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ABSTRACT

An experimental investgation of volume change of compacted
highly plastic clays was undertaken. The primary interest lay in
swelling under controlled decrease of suction. Three supporting
studies were considered neccessary, and a small amount of work was
done on strength determination of unsaturated soils.

The first supporting study reviewed empirical correlations
between Index test data and swell measured in the cedometer. It
was found that there was little agreement between available
methods. An attempt to determine which index parameters were most
strongly 1linked with swell showed that poor correlations were
obtained for most of the commonly used index parameters. A
moderately good correlation was obtained using plastic limit,
liquid limit, shrinkage limit and clay fraction together, but the
data base is too small for this to be recommended as a universal
correlation.

The second supporting study was of the volume change in an
oedometer on soaking to zero suction. It was found that the void
ratio after swelling reflected the void ratio-compaction moisture
content curve at vertical stresses up to &44kPa. The samples which
had been compacted at the lowest moisture content swelled to the
highest void ratio and were more compressible than the samples
which had been compacted at higher moisture contents.

Three techniques for suction measurement were used. The
psychrometer and the filter paper techniques were used for total
suction measurement, and the pressure plate and the filter paper
techniques were used for matrix suction measurement. Some
development was done on the pressure plate and the filter paper
techniques, and consistent measurements of total and matrix
suction were obtained.

Volume change under controlled suction was studied in an
oedometer. This oedometer was designed to permit simultaneous
measurement of suction, radial stress and vertical stress. Suction
control and measurement is done with elevated pore air pressure.
The radial stress is measured with a load cell penetrating through
the oedometer wall. Axial load is applied hydraulically.

The stress paths observed in the oedometer were used to
compare three commonly used procedures for swell determination in
the standard oedometer. It was found that differences in stress
path or final stress state or both exist between these three
methods which had been widely considered to be equivalent. Swell
and collapse have been observed to occur during a single test. The
final void ratio has been shown to 1lie below the normally
consolidated line, in contrast to the observations for collapse.



Solute suction has been shown to have a large effect on the
swelling, and should be considered in future testing.

A radial displacement gauge was developed for measurement of
volume change of unsaturated samples in the triaxial cell. This
was used for one test, and proved satisfactory.



To my sister Jennifer, who has devoted her life to
improving the lives of others, and who once told me never
to write down to my audience, because people who are more
stupid than I am cannot read.
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CHAPTER 1

OUTLINE OF THESIS

1.1 INTRODUCTION

The study of ground movements due to swelling of expansive
soils is not new. The bulk of the published work dates from the
1950°'s and 1later, but there are occasional forays into print
before then. Most of the research, both academic and practical,
has been performed in oedometers of one sort or another. Very
little work has been done using triaxial equipment. Control of
suction has been routine in Soil Science, but has not been
extensively used in Soil Mechanics as applied to expansive soils.

From a very early stage there has been a tendency to
standardise the test procedures used for expansive soil study.
This 1is rather unfortunate, because the standardised procedures
are still in use, although Soil Mechanics has progressed to such a
stage that some of these procedures are now obviously inapplicable
to the real stress changes.

This research project has attempted to study swelling of
expansive soils in a manner more in keeping with modern
understanding of Soil Mechanics. One of the wmost important
advances over the standard test procedures is the measurement of
both major and minor principal total stresses together with the
pore water pressure or suction. Tests of this type generally take
much longer than the standard oedometer type tests, and as a
result, a large number of the latter have also been performed.
Since no suitable test equipment was available for the measurement
of swelling with measurement of both principal stresses and the
suction, it was necessary to design and develop an oedometer
capable of providing the required measurements.

In addition, study has been made of related topics. Some of
these studies became necessary during the main research work,
while others were thought to be of value in the overall picture.

1.2 OUTLINE

The current state of the art of soil mechanics as applied to
expansive soils is reviewed in Chapter 2. The main theme of the
review is the mechanics of volume change, although shear strength
is included. The influence of soil chemistry on the interaction
between soil and water is considered in some detail in chapter 3.
Since this is fundamental to the volume change of highly plastic
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soils, the principles involved must at the very least be known,
and preferably be understood.

After these review chapters, it is possible to discuss the
target and form of the research. Chapter 4 includes a detailed
review of the available stress path test data for swelling of
unsaturated soils, and outlines the direction chosen for this
project.

Since several soils were used in this project, Chapter S is
devoted to a fairly full description of the soils. The information
includes trial pit profiles with engineering descriptions of the
soils, index test data and mineralogical data.

The major products of the research are reported in the
subsequent chapters. Identification of expansive soils is adressed
first in Chapter 6. The standard oedometer swell tests are
presented next, in Chapter 7, followed by the study of suction
measurement in Chapter 8.

The development of the hydraulic stress path oedometers with
suction control and radial stress measurement is described in
Chapter 9. A small amount of development of the stress path
triaxial cell for swell measurement is also included in this
chapter.

Test data from the stress path oedometer tests are presented
and discussed in Chapter 10, and those from the test in the
stress path triaxial cell in Chapter 11.

The final chapter draws the pieces a little closer together,
and discusses possible directions of further work which may be
beneficial. The performance of the stress path oedometer is
critically assessed and further modifications and developments
recommended.



CHAPTER TWO

REVIEW OF SOIL MECHANICS FOR EXPANSIVE SOILS

2.1 INTRODUCTION

The understanding of the mechanics of saturated soils has made
great progress since Terzaghi identified one of the key principles
- that of effective stress. The mechanics of unsaturated soils is
by contrast very poorly understood. Some of the lack of progress
may be due to continuing attempts to derive an effective stress
equation for unsaturated soils. None of these attempts has yet
provided a workable framework to aid in the understanding of the
mechanics of unsaturated soils.

The effective stress principle is viable for saturated soils
because two variables, total stress and pore pressure, can be
applied to a set of soil parameters, e.g. c’° and ©g°'. It is
important for the viability of the principle that the total stress
and pore pressure interact identically with the soil parameters.
The soil parameters need not be stress independent, but it must be
possible to define them uniquely for a particular stress state and
stress history. A similar set of variables and parameters has not
yet been found for unsaturated soils, and as a result the
mechanics of unsaturated soils is poorly understood.

Within this generally poor state of understanding of the
mechanics of unsaturated soils is the narrower field of Expansive
Soil Mechanics. In addition to the problems outlined above, a
large part of the effort expended in this field has been directed
toward the prediction of s0il movements or strains from Index
Properties.

A general review of expansive soil engineering was done at the
beginning of this project and has been published as an Imperial
College Report to the Transport and Road Research Laboratory
(Schreiner 1987a). It is not intended to duplicate that review,
but to address only those aspects which are relevant to this

research.

2.2 SOIL MODELS

The role of a model of soil behaviour is to permit prediction
of strains due to application of stress or to predict the ultimate
strength of a soil element, given the initial conditions of
stress, the stress history and, if necessary, the void ratio. For
unsaturated soils, decreasing the suction will cause either a
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decrease or an increase in the volume, depending on whether the
s0il collapses or swells. Some definition of the conditions
necessary for collapse to occur is being achieved, e.g. Maswoswe
(1985), but the model is as yet incomplete for unsaturated soils.

One of the major difficulties encountered with the
effective stress concept in unsaturated soils has been the
“collapse” phenomenon, where the void ratio decreases with
decreasing stress. This led to an extensive discussion in print
between Jennings & Burland (Jennings & Burland 1962, Burland 1965)
on the one hand and Bishop & Blight (Bishop & Blight 1963, Blight
1965, Blight 1966, Blight 1983) on the other. Although the
collapse problem is at first sight in conflict with the effective
stress concept, in that decreasing stresses should cause an
increase in void ratio and vice versa, similar anomalies exist for
saturated soils.

An example is dilation during shearing. In this case the
sample can increase in void ratio while the mean effective stress
is also increasing, which is the reverse of the collapse
phenomenon. Research has identified the conditions necessary for
dilation to occur, and has formulated a model which accounts for
this behaviour. The origins of this Critical State Model can be
traced back as far as Casagrande (1936), but it was not coherently
tormulated until much later (Schofield & Wroth 1968).

Another example is the residual strength or residual friction
angle, which can be lower than the Critical State value at the
same effective normal stress (Atkinson & Bransby 1978). This is in
conflict with a part of Terzaghi ‘s original principle (as quoted
by Skempton (1960)) which states that:

All the measurable effects of a change in stress
such as....a change in shearing resistance are
exclusively due to changes in the effective stresses
O,y 0z & Os.

In this case the decrease in shearing resistance is not caused
by a change in the principal effective stresses. Instead the
change in stress state that occurs when the shearing resistance
decreases is a consequence of a change in the soil properties.

These difficulties have not led to the rejection of the
effective stress concept, but have required extensions of the
understanding of soil behaviour and the development of more
comprehensive soil models.

2.2.1 SHEAR STRENGTH MODELS

Several "effective stress" equations have been published for
unsaturated soils, some of which are listed in Table.2.1. All of
these applied a factor to the pore water pressure (which happened
to be negative) in order to obtain equations of similar form to
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the effective stress equation for saturated soils. The form of
the equation that is generally favoured is that of Bishop (1959),
although there is no real difference between his and the other
equations. Subsequent work, e.g.Burland (1961), Blight (1965) has
shown that the factor that is applied to the pore water pressure
or suction in these equations is dependent on many variables, such
as degree of saturation, test type and stress level (Fig.2.1), and
cannot be measured in one test series and then used in other tYpes
of test nor in the field. Since there are thus three variables,
total stress, pore pressure and the factor ‘chi’, one of which
cannot be readily measured, these equations fall short of the
requirements for a physical law.

Reference Equation
Croney et al (1938) g’ = o-Bu.
Bishop (1939) g’ = o-ua+X(ua—u.)
Lambe (1960) O = gamtUada—UL+R-A
Aitchison (1961) o’ = o-Psi p"
Jennings (1961) o’ = o+Bp"
Richards (1966) O’ = O-UatXmhmtus) +Xu (hegtua)

TABLE.2.1 Effective Stress Equations

The alternative approach that has been followed has attempted
to find equations for strength in which soil strength parameters,
%’ and ¢g* are determined for the two stresses independently. The
frameworks for this approach were set out by Fredlund and
Morgenstern (1977), and are an extension of the earlier work where
suction and total applied stress were considered separately, e.g.
Burland (1961) and Blight (1965). 1t appears that the soil
parameters derived using this approach suffer from the same
problem noted above, i.e. they are not stress independent
(Fredlund et al 1987, Toll 1988, Escario & Saez 1986). Fig.2.2
shows variation in @ with suction from one set of tests.

Although the quantity of data available is small, the form of
the shear strength envelope or surface, for unsaturated soils or
s0ils with negative pore water pressure, is becoming visible. It
is generally taken to be non-planar when plotted against suction
and mean total stress, as shown diagrammatically in Fig.2.3. There
do not appear to have been any attempts to apply the principles of
modern soil mechanics to the interpretation of this surface.

The study of saturated soils has shown that the stress history
can have a major influence on the soil bebaviour. This aspect has
been ignored in the study of unsaturated soils, although in most
cases, the soils have been subjected to suctions and/or applied
stresses greater than those at the time of testing. In saturated
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soils the failure envelope for this type of stress history is
called a Hvorslev 1line, as shown in Fig.2.4, and there is an
infinite family of Hvorslev lines forming the Hvorslev surface
corresponding to the infinite range of previous stress histories.

2.2.2 VOLUME CHANGE MODELS

Several researchers have studied swelling of unsaturated soils
with control of the suction. Relevant studies are described and
discussed in Chapter 4. Most of the volume change testing with
suction measurement or control has been performed without minor
principal stress measurement. Since the stress state is decreasing
when the suction is decreased, the ratio of the applied stresses
will not be constant during the tests. This form of testing is
thus unable to define either the stress state or the stress path
(Schreiner 1987e, Schreiner & Burland 1987), although many authors
have referred to the "influence of stress path in swell testing",
e.g. Fig.2.5 from Alonso et al (1987). Similarly, testing with
minor principal stress measurement but without suction measurement
or control cannot define either stress state or stress path.

It has been fairly clearly shown that swelling of an
unsaturated soil is caused by decreasing suction, and that the
amount of swell is dependent on the magnitude of the suction
change (e.g. Yong et al 1971, Escario & Saez 1973, Kassif et al
1973, Komornik et al 1980 and Justo et al 1984).

