methods and also determine
the relative significance of soil parameters used for this purpose.

The work suggests that potentially expansive soils can be identified and
classified, and the national or regional soil classification systems may
be easily amended to allow for this.

The results indicated :

(i) the swell prediction methods are suitable for indicating the
degree of swell behaviour only, and methods for actually
quantifying volume change are usually limited to localised
application

(i1) in situ suction correlated closely with swell for available
data, therefore it is suggested that the suction-swell
relationship be derived for numerous soils in order to assess
the possibility of using it as a stand-alone indicator.

The second and most significant phase of the work involved an assessment
of Fredlund's constitutive model approach for unsaturated soils when
applied to the swell prediction of expansive clays. This required
considerable equipment development for measuring volume changes and
controlling the stresses of the soil, air and water phases. In addition,
two conventional consolidometers (oedometers) were linked to a chart
recorder to facilitate continuous data acquisition.

An experimental programme of three test series was then instigated to
provide data by which Fredlund's theory could be assessed; these included
Null tests to assess the validity of the chosen stress state variables,
Volume change (uniqueness tests)to evaluate Fredlund's constitutive
equations and finally, Consolidometer swell tests to further evaluate the
constitutive equations and assess an established soils laboratory test for
swell prediction purposes.
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The results showed :

(1)

(1)

(iii)

(iv)

in general, Fredlund's constitutive model approach is suitable
for prgdicting volume changes in unsaturated expansive clays
of a liquid limit range typically found in the field (up to 142%).

despite equipment limitations, equal changes of the stress
components (o, Uy and Uy) produced negligible volume changes,
thereby confirming the stress state variables.

both the stress control and consolidometer tests indicated
reasonable agreement between measured and predicted swell values,
thus confirming the suitability of Fredlund's constitutive model
approach to expansive unsaturated clays.

the theory makes no provision for (a) discontinuous phases in
soils found at saturation levels .below 25% and above 80-85% and
(b) the non elastic behaviour of unsaturated soils following a
reversal in stress change.

Fredlund's theory should therefore be further studied for soils composed
of discontinuous phases and the effects of stress reversals upon volume

change.

The development of a full triaxial testing system is recommended.
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CHAPTER 1

INTRODUCTION

1.1 DISTRIBUTION

Although the constructional difficulties associated with moisture
related volume changes in London clay were documented as long ago as 1841
by Bartholomew, it was not until the 1930s that engineefs in the United
States isolated expansion in partially saturated clays as a major
contributor to constructional damage; consequently, soils exhibiting
considerable swell upon wetting (such as Montmorillonite rich clays) were

termed expansive.

Shrink-swell problems have long been known to occur in arid/tropical
environments due to the 'thirst' of the soils and their subsequent ability
to absorb water. Thus, other problem areas were identified in similar

regions over the world as ideas and technology spread.

Today, it is recognised that by far the largest part of the earth's
(1land) surface is covered with partially saturated soils; expansive soil
'hot spots' have been identified over the entire globe (Fig. 1.1). This
map constitutes the known areas; however, it is expected that as the
development of unused land progresses, so other problem areas will be

identified.

The problem of expansive soils is not a major one within the UK,
this being due to the consistently mild but damp climate. In consequence,
despite there being a large area of potentially expansive/shrinkable
soils (fig. 1.2), the majority of these remain saturated and hence quite
stable; even where soils are partially saturated, the seasonal moisture

variation is small, and limited to shallow depths.



1-2

Despite on-going UK research in this field since the late 1940s,
there was a general lack of awareness of the potential problem until the
recent drought periods of 1976 and 1984. During these summers, the
ground in the South East dried to unprecedented depths causing considerable

shrink-swell related damage to the foundations of many residential

structures.

The damage at this time was primarily related to the climdtic
variation; however, extensive studies by the Building Research Establishment
have shown that the influence of vegetation (especially tree roots) may also

induce significant volume changes within the soil.

The planting of new trees close to existing structures may lead to
moisture losses and cause shrinkage problems; on the other hand, removal
of trees from an existing site will cause the local moisture level to rise

to its equilibrium value thereby inducing expansion.

1.2 MAGNITUDE OF THE PROBLEM

The magnitude of the expansive soil problem is difficult to quantify

since much of the damage is slight and is therefore not reported.

In the United States, recent surveys indicated that the annual
financial loss incurred due to problems directly related to expansive soils,

exceeded $8 billion.

The UK problem is much smaller than this. However, the 1976 drought
resulted in £30m of insurance claims alone. The 1984 drought is thought
to have been worse, although the increasing numbers of insurance claims

were partly due to a greater public awareness of the problem.
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1.3 TYPES OF DAMAGE

The presence of expansive soils can and inevitably will cause
problems for most types of structures (eg shallow foundations, hydraulic
structures etc.). The type of damage is closely related type of structure
and is typically as follows :
lightly loaded structures : will commonly exhibit cracking to their
walls and floors.

-hydraulic structures : such as canal linings, reservoir linings,
swimming pool walls and floors are particularly prone to swelling and
cracking. Although initial damage may be due to either constructional
defects or swelling of soils, any effects will subsequently be magnified
by the leakage of water into the surrounding soil.

flexible highway and runway pavements : although cracking can be
accommodated, extreme uneveneness may render them unusable.

soil backfills : may upon the absorption of water, subject the retaining
structure to considerable increased pressure with consequent displacement
and damage.

slope stability : must also be carefully considered since the shear

strength of swelling soils can reduce considerably upon wetting.

Close attention must be paid to any tension cracks which develop since
these will provide access channels for the water, thereby further

weakening the soil at an already likely slip plane.

1.4 THE VOLUME CHANGE PROCESS

A1l soils have an equilibrium moisture content dictated by gravity
acting against the forces holding water in the soil. This moisture content
may vary and in turn induce volume change; total volume change is directly
related to the moisture content ie. an increase in moisture content will

result in an increased volume change and vice versa.
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It is important to note that not all unsaturated clays are
‘expansive’ in nature and that some soils under certain loading conditions
will exhibit a collapse phenomena upon wetting. In addition, although
expansive soils will always exhibit a high shrinkage characteristic,

shrinkable soils will not always exhibit expansive tendencies.

For the purpose of this project therefore, an expansive soil is
considered to be one which exhibits noticeable swelling following only a

slight increase ih moisture content.

1.5 PREVIOUS DEVELOPMENTS

In an effort to consolidate their knowledge of the behaviour of
expansive unsaturated clays, investigators have conducted extensive

studies into two areas:

(a) to evaluate the pertinent factors that influence swelling and

(b) to develop methods of analysis for predicting volumetric behaviour

The first area of research has been aimed to provide practical methods
for assessing the degree of expansiveness of different soils; these studies
have tended to be empirical in nature eg. classification systems.

However, none of the proposed methods have yet been incorporated into any

national soil classification system.

The second area of research encompasses the theoretical and
technological aspects associated with soils. The classical laws of soil
mechanics have been well developed and successfully applied for over fifty
years in saturated soils. However, the state of soil mechanics as applied

to unsaturated swelling soils has made little progress since the 1960s.
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1.6 SCOPE OF THE WORK

On the basis of the current state of soil science therefore, there
is a clear need for a sound theoretical analysis to enable the engineer

to assess the potential volume change problem associated with expansive

soils.

The underlying aim of this project has therefore been to develop a
suitable method for predicting the expansive behaviour of soils. It is,

however, appreciated that a total solution to this problem is beyond the

means of any single work.

The scope of the work is indicated in Figure 1.3.



Known areas where swelling occurs

FIGURE 1.1

WORLD DISTRIBUTION OF
SWELLING SOILS

Glacial Ciavs
Eocene 1L - London)

Cretaceous G - Gault
W - Weald

Jurassic O - Oxlord

K - Ximmendge
L - Lias

(a) Distribution of stiff clays

Clay type Group | Plasticity | Clay size Volume
index: fraction: change
% % potential
Gault A 68 69 Very high
Gault A 60 59 Very high
Kimmeridge A 53 67 High/very high
London A 52 60 High
Weald A 43 62 High
Oxford A a1 56 High
London A 28 63 Medium/high
Glacial till B 28 41 Medium
(Garston, Hens)
Glacial ull B 23 43 Medium
(Redcar, Yorks)
Glacial il B 20 0 Medium
{Cowden, Humberside)
Glacial till B 17 30 Low/medium
(Tvneside)
Glacial ull B 15 20 Low
(Glasgow)

(b) Examples of volume change potential
of some stiff clay deposits.

FIGURE 1.2

SWELL / SHRINK SUSCEPTIBLE
SUILS IN THE UK.
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CHAPTER 2

THE NATURE OF EXPANSIVE CLAYS

2.1 INTRODUCTION

The practical difficulties associated with expansive clays are
discussed in the previous chapter. They primarily occur as a result
of :

(a) the substantial increase in volume when the clay is
unrestrained
(b) the development of swell pressure if the clay is totally

or partially confined.

These expansive properties may be described under two broad headings :

1. Expansive Character : this describes the ability of the clay

constituents to expand .

It is related to the clay mineral composition, past and present

loading history and the natural and imposed aqueous environments.

Volume change may also be due to chemical processes acting on

certain non-clay minerals which result in the formation of new

minerals of lower density.

2. Expansive Behaviour : this is the actual volume change exhibited

by a clay under specific conditions (in situ or laboratory). It is

related to the interactions of various intrinsic andextrinsic factors

of varying degrees of intensity, actina alone or together upon the system.
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The aim of this chapter therefore, is to examine the nature
of expansive clays on the basis of these two headings. Emphasis
is placed upon the behaviour of Kaolinite and Montmorillonite clay
minerals, since these are subsequently employed to produce synthetic
clay mixtures .

In considering mixtures of the above clay minerals, Dumbleton
and West (1966) and Seed et al (1962) indicate that the liquid
limit, plastic index and swell behaviour are not Tinearly related
to the Montmorillonite content . These observations must be corrob-
orated for the materials available to this project ; this will provide
a better understanding of the clay minerals employed and assist in the

choice of suitable test mixture proportions .

Expansive Character

2.2 Mineralogical and Chemical Structure of the Clay

2.2.1 Basic structural units

The swelling mechanism of expansive clay may be described in
terms of mineralogical and chemical structure. Only a brief
description is given here to enable the explanation of various basic
phenomena. The reader is referred to Grim (1953) for a fuller
coverage. A1l clay minerals are colloidal - sized crystals that
appear like tiny plates or flakes. These flakes consist of crystal
sheets which have a repeating atomic structure. In fact, there are
only two fundamental crystal sheets, comprising the tetrahedral or
silica and the octahedral or alumina units .

The silica unit is composed of four oxygen atoms which take the form
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of a tetrahedron containing a silicon atom at its centre. These
individual tetrahedra combine to form sheets (fig. 2.1(b)).

The oxygen atoms at the base of the tetrahedra lie in one plane
and each one is shared by two tetrahedra. In the plane of the
silicon, the apex of the tetrahedron consists of a hydroxyl ion,
such that the silicon layer lies between a layer of hydroxyls

above (at the apex) and a layer of oxygen below (at the tetra-
hedron base). The silicon plane can be symbolised as figure2.1(c).

representing the oxygen basal layer and the hydroxyl apex layer.

The alumina unit (fig. 2. ZAa)) is made up of six hydroxyl ions
which take the form of an octahedron with an atom of aluminium ions
(gibbsite) or magnesium ions (brucite) between two dense layers of
hydroxyls which are arranged in an octahedral pattern. Several
such uﬁits may combine to form sheets as in figure 2. 2b). A single

sheet may be schematically represented as in figure2.2(c).

The above units combine in nature in several configurations

to form the clay minerals. The four predominant types are :

2.2.2 Kaolinite - made up of gibbsite sheets (with aluminium
atoms at their centres) joined to silica sheets through the unbalanced
oxygen atoms at the apexes of the silicas, (i.e. the apexes of the

silica layer and one layer of the gibbsite form a combined layer).

This structure may be symbolised as in figure 2.3(a)Kaolinite

consists of many such layers, one on top of the other as figure 2.3(b).

In the common plane between the sheets, the oxygen ions of the
silica and hydroxyl ions of the gibbsite are held together, it appears,
by hydrogen bond forces. This type of bond is fairly strong, it

being extremely difficult to separate the layers, and as a result
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Kaolinite is relatively stable and water is unable to penetrate

between the layers. Kaolinite consequently shows relatively

Tittle swell on wetting.

2.2.3 Halloysite - this clay mineral is similar in its basic
structure to that of Kaolinite, with the difference that the bond
between the individual units is due-to a molecular layer of water.

If this water is removed (e.g. by drying) this mineral behaves
differently from Kaolinite. Consequently, soil containing halloysite
will change its properties drastically if it is dried sufficiently

to drive off the molecular water layer, since this process is

irreversible.

2.2.4 Montmorilionite - this is the most common of all the clay

minerals in expansive clay soils and is the most important due to
its high swelling properties. Its basic structure is made up of a
gibbsite sheet between two silica sheets, and may be symbolised as

in figure 2.4(a).

The gibbsite layer may include atoms of aluminium, iron,
magnesium or a combination of these. In addition, the silicon atoms

of the tetrahedra may interchange with aluminium atoms.

These structural changes are called isomorphous changes, and
result in a net negative charge on the clay mineral. Cations which

++

+
are in the soil water (e.g. Na , Ca , K etc.) are attracted to

the negatively charged clay plates, and exist in a continuous state

of interchange.



2-5

The basic montmorillonite units are stacked such that the
cations interact (figure 2.4(b)).The bond between the individual
montmorillonite units is relatively weak and dependent on the
type of exchangeable cations, so that water is easily able to
penetrate between the sheets and cause their senaration and
subsequent swelling. It follows that montmorillonite is

extremely expansive.

This expansivity decreases as the adsorbed cation changes
in the following order : Sodium (most active), 1ithium, potassium,

calcium, magnesium and hydroxyl (least active).

Thus , lime , qvpsum and cement may be used to stahilise soil

by replacing the active sodium ions with less active calcium ijons.

Normally, montmorillonite exists as extremely small particles

with dimensions of the order of a few Angstrom units.

2.2.5 Illite - the basic structure is similar to that of montmor-
illonite, but there is a pronounced replacement of aluminium ions
by silicon ions. This results in a larger net negative charge than
in the case of montmorillonite. However, a significant proportion
of this negative charge is balanced by adsorbed non-exchangeablie
potasium ions, which bond the basic illite unit (ref. fig. 2.5).

It follows that the illite units are more strongly bound and therefore

swell much less than montmorillonite.
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2.3 Clay Mineral - Water Interaction

2.3.1 An overview

Clay particles are always hydrated i.e. surrounded by layers
of water molecules called 'adsorbed water'. The properties of
clays (plasticity, compaction etc.) are greatly influenced by the
thickness of these water layers as are the engineering characteristics.

The properties of the water are discussed later.

The clay particles have an overall negative charge and attract

positively charged ions (exchangeable cations) from the salts in the

pore water until the charge deficiency is balanced. The hydration
capacity of the exchangeable cations/adsorbed ions increases with
decreasing ionic radius. Common ions in increasing order of ionic

++

radii are Na +, Ca and K.

The initial deficiency is equal to the cation exchange
capacity, and noted as being influenced by : particle size,
temperature, availability and concentration of ions in solution, clay

mineral structure, isomorphic substitutions, and soil water pH value.

The exchangeable cations are not all held in a layer at the
clay surface, but are present at some average distance from the
surface. Although the negatively charged surface attracts the
positively charged ions, the high concentrations of jons at the
surface causes many to diffuse away. The overall balance of Coulomb
electrical energy and thermal diffusion results in a diffuse layer

of cations - often termed the double diffuse layer.




2.3.2 Clay particle charge

The electrical charges exhibited by clay mineral grains are

caused by the following :

(a) change deficiencies due to jonic substitution within lattice
(b) broken bonds at grain edges
(c) dimperfection

(d) the polar nature of ions exposed at clay particle surfaces

The last cause (d), includes the negative electrical charge
of oxygen in the silicon tetrahedral layer and a positive charge
due to the hydroxj] portion in the aluminium octahedral layer.
Little imperfections and broken bonds may produce either a positive

or negative charge.

The magnitude and location of these electrical charges are
different for the various clay minerals and are fundamental in
explaining the ability of some minerals to imbibe significantly more

water than others.

2.3.3 Clay mineral associated water

Water associated with clay minerals exists as three types :

(a) Hydroxyl or bound water - this water forms part of the

octahedral layer and cannot be removed by heating at
temperatures below 400°C for most clay minerals.

(b) Interlayer water - this is double layer water which occurs

between surfaces in some clays. It is gradually removed

by heating up to 150°-200°C.
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(c) Pore water - this water occurs in the open space between
grains and also constitutes the more tightly bound double
layer water onAgrain surfaces. This water is essentially
removed by drying at room temperature and completely
removed at heating at approximately 100°C.

The clay minerals which exhibit appreciable expaasiecn or
shrinkage are called expansive clay minerals and include montmor-
illonite, vermiculite, chlorite and mixed layer combinations of
these minerals with each other or with other clay minerals.
Halloysite, (the tubular hydrous member of the Kaolinite family)and
illite, do not generally exhibit volume change to the same extent as
montmorillonite, vermiculite or chlorite, and are termed non-swelling

minerals.

Table 2.1 lists some representative free swell data for the
more common clay minerals. The distinctions between swelling and
non-swelling clays and between interlayer and pore water are

illustrated in fiqures 2.6(a) and 2.6(b).

The clay particles are represented in the deflocculated state.
The double layer water adsorbed between clay']aygrs'in'expandable
clays and the water adsorbed on the surfaces of other clays possess
properties which are somewhat different from those of the water in

the pore spaces .

The double layer water exhibits a certain degree of crystal-

linity which is not a property of pore water. The crystallinity is
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greatest adjacent to the clay mineral itself and decreases outward
from the mineral surface.

The thickness of the orientated water layer is difficult to
determine due to there being no sharp division between it, and the
free water .

Yong and Warkentin (1966) indicate that the first two or three
layers of water molecules are bonded to the surface, and that adsorbed
water properties are exhibited out to approximately 15A from the
surface. Overall, the thickness appears to be dependent on the
nature of the clay mineral and type of cation present .

Montmorillonite exhibits larger thicknesses of orientated water
than other clay minerals. The cations which enhance the orientation,

are those whose hydrated or non hydrated size can be accommodated
within the structure for example sodium lithium fits, whereas calcium

and magnesium do not.

2.4 Microscale Mechanisms ( Clay Particle Interaction )

Snethen et al (1975) indicate six primary mechanisms that influence
the ' expansive' characteristics of expansive clay ( table 2.3 ).
these should not be confused with the physical factors that influence
the magnitude and rate of volume change ( ref.Section 2.2 ) .

However, it is inferred that the major portion of volume change
is attributable to: osmotic repu]sion, clay particle attraction,
cation hydration and capillary imbibition.

The influences of these four major mechanisms are frequently

combined and termed the total soil suction ( Snethen , 1979 ) .



2.5 Consistency Limits

2.5.1 Introduction

The many aspects which contribute to expansive character are
summarised in the preceding sections. A desirable practical
application of these is their use for predicting the engineering
behaviour of clays - and in particular expansion characteristics.
Unfortunately, most of the properties cannot be directly méasured
and those that can, require complex, expensive apparatus.

For many years however, the consistency limits ( liquid , plastic
and shrinkage indices) have proved to be effective empirical methods
of evaluating soil behaviour . They can be explained in - terms of
the basic processes noted earlier, and linked by experimental evidence

to swell behaviour .

2.5.3 Definitions

The Atterberg 1imits were developed by a Swedish agricultural
scientist Atterberg (1911) to define several 1imits of consistency of

behaviour by means of simple laboratory tests. These tests were :

(1) Upper limit of viscous flow

(2) Liquid 1imit - lower limit of viscous flow

(3) Sticky 1imit - where clay loses its adhesion - to a metal blade
(4) Cohesion 1imit - where grains cease to cohere to each other

(5) Plastic limit - lower limit of plastic state

(6) Shrinkage 1imit - lower 1imit of volume change .

He was the first to realise that the plasticity of clays could be
defined in terms of the upper and lower limits, i.e. the liquid and
plastic 1imits. He also defined the plasticity index as the range of

moisture content where the soil is plastic and suggested that this

could be used for soil classification .
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Later on, Terzaghi and Casagrande standardised the Atterberg

limit tests so that they could be readily used for soil classification
for engineering purposes. In present geotechnical engineering practice
it isonly the liquid limit, the plastic 1imit and sometimes the
shrinkage 1imit that are used. The sticky and cohesion limits appear

to bemore useful in ceramics and agriculture .

The following paragraphs discuss each of the above limits in
greater detail with special reference to their relevance to swelling

behaviour .

2.5.3  Liquid limit .

When the moisture content of a clay is increased above the
plastic 1imit , a point is reached Where it possesses no cohesion and
begins to fiow as a fluid. The moisture content at this stage is
termed the liquid limit .

The variation of the liquid limit is much greater than that
of the plastic limit. The exchangeable cations, salt concentration
and hence interparticle forces, have a more prominent role in its
determination.

The liquid 1imit is reached, when the distances between the
particles are such that the interactive forces become sufficiently
weak to allow an easy relative movement between them .

In expansive clays such as montmorillonite, the dominant
interparticle force is repulsion ( resulting from water layer
interaction ) . The magnitude of this force and hence liquid limit ,
determines the inter particle spacing and is inversely proportional
to the salt concentration .

Seed ( 1962) defines the liquid limit as the moisture content

at which the net attractive force within the clay (i.e. clay - water
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attraction ) is reduced to a value producing an approximately constant
shear strength value .

Consequently, the larger attractive intensity ( CEC ), or
surface area, then the larger will be the spacing required to maintain

a constant shear strength value and thus the greater the liquid limit.

By similar reasoning it follows that for a constant moisture
content, the shear strength will increase with increasing cation
exchange capacity and vice versa . It would appear therefecre that the
shear strength is indicative of the swell potential .

To the authors knowledge, the use of shear strength as a swell
indicator has received 1ittle previous attention. Although this
aspect is considered outside the scope of this project, its potential

for swell indication is noted, and further research is recommended .

The literature indicates some differences of opinion regarding
the exact” value of shear strengh of a soil at liquid limit ;
numerous writers propose such values e.g. Seed(1962) - 2.45 KN/MZ ,
Medhat and Whyte (1984) - 1.6 KN/MZ. However, the latter value

appears to have undergone a more rigorous preferred evaluation.

On a more fundamental basis, the liquid limit may be considered
as themoisture content at which a specimen will exhibit a specific
shear strength and volume change . A higher liquid Timit therefore
indicates an increased potential for swelling, .since the specimen
must absorb more water ( and swell more ) to exhibit the same shear
strength.

In conclusion, both the liquid 1imit and expansion properties
( i.e. swell and swell pressure ) are closely related to the inter-
particle repulsion forces ; it is therefore not surprising that the

liquid limit is widely employed as an indicator of swell potential.



2.5.4 Plastic limit

"A plastic soil is defined as that in which the cohesion
between units or particles is sufficiently low to allow movement,
yet sufficiently high to allow the particles to maintain the

new moulded position." (Yong and Warkentin, 1966).

The plastic limit is widely acknowledged as varying much
less than the 1iquid limit. It increases as the surface area of
the clay increases but not in direct proportion e.g. the surface
area of montmorillonite is 40 times that of Kaolinite, but the

plastic 1imit is only 2-3 times as large.

The plastic 1imit cannot therefore be related simply to the

thickness of the water layers around the clay particles.

As in the case of liquid 1imit, Medhat and Whyte (1984 ) contend
that all soils at their plastic 1imit will exhibit a constant shear

strength value.

There is some contention as to the precise value of this shear
strength, and they chose 110 kN/m2 , since it represents a state
about mid-way into the stiff consistency range for clays (75-150

kN/m7).

In conclusion, the variation of plastic limit between different
clay types is considerably less than that of the liquid limit.
Its decreased sensitivity renders it less suitable for the indication
of swell, and this is reflected in its limited use in this

role throughout the literature.
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2.5.5 Plasticity index

The plastic or plasticity index is the range of moisture
content over which a clay is plastic and is inversely related
. to the size of the particles. It is equal to the difference between

the Tiquid and plastic limits.

Grim (1953) indicates that the plasticity index of a clay
mineral increases considerably with increasing cation exchange
capacity (CEC) thus making it a good indicator of potential swell.
The plasticity index of a low CEC clay is raised dramatically by
the addition of only a small amount of a high CEC clay. This increase
is due primarily to the large change in liquid 1imit, since as

previously indicated, the plastic limit remains fairly constant.

2.5.6 Shrinkage limit

The shrinkage limit is that moisture content of a soil below
which no further volume change will occur. Shrinkage arises from the
pressure difference across the curved air-water interfaces of the
voids at the specimen boundary. It occurs as a result of the

evaporation of water from the pores.

As water evaporates from a saturated specimen, a curved
interface is formed in the voids. The resulting pressure difference
causes water to be drawn from within the specimen, and thus creates
an equal decrease in total volume. This form of shrinkage will
continue so long as the pressure deficiency exceeds the clay particle

repulsive forces.
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Eventually, a condition is reached where particle inter-
action restricts shrinkage, and further increments of water
removal are partly replaced by air. This point, which is termed
the shrinkage limit is not usually so sharply defined, nor does
the lower end of the shrinkage curve (as in figure 2.7 ) always
lie on the axis. This latter aspect is due to the tight]y‘he1d
adsorbed surface water being more difficult to drive off than
the pore water; consequently, considerable adsorbed water may
remain long after the free pore water has evaporated. In the case
of montmorillonite, a large amount of water is tightly held so

that a pronounced departure from the curve would be expected.

The shrinkage limit is also dependent upon the arrangement
of particles and clay mineral type. A more random particle
arrangement increases the shrinkage limit and a more parallel arrange-

ment decreases it.

The shrinkage limit also increases slightly with increasing
cation exchange capacity. Overall however, the variation in shrinkage
limit between soil types is limited. However, this has not deterred

other researchers from using it as an indicator of potential swell.

2.6 Clay Mineral Mixture Behaviour - Experimental Study

2.6.1 Introduction

One method of obtaining test materials of suitable expansion

characteristics is through the use of synthetically constituted

clay mineral mixtures. This has been undertaken in this project,
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where Kaolinite (China clay) and sodium montmorilionite ( Wyoming-
Bentonite) have been mixed in different proportions to provide a
range materials with different expansive properties . Full details

of these minerals are given in appendix B .

The properties and behaviour of single minerals are discussed in
. the previous sections . However, there is very little information

regarding the behaviour of synthetically constituted clay mineral
mixtures . The main references include Seed et.al. (1964) , Dumbleton
and West ( 1966 ) and a review by Rowlands ( 1984 ) . Unfortunately,
the findings of Seed et. al. ( 1964 } are of limited value to this
study, since they do not provide data . The references indicate that
theinfluence of varying montmorillonite content will not necessarily
be proportional to the swell behaviour or soil properties . Therefore,
since: synthetic mixtures of Kdolinite and-montmorillonite are to be

used for the study of expanding clays, it is desirable that the relative

contribution of each constituent mineral towards this behaviour beassessed.

This is undertaken by producing trial batches of the proposed
mixtures , and conducting Atterberg limits and preliminary consolidometer
swell tests; the latter tests are subsequently used in the analysis .of

Fredlunds theory ( chapter 8 )

These results are supplemented with compatible data by Dumbleton and West

( 1966 ) .

2.6.2 Experimental programme

Sythetic mechanical mixtures of Kaolin and Montmorillonite

were prepared to the proportions listed below and their liquid



limits, plastic limits and swell properties determined .

Percent content by mass

Sodium Montmorillonite Kaolinite
(Wyoming Bentonite) (China Clay)
* 0 100
* 10 90
* 20 80
25 75
* 30 70
50 50
75 25
100 0

Only the mixtures denoted '*' are subsequently employed for the
main testing programe since those containing greater than 30%
montmorillonite possess plasticity and expansion characteristics

well outside those expected in the field .

2.6.3 Presentation of results

The results are presented graphically by plotting the measured
properties ( described above ) against the Montmorillonite content .

The following aspects are examined .

(a) data plotted on the Casagrande's plasticity chart

(b ) relationship between liquid limit / plastic index and the
bentonite ( montmorillonite ) content

(c) relationship between swell characteristics ( swell pressure,
void ratio change, compressibility and the liquid and plastic

limits .



2.6.4 Comments

(a) plasticity data

The author's data - when plotted on Casagrande's plasticity chart
lies on a near straight line inclined at 45° ( fiqure 2.8 ).
This intersects the U Tine ( upper limit of most soils) where the
liquid 1imit equals 200% and the montmorillonite content equals 30%.
from the same figure, it appears that the plasticity data after
Sherif et al (1982 ), Nayak and Christensen (1974 ) and Jawed

(unpublished ) is compatible with that obtained by the author .

The authors plasticity line or 'signature' obtained from the clay
‘mineral combinations is particularly similar to those indicated by
Holtz and KovaKs (1981 ) for various types ( exact positioning will
depend upon the minerals employed ) . Although natural soils ( i.e.
not. synthetically produced mixtures) plot belcw the U line, Sherif
et.al. (1982 ) indicate that high sodium montmorillonite content

synthetically produced mixtures will plot above the U line .

The precise liquid limit/plastic limit values for high swell

minerals must be treated with caution due to their thixotropic
character .

Thixotropic clays take considerable time to equilibrate following
a moisture increase , and will in turn cause the liquid limit to
apparently vary with time unless testing is conducted on a specific

time scale .



(b) Effects of montmorillonite proportions upon the liquid limit

Grim (1962) indicates that the here presence of sodium mont-
morillonite (however small) with another clay mineral will ensure
that the nature of the exchangeable cation becomes a significant

controlling factor.

Dumbleton and West (1966) (in contradiction to this) indicate
that the addition of up to 25% montmarillonite to Kaolinite has
little or no effect upon the liquid and plastic limits. Above this,
the resultant changes in liquid limit and plastic index for an
increase in mineral content are noted as approximately linear,

following Casagrande's 'A' line.

The author notes that the liquid limit for the montmorillonite
used by Dumbleton and West (1966) is less than 150%, which suggests
a lower swell type mineral such as calcium-montmorillonite. The
influence of this mineral upon the liquid limit would be considerably

smaller than that used by the author.

The author notes that the addition of even a small amount of
sodium montmorillonite to Kaolinite (refer fig 2.8 and 2.92) considerably
influences the liquid limit of a mineral mixture (100% Kaolinite
+ 0% montmorillonite : LL = 47% ; 90% Kaolinite + 10% montmorilionite :
LL = 82%).

Results by Nayak and Christensen (1973) and Sherif et al (1982)

confirm that synthetic mineral mixtures employing sodium montmor-

i1lonite exhibit similar plasticity characteristics even when mixed
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with inert minerals other than Kaolinite (e.g. quartz sand and

or grundite).

It is noted from figure 2.9 that the rate of increase of both
liquid limit and plasticity index increases with 1increasing
Wyoming bentonite (sodium montmorillonite ) content. The increase
in Tiquid limit/plasticity index is clearly some definite function
of the mineral content. This also appears to be the case for
results after Dumbleton and West (1966) (although the influence

of calcium montmorillonite wused is less pronounced ).

(c) Swell characteristics

A1l swell characteristics are noted as increasing with

increasing montmorillonite content .

The void ratio change versus mineral content plot ( figure 2.10)
is approximately linear up to 50% montmorillonite content. Little
usable data is available for higher contents since such mixtures
have a very long equilibration time, in addition the large swell exhibited
exceed the measuring capacity of the equipment. In general however,
the swell appears to tend to a maximum value before 100% montmoillonite

content is reached.

An earlier series of tests conducted by the author on an expansive

soil indicates that the swell pressure 1in an cedometer (consolidometer)
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specimen comes to equilibrium essentially within 48 hours (refer fig.2.11
moisture ). This seems conservative in comparison with observation

by Sherif et al (1982), who note the swell pressure as equilibrating
after 24 hours for a range of mixes. The author's results (fig.

2.12) indicate that the swell pressure increases in the form of an

S-shaped function with increasing montmorillonite content. The behaviour

can be summarised as in Table 2.4,

The swell and compressibility index versus montmorillonite
content plots (figure 2.13) do not indicate clear relationships.
Trends are observable, but the spread of data prevent the determination
of precise relationships. The general observation is that the indices

increase with increasing montmorillonite content.

2.6.5 Conclusions

1. The author's data for synthetic soil mixtures plot as a
straight line ‘signature' on Casagrande's plasticity chart.
The Tinearity of this is considered as indicative of the
experimental consistency.

2. Repeated experimentation by the author indicates that the
synthetically constituted clay mixtures plot above the U line

(upper 1imit) on Casagrande's plasticity chart.

3. The plots of liquid 1imit and plastic index against the
montmorillonite content exhibit definite relationships.
The gradients of both liquid limit and plastic Timit with
montmorillonite content appears to increase for higher
montmorillonite contents.

This is confirmed by data from Dumbleton and West (1966).
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4. A1l swell characteristics generally increase with
increasing montmorillonite content.
The void ratio change increases linearly up to 50%
montmorillonite content then tends towards a maximum value
for 100% montmorillonite content.
The swell pressure tends to a constant value for lower
and higher montmorillonite contents (i.e. < 20% and > 55%

respectively).

5. The compressibility and swell indices (i.e. the volume
changes resulting from loading and unloading respectively)
gradually increase with montmorillonite content. The scatter

of data points prevents the determination of firm relationships.

6. A1l the above observations are influenced by the initial

density, moisture content and loading conditions.

7. The good relationship between either the liquid 1imit or
plastic index or percent swell or swell pressure and the
bentonite content verifies that the plastic index and/or liquid

limit should be considered for use as a basis for prediction

purposes.

EXPANSIVE BEHAVIOUR

2.7 INTRODUCTION

This describes the actual volume change behaviour exhibited by
expansive clays following a change of moisture content under

laboratory or field conditions.
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The behaviour is determined by certain physical properties

which combine and/or interrelate.

Snethen et al (1975) proposes a two-fold categorisation
-of those physical properties: (1) intrinsic properties: which
contribute to or influence the actual volume change (in situ or

laboratory materials) and (2) environmental conditions i.e. extrinsic

factors : which enhance the probability and magnitude of expansivity

( particularly in situ materials).

The following section discusses the physical properties in
terms of the above mentioned combinations and interrelationships.
The intrinsic physical properties are discussed in some detail due
to their relevance to this project whereas the environmental

conditions are covered only briefly.

2.8 INTRINSIC PROPERTIES

(a) Soil composition

This includes the type and amount of clay minerals within the
soil and their size and specific areas. The mineral composition

determines the clay's potential for swelling.

The size of the clay mineral particles (in expansive materials)
affects volume change by controlling the development of double layer
water on the particle periphery. Small particle sizes result in
large effective surface areas which permit considerable double layer

water thicknesses and hence swelling.
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Clay particle size, although not an independent parameter,

is often characteristic of specific clay minerals.

(b) Dry density

This is an important factor in determining the magnitude of
expansive behaviour - since the swell or swelling pressure increases

with increasing dry density for constant moisture content.

Higher densities usually result in closer particle spacing
thus causing greater double layer water interaction. This in turmn
results in higher repulsive osmotic forces and consequently greater

volume change.
This is the case for both remoulded and undisturbed soils.

Seed and Chan (1959) note that dry density interrelates with the
soil fabric by influencing inter-particle arrangement. They
demonstrate experimentally that for a given compactive effort, the

particle orientation increases with moisture content. (Figure 2.14).

(c) Soil fabric
The definition for soil fabric adopted in this thesis is
that proposed by Seed and Chan (1959) and is assumed
to refer to the arrangements and orientation of the constituent

particles.

The type of clay mineral arrangement will also partly influence

the direction and magnitude of volume change.
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Clay mineral platelets are difficult to observe, but
generally occur in either agglomerated (indepsndent groups) or

non-agglomerated (uniform fabric, no discernible groups) forms.

" (d) Pore water properties

Volume change in expansive scils is attributable to the
availability and variation of soil water quantity. It therefore
follows that the water properties will significantly influence soil
behaviour. As previously discussed in Section 2.3, the volume
change in expansive soils is primarily due to the hydration of clay
minerals. The degree of hydration is influenced by the amount and
type of ions adsorbed on the clay particles and in the pore fluids.
In addition, the volume change tends to be inversely related to the
cation concentration (quantity of soluble salts) i.e. high cation
concentration in the pore fluid (of similar types to those in the

s0il) reduce volume change and vice versa.

(e) Permeability

The permeability is extremely influential in the time rate of
volume change. It is a function of the initial moisture content,
dry density and soil fabric. For compacted soils, the permeability
is greater at the lower moisture contents and dry densities and
decreases to a near constant value at around optimum moisture content
(OMC) .

Minimum permeability occurs at the OMC and maximum dry density

because of the close particle spacing and resulting fewer voids for
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moisture movement.
Permeability is enhanced with in situ soils by the presence of

discontinuities since they provide possible avenues for the introduction

of moisture.

(f) Properties pertaining to expansive rocks and shales

The volume change exhibited'by in situ (sedimentary) materials
is further influenced by soil structure, cementation and diagenetic

effects.

Soil structure refers to the macroscooic features/discontinuities

contributing to the non homogeneity of materials.

Cementation includes the presence or non-presence of mineral

cements and subsequent bonding action upon clay particles.

The diagenetic effects are the long term physical and chemical

changes in the soil resulting from overburden and groundwater influence.

(g) Confinement, temperature and time

These are not intrinsic properties as defined in the opening
paragraph. However, they do influence the role of the 'true'
intrinsic properties in determining the amount and rate of volume

change in both laboratory and in situ conditions.

The degree of confinement will determine the amount of swell
and or swell pressure exerted on the foundation. An increase in
confinement (or overburden) will increase the observed swell pressure

and decrease the swell.
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Krazynski (1973) indicates that temperature effects are limited to
influencing the viscosity and specific gravity of the adsorbed water
However localised temperature gradients can induce the migration of

water from warmer to cooler regions .

The time is aninterrelated'property' , where the period between initial
wetting of the soil to the first indications of swell behaviour is a

function of the soil permeability and availability of water .

2.9 ENVIRONMENTAL CONDITION

Environmental conditions significantly influence the swell
behaviour of soils, and, but for the cases of constant conditions

such as desert or permafrost, may vary considerably between sites.

The main factors influenced by environmental conditions are

represented in figure 2.15 and listed below :

(a) Soil profile : this includes the thicknesses of expansive

Soil layers . The thicker the layer, the more swell will

be exhibited .

(b) depth of desiccation : thickness of the permanently moisture

deficient soil layer .

The lateral variation in moisture content will also influence

swell behaviour .

(c) _Seasonal moisture variation : depth to which soil moisture is

affected by seasonal climatic variations .
(d) Vegetation : Tlong term growth or rapid removal will probably

alter the soil moisture content , thus causing soil volume

change .



(e)

(f)

(9)
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surface drainage: poor surface drainage, whether natural

or man made leads to moisture accumulation resulting in

probable volume change.

modes of moisture transfer: includes gravitation, capillarity

and thermal gradient influences.

sources of water: the sources are numerous e.g. rainfall,

groundwater table, irrigation, faulty sewerage/water supplies

etc.



TABLE 2.1

TYPICAL VALUES OF FREE SWELL FOR
COMMON CLAY MINERALS

Clay Mineral Free Swell™ (%)
Sodium Montmorillonite 1400-2000
Calcium Montmorillonite 45-145
Vermiculite™™ --
Chlorite™ --

I1lite 60-120
Kaolinite 5-60
Halloysite 70

Mixed layer type*

* Test data based on swell in water of 10cc of dried,crushed
material passing No. 30 sieve and retained on the No.50 sieve.

**Free swell is variable and dependent on size and crystallinity.

+ Free swell is variable and dependent on amount of expandable
clay minerals present.

TABLE 2.2
CATION EXCHANGE CAPACITIES OF CLAY MINERALS

Clay Mineral Mi]]iequgsglents per 100g
Kaolinite 3-15
Halloysite, 2 H20 5-10
Montorillonite 80-150
I[1lite 10-40
Vermiculite 100-150

Chlorite 10-40
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TABLE 2.4

INFLUENCE OF BENTONITE CONTENT UPON
SWELL PRESSURE

Montmorillonite Influence upon
Content by mass. Swell Pressure
(%)
= 20 least effect
20-50 greatest effect
=55 reduced rate of

effect




FIGURE 2.1
BASIC STRUCTURAL UNITS IN THE SILICA SHEET
(a) BASIC UNIT
(b) SHEET
(c) SYMBOLISED SILICA PLANE

Oxygens

Hydroxyl

Silicons

(c)

FIGURE 2.2
BASIC STRUCTURAL UNITS IN THE ALUMINA SHEET
(a) BASIC UNIT
(b) SHEET
(c) SYMBOLISED ALUMINA UNIT
(a ) (b ) Hydroxyls Q

or

[rons

@O0 O GO
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FIGURE 2.3
SYMBOLISED KAOLINITE STRUCTURE
(a) BASIC STRUCTURE

(b) STACKED UNITS
=\ T—T
I\

() (b)

FIGURE 2.4

SYMBOLISED MONTMORILLONITE STRUCTURE
(a) BASIC STRUCTURAL UNIT

(b) STACKED UNITS INTERACTING

(b)
FIGURE 2.5
INTERACTION OF ILLITE UNITS
non exchangeable potassium exchangeable
ions resulting in stronger cations

bonds between 1 |+
montmorillonite units.



FIGURE 2.6
DEFLOCULATED CLAY MINERAL ASSOCIATIONS

(a) SHOWING SURFACE WATER ( ILLITE)

(b) SHOWING SURFACE AND INTERLAYER
WATER (MONTMORILLONITE)

surface and
jfi;;;;;;iii pore water
) 0
(a) { ~10 A

surface and
pore water
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2.5-10A
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FIGURE 2.7

THE VARIATION OF TOTAL VOLUME WITH

MOISTURE CONTENT.
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FIGURE 2.8

THE INFLUENCE OF BENTONITE CONTENT UPON

PLASTIC INDEX AND LIQUID LIMIT.
(CASAGRANDES PLASTICITY CHART)
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FIGURE 2.9

THE INFLUENCE OF CLAY MINERAL PROPORTIONS
UPON THE LIQUID LIMIT AND PLASTIC INDEX.
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FIGURE 2.10

THE INFLUENCE OF CLAY MINERAL PROPORTIONS
UPON THE VOLUME CHANGE CHARACTERISTICS.
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FIGURE 2.11
DEVELOPMENT OF SWELL PRESSURE
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FIGURE 2.12

THE INFLUENCE OF CLAY MINERAL PROPORTIONS
UPON THE SWELL PRESSURE CHARACTERISTICS.
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FIGURE 2.13

THE INFLUENCE OF CLAY MINERAL PROPORTIONS
UPON THE SWELL AND COMPRESSIBILITY INDICIES.
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FIGURE 2.14

MOULDING WATER CONTENT VERSUS DRY
DENSITY AND PARTICLE ORIENTATION
FOR COMPACTED KAOLINITE SPECIMENS
(SEED AND CHAN,1959)
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CHAPTER 3

METHODS FOR THE IDENTIFICATION AND CLASSIFICATION

OF EXPANSIVE CLAYS

3.1 INTRODUCTION

The purpose of an identification/classification technique for swelling
soils 1is to-characterise the potential volume change behaviour of suspected
problem materials. A review of the literature indicates a large amount of
research in this field over the last twenty years, with development tending
towards the use of consistency limits and/or particle size as a basis for
swell prediction. In addition, very few of these techniques have been
accepted into the national soil classification systems due largely to their

limited geographic application.

The aim of this chapter therefore, is to evaluate several of the
published swell prediction techniques and to examine how a similar system
might be incorporated into a main standard national soil classification
system. The chapter is divided into three sections : Initially, the
published swell prediction testing techniques are examined - recommendations

being made as to their reliability.

The variability of data quality is noted and several aspects

investigated including testing procedures and definitions of potential swell.

In the second section, a statistical analysis of several data sources
is made in an attempt to determine the order of soil parameter significance
and to assess whether there are any important soil parameters not presently
being employed for swell prediction. Statistical equations are also derived

to describe the swell of each data source.
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The final section examines the main Engineering Soil Classification
systems and discusses their application to the volume change behaviour of

soils (in particular swell prediction).

The main conclusions of the preceding sections are summarised and
the application of the most suitable swell prediction method to the BSCS
and AASHTO systems outlined.

3.2 AN EVALUATION OF SWELL CLASSIFICATION SYSTEMS FOR EXPANSIVE CLAY SOILS

3.2.1 Objectives

The aim of this section is to evaluate several published swell
classification systems used to predict the potential volume change of a

suspected swelling soil.

Two aspects of the systems are evaluated :
(i) ability to qualitatively and quantitatively predict swell and

(i1) applicability to undisturbed and remolded specimens.

These systems are used to forewarn the engineer of a soils ability to
swell; they are applied at theoutsetof site investigations and should
(a) be easy to understand and implement
(b) provide a consistent criteria for predicting swelling behaviour for
as wide a range of 50115 as possible

(¢) indicate whether any further detailed measurement of swell is necessary

A study of the literature indicates a trend towards a more comprehensive
definition of potential swell. In particular, Snethen (1979) suggests that
swelling soils should be considered in terms of the initial specimen
conditions and include moisture content, dry density, fabric, structure,

stress conditions, states of confinement and finally the water regime.
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Clearly, such a detailed description is necessary to make very
accurate predictions; however, the measurement of all these factors appears

unwieldy for rapid preliminary evaluation purposes.

The majority of available identification methods can be categorised

into five groups (Snethen, 1979) :

a) soil composition group

b) physical indicator group

d

(a)

(b)

(c) physicochemical group
(d) index property group
(e)

e) soil classification group

Examination of these indicates that the soil composition, physicochemical
and physical indicator groups are unsuitable for routine use due to their

specialised nature.

However, the index property group (which include liquid, plastic and
shrinkage 1imits, linear shrinkage and free swell) are considered to be
suitable due to (a) the ease with which the properties can be measured and
(b) the good correlations noted in the literature between some index values

and swell potential.

The soil classification group is often interrelated with the index
property group and therefore also considered suitable for rapid identification

purposes.

In consequence, published methods from both of these groups will be

assessed in the following sections.

3.2.2 Published Swell Prediction Systems

A number of empirical approaches based on the use of index properties

such as Atterberg limits, linear shrinkage, free swell and also clay content,
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have been developed as an aid to the identification of soil swelling

characteristics.

In most instances, the indices are correlated with field data, and

used individually or combined to predict the swelling characteristics of

the soil.

The result is several single and multi-property categorisation of the

relative magnitudes of potential volume change.

The categorisation may be either Quantitative, Qualitative - or both.
Quantitative predictions yield actual values of swell (i.e.change in specimen
height expressed as a percentage of the original height), whereas qualitative

predictions designate the degree of anticipated swell only.

The following review is sectioned to reflect the two main divisions
within the published index property based methods, namely those based upon
Atterberg limits only and those based upon a combination of Atterberg limits

and clay content.

3.2.2.1 Systems primarily based upon Atterberg limits and clay content

(a) Individual Research

The majority of simplified swell prediction methods have been developed

since the late 1950s.

Most have incorporated the plasticity index and clay content, however

only a few consider the shrinkage index and/or initial specimen conditions.

The developments are largely individually directed and uncoordinated.
In consequence, the main research is discussed in chronological order.
Holtz (1959) correlates observed swell with colloid content, plasticity
index and shrinkage 1imit (Table 3.1) using regional data from the S.W.

United States.
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Seed (1962)'s extensive investigation on synthetically prepared
compacted soils indicates that the swelling potential of a swelling clay

mineral is related to its activity and clay content where

~
1

constant (related to the clay type)

w
1]

swell (percentage of the original specimen height)

In the same paper, Seed presents a second simplified equation based
upon plasticity index along where :

2.44
)

S = (K)(m)(P.I (3.2)

empirical constant = 60 (natural soils) = 100 (synthetic soils)

m

The second equation is graphically presented in figures 3.71(a) and

3.1(b).