The early attempts to find a volume change model followed the
same path as the shear strength models, i.e. application of a
factor to the pore pressure (e.qg. Blight 1965). This was
unsuccesful largely due to the collapse problem (e.g. Burland
1965), which 1is intractable in a simple model of this sort.
Burland (1965) utilised the three axis plotting of void ratio,
vertical total stress and suction to describe the wetting paths
for swell and collapse of the same soil (Fig.2.6). This was not
developed further at the time, but could be said to be the origin
of the later approach followed by Fredlund and his co-workers.

The volume change model developed by Fredlund & Morgenstern
{1976) was based on the Biot equations. This is essentially an
elastic model extended to include separate moduli for overall
volume change due to applied stress and for suction and for water
volume change due to suction, (Fig.2.7). This has been further
developed by Fredlund et al (1980). They recommend that the
modulus for overall volume change due to suction be obtained from
the swell pressure followed by rebound test (2.3.1.3 below), by
relating the rebound swell to the suction change. This assumes
stress path independence, which has not been demonstrated. The
attempts by Fredlund & Morgenstern (1976) to demonstrate that a
unique surface exists for swelling due to suction and applied
stress was inconclusive as their applied stress and suction
changes did not cause monotonic volume increase.
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A further problem with their approach is that, in the absence
of major and minor principle stress data for oedometer tests, the
radial stress is eliminated from the equations using elasticity
theory to leave the vertical stress as the major stress. This is
not acceptable unless the dependence of the radial stress on the
axial stress can be determined. Since the stress state is
decreasing, the radial stress will tend to increase relative to
the vertical stress, and may become the major principle stress, as
can be seen in Fig.2.8 for overconsolidated saturated soils at OCR
greater than about 3.

A similar approach is described by Picornell & Lytton (1984).
They use logarithmic values of stress and suction, which is more
in keeping with saturated so0il mechanics, and apply different
moduli to each stress type. Testing of the equations is done with
a case history, but the initial and final suctions are not known.
Although the comparison between laboratory and field derived
moduli is moderately good, the comparison is meaningless without
measured values of initial and final suctions.

2.2.3 SOIL STRUCTURE MODEL

The system of soil structure or fabric terminology which is
used in this thesis was described by Collins (1985) and extended
by Zein (1985) for compacted socils. Other systems may be equally
useful, but this one has been chosen in part because Zein (1985
also studied the structure of compacted expansive so0il and used
this system to describe the structures which he observed with a
scanning electron microscope. His observations are used in Chapter
10 where the data from the Stress Path Oedometers is discussed.

The basic system is described in Fig.2.9. Zein (1985) included
perturbed parallel, shown in Fig.2.10b from Collins (1984), in the
elementary level for clays. This structure appears to be the same
as the turbostratic structure defined by Aylemore & Quirk (1960)
and shown in Fig.2.10a from Collins (1983). The former is
described as "clay flakes in face—-face and edge-edge association
but which overall is dense and intensely folded or crumpled“. The
latter is described as “turbulent array of parallel oriented clay
platelets".

Zein (1985) found that the structure in a compacted highly
plastic so0il varied with the compaction moisture content. The
structure at a moisture content near optimum moisture content was
almost entirely perturbed parallel or turbostratic. As the
compaction moisture content was decreased, the incidence of
clustered and aggregated structure increased. Compaction wet of
optimum moisture content tended toward parallel orientation at the
elementary level as the compaction moisture content was increased.

Fig.2.11a from Collins (1983) shows an aggregated structure in
a sample of silty clay which was compacted "dry of optimum”. The
perturbed parallel structure of a sample compacted "wet of
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optimum"” moisture content is shown in Fig2.11b. No details are
given of the actual moisture contents or densities of the samples.

2.3 TESTING PROCEDURES FOR VOLUME CHANGE

Geotechnical testing of unsaturated soils for volume increase
due to intake of water can be conveniently divided into two
categories. In the <first are all those tests which permit the
intake of water without control of the suction or water content.
In the second are those tests which control the intake of water
either by suction or by water content.

Tests of the former type are generally quick, inexpensive and
simple to perform. They suffer from the disadvantage, from the
s0il mechanics research point of view, that they can only provide
data on the end point of the wetting process. From the foundation
point of view, they are less than perfect in that they consider
the worst case of wetting to zero suction or pore pressure and may
not follow a stress path relevant to the field conditions. A
considerable body of data has, however, been generated using this
type of test, and several standard methods have been published.

Tests in the latter category are usually slow, expensive and
complex both in equipment and technique. They can however provide
information on the changes in volume and stress that occur in the
soil during the wetting process, and thus on the conditions that
might prevail in the field where non-zero suctions may persist
through the life of the project.

In both categories there has been a tendency to measure or
control fewer stresses than are narmally considered necessary to
define the stress state of a so0il element. As with saturated
soils, it is necessary in an unsaturated soil to know the
principal total stresses and the pore pressure or suction. It is
perhaps more important to know both vertical and horizontal
stresses in this type of problem, as the horizontal to vertical
total stress ratio, K, will not be constant throughout the test
(Schreiner 1987e, Schreiner & Burland 1987).

Almost all the testing has been performed in oedometers, and
only two of the research groups have measured lateral stresses in
the oedometer (Ofer 1980, Komornik & Zeitlen 1965). A small number
of tests have been performed in triaxial type equipment, e.g.
Dakshanamurthy (1979) and Tisot & Aboushook (1983). As a result of
the widespread failure to measure the full stress state, the state
of knowlege of the mechanics of swelling of unsaturated soils has
made little progress.

2.3.1 STANDARD OEDOMETER TEST PROCEDURES

Although the standard oedometer cannot measure the complete
stress state in the soil, the data obtained in the past have led
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to some conclusions which may be of doubtful validity, but are
widely accepted. The testing has, however, often been directed at
obtaining information for use on one particular project, and this
has resulted in a rather fragmentary picture.

In general, researchers have followed the "standard" test
procedures. Three significantly different procedures for volume
change or swell have been identified, although there may be minor
variations in use. As far as is known to the author, these methods
are used indiscriminately, and the results are considered to be
comparable (e.g. Ajayi 1987) although it has been shown that for

compacted soils different amounts of swell are measured
(Brackley 19735). These volume change procedures can be used to
measure the swell pressure, and bhave been shown to give

different results (Ali & Elturabi 1984). The standard test
procedures are described below and represented in Fig.2.12.

2.3.1.1 Swell followed by Consolidation

The first test of this type was described by Jennings & Knight
(1957), primarily for use in the study of collapse of unsatutated
spils. It has been widely used in expansive soil testing, and has
been modified over the years, most recently by Jennings et al
(1973).

Details of the test procedure are available in the literature.
In essence, the soil is placed in the oedometer at the field or
compaction moisture content under a relatively small vertical
total stress. Water is then supplied and the volume change
monitored. After swelling, AB in Fig.2.12(a), the vertical stress
is increased incrementally, and a standard consolidation procedure
followed. Swelling under any vertical stress is estimated from the
consolidation curve BC and either the initial void ratio or a
consolidation curve AD at the natural or compaction moisture
content.

One of the faults of this test is that the sequence of stress
changes applied to the so0il does not in any way resemble the
stress changes that are normally encountered in practice. It also
utilises soaking to nominally zero suction, frequently
mis—described as saturation. (Saturation as applied to soil
mechanics is unrelated to the state of stress in the soil.) The
suction in the field may not reach zero, so that the results from
these tests should be considered to be upper bound values, at
least on this count.

2.3.1.2 Swell under expected vertical stress

This test type is described by Holtz & Gibbs (1956). It is
performed in a similar manner to the test described above, except
that vertical total stress is applied, EF in Fig.2.12(b), before
swelling, FG6. The vertical stress is usually equal to the expected
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field stress, either the overburden stress or the overburden plus
foundation stress. The consolidation test after the swelling
stage, FG, is generally omitted.

The stress change sequence followed in this test is much more
representative of the field stress changes than the previous test
type. Criticism of the stress state during the test can be made on
two counts. Firstly, there is no means of including the effects of
cracks or fissures in the field profile. Secondly, the stress
changes during sampling may affect the stress state. These are
both of minor importance compared with the criticism of the
previous test procedure. The comments in section 2.3.1.1 on the
soaking to zero suction are equally applicable to this test.

2.3.1.3 Swell pressure followed by rebound

This form of test was recommended by Sullivan & McClelland
(1969). In essence, the sample is placed in the oedometer at its
natural or compaction moisture content, and water is supplied.
Vertical straining is prevented by increasing the vertical total
stress, HI in Fig.2.12(c). After wetting up is complete, the
vertical stress is decreased in steps, IJ, and the swell under any
vertical stress is estimated from the rebound curve and the
initial void ratio. The implicit assumption in this procedure is
that the effective stress during the constant volume stage does
not change and that the subsequent decreasing vertical stress is
equivalent to the decrease in suction that will occur in the
field. The equivalence of the two stress paths has been adressed
above, in section 2.2.2. The comments in section 2.3.1.1 on the
soaking to zero suction apply to this test procedure as well.

2.3.1.4 Swell pressure

The swell pressure is determined from the first test procedure
as the vertical stress during consolidation at which the void
ratio becomes equal to the initial void ratio (Chen 1973). The
swell pressure in the third procedure is the vertical stress at
the end of the constant volume stage (Holtz & 6ibbs 1956). The
stress paths and final stress states for these forms of swell
pressure test are not likely to be similar. A considerable amount
of effort bas been expended in attempting to improve the
measurement of swell pressure by the constant volume technique.

The original procedure relied on addition of weights while
monitoring the dial gauge in a standard oedometer rig.
Subsequently Brackley (1973) developed an apparatus which has a
stiff load cell to measure the vertical 1load. Agarwal & Sharma
(1973) used an electrical relay system in a motorised compression
frame. Richards et al (1984) developed an hydraulic oedometer
which is claimed to be capable of maintaining the vertical
movement within acceptably small limits. Whilst each apparatus is
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an achievement in mechanical complexity, little progress has been
made in the understanding of the mechanics of unsaturated soils as
a result of the increased precision with which swell pressure can
be measured.

2.3.2 NON-STANDARD TESTS AND APPARATUS

Of the non-standardised test apparatuses, perhaps the most
impaortant are those that permit the measurement or control of
suction. The first such oedometer was reported by Rengmark &
Eriksson (1953), although there 1is no indication that they
intended it for use with unsaturated soils. Subsequent designs
have used both the pressure plate or elevated pore air pressure
technique (Barden et al 1969, Chang 1969, Escario 1969, Aitchison
& Martin 1973 and Richards et al 1984) and osmotic suction control
(Kassif & Ben Shalom 1971a%b). These are discussed in more detail
in Chapter 9 in relation to the design of the equipment used in
this research.

Tests that permit measurement or control of “triaxial"
stresses are also of interest to the current project. Some
valuable work has been done in triaxial cells, e.g. Dakshanamurthy
(1979) for aswelling and Tisot & Aboushook (1983) and Maswoswe
(1985) for compression or collapse. Equipment for radial stress
measurement under conditions of nominally zero radial strain has
been developed by Komornik (1962) and Ofer (1980). The results
from these non-standard tests are discussed in Chapter 4.

A potentially useful, but simple, test is the controlled water
addition oedometer test. This was developed at Imperial College by
the author with a visiting researcher for comparison of field
swell and moisture content data with laboratory tests. The tests
in which soaking to zero suction had been permitted showed greater
swell than had been measured in the field. The field moisture
content data that were available after wetting and from a dry part
of the site were used to determine the amount of water that should
be added in the controlled water addition tests. This quantity was
then added slowly by means of a narrow filter paper wick
(Elsharief 1987). The measured swell in these tests matched the
field data better than did the data from the soaked tests (Osman %
Elsharief 1987), as shown in Fig.2.13.

Unconfined or partially unconfined tests have been used, (e.g.
Parcher & Liu 1965, Beal 1984 and Pile & Mclnnes 1984). These are
of little value for research.

2.4 SAMPLING EFFECTS

No serious consideration has been given to the effects of
sampling of unsaturated soils. It appears that the techniques used
for obtaining “undisturbed” samples and the preparation of
oedometer and triaxial samples are essentially the same as those
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appropriate for saturated socils. However, these rely on the
assumption that the state of stress is not changed significantly
during the sampling, on the grounds that, because the sample is
saturated, the negative pore water pressure generated by the total
stress relief prevents volume change.