Van der Merye (1964) modifies the activity chart originally proposed by
Williams (1958) to account for swelling behaviour. The chart (figure

3.2) plots plasticity index against clay content and can be used to
qualitatively predict swell behaviour. He also relates probable percentage
swell to the qualitative swell categories, although these are apparently
limited in application to the regions from which the data was derived

(S. Africa).

Ranganatham and Satyanarayana (1969) test four naturally occurring Indian
soils and relate swelling potential to swell activity and clay content or
shrinkage index; such that :

s =m(s.1 287

) (3.3)
swell activity = (shrinkage Index)z(clay content)
m = constant (= 41.13 for natural soils)

SI = shrinkage index = W - wSL
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However, the authors claim an accuracy of only + 34% which evidently

Timits its application. (Ref. figure 3.3 for graphical representation).

Nayak and Christensen (1971) claim to consider the double diffuse layer

of clays when relating anticipated swell behaviour to clay content,

plasticity index and initial moisture content.

Relationships are presented for several synthetic soil mixtures in

addition to natural soils :

Kaolinite and bentonite mixtures

2
swell pressure = (6.982 x 10'2)(PI)1'92 'EZ +9.119
(psi) W
swell (%) = (4.494 x 1070 (P17 L 4 14,722
‘ i
A1l soils (a range of synthetic mixtures)
-2y ,opy1.12 €
swell pressure = (3.582 x 10 ")(PI) " ~. = + 3.791
(psi) W
swell (%) - (2.29 x 1075 (P & 4638
1
C = clay content (%)
PI = plasticity index (%)
w. = ‘initial moisture content (%)

i

The graphical relationship for all soils is given in figure 3.4(Plasticity).

(3.5)

B.R.E. Digest No. 240/I (1980) examines the difficulties with low

rise buildings on shrinkable clay soils and presents an empirical classif-

ication system based on plastic index and clay content for predicting
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the potential shrinkage or swell of a suspect soil.

The swell categories are derived from several (unquoted) data sources,

and the reader is warned that the system provides only a general indicator.

(b) National standard Soil Classification Systems

The following systems predict swelling behaviour upon the basis of
clay content and Atterberg limits. Although these are discussed in detail
in Sections 3.4.22 and 3.4.45, they are briefly described below for

continuity.

Civil Aeronautics Administration (CAA) Classification System (1945)

This system employs grain size distribution and plasticity data for class-
ifying all types of soil (ref. Table 3.27). Ranges of grain size and
plasticity are established and a group number allocated to each soil

category.

The system gives more attention to volume change and frost action than

previous codes.

The percentage volume change is predicted following 1inundation of the soil
(at field moisture content) with water. This is not considered satisfactory
since the field moisture and soil types will vary considerably from site

to site.

Unified Soil Classification System (USCS), 1953

Developed originally by the U.S. Army Engineers, the system is now widely
employed for roads, airfields, embankments and foundations. The system
classifies soil by allocating a soil group symbol which is dependent upon
grain size distribution and plasticity limits. The soil groups are related

to specific soil behaviour such as volume change characteristics,
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permeability, strength and other factors of engineering significance.

(Ref. Table 3.34).

Swell behaviour is described qualitatively, however, the only categories
allocated are medium and high swelling - which the author considers

insufficient.

Extended Casagrandes Soil Classification System, (1964)

This is very similar to the USCS, and again predicts the engineering
behaviour of soils on the basis of grain size distribution and plasticity
characteristics. In addition, the drinage characteristics and probable

dry densities are also predicted.

Swell behaviour is broadly categorised as either medium or high ranges
only - the exact boundaries slightly differing from the USCS. (Ref.
Table 3.35).

3.2.2.2 Systemsprimarily based upon Atterberg limits

These systems have also been developed since the late 1950s.
Although the majority continue to utilise the liquid Timit value for making
swell predictions, recent developments have tended to introduce in situ

measurementsin order to increase their practical value.

Altmeyer (1955) presents a system to predict swell based upon shrinkage
limits and linear shrinkage. Unlike the earlier system by Holtz, the
colloid content is not considered, apparently to reduce equipment

requirements.

Raman (1967) predicts swell in terms of plasticity index and shrinkage

index (ref. Fig. 3.5). However, his relationships only relate to soils
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up to a liquid limit of 66%, and are therefore of limited use with

regard to high plasticity expansive soils.

Anderson and Thomsen (1969) propose a swell prediction method involving
the plastic index alone. They acknowledge however that the method is
probably limited for use with the highly plastic Alberta clays. As with
the previous methods, the system is based on limited data. Refer to Table

3.7 for swell categories.

Komornik and David (1969) develop a relationship by multiple linear
regression between measured swell pressure and liquid limit, initial
moisture content and dry density. Correlations are based on undisturbed

soil test specimens (although the base data is not quoted).

The relationship for swell pressure is of the form

Log Ps =2.132 + 0.0208.wL + 0.000665 yd - 0.0269 wi (3.8)
where

P swell pressure (Kg/mz) ; yd = dry density (Kg/m3)

S

W

L Tiquid limit w; = initial moisture content

Vijayvergiya and Ghazzaly (1973) review some of the previous works
and note that most swell predictions are derived from remoulded soil
specimens. They then present a series of relationships correlated from
undisturbed soil data in an effort to increase practical application.

The relationships are as follows :
1
Log S = " (0.4.wL - wi + 5.5) (3.9)
Log S = Jg— (vd + 0.65 W~ 130.5) (3.10)

S = percentage swell ; +vyd = dry density (pcf)

and



Log P = 15 (0.4 W, - W, - 0.4) (3.11)
Log P = 15 (vd + 0.65 W, - 139.5) (3.12)

P = swell pressure (psi) ; W, = initial moisture content (%)

W, = Tiquid Timit (%)
The authors claim that these relationships work very well and exhibit
coefficients of determination in excess of 0.7; they are subsequently
used as the basis of a swell prediction system (Table 3.8). However, it
is noted that Vijayvergiya and ghazzaly's specimens exhibited liquid Timits
not greater than 77%, and were obtained primarily from one region (SW.USA),
in consequence, application of the relationships is limited by these

restrictions.

Dakshanamurthy and Raman (1973) initially estimate the degree of
swell upon the basis of liquid limits, plasticity index and shrinkage index.
However, they subsequently noted that the swell behaviour could be equally
predicted upon the basis of liquid limit only. Their second presentation
as adapted to Casagrande's chart is displayed in figure 3.7; as a result
of its similarity to the British (BSCS) and American (USCS) classification

charts, its potential for amending these systems will be considered later.

The author presents a modification of Casagrande's chart, which may
be used to predict percentage values of swell upon the basis of liquid
limit. (Figure 3.8). However, the statistically derived swell ranges are
limited in applicability due to the localised nature of the data catchment

area.

It must be noted that consideration of swell data from varying

climatic regions and different soils does not yield meaningful correlation.



In consequence this aspect has not been pursued further.

3.2.2.3 Swell classification systems for evaluation

The following systems have been chosen as representative of available

swell prediction methods, and will now be assessed in conjunction with

published data.

Based on Atterberg ¢ Holtz (1956)
limits only Dakshanamurthy and Raman (1973)
S. Williams (1983) (unpublished)

Vijayvergiya and Ghazzaly (1973)
Ranganatham and Satyanarayana (1965)

Raman (1967)
Atterberg limits :  Holtz (1956)
and clay content Seed et al (1962)
Nayak and Christensen (1970)
Van der Merwe (1964)
Building Research
Establishment (1980)
Civil Aeronautics
Administration (1946)
Unified soil
classification system (1953)

Extended Casagrande's
soil classification system (1954)

3.2.3 Selection of Data

3.2.3.1 Definitions of potential swell

Despite the availability of swell related data, much of the
information is incompatible due to a variation in recorded parameters,
omission of equipment details and variation in the definition of potential

swell,

The latter variation exerts a critical influence over the measured
swell values; the main published variations(also summarised in Table 3.10)

are :

1. Gil (1969)

"The vertical swell of a laterally confined specimen under a lIpsi surcharge,



following an increase in moisture content from field moisture level to
100% saturation - the specimen having first been subjected to the in situ

overburden". Few sources of data are available in this format.

2. Seed et al (1962); Ranganatham and Satyanarayana (1965);

Komornik and Livneh (1969); Anderson and Thomsen (1969)

"The vertical swell of a laterally confined specimen at maximum dry density
and optimum moisture content under 1 psi surcharge, following inundation
with water and subsequent saturation".

Few data sources are available in the above format.

3. Ladd and Lamb (1961); Vijayvergiya and Ghazzaly (1973);

Salas and Serratosa (1957)

"The vertical potential swell of a laterally confined specimen from natural

moisture conditions to saturation, under a 1 psi surcharge". This definition
is widely employed with undisturbed and remoulded specimens. The prediction
of swell can be inconsistent however, since the natural moisture content of

a specimen may vary considerably from site to site.

There exists a good quantity of data in this format.

4. Snethen (1979)

“The vertical potential swell from natural moisture condition to saturation
under actual overburden stresses. Specimens are initially at field
conditions".

Snethen proposes this definition as a means of quantifying the likely in
situ swell. It is considered inappropriate for general identification
purposes since it applies varying conditions of loading to the specimen, and

thus fails to determine the true relative swell potentials of various soils.

5. Holtz (1959)

“The vertical swell of an undisturbed specimen from air dried to saturation



under a 1 psi overburden".

The initial moisture level is not quoted, but is presumably equal to the
Jowest field moisture content. Although few data sources are available
in this format, it is useful since the measured swell equals the maximum

swell 1ikely to be observed. This is therefore a consistent means of

assessing swell.

3.2.3.2 Selection of potential swell definition

The choice of definition depends upon the overall requirements of the
system and for the purpose of this study, whether sufficient data is

available in the required format to make a meaningful correlation.
The definition after Holtz (1959) is preferred because :

(i) swelling tests conducted at the suggested lowest field moisture
content will indicate the maximum likely extent of the problem.

(ii) the test is applicable to undisturbed and remoulded specimens.

However, only limited data is available in this format , and in consequence,
a similar definition after Ladd and Lambe (1961) is chosen as an

alternative.

This defines potential swell as commencing from the natural moisture
content, which will not necessarily provide a good basis for comparing
different localities. However, this was finally accepted since the data
used in the study was primarily obtained from dry-arid climates, hence the

soils will exhibit the major portion of their swell potential.

3.2.4 Assessment of swell classification systems

Qualitative system

3.2.4.1 Swell categories

Qualitative swell prediction systems assign a probable degree of swell

upon the basis of the parameters discussed earlier.



The swell categories found in the literature are either arbitrarily
established (i.e. no establishing criteria stated), or based upon

statistically derived ranges of percent volume change.

Arbitrarily established systems include Raman (1967), BRE (1980),
R&S (1965), USCS (1953), V&G (1973) and VDM (1964) (refer Table 3.10).

The statistically derived swell-category systems (ref. Table 3.11)
include; Holtz (1957); Seed (1962); Altmeyer (1961); Anderson and Thomsen

(1969) and Vijayvergiya and Ghazzaly (1973).

It is noted that the categories presented by Altmeyer, Anderson and
V&G were derived using soils of relatively low swell potential; in

consequence, predictions by their methods will tend to be too low.

The ranges proposed by Holtz and Seed on the other hand cover a
larger range of swell and are therefore considered to be more widely
applicable. Notably, Holtz proposes that soils exhibiting <10% expansion
be classed low swelling. The author considers this misleading since a
10% swell rated soil can cause considerable damage to construction placed

upon it.

The author therefore proposes modifications to Holtz' swell categories
(Table 3.11), and his method is again applied to the data sources for

assessment.

3.2.4.2 C(riteria for comparison of systems

In order to compare the chosen systems it is necessary to select a
base system or 'yardstick' by which the performance of the others can be
assessed. (This does not necessarily imply that the chosen system is

superior to the others, however the choice of a method based on parameters



of acknowledged significance should at least give an indication of

any trends in behaviour).

[t is noted that almost all of the reviewed swell prediction methods
are either wholly or partly-based upon the 1iquid Timit or plastic index;

this is presumably due to the good plasticity-swell correlation generally

indicated on a regional basis.

The system after Dakshanamurthy and Raman (1973) also uses liquid
limit values for predicting the degree of swell and applies swell ranges
to Casagrande's plasticity chart; this is therefore considered to be
suitably representative of the available systems, and will be used as the

reference system.

For the purpose of comparing qualitative predictions of swell behaviour,
it is necessary to assign a rating value to each predicted swell category

(i.e. low, medium, high and very high swell).

These categories are assigned a value of one (1) unit each. If for
example the reference method predicts a medium swell, and the system being
assessed predicts a very high swell, then the latter degree of swell is

considered to be (+2) two units greater.

With this in mind, the general procedure for assessing the prediction

method is therefore as follows :

(a) The reference degree of swell is determined for each specimen in
the first data set.

(b) The degree of swell is then predicted for all specimens of the first
data set using each prediction method in turn.

(c) The deviation between the 'predicted’ and 'reference' degrees of swell

is determined for each prediction method (as indicated above).



(d) The average deviation for each prediction method is determined.

(e) The above procedure is subsequently repeated for each data source.

The assessments of qualitative methods are presented in tabular

(Tables 3.13 and 3.16) and graphical (figures 3.9 to 3.12) form.

3.2.4.3 Results : comments

Ladd and Lambe's Data

The swell prediction systems by Holtz, Raman, R&S and BRE exhibit
the smallest errors (Table 3.13), with a'maximum deviation between
predicted and reference values, of 0.2 units. This is clearly indicated

on the graphical display (fig. 3.9).

The largest deviations resulted from VDM's and V&G's systems - at

times exceeding 1.5 units.

Holtz' (Undisturbed Soil) Data

A1l the examined systems yield accurate predictions, with a maximum

deviation of -0.5 units being recorded.

R&S' system is the most accurate, with an average deviation of 0.024
units. These results are very good considering the varying origins of

source data (Ref. Fig. 3.11 and Table 3.15).

The absence of an upper ‘'extra high' (EH) category in many systems

results in such soils being under categorized with respect to swell

potential.

Holtz (Remoulded Soil) Data

As with the undisturbed data, R&S' system yields the most accurate

predictions, followed by Holtz then VDM. Virtually all predictions exhibit



a maximum deviation of 0.6 units, with the exception of V&G (yd and LL)
at -1.3 units deviation (Refer Table 3.14). Both the USCS and extended
Casagrande's system underpredict swell for high plasticity soils - (as

indicated in the graphical presentation Fig. 3.10).

Snethen's (Undisturbed Soil) Data

Holtz and R&S' systems jointly exhibit the best predictions, with
deviation not exceeding 0.15 units. The remaining systems predict swell
behaviour with deviations not exceeding -0.65 units (Table 3.16); the
only exception to this being VDM's system, with an average deviation of

-1.65 units.

The underprediction of swell for very high plasticity soils is again
noted, and attributed to a lack of an 'extra high' swell category in

several of the prediction methods.

3.2.4.4 Results : conclusions

1. The following overall order of significance was determined for the top
swell prediction methods: (i) Holtz (1957), (ii) Ranganatham and
Satyanarayana (1965), (iii) Building Research Establishment (1980) and
(iv) Raman (1967). These predict swell upon the basis of the
following parameters.

Holtz : colloid content, plastic index; shrinkage index
R&  : shrinkage index
BRE : plasticity index; clay fraction

Raman : plasticity index, shrinkage index

2. On the basis of the data therefore, those prediction methods using

plasticity index, shrinkage index and clay content exhibit the closest

relationship with the reference system.



The significance of individual soil parameters is discussed in

the next section.

. The magnitude of deviation is clearly different for each data set,
and this is attributed to the regional character of the specimens.

. Soil classification systems such as the extended Casagrande's and
USCS systems underpredict swell potential for the very high swelling
soils. This is attributed to the absence of an 'extra high' swell
category, which causes such soils to be designated 'very high swell'
only.

. It is suggested that the Building Research Establishment method 1is
the most desirable of the four indicated in conclusion No. 1 since
it does not base swell prediction upon shrinkage index.

Although the other three methods, do use the shrinkage index value,
it is generally accepted that the low variation of shrinkage index
between widely varying soil types, makes it unsuitable for use as a

swell dindicator.

Quantitative systems

3.2.4.5 Criteria for Assessment of Prediction

These systems quantify swell, and express it as a percentage of the

original specimen height.

The swell has been defined in Section 3.2.3.4, and the data by

Holtz (undisturbed and remoulded) and Ladd and Lambe is compatible with

this.

The prediction methods are assessed by comparing the resulting

predicted swell values with the experimentally measured volume changes



from the data, such that

percentage _ (actual swell ~ predicted swell) , 149
difference actual swell

The differences are calculated for all samples, and then averaged for
each prediction method; this average difference is subsequently used as

a basis for assessment.

3.2.4.6 Results : comments

Holtz (Remoulded Soil) Data

The majority of methods grossly overpredict swell using this data
source. The system after V&G (yd and LL) and Seed yield the lowest
differences between measured and predicted values of -33% and +43%
respectively. The other systems grossly overpredict swell - differences
ranging from 137% to 844% (Ref. Table 3.17). The graphical presentation of

predictions (Fig. 3.13) clearly indicates the random nature of results.

Holtz (Undisturbed Soil) Data

The swell predictions do not correspond to the measured values for

all prediction methods when using this data.

The best predictions are obtained using both of V&G's systems,
nevertheless, they still deviate from the corresponding measured values by
100 percent. The differences are even greater for the other prediction

methods.

Ladd and Lambe (Remoulded Data)

The swell prediction methods after CAA, Holtz and R&S yield the most
accurate predictions, with average differences of +3, +7 and +17%

respectively.
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The remaining methods underpredict swell between -53% and -87%
(average differences). The underpredictions are attributed to the low

moisture content and hence high swelling of Ladd and Lambe's specimens.

The swell is underpredicted because, the empirical relationships
used in the various methods are derived from soils at a higher moisture

content and hence lower swell potential.

The graphical presentation of this data (Fig. 3.15) indicates an
approximately linear relationship between measured and predicted values

which are specific to each data source.

3.2.4.7 Results : conclusion

None of the examined quantitative swell prediction methods are
sufficiently reliable for general application to all soils.

The empirical relationships used in each method are evidently
derived from regional data, and must therefore be applied on that

basis only if meaningful predictions are to be made.

3.3 STATISTICAL ANALYSIS OF SWELL RELATED DATA

3.3.1 Basis for Statistical Analysis

Section 3.2 has highlighted (a) the variety of soil parameters
employed in the prediction of swell behaviour and (b) the non-applicability
of swell indication systems to all data sets (and therefore all geographical
locations). It is therefore the aim of this section to further
investigate these aspects by determining
(a) the order of significance of the more commonly used swell indicator
parameters and also, highlight any other swell indicative parameters

not currently employed in the reviewed systems.
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(b) the relationships between swell behaviour and soil parameters.
(c) the differences between relationships based on data from several

sources.

A stepwise regression analysis is chosen as the basis for examining
the above points since this procedure yields the order of variable

significance and also the linear relationships between the chosen variables.

The author recognises that the swell relationships might well be non
linear, however, those obtained by stepwise linear regression are considered
suitable for making an initial comparison. If the relationships from
different sets of data and therefore different areas are similar, thereby
conflicting earlier observations, then the data will be re-examined for

higher order relationships.

3.3.2 Details of Statistical Analysis

3.3.2.1 Statistical Computer Package (STATPACK)

Statpack is an integrated interactive package for the statistical
analysis of data-controlled from a terminal. It permits the user to issue
simple commands for data analysis and will prompt him for necessary
information. Data input may be from terminal, disk, magnetic tape or data
bank. Input consists of observations each containing a value for every
variable - these being defined by a number or alphabetic names of not more

than five characters.

Options exist for evaluating data with missing values. It is also
possible to restrict the data to only those observations where a certain

set of circumstances occur.
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3.3.2.2 Step-Regression

Statpack has twenty four commands covering most aspects of statistical
analysis. However, for the purpose of this study the command 'Step

Regression' is employed.

‘Stepwise regression’' as with other commands is actually a subroutine
within the overall package and initially requires the identification of
independent and dependent variables. The program then determines the most
significant independent variable and conducts a regression analysis using

it alone.

The second-most significant independent variable is then determined
and another regression calculated employing this variable in addition to

the first.

This procedure is repeated until all independent variables have been

so analysed.

The stepwise regression therefore, not only determines the order of
independent variable significance, but also yields the full relationships

between the chosen variables.

3.3.2.3 Definition of Coefficients Resulting from Step-Regression

Coefficient of Determination (COD)

is a measure of the mutual relationship between variables (dependent and

independent).

In this instance there is one dependent and four or more independent

variables,

The coefficient varies between 0 and 1 ; 0 indicating no correlation,
1 indicating total correlation, i.e. the higher the value the more reliable

the relationship.
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Dependent variable

is that to which the whole expression relates. It is dependent upon all

the other variables.

Independent variables

the derived statistical relationships are composed of one or more independent
variables which are related (by the use of coefficients) to the Dependent

variable.

3.3.3 Data

The variation in data quality is discussed in Section 3.2.3.1 and
outlined in Table 3.10; bearing this in mind therefore, the following data
sources are considered suitable for assessing the order of parameter
significance : Holtz (1959), Ladd and Lambe (1961), Seed et al (1962),
Nayak and Christensen (1971), Vijayvergiya and Ghazzaly (1973),
Dakshanamurthy and Raman (1973), Snethen (1979).

3.3.4 Objectives

The objective is to alternately consider percentage swell and swell
pressure values as the dependent variable of a regression analysis on the
published swell related data. The other parameters are taken as independent
variables, and examined in two groups :

(a) Liquid limit, plasticity index, initial moisture content and dry
unit weight only (4 variables) i.e. as employed in swell simplified

ID methods.

(b) Consideration of all available parameters (multiple variables)

including those in (a).
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A complete listing of the variables used and associated

abbreviations is given in Table 3.21.

3.3.5 Key points of the regression analysis

1.. The following orders of variable significance are noted for the
examined data when employing four independent variables only :

(a) Percent swell: Liquid 1imit, Plastic index, Initial moisture content,
Dry density.

(b) Swell pressure: Liquid limit, Initial moisture content, Plastic

index, Dry density.

2. A general order of significance cannot be ascertained when considering

multiple independent variables since each data source consists of a

different combination of variables. However, the liquid limit, plastic

index, clay content and suction parameter appear to consistently relate

to swell behaviour, their relative order of significance depending upon

which data source is employed.

3. The regression analysis has encompassed as many variables as are
available from the published data. The 'regular' variables used by
several other authars for swell prediction are confirmed as being

significant, especially liquid limit, plastic index and clay content.

" The regression analysis of Snethen (1979) comprehensive data indicates

that suction, is strongly related to the percent swell and swell

pressure exhibited by a soil. The relationship between swell pressure

and suction has a COD of 0.83 a value far in excess of that exhibited

by any other single parameter.
The implementation of suction as a method of swell identification
requires ideally that the swell suction relationship be demonstrated

as being unique for all soils.
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To achieve this, it would be necessary to show that a specific
soil suction would relate to a constant swell irrespective of the

soil type. To the author's knowledge this has not previously

been demonstrated.

The shrinkage index, shrinkage ratio and linear shrinkage are

noted as consistently not correlating with swell behaviour.

The coefficient of determination of the swell and swell pressure
relationships are consistently higher :

by considering a greater number of independent variables

when derived on the basis of remoulded instead of undisturbed
specimens (this is considered due to the greater initial

consistency of specimens).

The relationships for percent swell yield slightly higher COD's than

those for swell pressure. This could be attributed to inconsistencies

within the experimental data (the one dimensional testing equipment
deforms during swell pressure testing thus yielding inconsistently
low swell pressure values). The published data with the exception
of Snethen (1979) apparently makes no allowance for this potential

error source).

Relationships obtained by linear regression vary considerably
depending upon the data source. Ref. Table 3.23 for relationships
using four independent variables only. It appears that for them to
work, such relationships should be employed under conditions (soil
type, environment etc.) similar to those from which the original

samples were taken.
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8. It is noted that employing the logarithm of the dependent
variables has little or no effect upon the order of independent

variable significance and associated COD's.

3.4 NATIONAL SOIL CLASSIFICATION SYSTEMS FOR PREDICTING SWELL

3.4.1 Introduction

The underlying reason for soil classification systems is the need
to improve communications between engineers and contractors regarding

site conditions.

Various systems are observed in the literature which classify soils
in order to assign them descriptive names or symbols. Such systems are
designed to group soils according to the physical characteristics of their
particles or according to the performance they exhibit when subjected to

certain tests or conditions of service.

These systems include :

(a) visual inspection/simple identification tests

(b) textural classification (based on grain size distribution)
(c) classification based on consistency limits

These are discussed below with respect to swell prediction.

3.4.1.1 Visual inspection/simple identification tests

These include such tests as :

(1) visual examination of coarse grained fraction
(i1) dilatancy/shaking tests

(iii)  dry strength

(fv) plasticity

(v) colour and odour

(vi) treatment with acid and finally

(vii) the shine test
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The above tests permit an estimation of the role of the constituent

fraction in a composite natural soil and facilitate a broad classification.

Such a system is proposed by the United States Bureau of Reclamation
and provides comprehensive and detailed information in every respect.

However, it does not make any allowance for swell behaviour.

A possible addition to these types of systems would be free-swell
test (Holtz and Gibbs, 1956) which could provide an easily implemented
indicator of swell potential. This test.involves initially measuring the
volume of a dried and crushed soil in a burette, its inundation with
water and finally the measurement of its subsequent swell. However, the
author notes the test's unreliability for use with extremely high
plasticity soil (liquid 1imit > 150%), when difficulty is encountered in
thoroughly wetting the specimen - thus yielding a less than maximum swell

value.

3.4.1.2 Textural Classification (based on grain size distribution)

This approach classifies mixed grained soils as either gravel, sand,
fine sand or silt - depending upon the predominant grain size. Kezdi (1974),
indicates that this will only work provided the grain size distribution
curve approximates to the normal probability curve. Several classification
standards have incorporated this approach. For instance, United States
Bureau of Reclamation (1974) (ref. Fig. 3.16) proposes a triangular
classification chart, it being based on the division of soils into three
principal fractions - sand-silt and clay. The sum percentage of these

components is 100%.

These systems classify the soils on the basis of grain size

distribution only. Since the swelling behaviour is recognised as depending
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not only upon the clay quantity, but also upon the clay type (Seed et al,
1962), then these systems are considered of limited value for swell

prediction purposes.

3.4.1.3 Soil classification based on consistency limits

Casagrande (1936) demonstrates the potentially wide variation in
physical properties for soils of identical grain size distribution. He
proposes that the classification of cohesive soils be based upon
consistency limits (liquid Timit, plastic index and plastic 1imit) since

these are much more significant with respect to the behaviour of clay soils.

Casagrande (1932) presents the plasticity chart (Fig. 3.17) plotting
the plastic index against the 1iquid 1imit. Each soil is thus represented
as a point on the chart which is divided into six regions, each

representing certain soil groups.

Three regions lie above and three below the empirically evolved

'A Tine' - this being defined by the equation :

Plastic

liquid _
index 0.73 ( 20)

Timit

Silts and organic clays generally fall below the 'A' Tine. Kezdi (1974)
and others indicate that soil specimens taken from the same stratum usually
- when plotted - form a straight line approximately parallel to the 'A’

line. The position of such a line permits important conclusions concerning

the behaviour of soil (refer Table 3.25).

The author has attempted to predict swell on the basis of these lines.

A large source of swell data is grouped according to the exhibited swell.
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Each range of points are then subjected to a linear regression analysis,
thus yielding a series of near parallel lines. These lines vary in
gradient between the A and U lines (Fig. 3.18) but become closer spaced

as the percent swell increases. The system is not considered of sufficient
aceuracy since the close proximity of the higher value swell lines will
result in a wide variation of swell prediction for soils of only slightly

differing plasticity characterisation.

Casagrande's plasticity chart is incorporated into the British and
American soil classification systems. These are very similar in many
respects and represent an attempt to unify the activity of soil mechanics

institutions and establish a uniform presentation for technical writings.

A few of the systems presented in the literature have made some
attempt at the prediction of volumetric soil behaviour (usually compress-
ibility). However, these are extremely limited in their application to

swelling soils (as will be shown later).

3.4.1.4 C(lassification systems to be assessed

It therefore appears that the textural soil classification systems

are not particularly suited for making swell predictions.

This is not to say that the clay content as described in the textural
classification systems has no relevance to swell behaviour, indeed,
Sections 3.2 and 3.3 indicate the significance of clay content with respect

to swell prediction, but when considered in combination with liquid limit

and/or plastic index. Therefore, efforts will now be directed towards an
assessment of systems utilising a combination of consistency limits and

grain size distribution for the purpose of predicting swell.
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The two main systems of this type to be evaluated are the PRA/AASHTO
system»devised for airfield and road construction, and the British and

American soil classification systems employed in the construction industry.

The following section will

(a) assess the systemsfor application to swelling soils and

(b) suggest amendments for the systems to enable swell prediction.

3.4.2 The Public Roads Administration System (Allen 1945) (AASHTO)

3.4.2.1 Description

The PRA system is an identification system intended to indicate the
behaviour of materials used as a highway subgrade. It has received wide-
spread use, and forms the basis of several other classification systems
including: the revised PRA system; Civil Aeronautics Administration system
and, most recently, the American Association of State Highway and
Transportation Officials (AASHTO) and the Federal Highways system. At
present it is most widely known as the AASHTO system and it is this version

that will be examined.

AASHTO hés seven basic soil groups designated A1-A7 (ref. Table 3.26)
the soil being categorised according to performance characteristics: Al
being the best and A7 the worst. The A8 group is reserved for peat and
highly organic soils.

Material quality within the basic soil groups is further indicated
by an additional number or letter designation according to the results of

sieve analysis and the Atterberg limits tests.

The first soil group encountered that matches the test data being

the correct classification. The plasticity chart shown in Fig. 3.19 aids
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classification and may be used in place of Table 3.26. The influence of
the amount of fine material and plasticity is accounted for by including

a parenthesised number (group index) to supplement the basic group symbol.

As with the group symbols, an increasing figure indicates decreasing
quality of material. The group index is determined from a fixed
relationship or, from a more recently proposed nomogram (Fig. 3.20) by

adding two partial indices (based on the liquid limit and plastic index).

3.4.2.2 Developments of the PRA System that Predict Swell

(a) Civil Aeronautics Administration Classification System (1946)

The earlier CAA system incorporates a provision for swell prediction
(Table 3.27) the reliability of which is examined in the first section of
this chapter (Tables 3.17-3.19). In general the results indicate that the
system will not consistently quantify swell and although predictions using
Ladd and Lambe (1961) data indicate a low average error the overall spread
of data is considerable (errors between 50 and -57%). The system is

therefore considered inadequate for swell prediction.

(b) Public Roads Administration (PRA) System (1945) and AASHTO

The revised PRA system allocates a general rating to the soil for
subgrade use. Although the rating can be indicative of engineering behaviour,

it makes no specific allowance for swell susceptibility.

The AASHTO system classifies clay soils (in terms of their liquid limit,
plastic index and percentage of clay sized particles present) as a group
index. Although the system notes that an increase in group index will
represent a lower grade engineering material, no relationship is indicated
between the group index and swelling potential. To the author's knowledge,

this aspect has also not been discussed in the literature.
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This aspect requires investigation since a relationship between
the group index and swelling potential would permit the use of AASHTO for

swell prediction with minimum alteration.

3.4.2.3 Data

Upon the basis of discussions in Section 3.2.3, the following data
sources are chosen as suitable for use with the AASHTO system :
Ladd and Lambe (1961); Seed et al (1962); Ranganatham and Satyanarayana
(1973), Nayak and Christensen (1973); Holtz (1957) - remoulded and

undisturbed soils.

3.4.2.4 Plotting the Data (ref. figs 3.21 and 3.22 "indicies")

The results are plotted : AASHTO group index versus percent swell
(fig. 3.21) and swell pressure (fig.3.22) in an effort to rapidly observe

interrelationships.

A best fit line is then fitted through each set of points (indicated

on the same figures) and the associated equations listed in Table 3.28.

3.4.2.5 Group Index vs. percent swell

The group index relates very well to percentage swell, although the

exact relationship varies between data sources (fig. 3.21).

A linear regression through each set of data indicates a consistent
increase in AASHTO group index with percent swell (the only exception being

Holtz' remoulded soil data).

The results also indicate that the remoulded specimens exhibit a
greater swell than the field specimens; this is attributed to an aligning
of the clay platelets during the recompaction process, which in turn

increases the swell of the soil (Chapter 2).
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3.4.2.6 Group Index vs. swell pressure

The group index is also plotted against swell pressure (fig. 3.22)

although the relationship is less convincing than that with the percentage

swell.

The slopes of the regression lines through the data sets differ, and
do not indicate a clear trend with regard to either remoulded or in situ

soil data.

3.4.2.7 Relating swell behaviour to the Group Index

(a) Quantitative

The percentage swell - AASHTO group index relationship varies
according to the data source, and also to the soil specimen type (i.e.

whether remoulded or undisturbed).

Previous observations indicate that the remoulded specimens will
generally swell more than the undisturbed ones, in consequence, it is
suggested that the mean remoulded relationship be used to predict swell

(fig. 3.21), which will at least given an 'upper bound' swell prediction.
The following relationship is proposed :

percent swell = 1.901. (Group Index)
(refer also Tables 3.30(a) and 3.30(b)).

The proposed relationship is applied to the data sources used in
Section 3.2.3; it is then assessed by comparing the resulting swell

predictions with the published experimentally measured values.

The results indicate that the swell is grossly over predicted in
general (up to 880%!), and less successful than the other methods; in

consequence, its use is not currently recommended.
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(b) Qualitative predictions

To the author's knowledge, the group index has not previously been
employed to predict swell behaviour. In consequence it was necessary to
assign swell categories to the group index with due regard to the earlier

work relating swell to clay content and plasticity index.

The resulting prediction method (Table 3.32) is assessed by employing
the procedure as detailed in Section 3.2.4.3. The predictions are
unfavourable (Tables 3.30(a) and 3.30(b)) with results ranging from an
under prediction of -1.33 units to an over prediction of +0.6 unit

(according to the data source).

Subsequent adjustment of the group index swell ranges (Table 3.33)

improve the predictions dramatically (Tables 3.31(a) and 3.31(b)).

The results vary between an under prediction of 0.72 to an over
prediction of 0.65 categories. Although not a vast improvement on first
inspection, these are the maximum differences, with most results being

improved (i.e. more accurate predictions).

Further adjustments to the group index ranges have met with no

success.

3.4.2.8 Summarising remarks

The AASHTO system classifies soils with reference to their suitability
as highway subgrade material. This suitability is expressed quantitatively
as a 'group index', and relates to the liquid limit, plasticity index and
percent of clay-sized particles. No indication is given of any group

index-swell interrelationship.



3-35

The author derives such relationships from published data, and the
results (Tables 3.31 and 3.33) indicate that they may be used to

qualitatively predict swell with some confidence.

The proposed relationships are more successful than most of the
other published systems; predictions differ from the reference values
(obtained using the reference method) by less than 0.2 swell categories

(swell being described qualitatively as either low, medium, high or very

high categories).

The author's findings are summarised in Table 3.33, where swell is
qualitatively related to the group index; the findings are implemented by
including a parenthesised abbreviation of the swell category to the right
hand siderf the AASHTO soil group categorisation thus : for a soil of the
following properties: 85% passing No. 200 sieve, Liquid limit = 85% and

plasticity index = 30% then the final designation would be

A-7-5  (45) (VH)
AASHTO GROUP SWELL
GROUP INDEX CLASSIFICATION

3.4.3 British Soil Classification System (BSCS)

The BSCS is the primary soil classification system used in the UK and
many other parts of the world; in consequence, its lack of provision for

identifying and clasifying swelling soils will be investigated further.
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3.4.3.1 Casagrande's Soil Classification System

The BSCS is originally derived from this system, which groups soils
according to their behaviour for a variety of potential construction

related uses.

Following Casagrande's original work (Casagrande, 1948) the_system was
subsequently modified by the U.S. Army Engineers to become the Unified
Soil C]ass%fication System (USCS). Although originally intended for the
classification of soils in road and ajrfield construction, it has since

been modified for application to foundations and embankments.

An extended version of Casagrande's system was proposed by the Road
Research Laboratory in 1954 and a similar system is now recommended for use
in the British Code of Practice for Site Investigations : BS5930 : 1981
and termed the British Soil Classification System for engineering purposes

(BSCS).

3.43.2 BSCS : implementation

The BSCS is employed in association with a detailed description of
the soil. The description should include the soil group name, grading
information, plasticity, colour, particle characteristics, soil fabric,
type of bedding, nature of discontinuities and strength, and any in situ

conditions not previously detailed.

3.4.3.3 BSCS : Basis for Classification

The classification is undertaken on the basis of grain size and
plasticity information.
Grain size

The particle size is a fundamental property of a soil and significantly

influences its behaviour. Groups are established and given the following
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ranges and symbols :

(a) Boulders |B| > 200mm

(b) Cobbles |C]  60-200mm
(c) Gravel |G| 2-60mm (20-60 coarse, 6-20 medium, 2-6 fine)
(d) Sand |S| 0.06-2.0mm (0.6-2 coarse; 0.2-0.6 medium;
| 0.06-0.2 fine)
Plasticity

The major groups indicated above are divided into subgroups on the
basis of grading and plasticity of fine material. Granular soils are
described as well graded (W) and poorly graded (P). The latter group is

subdivided into uniform graded (Pu) and gap graded (Pg).

Silts and clays are subdivided according to their liquid Timits into:

Tow (LL < 30%); medium (LL = 30-50%); high (50-70%); very high (LL = 70-90%);
extremely high (LL > 90), they being designated L, M, H, V and E
respectively.

Each subgroup is given a combined symbol in which the latter
describing the predominant size fraction is written first (e.g. GW = well

graded gravels; CH = clay with high plasticity). The plasticity chart
‘was introduced by Casagrande (1948), (Fig. 3.17) and modified slightly
for incorporation into the BSCS (Fig. 3.23). Silt tends to plot below
the A 1ine and clays above. Any group containing significant quantities
of organic material is referred to as organic, and the letter '0' is the

suffix to the group symbol.

3.4.3.4 Mixed soils

The system records boulder and cobble proportions separately. The

coarse deposits may be described as follows :
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Boulders

> 50% of the coarse material is of boulder size (> 200mm). It may be
described cobbly-boulders - if boulders are an important secondary
constituent. Mixtures of very coarse material and soil can be described

by combining the terms for the coarse and soil constituents.

The classification can be made either by rapid assessment or full
laboratory procedure. The group symbol should be bracketted (signifying

lower accuracy) if a rapid assessment is ‘employed.

3.4.3.5 Provision within the Casagrande-based Systems for Expansive Clays

(a) BSCS

The BSCS apparently makes no provision for swelling seoils in its
present form. However, soils are described in terms of their grain sized
distribution and plasticity, thus presenting an opportunity to incorporate

one of the previously discussed swell prediction methods.
(b) USCS/USBR

The original Unified soil classification system, as developed by the
U.S. Army Engineers in 1953, categorises the probable expansion/compress-
ibility characteristics in terms of the soil group symbols (ref. Table 3.34).
This system is assessed along with other swell prediction methods in

Section 3.2.

The results are presented in figures 3.9-3.12 and it can be seen that
the swell is accurately predicted for medium high swelling soils, but under

predicted for the 'very high' and 'extremely high' swelling categories.

The average differences between predicted and measured values are

given in Table 3.20(b) and indicate that this system,although not yielding
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consistent predictions in relation to other systems, in fact exhibits

a maximum underprediction of 0.55 units only.

This system is not as consistent as some of those assessed in

Section 3.2.

(c¢) Extended Casagrande's System - Road Research Laboratory (1954)

These proposals are an extended version of the USCS, but enhance the
detail with which a soil is described by increasing the number of soil
groups used. As with the USCS, the system predicts the probable degree of
swell on the basis of the soil group (ref. Table 3.35). The system is also

assessed in Section 3.2, the results being presented in Tables 3.13-3.16.

The result summary (Table 3.20(b)) indicates that this system generally
yields more accurate predictions than the USCS, however, a maximum under-

prediction of 0.55 units is noted in one instance.

3.4.3.6 Choice of swell prediction system

1. None of the examined quantitative swell prediction systems are of

sufficient reliability for engineering application. The majority of

predictions made, exhibit an error in excess of 100% (ref. Table 3.20(a)).

Thus the adoption of any quantitative relationship is not presently

recommended.

2. The qualitative swell predictions are compared with those made on the
basis of D&R proposals. The following systems are then noted as yielding

the best predictions (in descending order of significance).

Holtz (1957), Ranganathan and Satyanarayana (1965), Building Research
Establishment (1980) and Raman (1967) (ref. Section 3.2) the maximum
errors being calculated as -0.455 units. These are considered as being

quite acceptable.



3-40

3. The above systems predict swell on the basis of the following

parameters :

Holtz : colloid content; plastic index; shrinkage index
R&  : shrinkage index

BRE : plasticity index; clay function

Raman : plastic index; shrinkage index

However, the author contends that use of the shrinkage index as a

swell indicator is inadvisable because :

(i) it is not routinely determihed for the BSCS
(i) it exhibits only a small variation
(iii) it does not correlate well (statistically) with swell

behaviour (ref. Section 3.3).

The use of shrinkage index as an indicator of swell is therefore not
recommended, and it is suggested that the clay content and plasticity

index be considered for this purpose.

4. In accordance with the above guidelines, the expedient method of

swell prediction after BRE (1980) is presently recommended.

3.4.3.7 System for predicting swell

On the basis of the above points, the author proposes
incorporating the shrink prediction method after BRE, 1980

(Table 3.4) into the BSCS as a means of predicting swell.

This is achieved by extending Casagrande's plasticity chart

to account for clay content.

The horizontal axis then becomes dual purpose and represents
both 1liquid 1imit and clay content (%). Swell is best predicted

upon the basis of clay content and plasticity index values, however
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an indication of the volume change behaviour can be obtained by

knowing Atterberg limits only.

The swell potential is predicted qualitatively and expressed

as a swell category - Low (L), medium (m), high (h) or very high (VH).

314'3'8 Incorporating swell prediction into the BSCS group symbol

It is proposed that the existing soil group and subgroup symbols
be utilised as originally outlined in the BSCS. Supplementary
'swell' designations are added at the right hand side of the group and

circled to increase visibility.

3.43 .9 Example of use

Consider a sandy clay: plasticity index = 65%; clay content

= 80%; liquid limit = 90% for the BSCS.

Then the classification will be

C v S (VH) + VERY HIGH SWELL
MAINLY VERY HIGH SECONDARY
CLAY PLASTICITY CONSTITUENT
SAND

If the percent swell can be estimated using an oedometer swell
type test, then the swell designation could be amended by

incorporating this value into it like thus : CVS(VH:25).

3.4,3,10 Incorporating quantitative swell prediction into the BSCS.

This is not presently possible for general application because

of the poor correlations between swell and the employed parameters.
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However, where a large data source is available from the required
locality, then swell relationships may be correlated and applied

on a local basis only.