The effect of sampling on residual soils has been described by
Vaughan et al (1988), and is relevant to unsaturated soils whether

residual or not. They state:-—

"Sampling involves relief of total stress.....Thus...the in
situ mean effective stress cannot be retained in the sample
by capillarity, as is possible in saturated sedimentary
clays. Inevitably there is a 1large reduction in mean
effective stress accompanying sampling, even when the latter
is of high quality. This must allow expansion.....”

In most cases, therefore, the samples that have been tested
have been subjected to stress relief. 1In practice, this is only
partially relevant, as "undisturbed" samples are not often used
because of the difficulties involved in both field and laboratory
in working with stiff but brittle and frequently cracked soils. A
large proportion of the testing is thus performed on compacted or
remoulded samples. Even for these samples there 1is stress relief
between compaction and preparation of oedometer or triaxial
samples. This has previously been adressed by only two authors,
Maswoswe (1985) and Didier (1973) who compacted their samples
directly into the sample ring. This technique will reduce the
stress relief, but it is still necessary to remove the vertical

stress after compaction.

2.5 EMPIRICAL CORRELATIONS FOR POTENTIAL SWELL

Index tests are widely used by geotechnical engineers to
obtain an indication of the type of soil and thus a rough guide to
the type of behaviour that may be expected from that soil. In
certain cases, such as normally consolidated sedimentary soils,
fairly reliable correlations have been derived, for example
between liquidity index and undrained shear strength. In most
cases the link between the index properties and the soil behaviour
is less direct. In saturated sedimentary soils this is largely due
to the stress history, but may also be due to bonding, soil
structure, changes in salinity etc. When the soil is unsaturated,
the link will become even more tenuous.

The development of a large number of empirical correlations
between swell and various soil properties is probably the best
indication of a lack of understanding of the basic processes
involved in the swelling of expansive soils. The mechanisms of
interaction between water and clay particle surfaces are described
in Chapter 3, where it is demonstrated that the two most important
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components in volume change are the clay mineral and the moistue
or suction change. The clay minerals are largely responsible for
determining the intrinsic expansiveness, while the moisture
content or suction change controls the magnitude of the volume
change that a particular soil will undergo (Schreiner 1987b).

Many empirical correlations have been made between routinely
determined soil parameters, such as Atterberg Limits, and
magni tudes of swell from case histories or laboratory swell tests.
This approach usually fails to distinguish between the two major
components involved, and frequently attempts to correlate the
Atterberg Limits with the observed strain or swell. The former
should reflect the the intrinsic expansiveness, while the latter
results from the suction and stress change interacting with the
intrinsic expansiveness. However, a significant degree of success
has been achieved with some of these methods, and the limitations
within which these correlations may be of some value have been
outlined by Schreiner (1987b). One example will be used to
demonstrate the lack of understanding frequently displayed.

Snethen (1984) compared predictions from 17 methods with his
data from oedometer swell tests on undisturbed samples under
vertical total stresses equal to the calculated overburden
stresses. Wetting up was from the measured initial suction to zero
suction. Many of the methods which he used in this comparison
were derived for compacted samples wet up from optimum moisture
content under some “standard"” vertical total stress, and it is
therefore not surprising that he found that most methods gave poor
predictions. The "best"” methods did not predict correctly in more
than 50%Z of the cases. This may be largely due the predictive
methods being applied in his review with no regard to soil
mechanics. The predictive method derived by Snethen (1984) is
flawed in the following ways:-—

1. There is no equivalence of samples

2. There is no inclusion of stress history

3. There is no inclusion of initial void ratio

4. There is no inclusion of applied total stress during the
test

5. There is no inclusion of moisture content or suction
change

6. The predictive table does not include all possible
combinations of soil plasticity and suction

2.6 TERMINOLOGY

There is as yet no accepted set of terms for use in expansive
s0il mechanics. It is thus necessary to clarify the meaning of
some of the terms used in this thesis.

2.6.1 INTRINSIC EXPANSIVENESS
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Volume change of a clay soil due to changes in water content
or suction is caused by interaction between the clay minerals and
water. If the suction exerted on water in a so0il is increased,
water will move out of the soil under this stress and the soil
will decrease in volume. Conversely, if water is added to the
system, the suction will decrease and the soil will increase in
volume. The intrinsic expansiveness is the soil property that
relates the change in water content, and thus change in volume, to
the suction change. A soil with a high intrinsic expansiveness
will exhibit a large water content or volume change as compared
with a soil of low intrinsic expansiveness when both are subjected
to the same change of suction under identical initial stress,
suction, soil structure and stress history conditions.

Although this concept is not new, but was mentioned by Brink
(1955) and was used by Baikoff and Burke (1965), it bhas not
previously been clearly described. No standard procedure has yet
been developed for the measurement of this property, and it is
only useable at present as a qualitative description.

2.6.2 SHELL

Swell is a measure of the volume strain or axial strain in a
s0il under a particular set of stress and suction conditions. It
can occur either due to changes in suction or due to changes in
applied load. In laboratory testing of intrinsically expansive
soils, swell is usually induced by a reduction of suction under a
small but constant vertical applied stress and zero radial strain
in an oedometer. Most testing is performed with an unknown initial
suction, a final matrix suction close to zero, and unknown radial
stress.

Swell is not a soil property, but is a strain which results
from interaction between suction and stress and the soil property,
intrinsic expansiveness, described above. Swell is thus specific
to the stress and suction conditions under which it is measured,
and will probably also be affected by suction and total stress
history.

2.6.3 HEAVE

Heave is the displacement of a point in the soil profile due
to suction and stress changes interacting with the intrinsic
expansiveness. The relevance of laboratory swell measurements to
heave under field conditions will depend on how well we can model,
in the laboratory, the initial stress and suction states in the
field and their changes.

Heave is not a soil property, but is a displacement which
results from interaction between the so0il property (intrinsic
expansiveness) and the field stress and suction changes that we
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may or may not be able to quantify with a reasonable degree of
confidence.

2.6.4 SUCTION COMPONENTS

The following descriptions were introduced into soil mechanics
at the First Expansive Soils Conference by the Review Panel
(1965).

Total Suction is the negative gauge pressure relative to the
external gas pressure on the soil water to which a pool of pure
water must be subjected to in order to be in equilibrium through a
semi -permeable membrane.

Matrix Suction is the negative gauge pressure on the soil
water to which a solution identical in composition to the soil
water must be subjected in order to be in equilibrium through a
porous permeable wall with the soil water.

Osmotic (solute) Suction is 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 with a pool
containing a solution identical in composition to the soil water.

2.6.5 STRESS VARIABLES

In the past it has been the practice to use the stress
variables (O-u.) and (u.—u.) to describe the stress state in the
soil. Although this is technically admissable, it serves to mask
the stresses which are of interest in the natural state. It is
similar to describing the stress state in a saturated soil by the
total stress and the pore pressure. This is not commonly done
because it has been shown that the stress variable which affects
the soil behaviour is the difference between the total and the
pore stresses, i.e the externally applied stress referenced to an
atmospheric pore pressure.

The same can be done with the stress state for unsaturated
soils, using the results of investigations into the stress
variables of importance. The technique for testing unsaturated
soils with negative pore water pressures is to raise the absolute
pore water pressure to above atmospheric pressure by applying an
air pressure within the sample and using a saturated fine pored
porous barrier to measure the pore water pressure. It has been
shown (Blight 1961, Bishop & Donald 1961) that the absolute
pressures are not significant. The pore air pressure is thus an
artificial and undesirable part of the stress variables. In this
thesis the stress variables used are:-

Oav ¢ the vertical or axial total stress referenced to
atmospheric pore air pressure and called the
vertical or axial applied stress
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Oar- @ the horizontal or radial total stress referenced
to atmospheric pore air pressure and called the
radial or horizontal applied stress

Ua. ¢ the pore water pressure referenced to atmospheric
pore air pressure and is numerically equal to
the suction but of opposite sign

When the pore air pressure is equal to atmospheric pressure,
the applied streses are calculated for a pore water presure equal
to atmospheric pressure, and are thus equal to the effective
stresses.

Not only have these been shown to be the stress variables of
importance, but they also reflect the stresses that exist in the
field in most instances. The only situation in which these stress
variables may be unsatisfactory is when there are bubbles of air
within the soil water in which the air pressure is significantly
different from atmospheric pressure. Burland (192461) has shown that
such bubbles must be transient, because the high pressure air in
the bubbles will in time diffuse through the water to the low
pressure air of the free atmosphere. The use of these variables
may help to clarify the relation between the field and the
laboratory tests.
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Fig.2.3 Diagrammatic representation of Failure Surface
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Fig.2.6 Three axis representation of stress state and void ratio
{Burland 1965)
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(a) Turbostratic soil structure of undisturbed clay

(Collins 1983)

(b) Perturbed parallelism structure
(Collins 1984)

Fig.2.10 Soil structure
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Fig.2.11 [2)SEM stereopair of Luanda silty clay, dry of optimum;{b) SEM stereopair of Luanda
silty clay, wet of optimum.

(Collins 1983)
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CHAPTER 3

MINERAL STRUCTURE AND SOIL WATER CHEMISTRY

3.1 INTRODUCTION

Sands and silts exhibit w=markedly different engineering
properties from those of clay soils. The primary cause of this
difference is the interaction between the clay mineral particles
and water. Sands and silts appear to be relatively inert with
regard to water, while clays have been shown to interact strongly
with water.

It is beyond the scope of this thesis to present a detailed
treatise on the chemical interpretations of the interaction, but a
brief review may help to explain how the interaction influences

clay behaviour.

3.2 MINERAL STRUCTURE

The crystal structures of the various clay minerals are
extensively documented (e.g. Bragg & Claringbull 1965, Lambe &
Whitman 1969 and Taylor & Cripps 1984). However, there is still
some uncertainty regarding the finer details of the crystal
structure, particularly with regard to the exchangeable cations
(Brindley & Brown 1980, Moore 1%970).

Most clay mineral particles are formed from alternating layers
of basic units or sheets, as shown in Fig.3.1. In montmorillonite,
a single particle may be made up of only three such sheets, and
consists of a Gibbsite unit between two Silicate units. Most other
clay mineral particles consist of repeating sequences of two or
three structural units. A Kaolin particle, for example, may have
more than 100 sequences of silicate and gibbsite, chemically
bonded to form a single crystal structure up to 1000A thick. The
montmorillonite particle by comparison may be as 1little as 10A
thick.

Characteristic of all clay minerals is the presence of at
least one silicate layer with the oxygen atoms exposed at the
surface of the crystal structure.

This surface structure is found in many materials that adsorb
gases onto their surfaces (Gregg 1933, Alexander & Johnson 1950,
Schreiner 1951 and Schreiner 1977). In the case of clay minerals
it is usually water that is adsorbed onto the mineral surface. Up
to four mono-molecular layers of water may be adsorbed (Bragg &
Claringbull 1965). The thickness of the fully developed, four
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molecule thick layer is about 10A or 10#10—%°n (Alexander &
Johnson 1950 and Lambe 1958).

It appears that the variation in thickness of this layer is
responsible for +the basal spacing changes observed in X-ray
diffraction analyses. Moore (1970) and Brindley & Brown (1980)
have presented data relating the basal spacing to the relative
humidity during X-ray diffraction which show a stepwise increase
in the basal spacing with increasing humidity. The increases in
the basal spacing are approximately equal to the length of a water
molecule.

There is some disagreement in the 1literature regarding the
position in the structure in which the water is adsorbed, and thus
regarding the physical interpretation of basal spacing. Some
authors suggest that the water is adsorbed between basic
structural units, Fig.3.2a, but it seems more reasonable to
consider this water to be adsorbed on the exposed surfaces and to
take the basic structural units to be discrete particles,
Fig.3.2b. If the water is absorbed between the basic units with
absorbed water only found on the outer faces, then the maximum
void ratio could approach 3 for parallel orientation. This is not
consistent with observed compression data for bentonites where a
void ratio of 3 is reached under about 450kPa vertical effective
stress (Schreiner 1977).

The other significant characteristic of most clay minerals is
the existence of substitutions of one metal ion <(cation) for
another within the basic crystal framework. Where the cation in
the framework has a lower valency than the cation it has replaced,
then, to complete the chemical structure and to provide overall
electrical neutrality, another cation is required.