The predicted swell value may be incorporated into the BSCS soil

description group as indicated above.
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TABLE 3.11
SWELL CATAGORIES AND ASSOCIATED SWELL RANGES

HOLTZ(1959)

SEED ETAL{1962)

ALTMEYER(1961)

ANDERSON &
THOMSEN(1969)

VIJAYVERGIYA
& GHAZZALY(1973)

AUTHOR

POTENTIAL SWELL
EXPANSION CATEGORY

(&3]

POTENTIAL SWELL
EXPANSTON CATEGORY
(%)

POTENTIAL SWELL
EXPANSION CATEGORY
(%)

POTENTIAL SWELL
EXPANSION CATEGORY

(%)

POTENTTAL SWELL
EXPANSION CATEGORY
(2)

POTENTIAL SWELL
EXPANSTON CATEGORY
(2)

=10 LoW 0-1.5 LoM ~0.5 o ieaL | =15 LOK =1.0 Low 0-1 Low
10-20 MEOTUM | 1.5-5 MED TyM 0.5-1.5 MARGINAL | 1.5-4  MEDIUM 1-4 MEDIUM | 1-10 MED TUM
20-30 HIGH 5-25 MIGH =1.5  CRITICAL | 46 HIGH 4-10  HIGH 10-25 HIGH
=30 VHIGH | =25 V.HIGH =6 V_HIGH =10 V.HIGH | =25 V.HIGH
TABLE 3.12
LIST OF SYSTEM ABBREVIATIONS
AUTHOR(S) ABBREVIATION
1. HOLTZ(1957) - REMOLDED DATA HR
UNDISTURBED DATA HU
2. SEED ETAL (1962) SEED
3. RANGANATHAM & SATYANARAYANA(1965) R&S
4. RAMAN (1967) R
5. DAKSHANAMURTHY & RAMAN (1973) D&R
6. VAN DER MERWE (1975) VDM
7. NAYAK & CHRISTENSEN (1971) N&C
8. BUILDING RESEARCH ESTABLISHMENT(1980) BRE
9. WILLIAMS (AUTHOR) SW
10. VIJAYVERGIYA & GHAZZALY (1973) VAG(Jd & LL)

(dry density,liguid limit)
11.  VIJAYVERGIYA & GHAZZALY (1973)

(moisture content,

12. EXTENDED CASAGRANDES SYSTEM(1954)

13. UNIFIED SOIL CLASS
SYSTEM(1953)- USCS

14. CIVIL AERONAUTICS ADMINISTRATION

(1946) - CAA

liquid 1imit)

IFICATION

15.  SNETHEN(1979) - REMOLDED DATA

UNDISTURBED DATA

V&G (MCALL)

EXTCAS
Uscs
CAA

SNR
SHU



TABLE 3.13

EVALUATION OF QUALITATIVE SWELL PREDICTIONS
USING DATA BY LADD & LAMBE (1961)

SWELL PREDICTION SYSTEMS
SPECIMEN]| D3R (base)  USCS SEED RES VAG(MC & LL} VvOM BRE R EXTCAS HOLTZ SW
NUMBER Cat. i Cat. Dev Cat. Dev. Cat. Dev. Cat. Dev. Cat. Dev. Cat. Dev. Cat. Dev. Cat. Dev. Cat. Dev. Cat. Dev,
1 v W1 W 2w L3 o0 i o0 V-1 WA Vo Vi D
2 YH Hoo -1 VH 0 Hoo -1 L -3 ool VH 0 VH 0 Hoo1 VH 0 VR 0
3 H H o0 H 0 H o0 L-2 V1 VH 0 VH Hoo0 Vo1 VH ]
4 H H o0 Ho0 H 0 L=2 VH 3 VH 1 VH 1 H 0 [ Vo1
H H K 0 H o0 - - L -2 VH 1 H o0 - - Ho¢ - - - -
6 H H 0 H 0 Ho0 L2 L -2 H 0 Ho0 H 0 H 0 Vi1
7 M L ] L Mmoo S | M0 M 0 M0 oo M0 o
8 L/M M0 [N [N (S | L M0 M0 oo M0 oo
9 L L | L 0 L o0 L0 L 0 L o0 L0 Ho 2 L 0 Mo
10 L LI L0 Lt 0 L0 L o L 0 L 0 K2 L 0 Mo
AVERAGE
" DEVIATION 0 -0.3 -0.33 -1.5 -0.1 0.1 0.1 0.4 0.1 0.7
ORCER OF
SIGNIFICANCE 1 6 7 0 4 3 H 8 2 9
SWELL PREQICTION SYSTEMS
SPECIMEN | D3R (base) USCS HOLTZ SEED ETAL  R&S R VAG(Jd 8 LL) VAG{MC & LL) VDM BRE EXTCAS  SW
NUMBER Cat. Dev. Cat. Dev. Cat. Dev. (Cat. Dev. (Cat.Dev. Cat. Dev. Cat. Dev. Cat. Dev. Cat. Dev. Cat, Devy. Cat. Dev. Cat, Dev
] EH H o -2 W -l - - VH -1 VH -1 VH -1 VH =) - . - - H o -2 yH -
2 EH H -2 Vi < - - VH -1 Ve -] M VH -] - - - . Ho <2 VR -1
3 EH Ho -2 W - - L N T S | v LI - - - - Ho -2 W
[ M H -2 W -1 - - VH -1 vH -1 MR Vi -1 - - - - Ho -2 ¥ -1
5 M M 0 M0 M0 L] M0 M0 Mmoo Hoo M0 M 0 H 1
6 M M0 o - - H o) Ho L - M0 - . - - M 0 VM 2
7 R R 0 M/H 0 - - H 0 Vi) [ M/H 0 - - - - H 0 H 0
8 H H 0 MH 0 - - H 0 v L2 H 0 - - - - H 0 H 0
9 H H 0 MM 0 - - H 0 VH ) L2 H 0 - - - - H 0 H 0
10 H H o0 WL -1 M-l H 0 Ve 1 L -2 | IS Mo M-H O R 0 M -
n H H 0 M/H 0 H 0 H 0 Vi1 M-l VH 1 H o0 H 0 H 0 H 0
12 H H 0 MH 0 H 0 H 0 w1 L =2 Lo-2 H 0 H 0 H 0 H O
13 L Mo Mo L 0 L o Mo L o Moo | L o M1 N2
14 M M0 M0 L -1 M/® O M0 M oD W/ M0 L=l M0 w1
15 H L] H/VH 1 M- Ho0 H 0 L -2 M1 MM O 8-l H 0 wi 1
16 vH H -1 v 0 Hoo-1 VH 0 Vi 0 L -2 M2 VH 0 Ho A H -1 wi ¢
17 M/H M 0 H o0 M-l K 0 H 0 H o0 VH ) Ho0 LS| K o w |
18 K H 0 H 0 M-t H 0 H q L -2 M -1 H 0 M -1 H 0 v 1
19 H IS I R M- Ho0 MH 0 L -2 [ | H 0 Moo H 0 W 0
20 VH H -1 Vi 0 Hoo-l VH O V0 L-3 Mo -2 VH 0 VH 0 H o -1 w O
2 H o0 ALK Mool H 0 Ho 0 L L H o0 [ H 0 v )
22 H H o0 H/VH O M-l H 0 H 0 L-2 M- o0 | I} H 0 wi
23 H H o0 [ | - - H 0 H 0 M-l VR - . - - Koo W o
24 H H 0 LI - - H 0 W0 N H 0 - . - . Hoo H g
1 H H 0 M- - - H 0 o0 M- Moo - . .. K0 W g
2 " M o M D " Ko1K 1 M0 w2 R
27 H H 0 H 0 - - K0 W2 L =2 L -2 - . - . N
28 ] L] M0 - - H ) M0 L M0 - . - - M 6 w1
29 H H 0 vH o1 - - YH O Vi M-l M) - . - . Hoo1 yn 1
30 H H 0 H 0 - - Ho0 VH 1 LI M) - - - - Hooo yu 1}
k)] H H 0 LI M-l H 0 H 0 L2 Mo oo M -1 W oo W o
k! M M0 M0 - . Ho oo [ M0 - . .. W1 w1
EX] H H 0 H 0 - - H 0 v 1 L -2 M -1 - - - - H 0 Vo)
k1) H H 0 YR} Ho0 H 0 VH ] M- M4 VK 0 Ho0 o0 wyw !
ki H H 0 H o0 Ho0 H 0 VH1 M-l Mo VH 0 H 0 B0 yu 1
3% VR H -1 VH 0 VH 0 VH 0 Bl Moo-2 L] VK 0 VH 0 Ho -1 wi O
n VH Hooo-1 Vi 0 VH 0 VH 0 VH 0 M -2 H/YH O VH 0 Vi 0 H o -1 wu O
38 VH H -1 v 0 Mo-2 Vi 0 VH 0 M- VH 0 Vi 0 VM0 Ho -1 yw O
9 H H 0 M/H O - - H 0 Hoo0 W YH 1 Ho -1 [ IS H 0 A 0
40 H K 0 K o0 M-l H 0 YR 1 L VH ) - - - - Ho0o v !
Pr————
AVERAGE .
DEVIATION -0.325 -0.125 -0.636 0.025 0.325 -1.3 -0.425 0.182 -0.455 -0.225 0.4
DEGREE OF
SIGNIF ICANCE [ H 10 1 5 1 8 3 9 ] 7

Cat. = predicted swell category -

L : low; M : medium; H : high; VH : very high; EH : extremely high

Dev. » deviation of predicted swell cateqory from the base prediction-

onthe basis of & simple numberina system. ) )
fach cateqory is separated from the adjacent cnes by a sinale unit i.e.
a prediction of VH compared with a base value of H is assumed to have 3

deviation of +]

REFER TO TABLE 3.12 FOR KEY TO SYSTEM ABBREVIATIONS

THE ABOVE INFORMATION APPLIES TO TABLES 13-16




TABLE 3.15
EVALUATION OF QUALITATIVE SWELL PREDICTIONS

USING DATA BY HOLTZ(1959) - UNDISTURBED SOILS

6.2 -0.55 0.65

-1.65

-0.65
1o

c.1% 0.25 -0.2 0.15 -0.6

-0.55
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SIGNIF ICANCE

AVERAGE
ORDER OF




TABLE 3.17

EVALUATION OF QUANTITATIVE SWELL PREDICTIONS
USING DATA BY HOLTZ(1959) - REMOLDED SOILS

SWELL PREDICTION SYSTEMS

SPECIMEN | SWELL  HOLTZ SEED ETAL R&S VAG(Jd + LL)  VBG(MC + LL) N&C Sk CAA
NUMBER (%) SHELL ERR. SWELL ERR. SWELL ERR. SWELL €RA, SWELL ERA, SWELL €RR.  SWELL ERR.  SWELL ERR.
1 kX| 30+ -9 * . &0+ 82 20+ -39 30+ -9 . hd 25+ -24 60+ 82
2 54 30+ -44 . v 60+ N 20+ -63 30+ -44 * . 25+ -54 60+ 1
3 33 30+ -9 . - &0+ 82 20+ -39 0+ -9 . b 25+ -24 60+ 8z
4 33 30+ -9 . . 60+ 82 2+ -39 30+ -9 - . 25+ -24 60+ 82
H 2 10-20 689 2 -16 7 268 2 S 4 84 n 476 2 5 20 953
6 1 20-30 635 b M 20 474 1 -78 2 -56 . . 8 135 20 488
7 4 20 456 - * 28 678 2 -58 5 35 . d 15 3 30 733
8 1 20 1900 i * 29 2800 1 -30 6 480 . - 15 93 30 2900
q -2 20 1100 i * 29 1550 1- 120 6 390 - v 15 113 30 1600
10 2 10 400 4 75 36 1700 T -70 . 2 [ 8 322 18 800 40 1900
1 12 20 70 12 3 42 259 3 -74 15 28 18 51 18 54 40 242
12 2 20 o 12 567 42 2233 1- -83 1- -85 13 635 8 900 40 2122
13 6 10-20 154 1- -8 1- -49 1- -86 4 -29 8 38 i 83 10 69
14 8 10-20 95 i- -87 8 4 2 -81 ) -35 8 10 1 87 20 160
15 13 30 2 4 -68 38 204 1- -9% 4 -65 12 -2 10 -20 30 140
16, 22 30+ 40 12 -44 77« 258 i -94 3 -87 14 ~34 18 -6 50 133
17 19 20-30 20 2 -89 26 35 [ -68 1 -43 1 -44 9 3 15 =22
18 7 20-30 257 4 81 48 576 1- -89 1 -80 10 19 K} 83 30 323
19 3 10-20 400 2 -3 18 500 1- -80 2 -30 9 197 8 167 10 900
20 10 30+ 203 8 82 73 637 1- -90 1 -86 13 34 22 122 50 405
21 9 30 237 4 -55 48 439 3 -12 3 -64 n 24 12 134 30 237
22 3 30 900 4 33 48 1500 1- -83 3 § 10 218 12 jo¢ 30 300
23 14 10-20 11 . . 27 100 3 -81 16 19 . . 12 -iY 30 122
24 12 10-20 29 - * 27 133 3 -78 6 -48 * . 12 3 30 159
25 2 10-20 733 . . 27 1400 3 19 2 33 . o 12 567 30 187
26 1S 10-20 -31 * . 1 -29 2 -86 12 -i8 5 -65 1t -25 20 36
27 1 10 900 Z -86 36 3500 1- -50 1- -70 * . 13 1200 30 2500
8 0.4 10-20 37 . - 8 1900 1- 125 2 1500 * * 5 1150 20 4900
29 . 30+ . * * 85 - 4 . 5 . - - 21 - 40 -
30 0.5¢4 20-30 4539 . - 34 6196 2 233 3 1493 . . 1 2493 25 4530
n 5 10-20 2121 5 2 26 442 1- -89 2 -69 n 124 12 1500 o 525
32 4 10-20 329 - - 18 414 1- =72 8 137 - . 12 243 20 an
13 9 20-30 194 v . 38 BL}| 1- -89 4 -48 M M 15 77 &0 37
4 6 30+ 400 20 233 54 800 4 233 2 -73 17 175 20 233 4 567
35 5 20-30 363 8 48 31 478 4 -26 3 =33 12 s n 144 30 456
36 7 30+ 348 25+ 273 69 929 H =27 20+ 199 27 299 23 243 50 646
37 s 30+ 500 30+ SO0 a0+ 1500 E3 -10 10 100 30 490 25+ 400 60+ 100
18 ? 30+ 355 5 -24 80+ 112 3 -62 n 59 24 259 22 233 50 658
39 3 20 49 - v 36 169 5 -66 12 -10 14 - 1 -0 30 124
10 13 20-30 91 3 =17 40 205 4 -69 12 -8 - . 4 7 30 129
AVERAGE :
ERROR 486 43 844 -38 137 161 299 8z8
ORDER OF
SIGNIFICANCE 6 2 8 1 3 4 5 7

SWELL : Percent Swell = change in specimen height 10 - sign after the error signifies'less than'

X
original specimen height
+ sign after the error signifies’'greater than'
ERR. : Percent Error = ( actua) swell.rpredicted swell)
X 100 * signifies correlation unobtainable
actyal swell
AVERAGE ERROR (%) = total errors for ail specimens REFER TQ TABLE 3.12 FOR KEY TO SYSTEM ABBREVIATIONS

total number of specimens

THE ABOVE INFORMATION APPLIES TO TABLES 17-19



EVALUATION OF QUANTITATIVE SWELL PREDICTIONS

TABLE 3.18

USING DATA BY HOLTZ(1959) - UNDISTURBED SOILS

SWELL PREDICTION SYSTEMS
SPECIMEN | SWELL  HOLTZ SEED ETAL R&S VAG(Jd + LL)  VAG(MC « LL)  N&C SH cAA
NUMBER (%)  SWELL ERR. SWELL ERR. SWELL ERR. SWELL ERR.  SWELL ERR.  SWELL ERR. SWELL ERR. SWELL ERR.
! 7 30+ 329 . .38 400 18 157 10 429 . * 25 257 60+ 757
‘ 15 3+ 00 » 20+ 167 20+ 33 200 33 . . 25 67 60+ 300
3 3 30+ 1100 . . 2% 9400 3 20 4 40 . * 25+  -100 60+ 2300
4 10 30+ 213 35 263 22 129 6 -18 7 -32 22 132 7 160 60+ 525
5 8 20-30 198 24 184 16 0 8 - 6 -35 2 150 20 138 40 376
6 12 20-30 12w 6 19 1 N -7 9 -28 16 n o2 8 S0 324
7 2 10 426 1 -9 7 242 2 -2 4 m 10 426 1 a7 20 953
8 0 10 * 1. . 8 - 1. - 1- - 8 * 2 . 20 *
9 1- 15 3650 3 700 12 275 1 1500 2 300 10 2285 12 2900 20 4900
10 4 20-30 1289 - * 2 550 o+ « .14 - <2 567 30 1567
n 0 10- * . . 3 . . . 1 . . - 1. « 10 -
12 4 10-20  ag1 - - . - 2 53 4 .32 . . 3 236 20 365
1 ! 10-20 16 . + 0 o 2 122 3 178 . « 9 g00 20 2122
1 - N . . * 7z 100 3 400 . « 9 67 20 3233
% ! 10- 10 1- 272§ 456  1- -4 3 244 no leze 1- 1"noo10 10N
16 3 10~ 300 1- -89 3 8 1- -80 5 80 g 206 1- -60 10 300
17 3 10- 2703 1- 88 5§ 4 - -18 2 -48 8 1092 1 -60 20 641
18 2 32 1584 . * 15 689 4 m 8 321 . * s 689 30 1479
18 6 20-30 297 . © 06 2 683 5  -22 . .« 2 9 30 376
20 7 20-3¢ 242 . © o3 no3 -59 6 -25 v . 7 -85 30 n
21 5 10-20 306 . .12 us 2 694 11 124 . LIV s 10 512
22 5 10-20 200 . = n 2 -60 9 70 ’ * 5 o 20 300
23 2 10 400 . © 10 w00 1 -45 8 300 . - 7 250 20 900
24 . 10-20 ¢ . . g . . . . . . « g . 20 -
25 * 20-30  * . v 3 . . . . . « s v 30 .
6 4 10- 1500 . * 7 75 e 400 6 37 . LIS 27510 150
a7 N 10-20  * . T PO . . . . M v 20 .
28 . 10-20 » . . 10 - - - - - - - 2 - 20 .
29 2 20-30 12 . * ) L. B 75 3. 25 . N 450 30 1400
30 16 30+ 83 608 3609 35+ 213 20+ 22 20+ 22 121 737 25+ 52 60+ 266
1 26 30+ Y . ' 35+ 137 200 22 0 22 . 25 z 60+ 134
32 > 20 . . * 5 " M - PY . . - 7 - 40 N
33 . 30+ 3 . . - 204 . 20+ . . . 25, . 60+ .
34 hd L] . . . - . . - - N . . N . 30 -
35 2 10-20 689 . © 10 a6 - 321 8 321 . L P s32 20 953
16 1 10- 10 . L 78 1 22 2 67 . . "o 2R
37 * 20 M 10 = 16 . * « - . . DY . 40 M
i8 v 20 - 12 * 15 . . » - - . « 18 . a0 -
19 * 10-20 * 2 . 6 . . . . - -« - 1 N 20 Y
0 13 10-20 20 . * . * . . « - . - « - 20 60
1 2 3+ 1400 2 940 17 % 3 25 2 0 16 718 18 500 40 1900
12 1 20-30 22 9 713 n 4 218 I 264 13 1213 108 30 2627
13 3 30 914 28 861 20 576 20 589 6 89 22 657 22 659 50 1624
14 1- 0 10100 20 6700 16 5433 1- 267 - 267 15 5047 17 5767 40 13400
15 5 30 s67 35 678 21 3% - -81 4 -6 22 158 23 1400 50 ion
6 3 20-30 82 10 87 14 49 5 889 9 H 15 472 14 419 25 826
17 1 20-30 1823 » s 1015 3 123 2 54 . LR T 977 0 2202
1
AVERAGE
ERROR 969 927 828 18 109 833 549 1492
ORDER OF
SIGNIF ICANCE 7 6 4 4 ! H 3 8
TABLE 3.19
SWELL PREDICTION SYSTEMS
SPECIMEN | SWELL  HOLTZ SEED ETAL R8S VAG(Jd + LL)  MAC S CAA
MSMBER (s SWELL ERR. SWELL ERR. SWELL ERR. SWELL ERR.  SWELL ERR. SWELL ERR. SWELL ERR.
) 40 30+ -5 18 62 76 30 1- -99 n 73 22 .45 60+ 50
2 35 30+ .14 28 -8 48 7 1- -99 14 BT I3 <40 50 43
3 36 30+ 17 1 -60 46 28 1- -99 n 63 13 .47 ap "
4 38 3ge 29 .70 40 5 1- -99 10 BV -85 4 6
5 30 - * 10 -67 . . 1- -39 " 62 15 .50 30 0
28 20-30 -1 11 61 36 29 1- -99 13 520 12 .57 ag 43
? ) 23 1843 -35 -92 6§ -4 1- -99 8 -€5 5 -78 20 -13
8 16 10-20 5 1 -94 2 -88 1- -99 8 -a9 - -9¢ 10 -38
9 12 10- -1 1. =99 1 -9 1- -99 7 -4 ! -91 5 .57
10 6 10- 66 - .99 1- .92 1- -99 6 7 - -83 5 -7
AVERAGE
ERROR 70 -73.8 -17.3 -87 -53.9 -64 3
ORDER OF
SIGNIF ICANCE 2 6 3 7 4 s !
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TABLE 3.23

RELATIONSHIPS OBTAINED BY LINEAR REGRESSION
ANALYSIS ( 4 VARIABLES ONLY )

OEPENDENT DATA COEFFICIENTS COEFFICIENT
YARIABLE SOURCE oF
(tsf) COEFFICIENT | LIQUID s PLASTIC © INITIAL ORY () DETERMINATION
A gMit 8 repex (€0 | worsture () [ oenstry
SWELL
PRESSURE vaG -14.376 0.1578 -0.00707 -0.03251 0.1087 0.436
" SNR 0.03748 -0.0001551 0.0001243 0.0004324 0.0007962 0.86
. H 0.6886 -.01348 0.00992 -0.0032 0.0491 0.0738
. HR -0.4132 0.1241 -0.0976 -0.1163 0.000527 0.212
LOG SWELL
PRESSURE V&6 -2.2644 0.03261 -0.007955 -0.03069 0.01842 0.481
v SR -1.244 -0.0005123 0.000774 0.001795 0.003069 0.853
PERCENT
SWELL V&G -21.70 0.2640 -0.05247 -0.2023 0.17 0.43
" SNU -1.1373 0.08051 0.01674 -0.03077 -0.02294 0.323
. SNR 94.359 -0.2129 0.4617 -1.027 -0.7233 0.674
. H 1.5086 -0.1572 0.2759 -0.0891 0.109 0.528
HR -12.21 1127 -0.7803 -0.9373 0.00345 0.85
L0G PERCENT
SWELL Va6 -4.3708 0.04965 -0.02117 -0.02388 0.03009 0.559
. SNU 0.432N 0.03523 -0.005121 -0.03925 -0.01744 0.375
. SR 13,541 -0.04042 0.06493, -0.1355 -0.1033 0.674
. HR -0.1327 0.1182 -0.09335 -0.0988 0.0007814 0.579
1. RELATIONSHIPS OF TME FORM : OEPENDENT = A + B{LIOUID} + C(PLASTIC) + D(MOISTURE) + E(DRY)
VARIABLE (LIMIT ) (INDEX )  (CONTENT )  (DENSITY)
2. INDEPENDENT VARIABLES » LIQUID LIMIT, PLASTIC INDEX , INITIAL MOISTURE CONTENT , DRY DENSITY
TABLE 3.24(a)
DATA DEPENDENT VARIABLES
3
SOURCE SWELL PRESSURE (tsf) | LOG SWELL PRESSURE(tsfy PERCENT SNELL L0G PERCENT SELL
HR tL MC PI DD . L M P 0D L HMC Pl DD
H MC DD LL PI . Pl Ll D0 M .
LaL L M PI - L M Pl - W M Pl - .
NAC Pl MC L - PL MC L - Pl MC L - PloM L -
V&G 00 it Pl M M 1L 00 Pl DB Ll MC AL 0B W PI o MC
SNR 00 MC LL Pl 00 MC LL Pl L 00 MC Pl L 0D M Pl
s . . L PI 00 MC W MC 00 PI

1. INDEPENDENT VARIABLES SHOWN IN OROER OF DECREASING SIGNIFICANCE
2. LL = LIQUID LIMIT ; MC s INITIAL MOISTURE CONTENT ; PI = PLASTIC LIMIT ; DD = DRY DENSITY

3. REFER TO TABLE 3.)2 FOR KEY TO DATA SOURCE/AUTHOR ABBREVIATIONS
4, * INCICATES NO CORRELATION AVAILABLE



TABLE 3.24(b)

ORDER OF VARIABLE SIGNIFICANCE
(MULTIPLE VARIABLES)

DATA DEPENDENT VARIABLES
soyree !
SWELL PRESSURE (tsf) LOG SWELL PRESSURE (tsf) PERCENT SWELL LOG PERCENT SWELL
H LL,MC,COL,PI,5G,SAT,SL,DD N.A, LL,MC,PI,SAT,COL,SL,DD,SG LL,MC,COL,PI1,SG,SAT,SL,DD
HY SAT,COL,PY,00,SL,MC,LL 56 N.A. PLLLL, 0D HC,56,54T,COL 5L N.A.
Lab LL,SL,PT,CLAY,A ,MC LL,CLAY,SL,PI MC,A, LLCLAY,A,LL,SL, N.A.
N3C PILCLAY,SL,OMC,LL MC P1,CLAY MC,OMC,LL,SL PI,CLAY, LL ,MC,OMC,SL PI,CLAY,LL,OMC ,MC,SL
SNR 0O, SCREM,SG ,AREM, CLAY ,ALREM, COL, 00,S5CREM,SG,AREM,CLAY, SCREM,COL ,5G,CLAY,LS,SR,MC, | LL,SR,LS ,ALREM,PI,5G,SL,MC,
SL,PI,LL,LS,MC,BREM,SR ALREM,P[,SL ,BREM,LS MC, SL,AREM,ALREM BREM,DO,LL,PI | DD,SCREM,CLAY,AREM,COL
COL,LL,SR
SN N.A, N.A. CO0L ,LL,SCUND,OD,YOID,SG,MC, | Lt ,SCUND,AUND,LS,PI ,ALUND,

BUND,LS,SR,SL  CLAY ,AUND,PI,
ALUND

SG,MC,BUND,VOI0,CLAY,SR,
coL,ro,sL

3.

N.A. INDICATES NO CORRELATION OBTAINED

. REFER TO TABLE 3.12 FOR KEY TO DATA SOURCE/AUTHOR ABBHREVIATIONS
- REFER TC TABLE 3.21 FOR KEY TO [NDEPENDENT YARIABLE ABBREVIATIONS

TABLE 3.25

OBSERVED SOIL BEHAVIOUR WITH
VARYING PLASTICITY(AFTER CASAGRANDE)

SOIL AT CONSTANT LIQUID|AT CONSTANT PLASTIC

CHARACTERISTICS |LIMIT & INCREASING |INDEX & INCREASING
PLASTIC INDEX LIQUID LIMIT

COMPRESSIBILITY | ABOUT THE SAME INCREASES

PERMEABILITY DECREASES INCREASES

RATE OF VOLUME DECREASES -

CHANGE

TOUGHNESS NEAR INCREASES DECREASES

THE PLASTIC

LIMIT

DRY STRENGTH INCREASES DECREASES
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TABLE 3.28

RELATIONSHIPS BETWEEN SWELL BEHAVIOUR AND
THE AASHTO GROUP INDEX.

DATA SOURCE

SWELL BEHAVIOUR RELATIONSHIPS

PERCENT SWELL

SWELL PRESSURE (psi)

GRADIENT | Y~INTERCEPT | GRADIENT | Y-INTERCEPT

LADD & LAMBE (1961) 0.167 0.331 0.868 -0.1599

SEED ETAL (1962) 0.083 1.476 * *

RANGANATHAM & 0.55 -6.21 * *

SATYANARAYANA (1965)

NAYAK & CHRISTENSEN 0.604 -1.658 0.925 -4.754
(1971)

SNETHEN (1979) 1.9 27.8 * .

HOLTZ(1959) 2.863 2.579 0.1058 9.153

-UNDISTURBED SPECIMENS

HOLTZ (1959) -0.103 7.894 -0.047 8.586

REMOLDED SPECIMENS




TABLE 3.29(part 1)

EVALUATION OF QUANTITATIVE SWELL PREDICTIONS ON
THE BASIS OF THE AASHTO GROUP INDEX

DATA SOURCES

LADD & LAMBE (1961) SEED ETAL (1962) RANGANATHAM & SATYANARAYANA (1965)
SPECIMEN | GROUP | PERCENT | ERROR | SPECIMEN| GROUP | PERCENT | CAROR | SPECIMEN] GROUP |PERCENT | ERRGR
NUMBER INDEX | SWELL NUMBER | INDEX | SWELL NUMBER | INDEX |SWELL

1 8 14 64 1 0 Q -100 1 -
2 30 57 -63 2 0 0 -100 2 3 g -?go
] ‘g f? ;? H 2 4 -92 3 1 2 -88
0 0 - 4 -
5 12 23 2 : g ¢ _:gg 6 n 46
6 24 46 -64 5 6 1 .80
7 1 2 91 7 ] 0 -1a0
8 4 8 50 8 0 0 -100
? 0 0 -100 9 0 0 -100
1o 0 0 -100 10 0 0 -100
1 0 0 -100
12 5 10 -68
13 0 0 -100
14 2 4 -33
15 6 n 32
16 1 2 -60
17 5 10 -20
18 10 19 0
19 0 0 -100
20 4 8 70
21 ] 17 113
22 0 0 -100
23 1 1 58
AVERAGE ERROR -80 -45 -78
ORDER OF SIGNIFICANCE 4 2 3
TABLE 3.29(part 2)
DATA SCURCES
HOLTZ(1959) - UNDISTURBED DATA HOLTZ(1959) - REMOLDED DATA NAYAK 8 CHRISTENSEN (1971)
SPECIMEN | GROUP |PERCENT | ERROR  [SPECIMEN | GROUP |[PERCENT | ERROR  [SPECIMEN |GROUP ERCENT | ERROR
NUMBER INDEX  [SWELL NUMBER INOEX  {SWELL NUMBER | INDEX NELL
H 21 51 43 8 1 2 -47 1 2 4 -60
6 28 48 an 16 [ 0 -100 2 6 n -3}
7 7 13 10 17 6 1 -6 3 14 27 7
9 1 2 5 18 0 0 -100 ‘ 2 4 .49
10 ] 0 0 19 0 0 100 5 8 15 -7
1 2 4 - 900 20 5 10 -20 6 20 18 78
12 2 4 122 21 15 29 35 7 1 8 .25
1 ] 0 0 22 1 2 -89 8 1 21 8
30 0 0 -100 23 3 6 -15 9 19 36 101
31 0 0 -100 2 2 4 13 10 4 8 -70
32 0 [ -100 25 8 15 52 1 13 25 -33
0 72 137 735 26 3 6 -33 12 27 51 9
62 5 10 ¢ 8 1 2 . 13 3 6 70
63 9 17 0 55 4 8 . 14 1 21 -24
64 0 0 0 66 16 30 1400 15 28 53 48
67 15 29 2536 68 24 46 87 16 6 1 -42
69 33 63 2072 70 34 65 1200 17 10 19 -19
n 14 27 8900 72 7 13 97 18 2 49 78
7 17 32 sN 75 3 6 55
74 7 32 1085
AVERAGE ERROR 879 173 -3.3
ORDER OF SIGNIFICANCE 6 5 1
PERCENT SWELL = change in specimen height 100

ERROR

AVERAGE ERROR (%)

SPECIMEN NUMBER

REFER TO TABLE 3.12

original specimen height

= { actual swell~ predicted swell )

X 100

actual swell

» tota) errors for 311 specimens

total number of specimens

= gpecimen identification number allocated
by the original author

FOR KEY TO DATA SOURCE ABBREVIATIONS




TABLE 3.30(part 1)

EVALUATION OF QUALITATIVE SWELL PREDICTIONS ON

THE BASIS OF THE AASHTO GROUP INDEX(METHOD No 1)

DATA SOURCES
LADD & LAMBE (196)) SEED ETAL (1962) RANGANATHAM & SATYANARAYANA (1965)
PECIMEN |GROUP  |SWELL  IDEVIATION [SPECIMEN | GROUP [SWELL  |DEVIATION|SPECIMEN | GROUP | SWELL  [DEVIATION
UMBER | INDEX | CATEGORY NUMBER INDEX__CATEGORY NUMBER | INDEX | CATEGORY
1 8 M -2 1 0 L -1 | 3 L -2
2 30 H -2 2 0 L -2 2 0 L -1
3 12 H 0 3 2 L -3 3 1 L -2
4 6 u -1 4 0 L -1 4 6 M -2
5 2 H 0 5 0 L -2
6 24 YH 1 6 6 M -2
7 1 L -1 7 0 ¢ 0
8 4 L 0 8 0 L 0
9 0 L 0 9 0 L 0
10 0 L 0 10 0 L 0
3] 0 L 0
12 5 L -2
13 0 L g
14 2 L -1
15 6 M 0
16 1 t 0
17 5 L -1
18 10 M -1
19 0 L Q
20 4 L -1
21 9: u* 0
22 0 L 0
23 6 M 0
AVERAGE ERROR -0.5 -0.74 -1.75
ORDER OF SIGNIFICANCE =1 3 6

TABLE 3.30(part 2)

DATA SOURCES

NAYAK & CHRISTENSEN (1971) SNETHEN (1979} HOLTZ(1959) - UNDISTURBED OATA HOLTZ(1959) - REMOLOED DATA

SPECIMEN | GROUP  [SWELL DEVIATION[SPECIMEN] GROUP | SWELL |DEVIATION|SPECIMEN | GROUP |SWELL  [DEVIATION| SPECIMEN] GROUP |SWELL  [DEVIATION

NUMBER INDEX  |CATEGORY NUMBER INDEX | CATEGORY NUMBER INDEX | CATEGORY NUMBER INDEX | CATEGORY
1 2 L -1 1 81 VH -1 S 27 VH 0 8 1 [§ -1
2 6 M -1 2 36 VH ) 6 2 YH 1 16 0 L -2
k] 4 H -1 3 €8 VH -1 7 7 M -2 17 6 L] -1
4 2 L -1 4 33 VH 1 9 1 L -1 18 0 L 0
H 8 ] -1 5 35 VH 0 10 0 L -1 19 0 L -1
6 20 VH )] 6 3] M 0 n 2 L -1 20 S L -2
7 4 L -1 7 30 YH 2 12 2 L -1 Ha| 15 H -1
8 ) M -1 8 25 v 2 13 0 L 0 22 1 L -1
9 1% VH ] 9 10 M 0 30 0 L 0 23 3 L -2
10 4 L -3 10 24 VH 2 31 0 L 0 29 2 L -2
1 Lk} H -2 1 27 YH 2 32 0 L -1 25 8 M -2
12 27 vH -1 12 58 vy 0 50 72 VH -1 26 ] L -2
13 h] L -2 13 22 VH 2 62 5 L -2 38 1 L -1
4 n M -2 14 35 VH ! 63 9 ] -1 55 4 L -2
15 28 VH -1 15 44 VH 1 64 0 L -1 &6 i6 M T
16 3 M -1 16 10 M -2 67 15 H 0 68 4 VH 0
17 10 M -2 17 3 VH 0 69 33 VH 0 70 34 VH 0
18 26 YH o] 18 25 VH 1 Al 14 H 0 72 7 M -2

19 50 VH 1 73 17 VH 0 75 3 L -2
20 42 VH 0 4 17 VH 1
AVERAGE ERROR -1 0.6 -0.5 -1.33
ORDER OF SIGNIF [CANCE 4 2 al 5

KEY TO ABBREVIATIONS

CAT = predicted swell categories:
L: Yow ; M : medium ; H : high | VH : very high ; EH @ extrerely nuan

DEV. = deviation of predicted swell category from the base preaiciior
after Dakshanamurthy and Raman(1973)

SPECIMEN = identification number aliocated by the orvainal author
NUMBER

REFER TO TABLE 3.12 FOR KEY TO DATA SOURCE ABBREVIATICNS




TABLE 3.31(part 1)

EVALUATION OF QUALITATIVE SWELL PREDICTIONS ON
THE BASIS OF THE AASHTO GROUP INDEX( METHOD No 2 )

DATA SOURCES
LADD & LAMBE (1961) SEED £TAL (1962) RANGANATHAM & SATYANARAYANA (1965)
SPECIMEN| GROUP | SWELL OEVIATION{SPECIMEN{ GROUP | SWELL DEVIATION| SPECIMEN | GROUP SWELL EVIATION
NUMBER INDEX | CATEGORY NUMBER INDEX | CATEGORY NUMBER INDEX CATEGORY]
1 8 H -1 1 [ L -1 1 3 M -1
2 30 YH 0 2 0 L -2 ? n L -1
3 12 H 0 k) 2 H -2 3 1 L -2
4 [ H 0 4 0 L -1 4 6 H -1
S 12 H 0 S 0 L -2
6 24 v 1 6 6 H -1
7 1 L -1 7 0 L 0
8 4 M 0 8 Q L 0
9 0 L 0 9 0 L 0
10 a L 0 10 ] L 0
1 0 L 0
12 -2 H 0
13 0 L 0
14 -1 M 0
15 [ H 1
16 0 L 0
17 =1 M 0
18 =1 H 0
19 [+] L 0
20 -1 M 0
21 0 H 1
22 "] L 0
23 0 H 0
AVERAGE ERROR -0.1 -0.26 -1.5
ORDER OF SIGNIFICANCE 2 k| 7

TABLE 3.31(part?2)

DATA SOURCES

NAYAK & CHRISTENSEN (1971) SNETHEN (1979) HOLTZ {1959) - UNDISTURBED OATA HOLTZ(1959) - REOLDED DATA

SPECIMEN] GROUP ] SWELL  JOEVIATIONISPECIMEN] GROUP | SWELL  JOEVIATION|SPECIMEN| GROUP | SWELL  DEVIATION] SPECIMEN | GROUP | SWELL GEVIATION

NUMBER INDEX | CATEGORY NUMBER [NDEX [ CATEGORY NUMBER | INDEX | CATEGORY NUMBER INDEX | CATEGCRY
1 2 M [ 1 81 YH -1 5 27 VH 4} 8 1 L -1
2 6 H 0 F4 36 VH 1 [ 25 VH 1 16 0 L -2
3 14 vH 0 k! 68 VH -1 7 7 ] H 17 6 H 0
4 2 M 0 4 33 VH 1 9 1 L -1 18 0 L 0
H 8 H 0 5 35 VH 0 10 0 L -1 19 o L -1
6 20 vH 0 [ n H 1 n 2 M 0 20 5 H 0
7 4 M 0 7 30 VH 2 12 H ] 0 21 15 VH 0
8 1 H 0 8 25 VH 2 13 0 L -1 22 ) L B
9 19 VH 1 9 10 W 1 30 0 L 0 23 3 M -
10 4 M -2 10 24 VH 0 31 0 L 0 24 4 M -1
" 13 VH -1 1 27 VH H 2 0 L 0 25 8 H -1
2 27 VH -1 12 58 VH 0 5C 72 VH 0 6 3 M -1
1 k| M -1 13 22 YH 2 62 5 H 0 8 1 L -1
14 n H -1 14 s VH 1 63 9 i 0 55 4 M -1
15 28 VH -1 15 44 VH 1 64 0 L -3 66 16 VH .
16 1 H 0 16 10 H -1 67 15 VH 1 68 24 VH 0
17 10 H -1 17 it VH 0 69 33 VH 0 70 34 VH 0
18 % VH 0 18 25 YH 1 N 14 VH 1 72 ? H -1

19 50 VH ) 73 7 VH 0 75 3 M -1
20 4z vH 0 74 7 VH 0
AVERAGE ERROR -0.38 0.65 0.05 .0.72
ORDER OF SIGNTFICANCE 4 5 1 6

KEY TO ABBREVIATIONS

CAT

DEV.

L

Tow ;

= predicted swell categories:

. medium 3 H : high ; YH : very hior

after Dakshanamurthy and Raman{1973)

o Ir o extremely hian

= deviation of predicted swell cateqory from the tase rrediction

SPECIMEN » identification number allocated by the originai author
NUMBER

REFER TO TABLE 3.12 FOR KEY TO DATA SOURCE ABBREVIATIONS




TABLE 3.32

POTENTIAL SWELL ON THE BASIS OF AASHTO
GROUP INDEX, METHOD No 1

GROUP INDEX POTENTIAL SWELL
0-5.5 LOW
5.5-11.5 MEDIUM
11.5-16 HIGH
=16 VERY HIGH
TABLE 3.33

POTENTIAL SWELL ON THE BASIS OF
AASHTO GROUP INDEX-METHOD no 2.

PROBABLE DEGREE

GROUP INDEX OF SWELL
0-1 LOW
1-5 MEDIUM
5-12 HIGH

=12 VERY HIGH



TABLE 3.34

UNIFIED SOIL CLASSIFICATION SYTEM(USCS)
ENGINEERING USE CHART.

Wajor Oivisions Lettert Name Vaive o3 Subgrade Potential Compressibiltty
o @ S 1 When Not Subject €ronl and Dreinage
lo Frasl Action Action Expansion Charscturishics.
is) 16) n ®
Gw Wen-qraded gravels or gravel-sand mixture E xcelgnt None ta very sight Almast none Exceien
mtie or no fines.
GP Poorly graded geavels o gravel sand mistures Good tn eacetent None (0 very sught Almost nane Excanent
GRAVEL AND uttle of no hnas.
RAVELLY
SOOLSE L Cuiod 1o eacetent Shght 1o medsm Very shght Fae o pow
Gm Siity gravels, gravet sand-sil mixlures
COARSE- Goog Sughl to medium Sught Pow In practically impecvnus
ggntlgm GC Ciayey gravels. gravel-sang clay Mistures Goaod Shght 10 medum Sight Poo th practically impenious
Sw Waell-graded sands or gravelly sands hitle of no fines Good None 10 very shght Almost none Excaugnt
SF Paorly graded sands or gravelly sands kitle o no lines Faw 1o goust Nane 10 very sight AImost none Excenent
F oo good Shght to high Very shght Fau g
SAND AND Sm Siity sands. sand-sil Puxtures
SANDY SOILS Fav Shight 10 igh Shght ta medium Poor 1o practcally impenvious
sC Clayey sands, sand-clay nnatuies Poaoe T law Skght to fugh Shght to medwm Poar 19 practically smperaous
T ML inorganic silts and very fine sanas. rock Nous. Sty or Puot u tan Medium 10 very nigh Siighl lu medmum Fairtypnnr
(S:LLA VSSAND clayey hne sands of Clayay Sifts with shght plasticrty
LLISLESS c Inorgarc clays of low 1o mearum plastcity. graveily Pour 1o tarr Medum 10 hgh Meaum Peacticany imporvious
FINE THAN 50 clays. sandy clays. sily clays. tean clays
GRAINED oL Organic sils ana organic sill-clays of tlow plashicily Pons Mediym 10 fugh Medum to high Poor
SOILS M gamc sits, of hne Poor Meaum o velv- gh Hgh Fau 10 poor
(s:At‘YVSSANO sandy of sdly sou's. elasuc sits
LLISS00R CH Inorganic ctays to Pigh piastrly. 13l clays Poon totaw Medim High Pracucall, imoenous
GREATER oH QOrganic ctays of mecium 10 fgh plashiciy Pooe 10 very 0oOr Medmim High Practcady impennous
organ sdts
HIGHLY ORGANIC SOILS P Peat and other hughly orgamic saxs Nout surtabre Sught Very high Fartopoor
2171 Sutsovision of GM and SM grou 18 for 103 and arkend Materals OBSIGRIUON d ADDWRT 10 yws Wit LL - 25 are P
Desgnanon u 10 omers
TABLE 3.35
Applicadle Classific mom:mw}
ppisce ssificalion e lating to the Maleria
Mupne Divisions Drweription and Field Subgroups Growp Tevs (Corried out on ’L’.’f-ﬁ:. (.:mnd oul an Shrind.
Idensipication Spmbol Disturbed Sompies) Undisturbed Sampies) Swelling hapfmu
Boulders Sads consisung chiefly of boulders | Boulder gravels
and larger chan 8 in. in diameter or - Parucle-size analyss Almost none
cobbles cubbles beiween 8 1n. and J in. Dry density and relative
wentifable by visual inspection. compaction
. Well graded gravel-uand GwW Partcic-rize analysis Almost none
muxtures, httte of no
Gravet fines Moisture content and voids ratio
Sodts wilh an appreciable fraction | Weil graded gravel-sands GC Partwiesize analysis, hqusd Very siight
between the 3 in.and No. 7 B.S. with smail clay content and plastc  (wmits on
seves. Generally casily rkﬂlll-- binder Cementation
and able by visual - Dueability of graims
Mmedwum o high dey l(r:'\llh Uniform gravel with (ke Gu Parixie-size anaiysis Almast anne
ndates that some clay or no
9 Prewent. A neghigibic dry Mrengih Siranification and drainage
= graveily indwstes the absence of clay,
8 Pourly graded gravel- Ge Partiwic-sue analysis Almos none
1and muntures, hille oe
2 o ines
z i
< Gravel-aand miatures GF Pariwle-size analysi, liquid Groundwater conditions Almosi none ta
o with excess of fines and  plastc hmdas  on Alight
[t} binder of applicable
M
Zz Well graded sands and Sw Partk-sire anatyss Large-scale loading ie3ts Almest none
< Soilv winh an approviable fraction gravelly sands, little or
] between the No, 7 and the No. no finey
v Sands 200 85 seve. Magceity of the
parinies can be distinguished by | Well graded sands with sC Patixle-size analyin, lgund Cahfornia heanng ralw 1ests, \ery dight
eve. leel grtty when rubbed wmal} clay content and plasie hmos on shear tests and other strength
hetween the ﬁnpen A medium binder tents
and w high dry that —
some clay s presenil. A negligihie | Uniform sands, with lictte su Parnicic-sire analyws Almoat none
dry wirength indicates absence of oF no
clay.
—
Almest none
Pootly graded sands, sp Paricle-size anabyviy
with hitle ar no fines
soils — .
Sands with encess of S ¥ Parlcle-size analyis, byuid A|,,.,.“ nune 1o
fines and  plasic hmits on medium
ndee if appiwabic
Fre- Sty tmorgank) tock | ML | Partwlesreanabss, baqud [ Slight 10 medium
Sauls with an appreciable (rachion flour, sy fine sands and plastc hmite o ap-
graned pasung (he Na, 200 B.S. sieve, with dight plasicty plicable
sonls and with iquad lunits iess than 38, Dry densuy and refative —_—
Nout gty between the fingers, | Clayey ults tinorgank) CcL Liguid and plasine hmas cumnacton \k\.hum
having Cannot be readily rolled into
threads when maoist, Evhibit
3 low ddauncy. Monsture content and vord faliy | —————
2 plasticity Organic sty of  low oL Liquid and plastic limts Mediom 16 high
a Masticily from natural conditions
faits) 20d afier oven-drying
H : Sumeatnn, fowres, e | — -
ﬂ H Finc- Silty clays tworganic) and M Partscle-sire analysis, liqud Medim (o high
g » Swils with hquid himuts  hetween wndy clays and plastuc limis o ap-
- \! grasned 18 and 20. Can be readely rolied plwatbile
=] il threads when maist. Do not Drainage and groundwater -
%1 oihe oulubit dilatancy. Show some | Clavs tinarganic) of me- ' €1 Ligusd and plastic fimits cundstms Huh
4 shankage on drying, dium plastwity
= having
- Comah —_——
Q; medim Organk clays of medwm [ O Liquid and plastic femues emalidation tests Hugh
33 plasticity (rom natural conditions
frge plastity and after oven-drying
- ¥
Large-scate 1na -
H] Fine: Swie wnih taumd e greater | Thghly compresubie mi- | M U | Paricle-se analyus, iqud (Re-scale lading fests
2 than 30 Can be readily rolled caceous or distomace- and plastic limuts ol ap-
& graned into (hreads when mont. Grusy ous 1wy pikable
“ 1 the touch. Show - Cabforn.a beaning ratw aosls, ———— e e |
osls shrinkage on drying. All hghly | Clays tnorganic) of high € 11 | Ligud and plast hmis shear terty and uther sirength Hieh
compressible sons. plasucity 1ests
having
igh Organic clays of huh ol Liqwd and plavi bt 'm‘h
plastcy trovm natural ¢
plasticity and atier oven-drying -
Fibrous urgan soils with] Usuaily brown or black i colour, | Peat and other  highly Py \;I\ nv-uh
very high ery P Cauly den- ANk twamp wily Moisture content and consoldanion tests
tifiabic viually. .

« These unit weighis spply only 10 s0iS with apecific grevitves ranging beiwren 243 and 2 A
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FIGURE 3.1(b)
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FIGURE 3.19
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CHAPTER 4

A THEORY FOR DESCRIBING THE VOLUMETRIC BEHAVIOUR

OF UNSATURATED SOILS

4.1 INTRODUCTION

4.1.1 Summary

The relationship between soil and water significantly affects
the engineering behaviour of clay soils. It is therefore important
to know how water is held in soils and how its influence can be

measured, in order to understand volumetric behaviour.

This chapter summarises the various approaches developed for
modelling soil behaviour and indicates the advantages of employing
an 'effective stress' type approach even in unsaturated soils.
Fredlund's theory is chosen as the most suitable, and its derivation

quoted in some detail due to the relatively new approach of this work.

The theory is then critically appraised, and recommendations made

of possible experimental verification and theoretical development.

4.1.2 Modelling soil-water behaviour

Three broad approaches are identified in the description of
soil-water behaviour, these are the model, energy/ thermodynamic

and electrical charge approaches.
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The 'model approach' attempts to describe the geometry of
the soil structure and can be employed to either determine the
shape of the pore water films. and amount of void air, or, relate
the mechanical behaviour of the soil to the applied stresses.

This follows logically from Terzaghi's effective stress principle.

The energy approach considers not the soil geometry but rather
the total energy of the system and in particular, the energy with
which water is held within a soil. Ihitia]]y developed by
Buckingham (1907) and subsequently modified by various agricultural
scientists, the approach has been adopted by Croney et al,

Aitchison and Jennings particularly in the field of unsaturated soils.

The electrical charge approach considers soil behaviour (in
this case expansion) in terms of the attractive and repulsive

electrical charges at interparticle level.

The prime causes are:. 1. -osmotic repulsion, 2. clay particle
attraction and 3. cation hydration secondary forces resulting from
VanderWaals forces, capillary imbibition and elastic relaxation

(refer to Chapter 2 for fuller details).

4,1.3 Salient points

(a) The electrical charge approach is not presently suited for
the general description of engineering soil behaviour. The
difficulties resulting from an experimental and theoretical

investigation are considered beyond the scope of this project.
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(b) The energy/thermodynamic approach is receiving increased
attention, particularly with regard to soil volume changes

under in-situ conditions.

The present lack of theoretical development limits its
engineering application, thus it is only considered of

limited use to this project.

(c) The model approach appears to be the most suitable for
application to unsaturated soils. The 'effective stress'
method is widely accepted for prediction of the mechanical
behaviour of saturated soil. Several modifications of this
have been proposed for application to unsaturated soils but

have met with limited success.

The model (or 'effective stress') approach will therefore be

examined in greater detail.

4.2 THE ROLE OF EFFECTIVE STRESS AND STRESS STATE VARIABLES

IN VOLUMETRIC SOIL BEHAVIOUR

4.2.1 Saturated soils

Terzaghi (1936) was the first to propose the effective stress
principle. When a load is applied to a saturated soil it will be
carried by the water in the soil voids (causing an increase in pore
water pressure) or by the soil skeleton (grain-grain contact stresses)

or be shared by both the water and soil skeleton.
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The effect of load upon a soil depends upon the drainage
conditions, and generally, the effective stress has been shown
to be approximately equal to the intergranular stress and is
given by equation (4.1).

i.e.

o' = o-uy (4.1)

o' = effective stress; o = total stress; u, pore water pressure.
The validity of the effective stress equation with regard to
saturated soil behaviour is experimentally verified by Rendulic

19363 Bishop and Eldin 1950; Laughton 1955).

Bishop and Eldin (1950) suggest that shear strength behaviour
is dependent upon intergranular contact area whereas volumetric

change is not, and thus propose that the two mechanisms be treated

separately.

Skempton (1960) presents a detailed analysis to support the
effective stress concept with regard to saturated soils and reinforces
Bishop and Eldin's separate treatment of volume change and shear

strength change. His expressions are as follows :

Shear strength o' =0 - (1 - 3 tany ) uy, (4.2)
tan¢'

g'= effective stress; o = total stress; a = area of contact;

Y = < intrinsic friction; ¢' = angle of shearing resistance;

u, = pore water pressure.

Volume change Agt = Ao - (1 - EE Jou (4.3)
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P = soil particle compressibility , ¢ = soil structure

compressibility.

The above compressibiTity equation is verified

by Skempton (1961) and Nur and Byerlee (1972) who employ a

constitutive equation of the general form :
AV S .
-(V—) =C . Ao (4.4)

¢ = bulk compressibility of soil structure; Ac' = change in

effective stress.

It is noted that this equation assumes that volume change is

dependent upon only :

(a) one stress state variable

(b) so0il structure compressibility

Fredlund notes from a study of the continuity requirement
that volume change depends upon particle and soil structure

deformations such that

av oAV, avP

T T (4.4.1)
AV = total volume change ; AV = soil structure volume change
avP = soil pd;ticle volume change ; V = total volume.

Furthermore, Fredlund contends that the compression of soil

structure is controlled by (o - uw) and compression of the soil
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particles by the all round pressure (uw) . By writing the
continuity requirement as a constitutive equation, he re-writes

Skempton's equation into the form :

AV S
=0 . (a0 -au) + P (4.5)

It can be seen that Skempton's equation (4.5) comprises of
possibly two stress variables (o—uw) and (uw), which are linked
together by soil properties ¢S and CP . His equations can be
termed constitutive and are therefore quite different in character

to those proposed by Terzaghi.

Jennings and Burland's (1962) interpretation of the effective
stress concept (i.e. viewing effective stress as a stress state

variable) is entirely consistent with Terzaghi's presentation.

Matyas and Radhakrishna (1968) define effective stress in two

parts 1i.e.

(a) The change in volume and shear strength of a soil element
caused by a change in its stress state are entirely due to
the change in effective stresses. i.e. shear strength and

void ratio are unique functions of effective stresses.

(b) The effective stress responsible for the mechanical effects
in a soil element is uniquely determined by the total stress

and pore pressure.

Although Ac' can cause a change in shear strength and volume, they

need not necessarily be linked by a unique factor.
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Other authors, e.g. Sridharan and Venkatappa (1973) retain
Terzaghi's original definition of effective stress. Generally

however, the literature indicates a deviation from Terzaghi's

original proposition that pore pressure and total stress totally

govern all deviations from equilibrium conditions.

4.2.2 Unsaturated soils

The importance of soil moisture deficiencies in relation to
the mechanical behaviour of unsaturated soils is probably first

noted by Croney et al at the TRRL in the early 1950's.

Alternatives or modifications to Terzaghi's effective stress
equation for unsaturated soil are subsequently not proposed until

the mid fifties.

Bishop (1955) proposes a tentative expression for effective

stress in unsaturated soils :
o' =0 - u + X(ua-uw) (4.6)

u, = pore air pressure u, = pore water pressure X = factor which
depends upon degree of saturation, clay type, wetting.or drying cycle;

It varies from O(dry clay) to 1(saturated clay).

Hi1f (1956) in his presentation on 'Pore water pressure in
compacted clays' indicates the importance of separating pore water
and pore air pressure measurement in unsaturated soils. More

importantly, he introduces the ‘origin translation' (subsequently
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termed axis translation) technique as a means of measuring
moisture deficiencies greater than one atmosphere. This widely

adopted technique is-utilised in this project.

Lambe (1960) proposes a modified effective stress equation
to account for electrochemical forces, but is unable to provide
experimental verification due to the absence of a workable model,

for measuring attractive/repulsive forces.

Several authors present expressions for effective stress in
unsaturated soil to account for two pore media (air and water).
A11 are summarised by Bishop in the pore pressure conference

(London, 1960). Briefly these are :

CRONEY et al (1958) o' =p=-B .Uy, (4.7)
where:
o' = effective stress; p = total (normal); u, = pore water pressure

B = bonding factor ( approximate number of effective stress tension bonds

contributing to shear strength).

AITCHISON (1960) o' =g+ P.p" (4.8)
where:
o' = effective stress; o = total stress; p" = pore water pressure

deficiency (-uw) ; ¢ = parameter varying from 0 - 1

JENNINGS (1960) gt =g+ B p" (4.9)
where:
o" = -ve pore water pressure; B = statistical factor similar to

contact area - must be determined experimentally in each case.
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Bishop concludes that expressions (4.6) to (4.9) are
similar and that ¢ =B =p = X - equations (4.7) to (4.9) being
instances of equation (4.6) with u, = 0 . (i.e. atmospheric).

Bishop's equation (4.6) is adopted by the Conference.

Bishop and Donald (1961) control the total, air and water
pressures in a series of shear tests on unsaturated silt and vary the
stresses in such a way that the differences remain constant. Since
the stress strain curve remains unaltered during testing, the

effective stress is assumed to remain constant.

In discussing Bishop and Donald's results, Skempton (1961)
claims that the formers' results verify Bishop's modified equation for

use in unsaturated soils.

Jennings and Burland (1962) are among the first to criticise
Bishop's equation. They tentatively conclude that the X parameter is

limited in use to the following conditions:

(a) 60%+saturation in granular materials

(b) 90%+ saturation in clay soils

They also contend that collapse behaviour apparently disproves the
validity of the effective stress principle (since soaking at constant
volume should require an increase in total stress; instead, it requires

a decrease in the case of Kaolinite specimens).



The authors and Coleman (1962) propose the portrayal of stresses
with respect to air pressure in the analysis of unsaturated soils.
(This is especially useful when relating to field conditions where' the

air pressure = atmospheric i.e. zero).

Coleman uses these relative pressures as independent stress

variables in describing volumetric deformation.

Bishop and Blight (1963) note that variationsin Bishop's suction
term do not necessarily induce a change in effective stress and
attribute this to the pore water surface tension acting over only a

part of the soil particle surface area.

They conclude that volume change in unsaturated soil is highly

- u ) as

dependent upon the stress components : (o - ua) and (ua W

well as the effective stress history - although shear strength is

less sensitive to such variations.

Aitchison (1965) and Blight (1969) note that the X parameter
is a complex function of the processes to which the soil is
subjected. Blight also contends that the collapse phenomena

invalidates the effective stress principle.

Burland (1965) after questioning Bishop's equation, separates
the forces acting on each particle into isotropic water stresses and
the external load - induced shear. He explains collapse phenomena in

terms of shear due to a decrease in normal stress.

Suction is defined by the review panel of the "Moisture

Equilibria and Moisture Changes in Soils" Symposium, (Aitchison, 1965)



as consisting of two components : matrix and osmotic suction.
These are defined as follows :

1. matrix suction

“The negative gauge pressure relative to the external gas
pressure on the soil moisture, to which a solution identical
in composition with the soil water must be subjected in order
to be in equilibrium through a porous permeable wall with soil

water".

2. Osmotic suction

“The negative gauge pressure to which a pool of pure water
must be subjected in order to be in equilibrium through a semi
permeable membrane (permeable to water only) with a pool containing

a solution identical in composition with the water".

(these definitions are consistent with those cited by the

International Society of Soil Science).

These definitions differ slightly from those presented at the
1961 Suction Conference where it is agreed that air pressure is an

internal pressure. The 1969 conference however, defines air pressure

as external.

Richards (1960) indicates that solute suction contributes
significantly to the physical behaviour of unsaturated soils and

proposes another effective stress equation :

+u) (4.10)



where

Xm = effective stress parameter for matrix suction
XS = effective stress parameter for solute suction
hm = matrix suction

.hs' = solute suction

However, he does not provide an experimental verification.

Madedor (1967) considered that the stress component (o - ua)

and (ua - uw) are best considered separately rather than in

Bishop's form (equation (4.6)).

Aitchison (1967) examines Bishop's equation for unsaturated
soils and concludes that "the individuality of X in relation to the
other components of the equation mean that the effective stress law
is no longer valid as a law, but merely a statement of principles .
In practice, this resultsinasecond conclusion: each parameter of

effective stress o and (ua - u ) rnust be treated separately and

W
be made to follow a defined stress path if the correct value of X

is to function within a statement such as Bishop's equation".

"To put it another way: the complexity of the X term forces us

to define a unique stress path for terms ¢ and (u, - uw) in order

a
that a correct effective stress value is obtained. Having achieved
this, there is no need to attempt to quantify the X term - thus the
complexity of the X term is irrelevant once we uncouple

the two parameters in unsaturated soils".

Matyas and Radhakrishna (1968) introduce the concept of state

and state parameter to help express relationships between stress and



deformation. They also introduce a three dimensional representation

relating (o - ua) and (u

a " uw) to either e or Sr . The surface

or 'state surface' can be represented by an equation to describe
~volumetric change on the basis of stress change. Volumetric strains

are shown to be predictable providing hystersis does not occur.

They conclude that the behaviour of unsaturated soils cannot

be predicted on the behaviour of one variable only.

Barden, Madedor and Sides (1969) used separate control of (o - ua)
and (ua - uw) to monitor volumetric changes in unsaturated soils.
In applying volume change to the equations originally proposed by Coleman
(1962) , they note that the nonlinear nature of the measured
parameter implies that the equations are applicable to the current
stress situation only. They also note the effect of hysteresis

upon accurate volume change predictions.

Sridharan and Vankatappa (1973) note that volume change behaviour
in clays is controlled by shearing resistance at inter-particle level
and the double layer repulsive forces. A modified version of Lambe's
equation is proposed. However, they conclude that there is no means
(at their time of writing) to quantitatively measure repulsive and
attractive particle forces. As far as the author is aware this is

still the case.
Brackley (1971) examines Bishop's equation for effective stress

experimentally and concludes that the principle is apparently

invalidated for unsaturated soils. He proposes that unsaturated



volumetric behaviour be considered in terms of (g - ua) and

(u

3" uw) although he does not verify this experimentally.

Fredlund (1973) presents a general theory for modelling
volume changes in unsaturated soils. Although his work is largely
based upon the developments outiined above, he considers unsaturated
soils as consisting of four separate phases,namely : soil,air
water and an air-water interphase (contractile skin).

He contends that the contractile skin is the principal conductor
of suction throughout the soil mass, and therefore incorporates it
in his analysis of an unsaturated soil element.

However, so far as volume-weight relationships are concerned,
the contractile skin may be ignored since the weight is negligible
and may be considered as part of the water.

The equilibrium equations are written for each of the above
phases in terms of measurable quantities. On the basis of these
equations, the independent variables required to describe the stress
state of an unsaturated soil are identified as : (o - ua),(c - uw)
and (ua - uw) , any two of which may be used to describe the soil stress

state. These variables are confirmed for the clay mineral

Kaclinite only.

Suitable constitutive relationships are proposed from a semi
empirical stand point, which combine the stress and deformation

state variables, (based upon Biot, 1941, and Coleman, 1962).

The soil structure constitutive relation is obtained by
inspecting incremental relations for a linear elastic-isotropic
material. It can also be written to account for non-linear properties

such that the normal strain in the x direction i.e.



) (4.17)
where V =‘unit volume

1 oV s .
S =‘§(E—:—U;T = compressibility of soil structure when

d (u, - uw) is zero

a

oV

9 ua - uw

compressibility of soil structure when

< | —

d (o - uw) is zero.

This may be re-written in terms of other combinations of stress

state variable - all variations of which may be plotted graphically
(Fig. E17(a)).
By considering the logarithm of the horizontal axes, linear

relationships are obtained, the coefficient of which may be determined

experimentally. This linear relationship is of the following form :

(o - u) (u, = u)
fe = C, . log f +Cplog 2—Ff (4.12)
where :
Ae = change in void ratio
Ct = volume change modulus w.r.t. total stress

The soil structure/void ratio constitutive relationship is

insufficient to completely describe the change in state of an



unsaturated soil; either the air or water phase constitutive
relations must also be formulated. However, because of the
compressible nature of the air phase, the water phase relationship
is chosen and this describes the water volume present in the

referential soil element.

Assuming that the water is virtually incompressible, a constitutive
relationship is formulated semi empirically on the basis of a linear
combination of the state variables. As with the soil structure
relationship, it may be written to account for non linear soil

properties.

Therefore :

aV 3V
21 W ) 1 W i
% =9 3(o - uwi - d(o uw) *S 3 u_ - uw). d(Ua Uw) (4.13)
where
Vw = volume of water in element
1 avw 1
3 '_gcgfrji;) = slope of the water volume versus

(c-uw) plot when d(ua—uw) is zero

< f—

W
= volume versus (u_-u
5, - 4,) slope of water volu (uy-u,)
plot when d(o-uw) is zero

This equation may be re-written for the other combinations of stress-

strain variables (refer Fig. E17(b) ).



These plots may be linearised by considering the logarithm

of the horizontal axes and expressed by the relationship

( o-u (U_-U
tw =D, .log F + D .log}pa—qusf 4.14
t (‘o-u) . m = (Uz-Twlo ( )
where
Dt = compressibility index with respect to total stress
Dm = compressibility index with respect to matrix suction

The change in air phase volume within the element can be written
as the difference between the s0il1 structure and water elemental

volume change.

Fredlund claims the above relationships are unique provided
that the volume changes are monotonic (i.e. no reversals in

stress change.)

The above constitutive relationships are tested experimentally
by measuring the volume changes resulting from stress changes in two
orthogonal directions and comparing predicted and measured volume
changes resulting from a stress change in a third direction. This
is termed uniqueness testing and to the authors knowledge is only
fully conducted upon low swell Kaolinite specimens (although a very
limited number of tests are conducted upon the low-medium plasticity
Devon silt). Thus the theory is validated for use with low swelling

clay only (plasticity not exceeding 58%).



The practical application of the above testing techniques
is difficult due to the complex nature of the equipment.required. The
literature indicates a simplified adaptation of the theory to the
one dimensional oedometer test, namely Fredlund et al (1980, 1983)
and Hamberg and Nelson (1984). These utilise the resulting data

for the purpose of in situ ground heave prediction.

The two techniques are essentially different; Fredlund: a constant
volume swell pressure type test and Hamberg and Nelson :
their own "controlled strain test". Since the former is more
widely employed to obtain compressibility and swell data it is presently

considered more suitable for evaluating the unsaturated soil theory.

Fredlund etal claim to verify the test by comparing insitu swell
measurements with swell test data obtained from undisturbed soil
specimens. This is undertaken with low-medium plasticity Regina

clay only (LL = '64%).

4.2,3 Summarisina Remarks

1. Terzaghi's effective stress principle

With regard to effective stress in saturated soils, the
literature indicates that Terzaghi's effective stress (o - uw) ,
does not govern all soil behaviour.

For example, Skempton (1961) notes that the varying influences of
soil structure and soil particle compressibilities also influence the

effective stress conditions.



2. Effective stress in unsaturated soils

Numerous 'effective stress' equations are proposed for use
in unsaturated soils (Croney et al 1958, Bishop 1959, Aitchison
1960, Jennings 1960 and Richards 1965). All incorporate a
parameter, linking together more than one stress state variable.
Aitchison suggests that this parameter (X) is related to one
set of stress conditions only, and is of limited value. Blight
(1965), Jennings and Burland (1962) and others express doubt over

the X value and indicate severe limitations of the same.

3. Dependence of volume change upon stress state variables

Coleman (1968), Bishop and Blight (1969), Aitchison (1967),
Fredlund (1973) note that unsaturated volume change is highly
dependent upon total stress (o-ua) and suction (ua-uw) ‘and
formulate relationships based on these components. The uniqueness
of these relationships is dependent upon monotonic stress changes
i.e. reversals in stress will introduce hysteresis effects and

subsequent loss of uniqueness.

4. A general theory for unsaturated soils: Fredlunds proposals

Fredlund(1973) derives the stress state variables and presents
constitutive relationships similar tc those proposed by Biot(1941)
and Coleman(1962) for describing unsaturated soil behaviour.

The theoretical model is consistent with that generally employed
for saturated soils, and he claims to have verified it with
unsaturated and saturated Kaolinite and Devon silt specimens.

Fredlund assumes that the soil is composed of four phases: soil

structure, water, air and contractile skin. The contractile skin
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is a means of expressing the surface tension at the air-water

interface.

The model has not been experimentally verified for expansive
type soils , or a range of soil plasticities.

Fredlund (1980) also presents a practical application of the
-theory to the constant volume swell pressure test for insitu heave
prediction. Once again however, verification appears to be

extremely limited - the literature indicating one verification

only (Yoshida et al (1983)).

5. Suitability of Fredlund's proposals for expansive soils

Unsaturated soil will generally exhibit a volume increase upon
wetting. The swelling will continue until equilibrium is attained.
(soil virtually saturated). Expansive soils exhibit the bulk of
their volume change due to double diffuse layer considerations at
interparticle level. However, this process will only occur when

the soil is unsaturated.

Fredlund presents an experimentally verifiable theory for
volume change in unsaturated soil. However, this has not been

verified for use with expansive soils or medium high plasticity soils.

His theory therefore appears to be the most promising presently
available, but requires further examination. The theoretical
assumptions and derivations upon which the proposals are based are
listed in Appendix E. These are critically appraised in the next

section.
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4.3 CRITICAL EXAMINATION OF FREDLUND'S WORK

4.3.1 Implications of a discontinuous air phase

The aim of this section is to examine the implications of a
discontinuous air phase upon Fredlund's experimental and theoretical
proposals. Fredlund assumes that all the constituent phases within
an unsaturated soil (i.e. soil particles, air and water) remain
continuous until saturation is achieved. At this point the air

phase is assumed to abruptly disappear.

However, the literature indicates that the air phase does not
always exist in a continuous form, and becomes occluded at some
intermediary stage of saturation (85% and above - also at optimum
moisture content in remoulded soils). Clearly, the effects of this

upon the theoretical and experimental work must be assessed.

4.3.1.1 The wetting process

The effects of the soil microscale mechanisms and a free access
to water can be collectively termed the wetting process. The soil
may commence the wetting or drying process at any stage of saturation,

therefore it should be examined at all stages of moisture intake.

It is well known that clay minerals attract water to their
surfaces by electrochemical forces and even in dry soils the clay
particles are covered by a thin layer of water known as the adsorbed
layer. If sufficient water is present this layer of highly viscous

adsorbed water thickens and a gradual transition takes place from
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the relatively static viscous state to the free pore water which

can move freely under potential gradients.

Where clay particles come into contact with one another,
the adsorbed layers coalesce forming curved menisci as shown in

Fig. 4.2.

The moisture films are considered continuous for saturations

greater than 25% (Hilf, 1956).

These curved menisci and their associated surface tension
forces give rise to a pressure difference between the pore air and
water pressures. If the air pressure is atmospheric this will give
rise to a considerable water pressure deficiency (suction). It is
generally implied that soil suction includes the adsorptive and

osmotic pressure differences as well as surface tension forces.

Interparticle contact is by no means continuous and 'free' or
gravitational water may flow through the pores under potential
gradients. Although the adsorbed water cannot flow freely under the
action of gravity, it is not static, and considerable quantities may

be transferred over long periods.

Upon access to water, the soil grain surfaces are wetted and
the capillaries fill until the water is continuous throughout the

soil mass.

The water migrates under surface tension forces until all the
menisciat the points of grain contact have the same curvature and
hence suction (provided the soil massis small enough for constant

gravity effects).
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The water will therefore tend to flow from the larger to
the smaller pores. Hence there is a tendency for air to occupy

the larger pores while the smaller ones are full of water.

For low degrees. of saturation, the air is continuous in the

larger pores and free to flow through the clay.

Numerous investigations have revealed something of the
effects of increasing saturation upon air permeability. Corey,
(1957) ,Matyas,(1963) ,Madedor (1967) and others have shown that air
permeability of an unsaturated soil decreases to essentially zero as
the degree of saturation approaches eighty five per cent (85%).
In the case of compacted soils, this corresponds to approximately

optimum moisture content.

With regard to the process involved, as this critical degree of
saturation is approached, the thin gacks of air between the pores
tend to fill up with water and the air ceases to be continuous over
any distance. At this stage the air is said to be occluded.
Madedor (1967) notes the abrupt manner in which the air permeability
finally decreases - as the critical degree of saturation is approached,

indicating a very rapid occlusion process.

It must be noted that despite the abrupt transition between the
inter-connected and occluded air states, there is a definite
transition zone in which the pore air is a mixture of inter-connected
and occluded states. Subsequently, the behaviour of such a mixture
is intermediate between soils of wholly inter-connected and wholly

occluded air.
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The term 'occluded air' encompasses all pore air held within
the water between approximately eighty five per cent and full soil
saturation. Occlusion will commence with the air phase being near
continuous, the few bubbles being separated by short columns of

water.

As the degree of saturation increases, diffused and occluded
air predominates. Full saturation is rarely achieved during the
wetting process due to the entrapment of bubbles within the soil

matrix.

Hi1f (1956), Bishop and Henkel (1962), Fredlund (1973) and
others debate the value of occluded air pressure and raise the

following questions.

(1) what is the value of occluded air pressure, i.e. is it
equal to the pore water pressure?
(i1) do. the occluded air bubbles reach a common equilibrium

pressure ?

There appears to be no consensus of opinion regarding these
points, and attempts at formulating a compressibility equation for
air-water mixtures must make assumptions in this respect. A common
assumption after Bishop and Henkel (1962) is that occluded air

pressure equals the pore water pressure.

4.3.1.2 Categorising saturation

The previous evidence indicates distinct degress of saturation

through which the soil passes.
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Aitchison (1956) was one of the first to identify distinct
categories of saturation, and indicated four states :
(a) saturated ; (b) quasi saturated ; (c) partially saturated

and (d) unsaturated.

where
P" = water suction ; Pg = pressure in occluded air
Sr = degree of saturation ; Aw = soil moisture deficit
Ny = compressibility of pore fluid relative to water

His categories of saturation (ref. fig. 4.3) are as follows :

(a) Saturated
S, =100%2 5 Aw=0;n =1 ;P"=0;P =0

Since all the pores are filled with water then there is no suction

(P"= 0) and there is no occluded air

(b) Quasi saturated

5. =100% ; aw = 0 ; Pg =050 <P <Pg" s mp =1

Pd“ = suction at which largest pore drains
A1l pores are filled with water in which a finite pressure deficiency

exists.

This state occurs in the first stage of desiccation of a
saturated soil. Although Aw and P" assume only small values for
sands and sjlts, they may assume very large values in the case of

high clay content materials.
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(c) Partially saturated

S, < 100% 5 Aw = 0 5 P" <0 ; ng > 13 Pg >0

Some of the pore space is occupied by occluded or adsorbed air.

The soil will not imbibe further water (at atmospheric pressure)
while in its ambient stress system. This condition occurs primarily
in remoulded soils such as a rolled-fill earth dam. It is also

exhibited by recent geological deposits.

(d) Unsaturated

Sr <100% ;3 P* >0 3 Aaw > 0 n, > 1

The air and water are continuous throughout the specimen with
Tittle or no occluded air. This state may be approached in three

ways :

(i) the soil is initially quasi-saturated and subjected to
increasing desiccation until pore drainage occurs i.e.

P" > Pd" ; Pg = 0 (i.e. atmospheric)

(i) soil is initially partially saturated, then subjected to
desiccation (but insufficient to cause pore drainage)

p! Pd ; P.> O
: g

(ii1) the soil is initially partially saturated, then subjected
to desiccation until pore drainage occurs i.e.

Pll > Pdll

The value of Pg varies : drained pores Pg = 0

occluded pores Pg >0
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Recognising that certain soils exist in yet a lower
band of saturation, the author proposes a further lowest

category :

(e) -Low-unsaturated

S.< 100% ; P >0 ; Aw>0 ; n

r > 1

t

The air phase is completely continuoug, however, the water content
is so Tow that very little 'free' water exists.

A possible boundary for this proposed lower category is the point
at which the air phase becomes discontinuous - generally

saturation at about 30%.

4.3.1.3 Theoretical implications of a discontinuous air phase

The existence of a continuous air phase is one of Fredlund's
fundamental assumptions in his derivation of the air phase equilibrium
equation. Conditions of occluded noncontinuous air phase apparently

invalidate such equations.

Assumptions in the derivation of equilibrium equations

Fredlund adopts the coincident stress field of a multiphase
system approach and assumes that stress fields of all phases (i.e.
air, water, solid and contractile skin) can be superimposed upon

one another to obtain the overall equilibrium equations.

This can only be achieved if the equilibrium equations for
each phase contain linear operations, which in turn is dependent

upon each phase being continuous (Malvern, 1969).
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Fredlund satisfies the above requirements by considering a

model of water with uniform air channels passing through. He
states that although uniformly distributed bubbles would be a

more realistic assumption, they would in fact be both discontinuous
and unstable. The author notes that Fredlund's model apparently
does not allow for the occluded air state through which unsaturated

soils are considered as passing during the wetting process.

Allowance for occluded air in the equilibrium equations

Since the air phase is not continuous under occluded air
conditions, then equilibrium equations taking such conditions into
account would contain non-linear operations. As such,, the air phase-

stress field could not be superimposed upon those of the other phases.

Theoretical modifications to the air phase equilibrium equation

do therefore not appear possible.

Limitations of theoretical model

Clearly,the failure of the model to adequately describe the
occluded air state will be of importance if the behaviour of a soil
operating entirely in this saturation zone (between 85% and
approximately 100%) is to be studied. This does not necessarily
imply that the model will not work in this range, but it cannot be
fully justified theoretically. However, if the specimen is being
allowed to saturate i.e. freely absorb water as in swell testing,
then the initial unsaturated and final saturated condition will involve
continuity of the phases and the basic requirements of the model will

be fulfilled.
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4.3.1.4 Experimental implications of a discontinuous air phase

The existence of continuous air voids (i.e. no occluded air)
throughout testing is imperative for the correct functioning of
the axis translation technique employed in the testing of

unsaturated soils.

This section examines previous experimental and theoretical

considerations of occluded air.

The axis translation technique

Pore water pressure deficiencies of -14.7 psi (-1 atmosphere)
are rarely reported in engineering literature and most values usually
exceed -100 psi (-6.8 atmospheres). The problem involved in
measuring such suctions is that the water in the measuring system will
cavitate below -1 atmosphere. This is overcome by using the axis
translation technique where the pore air pressure is raised until
the pore water pressure increases to a level that can be measured

directly. (ref. Ch. 5 for details).

The radius of curvature of the air-water menisci do not appear
to change significantly when the air pressure is increased, thus
the difference between final air and water pressures equals the
initial negative pore water pressure. Several authors : Hilf (1956),
Bishop and Donald (1961) and Qlsen and Langfelder (1965) have
apparently verified the technique by measuring the changes in pore
water pressures corresponding to apparently equal pore air pressure

changes.
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Requirements for technique validity

For the technique to be valid, it must be possible to increase
the ambient air pressure around the specimen without producing
deformation. To achieve this, the internal pressure increase must
equal the external pressure increase and for this the air voids must
be inter-connected. However, as indicated earlier, the air in
unsaturated soils may well exist in an occluded state, resulting in a
compressible air-water mixture. It is thus reasonable to assume that
behaviour of the axis translation technique will be altered in some

way.

Since the saturation Tevel of some soils used in this study (and
in the field) will exceed the moisture level for air occlusion, then
the behaviour of the axis translation technique under such conditions

must be examined.

The effects of occluded air upon the axis translation technique

The effects of occluded air upon the axis translation technique
are primarily related to the change of pore water properties under such

conditions (broadly indicated in fig. 4.4).

Although the literature indicates extensive discussion concerning
Occluded air, 1ittle work appears to have been undertaken regarding the

effects of occluded air upon the axis translation technique.

Bocking and Fredlund (1980) is one of the few papers to address

this problem and presents two mathematical models to simulate the
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measurement of negative pore water pressure in a pressure plate
apparatus using the axis translation technique. Their models, which
separately consider either an interconnected or occluded air phase,
are complex, but provide an approximate solution only. Consequently,
only general equipment behaviour can be deduced from the results.

Their results indicate:

(a) The axis translation technique predicts suction satisfactorily
for soils with interconnected air pores. In the case of
occluded soil air however, the suction is invariably overestimated,

especially in highly compressible soils.

In practice, this means that the actual suction will always be

less than the target value.

(b) For test soils with a continuous air phase, the specimen is
noted as undergoing a volume change at the ceramic disc -
specimen interface following a water pressure change. This remains
until equilibrium is achieved throughout the specimen, and the

original void ratio restored.

A corresponding increase in saturation occurs which inevitably

affects air permeability.

A similar temporary volume change is noted for soils with occluded
air bubbles, however the soil element undergoes a further permanent

deformation due to compression of the pore fluid.

No increase in base moisture content is noted under occluded

air conditions.

There also appears to be a lack of experimental research regarding

the effects of occluded air, this probably being connected with the
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great difficulties associated with quantifying the volume and

pressure of the occluded air in a soil.

4.3,1.5 Observations

1. The axis translation experimental technique has been widely
employed and successfully verified for use in unsaturated

soils exhibiting a wide range of saturation.

2. For the technique to be theoretically valid however, the air
phase must be continuous in order that the increase in ambient
air pressure equals the internal air pressure increase thus

producing no deformation.

3. The literature clearly indicates the existence of an occluded
air state within soils of approximately 85% saturation and
above. Since, in such circumstances, the air is most definitely
discontinuous, the behaviour of the technique must be monitored

very closely.

4. Little experimental evidence is available specifically observing
the behaviour of the axis translation technique with soil
containing occluded air. Bocking and Fredlund (1980) attempt
to mathematically model the above test, and incorporate the effects
of occluded air. Their solutions are approximate however, and
only general conclusions are possible. They note that suction

will be overestimated during the presence of occluded air.
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4.3.2 Interparticle forces

Fredlund apparently makes no allowance for the attractive and
repulsive forces at interparticle level in his thesis or subsequent

publications.

The developments employing this approach for modelling soil

are discussed below,

Interparticle forces

The expansive properties of soil (i.e. volume change and swell
pressure) occur primarily due to the adsorption of water molecules to
the exterior and interior surfaces of the clay mineral to balance the
particle charge deficiency. The degree of hydration, hence swell,
is influenced by the amount and type of ions adsorbed on the particle

and in the pore fluids (ref. Ch. 2 for detailed discussion).

As a result of the above and other processes, there exist
attractive and repulsive interparticle forces. In the case of expansive
clay the repulsive forces dominate and are primarily attributed to an
interaction between the double layers surrounding clay particles (Lambe,

1958; Seed et al,1959).

Lambe and Whitman (1957) state that : "this force can far exceed
the éxternally derived force applied to the particles". Lambe and

Whitman also propose that these forces be designated :

R - repulsive ; A - attractive
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Lambe (1960) subsequently proposes a modification to the
effective stress equation by considering the A and R forces.
g=0. dm tug tag tu . a, +R-A (4.17)
where

o = mineral-mineral contact stress

u, = pore water
3, = area of water/unit
contact area
R = repulsive, A = attractive electrical forces per unit area
u, = pore air pressure
a, = area of mineral-mineral contact
a, = area of air/unit contact area

This is subsequently modified by Sridharan and Venkatappa (1973)
to take account of the fact that the intergranular (effective) stress

actually increases with attractive force.

where

T=0-1U -u -R+A (4.18)

T = effective constant stress (total)

The above mentioned researchers conclude that clay volume behaviour

is controlled by :

(a) shearing resistance at particle near contact points and

(b) the double layer repulsive forces

However, to the author's knowledge, there is presently no means
of quantitatively measuring R and A and thus no way of verifying

equation (4.18).
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Fredlund apparently makes no mention of these attractive and
repulsive forces in his thesis and subsequent publications.
However, his 1inking of volumetric behaviour to changes in stress
state variables; in particular suction (ua-uw) is believed to
encompass these stresses (due to the undoubted relationship

between suction and particle charge deficiency).

4,4 -FINAL SUMMARISING REMARKS

4.4.1 Choice of theory

1. There are presently three main approaches for modelling soil
behaviour - the energy/thermodynamic, electrical charge and
the model approach. None of these have apparently provided a
major breakthrough with regard to describing unsaturated-
expansive soil behaviour. However, the model approach does appear
to provide the most promising basis for a workable stress-

deformation analysis.

2. With regard to the model approach, the effective stress principle
after Terzaghi (1936) is one of the most widely employed stress-
deformation type analyses. This has been successfully employed

over many years for volume change predictions in saturated soils.

Numerous 'effective stress' models are proposed for use in

unsaturated soils (Croney et al, 1958; Bishop, 1959; Aitchison, 1960;

Jennings, 1960 and Richards, 1966) and all incorporate a soil
parameter linking more than one stress state variable. Aitchison
(1960), Jennings and Burland (1962) and Blight (1965) indicate that

this soil parameter X will vary according to the prevailing stress
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conditions, and its application is therefore of extremely

Timited value.

The 'effective stress' approach is therefore considered
unsuitable in its original form for appljcation to unsaturated

soils.

Several authors, including Coleman (1962), Bishop and Blight
(1963) and Aitchison (1967) note the limitations of the
modified effective stress equations and suggest separating

the total o and suction (Ug-u,) component stress terms in the

consideration of volume change behaviour.

Matyas and Radhakrishna (1968) extend this by relating these
terms to void ratio and degree of saturation and verify their

proposals by experimentation.

4,4,2 A theory for modelling unsaturated soil behaviour

4.

The theoretical work by Fredlund(1973) regarding volume change
in unsaturated soils stands out as the most promising
development presently available. This is a continuation of the

work outlined above and involves two main developments.

The first identifies the independent stress variables required
to describe the stress state in an unsaturated soil (total
stress: o , air pressure: Uys water pressure: Uw)' This is
achieved by writing the equilibrium equations for the soil, air,
water and contractile skin phases. The contractile skin refers
to the thin boundary between air and water phases which exhibits

surface tensjon. It constitutes a separate phase because its

properties differ from those exhibited by adjoining phases.
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Three independent variables are identified and include the two
total stress variables (c-ua), (o-u,) and the suction variable
(ua-uw). Any two of these are sufficient to describe unsaturated

soil behaviour.

The soil element should exhibit no volume change  If these
variables remain unchanged (and of course provided they are of
the right form).

This criteria forms the basis of Fredlund's Null tests.

The second of Fredlund's developments is an amendment to the
constitutive relationships first presented by Biot (1941); these
describe the phase volume changes resulting from a stress change

within an unsaturated soil.

Fredlund conducts experiments similar to those devised by other
researchers which involves subjecting the specimens to three stress

paths whilst monitoring water and total volume changes.

The compressibility moduli are then calculated on the basis of
two results enabling prediction of the volume change resulting

from the third.

The predicted volume change is finally compared with the experimental

observations to give an indication of the theories' reliability.

Both the stress state variables and volume change equations were
apparently verified by Fredlund during his experimental programme.
However, his work only encompassed non expansive Kaolinite and

Devon silt.
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The requirement of continuous phases is central to Fredlund's
formulation of his volume change theory. Continuity of the
soil, air and water phases are essential if the stress
functions are to be combined, thereby yielding the constitutive

equation.

Despite the existence of voids and cracks within in situ soils,
Fredlund still believes that a continuity approach provides the
most practical analysis. He proposes that the solid air and
water phases may be considered continuous throughout the wetting
process right up to saturation, at which point the air phase

abruptly disappears.

In reality, the pore air becomes occluded at around 85%
saturation, resulting in an air-water mixture.
Also, for much Tower saturation Tevels (say <25%) the water phase

contracts sufficiently to be considered discontinuous.

The author suggests that the application of the theory might be
limited to a certain range of saturation, or, at the very least it

might require some modification when used with discontinuous phases.

The author notes that the presence of a discontinuous or
occluded air phase will also affect the operation of the main
testing methods as employed by Fredlund - namely the axis
translation technique. This was originally intended by Hilf
(1956) for the measurement of suctions below one atmosphere,
however, it is now employed (in a modified form) for controlling

or measuring the total, air and water stresses.
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The presence of occluded air causes the axis translation
technique to under-record suction due to the compression of

the air-water mixture.

Very little information is available on this problem and
the magnitude of the occluded air effects cannot presently
be theoretically or experimentally quantified with any
measure of accuracy.

However, the axis translation technique continues to

be successfully employed for a variety of unsaturated soils

worldwide, therefore, the problem of occluded air is not

presently introcduced into the calculations.

Fredlund indicates that soils of liquid limit above 50% require
extended periods of time to reach volume change equilibrium.
Premature curtailment of testing in such cases will result in
an incorrect measurement of volume change, but permit a greater
number of tests to be undertaken. These aspects must be

carefully considered when planning a test programme.

It appears that some difficulty may be encountered in this

respect when testing expansive clays of high plasticity.

Hysteresis is a phenomena associated with numerous materials,
where the stress-deformation characteristics are related to
the direction of stress change.

In the case of unsaturated soil, volume change 1is closely
related to the water pressure deficiency (suction), and
several authors including Chu and Mou (1973); Barden,, Madedor

and Sides (1969) and Matyas and Radhakrishna (1968) have clearly
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indicated the potential significance of reversals in volume

change.

Fredlund broadly uses hysteresis to explain why in some cases,

his overloaded specimens do not return to their original volume
upon correction of the overburden. However, he does not allow
for this in his theoretical model and concentrates experimental

effort upon swell behaviour (increasing saturation/decreasing

suction) only.

Fredlund's model may therefore require some modifications for
application to in situ soils where hysteresis commonly occurs -

however, this is outside the scope of the project.

4.4.3 Aspects requiring further investigation

Fredlund's unsaturated soil model provides a suitable base from
which to commence development of a theory for volume change in
expansive soils. The conclusions have highlighted several aspects
requiring further investigation and are listed along with comments

regarding feasibility:

(a) applicability of the model to a range of expansive clay types

(i.e. testing the chosen stress state variables and volume

change constitutive relationships with several clays)

The model should be shown to work for a range of expansive clay

types, by conducting a test programme of uniqueness and null tests.

(b) assessment of the theory when used with soils containing

discontinuous phases (i.e. very low saturation levels with

discontinuous water and medium-high saturations (85%+)

containing occluded discontinuous air phase
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A complete study of the occluded air phase or of soils at very
low saturation is considered beyond the scope of this project.
However, since swelling behaviour is to be examined, with soils
passing through the occluded stage, then the behaviour of the model
under such conditions should be assessed as far as equipment

1imitations permit.

(c) applicability of the model to hysteretic behaviour

This is an important aspect of in situ soil behaviour, not
covered by Fredlund's model. However, the variability of hysteretic
effects between soil types is significant, and the formulation of a

suitable mathematical model is a study in its own right.

Therefore, because of this, and suitability of the equipment for
measuring one dimensional swell only, then the effects of volume change

reversal will not be studied in this project.

(d) assessment of the theory for practical application

i.e. to a routine geotechnical test

The verification of the theoretical model need not be limited
to the involved stress-deformation study as previously indicated.
Supporting data could usefully be obtained by application of the
theory to the consolidometer swell pressure test as presented by

Fredlund (1980).

{e) three-dimensional (isotropic) or one-dimensional (Ko) swell

testing system?

Fredlund combines the developments of several researchers to
construct isotropic and KO type testing systems. The author believes

that since his testing system must be developed from scratch then
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it would be best to initially construct a simplified design such

as a Ky type system and then to develop as time limitations permit.
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CHAPTER 5

APPARATUS AND TECHNIQUES FOR TESTING UNSATURATED EXPANSIVE SOILS

5.1 General

The aim of this chapter is to describe the testing systems and
techniques employed in this project for monitoring the stress-
deformation behaviour of synthetically produced expansive unsaturated

clays.

Experiments are developed to provide data for a rigorous
evaluation of the volume change theory and involve the following

test methods :

(i)  the monitoring of all deformations (total and water volumes)

with full control of total stress, air and water pressures

This equipment is developed from the Rowe cell and a conventional

triaxial cell for monitoring one dimensional swell behaviour only.

Fredlund, whose volume change theory is to be evaluated, has

combined the develcpmentsof other researchers to form a test system.
The suitability of his equipment for use with unsaturated expansive

soils is noted and influences the authors own development.

(i1) the monitoring of total volume change with a varying total

stress only

These employ conventional consolidometers with minor modifications

to enable the measurement of swell pressure at constant volume in



addition to the compressibility and rebound characteristics

of the soil.

Although the consolidometer type tests have been widely
employed on a variety of soil types, the more sophisticated systems
have only been tested on non-expansive, low-plasticity soils to

the authors knowledge.

When applied to medium~high expansive soils, the described
equipment is subject to the associated'secondary volume change
effects, and must therefore be capable of operating for extended

periods of time.

The more complex equipment has many potential sources of
leakage due to the numerous joints, seals etc. Any leakage however
small on a daily basis will assume significant proportions over
extended test times and must therefore be cyrtailed or at least

least, compensated for.

The author acknowledges that the next logical development of
the equipment is a three dimensional (isotropic) volume change
system. However in view of the numerous additional complications
associated with three dimensional volume change measurements, such

a system is considered beyond the scope of this project.

5.2 EQUIPMENT DEVELOPED FOR TESTING UNSATURATED EXPANSIVE SOILS

5.2.1 Basic design considerations

The aim of the testing is to verify Fredlund's theoretical

Proposals for a range of synthetically produced expansive clays.

This is achieved by measuring the flow of fluids and deformation
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of the solids. Consequently, the system may operate in either of

two modes.

Undrained : no flow of water or air in or out of the specimen
Drained : the air and/or water moves in and out of the

specimen against a controlled pressure system.

The measurement and control of air and water pressures

The difficulty of separating the applied air and water pressures
has Tong been recognised by soil scientists and is solved by

employing a pressure membrane or pressure plate technique.

The pressure plate is chosen for use in this project since
it is more convenient to use. It normally consists of a high air
entry ceramic disc, which is highly susceptible to cracking when
subjected to an overall uplift pressure greater than 5psi / 34.5 KN/M2.

This condition must therefore be avoided.

The water and air phase are separated from one another by the
high air entry ceramic disc located at the base of the specimen.
This permits a flow of water but prevents the direct passage of air
(up to a pressure deficiency equivalent to the high air entry value

of the disc - 5 bar / 72.5 psi / 500 KN/M2.)

The difficulties associated with measuring high pressure
deficiencies in expansive soils, are overcome by glevating the air
pressure surrounding the specimen until the'negative pressure' becomes
‘positive’ relative to atmospheric . This is acceptable since the
air-water pressure equilibrium 1is dependent upon the water pressure

deficiency (ua-uw) regardless of the absolute pressure values.

This procedure is termed the 'axis translation' technique after
Hilf (1956) and is verified by Bishop and Henkel (1962), Olsen and
Langfelder (1965) and Fredlund (1973) (refer figure E.11).
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The technique is of limited value however due to the passage
of diffused air through the ceramic disc and subsequent formation

of bubbles beneath it.

Water volume change measurements are effectively invalidated

in such instances unless adjusted for the diffused air volume.

Displacement measurement

The four component phases of an unsaturated soil and associated

measurements are outlined below :

Phase Measurement
1. total volume/soil vertical movement (with constant
structure (s) cross sectional area)
2. water phase (w) inflow or outflow
3. air phase (a) inflow or outflow
4. contractile skin (c) cannot be measured

by continuity ,
AV = AVa + AVw + AVC (5.1)

where V = total volume; Va = air volume; Vw = water volume;

VC = contractile skin volume.; A = change

Since the contractile skin volume is insignificant by

comparison to the other volumes, then (5.1) may be rewritten :

AV = AV, + AV (5.2)
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The air volume change is susceptible to temperature and
pressure change effects, therefore the water and total volumes
are considered as being more suitable for measurement purposes.
Both must be measured to obtain a complete understanding of the

unsaturated soil behaviour.

5.2.2 Literature review of equipment developed

The aim of this review is to trace the development of
equipment for the one dimensional volume change testing of
unsaturated soils. Relevant developments from three dimensional

testing systems are also discussed where appropriate.

Volume change testing of unsaturated soils usually involves either:
applying total pressure and monitoring volume change, or applying
differential air and water pressures, and monitoring water volume
change.

A thorough understanding of unsaturated, expansive soil
behaviour requires that all stresses be controlled and (preferably)
all deformations monitored. Several authors develop systems which
partially fulfil the above requirements, however, Fredlund (1973)
is the first to take all requirements into account and fully consider

the influence of diffused air upon measured water volume changes.

Hilf (1956)

Using a modified concrete air meter, Hilf measures the change
in volume and the induced pore water pressure in remoulded specimens

subjected to a change of total stress.
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The pore water variation is measured by inserting a high
air entry porous tip into the specimen, and nulling a mercury
slug within a fine bore capillary tube. The specimen is protected

“from the surrounding water by coating it with natural latex rubber.

Total volume change is monitored in a capillary tube situated

on top of the concrete air meter.

Gibbs (1967) and Gibbs and Coffey (1969) extend Hilf, testing
system to accommodate shear strength testing in the triaxial cell.
The total volume change is determined by measuring the change in
water volume surrounding the specimen;however, the vertical and

lTateral displacements cannot be measured separately.

The air pressure and air volume change can both be measured
at the base of the specimen; the water is similarly controlled from
the top of the specimen. There is no facility for flushing diffused

air from beneath the base high air entry disc however.

The water volume change measured is subject to errors induced

due to expansion of the cell wall.

Bishop and Donald (1961)

Four inch (100mm) triaxial cells are modified for performing

shear strength tests on unsaturated Braehead silt.

A high air entry ceramic disc is built into the triaxial pedestal

and a closed circuit bubble pump and air trap are also incorporated

into the system to permit the removal and measurement of diffused air
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from beneath the disc (thus enabling the correct water volume

change to be determined).

The water volume change is measured using a Bishop paraffin
.volume change indicator (described later). This instrument is

simple and safe to use and can be back pressured.

It is noted that the air phase diffuses appreciably with time
through the rubber membrane around the specimen, thus preventing
long term testing. This error is eliminated by surrounding the
specimen with a perspex sleeve and filling the intervening space

with mercury, in which air exhibits negligible solubility.

Accurate measurements can therefore be made of the vertical
and lateral specimen displacements using a cathotometer. The main
disadvantages of this setup is the hazard associated with liquid

mercury.

MIT (1963)

The one dimensional compression devices utilised by MIT (1963)
are designed with differing features to those used on the triaxial

apparatus in this research.

High air entry discs are installed at the top and bottom of the
specimen - the water volume change being monitored at both points
using a closed circuit bubble pump similar to that used by Bishop
and Donald (1961). This pump is constructed from glassware, thus the

water supply cannot be back pressured. Total volume change is
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measured by monitoring the displacement of the loading piston,
while the overburden is measured by a stud force transducer

located at the base of the specimen.

It is suggested by MIT that the air pressure be adjusted
by sensitive reducing valves. Several researchers subsequently

employ similar valves for the control of all stresses.

Matyas and Radhakrishna (1968)

The equipment developed by Radhakrishna (1967) is similar in
many respects to Bishop and Donald's (1961) apparatus. An electrical
Tateral strain indicator is also incorporated into the design

(utilising strain gauges).

The test system measures, total volume change as well as those
of the two fluid phases (water and air). The air volume change
(within the specimen) is measured using a Bishop-type two 1imb water

manometer located between the sample and the air source.

No attempt is apparently made to measure, or even flush the

diffused air from beneath the high air entry ceramic disc.

Barden,Madedor and Sides (1969)

The apparatus is a modified form of the Rowe and Barden (1966)
consolidation cell.

The specimen is 6" (150mm) in diameter by 1" (25mm) thick and is
contained within a cell body. The total stress is applied to the
rigid top plate by means of hydraulic pressure to a convoluted rubber

jack.
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The water pressure is controlled by high air entry discs
.situated on top and below the specimen. The water volume change
is monitored by measuring the movement of a mercury plug in a

horizontal glass tube.

The diffused air collected at the base of the ceramic discs

may be flushed out but not measured.

The total volume change is measured using a dial gauge
connected to the settlement rod. The equipment is subject to the
same operational problems encountered in the conventional Rowe cell
i.e. inadequate de-airing of the water used in the load

application system.

Aitchison(1969)

Aitchison uses a conventional consolidometer and encloses it
within an airtight pressure vessel. The raising of the ambient air
pressure then permits a control of suction and enables corresponding

swell to be measured.

Although the system permits the flushing of diffused air from

underneath the ceramic disc, no attempt is made to quantify it.

The volume of water taken into the specimen is also apparently

not recorded.