Under normal circumstances, this cation, or the many that are
associated with each solid particle, is found in hydrated form
within the double 1layer (Grim 1962, Jones 1963, Alexander &
Johnson 1950). In the totally dehydrated or anhydrous state, these
exchangeable cations may be a part of the crystal structure (Wells
1962), but, on addition of water, ionisation will take place
(Resendiz 19635) and the exchangeable cations may separate from the
solid particle and move into the liquid phase as hydrated cations.

3.3 CLAY-WATER INTERACTION

The interaction between soil particles and water is a complex
subject, and there are several different physical and chemical
models which are used to describe the interaction. Three
apparently different models, the capillary model , the double
layer model and the osmotic model, have come to the writer's
attention. These approach the interaction from significantly
different initial suppositions, but all manage to explain some of
the behaviour of some soils.

The model that appears to have been used first in soil
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mechanics is the capillary model, although the double layer or
particle energy model was published by Gouy in 1910. An osmotic
model based on the Gouy double layer theory was introduced by Bolt
in 1956.

3.3.1 CAPILLARY MODEL

Most of the early soil mechanics theories for partially
saturated soils were based on the capillary model of suction. In
this model, the force preventing separation of the particles is
caused by the surface tension of the water. It is assumed that the
water forms a meniscus between the particles, in the same manner
in which it does in a capillary tube. The force exerted on the
particle is dependent on the radius of curvature, or more
correctly for soils on the mean radius for non—-circular pores or
tubes, and the wetting angle between the water and the solid
surface. The stress resulting from the surface tension, for a
wetting angle of zero, is calculated from the equation :-

Ueo. = 2T/r
where
U. = suction in the same units as T/r
T = surface tension of water, e.g. 72#10-*kN/m
r = capillary radius, e.g. m

Capillary suction of this form is dependent on the surface of
the particle being wettable by water. This is a reasonable
assumption to make for sands and silts which have inert surfaces,
and no exchangeable cations.

For clay soils which have chemically active surfaces and
exchangeable cations, a different model is needed.

3.3.2 0OSMOTIC MODEL

The four molecule thick layer described above is referred to
as adsorbed water. There is a much greater thickness of less
strongly bound water called the “double layer water"”, or absorbed
water. Bolt (1956) has used the double layer approach, with the
concept of hydrated exchangeable cations, to develop and test a
model based on osmotic pressure differences between the absorbed
water and the free water.

3.3.2.1 Exchangeable Cations

It is necessary to clarify the status of the exchangeable
cations before proceding. As the name implies, these are cations
that are readily exchangeable. This is in contrast with other
cations related to the clay mineral, i.e. the cations in the
crystal structure which cannot be exchanged except by changing the
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crystal structure and chemistry.

The name also implies, correctly, that these cations cannot be
simply removed from the system, but must be replaced by other
cations. This 1is true because these cations were required in the
first place to provide electrical and chemical stability. Removal
without replacement would result in an unstable chemical system.
An analogy to this is the removal of chlorine from a solution of
table salt in water. It could be done, but the resulting product
would no longer be a solution of salt. However, by supplying
alternative cations, the exchangeable cations can be displaced by
the alternative cations if the conditions are favourable
{(Schreiner 1987c).

3.3.2.2 Osmotic System

Bolt (1956) utilises this association of the cations and the
solid particles to describe an osmotic system, in which he
describes the clay particles as the semi-permeable membrane. The
semi-permeable boundary would be more correctly defined at the
interface between the absorbed water, which contains the
exchangeable cations, and the free water, which contains any
dissolved salts which may be in the water (Schreiner 1987c).

Essentially, the cations are not free to move out of the
absorbed water due to electrostatic forces between the negatively
charged solid particle and the positively charged cations. An
osmotic pressure can thus be established between the absorbed
water plus exchangeable cation system and the free water plus
dissolved salt system. This results from the tendency of the free
water to attempt to dilute the absorbed water until the
concentrations are equal at the interface between the two systems.

3.3.3 PARTICLE ENERGY MODEL

The particle energy model is based on the balance of
attractive and repulsive forces between adjacent particles. The
negative charge on the solid particle is balanced by the positive
charges on the exchangeable cations, but the distribution of the
charged bodies in the double layer does not eliminate the
repulsion between the negatively charged surfaces. The double
layer theory on which this is based requires the clay surfaces to
be non—wettable or lyophobic. The adsorbed water appears to be in
contradiction with this assumption.

Yong et al (1984) have calculated the attractive and repulsive
forces for low and high salt contents, and showed that the former
led to a net repulsion while the latter gave a net attraction.
Their model appears to be fairly inaccurate when compared with
experimental data.

Stocker (1969) states that the osmotic and particle energy
models give equal repulsive forces. Sridharan & Jayadeva (1982)
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have combined the osmotic and particle energy models. They found
better agreement for their model between theoretical and
experimental void ratio-effective stress curves than for the
previous models. This suggests that the osmotic and particle
energy models describe the same physico-chemical preocess in
different terms.

3.3.4 ENGINEERING IMPLICATIONS OF THE MODELS

One of the major differences between the capillary model and
the osmotic model is that in the former case the water holds the
s0il particles together, while in the second case, the water holds
the particles apart. In the capillary model there is an implicit
assumption that the particles are in contact with one another, and
volume change must therefore involve slippage between the
particles. In addition, there is no force to cause the particles
to separate if the capillary suction is reduced, except strain
energy stored in the particles.

Soils governed by capillary forces will not swell when the
suction is decreased, as is the case for a pure silt. Carefully
designed soil mixes containing suitable proportions of mica, which
is made up of thin platy particles, can show significant swelling
on reduction of effective stress (Terzaghi & Peck 1969), but this
does not appear to be a probable mechanism for natural soils.

In the osmotic model the solid particles are not in immediate
contact, and volume change can occur without alteration of the
particle arrangement. In effect, the particle is made up of the
solid core and the adsorbed plus absorbed water. The amount of
water in the absorbed layer will be dependent on the stress state
to which the so0il is subjected. In the saturated soils which Bolt
(1956) studied, the stress causing expulsion of water from the
absorbed layer is the externally applied effective stress.

When the soil is unsaturated, the removal of water from the
absorbed layer can be caused by evaporation into air of lower
relative humidity than that with which the soil would be in
equilibrium, or by drainage under a suction gradient such as is
set up in the pressure plate system. Either process will decrease
the effective size of the particle plus the absorbed water, and
thus decrease the overall soil volume. There wmust be a force
holding the particles together which is not generally considered
in applying this model. This force could either be generated by
capillary forces in the free water or by sharing of the absorbed
layers between adjacent solid particles. A conceptual diagram of
the latter is shown in Fig.3.3, where the semi-permeable boundary
encloses more than one solid particle.

These two models can be seen to be very different in the type
of soil behaviour that they support. The capillary model is not
adequate for the description of swelling of expansive soils, and
will not be used in this thesis with regard to the soil. It is,
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however, the applicable model for the high air entry porous
ceramic which forms the basis of the suction control technique in
the test equipment.

3.4 ENGINEERING PROPERTIES OF THE DOUBLE LAYER

Since all clays have silicate layers and exchangeable cations,
it is reasonable to expect similarities in their interaction with
water. Lambe & Whitman (1969) show that individual particles of
Kaolinite and Montmorillonite will develop double 1layers of
similar thickness, while Lambe (1958), (Fig.3.4),shows a thicker
layer for Kaolinite than for Montmorillonite. However, since the
solid Kaolinite particle is about 10 000 times the volume of the
solid Montmorillonite particle, the water contents of the particle
plus double layer will be much smaller for Kaolinite than for
Montmorillonite.

The volumetric water content for a 200A layer around a
Montmorillonite particle is about 40, while for a 400A layer
around the Kaolinite particle it is only about 0.8, (Fig.3.59).
This indicates a theoretical potential volume change for
Montmorillonite of SO times that of Kaolinite from completely dry
to fully hydrated. The intrinsic expansiveness can thus be seen to
be strongly influenced by particle size which is in turn dependent
on the mineral type. The higher surface activity of the Kaolinite
is masked by the effect of the relative particle volumes.

The development of the double layer can be affected by several
factors. One of these is the type of exchangeable cation (Grim
1962, Stocker 1969). The Atterberg Limits may be used as an
indication of the volume of the double layer water present under
the test conditions, although not all of the water in the soil is
held in the double layer. Lambe & Whitman (1969) present data
showing a decrease in plasticity index for montmorillonite from
656 for sodium as the exchangeable cation to 429 for calcium. Most
of the reduction is due to the 1liquid 1limit and may thus be
related to the maximum thickness of the double layer. Similar but
smaller reductions are demonstrated for illite and kaolinite, in
keeping with the discussions above on the influence of particle
size.

The composition of the pore fluid may also affect the double
layer thickness. Bolt (1954) demonstrated that, by varying the
concentration of sodium chloride in the pore fluid, different void
ratio-stress curves were obtained, with the higher void ratios
associated with the lower concentrations of salt. Yong et al
(1984) found similar results for natural soils. Thus, under
identical externally applied stress conditions, a soil with a high
salt content will have a lower void ratio than the same sail with
a low salt content. The type of water used in laboratory tests or
provided in the field may thus affect the volume change of a soil,
and may cause volume change by alteration of the salt content in
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the soil by diffusion without changes in the matrix suction.

Where the water causing swelling is relatively salt free,
such as rain water or distilled water, the salt concentration in
the pore fluid will tend ¢to decrease as the moisture content of
the soil increases. 1f, on the other hand, the water has a similar
salt content to the pore fluid, as may be the case with wetting up
due to groundwater flow, then the salt concentration of the pore
fluid will be unaffected. The soil wet up with salt-free water
will therefore swell more than the soil in which the salt
concentration is wmaintained at its initial value. This can be of
significance in laboratory testing of soils with high salt
contents, as has been observed by Morgenstern & Balasubramonian
(1980) and Pile (1984).
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CHAPTER 4

DETAILED REVIEW AND RESEARCH PLAN

4.1 INTRODUCTION

This chapter attempts to assemble the available data relevant
to the study of volume change of unsaturated soils. The primary
direction of the research is the swelling of unsaturated compacted
soils, but volume decrease due to decreasing suction must be
included. It will become apparent that the available data adre
limited in quantity and quality.

As described in Chapter 2, the research into volume change of
unsaturated soils has not utilised the frameworks of modern soil
mechanics. Useful data are scarce, and incomplete data must be
utilised in this review in order to define the current state of
knowlege. The test data will be divided into four cateqories on
the basis of the stresses measured or controlled:

4.2.1 Tests with only vertical total stress measurament
4.2.2 Tests including axial and radial stress measurement
4.2.3 Tests including suction measurement or control
4.2.4 Tests including both principal stresses and suction

4.2 VOLUME CHANGE DATA

4.2.1 TESTS WITH VERTICAL STRESS

Most of the data from simple oedometer soaking tests are of
little relevance to this research. A few points will be noted.

The effect of vertical applied stress was first reported by
Rengmark & Eriksson (1953) who showed that the swell decreases as
the vertical stress increases. This has also been shown by Didier
et al (1980) for a greater stress range. Wiseman & Zeitlen (1960)
demonstrated that swell for samples compacted "wet” of optimum
moisture content swelled less than samples compacted “dry" of omc.
This was taken a stage further by Noble (1966) who derived a
relationship for swell in terms of vertical stress and compaction
moisture content, (Fig.4.1), for one soil from a single initial
dry density. The influences of the initial density, moisture
content and vertical applied stress were studied by Schreiner
(1987c). The void ratio after swelling was shown to reflect the
compaction moisture content-void ratio curve, at vertical stresses
below 64kPa. Brackley (1983) included the soil type, the soil
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density and the vertical stress to derive an equation for swell,
s, from the compaction moisture content:

sZ = (5.3 - 147e - 1logp) (.S525PI + 4.1 — .85w,)
“PI

where p = vertical applied stress
w = compaction moisture content
e = initial void ratio
PI = plasticity index

This equation was tested by Brackley against data from 6
sites, and found to be of limited reliability. Since the data came
from undisturbed so0il profiles with uncontrolled moisture content
changes, whereas the equation was derived for compacted soils,
this unreliability is not surprising.

de Bruyn (1961, 19463) abserved that, for remoulded clay, there
was a lower moisture content below which there was no volume
change, and an upper moisture content above which there was no
volume change. His tests were performed under isotropic total
stress with addition of water without suction control or
measurement. The lower value probably corresponds to the shrinkage
limit, but the upper value may be affected by the void ratio and
the soil fabric. A similar finding was reported by Popescu (1979)
during shrinkage.

Collapse was shown by Jennings & Burland (1962) to terminate
near to the virgin consolidation line or the scaked consolidation
line. Possibly of more importance is their demonstration that an
undisturbed sample of an "expansive" soil, when loaded before
soaking, can attain void ratios above the soaked consolidation
line for a similar sample and thus be liable to collapse
(Fig.4.2). This was the first report that collapse and swell are
not intrinsic so0il properties, but are stress and suction
dependent phenomena, and can occur for the same soil. Although not
noted at the time, this observation leads to the conclusion that
the mechanisms of swell and collapse are different.

Subsequently, Novais-Ferriera (1973), Cox (1979) and El1 Sohby
& Rabaa (1984) have shown that collapse and swell are also
influenced by compaction moisture content and density. All found
that collapse and swell can occur in the same spnil. Cox (1979)
showed that the conditions required for collapse are low density
and low compaction moisture content, while swell is associated
with high initial density and is insensitive to compaction
moisture content (Fig.4.3a). Novais-Ferreira tested samples at
various positions on the moisture—density curve and found that
collapse and swell were determined by the vertical total stress
during soaking (Fig.4.3b).

4.2.2 TESTS WITH PRINCIPAL TOTAL STRESSES

Three sets of data are available in this category. One set has
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been obtained using instrumented oedometers, another is from
stress controlled triaxial tests, and the third is from constant
volume wetting in a triaxial cell.

Most of the oedometer data are from Komornik (1962), but have
been reported at various times by several authors. All the
oedometer data are for single stage soaking to zero suction under
a constant vertical applied stress. Komornik & Zeitlen (19465)
present curves of swell against constant vertical applied stress
and measured radial stress for compacted bhighly plastic clay
(Fig.4.4). They found that the ratio of horizontal to vertical
effective stress at the end of the test increased as the amount of
swell idincreased. At low vertical applied stresses, corresponding
to high amounts of swell, the stress ratio was large, reaching
about 20 at 5SkPa vertical stress. Isotropic stress conditions are
found for small magnitudes of swell, and in the compression or
collapse region, the stress ratio was less than 1.

Kassif & Baker (19469) tabulated more of the original data on
swell pressures. This indicated that the stress ratio was
generally around 1 for zero vertical and radial strain, but
slightly lower values occurred at high initial dry densities. This
implies that the fabric of the compacted samples is largely
isotropic, which is consistent with the fabric observations of
Collins et al (1984) and Zein (1985) noted in section 2.2.3. They
have shown that the fabric at optimum moisture content compaction
is perturbed parallellism, which has no overall preferred
orientation.

Ofer (1980) presented data showing a stress ratio of more than
2 for constant volume wetting using a similar oedometer on a
moderately dense compacted sample. He also found that the "lateral
swelling pressure" increased dramatically as the initial dry
density increased, without a comparable increase in the amount of
swell (Fig.4.5).

High stress ratios were also reported by Ofer & Komornik
(1983) at 1low vertical stresses. They found that the stress ratio
at the end of swell under constant vertical load tests decreased
towards about 0.75 for high vertical stresses.

All of the above observations are consistent with the observed
effective stress changes during one—-dimensional compression and
swell of saturated samples. Mayne et al (198B2) use published data
to show that Ko increases during unloading as a function of OCR,
reaching values of up to 3 in some cases for cohesive soils.
Kirkpatrick et al (1984) and Atkinson & Bransby (1977) show
similar trends over smaller ranges of overconsolidation. The
extremely high values of Ko reported for unsaturated soil testing
have not been reported for saturated so0il tests. However, since
the soils are very nearly saturated at the end of the swelling
tests, the effective stress concept should be applicable. There
should be equivalence between the results from both saturated and
unsaturated samples.
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None of the studies on unsaturated soils have considered the
effect of wall friction on the measured stresses. Stress ratios
above 3 have also been reported by Dyvik et al (1985) for
saturated soils during unloading in an oedometer. Some of the
results from the current research are relevant to this aspect,
and will be discussed in Chapter 10.

Triaxial constant applied stress tests were used by
Dakshanamurthy (1979). As for the oedometer tests, these allowed
soaking in a single stage under a constant vertical applied
stress, but also applied a constant cell pressure. He used radial
to axial stress ratios between 0.2 and 1 and mean stresses between
30 and 260 kPa on samples compacted to the same density and at
the same initial moisture content. All the data showed a unique
relation between volumetric swell and the mean stress (Fig.4.é6a).

The data from Fig.4.4 are replotted in Fig.4.6b on similar
axes for comparison. The trend is very similar for both sets of
data even though the radial total stress in the ocedometer is not
constant. Replotting Dakshanamurthy’'s data on p — q — strain axes,
Fig.4.7, shows 1less clarity. The agreement between the data for
the different stress ratios is less good, and the curved
relationship is not apparent. It is also of interest to note that
his tests do not cover the stress space where the radial stress is
the major principal stress. This stress space has been shown by
the oedometer tests to be relevant for swelling.

Tisot & Aboushook (1983) undertook a study of swelling
pressures in a triaxial cell and found stress ratios of about 2.
However, the tests seem to have been constant volume tests, and
not zero strain tests, so it is difficult to see how the stress
ratios were controlled.

4.2.3 TESTS WITH CONTROLLED SUCTION

Kassif & Ben Shalom (1971a) used multistage swell and swell
pressure tests to show, Fig.4.8 and Fig.4.9, that swell and swell
pressure are developed progressively as the suction is changed.

Although Fig.4.8a shows that the less dense samples attained
higher final moisture contents, the magnitude of the swell was
less than for the dense samples. The data from Fig.4.8a are
replotted in Fig.4.8c in terms of void ratio against moisture
content, which gives a clearer picture of the test results. The
three low density samples swell from an initial void ratio of 1.04
to void ratios between 1.09 and 1.16. This is consistent with the
suction changes, in that the wettest sample, with the lowest
initial suction has swelled by the smallest amount, while the
driest sample has swelled the most.

The difference in final void ratios between the high density
group of samples and the 1low density group could be due to either
or both of two reasons.

Firstly, in swelling of saturated soils, the rebound curves of
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void ratio versus effective stress are dependent on the maximum
past consolidation pressure. For compacted soils it is very likely
that the same will be true for both maximum past suction and
maximum past applied stress. In the present case the compaction
stress for the high density samples would have been much greater
than that for the low density samples.

Secondly, Zein (1985) has shown that the soil fabric due to
compaction is dependent on the compaction water content, and is
not significantly altered during swelling under 1low vertical
applied stresses. For samples compacted progressively drier than
the optimum moisture content, the so0il tends toward a clustered
structure with random particle orientation. Samples compacted at
or wet of optimum moisture content have a perturbed parallel
structure, in which particles are locally arranged parallel to
each other, but there is no overall preferred orientation. The
clustered structure with random orientation will exist at a higher
void ratio than the perturbed parallel structure under identical
stress conditions.

It is apparent from Fig.4.8c that the low density samples are
further from the saturation or zero air voids 1line. 1t is also
generally true that the optimum moisture content of a soil
decreases as the compactive effort and thus density increase.
Since the two sets of samples presented in Fig.4.8 were prepared
at the same moisture contents, it may be deduced that the low
density samples were compacted in a relatively drier state than
the high density samples, and are thus 1likely to have, and to
retain during swelling, a more clustered structure, and as a
result, a higher void ratio after swelling.

Fig.4.9 shows that swell pressures were developed with small
increases in moisture content, which is to be expected, as the
final void ratio will be less than that of the swelled samples.
The more rapid increase in moisture content, after most of the
swell pressure had been developed, for the 1low suction range
probably corresponds to the filling of macro-voids between the
s0il clusters or peds. This is more noticeable for the low density
samples than for the high density samples which is consistent with
the discussion above on so0il structure for these samples. Each
pair of equal initial moisture content samples show a change of
gradient of the moisture content-swell pressure curve at about the
same moisture content. After this point the low density samples
take in more water than do the high density samples.

It is also apparent from Fig.4.9 that the initial moisture
content affects the swell pressure, which is in conflict with
Komornik & Zeitlen (1965) who found, Fig.4.4, a unique vertical
swell pressure value for a particular dry density for a range of
initial moisture contents. If we consider the volume change of
samples from the same initial void ratio but different initial
moisture contents, then it is apparent that the initial moisture
content should affect the swell pressure. Since the soils are
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“overconsolidated” by compaction and suction, there is no
requirement that the void ratio be uniquely dependent on stress.
Since the drier samples swell more than the wetter samples under
constant applied stress, it is to be expected that a greater
applied stress will be required to suppress the swelling of the
drier samples than for the wetter samples.

The swell versus suction data, Fig.4.8b, shows a strong
increase in the magnitude of swell as the suction approaches zero.
This could be suppressed if the applied vertical stress was
greater than the 16kPa which they used. Escario & Saez (1973) have
presented data, Fig.4.10, which shows lesser increases in swell at
low suctions for high applied stresses than for 1low applied
stresses. The applied stress at which the rate of swell does not
increase at 1low suction is relatively high, and may be an
indication of collapse or structural change under the high
vertical applied stress.

A more important observation by these authors is that collapse
can occur after swelling. Fig.4.11 shows swell during the initial
stages of suction decrease followed by collapse in the last one or
two stages. Swell followed by collapse of the same sample has also
been reportd by Blight (19465), Fig.4.14, and by Barden et al
(1969, path ADEH in Fig.4.12, but in the latter case the applied
vertical stress had been increased from D to E between the two
suction decrease stages AD and EH of épsi each. These observations
can be qualitatively interpreted as shear failure at the grain or
cluster contacts as suggested by Burland (1965), or as deformation
of the clusters, both mechanisms being controlled by the decrease
of local shear strength as the suction decreases.

Some work has been done on the effect of solute suction.
Morgenstern & Balasubramonian (1980), Fig.4.13, and Pile (1980)
have shown that wetting with distilled water will cause more swell
than wetting with saline water. There is some doubt regarding the
“reconstituted pore fluid" used by the former authors due to the
extraction procedure (Schreiner 1987c), but the solute suction
effect is clearly demonstrated. Richards et al (1984) attempted to
investigate both the effect of solute suction and salt type, but
their data must be somewhat unreliable due to alteration of the
exchangeable cations in the soil by the salts in the supply water.
Since there was no attempt to match the soil and supply water salt
types, there could have been changes in the exchangeable cations
in the soil with resultant changes in the socil behaviour.

Only one comparison between controlled suction tests and
soaking tests has been found. Justo et al (1984) noted that the
swell to zero suction in a controlled suction test was less than
in a quick soaking test. No explanation was advanced for this. A
similar finding from the current research (Schreiner 1987e) will
be discussed in Chapter 10.

4.2.4 TESTS WITH FULL STRESS STATE
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Blight (19465) presents a swelling curve, Fig.4.14, with
controlled suction under isotropic conditions. This is for a
collapsing sand, but the amount of swell between 9.5 and 4psi plus
that from 2psi to zero suction almost matches the collapse between
4 and 2psi. The isotropic applied stress was constant during this
test, which confirms that swell and collapse are not mutually
exclusive.

Several authors have studied compression, e.g. Matyas &
Radhakrishna (1968), Karube (1983) and Maswoswe (1984). The
general finding is that the stress path to zero suction is not
greatly significant, as shown by Fig.4.15 from Matyas &
Radhakrishna (1948). There are, however, two differing findings of
collapse in terms of suction.

Blight’s finding of a critical suction at which all collapse
occurs is not consistent with the more recent work which shows
collapse to occur progressively as the suction is decreased. Since
Blight (1965) used undisturbed samples while Matyas & Radhakrishna
(1968), Karube (1983) and Maswoswe (1985) all used compacted
samples, both observations may be correct. Further study is
required before the findings from the compacted soils are applied
indiscriminately to natural and compacted collapsing soils.
Similar studies have not been performed for swelling.