Escario (1969)

Escario employs the pressure membrane technique to enable

the measurement of very high suction (=970psi/ 6688 KN/M2 ).

Escario realises that a specimen will imbibe water during

assembly of the equipment prior to test commencement.

This he allows for by separating the base plate (thus water
supply) from the specimen, during routine apparatus assembly. It
is then raised into contact immediately upon commencement of the

test.

The apparatus does not measure fluid phase volume changes

(air and water) or permit control of the water pressure.

Pufahl (1970)

The Anteus consolidometer is intended for the one dimensional

consolidation testing of a soil with a water back pressure.

Pufahl modifies this by installing a high air entry ceramic
disc in its base, and regulates the specimen air pressure by means

of a back pressure regulator.

The equipment lacks a means of measuring the fluid phase volume

changes (i.e. water volume change and diffused air volume).

Compton (1970)

A Bishop consolidometer as manufactured by Wykeham Farrance
s modified by installing a high air entry disc (75 psi / 517 KN/ME )

in the base.



The pore water pressure is measured using a Bishop's null
indicator, and the change in water volume measured using a Bishop's

paraffin volume change indicator.

No attempt is made to account for the diffused air beneath

the ceramic disc.

Fredlund (1973(a))

Fredlund develops two testing systems for measuring volume
change behaviour in unsaturated soils. The first is based upon
the 'Anteus’' consolidometer design (Testlab Equipment Corp) and

measures one dimensional (Ko) swell behaviour.

The second consists of a modified 4" triaxial cell for

monitoring three dimensional (isotropic) swell-shrink behaviour.

The following discussion concentrates upon the one dimensional
(Ko) testing systems, but incorporates relevant aspects of the

isotropic testing system where appropriate.

The "Anteus' consolidometer is chosen by Fredlund because of
its suitability for modification (figure 5.1). The total pressure
is applied to the specimen via a rolling rubber diaphragm. The air
pressure is applied to the main test chamber and reaches the upper

specimen surface through the low air entry porous loading stone.

The main modification entails the instaliation of a high air
entry disc into the consolidometer base. This separates the air

and water phase sources thus facilitating their separate control.



The water volume change (entering or leaving the specimen) is
recorded using a Bishop's paraffin-type water volume change
indicator. Fredlund notes that Bishop's indicator is susceptible

to leakage, and suggests that this is due primarily to faulty seals.

The water volume change measurements are influenced by the
diffusion of air through the ceramic disc, thus the diffused air
volume must be quantified to enable application of a suitable
correction. A critical aspect of Fredlund's work is the development
of an indicator to measure this air volume. The indicator is
connected to the cell base, and the diffused air is periodically

flushed into it for quantification.

Since the cross-sectional area is constant, then the vertical
uplift of the specimen is directly representative of the volume
change. However, this is not the case following an isotropic
shrinkage, when the specimen parts from the cell wall. The cell is
therefore restricted to the study of swell behaviour. The component

stresses are generated using a pneumatic air supply.

The pore air pressure is supplied directly from the pressure
source, however, the water pressures must be generated by applying

pneumatic pressure to the water surface in a sealed reservoir.

The pressures are controlled using precision pneumatic air
regulators (constant bleed type) and quantified using electronic

pressure transducers.



In addition to the details indicated above, the author notes
that the following equipment features and operating procedures may
adversely influence volume change measurements in Fredlund's

-equipment.

The measurement of diffused air

The importance of correctly quantifying the diffused air
penetrating the ceramic disc has been fully discussed previously.
The design of the equipment plays the key role in this operation,
and it is therefore essential that all the necessary design measures

be undertaken to 1imit erroneous measurement.

However, certain features essential to the operation of Fredlunds
equipment, appear to present possible sources of error, and these

are discussed below :

(1) Flushing air from beneath disc

The ceramic disc is bedded upon a grid of water flushing grooves
as indicated in the generalised diagram (fig.4.5 ). The diffused
air as collected in the grooves is then flushed to the diffused air volume
indicator by initiating a pressure imbalance across the base. However
as can be seen from the inset (fig. 4,5 ) diffused bubbles may
become Todged in between the ceramic particles themselves, away from
one of the flushing grooves. It is unlikely that such air could be
consistently flushed away and quantified. The figures also indicate

small bubbles adhering to the side of the flushing grooves,although

this is less likely.



(i) Flushing groove geometry

The purpose of the flushing groove is to direct water beneath
the ceramic disc and flush away the collected diffused air for
measurement. Fredlund adopts a wave type flushing groove geometry;
this is a continuous channel design and thus reduces the possibility
of air entrapment during the flushing process. However, the groove
distributes water over a limited area of the ceramic disc face
only, and diffused air would be very difficult to flush from one

of the areas not covered by the groove.

An improvement upon this design is to cut a groove in the
shape of a spiral, one flushing port at the centre, another at the
outer end of the spiral. The design distributes water underneath
most of the disc, thus greatly reducing the possibility of air

entrapment.

(iid) Insufficient flushing pressure for diffused air

An insufficient flushing pressure can fail to remove all the

collected air bubbles from under the ceramic disc.

Fredlund recommends a 5 psi / 35 KN/ M2 pressure, but in the authors
opinion a 10 psi / 69 KN/M2 back pressure is more effective. However
care must be taken to avoid creating too high a pressure difference
otherwise cavitation will probably occur , resulting in the creation of

more air bubbles.



Operating procedures

The accuracy of data is not only dependent upon the equipment
design but also upon the nature and consistency of equipment

operating procedures.

The following procedures influence the accuracy of data and

operation of equipment.

(i)> Inconsistent reading of diffused air and water volume changes

The author notes that the optically unaided reading of burettes as
undertaken by Fredlund and previous researchers is susceptible to
the inconsistent reading of air water interface meniscii. The
author suggests the use of a small travelling microscope to observe

the meniscii on a constant plane.

(i1) Simultaneous alteration of stress components

Fredlund notes difficulties in achieving an instantaneous stress
change at the beginning of each test. This process involves changing

the total stress, pore air and pore water pressures.

Two distinct difficulties are encountered :

(a) Due to the large volume of the triaxial cell any change in
pressure cannot be instantaneously achieved. Fredlund overcomes
this by momentarily opening the air pressure valve in advance of
the total and water pressure valves. This he claimsyresults in near

instantaneous ‘'peaking' of all stresses.



Although not entirely satisfactory, there presently appears

to be little alternative to this procedure..

(b) The simultaneous opening of the three valves (one each
contralling total, air and water stress) is physically

impossible for one operator and difficult to coordinate

with more.

The procedure employed is to simultaneously open the total

and air stress valve followed byvthe water stress valve.

The author suggests that the values may be physical ly Tinked to
ensure simultaneous opening. However this would not necessarily ensure

that all stresses build up to the desired values simultaneously.
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Observations

A critical examination of the literature yields the

following observations :

1. The axis translation technique presented by Hil1f (1956)
has been shown by several authors to work satisfactorily
in unsaturated soils as a means of measuring and/or
controlling negative pore water pressures.

2. The importance of collecting the diffused air beneath
the ceramic disc was first recognised by Bishop and
Donald (1961). They propose a simple constant volume

circulating pump for flushing and measuring the diffused

air. Unfortunately this design cannot create more than a modest
pressure difference accross the cell base (less than 1 psi/ 6.9KN/M2)
and will therefore be unable to remove all the air bubbles.

In addition, the measuring capacity of the bubble trap (Bml) is
insufficient for long term testing. Since there is no provision to

reset the trap without terminating the back pressure, the design is

somewhat Timited in its present form.

3.  Fredlund (1973) is the first to develop a diffused air
volume indicator capable of being back pressured. The
design is straightforward and warrants serious
consideration.

4. MIT (1966) and Frediund (1973) suggest controlling the
air and water pressures with sensitive constant bleed

air values. This permits very accurate control of the

applied stresses.
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Ideally, it is better to record the water and total volume

changes, since the air phase is susceptible to complex variations

with temperature and pressure.

The Bishop's paraffin volume change indicator is used

by many authors and provides a safe and accurate means

of measuring water volume changes. Recent developments
have modified the device so as to automatically record
volume changes on a data logging systems; however, this
latter device is not avajlable to this project.

One dimensional consolidometers such as the Rowe cell

and 'Anteus'types have been modified by installing high

air entry ceramic discs to permit the measurement of one
dimensional swell in expansive unsaturated soils.

These units are versatile and ideally suited to

modi fication.

Regarding the effects of diffused air upon the apparent
water volume change, it is essential that the bubbles be
‘completely' flushed from beneath = the ceramic disc in
order that a true correction be made for them. This is
partly achieved by incorporating a flushing groove

beneath the ceramic disc.

Since 'complete' flushing is difficult to achieve, it is
important that the groove covers as much of the underside of the
disc as possible.

It is suggested that a groove in the shape of a spiral would
be suitable ( manufacturing difficulties permitting).

The one dimensional volume change testing in the described
equipment is limited to observing swelling behaviour, since
a three dimensional shrinkage (isotropic) cannot be

adequately monitored.
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10. Fredlund's system incorporates most of the above observations
and is therefore considered as a sujtable starting point for
the development of equipment for studying the stress - deformation

-4

behaviour of unsaturated expansive clays.

5.2.3 Equipment Development

The remainder of this chapter is devoted to the authors

equipment development.His test system utilises several aspects
of Fredlunds experimental work, some of which are improved or modified
to fit in with the available facilities.The overall system controls
the total, air and water stresses and permits measurement of the
total and water volume changes. In addition, the diffused air

collecting under the ceramic disc may be flushed away and quantified.
thus enabling the true water volume change to be calculated.
The specimen is contained within one of two test cells

developed for the project :

(1) 76mm  cell : this employs a 3" (75mm) diameter specimen
housed within a modified Rowe consolidation cell.

(ii)  102mm cell : A 4" (100mm) specimen housed within

modified 4" triaxial cell components.
It is emphasised that both cells are designed to measure
one dimensional swell behaviour only. The terms 'Rowg' and'Triaxial’

are retained so as to facilitate identification of the cell types.
The  102mm cell is a later development, arising from (a)

the doubts concerning reljability of the 7gmm cell loading system

(rubber convoluted jack), and (b) the desire to examine larger

specimens.
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The increased working space within the 102mm cell was
originally considered suitable for incorporating some form of
internal pore pressure monitoring system (ref. Section 5.2.3)
into the specimen. However, this aspect was discontinued because
of the anticipated problems and since the measurement of pore
water pressure from the base ceramic disc was considered

satisfactory.

Both test cells are noted as being compatible (Chapter 6)
and are simultaneously employed to increase data. The operation
of the cells differs from previous research in that the loading
system is operated from a pneumatic as opposed to hydraulic,
source - effectively suppressing the need for a de-airing procedure
within loading system fluid.
The entire equipment is located in an environmental chamber thereby

minimising the variation in temperature and humidity.

The equipment is discussed under the following headings :

1. One dimensional swell testing cells.
(a) 76mm cell (modified Rowe type cell)

(b) 102mm cell (modified 4" triaxial cell components)

2. Plumbing

3. Pressure control and measurement
4. Total volume change measurement
6. Water volume change measurement

7. Measurement of diffused air beneath ceramic discs.

8. Data logging.
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5.2.3.1 76mm cell (modified Rowe type cell)

The Rowe cell is chosen for its versatile design with regard
to total and water stress application. The original design permits
-total stress to be applied under plane stress or plane strain
conditions. 1In addition, the specimen may be tested under drained

or undrained water conditions.

The cell employed in this project is produced by Armfield
Engineering Ltd. after the original design by Rowe and Barden (1966)
- refer plate 5.2 and figure 5.2. The specimen is 75mm in diameter

by 25mm thick and is contained within a rigid cell body.

The outlet, normally employed for the drainage of water is used
to pressurise the air above the specimen and thus regulate the pore
air pressure. The load is applied using the convoluted rubber jack
assembly with the exception that the jack is operated using pneumatic
instead of hydraulic pressure (see later for details). Water is
supplied to the specimen through a high air entry ceramic disc
located in the base. The water is supplied to the cell from a
pressurised reservoir via the Bishop's paraffin volume change indicator
which monitors water volume flow. A diffused air volume indicator

is connected to the other base tapping.

The vertical movement of the loading piston and hence total volume

change is measured on an accurate dial gauge (0.001mm /division).

The design of the Rowe cell permits a simplification of the

plumbing and control systems presented by Frediund, and in this
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respect it is considered superior. However, the problem of
numerous seals, joints and connections and their ensuing
potential leakages persist. In order to ensure precise water
volume measurements, these must be eliminated or at least

accurately measured and adjusted for.

The 76mm cell consists of essentially three components:
Body, cover and base. The last two have been modified to permit
the installation of high air entry and low air entry porous discs,

details being given below (ref. fig. 5.3 and plate 5.2).

Cell Base

The main alterations to the base are the installation of a
high air entry ceramic disc and provision of an additional water

point (ref. fig. 5.4, plate 5.2(c) ).

A suitable sized recess is machined in the bronze base to accept
the ceramic disc - porosities located within the casting being
filled with a suitable solder. 1mm deep water flushing grooves are
then machined at the bottom of the recess. The grooves are cut in
a concentric pattern since a spiral cut is not possible within the

available facilities.

Prior to installing the high air entry ceramic disc, an
additional water point is machined in the base to provide an inlet
and outlet for the flushing water. The 2mm diameter water points
emerge at opposite locations beneath the disc to ensure uniform water

distribution.
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The water ports are finally cleaned with a compressed air
jet and tested for water passage.' The high air entry ceramic
disc is then located in the base. The discs employed in this
research are produced by the Soil Moisture Equipment Corporation and
have a 72.5 psi / 500 KN/MZ aip entry value ( this equals the air
pressure required to force air through the plate once it is

thoroughly wetted with water).

The high air entry disc is placed in the base recess and
clamped in position. Liquid Araldite No. CY 1301/HY 1300 is then
injected into the space surrounding the disc to provide a strong

watertight seal.

The low viscosity of the Araldite ensures that it flows into
and completely fills the recess. In addition, this type of epoxy
may be de-aired in a vacuum desicator so as to extract the bubbles
introduced during the mixing process (thus preventing a possible

leakage path from forming around the ceramic disc).

Finally, once the epoxy is fully set (3-4 days), the clamps

are removed and the base is ready for use. Care must be taken not to
back pressure an unloaded disc, otherwise cracks may develop

rendering it unserviceable.

A Bell and Howell pressure transducer is located at the outlet
port in the base. This ensures that the true base water pressure
is always recorded. Full details of the transducers employed are

given later.
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The existing on/off Klinger values are replaced with compact
miniature values produced for Soil Instruments Ltd. These values
are being increasingly used by equipment manufacturers due to their
compact size and equivalent performance compared to the bulkier

Klinger types.

Cell Body and Cover

The cell body, which contains the specimen, is not altered
in any way except that the inner surface is coated with petroleum
jelly prior to testing to reduce friction between it and the rubber
loading jack. The cover (Plate 5,2A)requires a few small modifications.
In addition to the replacement of on/off values with the smaller
"Soil Instruments" type, several porosities have been located. These
permit air leakage and must therefore be plugged with conventional
(high viscosity) Araldite No. 2001. This process is tested by
pressurising the cell with air and immersing it under water to
observe leakage. The rubber jack is pressurised with air in place

of the original hydraulic pressure because

1. air pressure is easier to control.

2. it dispenses with de-airing procedures required for
a hydraulic loading system.

3. the time delay required to de-air (2), would result
in an unsaturated specimen imbibing unwanted water

prior to test commencement.
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The rubber jack is noted as not applying the same pressure
to the specimen as is applied to it. This is presumably due to
the expansion of the convoluted jack.against the cell body,
creating friction and thus reducing the actual surcharge applied
to the specimen. In order to determine the true overburden being
applied to the specimen therefore,a calibration factor must be
determined. This is achieved by accurately measuring the difference
between the supply air pressure and the load applied by the rubber
jack to a load cell. The full procedure and subsequent calculation

of the factor are detailed in appendix C7.

The air pressure is fed to the specimen surface via the
outlet normally used for water drainage. The air is distributed
over the surface of the specimen by placing a highly porous sintered
phosphorus bronze disc between the rubber jack and specimen. The
disc is fairly rigid and maintains a flat specimen surface, at the
same time it is sufficiently flexible to resist mechanical damage

(unTike porous stones).

This technique is similar to that originally used by Bishop and

Henkel (1962) and subsequently by several other authors.

The air entry value of the porous disc must be less than the
pressure deficiency within the specimen to ensure that water is not
drawn into the disc during the test, thus creating an apparent increase

in water inflow (especially at the commencement of the test).
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5.2.3.2 102mm cell (meodified triaxial cell components)

This employs a new 4" (100mm) diameter one dimensional swell
testing cell housed within a 4" (100mm) triaxial pressure vessel -

refer plate 5.4 and figure 5.5. This is developed :

(i) to observe the behaviour of larger specimens
(i1) because of some doubt regarding the loading system
in the 76mm cell, and

(iii) to increase the amount of data

It was also intended that the large working space available
within the 102mm cell be utilised for incorporating a pore
pressure measuring device into the specimen itself. However, this
approach was terminated since the tip causes a large disturbance
within the specimen and also because the measurement of pore water

pressure from the ceramic disc was considered satisfactory.

The triaxial cell is ideal for modifications due to the multiple
tappings on the cell base. The specimen is 100mm diameter by 30mm
depth, and is housed within a rigid brass cell wall (cylinder).

Water is supplied via a modified triaxial pedestal with an incorporated

high air entry ceramic disc.

The entire unit is enclosed within a 4" triaxial pressure
vessel, thus enabling control of the pore air pressure. The total
stress is applied using a specially designed pneumatic loading rig -
the entire apparatus being held in a rigid loading frame. The water

pressure is generated at a pressurised reservoir, passes through the
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Bishop's water volume indicator and finally enters the cell base.
The water outlet is connected to a diffused air volume indicator

(see later).

As with the 76mm cell, a modified version of Fredlund's
plumbing and control system is employed. The equipment is routinely
examined for leaks, the procedure used being outlined in Section

5.2.4.

The 102mm test cell consists of two major components :
the test cell, and the loading rig. Their construction is examined

in detail.

The test cell

As previously mentioned, the unit is a one dimensicnal
testing rig located within a 4" (100mm) triaxial pressure
vessel (ref., fig. 5.6 and plate 5.4). The cell is composed of three

portions: the base, the body and the loading plate.

The base is machined from brass stock, and is intended as a
replacement pedestal to be bolted onto the original 4" (100mm)
triaxial base (ref. fig. 5.7). A recess is cut into its surface
to hold the high air entry ceramic disc, and lmm deep water flushing

grooves cut below this to facilitate the collection of diffused air.

Two vertical water flushing ports are machined to coincide

With the existing ones in the triaxial base.
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The high air entry ceramic disc is positioned in the recess
and glued around its circumference with a low viscosity epoxy
seal (as with the 76mm cell). The pedestal is finally bolted
into position using the original fixing. Once again, back

pressuring an unloaded disc must be avoided.

The body, which restrains the specimen laterally, is again
machined from brass stock. It connects to the pedestal by a very
fine LH thread (ref. fig. 5.8). The load is distributed across
the upper face of the specimen by a brass loading plate (fig. 5.9).
The plate is machined to close tolerances with a 0.5mm all round

gap (to BS1377 tolerances for consolidation equipment).

The free access of air pressure to the specimen is facilitated
by incorporating a grid of air channels through the loading plate.
The distribution of air across the specimen's surface is facilitated
by inserting a low air entry disc in between the specimen and loading

plate.

The water outlet from the base is connected to a brass
transducer junction. This enables measurement of the true base
pressure (necessary when correcting the apparent water volume change

for measured diffused air).

Only three of the original four tappings to the base are

required - the air supply inlet and the water inlet and outlet - the

fourth tapping is sealed.
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The Klinger on/off values are replaced with the smaller
soil instrument type (for the reasons noted in the 76mm cell

development).

The pressure vessel which requires no modification, must be

carefully sealed to the cell base to prevent air leakage.

A longer loading piston is manufactured from 19mm
stainless steel rod. A very close piston bushing fit is achieved
by moving the piston in the bushing whilst coated with liquid

abrasive.

The loading rig

The loading rig provides the means of applying an overburden/
surcharge to the specimen. It consists of a rigid loading frame

and an air cylinder for applying the load.

Loading system (Fig. 5.10)

The loading system comprises of a double acting air cylinder.
This is in effect a pneumatic piston, the applied load being

proportional to the air pressure supplied to it.

The piston, which is made out of a non-corrosive steel alloy,
can be raised or lowered by directing the air flow accordingly (hence
the term double acting). The air flow is actually directed using a

3-way, 2 position valve. Both the cylinder and valve are manufactured

by Compair Maxam Ltd.
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In order that an instant pressure increase/decrease can be
accomplished, an on/off valve is located next to the three way
valve. This is of the miniature Soil Instruments type as discussed

earlier.

Since oil is introduced to the air cylinder via the air supply
to facilitate Tubrication, an 0ily mist vents to atmosphere
following a reversal in air cylinder movement. This is collected

to prevent air pollution.

The load applied by the air cylinder is controlled using a
precision air regulator. These are of the constant bleed type and

manufactured by Norgren Ltd.

As a result of piston friction, and the difference between
specimen and air cylinder piston diameters, then the air pressure
applied to the air cylinder does not equal the specimen overburden.

In consequence, the air cylinder must be calibrated (ref. App. C6).

The air pressure supplied to the air cylinder is controlled

from the supply board (described later).

Loading frame (Fiq. 5.11)

The loading frame is a rigid steel assembly, designed to hold
the test cell while being subjected to the air cylinder loading.
It comprises of upper and lower rectangular 20mm steel plates,

separated by four 40mm threaded studs Tocated at the corners.
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Where studding passes through a plate, a nut is secured above

and below it to form a rigid connection.

The frame is designed for zero deflection under anticipated

Toading conditions.

Provision must also be made within the design to monitor
vertical displacement of the specimen. Two methods are employed :
the first involves mounting a magnetic based dial gauge to the upper
main plate (see Plate 5.30), and the second method utilises two 15mm
mild steel vertical bars, (mounted on the base only so as not to
be susceptible to extension undergone by the rig) to which movable

arms bearing linear displacement transducers are connected.

P]umbing

Since accurate verification of the volume change theory depends
upon the water volume change measurements, then it is imperative
that any system 'leaks' be eradicated. One of the greatest potential
leak sources is the plumbing, and the various aspects of this are

separately discussed below.
Pipewo rk
Two types of polypropylene tube are employed in this equipment :

water pipe : S5mm 0D , 3mm ID
airline : 8m OD , 6émm ID
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Pipe connections

These are essential to ensure an absolute water or air seal.
The airline is connected to equipment via non permanent and easily

detachable push-in type connectors (manufactured by Compair Ltd.).

The smaller water pipe is connected using brass 'olive' type
connectors. A brass washer (olive ) is attached to the pipe, against
which is tightened a nut, thus effecting a watertight joint.

(Manufactured by Simple-fix).

Constant bore pipe and fittings

A variation in bore diameter can result in air being trapped
within the system, and may even cause diffused air to come out of
solution as a result of a change in fluid pressure. The bore of most
fittings varies from manufacturer to manufacturer and steps must

therefore be taken to standardise.

This is achieved by fixing a greased section of piano wire
(2mm diameter) through the fitting and filling the surrounding space
with a Tow viscosity epoxy resin. Once this has set, the piano wire

is removed, resulting in a smooth uniform bore.

Air/watertight-threaded connections

The system employs a large number of threaded connections, most
of which are of a permanent nature (although a few are regularly

disconnected).

Attempts to seal connections with PTFE plumber's tape result in

the tape deteriorating - essentially contaminating the water supply.
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However, the tape is apparently not affected by the air supply.

The main advantage of PTFE tape is the ease with which sealed

components can be dismantled.

‘Lockite’ - a semi permanent setting fluid that seals and locks
threaded connections is found to provide an effective water/air-
tight seal. The main disadvantages of this compund are :
the lengthy setting time (> 2 days) and the difficulty encountered

in dissassembling sealed threads.

It is decided however to utilise Lockite on all permanent water

system connections involving metal to metal contact.

Connections with perspex are sealed using the more flexible

PTFE tape (thus preventing cracking).

Pressure control and measurement

The test systems require an easily controlled air pressure source
for the total, pore air and air volume indicator back pressures. In

addition, the water stress must also be pressurised.

Hi1f (1956) and others, show that water will assume the same
Pressure as the air pressure applied to it, thus the required water
Pressure can be generated by applying a pneumatic pressure to the

surface of a sealed water reservoir.

A total of four separate air pressure outlets are

réquired; three capable of delivering 80 psi/ 552 KN/M2 for the

the air pressure, water pressure, and the diffused air volume indicator)

and a fourth capable of providing 115 psi / 793 KN/MC
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(total stress). The actual requirements are twice those Tisted

above, due to there being two test systems used concurrently.

Pressure distribution board

The pressure supply for both systems is controlled from the
pressure distribution board or 'board' as henceforth referred to

(Plate 5.5).

The equipment is designed to withstand 200 psi / 1379 KN/MZ, thereby

providing a safety margin well above the maximum working pressure.

The air supply first passes through a dirt/moisture trap and is
then fed to the control precision air regulator valve (by Norgren Ltd.).
This valve dictates the magnitude of the maximum board pressure.

The air flow is then split into four branches leading to the total,
pore air, pore water and air volume change indicator back pressure
supplies. The output from each branch is controlled by a further
Norgren valve, and monitored by a further 2" face diameter pressure
gauge. For accurate pressure measurement, a single Bell and Howell
pressure transducer is cut into either of the four channels as

required ( refer figures 5.2 and 5.5).

The above network of pipes, gauges and valves are mounted on a
thin metal sheet, this in turn being reinforced with a wooden frame.
(Ref. Plate 5.6). The entire assembly is quite heavy, but successfully
mounted on the wall using two bolts. This method of fixing also

facilitates rapid inspection of the assembly.
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Pressure supply

The basic requirements of the pressure supply are firstly a
minimum output of 115 psi/ 793 KN/M2, and secondly, that it is

available for 24 hrs per day.

The 'in house' compressed air supply fails to meet the above
specification, however it can be employed for lower pressure ranges

(n.e. 80 psi/ 552 KN/MZ) between 0900 and 1630 hrs weekdays.

The above specification is met by a small electric compressor.

Only a small size is required since the volume of air used is 1limited.

Pressure measurement and recording

Pressure measurement

The pressures within the system are measured using electronic
pressure transducers. Two types are employed to accommodate the

anticipated pressure ranges.

Channels 2, 3 and 4 with an 80 psi/ 552 KN/M2 maximum requirement
uti]fse 100 psi/ 690 KN/M2 Bell and Howell pressure transducers. These

require a 10v DC excitation voltage and have a maximum output of 200 my.

Channel 1 requires a maximum 115 psi/ 793KN/M2 and utilises a 225psi
/ 1551KN/M2 pressure transducer by Druck Ltd. The
other characteristics are identical to the Bell and Howell type.

Calibration information is presented in Appendix C2.

The pressure transducers are ‘energised' using a 10 VDC voltage

8nerator. The outputs are connected to sensitive voltmeters and
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calibration factors applied to obtain true pressure readings.

The adoption of such a simplified data acquisition system is

discussed later,

Measurement of total volume change

The total volume is measured on the 'Rowe' and 'triaxial’
systems by mechanical dial gauges capable of recording deflections
to at least 0.00Imm. These monitor the deflections of the loading

pistons in both cases (ref. plates 5.1 and 5.3),

The specimens are restrained laterally, thus the measured swell
is fully representative pf the total volume change. The volumetric
behaviour of an unsaturated soil is determined by the water pressure
deficiency (suction). The specimen will swell provided suction is
decreasing. Conversely, an increase in suction will result in an
isotropic shrinkage of the specimen, causing it to 'pull away' from the
test cell body. It is apparent that under such circumstances the
measured displacement will not be representative of the total volume

change.

The apparatus described in this chapter is therefore restricted

to the study of one dimensional (vertical) swell behaviour.

Both systems are subject to compressibility effects, the

calibrations being listed in Appendix C3.

The measurement of water volume change

This is achieved using a Bishop's type double tube, double acting

Water volume change indicator as produced by Farnell Engineering Ltd.
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The burettes have a full travel of the water kerosene interface
equal to 25 ml, volume changes being recorded to within 0.02ml.

In an effort to reduce leakage, new seals were installed in the
indicators used With each system. The inside of the burettes are

coated with silicon water repellant to ensure consistent meniscus

forms. The back pressuring of the devices over several days indicates
that they consistently leak a small quantity of water. these leaks will
amount to a significant loss over extended testing periods; the
measured water volume changes must be corrected accordingly. The

formulation of these corrections are detailed in appendix C.1.

It is noted that volume changes should always be recorded using
the interface moving downwards, since this exhibits the best

meniscus form and therefore the most consistent reading mark.

Measurement of the diffused air beneath ceramic discs

Although free air cannot pass through the ceramic discs (up to
the air entry value pressure), diffused air can and does, pass through
and form as bubbles below the ceramic disc. The recorded water volume
change is therefore in error, and must be adjusted for the volume of
diffused air recorded over the same time period (in accordance with

Boyles law - refer Appendix D).

The volume of diffused air is measured using a purpose built
indicator. It is flushed with water from beneath the ceramic disc to

the indicator by creating a pressure gradient across the cell base.
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A diffused air volume indicator designed after Fredlund (1973)
is adopted with suitable alterations. (Figures 5.2-5.5 for general
layout). The design is centred around an inverted 25m1 glass

burette, partly filled with water and closed at the top (fig. 5.12).

Water is flushed from the cell base and enters the diffused
air vp]ume indicator (DAVC1) into the lower end of the burette.,
At this point, flushed bubbles float to the air-water interface
within the burette. The water cannot fili the burette due to its
closed end, and is thus diverted to an exit tube and finally into
the main chamber. The amount of diffused air is registered as a

change in the meniscus level.

The main chamber may be back pressured to create any desired
pressure gradient across the cell base. (see section on operating
procedures for further details). The design consists essentially

of the base and a housing, both being examined below.

The base

This is the 'heart’' of the device and directs the water flow
firstly to the burette and secondly to the indicator chamber. It is
turned from 125mm perspex stock, all channels subsequently being
drilled to 2.0mm diameter. The main entry and exit parts are threaded
to 1" BSP to accept the on/off values from Soil Instruments Ltd.

The burette is positioned by a threaded brass sleeve - metal to glass
contact being prevented by a greased P.V.C. '0' ring. This 'flexible’

Joint is found to protect the burette from knock damage, and prevent
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build up of excess torque, and subsequent cracking of glass

during.assembly. Water is directed to the burette via a 5mm 0D/

2.5mm ID perspex tube - which is glued into the base.

The exit tube, originally proposed by Fredlund, was glued
directly into the base. This has been modified such that it can be

screwed into place, thus facilitating easy replacement.

The base is connected to the indicator housing by a coarse
machined thread (60 x 2.5¢). A water/a%rtight seal between the base
and housing is accomplished by countersinking a large P.V.C. '0'

ring into the base.

The indicator housing

This comprises of a perspex chamber which screws to the base.
The housing is composed of an 80mm diameter perspex cylinder with
Smm walls, it being capped with a 30mm thick perspex plug. Into the
plug are machined a threaded air entry port for the air pressure entry
valve and a central locating hole for the burette. The central hole
also contains two countersunk '0' rings to provide an airtight seal
at the head of the burette. A small amount of petroleum jelly at the
head of the burette prevents the development of excess torque and
subsequent cracking of the burette during equipment assembly. Al

Perspex joints are permanently cemented using ICI Tensol cement No 12.

Logging of data

A manual data logging procedure is adopted in this project.

Readings to be taken include: water volume, diffused air and specimen
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swell, in addition to the digital pressure readings, recorded as

a voltage output from the transducers.

The main reason for adopting a manual recording procedure is
that the water volume and diffused air must be recorded manual 1y
due to the nature of the apparatus. Even if the other quantities
were logged automatically, the combination of logging methods is
not considered satisfactory due to the potential booking errors.

In addition, a manual procedure is adopted for the following reasons :

(1) the electricity supply is prone to very short cuts or power
surges overnight - due to the absence of an emergency
supply. The adoption of one of the available micro computer
based systems would result in a complete loss of data and
possible 'corruption' of the floppy disc following any such

interruption of supply.

(i1) since the system is still under development, then an
unnecessarily complicated logging system is presently

considered inappropriate.

(i)  since readings are taken on a once daily basis only, then
a continuous 24 hr/day recording system is considered

superfluous.

Water supply

For the sake of consistency, double de-aired-deionised water

is employed for all testing.
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Constant temperature

Temperature is recognised as affecting the swell potential

of expansive clays (ref. Chapter 2.7(g)). Krazynski (1973) and

more recently Sherif et al (1982) demonstrate this experimental ly.

Since it is not the object of this project to examine
temperature effects;, and in the interests of consistency, all
testing is conducted in a temperature/humidity controlled environmental

chamber,

Records indicate a mean temperature of 24°C  with a standard

deviation of 2.4 °c.

5.2.4 Preparations for testing

The verification of Fredlund's theory requires that all water and
volume changes are accounted for, and therefore related either to an
equipment deficiency or a soil process. To achieve this, the apparatus

must be thoroughly examined in between each test for new leakage.

Bishop and Henkel (1962) indicate that the high air entry disc
must be de-aired before every test and the air entry and permeability
values be determined so as to highlight cracking of the disc and subsequent

inaccuracies in the readings.

Since all water volume change measurements are made with reference
to the Bishop's water volume change indicator, then it is imperative

that its functioning is fully accountable.

In addition to the above (regular) checks, there are general

one-off calibrations which are determined only periodically.
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The above are discussed in the following pages.

Saturation of the high air entry disc

The high air entry discs are de-aired by filling the cell with
water, and applying an air pressure of 100 psi/ 690KN/M2. The exit valves
from the base are initially closed, thus allowing the pressure to
build up within the disc and underlying water chamber. After two
hours, the bubbles have dissolved in the water and the exit valve
is opened, thus f]ushing away the diffused air. This process must
be repeated for at least one day with a new disc, although pre-
saturated discs should be satisfactory. The disc is kept saturated

once the above procedure is conducted.

Permeability of disc

The equalisation of the disc permeability indicates that the high
air entry disc is saturated. The permeability value should remain
constant throughout the disc's life, and a sudden increase is considered
indicative of a crack. The permeability is measured by filling the
test chamber with water to a depth of 20mm, applying a pressure and
monitoring the rate of water outflow to a Bishops' indicator (ref.

App. C5 for details).

The pore pressure response time of the disc is not studied in this
thesis,since in view of its small magnitude (Robinson,unpublished)
it is not considered as significantly influencing the overall system

response time.(appendix C5).
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Air entry valve

The object of this test is not to determine the actual air-
entry valve but more to assess whether the disc can withstand
pressure differences in excess of those anticipated during testing.
The test involves wiping the disc almost dry and applying the
required pressure to its surface. If the port to the Bishop's
indicator is opened then the air diffusing through the disc will
displace water and be recorded. A sudden increase in air flow
indicates either a cracked disc or a leakage within the cell.

This aspect is again dealt with in Appendix C5.

Water leakages

A1l water volume changes recorded during testing must be

accounted for.

The large number of joints and connections, create many possible
sources of leakage, and a methodical - regular examination of the

equipment is essential. The order of assessing equipment is as follows :

(3) Bishops water volume change indicator

Since all subsequent water volume changes are measured using
this device it is essential that leakage from it be halted or at least
allowed for. The indicator is back pressured through each limb for
two days at 50 psi/ 345 KN/M2 and subsequent volume change recorded. It is
Suggested that the indicator should not leak > 3/100ml1 over two days -

although all leakage must be accounted for during the analysis.
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(b) Valves

Both testing systems (based on the 76mm and 102mm cells)
employ several on/off valves which must be regularly tested. The
back pressured Bishops indicator is attached to the cell, but with
the connecting valve closed. Each valve is tested for a minimum of

one day in either direction.

(c) Cell leakage

Cell leakage will cause a demise in air pressure when the cell
is isolated (as during the changing of stress condition). To identify
leakage, the cell is pressurised to a high pressure (100 psi/ 690KN/MZ) all
valves closed and any demise of pressure monitored. Losses should be

less than 1 psi/ 6.9KN/MC per day. (ref. App. C4)

The actual point of leakage can be determined by immersing the
cell in water and observing any escape of air (see Section 5.2.3.1

on porosities).

5.2.5 Testing procedures

The two procedures employed as the primary means of evaluating

the volume change theory are as follows :

{8) Null (undrained) testing

Fredlund (1973) and Barden, Madedor and Sides (1969) employ ‘null’
tests to validate the proposed stress state variables (refer Chapter 4

and Appendi x E), for specimens of comparatively low expansion and
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plasticity characteristics (liquid limit < 64%).

Although the author uses null tests primarily for the
verification of the stress state variables for medium-high
expansive soils, they are also employed for the

following purposes :

(a) perfecting specimen production technique
(b) to ensure correct functioning of apparatus
(comparing with other research)

(c) development of operating procedures

It is indicated in Chapter 3 that if the stress components,
UaoUy and ¢ are changed, no process should occur in the soil

provided the stress state variables : (o -y and (Uz - Uy) or

a)
(o ~Uw) and (Ua- Uw) remain constant.

This procedure is the basis of nu]j testing and is achieved by
increasing o ,U a and U W by equal amount simultaneously.
The tests are therefore termed null since their object is not to produce
& change within the phase/phases under consideration. This is

further discussed in Appendix E3.10.

(b) Drained/Uniqueness tests

The purpose of these tests is to determine whether the proposed
constitutive relationships for volume change are unique (i.e. whether

there is only one relationship between the stress state variables).
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A complete examination of the constitutive surface requires :

(a) small stress deviation about a stress point
(b) Targer stress changes to examine the entire surface

(c) reversals of stress to observe hysteretic effects

However, due to time and equipment limitations, this investigation is

limited to small stress deviations at a point, and the procedure adopted is

as follows :

Small stress deviations about a stress point

The specimen is subjected to small stress increments along three
stress paths. Using the deformation from any two of the increments,
it is possible to compute two corresponding compressibility moduli.
Now the deformation equation can be used to compute the anticipated
deformation along any other stress path. The computed deformation is
compared with the measured deformation. The constitutive surface
at a point is unique if the measured and predicted deformations are
essentially equal in all cases.

(Appendix E5.9).

Detailed testing procedures

The overall testing procedures are essentially the same whether
Operating in the drained or undrained modes. The prime difference
0ccurs in the interpretation of data.

The procedures involve :
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1. Specimen preparation

2. Equipment assembly and test initiation
3. Routine measurements

4. End test and equipment disassembly

5. Additional operations

The above are detailed in Appendix Al and A2.

5.2.6 Data processing

The large quantity of experimental output is typed into a
microcomputer and processed using a purpose written program.
The program is formulated to : (i) apply the previously determined
correction factors for compressibility and known water leakage to
the experimental output and (ii) determine the total volume, water

volume and pressure histories for each test.

A similar procedure is adopted for the oedometer swell pressure

tests, full details and sample calculations being given in Appendix D.

5.3 CONVENTIONAL CONSOLIDOMETER EQUIPMENT USED TO

PROVIDE SUPPORTING DATA

The aim of this section is to describe the consolidometer

equipment and procedures employed to provide supporting data for

the main tests outlined previously.
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5.3.1 Basic Considerations

The full testing of unsaturated soils requires a complex
system incorporating control of the air, water and total stresses.
Such a system, although essential for the rigorous experimental
verification of a theory is probably beyond the means of most
soil testing laboratories. A simplified testing system and
procedure is therefore desirable for ehgineering application.
Various testing procedures involving the one dimensional consolid-
ation apparatus are used in practice. These include the "constant
volume" and free swell testing methods. It is assumed that the
soil matrix suction is eliminated by immersing the specimen in water,
and that the soil properties and stress values are obtained from

the total stress plane.

In the constant volume swell pressure test the specimen is
subjected to a token load and submerged in water. As the negative
water pressure is released to atmospheric conditions, the specimen
tends to swell. The applied load is increased to maintain constant
volume until no further tendency to swell is exhibited. This maximum
load is termed "the uncorrected swell pressure”. The results
are normally plotted in a two-dimensional format (void ratio (e)

against total stress variable (o—ua) ) they are more readily understood
in a three dimensional format ( refer finure 5.14for example).
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Figure 5.14 illustrates the ideal void ratio stress path
with @ minimum of disturbance. In reality the stress paths are
more significantly affected by sampling (fig. 5.15) the swell
pressure being reduced from P to P; . This value must therefore
be adjusted to compensate for the sampling disturbance, and a
semi empirical technique based upon Casagrande's method for
determining preconsolidation pressure in overconsolidated clays is

presented by Fredlund (1980).

The freeswell type test involves allowing the immersed specimen
to swell freely under a token load only. The load required to bring
the specimen back to its original void ratio is termed the swell

pressure.

The main criticism of this test is that it incorporates
hysteresis into the prediction of swell pressure (the specimen being
permitted to swell and then compressed to yield the swell pressure
value). Even so, this is found to have a beneficial side effect and
tends to compensate for the sampling disturbance. The measured swell
pressure is therefore more accurate than that obtained from the

constant volume swell pressure test before correction.

Choice of test procedure

The constant volume swell pressure test (CVSP) is one of the
‘accepted' swell testing methods in geotechnical practice and is

Preferred due to it:
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(a) already having been employed by Frediund (1980) and Yoshida
et al (1983) for evaluating the volume change theory on a
Tow-expansive soil. This limited success provides scope
for further verification of the theory with a range of

higher expansive soil types.

(b) being quicker to perform than the free swell test,
due to the smaller time required for swell pressure to

achieve equilibrium.

The reliability of this method is best gauged by comparing the

swell nrediction (based on experimental data) with observed insitu

behaviour. However, the absence of suitable field data requires
that free swell tests be conducted to provide some data for

comparison purposes.

Test types
Two types of consolidometer based tests are therefore used:

Constant volume swell pressure test (CVSP)

A standard 'swell' indicating test employed to provide a

prediction of potential heave and swell pressure.

Free swell test

A modified free swell type test devised by the author to provide
a8 heave value with which to compare the predictions made from the
CVSP test. A specimen is permitted to swell freely under a particular

overburden value. The final equilibrium swell (change in height) is
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taken as the soil swell, and expressed as a percentage of the

original specimen height.

‘The CVSP_test in relation to the volume change theory

for unsaturated soil

The data is used to determine the appropriate moduli

(compressive and rebound) wrt the insitu stress state.

The swelling exhibited by an unsaturated soil is assumed
equivalent to the rebound experienced due to the unloading of a
saturated soil (held at constant volume during swell pressure build
up). The rebound surface is unique when plotted on the 3D void ratio

constitutive surface. (Figure 5.13).

The soil specimen is initially at (o -u and (u - u)

a)o w'o

and then djnundated with water - swelling until equilibrium is
attained (and (U, - uw) = 0). Swell can be predicted on the basis

of the suction plane rebound modulus, however, this is difficult to
measure, thus heave is determined using an altemative stress path.
There are an infinite number of stress paths a specimen can take,
however, the following is adopted : from the initial point, the
specimen proceeds along the constitutive surface until suction equals
zero. At this point swell pressure is a maximum, and further increase
in Toad will decrease the voids ratio (Fig. 5.13). This value is

said to be equal to the sum of the equivalent matrix suction, and

total insitu stress. The equivalent matrix suction (in the total
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stress plane  Fig. 5.14) does not actually equal the matrix
suction, but the dissipation of either results in the same amount

of heave.

The stress path finally rebounds to the final void ratio

in the total stress plane.

As indicated in figure 5.15, sampling disturbance will result
in a reduced swell pressure. When the void ratio versus log pressure
curve is plotted for the test, a modification of Casagrande's
empirical correction (originally for calculating preconsolidation
pressures) is applied to yield a swell pressure value adjusted for

sampling disturbance.

In addition, the void ratio versus pressure plot is adjusted

for compressibility of the consolidometer.

The adjustment procedures for equipment compressibility and
sampling disturbances are fully discussed by Fredlund (1983).
Example calculations are presented in Appendix C
Theoretical aspects of the CVSP test

(a) General

Fredlund visualises the behaviour of unsaturated soils in terms
of changes in moisture content and loading. He presents a series of
constitutive relationships for total and water volume changes (Chapter
4) in terms of (u, - u) and (o -U,) , and also expresses them

diagrammatically.
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Where the logarithm of the stress state variable is used,
the void ratio constitutive surface may be linearised over a

wide range of stress such that :

(o-u,) (u,=u,,)
- a'f a w'f
Ae Ct ]Og -(E_—u—-a-);‘ + Cm ]Og m (5.])
where
Ct = compressive index with respect to total stress
Cm = compressive index with respect to matrix suction

"f' subscript designates final conditions

‘o' subscript designates initial conditions

The heave (ah) of a soil layer of thickness (h) is given as

h.aA
Ah € (5.2)
(1 + eo)

e, = initial void ratio

The final degree of saturation is assumed to be in the region
of 100% (Fredlund (1979)), thus the change in water content can be

calculated, where

Sp.he e _.As
o= 4 0 (5.3)
G Gs
s
S¢ = final saturation ; G, = specific gravity
AS = change in degree of saturation
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Fredlund recommends that an analysis of heave through a soil
profile be considered in terms of several layers - the above
procedure being applied to each layer in turn; however, in the case

of this project, a single layer is assumed.

(b) Initial stress conditions

Since the ambient air pressure is taken as the reference
pressure, then the pore water pressure distribution is considered
equivalent to the matrix suction distribution which can be

measured indirectly using the procedure described later.

(c) Final stress (boundary) conditions

A limited number of field studies are undertaken by Yoshida
et al (1983) who conclude that the following assumed final stress

conditions result in the best predictions of heave :

(a) final air pressure equals zero (atmospheric)
(b) final pore water pressure assumed constant and

equal to atmospheric.

5.3.2 Apparatus

The testing system employed for undertaking constant volume
swell pressure tests is based upon a conventional consolidometer
linked to a data logging system for continuous readings. (Refer to
plate 5.9 and figure 5.17). The system is duplicated to increase

data output.
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Specimen and test cell

The specimen is compacted to the required specification
as detailed in Appendix A. The specimen measures 75mm diameter
by 15mm deep, some 5mm shorter than the consolidometer ring
height so as to ensure expansion within the confines of the ring
only. The ring is placed within the cell body that holds the
water supply. Porous plates are located above and below the

specimen and the screw-on base 'plate' positioned.

The cell is Jocated on the consolidometer loading frame,
which loads the specimen in a lever arm and stirrup type
assembly. The load (metal weights) is suspended on a weight hanger

located at the end of the 11:1 ratio lever arm.

Data monitoring system

Data monitoring can be achieved manually, however since a
continuous record of deformation is desirable, then a Jlinear
displacement transducer is located above the specimen and linked
to a chart recorder. This provides a complete volume change history
for the specimen at every loading stage.

Operation of the chart recorder is straightforward; however, it

must be recalibrated prior to each test.

The linear displacement transducers are centrally located
above the consolidometer loading pin and are energised using a 2 volt

OC electricity supply.



5-56

Although the recorder is maijns operated, and subject to data

loss in the event of power failure, the time base is

sufficiently slow that short power failures can be tolerated.

The displacement transducers are actually connected to the
chart recorder via a Wheatstone bridge circuit so as to

amplify the signal and thus increase the response of the recorder.

5.3.3 Preparation for testing

In order that the equipment will function correctly, and yield
consistent data, it is essential that all necessary preparations

are made prior to commencement of testing.

These can broadly be grouped into two categories : equipment

and calibrations.

{a) Equipment

Specimen preparation

The specimen is produced from synthetically prepared mixtures

of Kaolinite and Bentonite (Appendix A).

Moisture content of the porous discs

These are air dried in an environmental chamber for 24 hrs and
then weighed immediately prior to testing to determine the moisture
content. This is undertaken to ensure a consistent starting point for

each test,
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Consolidometer ring

The inner face of the consolidometer ring is lubricated with
petroleum jelly prior to insertion of the specimen. This should

provide a uniform reduction in friction for all specimens.