Vaughan et al (1988) have developed a model for bonded soils,
Fig.4.16, which is similar to Maswoswe’'s findings for collapse,
Fig.4.17 from Burland (1985), except that in the latter case the
collapse can be induced by decreasing the suction. This suggests
that, for compressive volume change, the effect of suction may be
similar to the effect of bonding. This approach will be pursued
further in Chapter 10, where results will be presented showing
swell and collapse to be possible in the same sample.

4.3 OUTLINE OF RESEARCH PLAN

The foregoing review has shown that 1little fundamental
research has been done on swelling of unsaturated soils. Even with
the data from the simple or project specific testing there are
large gaps in the current state of knowlege. No data is available
on the full stress paths followed by the soil during swelling,
except the isotropic data from Blight (19465). Some data is
available on some components of the stress paths where incomplete
astress measurements bhave been made. Claims have been made
regarding the effect of different stress paths on the volume
change, but these cannot be accepted since the stress paths and
final stress states have not been determined (Schreiner 1987e).

It is not possible, nor reasonable to attempt, to solve the
entire swelling problem in the space of one research project.
However, it is possible to attempt to define the barest of
outlines of the fundamental mechanisms of swelling by applying
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modern soil mechanics principles to an experimental study of the
s0il during swelling. In the first instance, this requires that
the full stress state be measured or controlled during the tests.
Additionally, the experimental programme must be relevant to the
practical problem of engineering in expansive soils.

Apart from the need for advanced soil mechanics testing, it
was also necessary for this project to address the whole range of
unsaturated so0il wmechanics, particularly as applied to expansive
s0ils. This has necessitated a multi-directional approach, with
several studies going on in parallel. As a consequence the
advanced work has not been undertaken in great depth, but the
breadth of the investigation has provided a basis for further
work in a similar field by providing a secure body of data in the
subjects related to the mechanics of unsaturated soils. The
supporting studies included the measurement of suction, the
identification of expansive soils from their index properties and
oedometer swell tests. The chemical and physico-chemical
properties of clays have been largely addressed by reviewing the
published theories, but a 1limited amount of information has been
gathered from the experimental programme.

4,.3.1 PRELIMINARY STUDIES
4.3.1.1 Review of predictive methods

It is desirable during the site investigation phase of any
project to be able to make a preliminary assesment of the expected
behaviour of the soils. This is frequently done on the basis of
the plasticity of the soil and the grading. While this approach
has seen some success for saturated sedimentary soils, the level
of reliability in the prediction of expansiveness and swell has
been low. A review of predictive methods (Schreiner 1987b) found
little agreement between methods, and was thus followed by a
comrehensive study using published swell data (Oloo 1987)

4.3.1.2 Standard Oedometer testing

Oedometer swell tests were used to study the effects of
vertical stress and compaction moisture content on volume change.
The constant applied vertical stress range was 1.5 to 256 kPa, to
include the likely vertical stress range for road embankments and
to approach the vertical swell pressure. The compaction moisture
content range was from the plastic limit down to about 10%Z of the
plastic limit. A selection of soils was chosen to reflect the
range of expansive soils likely to be encountered in road
construction projects in Africa.

4,.3.1.3 Suction Measurement Techniques
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Al though suction measurement and control has been possible for
many years, there has been a certain amount of mystique about the
techniques in use. Measurement of suction using the pressure plate
or elevated pore air pressure technique is an example. Various
procedures have been described, but none have been justified on
theoretical or scientific grounds. One recommendation (Toll 1985)
is that the porous plate should be wiped to leave a little water
on the surface before placing the sample on the porous plate and
applying the air pressure, in order to obtain consistent results.
This is far from an acceptable "standard procedure”, and there are
other such qualitative and subjective recommendations. There are
also reports of inconsistencies between types of suction
measurement, e.g. Richards (1980) and Edil & -Motan (1984). Since
measurement and control of suction are essential for this
research, it was necessary to develop the techniques for suction
measurement to a useable level.

4.3.2 STRESS PATH TESTING

The primary concern in expansive soil engineering is to obtain
a reasonable estimate of the vertical displacement 1likely to be
experienced by the structure or the so0il during swelling. This is
similar to the need to know the 1likely settlement of a structure
built on compressible soil. However, the problem is made more
difficult by the lack of control of the stress changes that will
contribute to the displacement or heave. 1In the settlement
problem, the stress changes are usually available from the
designer of the structure. In the swelling problem, the stress
change is usually climate dependent, and may be difficult to
estimate. Progress is being made in the study of long term stress
conditions below covered surfaces, e.g. Emery (1986), which is
extending the knowlege derived from the early studies e.g. Russam
& Coleman (1961). There is thus some justification for examining
swell throughout the suction range from very dry soil +to soaked
soil.

The simplest form of test with which to start studying this
problem is the one-dimensional oedometer test. The ordinary test
and equipment must be adapted to include measurement of the radial
stress, because the ratio of axial to radial stress, K, will not
be constant throughout the test. The oedometer must also be
designed to peramit control of the matrix suction. Since no
suitable oedometer had been developed, one has been designed and
used in this investigation.

With this oedometer, three stress paths can be followed with
relative ease. These conveniently correspond to the standard swell
tests described in Chapter 2. In one the suction in the soil is
first reduced to zero and the sample then subjected to a
consolidation test. In another the vertical stress of interest is
applied before reducing the suction, and in the third the suction
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is reduced to zerao while preventing volume change. The sample is
then allowed to swell under reducing vertical effective stress.
The triaxial cell permits other stress paths to be followed,
particularly if the stress path cell is used. A Bishop & Wesley
cell was, therefore, adapted for volume change measurement of an
unsaturated sample. The set of stress paths described above could
be usefully complemented by a constant applied stress test in
which both axial and radial movements are measured. In addition,
the samples may be sheared to give strength data at various values
of suction. This test series was severely curtailed by slow
fabrication of the equipment, and only one test was completed.
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CHAPTER S

SOIL PROPERTIES AND PREPARATION

S.1 INTRODUCTION

Samples of seven soils were collected for this project. The
majority of them have only been used for classification purposes,
although field data exist to demonstrate their expansive nature.
The samples were collected on two separate expeditions, to Kenya
in September 1985, and to Sudan in December 1985.

Samples were collected from four sites in Kenya. The sites are
at Lodwar, Muhoroni, Nairobi-Mombasa Robad at kmé8 and South
Nyanza. The Lodwar and Nairobi-Mombasa Road sites are linked with
research projects undertaken by the Transport and Road Research
Laboratory, the former being one where use of dry compaction is
planned. The other two samples were collected on the basis of the
Agricultural soil maps of Kenya and 1local information. The
Muhoroni sample was taken near a clinic which showed some evidence
of movement due either to swelling or shrinkage of the soil. The
structure had been designed to survive the foundation movements,
and damage was generally limited to the surrounding aprons. Damage
was also apparent near the Nairobi-Mombasa Road site where a
culvert passed under the road. The culvert and the wing walls were
extensively cracked and distorted. Damage to the road could not be
assessed as it had recently been rehabilitated.

Samples were collected from sites at El1 Fau, Wad Medani and
Omdurman in the Sudan. The samples from Wad Medani and El1 Fau have
been extensively studied by Elsharief (1987) in their natural
state. Both sites are near severely damaged buildings, one of
which is described in Schreiner (1987g). The sample from Omdurman
was taken near a house which was damaged along the line of a
service trench by what appeared to be swelling. Other damage
visible in the area included a crack up to 30mm wide through the
middle of a single story shop. This crack was widest at the top,
which is commonly associated with swell under the centre of a
building.

S.2 SOIL_CLASSIFICATION

S.2.1 FIELD CLASSIFICATION

The samples were taken from trial pits which had been dug by
hand. The trial pits were logged by the author on the day on which
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they were dug. The logs are shown in Fig.5.1 to Fig.5.7, and
sample positions are noted. Common to all the profiles from areas
which were not very wet are the vertical cracks. These were
visible on the ground surface in the areas which were not heavily
vegetated. In the Lodwar area the cracks were up to 25mm wide in
some locations within the area of black clay soil. The cause of
these locally more severely cracked zones was not determined, but
it appeared to be linked with preferential infiltration of runoff.
This may have reduced the salt content (see section 5.2.2.2 below)
in these areas by leaching and thereby made the soil more
expansive.

S.2.2 LABORATORY DATA

A summary of the laboratory classification test data is
presented in Table S.1. Additional data for the Nairobi-Mombasa
Road site is given in Fig.5.8 from Mutonyi (1973).

S.2.2.1 Mineralogy

The clay minerals present were determined using X-ray
diffraction techniques at University College (UCL 1986a & b).
Semi—-quantitative analyses were made by preparing standard
mixtures of montmorillonite and kaolin to cover the range of
proportions present in the natural samples. The proportion of each
mineral present in the fraction of the soil finer than 0.002mm was
estimated from the height of the peaks on the X-ray spectrum. This
is a simple method which may be inaccurate, particularly when the
widths of the peaks vary. It does serve to indicate that the
dominant mineral in all of the samples is montmorillonite.

A parallel study was made using an Infra-red spectrometer (UCL
1988a & b). This permits much faster measurements ¢to be made,
typically about S5 minutes compared to 5 hours for the X-ray
diffractometer, although sample preparation requires as much time.
The results are qualitative at present, but progress has been made
within this project in the technique.

The first spectra were not able to separate illites from
montmorillonites. This appears to have been overcome by measuring
the spectra before and after heating to 550°C. The cold spectrum
differentiates illite and montmorillonite together from kaolin,
and the spectrum from the heated sample separates the illite from
the montmorillonite. The illite content of these samples is not
measurable, and there is general agreement between the findings of
the X-ray and Infra-red studies.

It has become clear during this work that both of these
techniques are dependent on appropriate standard minerals being
available. Since these cannot be prepared artificially, but are
refined samples of natural soils, the standards cannot be
guaranteed to be pure samples of one mineral. This reduces the
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level of confidence in the measurements of the mineral types and
of the relative proportions.

S.2.2.2 Salt content

The sample <from Lodwar was noted in the field to taste of
salt. Since solute suction may influence the amount of swell, it
was decided to measure the salt content of the soils.
Investigation of the standard methods (Hesse 1971) showed that
they were unscientific and frequently based on unsubstantiated
assumptions. The method based on electrical conductivity for
instance relies on a conductivity relationship derived for an
unspecified salt or mix of salts obtained from one soil sample.
There is no means of identifying the salts in the solution used
for the "standard" relationship and thus no means of correcting
the results for different salts which are likely to be present in
the soils of interest.

It was decided that removal of the salts by flushing with
water and evaporation of the water would give results that would
be at least as useful, and would avoid the use of inappropriate
relationships. The 1leaching equipment and technique have been
described in Schreiner (1987c), which is included below as
Appendix 8A.1 to Chapter8 . The results are given in Table S5.1.

The technique should be refined further. Determination of the
salt content of the effluent could be better done by measuring the
conductivity or resistance as is reported in Chapter 10. This
would provide a quantitative measurement which could be plotted
against time to indicate the efficiency of the leaching. The water
used in the tests was tap water, which is not in itself salt free.
The quantity of disolved salt is small, and a test on a similar
amount of water as had been flushed through the so0il samples
indicate a possible error of about 0.1% salt content in the soil.
For accurate determinations distilled water should be used.

S5.2.2.3 Salt Type

One salt sample was obtained from a sample of the soil from
the Nairobi-Mombasa Road site, and was analysed by X-ray
diffraction to determine the cations and anions present. The
sample was obtained from the flushing system of the stress path
oedometer which is described in Chapter 9. The sample was taken
after test SPO1 which is described in section 10.4. Since the
flushing system was initially filled with distilled water, there
should be no contamination from external sources. Diffusion of
salts from the soil water into the water of the flushing system is
discussed in section 10.5. After completion of the test a part of
the water in the flushing system was drained into clean sample
tubes.

The dried residue was analysed by X-ray diffraction (UCL



&5

1988c) and the major constituent was found to be Sodium Chloride
(NaCl) with small quantities of Sodium Nitrate (NaNos) and
Sulphate (NazSO0.) and Potassium Bisulphate (KHSO04).

Included in Schreiner (1987c), which is included as Appendix
8A.1 to Chapter 8, are calculated solute suctions for the soils
based on the measured salt contents. These values are much lower
than the solute suctions obtained from the wmatrix and total
suction measurements reported in Chapter 8. The calculations did
not make any allowance for the distribution of the salts within
the so0il water, and assumed that the salts were uniformly
distributed in the soil water.