Cleaning of equipment

Since the specimen is saturated during testing, some clay
particles become suspended in the water and contaminate the
equipment. Prior to testing therefore, all apparatus must be

thoroughly washed then dried.

(b) Calibration

Routine calibration

These include calibrations that must be undertaken prior to
each test. Only one calibration of this type is necessary - that of

the data recording system.

Periodical calibration

These encompass calibrations made after equipment construction and

only periodically conducted thereafter. They involve the

calibration of the Tinear displacement transducers, essential to

convert their voltage output into real displacement, and secondly,

the compressibility of the equipment. This latter aspect is thoroughly
examined in an early paper by Fredlund (1969). This pubTication
highlights the probable causes of compressibility in the consolidometer

and proposes a series of corrections to allow for them.
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This information is applied to the authors data. Details of these

corrections and their formulation are given in Appendix C.

5.3.4 Testing procedures

These include the testing procedures employed for the constant
volume swell pressure and free swell tests. Since they involve many
steps, they are too long for inclusion in the main text and are

therefore described in appendix A3.

5.3.5 Data processing

The data processing procedure involves several stages.

It is less straightforward than for other test methods since
the data must be plotted and an empirical correction graphically

applied before the main processing can commence.

Initially the paper chart output is taken from the chart
recorder then the deflections corresponding to each load scaled off
in millimetres. The initial and final specimen dimensions and weights
are recorded, all information then being typed into a Commodore Pet
microcomputer. This data is processed using the first of two
computer programs which calculates the void ratio and corresponding
load values after taking the previously determined equipment

compressibility values into account.

The data from this computer program enables the void ratio versus
load diagram to be plotted, to which a modification of Casagrande's
empirical correction (for sampling disturbance) is applied. This yields

the ‘corrected' swell pressure. (Refer Appendix C).

The data from the above graphical construction is then combined

With the original data file and entered into the second and final
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program which calculates anticipated phase volume changes (total
and water) on the basis of the volume change theory and compares

them with measured values.

5.4 EXPERIMENTAL PROGRAMME

Upon the basis of conclusions drawn in chapter 4, and using the
preceding equipment development, the proposed scope of experimentation
is outlined in figure 5.17.

A full list of tests is given at the start of each results chapter
(i.e. ch. 6,7 &8).

The criteria adopted was to conduct as many tests as time would
permit; however, as will be seen later, the long equalisation times
required by the high plasticity specimens imposed a limit upon the

total number.

5.5 NUMBERING SYSTEM

The following numbering system is used for the test programme.

5.5.1 Stress control apparatus( 76mm and 102mm cells) |

The numbering system is similar irrespective of the type of test
conducted (i.e. null or uniqueness).

A typical test number is NRO203 and is decoded in the following manner:

N = null test ( U represents uniqueness test ).
R = 76mm cell based upon Rowe cell components
( T represents 102mm cell based upon triaxial cell components).
02 = the second specimen
03 = the third stress change

Using the full coding permits immediate identification of each test
ctonducted;however, specimens may be generally referred to using an

abbreviated form e.g. NRO2.
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5.5.2 Consolidometer apparatus

Thecoding of consolidometer tests consisted of simply assigning an

ascending number to each subsequent test.
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CHAPTER 6

NULL TESTS

6.1 INTRODUCTION

The primary aim of the null test is to verify that the chosen stress
state variables (i.e. (o-ua) R (o—uw) and (ua-uw)) are of the
correct form, and hence whether or not .the volume change theory is
valid. The null tests involve simultaneously changing all the
stress components (i.e. total stress ¢ , pore air pressure Uy and
pore water pressure uw) by equal amounts and closely monitoring the
total and water volumes for deformation. Since the stress state
variables are kept constant then no volume changes should occur (null

behaviour); thus, any deviation from equilibrium must be fully

explained.

In the context of this project, the null test was employed for
assessing the validity of the volume change theory for use with a range
of synthetically produced, expansive unsaturated clays. In addition,
it provided a means of assessing the compatibility of data from the

two equipment types.

To ensure consistent initial conditions, four clay specimens
were carefully mixed and statically compacted. (refer Appendix A and B

for full procedure and mix properties).

The following mixtures were employed :
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(i) 100% Kaolinite
(ii) 10% bentonite + 90% Kaolinite
(iii) 20% bentonite + 80% Kaclinite

(iv) 30% bentonite + 70% Kaolinite

The liquid limits of the above synthetic clay mixtures vary
between 47% and 142% , which are considered as covering the
majority of plasticity characteristics likely to be encountered in

practice.

To the author's knowledge, this i$ the first time these
stress state variables have been systematically assessed for use
with a range of unsaturated expansive clays. Each specimen was
initially subjected to prescribed stress conditions (conditioning

stresses) and allowed to come to equilibrium.

Four null type tests as described previously, were then conducted;
gach comprised of two increases in stress components and two

decreases.

A total of six specimens were tested in this manner yielding
thirty tests in total - these were allocated (15 tests each) between

the 76mm and 102mm type test cells.

The numbering system used in the null tests is outlined at the end

of chapter 5.

572 SUMMARY OF SPECIMEN BEHAVIOQUR IN THE 76mm CELL

6.2.1 Total volume change

(i) Stress Increase Cycle

The specimens generally exhibited a marked decrease in total

volume following the application of the conditioning stress components;
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the volume changes at this stage were considerably larger than
those resulting from the subsequent null tests (up to ten times
greater). The magnitudes of the soil compressibilities (based on
these initial volume changes and applied stresses), apparently
increased with soil plasticity, although this could not be
conclusively ascertained upon the basis of this data alone. The
subsequent null tests involved a simultaneous equal increase in
the component stresses which resulted in a further decrease of
total volume; the magnitude of these compressions increased with

increasing plasticity.

The main exception to the above behaviour was specimen NRO3
which exhibited an expansion following the application of the
conditioning stresses. This was traced to an incorrect application
of the component stresses where the total stress (o) was under
applied by 15 psi (103.4kN/m2). This resulted in the 'total' stress
state variables i.e. (o-ua) and (o-uw) being too Tow, which in turn
caused an immediate expansion. It is noted that the suction stress
state variable (ua-uw) was unaffected by this error and remained

constant throughout testing (10 psi /68.95kN/m2).

A subsequent partial correction of the total stress had Tittle
effect upon the total volume and the specimen equilibrated to
1.03% expansion at the end of the conditioning phase, (i.e. test

NRO316).
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Subsequent testing of the specimen also yielded some inconsistent
behaviour and is further described below. The stresses were fully
corrected in test NRO317 to ¢ = 50 psi (345kN/m2), Uy = 40 psi (276kN/m2)
and u, = 30 psi (138kN/m2) thereby bringing the stress state variables
to the required values (refer Table 6.3). However, the specimen
continued to expand by another 0.33% which coincided with a simultaneous
increase in water volume of 0.38%. 1t appears that any processes
commenced during the previous test remained in operation throughout this
test. The specimen subsequently exhibited a near null behaviour for

test NRQO318.

Although it is acknowledged that the initial test stages of this
specimen were incorrectly undertaken, the unloading cycle appeared to
exhibit a behaviour consistent with that of the other specimens. For
this reason, this portion of the test was included in the following

description of the stress decrease cycle.

(i) Stress Decrease Cycle

The stress decrease cycle consisted of two separate, equal
reductions in all stress components. These consistently resulted in
an expansion (maximum of 0.41% in NRO305); however, the specimens

only partially recovered their original volume.

Swell indices (stress/deformation) were computed from the data
(Table 6.5 ) and indicated an increasing rebound with increased
clay plasticity. With regard to the clay mineral mixtures employed,
it appeared that the volume change characteristics were not linearly

related to the bentonite content, but rather they increased very rapidly
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for only a small increase in the bentonite content.

A small exception to the above behaviour was specimen NROI
(100% Kaolinite), which rebounded to a volume greater than it

exhibited on the stress increase cycle.

However, the magnitude of this rebound was less than 0.1%

and not considered of great significance.

(iii) Phases of Volume Change

The specimens exhibited two distinct phases of total volume

change :

(1) immediate - which occurred simultaneously with the stress
change
(2) secondary - occurring over a longer period - sometimes as long

as the test duration.

The application of conditioning stresses caused the greatest immediate
and secondary volume changes; in all cases the specimens compressed
immediately upon stress application and then rebounded for the
remainder of the test. This behaviour is belijeved to be due to the
over-riding initial influence of the total stress increase upon the
volume change, followed by a delayed equalisation of pore air and

water pressures - and subsequent rebound of the specimen.

Volume changes also occurred following the stress component

Changes during the null tests but by a considerably reduced amount.

The immediate behaviour of the total volume was not entirely
consistent and seemed to suggest a variation in the experimental

procedure-
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For instance, consider specimen NRO1 (Fig. 6.1); tests
NRO102-NRO104 resulted in negligible volume change (< 0.02%)
whereas the final stress component reduction - test NRO105 caused
a sharp increase in volume followed by a gradual compression,

which tended to, but never actually reached the original volume.

The immediate volume change behaviour of specimen NR0O2 was
more random (Figure 6.2), however, its direction at least
corresponded with the general volume change behaviour noted
previously. (i.e. increase in stress caused a decrease in volume

and vice versa).

Specimen NRO3 exhibited very little immediate volume change for
the null tests conducted upon it. The overall random nature of the
immediate volume changes exhibited, suggested an experimental

inconsistency, rather than asoil related process.

In view of the fact that null tests were being conducted and
that no volume changes should have occurred, it was to be expected
that any immediate volume changes would be counteracted by secondary
vofume change in the opposite direction. In general this was the
case for the lower plasticity specimens (NROT and NROZ) which rebounded
to approximately their original volume provided the specimen had

not undergone an immediate volume change greater than 0.05% .

The same specimens (NRO1 and NRO2) exhibited volume change
equilibrium for all tests within 15000 minutes. This was not the case

with specimen NRO3 which exhibited a continuous expansion up to 20000
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minutes (tests were stopped after this time, primarily because of
the early experimental error upon this specimen, thus shedding

some doubt over the credibility of the test data).

Since equilibrium was not attained during the tests upon NRO3,
then the measured volume changes were incorrectly low (0.41%) and

had to be adiusted . accordingly during analysis of data.

6.2.2 Water Volume Changes

The water phase exhibited a constant increase (i.e. apparent
intake to the specimen) during all null tests (figures 6.1-6.6).
Although the rate of inflow for all specimen's did not vary by more
than 0.07 cc/day, a definite pattern emerged from the data (Fig. 6.9);
the rate of inflow decreased with increasing stress components and
vice versa. In addition, the rate of inflow behaved in a hysteretic
manner, and was consistently less on the stress reduction cycle than

on the stress increase cycle.

The inflows to the higher plasticity clays were less susceptible
to the effects of a specimen loading and unloading cycle, i.e. the
inflows to a low plasticity clay remained substantially reduced
following a decrease in stress components, whereas those inflows
exhibited by a high plasticity clay rebounded to a value almost equal

to the original value.
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6.3 SUMMARY OF SPECIMEN BEHAVIQUR IN THE 102mm CELL

6.3.1 Total Volume Change

(i) Stress Increase Cycle

The 102mm specimens exhibited a decrease in total volume

following all increases in total stress (fig. 6.8).

The largest compressions occurred following the application
of the initial (conditioning) stresses; although the results
indicated that the plasticity influenced the initial compressions,
firm relationships between the two were not immediately

apparent.

Specimen NT02 was initially subjected to component stresses
some 10psi greater than the other specimens, thus the initial
compression was larger than it should have been. A more representative
volume change was estimated by interpolating back to the initial

stress conditions as applied to the other specimens.

This procedure reduced the percentage volume change, from 1.92%
(for 40 psi/276kN/me total stress) to 1.44% (for 30 psi/207kN/m
total stress). However, results still indicated that compression

increased with plasticity.

Specimen NTO3 possessed the highest plasticity (20% bentonite
content), but displayed less compression than either of the two Tower
Plasticity clays. Although the subsequent null test behaviour of

this specimen was consistent with that of the other specimens, the
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initial deflection is viewed with doubt. The subsequent null tests

also exhibited volume decreases following further stress increases,but of
smaller magnitudes than those following the initial stress

application. The magnitude of the compressions exhibited a marked
increase with increasing plasticity, although again firm relationships

were not apparent.

(ii) Stress Decrease Cycle

The total volume consistently increased following a reduction
in component stresses (fig. 6.8). Although the specimens only
partially recovered their original volumes, the magnitude of recovery
definitely imcreased with increasing clay plasticity. The magnitude
of the Kaolinite specimen rebound was substantially increased by the
addition of only a small proportion of bentonite (for example a
reduction in component stresses of 20 psi/138kN/m2 caused an expansion
of just 0.032% 1in 100% Kaolinite compared with a 0.31% expansion
in 10% bentonite + 90% Kaolinite mixture). Overall, the maximum
volume change recorded was a compression of the 20% bentonite - 80%

Kaolinite clay mixture (specimen NT03 : 0.623%) .

Notably, the high plasticity specimen NT03 (20% B + 80% K) came
to volume change equilibrium and did not exhibit the considerable
secondary volume change behaviour of specimen NRO3 recorded in the

76mm cell.



(iii) Stages of Volume Change

The volume changes associated with the 102mm cell also exhibited

distinct phases i.e. immediate and secondary.

The magnitude of both phases, as with the 76mm cell, was
greatest following the application of the conditioning stresses; the
immediate volume changes were consistently larger than the secondary
ones, however both generally occurred in the same direction (as
opposed to the 76mm cell where the secondary volume change was usually
opposite to the immediate). The one exception to this was high
plasticity specimen NTO3, which exhibited a moderate (0.18%) secondary

expansion following the immediate compression of 0.95% .

The null testing was undertaken once the specimen had equilibrated
under the conditioning stress components. In contradiction to the
null principle, and in common with the 76mm cell, the specimens
displayed volume changes following equal variation in the stress

components.

Most tests resulted in an immediate volume change (with the
exceptions of NT0102, NT0207, 08), which generally increased with

increasing plasticity.

A1l specimens exhibited a secondary volume change which, in all
but one instance (test NT0315) equalled a compression. Notably,
the magnitude of these volume changes did not appear to be related to

the clay plasticity.



These Tatter observations seem unusual, since higher plasticity
clays normally exhibit an extended secondary volume change

behaviour.

6.3.2 Water Volume Changes

The water volume constantly increased in all null testsvin
such a consistent manner, that it was possible to accurately
determine the inflow rates associated with each combination of stress

components.

These results were plotted on figure 6.10 which indicated that
the inflow decreased with increasing stress components and vice

versa.

Unlike the behaviour observed for the 7€mm specimens, the
rate of inflow associated with a particular stress was generally
less during the loading cycle than on the unloading cycle. The one
exception to this was specimen NTO3 which exhibited the opposite
behaviour. This particular difference between the apparatii cannot

be readily accounted for.

The overall consistency of the results strongly suggested that
the observed trends are correct and in addition, the maximum variation
between specimen inflows did not exceed 0.07 m&/day; since the
accuracy of the measuring system is 0.02m& then it was clear that
the stress-inflow behaviour (fig. 6.10) may have varied censiderably

according to the reading procedure employed.



The plotted curves must therefore be used as an approximate
guide to the overall behaviour only. The results did not indicate
a precise relationship between inflow and plasticity. However,
the magnitude of inflow generally increased with increasing

plasticity.

6.4 BEHAVIOURAL INCONSISTENCIES AND POSSIBLE CAUSES

6.4.1 Introduction

Having broadly examined the stress-volume change behaviour of
specimens during the null test programme, the previous section
indicated that volume changes common to both apparatus types do occur,

and that absolute null behaviour is not being observed.

The aim of this section is therefore to indicate the common
stress related behaviour of the total and water volumes during testing,

and also to identify possible causes for the same.

The total and water volume changes noted above, occurred as a

result of one of two causes : (i) experimental (ii) theoretical.

This section will examine the experimental aspects only since the

theory will be considered in the penultimate chapter.

6.4.2 Total Volume Changes

6.4.2.1 Variation with stress

The specimens tested in both cells generally exhibited the
following volume change behaviour with changing stress components

(but constant stress state variables)



(a) total volume decreased with increasing stress
components

(b) total volume increased with decreasing stress
components

(c) the total volume only partially recovered its
original volume upon reduction of the component

stresses

The above behaviour was well illustrated in figures 6.7 and
6.8. The maximum volume change following a stress component
increase was =-0.623% (triaxial cell) and the maximum following a
stress component decrease : 0.41% (Rowe cell). The only exception
to this behaviour was specimen NRO3, which expanded following an
increase in stress components (however this has been satisfactorily
explained in terms of an inadvertent under-application of total

stress).

These total volume changes generally comprised of immediate
and secondary phases, each of which may have resulted from a number

of causes. These aspects are therefore dealt with separately.

6.4.2.2 Phases of volume change

The volume changes were observed as comprising of an immediate,

secondary or a combination of both phases of volume change.



(i) The immediate volume change is believed to be attributable

to three causes acting separately or together :

(a) Non-simultaneous changing of stress components at the

commencement of each null test

As a result of the equipment designs and the compressible
nature of pore air, then the build-up of air pressure will Tag behind
that of the total stress and water pressure, even if all three are
initially changed simultaneously. The result of this is that the
total stress state variable (c-ua) initially increases - thereby
causing an immediate compression. The converse is true following a
stress decrease when the stress state variable momentarily decreases
resulting in an expansion. The observed volume change behaviour

appeared to confirm this.

(b) Compression of occluded air within the pore water

Unsaturated soil specimens are prebared containing pore air in
the continuous and occluded states; however, there is presently no way

of controlling the amount of either air type.

If the specimen contains occluded air then the pore fluid may
compress. In such a case, a portion of the total stress will be

transferred to the soil structure and result in a volume change.

The precise contribution of each cause to the immediate volume
change was uncertain since it was impossible to isolate them during

experimentation. This difficulty was compounded by the absence ( at
the time of writing) of a suitable proven theoretical base;

however, estimations of the occluded air-water mixture volume change
based on Boyles law indicated a consistently small decrease in

volume following a stress increase.



In addition, the recorded magnitudes of immediate
volume change sometimes exhibited a random variation. Consideration
of points (a) and (b)suggests that a variation in procedure is

likely to have been the cause of the larger immediate deformations.

(c) Compliance of the system

The compliance of the system broadly describes the apparent
volume changes exhibited by the equipment upon application of the

stress components.

The compressibilities of the apparatii were determined (Appendix
) ahd the measured volume changes adjusted accordingly. However
these adjustments did not take into account (i) the initial bedding
effects of the specimen 1into the porous stone or (ii) the possible
extrusion of the material around the loading plate (both of which may

have caused a hysteretic volume change behaviour).

Although these possible sources of volume change cannot be
accurately quantified, it is nevertheless, highly probable that they
did contribute to the total volume change. It is noted that since
these effects would be constant irrespective of the specimen depth,
then their relative influence would decrease with increasing specimen

size.

(i1) The secondary volume change occurs over a period of time, and
may continue for the duration of each test. It may be related to

the following causes :



(a) Clay mineral-water interaction

The clay mineral- water interaction will result in a secondary
volume change; generally, a wetting process will manifest itself
as an expansion and a drying process as a shrinkage (these aspects

being covered in greater depth in Chapters 2 and 4).

Clays initially exhibit a slight delay in swelling upon free
access to water, but then rapidly exhibit the larger part of their
swell potential within 1440 minutes. Early consolidometer tests by
the author (Fig. 2.11 ) indicated that 80% of maximum swell is usually
achieved within 1400-2000 minutes for most soil types. The time for
the secondary deformation to equilibrate may increase due to the over
wetting of soil at the clay-water interface. In the case of this
project, the specimen was supplied with water from one face only. A
change in water pressure will cause a change in moisture content in the
clay near the interface, and the time required for that moisture to
dissipate throughout the specimen is largely dependent upon the clay
type. The extreme case is for highly plastic clays (liquid limit > 100%) ,
where the clay at the interface will begin to exhibit thixotropy and
present a barrier thereby limiting moisture migration to the remainder
of the specimen. Such an occurrence was believed to be a primary
factor in the very long equilibration times exhibited by specimen NRO3,
although the use of thin specimens probably reduced this effect

somewhat,
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(b) Air permeability of soil

Once the air pressure surrounding the specimens is altered,
a further period is required to allow equalisation of the air
‘pressure within the specimen itself. The duration of this equalisation
process and (possibly) associated volume change will be related

to the air permeability of the clay.

Although no actual measurements of air pressure variations
within the specimen were made, it is believed that this process

occurs very rapidly by comparison with the clay-water interactions.

6.4.2.3 Summary
The total volume change exhibited a consistent behaviour

following equal variations in the stress components.

The volume decreased with increasing stress components and vice
versa, although, the specimen only partially recovered its original
volume upon stress reduction. This behaviour was accentuated with
increasing plasticity. The overall volume change generally exhibited

two distinct phases : immediate and secondary.

Both of these phases occurred as a result of several causes;
although the precise contribution of each cause to the final
deformation could not be determined, it is apparent from the data that
an unequal change in stress components usually generated the largest

volume change. indeed, the volume change did not exceed 0.05%.



6.4.3 Water-volume change

6.4.3.1 Constant inflow

Every test exhibited a stress dependent constant inflow of
‘water to the specimen after correction for known leakages and
diffused air effects. The inflows were very constant (figures 6.9 &
6.10)and were derived from the Tinear portion of the plotted data,
since this is believed to represent inflow that was not related to

a soil process.

6.4.3.2 Variation with stress

The water intake also varied following an equal alteration in

all stress components.

The specimens tested in both cells generally exhibited the

following behaviour :

(a) inflow decreased with increasing stress components
(b) inflow increased with decreasing stress components
(c) the inflow only partly recovered following a decrease

in stress components.

The recorded water volume change was therefore behaviouraly
analogous to the total volume change. This above behaviour is

illustrated in figures 6.9 and 6.10.

The characteristic inflow curves exhibited other common

features.



An increase in the plasticity of the clay :

(a) increased the rate of inflow recovery following a

stress decrease

(b) increased the overall magnitude of inflow

Al though the behaviour observed fer the 102mm specimens
was not entirely consistent with that of the 76mm specimens , the
overall magnitude of the variation was very close to the accuracy of

the measuring system.

6.4.3.3 Possible causes of constant inflow

The apparent constant water inflow contradicted the observance
of negligible soil structure volume change; this in turn suggested
that the water was not remaining within or even reaching the specimen.

Possible explanations for this included :

gal Ieakage

Although a possibility, constant pressure tests failed to locate
leakages within the pipes, valves and connections. Also, the
water inflow apparently decreased with increasing stress components,
this does not seem consistent with conventional leakages which usually
increase following a stress increase. However, an '0' ring or similar

device may cause this type of behaviour.
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(b) Evaporation of water from the specimen surface

into the cell chamber

Another possible cause of water loss was due to evaporation from the

specimen surface into the test cells. This in itself would not

account for constant leakage, since in time the air in the cell

would become saturated and evaporation cease. However,

the triaxial pressure vessel is largely composed of perspex, and

the International Critical Tables document cases of moisture

transmission through such plastics. The pressure vessel perspex

wall cannot therefore be considered impermeable, and may well

provide a possible means of escape for moisture vapour.

Using the critical tables and data obtained by Fredlund,
(Table 6.11 and Figure 6.15 ), the maximum projected rate of water
loss through the triaxial pressure vessel wall is 0.148mg per day.
This is considerably larger than the measured constant inflows
which were on average less than 0.1mg per day; however, since the
calculated value is a maximum (assuming ‘'dry' air outside and
saturated air inside the pressure vessel) then the recorded inflows

could conceivably be attributed to this cause.

[t must be noted however, that the magnitudes of inflows are

approximately the same for both apparatii Also, since -tfre 76mm cell

contains no perspex, then the loss of water by this route is doubted.
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6.4.3.4 Summary

In conclusion therefore, although the water inflow cannot
presently be accounted for, it was sufficiently consistent to be
accurately quantified. The lack of any total volume expansion
indicates that the water was not remaining within (or even reaching)

the specimen.

The stress-inflow behaviour varied.according to the plasticity
of the soil, however, the recorded variations in inflow were very

close to the accuracy of the measuring system.

Finally, the consistent behaviour of water volume change enabled

values to be fixed for specific stress component combinations.

6.5 CORRECTIONS FOR CONSTANT WATER VOLUME INFLOW

6.5.1 Basis for Applying Corrections

The water volume change of each specimen assumed a constant inflow;
it was dependent upon the soil type and applied stress magnitude,

however, its cause is presently uncertain.

The virtual lack of any total volume change suggests that the

water was either not remaining within or even reaching the specimen.

On the basis of this evidence, it is suggested that the inflow be
aCCurately measured in each instance, treated as a 'leakage', and
subtracted from the measured water volume change. This will yield a
Corrected water volume and should provide a better indication of the

water volume change behaviour.
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6.5.2 Determination and Application

The inflows were measured from the Tinear position of the
water volume change graphs (Figures 6.1 - 6.6). This constant flow
of water was then subtracted from the measured overall water volume

change in each test.

6.5.3 Evaluation

The graphical presentations (Figukes 6.11 and 6.12) indicate
that the corrections work very well when applied to the original
water volume change data; they are noted as varying in a random
manner which suggests a null behaviour (further discussed in Section

6.7).

It must be noted that these corrections can only be applied to
soil types and stress conditions used in this programme; otherwise,
they must be recalculated, or another method used to allow for the

constant inflow.

6.6 COMPATIBILITY

6.6.1 Introduction

One of the main objectives of the chapter is to determine whether
the two apparatii yield compatible data (for the purpose of increasing
the testing capacity of the project). This was undertaken by
assessing the similarity between the total and water volume changes of

each apparatus. The general behaviour exhibited by the apparati were
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found on the whole to be very similar and are summarised in
Table 6.9. The detailed aspects of the total and water volume

variations are discussed belgw.

6.6.2 Total Volume Change

A consistent total volume change behaviour was noted in both
apparatii during the null test programme, being well illustrated

in Figures 6.7 and 6.8.

The application of the conditioning stresses consistently
compressed the specimens in both apparatii (with the exception of
specimen NRO3, although this was discounted due to an experimental

error).

The initial volume change behaviour did not indicate a definite
pattern in either apparatus, although this is considered to be
primarily due to the non-simultaneous changing of the component

stresses.

The stress-volume change behaviour following an equal
increase or decrease in component stresses (i.e. null tests) was
very similar in both apparatii; the volume decreased with increasing
stress components and vice versa, although, the specimen only
partially recovered its original volume upon stress reduction. The
only non-compatible behaviour was that exhibited during the loading
cycle of specimen NRO3; nevertheless, it did indicate the outcome of

& reduction in component stresses.
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The overall volume change of each apparatus generally occurred
in two distinct phases : immediate and secondary. Both of these
phases occurred as the result of several causes, and although
their precise contributions are not known, it appears from the
data that unequal changes in component stresses induced the

largest volume changes in both apparati .

Increasing plasticity consistently accentuated the volume
change behaviour of the specimens; the differences between the
compression and rebound surfaces consistently increased with increasing
plasticity, however the overall values of deformation were not
conclusively affected. The magnitudes of volume change are also
compatible; the total volume change of the specimens in both apparati
was consistently in the order of -2.0% (inclusive of the large
compression following the application of conditioning stresses).
Actual null test deformations did not exceed 0.623%. In addition,
where the specimens underwent an immediate deformation less than 0.05%,

they behaved elastically and recovered their original volume.

Finally, in assessing the null behaviour (Table 6.9 and
Figures 6.13 and 6.14) it was noted that both apparatus behaved very

similarly (see Section 6.7 for fuller details).

The author concludes that despite certain exceptions, the
magnitude and pattern of the total volume change behaviour exhibited

by both apparatus is satisfactorily compatible.
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6.6.3 Water Volume Change

The water volume changes observed in both apparati were
generally quite consistent. Both apparatus exhibited steady inflows
-to all specimens tested (Figures 6.1 - 6.6), the magnitudes of

which varied according to the applied stress components.

The stress-inflow data is illustrated in Figures 6.9 and 6.10;
however, the results indicate that the pvera]] behaviour was not
precisely the same in both cases. Although they displayed a common
decrease of inflow with stress increase and vice versa, two of the
'triaxial' specimens NTO1 and NT02 departed from this behaviour and
exhibited greater overall inflows on stress reduction than on the
stress increase cycle.The cause of this variation is uncertain at

the present time.

Further examination of the test data indicates that the total
variation of inflow for the two specimens did not exceed 0.05mg/day.
Since the accuracy of the measuring system is 0.02mg, then it is
apparent that the anomalous behaviour noted for tests NTO1 and NTO2
may be attributed to this. The stress-inflow behaviour was

consistently accentuated with increasing plasticity in both apparati .

Since the inflows were steady, they were accurately measured
and applied as corrections to the water volume change data (Section
6.5). The water volume change plots (Figures 6.11 and 6.12)
subsequently indicated a very consistent null behaviour for both

apparatiq,
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In conclusion therefore, the overall magnitude and pattern
of water volume change behaviour is consistent for both apparatus.
More importantly, the correction of the constant inflows indicates

a near null behaviour for the water phase in both equipment.

6.7 NULL BEHAVIOUR

6.7.1 General

The primary aim of this chapterwas to assess the validity of
the derived stress state variables and hence to validate the volume
change theory itself. This was to be undertaken by conducting a
series of null tests (Section 6.1) and subsequently, assessing the

recorded volume changes.

'Null behaviour' implies that no volume changes occur, thus

validating the chosen stress state variables.

The water volume and total volume changes are separately

examined below :

6.7.2 Water Volume Changes

The experimental water volume change data indicated constant
inflows to all specimens, however, the lack of any total volume
expansion suggested that the water was not actually reaching them
(Section 6.5). In consequence, the inflows were not considered to
constitute the true water volume behaviour and were therefore

accurately measured for each test, and subtracted from the original
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water volume change data, to facilitate determination of the true

water volume behaviour. The revised water volume change graphs

(Figures 6.11 and 6.12) indicate that :

(a)

The water volume exhibited virtually no change with time.
Furthermore, any variations that did occur were randomly

distributed about the x-axis.

The main deviations from zero water volume deformation
(i.e. null behaviour) were attributed to either an incorrect
application of component stresses or the accumulation of a

large volume of diffused air beneath the ceramic disc.
The effect of a non-instantaneous change in component stresses

was typified by tests NRO102 and NRO105 (fig. 6.11). These volume

changes usually cancelled themselves after approximately 4000mins.

The general undulations in the curves were mainly attributed
to the diffusion of air through the ceramic disc with time;
however, other air may have been present due to inadequately

de-aired water.

The variations of water inflow were very small in magnitude and
equalled only 0.12% in the worst instance. Generally however,
the volume changes did not exceed 0.02% for both apparatus.
This corresponds to a real volume change of 0.047mg and 0.023mg

in the 102mm and 76mm cells resepctively.
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These values were very close to the accuracy limits of the Bishops

parafin volume change indicators (0.02cc), and therefore considered as

indicating a near null behaviour,

In conclusion therefore, the author believes that the water
volume change data exhibits a near null behaviour for the range of

clay types tested.

6.7.3 Total Volume Change

The majority of specimens did not exhibit a precise null
behaviour upon an equal increase or decrease in stress components
(i.e. Ao = AUa = AUW) » and generally underwent an immediate and
secondary volume change. From observations made at the time , the
immediate volume changes appeared primarily related to a failure in
ensuring a simultaneous change of cell component stresses, although
other influences such as compression of occluded air and compliance

of the system may also have contributed to the overall volume change.

The effects of increasing plasticity particularly influenced

the volume change behaviour.

Most specimens came to equilibrium following the application of
component stresses, with the exception of specimen NRO3 ( 30%bentonite
+ 70% Kaolinite), whose increased plasticity apparently increased the
equilibration time beyond 20,000 minutes. This placed an excessive
time demand upon the apparatus, and in view of the procedural error

incurred at the cutset, the tests on this specimen were subsequently



6-29

curtailed after 15000 minutes each. The recorded volume changes
were therefore almost certainly not the maximum values and were

examined for the purpose of indicating general trends only.

The maximum volume change during the null test programme
occurred for test NTO3 and equalled 0.623% (0.2mm). This is very
small considering the difficulties encountered in simul taneously

changing the stresses.

In an attempt to further assess the null behaviour, the total
measured volume change for every null test was plotted against
the volume change calculated on the basis of the consolidometer

swell data (Chapter 8). (Figures 6.13 and 6.14, Table 6.10).

The null test volume changes were recorded following an equal

change in all stress components, thereby keeping the stress state

variables constant. The volume changes based on the consolidometer

test data were calculated by assuming a change of the total stress

state variable equal to the stress component change employed in the

corresponding null test.

Ideally, no volume changes should follow an equal variation
of the component stresses (null behaviour) and in such instances,
the plotted data will 1ie on the horizontal line (y=0). In actuality,
the gradient (%) of this line may vary between 0 and 1 and is
indicative of the degree of null behaviour (0 : null behaviour; 1 : non

null behaviour).
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The above procedure was undertaken for the two apparatj and
the results presented in Figures 6.13 and 6.14. From these, it was
apparent that neither apparatus exhibited a true null behaviour;
76mm : %»= 0.149 , 102mm . % = 0.374. However, in both instances
the null test volume changes were considerably smaller than those
predicted from the consolidometer data and also, the magnitudes of
measured volume change were very small in all cases (maximum of
-0.623% = 0.2mm in the cell). Clearly, the magnitudes of
deformation are many times greater than those claimed by Fredlund,
however, it is noted that he employed full size 4" (100mm) diameter
triaxial specimens, as compared to the small specimens used in this
project. In consequence, the volume changes resulting from system
compliance and compressibility effects would appear far greater for
the author's specimens when expressed with respect to the smaller

specimen size (despite being of similar actual magnitude).

In conclusion therefore, although volume changes do occur, they
are considered to be sufficiently small so as to indicate a reasonably

null behaviour.



TABLE 6.1
SUMMARY OF NULL TESTS

TEST'  DATE  SPECIMEN  SOIL MIX  cHANGES]

CODE ON  DIAMETER  MONT/KAOL. IN STRESS COMMENTS
NROIO1  30.04.85 76MM 0/100 0 Initial conditions
NRO10Z  13.05.85 “ 0/100 +69
NRO103  29.05.85 “ 0/100 +69
NRO104  07.06.85 " 0/100 -69
NRO10S5  19.06.85 " 0/100 -69
NRO206  15.07.85 " 10/90 0 Initial conditions
NRO207  21.07.85 . 10/90 +69
NRO208  06.08.85 “ 10790 +69
NRO209 14,08.85 " 10/90 -69
NRO210  22.08.85 o 10/90 -69
NRO316 04.09.85 " 30/70 .0 Initial conditions
NRO317  01.10.85 " 30/70 469
NRO318  18.10.85 o 30770 +69
NRO319  30.10.85 " 30/70 -69
NRO320  12.11.85 " 30/70 -69
NTG101 02.05.85 102Mm 0/100 0 Initial conditions
NTO102  13.05.85 “ 0/100 +69
NT0103  29.05.85 " 0/100 +69
NTO104  07.06.85 " 0/100 -69
NTO105  19.06.85 " 0/100 -69
NT0206  15.07.85 " 10/90 0 Initial conditions
NT0207  31.07.85 “ 10/90 +69
NTO208  14.08.85 " 10/90 +69
NT0209  22.08.85 “ 10790 -69
NT0210  28.08.85 " 10/90 -69
NTO311 04.09.85 " 20/80 0 Initial conditions
NTO312  23.09.85 . 20/80 +69
NTO313  18.10.85 " 20/80 +69
NTO314  30.10.85 u 20780 -69
NTO315 12.11.85 " 20/80 -69

Notes :

1.(N9designates null tests,(R) desiqnates 76MM diameter specimens,
(T) designates 102MM diameter specimens

2. soil mix denotes relative proportions of constituent minerals -
mont : montmorillonite, kaol : kaolinite

3. changes in stress in KN/ME,

TABLE 6.2(a)
INITIAL VOLUME-WEIGHT

RELATIONSHIPS
SPECIMEN  THICKNESS  TOTAL  SOLIDS  AIR WATER  VOIDS ORY SATURATION
: VOLUME  VOLYME VOLUME  CONTENT  RATIO  DENSITY
(mm) (md)  (mwd) (mm3) (%) (kg /m3) (%)
1 31.72 255176 128391 34757  27.4 .987 1316 72.59
2 31.47 253165 128391 31608  27.74 972 1327 74.67
3 31.36 252280 128391 30770  27.72 .965 1331 75.16
4 31.22 251154 128391 29609  27.74 .956 1337 75.88
5 31.22 251154 128391 29598  27.74 .956 1337 75.89
3 31.78 255659 126741 33948  29.04 1.017 1279 73.67
7 31.22 251154 126741 23579  30.83 982 1302 81.05
8 31.13 250430 126741 22584  30.92 .976 1306 81.74
9 N 249384 126741 21548  30.91 . - .968 131 82.43
10 31.03 249626 126741 2162 30.96 .97 1310 82.41
1 30.29 243672 126379 24177 28.94 .928 1320 79.39
12 30.08 241983 126379 5135 34.33 -915 1330 95.56
13 30.63 246408 126379 7595 34.94 .95 1306 93.67
14 30.48 245201 126379 6392 34.94 .94 1312 94.62

15 30.48 245201 126379 6351 34,96 .94 1312 94,66




TABLE 6.2(b)
INITIAL VOLUME-WEIGHT

RELATIONSHIPS
SPECIMEN  THICKNESS TOTAL SOLIDS AIR WATER VOIDS ORY
VOLUME VOLUME VOLUME  CONTENT  RATIO DENSITY SATURATION

(mm) (mm3) (mmd) {mm3) (%) (kg/m) (%)
1 25.84 117268 §1797 11888 26.96 .898 1379 78.57
2 25.31 114863 61797 6488 28.81 .859 1407 87.77
3 25.31 114863 61797 6539 28.78 .859 1407 87.68
4 25.31 114863 61797 6536 28.78 .859 1407 87.68
5 25.31 114863 61797 6558 28.77 .859 1407 87.64
] 25.5 115728 61365 9202 28.52 ,886 1368 83.07
7 25.22 114454 61365 3320 31.43 .865 1383 93.75
8 25.15 114137 61365 3008 31.43 .86 1387 94.3
9 25.08 113819 61365 2680 31.44 .855 1391 94.89
10 25.08 N3819 61365 2669 31.44 .855 1391 94,91
16 26.31 119401 61597 11682 29.82 .938 1295 79.79
17 26.59 120672 61597 4496 35.29 .959 128 92.39
18 26.67 121035 61597 4783 35.34 .965 1278 91.95
19 26.68 121080 61597 4847 35.32 .966 1277 91.85
20 26.74 121353 61597 5102 35.34 .97 1275 91.46

TABLE 6.3

ACTUAL STRESS CHANGES

INITIAL CONDITIONS (PSI)

FINAL CONDITIONS (PSI)

STRESS CHANGES (PSI)

ST TOTAL AIR WATER  (o-U) (o-U)) (U.-U ) TOTAL AIR WATER (o-U) (o-¥.)) (V.-U) o v u
CODE PRESSURE PRESSURE PRESSURE v 2 3 W' pRESSURE PRESSURE PRESSURE " a aw 3 v
NROTOT (] 0 0 0 0 ] 39.93 29.79 20.02 19.91  10.14 9.77 39.93 29.79 20.02
NRDI02  39.93 29.79 20.02  19.91 10.14 60.00 50.01 40.03 19.97 9.99 9.98 20.07 20.22 20.01
NRO1O3  60.00  50.01 40.03 19.97 9.9 70.02 60.00 50.00 20.02 10.02 10.06 10.02 9.99 9.97
NRDYOA  70.02 60.00 50.00 20.02 10.02 60.05 50.03 40.05 20.00 10.02 9.98 -9.97 -9.97 -9.95
NROTOS  60.05 50.03 40.09  20.20 10.02 39.17 30.06 20.07 19.1 9. 11 9.99 -20.88 -19.97 -19.98
NRO206 (] 0 0 0 ()} 0 39.99 29.98  20.04 19.95 10.01 9.94 39.99 29.98 20.04
NRO207  39.99 29.98 20.04  19.99 10.00 59.97 49,99 40.00 19.97  9.98 9.99 19.98 20.01 19.96
NRO208  59.97  49.99 40.00 19.97 9,98 69.95 59.98  49.97 19.98  9.97 10.01 9.98 9.9 9.97
NRO203  69.95  59.98 49.97 19.98 9.97 60.07 50.03 40,02 20.05 10.04 10.01 -9.88 -9.95 -9.95
NROZ1O  60.07 50.03 40.02  20.05 10.04 40.02 30.03 20.05 19.97  9.99 9,98 -20.05 -20.0 -19.97
NRO3N6 0 0 0 0 0 () 29.27 29.28 19.06 10,21 -0.01  10.22 29.27 29.28 19.06
NRO3)7  29.27  29.28 19.06  10.21 -0.0) 49.95 39.96 30.00 19.95  9.99 9.96 20.68 10.68 10.94
RO318 49,95 9.50 30.00  19.95  9.99 60.01 50.02 40.02 19.99 9,99  10.00 10.06 10.06 10.02
NRO3)9  60.01 50.02 40,02  19.99  9.99 50.02 40.00 30.04 19.98 10.02 9.96 -9.99 -10.02 -9.98
NROZO  50.02  40.00 30.04 19.98 10.02 40.04 30.03 20.03 30.01 10.0%  10.00 -9.98 -9.97 -10.01
No101 0 0 0 0 0 0 29.50 19.32 9.36 20.14  10.18 9,96 29.50 19.32 9.3
NTOW02  29.50  19.32 9.3  20.14 10.18 39.56 29.32 19,33 20.23  10.24 9.99 10.06 10.00 9.97
NT003  39.56 29.32 19.33  20.23  10.24 49,53 39.30 29.31 20.22  10.23 9,99  9.97 9.98 9.98
NTO104 49,53 39,30 29.31  20.22 10.23 39.61 29.37 19.33 20.28 10.24  10.04 -9.92 -9.93 -9.98
¥ol0s  39.61 29.37 19.33  20.28 10.24 29.63 19.39 9.38 20.29 10.24  10.05 -9.98 -9.98 -9.99
10206 0 0 0 0 0 0 39.57 29.37 19.17 20.40  10.20  10.20 39.57 29.37 19.17
NT0207 39,57 29.37 19.17  20.40 10.20 44,57 34.32 24.34 20.23  10.25 9.98 5.00 4.95 §.17
NT0208 44,57 34,32 24,34 20.23 10.25 49,54 39.27 29.27 30.27  10.27  10.00 4.97 4.95 4.93
NT0209  49.54 39.27 29.27  20.21 10,27 39.59 29,30 19.31 20.28  10.29 9.99 -9.95 -9.97 -9.9%
KT0210  38.59 29.30 19.31  20.28 10.29 29,60 19.32 9.29 20.31 10.z8  10.03 -9.99 -9.98 -10.02
10311 0 0 0 ()} 0 0 29.55 19.30 10.01 19.54  10.25 9.29 29.55 19.30 10.01
K012 29.55 19.30 10.01  19.54 10.25 39.56 29.28 19.30 10.26 10.28 9.98 10.01 10.98 9.29
NTO313  39.56 29.28 19.30  20.26 10.28 44,57 34.31 23.93 2064 10.26 10.38  5.01 5.03 4.03
N10314  44.57 34,31 23.93  20.64 10.26 39.60 29.31 18.81 20.76 10.29 105  -4.97 -5.00 -5.12
NT015 39.60 29.31 18.81 20.76  10.29 29.60 19.33 9.3 20.3 10.27 10.03 -10.00 -9.98 -9.51




TABLE 6.4
PROPOSED STRESS CHANGES

TesT INITIAL TONDITIONS FINAL CONDITIONS STRESS CHANGES
coot TOTAL AIR WATER TOTAL  AIR WAT

PRESSURE PRESSURE PRESSURE (O-Uw) (O-Ua) (Ua-\.lw) PRESSURE PRESSURE PRESS{EJ:E (U'Uw) [U'Ua) (Ua-Uw) TOTAL  AIR WATER
NRO101 0 0 0. 0 0 0 40 30 20 20 10 10 40 30 20
NRD? 02 40 30 20 20 10 10 60 50 40 20 10 10 20 20 20
NR0103 60 50 40 20 10 10 70 60 50 20 10 10 10 10 10
80104 70 60 S0 20 10 10 60 50 40 20 10 10 -10 -10 -10
NROTOS 60 50 40 20 10 10 40 30 20 20 10 0 -20 -20 -20
NRO206 0 0 0 0 0 0 40 30 20 20 10 10 10 30 20
HRO207 40 30 20 20 10 10 60 50 40 20 10 10 20 20 20
HR0208 60 50 40 20 10 10 70 60 50 20 10 10 10 10 10
180209 70 60 50 20 10 10 60 50 40 20 10 10 -10 -10 -10
1ROZ10 60 50 40 20 10 10 40 30 20 10 10 10 -20 -20 -20
NRO316 0 0 Y 0 0 0 40 30 20 20 10 10 40 30 20
NRO317 40 30 20 20 10 10 50 40 30 20 10 10 10 10 10
NRQ318 50 40 30 20 10 10 70 60 50 20 10 10 20 20 20
§RO319 70 60 50 20 10 10 50 40 30 20 10 10 -20 -20 -20
NRO320 50 40 0 20 10 10 40 30 20 20 10 10 -10 -10 -10
NTOI0Y 0 0 0 0 0 0 30 20 10 20 10 10 30 20 10
10102 30 20 10 20 10 10 40 0 20 20 10 10 10 10 10
NT0103 40 30 20 20 10 10 50 40 0 20 10 10 10 10 s}
NT0104 50 40 30 20 10 10 40 30 20 20 10 10 -10 -10 -10
10108 40 30 20 20 10 10 30 20 10 20 10 10 -10 -10 -10
NT0206 0 0 0 0 ] 0 40 30 20 20 10 10 40 30 20
1207 40 30 20 20 10 10 15 35 25 20 10 10 5 5 5
10208 45 k) 25 20 10 10 50 40 30 20 10 10 5 5 5
10209 50 40 30 20 10 10 40 30 20 20 10 10 -10 -10 -10
NT0210 40 30 20 20 10 10 30 20 10 20 10 10 -10 -10 -10
HT0311 0 0 0 0 0 0 30 20 10 20 10 10 30 20 10
10312 30 20 10 20 10 10 40 30 20 20 10 10 10 10 10
10313 40 30 20 20 10 10 45 35 25 20 10 10 5 5 5
NT03V4 45 s 25 20 10 10 40 30 20 20 10 10 -5 -5 -5
RT0315 40 30 20 - 20 10 10 30 20 10 20 10 10 -10 -10 -10

All pressure units 1h/1n2

TABLE 6.5

TOTAL VOLUME BEHAVIOUR OF
THE 76MM SPECIMENS

PREDICTED VOLUME CHANGE MEASURED

ON WATER
SOIL TYPE  TOTAL STRESS PERCENTAGE VOLUME CHANGE BASIS OF CVSP RESULTS INFLOW
SPECIMEN B/K* (PSI) (kN/m“) TOTAL [IMMEDIATE SECONDARY (o-U) (v,-u,) (%)
NRO1 /100 4] 0 - - -
" 39.93 276  -2.05 -2.40 0.35
" 60.00 414 0 0 0 -1.28 0 0.28
" 70.02 483 0 -0.04 0.04 -0.4 0 0.01
" 60.06 414 0 0 0 0.13 0 0.07
" 39.17 276 0.12 0.39 -0.27 0.34 3.5 0.26
NRQ2 10/90 0 0 - - -
" 39.90 276 -1.15 -1.11 -0.08
" 59.97 414 -0.29 -0.37 0.08 -1.41 20.5 0.22
" 69.95 483 -0.29 -0.41 0.12 -0.42 69.0 0.01
" 60.07 414 0 0 0 0.32 0 0.0l
. 40.02 276 0.164 0.164 0 -1.07 15.3 0.358
NRO3 30/70 ] 0 - - -
“ 29.27 201 .17 -3.04 4.21 0.44
" 49.95 345 0.33 -0.04 0.37 -2.63 0.13 0
" 60.01 414 0.04 -0.04 0.0 -1.01 0.04 0
" 50.02 345 0.25 0.0 0.25 1.01 0.25 0
" 40.04 276 0.4} 0.04 0.37 2.84 0.4 0

* s0il type refers to the composition of the test specimens i.e. (B) - Sodium montmorillonite and
(K} - Kaolinite/china clay



TABLE 6.6

TOTAL VOLUME BEHAVIOUR OF
THE T00MM SPECIMENS

PREDICTED VOLUME CHANGE MEASURED
SOIL TYPE TOTAL STRESS % DEFORMATION ON WATER
2 BASIS OF CVSP RESULTS INFLOW
SPECIMEN B/K* (PSI) (kN/m°) TOTAL  IMMEDIATE  SECONDARY To-0, T 00,7 (%)
NTO1 0/100 0 - R - - . R
n 30 201 -0.80 -0.63 -0.17 - - -
o 40 276 -0.35 0 -0.35 -0.81 0.43 0
" 50 345 -0.44 -0.252 -0.18 -0.74 0.59 0
. 40 276 0 0.158 -0.158 0.13 0 0.127
" 30 201 0.032 0.19 -0.158 0.2 0.15 0.20
NTO2 10/90 0 0 - - - - - -
o 40 276 -1.92 -1.68 -0.24 - - 0
u 45 310 -0.30 0.04 -0.30 -0.4 0.75 0
. 50 345 -0.44 0 -0.44 -0.37 *1.18 0
" 40 276 0.10 0.13 -0.03 0.6 0.16 0
. 30 201 0.17 0.13 -0.04 0.74 0.23 0.13
NTO3 20/80 g 0 - - - - -
" 30 201 -0.77 -0.95 0.18 - - -
“ 40 276 -0.623  -0.33 -0.242 -1.14 0.55 0
" 45 310 -0.55 -0.51 -0.04 -0.47 *1.17 0
" 40 276 0 0.04 -0.04 0.48 0 0
o 30 201 0.183 0.256 -0.073 1.01 0.18 0

* soil type refers to the composition of the test specimens i.e. (B) - Sodium montmorillonite and
(K} - Kaolinite {china clay)

TABLE 6.7

STRESS RELATED BEHAVIOUR OF
WATER INFLOW FOR THE 76MM

SPECIMENS
SOIL TYPE TOTAL STRESS (PSI1)
B/K* 30 40 50 60 70 60 50 40 30
0/100 2.554 0.253  0.00932 0.0289 0.203 y int
/ 1.801-5 2.599-5 1.821-5 2.,182-5 1.232-5 “/min
0.0259 0.0374 0.0262 0.0314 0.0177 %/day
0.9 0.043  0.026  0.0312
10/90 3.984 0.165 _ 0.0735_  0.0456 0.27
5.331-5 3.961-5 2.127-5 2.301-5 2.144-5
0.0768 0.057  0.0306 0.0331 0.0309
0.085 0.064  0.038  0.035 0.043
30/70  7.082 0.372 _ 0.0743 0.0554  0.00054
/ 4.475-5 4.586-5 2.501°5 2.889-5  4.743-5
0.0645 0.066 0.03601 0.0476  0.0683
0.041 0.064 0.037 0.047 0.065




TABLE 6.8

STRESS RELATED BEHAVIQUR OF
WATER INFLOW FOR THE 100MM

SPECIMENS
SOIL TYPE TOTAL STRESS (PSI)
8/K* a0 40 45 50 40 30
0/7T00 0.446 4 -0.0149 -0.0299 0.0479 0.127
1.214x10" 1.213-5 9.838-6  1,589-5 11,8965
0.175 0.0175 0.0142 0.0229 0.0273
0.0471 0.0436 0.0354 0.0569 0.069
10/90 2.294 5.478-6  0.,0062 0.011 0.0657
1.16-5 1.126-%  1.445-5 2.259-5  1.405°5
0.0167 0.01621  0.0208 0.033 0.0202
0.062 0.0596 0.0484 0.067 0.0476
20/80 7.121 0.0108 -0.0058 -0.16 -0.0039
1.339-5 4.879-5  2.66-5 2.261°5  2.897°
0.0193 0.0703 0.0383 0.0326 0.0416
0.044 0.146 0.082 0.073 0.089
TABLE 6.9
COMPARISON OF EQUIPMENT
BEHAVIOUR
SPECIMEN SIZE
EQUIPMENT BEHAVIOUR 76MM 102MM
TOTAL VOLUME CHANGE
decreases following stress increase X 0
increases following stress decrease 0 0
3. deformation occurs in two phases : immediate and secondary 0 0
4. maximum volume change (representative) following stress increase -0.29% -0.623%
5. maximum volume change (representative) following stress decrease 0.41% 0.183%
6. volume only partially recovers following stress reduction 0 0
WATER VOLUME CHANGE
constant inflow registered 0 0
rate of inflow decreases with increasing stress 0 0
the rate of inflow only partially recovers upon stress reduction 0 X

[=]

signifies yes H X signifies 'almost all' tests



TABLE 6.10

VOLUME CHANGES ASSOCIATED WITH
A CHANGE IN THE 'TOTAL' STRESS
STATE VARIABLE

TEST SOIL  STRESS CHANGE se h Ah n oh
NO. TYPE ( KN/MZ ) s v o - X100
K/B  FROM 10 (am) (M) (mm) (%)
NROI02  100/0  275.4 416.9 -0.025 7.71  -0.19 14.85 -1.28
NRO103 v 416.9 478.6 -0.008 . -0.06 -0.4
NRO104 " 478.6 416.9 0.002 " 0.02 " 0.13
NRO105 . 416.9 275.4 0.006 " 0.05 . 0.34
NR027 90/10 275.4 416.9 -0.026 7.92  -0.21 14,93 -1.41
NRO28 o 416.9 478.6 -G.008 “ -0.063 -0.42
NRO29 “ 478.6 416.9 0. 006 - 0.048 " 0.32
NROZ10 " 416.9 275.4 0.02 . 0.16 " 1.07
NRO317 70/30 208.9 346.7 -0.05 7.38  -0.39 14.81 -2.63
NRO318 " 346.7 416.9 -0.019 . -0.15 " -1.01
NRO319 . 316.9 346.7 0.019 " 015 o 1.01
NRO320 " 346.7 275.4 0.053 “ 0.42 " 2.84
NTO102  100/0  208.9 275.4 -0.016 7.71  -0.12 14.85 -0.8
NT0103 “ 275.4 346.7 -0.014 " -0 “ -0.74
NTO104 “ 346.7 275.4 0.003 " 0.02 0.13
NTO105 “ 275.4 208.9 o.004 * p.031 © 0.21
NT0207 90710 275.4 309.0 -0.008 7.92  -0.06 14.93 -0.4
NT0208 “ 309.0 346.7 -0.007 " -0.055 -0.37
NT0209 “ 386.7 275.4 0.011 o 0.09 " 0.6
NT0210 " 275.4 208.9 0.014 " 0.1 " 0.74
NTO312 80/20 208.9 275.4 -0.021 7.8  -0.17 14.92 -1.14
NTO313 " 275.4 309.0 -0.009 -0.07 * -0.47
NT0314 " 309.0 275.4 0.009 0.07% * 0.48
NT315 " 275.4 208.9 0.019 0.15 " 1.01
TABLE 6.11
TRANSMISSION OF WATER
THROUGH PERSPEX
CASE DESCRIPTION AVE RAGE RATE OF
NO. THICKNESS ~ WATER LOSS

{CH) {ML/CMZ/DAY)

1* One surface dried by CaClp
the other exposed to 0.0762 0.000288
summer atmosphere

2* One surface dried by CaCly

the other exposed to water 0.16 0.00062
saturated air
3* Same as 2 0.0117 0.0117
4 One surface water,
saturated the other 0.6 0.000]
exposed to summer
atmosphere
5 Same as 4 0.29 0.000054

*Signifies data from the International Critical Tables
A1l other cases from Fredlund (1973)
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CHAPTER 7

VOLUME CHANGE TESTS

7.1 INTRODUCTION

The aim of the volume change testing was to experimentally
validate the volume change equations as.shown below for use with

a range of synthetically produced unsaturated expansive clays.

The volume change equations or constitutive relationships
as they are also called, relate the change in total, air or water
volume to the stress state variables (o—uw), (o-ua), (ua-uw).
The general form for the volume change equation is :

dv _ - _ _
il Ct . d(o uw) + Ca.d(c ua) + Cw(ua uw) (7.1)

The equipment and experimental techniques are discussed in

Chapter 5 and Appendix A respectively.

Briefly however, the specimens were subjected to small stress
increments along three stress paths by individually varying o , Uy
and u, - The resulting total and water volume changes were recorded,
thus enabling the calculation of volume change moduli. (the air
volume change was assumed equal to the difference in the total and
Water volumes). Upon the basis of two such stress changes the

corresponding moduli were employed to predict the volume change

resulting from a change of the third stress component. The predicted
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volume changes were then compared with those measured experimentally,
and the volume change equation was considered verified (or the
constitutive surface unique) if the predicted and measured volume

changes were equal.

In order to assess the results, the predicted and measured
volume changes were plotted against one another and the parameters
of the best fit 1ine through the data points, used as a measure of
the volume change equation validity (the measured volume changes
should equal the corresponding prediction i.e. the best fit line

should have a gradient of 1 and pass through the origin).

7.2 TESTING PROGRAMME

Each specimen underwent seven ‘tests'; the initial one involved
application of the conditioning stresses (similar procedure to the
null tests), following which the specimen was subjected to two

cycles of stress changes (6 tests in total - refer Tables 7.1-7.3).

Since the aim of this study was to measure the volume change
properties of expansive clays, then the stress changes were primarily
designed to cause a volume increase. This required constantly
decreasing suction and total stress state variables and was achieved

by conducting the following cycle of stress component changes.

(1) increase in water pressure (u)

)

(2) decrease in air pressure (u,

(3) decrease in total stress (o)
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Practically speaking, this involved bringing the specimen to
as high a suction as the equipment would permit, and then
repeating the above cycle as many times as possible until the

suction reduced to zero.

In all, four synthetically produced clay mixtures were
tested in the following bentonite:Kaolinite percent ratios :
0:100 , 0:90 , 20:80 and 30:90 ; the testing was then equally
allocated between the 76mm and 100 mm cells. To the author's
"knowledge, this is the first time that these equations have been
systematically examined for a range of specimens with controlled

plasticity and expansivity.

The testing programme is summarised in Tables 7.1 through

7.3.

The soil related properties at the commencement of each test are

listed in Tables 7.4(a) and (b).

The volume change histories for the total and water volumes
are illustrated in figures 7.1 through 7.5 and the maximum equilibrium
volume changes listed in Table 7.5. The stages of volume change

prediction are detailed in Tables 7.5 through 7.7.

Finally, the results of the regression analysis are listed

in Tables 7.8 to 7.9 and figures 7.6 to 7.17.

The numbering system used in the volume change tests is outlined at

the end of chapter 5.
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7.3 EXPERIMENTAL RESULTS

7.3.1 Data Recording and Processing

The data was collected and processed using an identical

procedure to that employed with the null test programme. The main

difference was in the internretation cf results.

The testing procedure involved separate changes in each of the
three stress components; this resulted jn a change of total and
water volumes. These were considerable at first but came to
equilibrium over varying time periods - depending upon the soil

type (refer Figs. 7.1-7.5).

The stress-related total and water volume changes employed

for the subsequent volume change analysis were then observed to be

as follows :

7.3.2 Total Volume Change

The total volume increased at first, then came to equilibrium
in virtually every case. Since the equilibration time varied
according to the soil type, then the maximum volume changes were

recorded at different intervals, thereby providing a consistent criteria

by which they could be compared.

7.3.3 Water Volume Change

The water volumes generally exhibited an initially large and

rapid increase, and quickly reached equilibrium; at this point a
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minute, but constant inflow was recorded and persisted for the
remainder of the test. This latter 'constant intake' coincided
with that observed during the null tests and is not believed to be
gctual]y reaching the specimen. The overall water volume change
had therefore to be corrected for this 'base inflow' in order to

ascertain the true water volume behaviour.

Two distinct stages of testing were conducted upon each

specimen

(a) application of conditioning stress components

and (b) variation of individual stress components
Each of these stades exhibited distinct magnitudes of water inflow.

The application of conditioning stresses led to the largest
overall magnitude of water inflow. The inflow curves exhibited the
general features described previously, and had also to be adjusted
for the-'base inflow'. This was achieved by projecting the linear
‘constant inflow' portion of the cuvres back to the y-axis - the
intercept of which was taken as the quantity of water entering the
specimen. Lower overall magnitudes of water inflow were then recorded

following the changing of stress components.

Initially, in order to determine the actual inflow it was
envisaged that the recorded water volume change be corrected for the
‘constant inflows' recorded during the null test programme. However,
this was not undertaken since the stress state variables under which
the null test 'inflows' were obtained, were quite different to those

applied in the volume change tests.
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In any event, it was not necessary to apply these previously
determined corrections since the true inflows were adequately
calculated by projecting the 'constant inflow' portion of each

inflow curve back to the y-axis.

7.4 PREDICTION OF VOLUME CHANGES

The volume change predictions were made upon the basis of

moduli derived from the experimentally measured values.

This section details the assumptions and calculations
involved in the predictions and describes: the sign conventions
employed, the volume change moduli calculated and a worked example

of the volume change predictions.

7.4.1 Sign Convention for Volume Changes

The sign convention adopted for all volume changes was :

(+) positive : increase in respective phase volume

(=) negative : decrease in respective phase volume

and this refers to the volume changes within the specimen.

7.4.2 Volume Change Moduli

The changing of each stress component resulted in a corresponding
change of both the total and water volumes; from these, the
respective phase volume change moduli i.e. for soil, air and water

were calculated such that :
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volume change (C) measured change in volume with respect
modulus to the original volume

(total or water change in stress state variable under
or air) consideration due to a change in the

stress component under consideration

The sign conventions, for these moduli were not straightforward,
since the changes in stress components did not necessarily result in
the same change in all stress state variables. For example, an

increase (+) of the air pressure (ua) resulted in a decrease (-) of

the total stress (o—ua) variable, but an increase (+) in the suction

(ua-uw) stress variable. The sign conventions associated with the

various stress component changes are summarised in Table 7.10.

For example, consider the test UT0102 which involved an increase
in water pressure of +4.98 psi (34.34kN/m2). The total volume change
was +0.003%, and the increase in the water pressure caused a decrease
in the stress state variables (o-u ) and (u -u ) of -4.98 psi/34.34KN/M2,

Therefore, the volume change modulus was calculated:

0.003 _ . 2 ) 2
Zrgg = -0.0006 in®/1p = 0.000087 m"/kN

7.4.3 Example of Volume Change Prediction

Test UT0203 involved a decrease in the air pressure of 4.97psi/
34.27 kN/m2 , and this caused a decrease in total volume of 0.072% .
The object was to predict the total volume change that would result

from a similar air pressure change.
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Tests UT0204 and UT0205 involved a decrease in (o) and increase
in (uw) of -4.95psi and +5.01 psi respectviely. This resulted in
associated total volume changes of 0.046% and -0.017% respectively
(Table 7.5). From this information, the volume change moduli were
Ea]cu]ated (Table 7.6); since a change in air pressure was being

considered then only those moduli associated with (ua) (i.e. (o—ua)

and (ua-uw)) were required for the calculation of the total volume
change. These moduli were -0.0093 : (o-ua) and +0.0034 :(ua—uw)
respectviely.

The total volume change was calculated using the general volume
change relationship (equation (7.1)) with the exception of the
(o-uw) term, which dropped out because (Ac) and (Auw)= 0.

The volume change was therefore :

— =4.,98.- 0.0093 - 4.98. 0.0034
= -0.063%

It must be noted that the signs of the stress changes relate
to their effect upon the respective stress state variables (Table

7.10)

7.4.4 Comparison of Measured and Predicted Volume Changes

(Unigueness Tests)

The validation of the volume change equations assumes that all
stress changes occur at the same point on the constitutive surface.

However, this is not actually the case since the cyclic alteration
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of the total, air and water stresses constantly changes the stress
state variables. Thus, the number of meaningful comparisons that
can be made between the measured and predicted volume changes are

limited, if they are not to be made over too wide a stress range.

Suitable combinations of pressure increments for the prediction

of volume change are as follows :

where u, = the pressure increment
T = number of pressure increment
n = total number of increments
then

Combination 1

us and ui+] fori=1ton-1
Combination 2
U and Us 42 fori=1ton-2

The first combination of pressure increments may be compared
with the previous and subsequent volume changes measured i.e. Us 1

and Ui yo for i >l and i <n+1.

The second combination may be compared with the measured volume

ch i
anges in test Uig] -

In all, a total of twelve such comparisons were made for each

specimen in this project.



7.5 REGRESSION ANALYSIS OF THE DATA

7.5.1 Introduction

The comparison of predicted and measured total, air and water
volume changes is termed a uniqueness analysis; its purpose is to
assess the linearity of the constitutive surface and/or validity

of the volume change equation.

The predicted volume changes may be visually assessed by
plotting them against the measured values (Figs. 7.6 to 7.17),
however it is most desirable that the success of the correlation be

quantified.

One method of achieving this is to determine the best fit line
through the data by the least squares method; this procedure yijelds
the gradient and y intercept of the best fit line, and also the

coefficient of correlation of data points about it.

These results provide a suitable means for quantifying the
correlation, provided the data points occur on or very near the
perfect correlation (450) lines. Where the data exhibits some degree
of scatter, this approach again determines the best fit line; however,
it assumes that only one of the variables are subject to error.

This latter assumption as employed by Fredlund, is inappropriate
since the predictions are themselves based upon the measured values,

thus both variables are subject to error.

A second less frequently used method is to calculate the best

fit line for the least perpendicular distances to the data points



(i.e. assuming both variables as subject to error). Although this
does not yield a correlation coefficient, it does at least provide
a correct indication of the underlying trend in the data.

Both of the above approaches are therefore employed.

7.5.2 Regression to Determine the Best Fit Line Assuming Only

One Variable Subject to Error

(a) Theory

This first procedure determines the best fit line through a

series of points using the method of least squares. Therefore,

where the general equation for a line is y = mx + C , then standard

tests give us

- EX)Ey)
Xy N
ms= 9 iZ (7.1)
$xo . (Zx
N

(EX)(Ixy) - (5¥)(Ex°)
C = (7.2)

)2 - N (550

where
m = gradient of best fit line
C = y intercept of best fit line
X = predicted volume change values
Y = measured volume change values

N = number of observations
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In the problem under consideration, the slope should equal
1.0 and the y intercept equal zero. The dispersion. of the
data points about the best fit line may be gauged by using the

coefficient of correlation; this is computed from the following

equation :
NZxy - IxTZTy
r = (7.3)
2 2 2
/N Exe-Ex)° | Iheyi-(2y) )
where
r = coefficient of correlation

The value of r may vary between +1 and -1 , where a value of
+1 denotes a perfect relationship between an increasing x and y
variable and -1 , a perfect relationship between decreasing x and y

variables. An 'r' value of zero indicates no relationship.

The coefficient of correlation may itself be evaluated by
comparing it with the value that can be expected at a given level
of significance if the observations are drawn by chance (i.e.
critical correlation coefficient). If the computed correlation

coefficient exceeds the critical value then it can be concluded that

a correlation does exist.

(b) Results

Soil Structure (Figures 7.6 to 7.9, Table 7.8)

Three out of four of the specimens exhibited reasonably

consistent correlations; however, specimen Ri displayed no discernible



correlation between the meazured and predicted volume changes

(correlation coefficient = 0.046 ).

It is noted (Figure 7.7), that the data of this specimen, plots
as two discernible groups either side of the 45° line, and it
thus appears that an average line drawn through the groups would
tend to indicate a 45° Tine. However, the average best fit line

assuming one variable subject to error does not indicate this.

Since the lines are determined on the basis of one variable
subject to error, whereas in reality both variables are interrelated
and subject to error, then the results from this and the other

specimens will be re-evaluated in the next section.

Specimens RZ2, Tl and T2 exhibited gradients closer to, but still
less than one (i.e. the predicted volume change was greater than the
measured value). This behaviour was confirmed by the high associated
coefficients of correlation (which exceeded the critical correlation
coefficient for 5% significance for R2 and T1 and 1% significance for

T2). Although the best fit lines were not 45°, a consistent trend was

observed.

The results indicated that the magnitude of measured total volume
chanaes did not relate to the specimen plasticity; this is displayed

by the random spread of data and axes limits used on fiaures 7.6 - 7.9.

Notably, the gradient of the best fit Tine ( measured Vs predicted
volume changes) tended to unity and the correlative coefficient 'r!
tended to increase with increasina nlasticity ( i.e. the volume chance
equations anparently performed better for snecimens of higher plasticity
- refer table 7.8).

This behaviour was more evident upon examining the volume chanae results
of each apparatus (hence specimen size) separately - again refer

table 7.8.



This contradicts those observations made durinag the null tests where
reliability of the volume change theory anparently deteriorated with

increasing plasticity ( chapter 6 ).

Water phase (Figures 7.10-7.13., Table 7.8)

Three of the four specimens exhibited consistent correlations.
Unlike with the soil structure volume changes, the 102mm . specimen
Tl virtually exhibited no correlation between measured and predicted

water volume changes.

As with the soil structure correlation, all of the gradients

were less than one, again indicative of the predicted volume change
being greater than measured values,

In this instance however, the 7gmm specimens indicated far
better degrees of correlation than the 102mm specimens their
coefficients of correlation exceeded the critical value for 1%

significance.

The 102mm specimen on the other hand, exhibited CC°

well below critical value for 5% significance.

The water volume changes generally increased with increasina
plasticity and this is clearly displayed by the spread of data and axes
limits used in fiqures 7.10 - 7.13.

The volume changes comprised of immediate and secondary phases, althouah
it is the immediate phase which consistently demonstrated an increase
With increasing plasticity (figure 7.7).

The best fit lines and correlative coefficients from each apnaratus
type were not consistent with one another.

Data emanating from the 102mm cell specimens indicated that the

best fit 1ine gradient ( measured Vs nredicted volume chanaes ) tended
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to unity, and the correlative coefficient 'r' increased with increasina
plasticity ( i.e. accuracy of the nredicted volume chanqes increased
with increasing plasticity.)

This conflicted with the 76mm specimen data which indfcated

the opposite behaviour.

Air phase (Figures 7.14-7.17, Table 7.8)

The air phase volume changes were calculated as the di fference

between the soil structure and the water phase volume changes;'in
consequence, the correlation of the air phase volume change data was

closely related to that of the soil structure and water phases.

The results confirmed this; specimen T1 whose water phase volume

changes exhibited such a poor gradient and correlation coefficient,

displayed a similarly poor correlation for the air phase volume changes.

The same was noted for specimen RI.

Specimens R2 and T2 both exhibited very good correlations of
near identical magnitude. The gradients obtained were 0.69 and 0.72
respectively and the coefficients of correlation were 0.84 and 0.83
respectviely. These coefficients of correlation were well in excess of

those required for 1% significance.

(c) Summarising Remarks

1. The 100% kaolinite specimen (T1) exhibited the worst correlation
for the water volume change, and the 90% kaolinite + 10% bentonite
specimen (R1), the worst correlation for the total volume change.
The gradients and correlative coefficients for the two specimens

were 0.06 and 0.08, 0.046 and 0.05 respectively.



2.

The predicted volume changes were consistently greater than the

measured ones for both the total and water volumes.

The correlative coefficients for water volume changes in the 76mm
specimens were greater than those observed with the 101mm
specimens.  The former exceeded the critical value for 1%

significance whereas no such behaviour was observed with the total

volume changes.

The overall magnitude of water volume change increased with
increasing plasticity whereas no such relationship was observed

with the total volume change behaviour.

The reliability of the total volume change predictions increased

with increasing plasticity. Three of the four specimens exhibited
best fit line gradients of between 0.52 and 0.91. Although these
values are far short of an ideal value of 1, the corresponding
correlative coefficients exceeded the critical value for 5%
significance which is considered as at least partly confirming the

observed behaviour.

The water volume change - plasticity relationship was not consistent

between both cell types (specimen sizes); the 105mm specimen
predictions improved with increasing plasticity, whereas the 76mm

specimen predictions exhibited the opposite behaviour.

The results predominantly indicate that the reliability of volume
change predictions increases with increasing plasticity. This
contradicts the behaviour noted during the null testing programme

where reliability deterjorated with increasing plasticity.



7.5.3 Regression to Determine the Best Fit Line Assuming Both

Variables Subject to Error

(a) Introduction

The previous approach was suitable in cases where the data

correlated well (such as with the soil structure volume changes for

specimen T2); the reason for this is that when the measured values
are true, then the predicted values (which are based upon them) will

also be correct.

Thus, the best fit line, based upon one variable subject to
error will probably be satisfactory in such instances. However,
where the measured volume changes are subject to error, and the data
plots exhibit scatter, then the resulting predictions will also be less
consistent. In such instances, the best fit 1ine must take into account

that both variables are subject to error.

b) Theo

This method determines the best fit line through a set of data
points assuming the least perpendicular distances between the
correlated line and data points (i.e. both variables subject to error).
Because this type of problem is not commonly encountered, then neither
is this method, however it is recognised as the standard solution
(Pedoe, 1967). Therefore, the slope of the best fit line may be

determined from :

2( - NX,y )
tan 20 = 2 . (7.4)
(zxz-Niz)-(Eyz-Ny )
where
o = anticlockwise between horizontal and the line

being derived



The parameters for the best fit line are then calculated from the

following :
_ =1
slope (m) = o (7.5)
y intercept (C) = y + = (7.6)

tan o

Unfortunately, an indication of the degree of correlation is not
readily obtainable for this type of problem, however, the best fit

line does give a better indication of the underlying trend in the data.

The line may be assessed by examining (i) the gradient (%) R
which should equal (1) , (ii) the y intercept which sould equal (0)
and (ii1) to some extent, the average x and y values which should equal

each other.

gcg Results

S0il1 structure (Figures 7.6-7.9, Table 7.9)

Specimen Rl exhibited the worse correlation between measured and
predicted volume changes with a gradient of 3.417. In addition, the
Y intercept deviated unacceptably to -0.633%. However, the average x

and y values were quite close (0.252 and 0.177 respectively)to the 45°

Tine.



This poor correlation, confirmed that obtained from the
application of the previous method to this specimen. Examination
of the plotted data (Fig. 7.7) indicates two groups of points

(one located either side of the 45° line).

The best fit lines through the upper and lower group of points
exhibit gradients of 0.976 and 0.801 respectively and intercepts
of +0.38 and -0.4 . Clearly it is not statistically permissible
to take the average of these values, however the evidence does indicate
that the data is more evenly spread around the 45° 1ine passing

through the origin, than the best fit correlation would suggest.

The remaining specimens (R2, T1 and T2), exhibited very consistent
best fit lines. The gradients were all in excess of 1 (1.23, 1.343
and 1.06 respectively), which indicated that the predicted volume
changes were less than the corresponding measured ones. The average
x and y values were very similar in magnitude and plotted very close to

the 45° 1ine.

The results (table 7.12) indicate that the total volume change
failed to exhibit a definite relationshin with the snecimen plasticity.
The best fit line gradient tended to unity (i.e. predictions were more
accurate) with increasina specimen plasticity; this behaviour was more
apparent when considering each apparatus (hence snecimen size)

Separately - table 7.12.

Water Volume Change (Figs. 7.10-7.13, Table 7.9)

Specimen T1 exhibited the worse correlation between predicted

and measured values. The gradient and y intercept of 4.343 and -0.246%
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respectively were unacceptably high, although the average x and y

values were very close to each other (0.074 and 0.076).

This poor correlation is consistent with that obtained using
the previous method which confirms the questionable nature of this

particular result,

The remainder of the specimens exhibited much better
correlation between the measured and predicted values; all gradients
were greater than 1 (measured values greater than the predicted
values), however their overall values were slightly greater (i.e.

mre in error) than for the soil structure volume changes.

The intercepts were quite large in all instances. (Rl : -0.155 ,
R2 : -0.327 and T2 : -0.099). However, the average x and y values

were again very similar in magnitude (thus lying on the 45° line).

The water volume changes generally increased with increasing specimen
plasticity. This was more evident by separately considering the results
from each equipment type ( hence specimen size) - table 7.12.

The best fit line gradients from each enuinment type were not consistent:
the 102MM (triaxial cell) specimens results indicated that the gradient
tended to unity wfth increasing plasticity wheras the 76MM (Rowe c211)

specimensindicated the opposite behaviour.

Air Volume Change (Figs. 7.14-7.17, Table 7.9)

As previously noted, the air phase volume changes were calculated
as the difference between those of the soil structure and water phases;
the correlated air volume change lines therefore reflected those

Separaté1y determined for the solid and water phases.

The most erroneous best fit line (i.e. with the greatest gradient)

Was obtained primarily from specimen Rl and secondly, specimen Ti;
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the line gradients were intermediate between those of the solid and
water phases - this presumably being due to the averaging effect

obtained by combining two data sets of varying quality.

The y intercepts varied considerably, with specimen R1 exhibiting
the worst values (-1.014%). Surprisingly specimen T2 (the best data

source) also exhibited a large y intercept value of 0.1% .

The average x and y values were again very consistent.

(d) Summarising Remarks

1. The best fit line qradients for the total and water volume changes
tend to unity ( i.e. the value of measured and predicted volume

changes converged) when considering both variables as subject to error.

2. Unlike the previous section, the predicted volume changes were
less than the measured values ( gradient consistently greater than

one ).

3. The relative success of the volume change predictions between
equipment types remained unchanged upon considering both variables

as subject to error.

4. The average measured and predicted volume chanqes were consistently
similar in magnitude (7.18), giving the impression of accurate

volume change predictions.

In practice, the measured and predicted values were more distant
from one another, thus the averaqe values can only be emnloyed as

a general indicator of volume change behaviour.

5. The relationships between volume change (total and water) and

plasticity remained unchanged after considering both variables as

subject to error.
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7,5.4 Discussion

Two of the specimens (Rl and T1) exhibited particularly
poor correlation between their associated measured and predicted

volume changes (for total and water volume respectively).

In view of this, and the mediocre correlations obtained in
some other cases, it was decided that an attempt be made to isolate

and quantify any influences that might adversely affect the results.

The potential influences may have included (a) hysteresis
effects (b) apparatus characteristics and (c) procedural factors,

and these are separately detailed below :

(a) Hysteretic Effects

Although the stress changes were designed to ensure constantly
decreasing suction and total stress state variables, the specimens
always underwent a decrease in total volume following the decrease
of air pressure. (Refer Table 7.5). Evidently, the increasing
influence of the total stress state variable (c-ua) was greater than
that of the decreasing suction (ua—uw) stress state variable.

This reversal in volume change almost certainly led to the introduction
of hysteretic effects, which in turn, adversely affected the correlation

between measured and predicted volume changes.

In order to be able to quantitatively assess the influence of
hysteresis,it was therefore necessary that a method be devised to

Compensate the total volume changes for the anticipated effects.



7-23

This was achieved by assuming that the predicted volume change
associated with a decrease in air pressure, equalled the measured
value. It is recognised that this had the automatic effect of

increasing the correlation coefficient and improving the best fit

line equation parameters;however,this procedure at least produces

some indication of hysteresis effects.

Correlations with One Variable Subject to Error (Table 7.11)

ATl the soil structure gradients increased considerably (with
the exception of the already highest value T2) after allowing for

hysteretic effects.

"In addition, most y intercept values were halved in magnitude,
and the coefficients of correlation for specimens R2 and T1 climbed

above the critical value for 1% significance (0.66).

Notably, the previously poor, low gradient and correlation
coefficient of specimen Rl rose from 0.046 and 0.05 respectively to
0.32 and 0.36 respectively. This is a marked improvement which
indicated that hysteresis effects probably accounted for a large

measure of data scatter in that specimen.

The application of a correction for hysteresis to the water volume
changes did not generally improve the best fit line gradients; this

suggests that some other factor was to blame for their low values.

The correction increased all correlation coefficients, such that
specimens R1, R2 and T2 exhibited values in excess of the critical

value for 1% significance.
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The most notable improvement was recorded for specimen T1,
whose gradient and correlation coefficient increased from 0.06
and 0.08 respectively to 0.43 and 0.4 respectively; this modified

behaviour was then consistent with that of the other specimens.

The air phase correlations were not dramatically improved by
correcting for hysteresis effects. The one exception was for
specimen T1 where the best fit line gradient and coefficient of
correlation increased from 0.14 and 0.16 respectively to 0.41 and

0.46 respectviely.

Correlations with Both Variables Subject to Error(table 7.12)

The soil structure gradients and y intercepts all improved
after application of the hysteresis correction. The gradients for
RZ, T1 and T2 were all then very close to 1 and the intercepts negligible.
The greatest improvement occurred for specimen Rl, whose gradient and
y intercept improved from 3.417 and -0.683% respectviely to 1.368

and -0.063% respectviely.

Although these new parameters for specimen Rl were not perfect

ie. L=
(i.e. " 1 , and Yint

initial values, and indicated that the specimen would have behaved

= 0), they were a vast improvement upon the

consistently with the others if the effects of hysteresis had not been

50 pronounced.

The water volume change correlation generally exhibited little

improvement following the correction for hysteresis - with the exception
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of specimen T1. The improvement in this case was more dramatic
than that exhibited for specimen R soil structure; the gradient
and y intercept improved from 4.348 and -0.246% respectively to
0.943 and 0.167% respectively.

The average x and y (predicted and measured) values e€xhibited a
closer agreementfollowing the hysteresis correction; in fact, most
of the above pairs of results for soil structure and water volume
changes then indicated a unique behaviour (i.e. they all plotted on
a 5% 1ine passing through the origin). The only exception occurred
for the air phase volume changes, when the measured and predicted

values were -0.041% and -0.082% respectively.

(b) Apparatus Characteristics

In addition to the adverse affects of a reversal in total volume
change upon unigueness of the constitutive éurface, the equipment is
also considered as having contributed to an inconsistency in

measurements on two counts :

(i) The one dimensional test cells are incapable of accurately
monitoring isotropic shrinkage since the specimen will tend to
come away from the cell walls, thus preventing a true volume
measurement to be made.

Even where the specimen does not actually part from the cell
wall, the adhesion between the clay and the smooth confining
walls will prevent a representative volume change, thus further

hampering accurate measurements. Data will therefore tend to

be under-recorded.
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(1) friction acting between the specimen sides and the cell wall
would reduce the amount of expansion or shrinkage by 'gripping' the
specimen around its circumference. In consequence, the specimen
would probably bulge or contract at its centre following volume

change.

In practice friction was offset as much as possible by coating

the inner cell wall with non-reactive petroleum jelly (Vasoline).

This countermeasure appears to have worked since the specimens

displayed no evidence of a central volume change.

In addition, any volume changes that may have occurred are not

considered to have unduly influenced comparisons of data since :

Firstly, the predicted swell values are based upon experimentally
derived moduli, hence both predicted and measured swell will be subject
to the same friction influence and

Secondly, the percentage of side wall area to total volume is very
similar for both cell types, hence both are considered to have been

influenced by friction to the same degree.

Nevertheless, sidewall friction will reduce the volume change moduli
measured from one dimensional tests, and this should be taken into

account whenattempting to correlate such results with field behaviour.

(¢)  Procedural Factors

These included errors in the testing procedure or other unknown
experimental factors, which may have led to unwanted volume changes,
thereby reducing the degree of correspondence between measured and

predicted values.
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An examination of the raw data, indicated that specimen RI
exhibited inconsistent total volume change in test 2 and inconsistent

total and water volume changes in tests 5 and 7.

ATl inconsistencies involved an unexplained volume increase of
the respective phases; the most pronounced volume increase occurred
for test URDT05, where the total and water volumes exhibited a sharp
increase after 11800 minutes. Examination of the stress component
record gave no indication as to the precise cause of this. A similar

but less pronounced occurrence was noted for test 7.

It is apparent that such an apparently uncontrolled jump in the
saturation level and total volume would decrease the volume change
behaviour. These volume changes were totally out of character with
the majority of results, and coincided with known overnight variations
of the pressure supply. In consequence, they were adjusted accordingly

for the purpose of this analysis

These modified values were then used throughout the analysis
since they were considered as giving a better indication of the volume

change trend.

The variation in the water volume change predictions of specimen
T1 could not be readily explained, and the volume change history as

illustrated in Figure 7.4 exhibited no outstanding irregularities.

Procedural factors are not considered to be of significance 1in

this case.
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7.6 Summarising remarks

1.

The aim of the volume tests was to validate the general volume
change theory in unsaturated soils for use with expansive type
unsaturated clays. The tests involved subjecting the specimens
to a cyclic variation of the component stresses (o, Uy and uw)
and monitoring the resulting total and water volume changes.

Air volume changes were taken as the difference between the total

and water volume changes.

Stress-related volume change moduli were then calculated upon
the basis of the above volume changes and inserted into the

general volume change equation for the purpose of making predictions.

The theory was assessed by comparing the predicted volume changes
of all phases with the measured values. This was achieved
visually, by plotting the measured against the predicted values and

quantitatively by regression analysis, involving the determination

of the best fit line through the data. The volume change relations
were considered validated if the gradient,y intercept and
correlation coefficient equalled 1 , 0 and 1 respectively.
Since the measured volume changes were subject to several sources
of error, then it follows that the moduli-based predictions were
also erroneous.

Regression procedures were therefore chosen to take into account

both one and two variables subject to error.
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The initial regression analysis determined the best fit line
assuming one variable as subject to error. The gradient of
the lines so determined were consistently less than 1 (i.e.
predicted greater than measured values). In addition, the
majority of specimens exhibited a correlation coefficient for
the soil structure and water volume change in excess of the
critical value for 5% significance; this indicated the high

likelihood of a relationship.

The second regression analysis determined the best fit line
assuming both variables subject to error. Although the output

was limited to gradient, y intercept and average values of x

and y, it was considered to provide a better indication of the
underlying trend in data.

A1l the gradients exceeded 1 (i.e. predicted > measured value),
however, in general, they exhibited an improved behaviour
(i.e. closer to unity) than for the previous method.

The average x and y values were examined with a view to using
them as an indicator of the prediction reliability for each
specimen. However, they were found to be too general for this
purpose. Nevertheless, they did display an excellent
correlation (Figure 7.18) with a gradient of 1.09 and a
coefficient of correlation of 0.99; this evidence indicates

that on average the volume change equations work well with most

of the soils.
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Two of the specimens exhibited poor correlations for two
different phases : Rl:s0il structure and Tl:water phase.
Potential adverse influences upon the results were discussed

such as side wall friction within the cell, which reduced the
readings, and procedural factors, which allowed specimen Rl

to freely imbibe unwanted water.

0f greater importance were the volume change reversals(expansion)
following each decrease in air pressure; these were considered

as introducing hysteresis effects into the results.

Although it was not possible to accurately quantify these effects,
an attempt was made to assess tneir influence upon the phase
volume changes;

this involved assuming that the predicted values equalled the
measured values, and then repeating the regression analyses.

A dramatic improvement was subsequently noted in the correlations
for the total volume changes in specimen R1 and the water volume
changes in specimen Tl1. However, considerably less improvement

was noted in the other cases.

In general, the total volume correlations were more susceptible to

the hysteresis cffects than the water volume change.

The observed total volume changes decreased following an increase

in saturation and total volume; general behaviour was as follows:



stress component change

change in total volume
following an increase in
saturation and total volume

increased
decreased

increased
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TABLE 7.1
SUMMARY OF UNIQUENESS TESTS

TEST DATE  STARTING TEST SOIL TYPE1 STRESS CHANGES (PSIf
CODE ON TIME DURATION (%) TOTAL AIR WATER COMMENTS
(Mins) MONT/KAOL (o) (Ua) (Uw)

UROI01 061285 10:10 15743 - 10/90 49.99  39.98 9.99 initial
UR0O102 171285 9:30 14458 " - 0.02 5.01
URO103 271285 10:58 14306 " 0.02 -5.00 -
URO104 070186 9:38 10676 ! -5.00 0.01 0.02
UROI0S 160186 9:13 19031 “ -0.01 0.02 5.03
URO106 290186 15:05 11152 N 0.03 -5.01 -0.02
UR0O107 060286 9:10 15958 " -5.05 -0.01 -0.03
URD201 180286 10:55 11395 30/70 49.96 39.95 10.02 initial
UR0202 250286 9:08 11484 " 0.06 0.05 5.05
URO203 060386 9:15 12940 " -0.02 5.00 -0.06
UR0O204 150386 9:02 15958 " -5.00 - -
URO205 260386 11:18 13169 “ 0.01 - 4.99
URC206 040486 15:00 14046 " - -5.01 -
UR0207 140486 9:45 17279 " -4.99 0.03 0.02
UTolol 061285 10:54 15716 0/100 59.39 34.91 5.55 initial
uT0102 171285 9:15 14456 " -0.04 -0.07 4.87
Ut0103 271285 11:04 15725 " -2.01 -4.8 0.07
UT0104 070186 9:45 12904 " -17.76 -0.76 -1.21 incorrect
UTo105 160186 9:08 17611 " 13.15 0.77 6.09 incorrect
UT0106 290186 15:11 11134 " - -4.88 -0.02
UTo107 060286 9:15 15963 “ -18.15 -0.85 -1.08 incorrect
UTo201 180286 10:45 113N 20/80 44,51 34.31 4.84 initial
UT0202 260286 9:14 11491 " 0.0 0.06 4.49
UT0203 060386 9:20 12918 " 0.04 4.97 -0.05
Ut0204 150386 8:40 15955 " -4.95 0.02 0.03
UT0R205 260886 11:12 13156 “ -0.04 -0.01 5.01
UT0Z06 040486 15:05 14035 ¢ - -4.98 0.04
UTe207 140486 19:32 17223 " -4.99 -0.02 -
notes :

1. soil type denotes relative proportions of constituent minerals :

mont

: montmorillonite, kaol

: kaolinite

2. stress changes listed in psi units since equipment was incremented
in these

3. test codes; eg URD103: U:uniqueness test; R:76mm djameter specimen

(T: 102mm diameter specimens); 01 :

specimen No. 01; 03 : test No. 03.