However, in the same paper a model of the distribution of the
exchangeable cations and the dissolved salts is described.
Applying this qualitative model, it is clear that the distribution
of the dissolved salts will be far from uniform throughout the
80il water. The effect on the solute suction will be wmuch greater
than was calculated because the dissolved salts will be found in
only a part of the soil water.

Assuming that the scientific relationship for suction from
salt content given in Schreiner (1987c) is valid, it is possible
to calculate the salt concentration required to establish the
solute suction derived from the measured matrix and total suction.
This in turn gives the amount of water in which the dissolved
salts are to be found. Performing these calculations for 35%
moisture content, and assuming parallel particle orientation, for
the Nairobi-Mombasa Road sample, for which the relevant total and
matrix suction measurements have been made, the dissolved salts
are found to be in 25% of the soil water.

S.3 SAMPLE PREPARATION

It was decided that uniformity of samples would be enhanced if
the soils were first pulverised and then mixed to the desired
moisture content. In order to pulverise the soils they need to be
dry enough to be brittle and non-sticky. The sample from Wad
Medani was dry enough to be pulverised in its field condition, but
the so0il from the Nairobi-Mombasa Road site and from the South
Nyanza site were too wet for pulverising. Accordingly they were
dried at about 70°C to moisture contents of 6Z and 3I.5%
respectively. The soils were then pulverised in a mechanical
pulveriser to pass the 2mm sieve. The Nairobi-Mombasa Road sample
contained a small proportion of gravel, some up to 25mm, and most
of this was removed during this process. Some was broken down to
sand size. Since the pulveriser could only hold about 1kg of soil,
several batches were used. These were subsequently mixed in a
large bag and stored as bulk samples.

Samples for testing were made up from the bulk samples.
Sufficient sample was mixed up for the whole of each test
programme. This ensured that within each programme the samples
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would be comparable. The required quantity of distilled water was
calculated from the initial moisture content and the desired final
moisture content. Mixing was done in a large tray and the water
was added in small quantities by spraying from a wash bottle
during continuous mixing. The samples were then stored inside
three sealed plastic bags. Moisture contents were taken at the
start of most tests, and showed no significant variation with time
during the test programme. A set of check moisture content tests
were made on the first batch of samples after about 12months, and
émonths after the planned testing on these samples had been
completed, and two of the four samples tested were found to be at
the original moisture content.
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SITE DEPTH We We SALT MINERALOGY ORGANIC
CONTENT OF CLAY CONTENT
4 M7 K% OF CLAY
LODWAR
300-500 100 o) 11
600-800 4 39 1.14 94 6 11
600E 70 30 15
800-1.0 102 40 98 2 15
1.1 98 2 13
MUHORONI
600-800 120 42 <0.1 95 S 13
NAIROBI-MOMBASA RD
200-350 100 o i
350-500 100 o) 12
S00-650 100 O 12
650-850 125 S1 0.52 100 (o) 12
850-950 100 0 8
950-1.05 : 100 0 11
1.05-1.3 97 3 21
SOUTH NYANZA
500-700 70 27 <0.1 97 3 15
900-1.0 ?1 ? 4
EL-FAU
600-800 71 37 85 15 i1
OMDURMAN
S00-700 78 22 )
WAD-MEDANI
600-900 &4 29 83 17 4

TABLE S.1 SUMMARY OF SOIL CLASSIFICATION DATA
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LODWAR - KAKUMAR ROAD TRIAL FIT AT KMS1

Q@ Sept 1985

A
L\\J dry grey~brown slightly sandy silty clay with
\\\bg " occasional fine gravel
N 120 in profile has a loose granular structure
i:t dry grey-brown friable fiessured to shattered
\\\ slightly sandy silty clay
i:: more sandy than above stratum
NME:
N — .
dry dark grey friable fissured slightly sandy
\\\ silty clay
\\\"Jag stiff to hard in lumps
\\\ occasional slickencsides not well developed nor
::\ 800 polished
AN
\bag slightly moist dark grey very stiff to hard silty
\\\ clay with occasional grains of sand and fine gravel
\\\ occasional slickensides
:t\bag 1100
SOUTH FACE ONLY 900 - 1100
slightly moist to dry mottled grey, brown and light
brown fissured to shattered gravelly clay
gravel comprises fine to coarse quartzitic and fine
reddish rounded to subrounded grains
possible weathered rock
NOTES

coarse to fine calcrete nodules at B850
sand filled vertical crack over depth of trial pit
up to 10mm wide, brown sand
adjacent crack partly open and at 30° to vertical
roots visible to about 4600mm
possibly residual overlying weathered rock
ground surface powdery with some open cracks up to
25mm wide
vegetation: grass with some small trees

Fig.5.1 Trial pit profile
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KISUMU DISTRICT TRIAL PIT AT MUHORONI
HEALTH CENTRE
18 Sept 1985

N
\\\ moist dark grey to black firm friable in profile
t:t fissured silty clay with occasional sand
\\ 400
\\
::: very moist grey firm fissured and slickensided
\\\ silty clay with occasional sand
\ bag
;:: 1000
NOTES

1. fissures closed
2. roots to full depth of trial pit
3. vegetation: kikiyu grass

Fig.5.2 Trial pit profile
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NAIROBI-MOMBASA ROAD TRIAL PIT KM 68.3
20 Sept 1985

dry very dark grey to black fissured and shattered
hard slightly silty clay with some sand and gravel

bag fissures up to 20mm wide

bag
moist very dark grey to black fissured and
shattered hard to stiff slightly silty clay with
bag occasional fine to coarse gravel

fissures up to 10mm wide at 400mm depth

poorly developed slickensides

bag

bag| 950

slightly moist grey mottled white and dark agrey
bag intact stiff sandy very silty clay :
possibly residual weathered rock

becoming lighter grey with depth

LA T N

1300

—e

NOTES
fissures open to 950mm

1.
2. roots visible to 1200mm
3. vegetation: grass

Fig.5.3 Trial pit profile



Al

SOUTH NYANZA DISTRICT TRIAL PIT 200M FROM

ADCH-MUGA SCHOOL
17 Sept 1985

t:t moist to wet dark grey fissured soft slightly sandy
clay
\\\ 200
\\
:t: moist dark grey to black fissured and
\\\ slickensided firm clay with occasional sand and
\ gravel
:::ba; 1000
—————
NOTES

1. rained previous day

2. fissures closed throughout profile

3. roots to 900mm

4, some hard slightly moist nodules within mass, break

down to clay on remoulding

Fig.5.4 Trial pit profile
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EL FAU IRRIGATION SCHEME TRIAL PIT AT FILE
TEST SITE
18 Dec 1985

dry grey brown stiff highly fissured gravelly silty
clay

open cracks to 400mm depth

fissures generally horizontal and closed

600

bag dry to slightly moist grey brown highly fissured
and slickensided stiff gravelly silty clay

1000

V.

NOTES
i. roots to 600mm
2. vegetation: very sparse

Fig.5.5 Trial pit profile
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OMDURMAN TRIAL PIT NEAR FOOTERALL
STADIUM
21 Dec 1985

dry grey with grey-brown and brown patches stiff
fissured sandy clay with occasional gravel

open cracks to 600mm depth

vertical sand filled fissures

&

A/ A AAAA AN PSS,

1000

— e —_—_———— |

NOTES
1. no rots visible

2. vegetation: nil
3. in built up area

Fig.S5.6 Trial pit profile
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WAD MEDANI; GEZIRA UNIVERSITY TRIAL PIT AT PILE

TEST SITE
17 Dec 19895

dry to slightly moist brown firm to stiff highly
fissured gravelly silty clay with some fine gravel
open cracks to 200mm depth

fissures generally horizontal and closed

vertical sand filled fissures

1000

LSS

dry to slightly moist dark brownish grey highly
fissured stiff gravelly silty clay with calcareous
granules

fissures generally horizontal and closed

vertical fissures filled with upper stratum

NOTES

1. roots to S500mm
2. vegetation: very sparse

Fig.5.7 Trial pit profile
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CHAPTER &

IDENTIFICATION OF EXPANSIVE SOILS

6.1 INTRODUCTION

Classification test data are used in expansive soil
engineering both to assess the expansiveness of the soil and to
estimate the magnitude of swell that may occur. Use of
classification test data for the latter purpose requires that the
stress state and stress changes are either compatible with the
derivation of the predictive equation or are included in the
predictive equation. Derivation of a means of determining the
intrinsic expansiveness can only be achieved if the effects of
stress state, stress changes and initial density and soil fabric
can be eliminated or isolated.

The limitations within which any method based on
classification test data can be applied have been defined by
Schreiner (1987b). This paper is included as Appendix 6A.1 to this
Chapter.

Following on from this review, during which it had become
apparent that there was 1little consistency between methods, a
study was undertaken as an MSc. project by Mr. S. 0Oloo under the
author ‘s supervision (0Oloo 1987). The intention was to determine,
from the available published data, which classification data were
most strongly related to the intrinsic expansiveness and then to
derive a method of prediction of swell. The results of the former
showed that there was 1little point in pursuing the latter. The
interested reader is referred to the original document for the
detailed report of the study. The key findings, that both free
swell and index test data are unreliable indicators of
expansiveness, are discussed by 0Oloo et al (1987) which is
included as Appendix 6A.2 to this Chapter. The use of shrinkage
limit, 1liquid limit, plastic 1limit and clay fraction together
appears to be better than the other combinations of data which
were used, but the quantity of data available is too small for
this to be recommended as a universal method.

The approach followed in the original work and in Oloo et al
(1987) with regard to the free swell sedimentation test is
inconclusive. In effect it merely demonstrates that free swell is
poorly, if at all, linked to index test data, because the free
swell data was only compared with index test data and not with
oedometer swell data. The latter could not be done because there
is no data available in which both types of test have been
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performed on the same so0il. A better approach, although still an
indirect one, is to plot both <free swell data and ocedometer swell
data against classification data for such data as is available.

Fig.6.1 repeats the data from Fig.6 of 0Oloo et al (1987)
wi thout the tentative swell boundaries. Shown instead are
boundaries within which the data for a given range of swell fall.
Shrinkage index and 1liquid limit were chosen for this comparison
because the oedometer data are moderately well separated in terms
of these parameters. Plasticity index and liquid 1limit by
comparison showed a much poorer classification in Fig.4 of Oloo et
al (1987).

Fig.6.2 repeats the free swell data against shrinkage index
and liquid limit from Figl.3 of Oloo (1987), with boundaries
within which the commonly used ranges of free swell fall.

Fig.6.3 compares the boundaries from Fig.6.1 and Fig.é6.2,
without the data points. According to the common useage of free
swell for prediction of expansiveness, 0 to 507 free swell
corresponds to low expansiveness, 5O to 10042 to wmoderate
expansiveness and greater than 100%Z free swell with high
expansiveness. Thus, for free swell to correlate with the observed
swell ranges, the boundaries in Fig.6.3a for the low, moderate and
high swell data should be similar to the boundaries in Fig.6.3b
for O to 50%Z, SO to 100%Z and greater than 1007 free swell. It is
clear that there is very little similarity between the boundaries,
indicating that there is no link or correlation between free swell
and oedometer swell.