TABLE 7.2

PROPOSED STRESS CHANGES FOR
THE UNIQUENESS TESTS

INITIAL CONOITIONS (PSI) FINAL CONOITIONS (PSI) STRESS CHANGES (PS
TEST TOTAL AIR WATER {o-8) {o-U)) (U -u TOTAL A WAT| -U -U, u_-u o U U
CODE  PRESSURE PRESSURE _ PRESSURE o o) (0 PRESSURE PREé’SzURE PR25§5RE (0-0) (o) (9370) P
UROTOL 0 0 0 0 9 [ 50 40 10 40 10 30 50 40 10
URDY02 50 40 10 40 10 30 50 40 15 35 10 25 0 0 +5
UR0103 50 40 15 k] 10 25 50 35 15 35 15 20 0 -5 0
uRO104 50 35 15 35 15 20 45 35 15 30 10 20 -5 0 0
URO105 45 35 15 30 10 20 45 35 20 25 10 15 6 0 +5
UR0106 45 35 20 25 10 15 45 30 20 25 15 10 0 -5 0
URD107 a5 30 20 25 15 10 a9 30 20 20 10 0 -5 0 0
UR0201 0 0 0 0 0 0 50 10 10 40 10 ki) 50 40 10
URG202 50 40 10 40 10 30 50 10 15 35 10 25 6 0 +5
UR0203 50 40 15 k' 10 25 50 35 15 35 15 20 0 -5 0
URO204 sQ 35 15 35 15 20 45 35 15 30 10 20 5 0 0
URD205 45 35 15 30 10 20 45 35 20 25 10 15 0 0 4§
URQ206 45 35 [ 25 10 15 a5 30 20 25 15 10 0 -5 0
UR0207 45 30 20 25 15 10 40 30 20 20 10 10 5 0 0
uTol01 0 0 0 0 0 0 45 35 5 40 10 30 45 38 S
uT0102 45 35 5 40 10 30 45 3% 10 35 10 25 0 0 -5
uT0103 45 35 10 ki3 0 25 45 30 10 38 15 20 0 -5 0
uT0104 45 30 10 3% 15 20 40 30 10 30 10 20 5 0 0
Y0108 20 30 0 30 10 20 40 30 15 25 10 15 0 0
UTO1 05 40 30 15 25 10 15 40 28 15 25 15 10 0 -5 0
uTgt 07 40 25 15 5 s 10 35 25 15 20 10 10 -5 0 0
yT020! 0 0 0 0 0 ] 45 35 5 40 10 30 5 35 5
UT0202 45 35 5 40 10 30 45 35 10 35 10 Fi] 0 0 +5
¥T0203 45 3 10 35 10 25 45 30 10 35 15 20 0 -5 0
ur0204 45 30 10 35 15 20 40 30 10 30 10 20 -5 0 0
uT0205 40 30 10 30 10 20 40 30 15 25 10 15 0 0 45
uT0206 40 30 15 25 10 15 40 25 15 25 15 10 0 -5 0
ur0207 40 25 15 25 15 10 38 5 15 20 10 10 -5 0 0
TABLE 7.3

ACTUAL STRESS CHANGES DURING
THE UNIQUENESS TESTS

INITIAL CONDITIONS (PS1) FINAL CONDITIONS (PSI) STRESS CHANGES(PS])
TEST TOTAL AR WATER a-t o-U) (U-b) TOTAL AIR WATER (o-U.) (o-U ) (U.-U) @ v "
CODE __PRESSURE _ PRESSURE _ PRESSURE forta} Leb) (0, PRESSURE  PRESSURE  PRESSURE 8 whoTa a "
UR010} 0 0 0 [} 0 0 49.99 39.98 9.00 10.01  40.00 29.99  49.99 39.98 . g g9
UROI0Z  49.99 39,98 9.99 10.00  40.00 29.99 49,99 40.0 15.0 9.99 34.99 25,00 0 +0.02 +5,0]
URO103  49.99 40.00 15.00 9.99 34,99 25.00 50.01 35.0 15.0 15,00 35.01 20.00 +0.02 -5,00 0
UR0IG4 50,00 35,00 15. 00 15,01 35.01 20.00 45.01 35.01 15,02 10,00 29.99 19,99  -5.00 +0.01 +0.02
UROIO5 45,00 35.01 15,02 10.00  29.99 19.99 45.0 35.03 20.05 9.97 25.06 14.98  -0.01 +0.02 +5.03
UR0I06 45,00 35.03 20.09 9.97 25.05 14.98 45.03 30.02 20.03 15.01  25.00 9.99  +0.03 -5.01 -0.@2
URO10? 45,03 30.02 20.03 15,01 25.00 9.99 39.98 20.00 20.00 9.97 19.98 10.00  -5.05 -0.01 -0.03
UR0201 0 0 0 0 0 0 49.96 39.95 10.02 10.01  39.94 29.93 49,96 39,95 10.02
URQ202  49.96 39.95 10.02 10.01 39,94 29.93 50.02 40.0 15.07 10,02 34.95 24.93  +0.06 +0.05 +5.05
URC203 50,02 40.00 15.07 10,02 34,95 24.93 50.0 35.0 15.01 15.00 34.99 19.99  -0.02 +5.00 -0.06
UROZ04 50,00 35.00 15.00 15.00 34.99 19.99 45.0 35.0 15.01 10.00  29.99 19.99 -5.00 0 0
URD20S 4500 35.00 15.01 10.00  29.99  19.99 45.01 35.0 20.0 10.01 25.01 15,00 +0.01 O +4.99
URO206 45,01 35.00 20.00 10.01  25.01 15.00 45,01 29.99 20.0 15.02  25.01  9.99 e -5.01 0
URO207 45,01 29.99 20.00 18.02  25.01  9.99 40, 30.02 20.02 10.00  20.00 10.00  -4.99 +0.03 +0.02
uT0101 0 0 0 ] 0 0 44,51 34.29 4.28 10.22  40.23  30.01
uTolZ 44.5) 34,29 4.28 10.22 40,23 30.01 44,49 34.22 9.28. 10.27 35.23 24.90 -0.02 -0.07 +4.98
UT0103 44,49 34,22 9.26 10.27  25.23 24.9% 42.99 29.30 9.33 13.69  33.66 19.97  -1.5 -4.02 +0.07
UTolod 42,99 29.30 9,33 13.69 33.66 19.97 39.58 29.26 9.28 10.32 30,30 19.98  -3.11 -0.04 -0.05
UT0105 39,58 29.26 9.28 10.32  30.30 19.98 39.57 29.30 14.32 10.27 25.25 14.98  -0,01 +0.04 45.04
utolos 39,57 29.30 14,32 10,27 25.25 14.98 39.57 24.32 14,30 15.25 25.27 10.02 0 -4.98 -0.02
uto107  39.57 24.32 14,30 15.25 25.27 10.02 34.58 24.3 14.27 10.28  20.31 10.03  -4,99. -0.02 -0.03
U70201 0 0 o 0 0 0 44.51 34.81 4.84 10,20 39.67 29.47  44.51 34.31  4.34
UT0202 44,51 34.3) 4.8 10.20 39,67 29.47 44.51 34.25 $.33 10.26  35.18 24,92 0 -0.06 +4.49
UT0203 44,51 34.25 9.33 10.26  35.18 24.92 44,55 29.28 9.28 15.27  35.27 20.00  +0.04 +4.97 -0.gS
Utezo4 44,55 29.28 9.28 15,27 35.27 20.00 39.60 29.3 9.31 10.30  30.29 19.99  -4,95 +0.02 +0.03
UTeeos  39.60 29.30 9.3 10.30 30.29  19.99 39.56 29.29 14.32 10.27  25.24 14,97  -0.08 -0.01 +5.01
UT0s 39,56 29.29 14,32 10,27 25,28 14.97 39.56 4.3 14,36 15.25  25.20  9.95 0  -4.98 +0.04

UTe207  39.56 23.31 14.36 15.25 25.20 9.95 3%4.57 24.29 4.3 10,28 20.21  9.93  -4.99 -0.02 0




TABLE 7.4(a)

INITIAL VOLUME-WEIGHT RELATIONSHIPS
FOR THE 76MM (ROWE) SPECIMENS

TEST THICKNESS  TOTAL SOLIDS AIR WATER VOIDS DRY SATURATION
VOLUME  VOLUME  VOLUME  CONTENT  RATIO DENSITY
(mm) (mm3) (mm3) (mm3) (%) , (Kg/m3) (%)
01m 26.1 118448 62679 9029 28.9 .89 1365 83.81
102 25.34 114999 62679 4299 29.69 .835 1406 91.78
0103 25.47 115589 62679 4656 29.84 .844 1399 91.2
0104 25.46 115544 62679 4332 30.01 .843 1400 91.81
0105 25.48 115634 62679 4598 29.9 .845 1399 91,32
0106 25.57 116043 62679 2898 .2 .851 1394 94,57
0107 25.55 115952 62679 1593 31.95 .85 1395 97.01
0201 26.01 118040 60366 12502 29.8 .955 1284 78.32
0202 25.87 117404 60366 4409 34.72 .945 1291 92.27
0203 25.87 117404 60366 3454 35.35 .945 1291 93.94
0204 25.82 N7N77 60366 -1683 38.59 .941 1294 102.
0205 25.86 117359 60366 -1667 38.7 .944 1292 102,93
0206 25.92 117631 60366 -3675 40.2 .949 1289 106.42
0207 25.89 117495 60366 -5731 41.47 .946 1290 110.
TABLE 7.4(b)
INITIAL VOLUME-WEIGHT RELATIONSHIPS
FOR THE 100MM (TRIAXIAL) SPECIMENS
TEST THICKNESS TOTAL SOLIDS AIR WATER VOIDS DRY SATURATION
VOLYME VOLUME  VOLUME CONTENT  RATIO  DENSITY
(mm) (mm=) (mm3) ) (%) (Kg/m3) (%)
o101 31.46 253085 13217 19675 29.28 .915 1366 83.73
0102 30.8 247775 132171 18112 29.35 .875 1395 87.79
0103 30.8 247775 1321701 13820 29.44 .875 1395 88.05
0104 30.79 247695 132171 - 12770 29.72 .874 1396 88.95
0108 30.78 247614 132171 12972 29.64 .873 1396 | 88.76
0106 30.8 247775 132171 12027 29.96 .875 1395 89.6
0107 30.8 247775 132171 1N154 30.21 .875 1395 90.35
0201 30.38 244397 123016 28579 29,63 .987 1282 76.46
0202 29.5 237317 123016 15132 31.66 .929 1320 86.76
0203 29.49 237237 123016 14621 31.8 .928 1320 87.2
0204 29.47 237076 123016 12067 32.56 927 1321 89.42
0205 29.46 236995 123016 12319 32.46 .927 1322 89.19
0206 29.45 236915 123016 8421 33.68 .926 1322 92.61
0207 29.43 236754 123016 3095 35,33 .925 1323 97.28
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TABLE 7.7

COMPARISON OF PREDICTED AND
MEASURED VOLUME CHANGES

COMPRESSIBILITIES STRESS SOIL STRUCTURE ATR PHASE WATER PHASE
FROM TESTS CHANGE VOLUME CHANGE (% VOLUME CHANGE (%)  _VOLUME CHANGE (%)
(PSI) SURED PREDICTED  MEASURED PREDICTED MEASURED PREDICTED
UYRO102-UR0103 a5 = -5 0.096 0.56 -0.064 0.85 0.1596  -0.29
0.44
UR0103-URO104 AUw = -5 8 -0.019 0.068 -0.72 0.38 0.83
0+356 -0.437
URO1 04-URD10S U, = -5 COMS 0.250  0-78 0.37 0.793 0.63
-0.069 -0.95 0.665
URD105-URO1 06 &a = -5 0.006 0.424 -0.084 1.39 0.881 -0.09
0.682 0.672 0.1896
0.01
URD106-URD107 ay, = 5 0.356 0.606 -0.437  -0.28 0.793 0.89
URO102-UR0104 &, =-5  -0.115 0.349 -0.78 0 0.665 0.22
URO103-URO105 &3 = -5 0.096 0.470 -0.064 1.21 0.1596 0.12
URD104-URO106 8y, = 5 0.356 0.027 -0.437  -0.89 0.793 1.05
URO105-URO107 AU, = -5 -0.069 -0.32 -0.95 -0.23 0.881 0.78
UR0202-UR0203 dg = -5 0.196 .  0.1905 -0.114 0.15 0.31 0.03
UR0203-UR0204 ay, =+ 005 5509 0445 4 g 083 4.8
0.188 -0.962 1.15
UR0204-UR0205 au, = -5 TOEM o075 0694 5 g 0.49 0.8
-0.099 -1.439 1.34
0.196 -0.114 0.31
UR0205-UR0206 80 = -5 0.288 +0.47 -0.18
0.638 0.278 0.36
URD206-UR0207 U, = 5 0.138 0.541 -0.962  -1.160 1.15 1.69
UR0202-UR0204 au, = -5 -0.204 -0.213 -0.694  -0.43 0.49 0.21
UR0203-UR0205 g = -5 0.196 0.394 -0.114  -0.27 0.3 0.66
UR0204-UR0206 8y, = 45 0.188 0.097 -0.962  -1.55 1.15 1.64
URC205-UR0207 aU, = -5  -0.099 -0.452 -1.439 -1.24 1.34 0.79
UT0102-UT0103 g = -5 0.045 0.0192 0.025  -0.03 0.02 0.05
0.003 -0.177 0.18
UTO103-UT0104 8, = 5 0.047 -0.17 0.13
0.067 0.037 0.030
-0.028 -0.128 0.1
UT0104-UTO105 8y, = -5 -0.008 0 0.0
-0.0064 -0.1364 0.13
0.045 0.025 0.02
uT0105-UT0106 & = -5 0.046 0.08 +0.08
0.15 0.02 0.13
UT0106-UT0107 &y, = 5 0.067 0.145 0.037 -0.12 0.030 0.26
UT0102-UTO104 ay, = -5 -0.028 -0.071 -0,128  -0.14 0.1 0.15
UT0103-UT0105 & = -5 0.045 0.0591 0.025 0.06 0.02 -0.04
UTO104-UT0106 Ay, = 5 0.067 0.0691 0.037  -0.18 0.030 0.16
UT105-UT0107 AU, = -5  -0.0064  -0.083 -0.1364 -0.06 0.13 -0.1
UT0202-UT0203 g = -5 0.046 0.0605 0.006 0.74 0.04 -0.68
-0.013 -0.343 0.33
UT0203-UT0204 al = 5 -0.0285 -1.08 1.04
v -0.017 -1.617 1.6
T -0.072 -1a22 1.05
UT0204-YT0205 AU, = -5 -0.064 -1.6 1.55
uT0zo a -0.069 -1.889 1.82
0.046 0.006 0.04
-UT - 0.053 0.28 -0.23
UT0205-UT0206 Ag 0.072 -0.008 0.08
UT0206-UT0207 Auw = 5 -0.017 0 <1.617 -1.89 1.6 1.91
UT0202-UT0204 8, = -5 -0.072 -0.12 -1.22 -0.37 1.05 0.33
UT0203-UT0205 bg = -5 0.046 0.058 0.006  -0.48 0.04 0.54
UT0204-UT0205 AUw = 5 -0.017 -0.024 -1.617 -1.91 1.6 1.87
UT0205-UT0207 8y, = -5  -0.069 -0.087 -1.889  -1.62 1.82 131




TABLE 7.8

LINEAR REGRESSION TO FIND THE BEST
FIT LINES, ONE VARIABLE SUBJECT TO

ERROR
SOIL STRUCTURE AIR PHASE WATER PHASE
L Yint o Z Yint % Yint r
Rl 0.046 0.16 0.05 0.26 -0.42 0.45 0.59 0.25 0.82
R2 0.56 0.046 0.64 0.69 -0.25 0.84 0.49 0.41 0.69
T 0.52 0.02 0.63 0.14 -0.04 0.16 0.06 0.07 0.08
T2 0.9 0.0 0.95 0.72 -0.31 0.83 0.7 0.32 0.32
Key X = predicted volume changes Critical ‘r* values :
Y = measured volume changes 5% significance : 0.49
Y/X = gradient 1% significance : 0.66
Y int = Y intercept
r = correlation coefficient
TABLE 7.9
LINEAR REGRESSION TO FIND THE
BEST FIT LINES, BOTH VARIABLES
SUBJECT TO ERROR.
tana
SPECIMEN* GRADIENT Y INTERCEPT  AVERAGE PREDICTED AVERAGE MEASURED (x = ANTICLOCKWISE
NUMBER (y/x) (%) (X) VOLUME CHANGE (Y) VOI(.gb;E CHANGE ANGLE FROM X-AXIS)
(%)
R1S 3.417 -0.683 0.252 0.177 -0.293
R1A 2.867 ~1.014 0.231 -0.352 -0.349
RIW 1.487 -0.155 0.459 0.528 -0.672
R2S 1.230 -0.016 0.092 0.097 -0.813
R2A 1.256 0.073 -0.573 -0.647 -0.796
R2W 1.619 -0.327 0.662 0.744 -0.618
118 1.343 0.001 0.026 0.035 -0.745
TA 1.469 0.048 -0.053 -0.03 -0.681
TIW 4.348 -0.246 0.074 0.076 -0.23
125 1.06 0.001 -0.007 -0.006 " -0.943
T2A 1.198 0.105 -0.861 -0.926 -0.835
T2 1,202 -0.099 0.85 0.923 -0.832

* specimen numbering code :

: R - Rowe cell (76mm dia specimens)

T - Triaxial cell (100mm dia specimens)
S - solid phase

A - air phase

W- water phase



TABLE 7.10
SUMMARY OF SIGN CONVENTIONS

STRESS STRESS STATE VARIABLE
COMPONENT
CHANGE (o—Uw) (o-Ua) (Ua-Uw)
+AC + + 0
-Ao - - 0
+AU, 0 - +
-AU a 0 + -
AU, - 0 -
AU, + 0 +
TABLE 7.11

LINEAR REGRESSION TO FIND THE BEST
FIT LINE THROUGH THE VOLUME CHANGE
DATA - ONE VARIABLE SUBJECT TO
ERROR (ALLOWING FOR HYSTERETIC

EFFECTS)
SOIL STRUCTURE AIR PHASE WATER PHASE
SPECIMEN Y Y int r Y Yint r Yy Yint r

X X X
Rl 0.32 0.1 0.36 0.38 -0.3 0.7 0.62 0.2 0.89
R2 0.71 0.02 0.72 0.69 -0.2 0.88 0.53 0.34 0.77
Ll 0.67 0.01 0.63 0.41 -0.01 0.46 0.43 0.03 0.4
T2 0.94 -0.01 0.97 0.75 -0.23  0.87 0.74 0.24 0.86

Key : X = predicted volume changes

Y = measured volum ‘changes

Y/X = gradient

Y int = Y intercept of best fit line
r = correlation coefficient

Critical 'r' values :
5 % significance : 0.49
1 % significance : 0.66
( for 12 observations)



TABLE 7.12

LINEAR REGRESSION TO FIND THE BEST
FIT LINE THROUGH THE VOLUME CHANGE
DATA - BOTH VARIABLES SUBJECT TO
ERROR (ALLOWING FOR HYSTERETIC

EFFECTS)
*
SPECIMEN  GRADIENT Y INTERCEPT ~ AVERAGE PREDICTED (X)  AVERAGE MEASURED (Y)  TANa
NUMBER (y/x) VOLUME CHANGE VOLUME CHANGE
(%) (%) (%)

RIS 1.368 -0.063 0.175 0.177 -0.731
RIA 2.252 -0.027 -0.145 -0.352 -0.444
RIN 1.479 -0.243 0.521 0.528 -0.676
R2S 1.026 -0.003 0.098 0.097 -0.975
R2A 1.323 0.21 -0.648 -0.647 -0.756
R2W 1.611 -0.455 0.744 0.744 -0.621
s 0.903 0.073 0.034 0.035 -1.107
TIA 1.285 0.063 -0.082 -0.041 -0.778
l'] 0.943 0.167 0.088 0.074 -1.06
T25 1.038 0.001 -0.012 -0.01 -0.963
T2A 1.19 0.193 -0.948 -0.934 -0.84
2w 1.187 -0.167 0.918 0.923 -0.842

* specimen number code : R - Rowe cell (76mm dia specimens)

T - Triaxial cell (100mm dia specimens)
S - solid phase

A - Air phase

W - Water phase

* = anticlockwise angle

taken from X axis



PERCENTAGE WATER VOLUME CHANGE

URO2 (3018 + 70IK)

INITIAL (IMMEDIATE) WATER VOLUME CHANGE
IS TAKEN AS THE PROCESSED VALUES ( I.E.
INCLUDING XNOWN CALIBRATIONS MINUS THE
APPARENT [MMEDIATE COMPRESSION OF WATER.:

uTol : 0.1%

uToz : 2.s055%
UROT : 1.0822
URO2 : 6.319%

UTOZ (2018 + 80%K)

(1028 + 90%K)

.5000 10000 15000
TIME (winutes)

FIGURE 7.1
INITIAL WATER FLOW TO ALL SPECIMENS
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MEASURED PERCENTAGE VOLUME CMANGE

™
459 LINE (Y = X )

R2W

0.5 T RIW
Y s 1,09.X ~ 0.01
ns® r=0.99
RIS

A2s
 TIN

T2A

128 J

.(RIA)7 LETTER DESIGNATIONS :
R : ROWE CELL
T : TRIAXIAL CELL
$ : SOLID PHASE
A : AIR PHASE
L

R2A + WATER PHASE

PREDICTED PERCENTAGE VOLUME CHANGE

FIGURE 7.18

COMPARISON OF MEASURED AGAINST PREDICTED
AVERAGE VOLUME CHANGES FOR ALL PHASES AND
ALL SPECIMENS.

BEST FIT LINE THROUGH DATA :
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CHAPTER 8

CONSOLIDOMETER SWELL TESTS

8.1 INTRODUCTION

The primary aim of the consolidometer tests was to provide
supporting data for the main tests described in Chapters 6 and

7.

Two series of tests were carried out; an initial series of
constant volume swell pressure (CVSP) tests yielded the swell
pressure value, compressibility and swelling indices and also
provided sufficient data upon which to make a swell prediction
(utilising the volume change theory). A smaller second series of
unrestrained vertical swell (UVS) tests yielded swell values by

which the previous swell prediction method would be evaluated.

It was decided at an early stage to examine a wide range of

soil types (i.e. clay mineral mixtures) e.qg.

China Clay Wyoming Bentonite
Soil type (Kaolinite) (Sodium montmorillonite)
1 100 0
2 90 10
3 80 20
4 75 25
5 70 30

6 50 50
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The specimens were produced to initial moisture contents of 25,
30 and 35% , and initial air voids of 3% , 5% and 8% (i.e.

straddling the optimum moisture content Tine.)

A total of forty nine consolidometer tests were conducted,
thirty three of which were the (CVSP) type with the remaining
(16) being of the (UVS) type.

The results of the above are summarised in Tables 8.1, 8.2

and 8.3.

8.2 CONSTANT VOLUME SWELL PRESSURE (CVSP) TESTS

The standard (CVSP) test initially involves loading the

specimen to its original insitu overburden conditions.

The specimen is then flooded with water, but prevented from
swelling by continually increasing the load (hence the term constant
volume); a point is reached where no further tendency to swell is
exhibited, and the balancing pressure at that time is known as the

swell pressure.

The specimen is then further loaded thereby compressing it, and
finally unloaded to obtain the compressibility and rebound character-

istics respectively.

Although the test programme does not utilise insitu soils, the

influence of a varying initial Toading is examined.

The snecimen is subjected tc disturbance between remaval from
the mould and initiation of the test; this induces a hysteretic

effect which reduces the -
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measured swell and swell pressure. A modification of Casagrande's
empirical determination of the preconsolidation pressure in an over-
consolidated clay is employed to estimate the 'true' swell pressure

(Appendix D).

The processing of the experimental data is also discussed in
Appendix D, however a typical experimental output is indicated in
figure 8.1; the main measurements (as shown) include the initial
and corrected swell pressures, and thg compressibility and rebound

moduli. The test results are summarised in Tables 8.1 and 8.2.

8.2.1 The prediction of volume change using the unsaturated

soil volume change theory

The application of the volume change theory to the constant
volume swell pressure test in the consolidometer is detailed in

Chapter 5; the main assumptions made during these predictions are :

(a) zero overburden change during test : Ac = 0

1}
—
o
(=]
3L

(b) final degree of saturation (Sryf
(c) final pore water pressure (U )¢ =0

0 (atmospheric)

(d) pore air pressure (Ua)

8.2.2 Presentation of data

The results summarised in table 8.1 are examined graphically
forinterrelationships between the various parameters. They are split
into two categories which are separately examined; these include
(a) experimental data (as obtained directly from the test) and

(b) predicted data (as calculated using the volume change theory).
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The parameters include : (experimental ): swell pressure,
liquid Timits, compressibility and swell moduli, change in
moisture content and
(theoretical ) : swell pressure, percent swell, change in

moisture content.

The graphical results are then discussed, and possible engineering

applications highlighted.

8.2.3 Experimental data

(i) Adjusted swell pressure calculation using modified

Casagrande's method

As previously noted, the specimen undergoes a measure of
disturbance during the production phase. This in turn influence s

(decreases) the measured swell and swell pressure.

Fredlund (1983) suggests applying a modificafion of the graphical
technique by Casagrande (1936) as a means of estimating the true swell
pressure; this method has been successfully employed for many years
in determining the preconsolidation pressure in overconsolidated

clays.

Fredlund contends that Casagrande's graphical technique for
determining the point where the void ratio curve bends downwards, is
sufficiently similar to the problem of fixing the compression branch

on the constant volume swell pressure test curve to justify its

application.
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The author notes that the technique is still relatively
unproven in the expansive soil context, and examines 1its

performance.

Application of the technique to the measured swell pressures
consistently increased their values (for the soils tested) and it
is these 'corrected' values that are utilised in subsequent

graphical presentations.

(i1) Measured swell pressure Vs corrected swcll pressure.

The measured and corrected swell pressures are plotted against

each other in figure 8.2.

The corrected swell pressure was consistently greater than the
experimentally measured value; the figure generally indicates that

the swell pressure increased with plasticity.

The lTow expansive clay mixtures exhibited corrected and
experimental SP values of similar magnitude, however, by increasing
the liquid limits (and hence expansiveness) the corrected swell
pressure increased such that for measured swell pressures above
140 kN/m2 the corrected swell pressure was consistently in the order

of 123 kN/m’® greater.

The correction for sampling disturbance is considered to be
relevant to these tests because the specimens are believed to have
undergone a disturbance following removal from the mould and insertion

into the consolidometer equipment; the relative consistency of the
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corrections suggests a uniform production and experimental

procedure.

Since the volume change predictions are directly related
to the swell pressure (initial stress state), then the increased
"corrected' swell pressure will consequently increase the swell

prediction; however this is further discussed in Section 8.4.

The author believes that the magnitude of swell pressure
variation will be directly related to the type of sampling

disturbance.

(iii) Swell pressure VS volume change moduli

The plot of measured swell pressure versus the swell and
compressibility volume change moduli (figire 8.3) exhibits an
unusual relationship; the moduli generally remain constant for soils
of increasing swell pressure however, they do increase temporarily
for swell pressures of around 3OOkN/m2 in this test series. The
cause of this localised increase in the moduli is unclear. The
relatively constant moduli, suggests that they are not very suitable

for predicting the swell pressure.

(iv) Volume change moduli versus liquid limit

Both the compressibility and swell moduli appear well related
to the liquid limit (Figures 8.5 and 8.4 respectively) for the soils
tested. The swell modulus exhibits the greatest variation in magnitude,

the largest variation occurring up to a LL of 300%. (Since the
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data above this LL dis limited, then it is difficult to

accurately assess the trend beyond this).

The compressibility modulus exhibits considerably Tess
variation than the swell index over the initial range of liquid

-limit up to 300% ; above this however they both vary only slightly.

The relationships plot as curves, and these will be displaced
when considering different moisture contents; this is exhibited by

the curves plotted for 25% and 30% initial moisture content.

The same appears to be true for variations in density, however,
the lack of experimental data prevents a thorough investigation of
this aspect (refer liquid Timit V® swell pressure figure g8.7a for
available data). Since both the compressibility and swell moduli
are related to the liquid 1imit, the latter may be used to link them.
In this way, a knowledge of either the liquid limit of compressibility

modulus may be employed to predict swell modulus.

In engineeringterms this will permit an approximate estimation
of the swell properties from the compressibility output of a

conventional consolidation test.

The apparently successful relationship between the volume
change indices and swell pressure has led the author to plot the swell
modular ratio (CS/CC , after Yong and Warkentin, 1969) - refer
figure 8.6. The figure indicates a general trend, whereby the swel]
pressure increases very slowly for a rapid increase in modular ratio.

The figure illustrates varying initial conditions (moisture content
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and air voids) and is thus considered as giving an indication of

the data scatter and hence overall trend in behaviour.

Although the swell modular ratio (CS/CC) relates to swell
pressure, the relationship is not as decisive as those between
the individual moduli and swell pressure. CS/CC is therefore not

considered as suitable for the prediction of swell pressure.

(v) Swell pressure V> liquid limit

The swell pressure (SP) was plotted against liquid limit
(LL) for various combinations of initial conditions i.e. moisture
content, air voids and overburden. The initial graph (fig. 8.7a)
shows the relationship between (SP) and (LL) with a constant air

voids and overburden but varying moisture content.

Although the data is limited for the higher plasticity soils,
sufficient points are available to establish an unmistakable
relationship for the 25% moisture level. The curves for éther moisture
contents are drawn by interpolating between the available data points.
As anticipated, the swell pressure reduced with increasing initial

moisture content.

The second figure (8.7b) illustrates the relationship between

liquid Timit and swell pressure with a varying initial air voids.

Although the curves are not entirely smooth, they do exhibit
a definite trend whereby the swell pressure increases with a decreasing

air voids (i.e. increasing density).
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The third figure (8.7c) also exhibits a trend whereby the

swell pressure increases with increasing initial overburden.

(vi) Swell and compressibility moduli V° change in moisture content

Both the swell (CS) and compressibility (CC) moduli appear
related to the change in moisture content (aw) (Figures 8.8 and

8.9 respectively).

(Cs) plots as a smooth curve against (aw) for any particular
initial moisture content. A series of such curves are formed by
considering varying moisture contents such that for a fixed value of
(C;) » the change in moisture will increase with decreasing initial

moisture content.

(CC) also plots as a smooth curve against (Aw) although the
curves for varying initial moisture content appear to bell outwards
around a central axis (the 30% moisture content curve). The
change in moisture again increases with decreasing initial moisture

content.

In both instances, the 25% initial moisture specimens yielded
the most consistent curves. Examination of Table 8.1 indicates that
the initial moisture contents of these specimens were very close to
their target value of 25% whereas the other specimen moisture

contents deviated to varying extents from their targets.

Although the swell modulus provides a more consistent indication

of the 1ikely change in moisture content, it is worthwhile noting



that the compressibility modulus also provides a usablé: indication

of the same.

This relationship is of particular value since it may be

used in conjunction with previous consolidometer data.

(vii) Moisture content change v liquid limit

The change in moisture content relates quite well to the
liquid 1imit (Figure 8.10) although attempts to separate the results
“according to initial moisture content have not worked due to the

scatter of data points.

8.2.4 Predicted data.

(i) Predicted swell V° liquid limit

The predicted swell exhibits a limited relationship with liquid

Timit values up to 140%; above this, there is a lack of data thereby

preventing an adequate assessment (Figure 8.11).

Since reconstituted materials are used, observed relationships
cannot be generally applied (quantitatively) to other soils; however,
the result does indicate that the volume change theory may be used

to develop similar relationships for other soil types.

(ii) Predicted swell V° compressibility (C.) and swell (Csl,moduli

Both the swell and compressibility moduli relate to the
predicted swell (%) (Figures 8.13 and 8.12) respectively); however
the swell modulus yields the most consistent prediction by far. This

is to be expected since the prediction is itself based upon the C, value .



The predicted swell V° compressibility modulus graph (Fig.
8.12) exhibits a considerable scatter, and this leads to the
conclusion that it cannot be satisfactorily employed for the

purpose of predicting swell.

(ii1) Predicted moisture content change V° liquid limit

The predicted moisture content change does not relate very well
to the liquid 1imit and the plotted results exhibit a scatter about
the best-fit 1ine (Figure 8.14). However, ignoring the two "displaced’
results (35% moisture content specimens of LL = 49% and 141%) the
graph is vastly improved, although there remains a distinct lack of
data for specimens above LL = 235% , (however in practice this is

itself an acceptable upper limit).

(iv) Predicted change in moisture contents V> compressibility (C.)

and swell (C_) moduli

-

As with the predicted percent swell, the predicted moisture change
relates very well to the swell modulus (CS) (Fig. 8.16); this is
considered to be due to the same reason i.e. both the moisture content

and swell predictions are based upon the swell modulus.

On the other hand, the predicted moisture change (Figure 8.15) does
not relate well to the compressibility index. The predicted moisture
changes generally increase with increasing (CC) and (CS) values
although this behaviour is difficult to relate to the liquid Timits

due to the large scatter of data.
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8.2.5 Summaries
The results of the (CVSP) tests are summarised below :

Summary of experimental data

1. Tests were carried out on reconstituted specimens, and a
modification of Casagrande's method applied to estimate the
true swell pressure; however, this method may not be applicable

to relatively undisturbed preconsolidated samples from the field.

The test results seem to be in reasonable agreement with the
predictions, however, the predicted swell pressure is
consistently 123 kN/m2 greater than the measured value when

the latter excees 140 kN/m* and the 1iquid limit exceeds 124%.

2. The recorded volume change moduli vary by only a small amount
with changes in swell pressure (Fig. 8.3); on this basis,
therefore, they are not considered suitable for basing swell

pressure predictions.,

3. Attempts to correlate the swell modulus (CS/Cc after Yong and
Warkentin, 1969) with swell pressure (Fig. 8.6) have indicated
a general trend in behaviour only. In particular, those soil
mixtures with liquid 1imit > 94% exhibit a considerable over-
lapping of behaviour which renders this approach of little value

for accuratel¥ predictinq swell pressure.

4. The swell pressure relates very well to liquid limit (Figure 8.7(a)),
and despite the limited variety of testing conditions(i.e.

initial moisture content and air voids)it was possible to make

certain observations (Figures 8.7(a)-8.7(c))



(a) The swell pressure increases for a decreased initial
moisture content.

(b) The swell pressure decreases with increasing initial
air voids.

(c) The swell pressure tends to increase with increasing

initial loading.

These general relationships also hold true for the swell related

volumetric changes (total and water vglume changes).

5. Both the swell and compressibility moduli appear well related
to the liquid Timit (Figures 8.4 and 8.5 respectively); as a
result, the swell modulus and to some extent swell behaviour
may be approximated from only conventional consolidation data.
This relationship has a potentially great practical application

and its examination for other soil types is recommended.

6. The moisture content change relates well to the liquid limit
for the soils tested (Figure 8.10); however, the relationship
has previously been shown to vary considerably, even for
specimens of the same soil type. This observation confirms
those made in Chapter 3 in that the liquid Timit isat least of value
in the qualitative prediction of swell characteristics

(pressure and vertical movement)

7. The change in moisture content relates well to both the swell
and compressibility moduli -(Figures 8.8 and 8.9). Although the
relationship with the swell modulus is better, the association

of moisture content change with the compressibility modulus has



considerable potential application for use with existing

consolidation test data.

The 25% initial moisture content specimens exhibited the
most consistent behaviour (note Tinearity of the curve drawn

through these data points in most graphs).

Examination of the original data (Table 8.1) indicates that
this is probably due to the specimens having been produced

to a more consistent initial moisture value.

Finally it is recognised that the interrelationships are
numerically applicable to those soils employed in this project
only; but » the trends should apply universally to most

swelling soils.

Summary of predicted data

1.

The predicted swell exhibits a relationship with the liquid

limit (Figure 8.11) for the range of soils tested (up to a Tiquid
limit of 142%). Although the results diverge with increasing
liquid 1imit, they do appear uniformly distributed about the

best fit line; more importantly, the volume change theory appears

to predict the swell of different soils by consistent
relative proportions.
Both the predicted swell ( total volume ) and predicted

moisture content change (water volume) exhibit very good

relationships with the swell (C_) modulus (Figures 8.13 and 8.16



respectively). This is primarily due to the predictions being
based upon the swell modulus. The value of these relationships

for the purpose of swell prediction is therefore limited.

3. The compressibility modulus (CC) does not relate well to
the predicted swell or moisture content changes (Figures 8.12
and 8.15 respectively). The various soil types do not exhibit
any sort of pattern within the data plots, thus, the modulus
is considered of little value for the prediction of the total

and water volume changes.

4. The relationship between moisture content change and liquid
limit is reasonable if the two outermost (questionable) data

points are ignored.

Consideration of the two outriding points make little or no

difference to the best fit line.

5. Overall therefore the predicted swell is the only parameter
which successfully relates to a simple test (in this case
liquid 1imit); this relationship is also limited in its

application to soil types similar to those tested.

8.3 UNRESTRAINED VERTICAL SWELL (UVS) TESTS

8.3.1 Introduction

The (UVS) test is introduced in Chapter 5, for continuity,
however, it is briefly described below; the procedure involves

flooding the specimen with water and permitting it to swell freely.
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The resulting change in specimen depth is expressed with respect

to its original total depth and recorded as a percentage.

This value is subsequently compared with the predicted swell
for a similar specimen in the CVSP test, thus providing a basis for

evaluating the CVSP test based predictions.

The test data is described in this section, however, the
processing required to obtain usable data from raw experimental
output is described in Appendix D.3, The experimental output is

summarised in Figure 8.17 and Tables 8.4 and 8.5.

8.3.2 Experimental output

The experimental output for this test records the volume

change history for several swelling clay specimens.

Patterns of behaviour are evident from the data and although
these have been widely documented by other researchers, they are

briefly discussed below.

8.3.3 General volumetric behaviour

Since only a comparatively small range of specimens were tested
here, the main variable that can be evaluated is initial moisture
content. Figure 8.8 illustrates the influence of varying moisture
content upon the percent swell, and it can be clearly seen that swell

decreases with increasing initial moisture content.

Since only one specimen type of a different density was tested

trends were not discernable, although the swell apparently increased,

with increasing density (decreasing air voids).
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The swell also increased for increasing liquid limit
(Montmorillonite content). The consistency of this behaviour
is well illustrated in Figure 8.18. Oné unusual feature of the
wholly Kaolinite specimen was that of collapsing, whereby the
specimens decreased in volume upon wettina This is consistent

with that noted by Burland (1961) and several other authors since.

The swelling time is also well illustrated in Figure 8.7;
75% of the speicmens exhibit greater than 80% of their final swell
within 2500 minutes (51 hours) of wetting. However, the average

swell at this time is 75.5% maximum value.

It was also noted that the higher plasticity soils (30%
Montmorillonite) exhibited swell for the entire duration of the
test. Thus the recorded swell values were almost certainly lower

than the absolute maximum.

The curved relationships recorded on Figure 8.18 will therefore

tend to curve upwards i.e. become convex in shape.

8.4 EVALUATION OF THE CVSP SWELL PREDICTION PROCEDURE

8.4.1 Introduction

The aims of this chapter, apart from providing additional
information regarding the nature of the test soils, are to evaluate
the (CVSP) test method (in conjunction with the volume change theory)

for the purpose of predicting swell characteristics.

The latter aim is pursued in this chapter by comparing the

volume change characteristics (total and water) as measured during



the (UVS) test with those predicted upon the basis of the CVSP

test results.

This section (8.4) also discusses the empirical correction
for specimen disturbance, and also the general factors influencing

the test and hence heave prediction.

8.4.2 Comparison between predicted and measured phase volume changes

(a) Predicted V® measured ‘swell

With the exception of one result, the predicted swell is
increasingly lower than the measured value as the liquid limit

increases (Figure 8.19).

Since the object of this section was to determine the overall
predictive reliability of the test, all specimens, irrespective of

initial moisture content and air voids were plotted on the same graph.

The different soil types, which composed of varying
proportion of Montmorillonite,are indicated in terms of their liquid
limits; as expected, the higher plasticity soils exhibit a higher
overall swell value. Although the results for each soil type are

scattered, an overall trend in behaviour is observed.

(b) Predicted Vs measured change in moisture content

The predicted change in moisture content exhibits little
variation for soils of liquid limits up to 120% (figure 8.20).
The results exhibit some scatter, although this is attributed to

the initial variation of specimen properties.



(c) Predicted final Vs measured final moisture contents

The graphical presentation (figure 8.21) is based upon the
same results used for (b), but expressed as a total moisture content.
In consequence, the figure does not appear to indicate any new

discoveries.

8.4.3 Swell pressure

(a) Corrections for disturbance effects

It is widely acknowledged that sampling disturbance will
effectively reduce the observed swell characteristics. In examining
the three dimensional projection of the problem (Figure 5.15) it can
be seen that the plane of a disturbed specimen will bend downwards
prematurely; if this is viewed on the total stress (o-Ua) plane
then the problem is seen to be one of predicting what the 'undisturbed’

curve should have looked 1ike or more importantly, by how much would

the swell pressure be greater for the undisturbed case.

This problem is very similar to that of trying to predict
the preconsolidation pressure in an overconsolidated clay, and

the author considers the use of Casagrande's (1936) construction

to be a lTogical answer.

This method has been suitably modified by Fredlund (1983),
and subsequently chosen by the author for application to the con-
solidometer tests conducted during the course of this project.

Both Casagrande and Fredlund's proposals are detailed in Appendix D3.4.

Fredlund's method differs from Casagrande's original proposals
in that a line parallel to the rebound curve (rather than the

compression curve) is drawn to intersect the bisector line. This
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procedure yields a lower 'pressure’ value than Casagrande's method;
the reason for using this approach is not clear from his publications,

although it would appear to be a logical approach since it is the

swell properties that are being sought.

(b) Implications of applying disturbance corrections

The sampling disturbance corrections consistently resulted

in an increased swell pressure.

An examination of the swell prediction procedure
using the volume change theory ( chapter 5.3 ), indicates that an
increase in swell pressure will increase the predicted total and
water volume changes. Therefore, the correction for disturbance

consistently increases all apparent swell related behaviour.

8.4.4 Experimental influence

(a) Scale effects

Both test types i.e. (UVS) and (CVSP) are conducted using the
same sized specimens. This should offset the scale differences

that might ensue through employing different specimen sizes.

(b) Side wall friction

The side wall friction generated between the test cell wall
and the specimen undoubtedly exerts a restraining influence upon
all swell behaviour - especially sc for the smaller specimens.
However, the identical size of specimens used in both test types
Will result in similar friction effects; thus for the purpose of the
comparisons of swell behaviour made between the (UVS) and (CVSP) test

Specimens, the friction effects were the same and have heen ignored.
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(c) Environmental variation

The environmental factors such as temperature, humidity, grade
of water were all controlled to the same rigid standards as employed

for the null and volume change tests (Chapters 6 and 7).

(d) Final saturation levels

It is noted that many of the final saturation levels exceed
100%; these are only considered to be approximate however, since
additional water was probably absorbed during dissassembly of the

equipment.

8.4.5 Summary of swell prediction evaluation

1. The predicted swell (from CVSP results) is approximaté]y equal
to the measured value (U¥S test results) for soils of liquid

limits up to 94% (Figure 8.19).

As the liquid limits increase, so the predicted swell becomes
increasingly lower than the measured value. This behaviour is
observed on test materials of liquid limits up to 142%;
beyond this, the trend in behaviour is uncertain due to the

lack of data.

The best fit line through the data has a gradient (Predicted
swell + measured swell) of 0.477; this is considerably less than

would occur for a 100% prediction success i.e. gradient = 1),

2. The predicted water volume change behaviour is similar (in trend)

to that of the predicted swell (Figure 8.20).

The predicted water volume change approximately equals the
measured value for the lowest liquid Timits (49%); however, the

predicted value becomes increasingly less than the measured
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value as the liquid limit increases up to 120%. Beyond this,
the gap between predicted and measured swell apparently reduces
although once again, the absence of samples with a (LL) above

142% prevents a detailed assessment of this.

Since the graph for final moisture content (Figure 8.21) is
based on the water content change data of figure 8.20, then it
is not surprising that their form is very similar. The main

difference between the two, is the superior relationship between
the final measured and predicted moisture contents- qiving the

impress ion of an increased accuracy of prediction.

Notably, the gradient of the best fit line through the final
moisture content and swell graphs exhibit a very similar trend
(0.305 and 0.477 respectively). This is not unexpected since

both gradients were predicted from the same theory and therefore

subject to the same errors. These gradients, represent
an average behaviour, and are suitable for comparison purposes
only. The varying trend in behaviour between soil types should

be considered when formulating corrections.
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CVSP TESTING ITINERARY

INITIAL CONDITIONS TEST TIME
TEST  APPARATUS SOIL TYPE
NO. NO. AIR VOIS  MOISTURE  SURCHARGE FROM 10 DYRATION
(%) (%) (kN/m) B/K (DAYS)
3 F 5 30 64.8 25/75 28.10.8¢  15.11.84 10
A 6 5 30 " 25/75 28.10.84  15.11.8 19
5 £ 5 30 . 0/100  18.11.84  5.12.84 20
5 G 5 30 ¥ 50/50 18.17.84  23.12.84 34
7 F 5 30 " 75/25 24.12.8¢  21.01.85 28
8 G 5 30 " 100/0 26.12.84  21.01.85 28
9 F 5 25 . 10070 28.01.85  04.03.85 35
10 G 5 25 " 75/25 28.01.85  04.03.85 35
T F 5 25 i 50750 07.03.85  29.03.85 22
12 6 5 25 . 25/75 07.03.85  29.03.85 22
13 F 5 25 . 0/100  31.03.85  24.04.85 24
I G 5 35 . 0/100  31.03.85  24.04.85 24
15 F 5 25 . 10/90 27.04.85  17.05.85 20
16 G 5 25 v 20/80 27.04.85  17.05.85 20
17 F 5 25 . 30 /70 17.05.85  11.06.85 25
18 6 5 30 " 30/70 17.05.85  11.06.85 25
19 F 5 30 . 10/90 12.06.85  08.07.85 26
20 G 5 30 " 20/80 12.06.85 _08.07.85 26
21 F 5 35 " 10/90 08.07.85  07.08.85 30
22 G 5 35 " 20/80 08.07.85  07.08.85 30
23 F 3 30 . 30/70 08.08.85  02.09.85 25
2 G 5 3 . 30/70 08.08.85  02.09.85 25
25 £ 3 30 " 10/90 04.09.85 _ 28.09.85 24
% G 3 30 " 20/80 04.09.85  28.09.85 24
27 F 3 30 . 0/100  28.09.85  18.10.85 20
28 G 8 30 " 0/100  28.09.85  18.10.85 20
29 F 8 30 - 10/90 18.10.85  10.11.85 22
30 6 8 30 " 20/80 18.10.85 _ 10.11.85 22
3 F 8 30 v 730/70 16.11.85  02.12.85 16
2 G 5 30 " 30/70 16.11.85  02.12.85 16
33 £ 5 30 194.2 0/100  03.12.85  26.12.85 20
31 G 5 30 " 10/90 03.12.85  26.12.85 20
35 £ 5 30 o 20780 28.12.85  20.01. 23
36 G L 30 ™ 30/70 78.12.85 20.01.8 3
TABLE 8.2
CVSP EXPERIMENTAL DATA
INITIAL CONDITIONS FINAL CONDITIONS ¢ ¢, MEASURED
TEST pe se ¢, SWELL
NO. DEPTH  MC, e, Sr, M. e S e W (Zrogp) (ZTogp’ T, PRESSYRE
(m) (% % (% (%) (%) (ki)
3 14.85 34,13 097 89.15 49.62 3.01 124.82 0.04 15.49  0.108 0.2)7  0.49  151.04
4 14.85 33.77 0.97 88.31 50.77 1.00 126.59 0.04 17.0  0.109 0.221  0.49 151,04
5 14.85  28.44 0.92 81.19 32.63 0.84 101.28 0 4.19 __0.032 0.137 0.2 64.73
3 14.85  38.01 098 95.73 56.00 1.0  139.15 0.0 18.68  0.178 0276 0.65  215.78
7 14.85 43,19 0.94 102.0 - - - - - 0.21 0.432  0.49  409.98
8 1479  45.74 0.8 - . - - - - 0.141 0.147 096  388.40
9 14.97  25.31 0.69 86.89 73.26 0.98 176.03 0.294 47.95  0.140 0.140 1.0 -
10 14,99 26.39 0.67 - - 0.8 - - g.175 0.103  0.128 -
1 14.85  24.00 0.68 86.14 50.23 0.89 137.82 0.2] 26.21  0.09] 0.138  0.660 1059
12 14.89  24.10 0.7 85.93 47.55 0.87 138.65 0.16 23.45  0.097 0.141  0.69 646
13 15.198 23.97 0.77 81.68 33.09 0.80 107.97 0.03 9.2  0.042 0.112 0.3 437
1] 14.41  35.00 0.94 96.94 33.75 0.87 101.37 0.07 - 0.033 0.1 0.22 64.57
15 14.85 _ 24.75 0,74 86.52 39.77 0.83 123.65_0.09 15.02 0.070 0.087 _ 0.8] _ 501.20
16 14.85  25.57 0.74 83.58 46./8 0.8 138.49 0.13 21.21 "0.062 0.130  0.47  478.63
7 15.12  28.05 0.79 89.62 56.39 1.01 140.05 0.23 28,38  0.162 0177 0.92  389.04
18 1a.81  32.64 0.87 93.88 62.17 1.14 136.45 0.27 29.53  0.2% 0.223  1.06  239.90
19 14.92 3.7 090 89.6 48.20 1.07 114.48 0.17 16.49  0.158 0.168  0.94  237.39
29 14.98  30.00_ 0.91 85.6  39.33 0.99 1033 0.08 9.33 Q.16 0.144 _ 1.12__ 151.04
21 1485 24.5 0.93 8.3 40.22 1.0 101.84 0.03 ~ 5.72 ~ 0.1€5 0.198  0.83 87.02
22 14.76  34.35 0.95 91.6 Sl.14 1.5 113.22 0.20 16.79  0.243 0.239  1.02  215.78
23 14.86 31.06 0.83 94.41 60.37 1.08 140.37 0.25 29.31  0.185 0.164 112 323
2 1478 36.77 0.99 93.17 63.67 1.57 101.70 0.58 26.30  0.525 0.457 115 214
25 14.91__ 3013 0.84 92.88 40.50 _ 0.93 112.25 0.09 10.37 0.149 0.161 093  151.4
2 15.03  30.89 0.85 93.06 52.03 0.92 144.26 0.07 21.14  0.101 0122 0.83 1514
27 14.90 29.27 0.83 91.92 32.68 0.85 100.94 0.014 3.4 0.066 0.118 0.56 125.9
28 l4.85 29.21 0.92 8.05 33.48 0.85 102.68 -0.07 4.27  0.004 0.137  0.003 -
N 14.80 - - - - - S : : - . i
4,80 - - - - - = - -
] 5. 577 0.94 79.69 53.03 1.19 112,38 0.25 23.26  0.233 0.281 1.01 240
32 Yook il 0% 4723 sus7 1.09 123050 024 2004 0.199 0.182  1.09  288.4
3 15.60 28,92 0.97 78.40 39.00 0.97 105.16 0.01 10.08  0.044 0.110  0.40 -
3 14.93 30,07 0.88 88.48 36.84 0.97 97.6 0.09 6.77 0.1 0141 079 194.2
1487  26.62 0.8 83.05 44.63 0.96 118.36 0.14 1801 0.141 0.166 0.8  194.2
3 1488  28.57 0.84 85.41 4B.47 0.80 151.39 -0.36 19.9  0.13] 0.1499 0,88  19%.2

* these are only approximate values,since additional water was probably absorbed
following unloading and dissassembly procedure.



TABLE 8.3
CVSP THEORETICAL CALCULATIONS

PREDICTED CHANGES

TEST CORRECTED =
ND. Péggrhnlgf MCF er Srp te,, Mcth (h— x 100)
(kN/mé) (%) (%) (%} (%)
3 188.20 40.25 1.02 100 0.05 6.12 2.6
4 190.54 40.27 1.02 " 0.05 6.50 2.6
) 87.09 35.19  0.93 “ 0.1 6.75 1.1
6 309.03 44,96 1,10 " 0.03 6.65 6.1
7 524.81 - - “ : : 9.9
8 548.30 - “ - - 6.9
9 1445, 40 37.13  0.87 " 0.19 11.82 271
10 1402.55 - - " - - 13.9
1 1216.19 32.63 0.79 0.1] 8.61 6.9
12 776.20 32.17  0.82 - 0.1 8.07 6.1
13 562.30 30.84  0.81 - 0.04 6.87 2.4
14 131.83 36.49  0.96 . 0.016 1.49 0.8
15 588.80 3.2t 0.8 - 0.072 6.46 4.1
16 602.60 n.2 0719 " 0.06 5.65 3.2
17 512.70 37.1 0.93 " 0.15 9.06 8.2
18 371.53 41.89 1.06 " 0.19 9.25 9.9
19 416.90 40.41 1.03 N 0.13 8.70 6.8
20 288.40 39.13 101 . 0.10 9.13 5.2
21 169.82 41.12 1.06 " 0.07 6.62 3.5
22 309.03 4382 112 - 0.17 9.47 8.7
23 662.00 39.82 1.0 ¢ 0.17 8.76 9.3
24 288.00 53.02 1.3 0.34 16.25 17.1
25 288.4 %.18 0.93  ~ 0.09 6.05 4.9
26 263.00 35.60 0.91 " 0.06 4.7 3.2 .
27 204,17 44.40 1.16 " 0.33 15.13 1.8
28 37.18 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>