6.2 SUMMARY

While the conclusions from these two studies are far less
useful than was intended, they have highlighted the unreliability
of methods of swell and intrinsic expansiveness prediction which
use classification test data. Further work, beyond the scope of
this project, is required to find a useable correlation between
classification test data and intrinsic expansiveness.
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APPENDIX 6A.1

9th Regional Conference for Africa on Soil Mechanics and Foundation Engineering/Lagos / September 1987

The use of predictive methods in expansive soil engineering

H.D.Schreiner
Imperial College, London, UK

ABSTRACT: Many predictive methods have been published for use 1in
expanegive soil engineering. These are frequently inappropriately
applied. Distinction is made between methods that can only be correctly
uged for assesement of s8o0il properties and those that can be used for

estimation of strains or displacements. Intringic expansiveness, swell
and heave are defined in terms that will clarify the relation between
the predictive methods and the swelling process. Guidelines are given
for the sgelection of a suitable predictive method for any set of
practical conditions.
1 INTRODUCTION predictive methods. The most
important concepts are the intrinsice
One of the topics frequently expansiveness which is a 801l
addressed in the study of expansive property, gwell which is a strain,
goils i the prediction of volume and heave which is a displacement.
change from classification data. The
list of predictive methods 1g not
Qquite endless, but a very 1large 2.1 Intrinsic Expansiveness
number have been published. This
paper doces not 1intend to review a Volume change of a clay soil due to
large number of methods with intent changes 1in water content or suction
to find a universally acceptable is caused by interaction between the
one, but is rather aimed at clay minerals and water, The
identifying the reasons why most of interaction 1 the basis of the Gouy
these methods are of relatively double layer theory which has been
little value except under very extensively used and discussed in
specific stress and suction or water the literature. If the suction
content conditions. Attempts to exerted on water in a soil 1is
apply the methods under conditions increased, water will move out of
different from those for which they the 801l under this stress and the
have been developed will almost soil will decrease in volume.
always lead to false predictions. Conversely, i1f water is added to the
Thie does not necessarily mean that system, the suction will decrease
the method itself is incorrect, it and the soil will increase in
has simply been inappropriately volume. The intrinsic expansiveness
applied. i the s8o0il property that relates
the change in water. content, and
thus change in volume, to the
2 DEFINITION OF CONCEPTS suction change. A s0il with a high
intrinsic expansiveness will exhibit
It may help in the understanding of a large water content or volume
the processes involved in swelling change as compared with a soil of
of expansive soils to define a few 1low intrinsic expansiveness when
basgic concepts before discussing the both are subjected to the same

135
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change of suction wunder inirtisal
identical gtress, ructrion, eo1l
structure and etrese nistonry
conditions.

Thie concept 1&g not new, bur was
mentioned by Brink (1955) and was
uged by Baikoff and Burke (1965).
No estandard procedure hass yert been
developed for the measurement of
this property, and 1t ie only
useable AT present asg a Qusaslitative
description.

2.2 Swell
Swell is & measure of the volume
strain or axial srrsin in a £011

under a particulsar set of stress and
guction conditions. I+ can occour
either due to chenges in fuctrion or
due to changes in applied load. In
laboratory testing of intrineicslly
expansive golles, swell 18 usually
induced by a reduction of suction
under a s£mall but constant vertical
applied gtreege and zero latersl
etrain in an oedometer. Most testing
is performed with an unknown initisl
suction, a final matrix suction
cloge to zero, and unknown lateral
stress.

Swell is2 not 8 soil
is a estrain which
interaction between guction and
stress and the soil property
intrinsic expansiveneseg described
above. Swell is thus specific to the
etrese and suction conditions under
which 1t is measured, and will
probably alsgo be affected by suction
and stress history.

property, but
results from

2.3 Heave

Heave 12 the displacement of a point
in the 8011 due to suction and
stresg changes interacting with the
intrinsic expansiveness. The
relevance of laboratory swell
measurements to heave under field
conditions will depend on how well
we can model, in the laboratory, the

initial stress and suction states 1in
the field snd their changes.

Heave i not a sg¢il property, but
is a displacement which regults from

interaction between the soil
property (intrinsic expansiveness)
and the field =stress and suction

changes that we may or may not be

I §

Dieplacement, H ..If
.
[-—' Heave]

L >R

Verticsel L
Strsin = H-/L
{- sSwell]

w— Spring stiffnessSam| —es
{= Intrinesic X
Expangsiveness])

Fig.1 Mechsnical snslogy

able to qQusntify with a ressonable
degree of cenfidence.

2.4 Classification Dats

Clagsification testse such ag
Atterberg Limit teete are nor
absolute meagures of any soil
property. However, hecause they are

performed under identical conditions
and procedurecs, they are an indirecrt

measure of a g80il property of the
reconstituted soil, or, more
probatly, the combined effects of

several properties.

2.5 Mechanical Analogy

The swelling process under
decreasing suction may be visualised
in <terms of a8 linear spring syetem
shown schematically in Fig.1l. The
dieplacement of the end of the
spring (heave) 41ieg the summation of
the egetrains (swell) caused by the
change 1in applied 1load (suction)
acting against the spring stiffness

(intrinsic expansiveness).
Regardless of the 1load (suction),
the spring stiffnese (intrinsic

expansivenegs) will be unchanged. In

practice the system will be

non-linear, but eimilar analogles

may be used.

3 APPLICABILITY OF PREDICTIVE
METHODS

Predictive methods range from those

based solely on classification data
to those that include classification
data, stress, density and water
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been derived for
others for

content. Some have
compacted golls,
undisturbed samplee. The information
that c¢an be obtained from these
methods varies accordingly, ag do
the conditrtions necessary for their
correct ussge. A 1limited number of
predictive methods will be used in
the following discussion. This does

not imply that these are
particularly gocod or bad methods.
They hsve bheen chofen merely as
examples for which the type of
parsmerter that can be predicted and
the range of correct usage c¢an be
demonsrtrated. Similar assessments
should be made for any predictive
method hefore it ie applied in
practice.

3.1 Methods classification

data

using

Age discusced 1in cection 2 above, the
classification data for a soll are
an indirect measure of one or more
soil properties. They do not in any
way account for the stress and
guction state in a desicrcated soil.
In principle, therefore,
clagsification data are only of
value 1n aesessing a soll property,
such a8 intrinsic expansiveness, and
are of no value 1in assesesing a
strain due to stress and suc¢tion
changes.

The approach followed by
Dakshanamurthy & Raman (1973) 1is in
agreement with these comments. They
propose a classification of the
intrinsic expansiveness of a soil in

Qualitative terms, based solely on
the LiQquid Limic. They make no
attempt to predict actual or

potential swell or heave. The use of

this type of predictive method will
aggist in the identification of
goils which will or will not be

gubject to gignificant volume change
if the stress and suction conditions
are appropriate. A similar type of
predictive method has been published
by Tadanier & Nguyen (1984) who have
given a range of parameters that may
be used. It should be noted that
their values of 1iquid limit for the
ratings of expansivity do not
correspond, with thoee of
Dakshanamurthy & Raman (1973). Care
must be excersised in comparing
predictions from different methods
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to ensure that like is compared with

like.

The approaches followed by
Bandyopadhyay (1981) and Lana A
Lambe (1961) attempt in the author's
opinion to carry the prediction one
stage too far. Both attempt to

predict a strain from classification
data. The former author 1is explicit
in his statement of the tegt
conditions under which his equation
i8 valid or applicable. The 1latter
authors are less egpecific in thar
the initial sample density or void
ratio 1eg undefined. One of the major
limitartions of this type orf
predictive method 1g that there 1ig
no means of applying it under
conditions that differ in any
respect from the test conditions
uged 1in the development of the
predictive method. For the former
authors' method therefore, eamples
must be tested under 1psi surcharge,
laterally confined, after being
compacted to 92% of standard AASHO
density at optimum moisture content.
Swell is measured at the end of 96

hours sosking of the 2 i1inch thick
sample. There is no means of
ascgessing the effect of different

initial or final conditions on the
predicted swell.

3.2 Methods including water content

The inclusion of moisture content in
the predictive equation is a partisl
improvement of swell or strain
prediction as compared with those
that usge classification data alone.
The method of Nayak & Christensen

(1971) is of thies type. These
authors derived the form of their
equation from a basic scientific
equation, and replaced the
scientific parameters with soil
parameters. The major limitation of

the uce of this method is that it is
only applicable to swelling with
free accegs to water of a laterally
confined sample under 1psi surcharge

which 18 initiaslly compacted to
standard AASHO density. at optimum
water content. Thus, although the
initial moisture content is included
in their equation, it will only be
valid 1if 4t 18 also the optimum
water content, Their data was

originally published by Seed et al
(1962) who used it to derive a means
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intrineic
although
swelling

of comparing the
expansivenees of the soiles,
they used the term
potential.,

The exclusion of vertical strees
in the predictive equation in this
type of method restricts its direct
applicability to the stress actually
uged in the development of the
method. Various stresses have been
used by different authors.

3.3 Methods including external stress

Brackley (1983) and Weeton (1980)
have published equations for the
prediction of swell in percent ueing
a soil property, a strees and a
water content. Brackley (1983) aleo
includes a void ratio. The soils for
which these equations were derived
are notably different. Brackley
(1983) used compacted samples, while
Weston (1980) used undisturbed
samples of a residual soil. The
significance of soil structure in
compacted go0ilg has been discussed
by Brackley (1975) and Zein (1985).
Unfortunately, Zein's thesig has a
copyright, prohibiting reproduction
in any form. However, the
significance of a packet type
structure in clays compacted dry of
optimum 1s l1likely to result in very

different volume change properties
from those of natural soils which
may have a much more homogenous

gtructure. This may account for some
of the errors in prediction found by
Brackley (1983) when applying his
method to in-gitu soill profiles. A
further 1limitation of methodes based
on compacted soll data ie that they
are only applicable from the
compaction moisture content.
Attempts to apply them to compacted
solles which have previously partly
wet up or dried may be extremely
misleading.

Both of these methods include the
three most significant primary
factors that have been shown by many

authors to 1influence volume change
on providing free access to water.
The soil property, e.g. PI or LL,
relates to the intrinsic
expansiveness of the soil. The water
content 1ig related to the suction
change, although is does not account

for incomplete wetting in the field,
nor for the previous suction history

== Author's data
==~ Brackley (1983)
—-=—Weston (1980)
V & G (1973) a
-——=V & G (1973) b
Richarde (1967)

seere

100

%

Vertical Strain,
w
o

\..\

eV

50

5 15 25 35
Initial Water Content, X

Fig.2 Comparison of predictions

which may be significant in terms of
hystereeis. The vertical stress used
is equivalent to the field vertical
stress, but the lateral confinement
in the oedometer tests is unlikely
to model the field stress state.

The approaches followed by these
authors are thought to be realistic
attempts to obtain methods, for
either undisturbed or compacted
soils, of predicting the order of
magnitude of maximum vertical strain
that may be expected under complete
wetting in the field. The accuracy
of these methods has not been
adressed in this paper.

3.4 Comparison with test data

In order to demonstrate the range of
predictions obtainable using
different methods, & random group of
methods has been used for comparison
with a small amount of the author's
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laboratory data for a compacted soil
which has & 1iquid limit of 125 and

a plastic limit of 50. The
comparisons are presented
graphically on figure 2. Not all
methods include the three primary
parameters, and not all are
applicable acrosse the range of
primary parameters consgidered. 1In
particular, only one (Brackley 1983)
was derived for compacted soils, but

thoge for undisturbed samples both
over and under predict.

There 18 a general agreement in
the trend of all predictions (i.e.
increasing swell with decreasing
initial water content) except the
Vijayvergiya & Ghazzaly (1973)
equation using 1liqQquid 1limit and
density. However, the scatter is
very large, particularly as the
water content decreases. Brackley's
(1983) method wag derived under
similar conditione the author's
tests and the comparison is
corresgpondingly good. The test
conditions for the other methods
differed to varying degrees, and the
comparisons are less good. The
variations in test conditions
include soil type in terms of
plasticity range, water content
range, and applied vertical stress.
It i8 to be expected that gimilar
variations between field swell and
predicted swell may occur due to
similar variations between field
conditions and the test conditions
from which the predictive equation
was derived.

to

4. SELECTION OF A PREDICTIVE METHOD

The foregoing discussion has shown
that any particular method may be of
value under the particular set of
conditions for which it was derived.
It is still necessary for an
engineer to decide which method to
apply to the particular problem with
which he is faced. This paper does
not attempt to recommend specific
methods, rather to give guidelines
for assessing the relevance of any
method to the particular set of
condaitions under consideration.
There are too many methods and the
range of field conditions is too
great for a single method to be
universally acceptable.

The most important the

part of

process 18 the decision regarding
the parameter that is required from
the predictive method. The choice
should be based on <the c¢concepte in
section 2. 1f 18 1t necessary to
esgstimate <the heave that may occur,
then there 18 1little point in using
methods based on classification data
only, as they can only be of value
in assessing the intrineic
expansiveness. In the author's
opinion there are only two levels of
prediction that are worthwhile. The
firet level of assessment i1is8 the
intrinsic expansiveness based on
classification data, and the second
is the estimation of swell with free
access to water, based on intrineic
expansiveness, applied stress and

water content. The latter category
covers explicit inclusion of stress
and water content such as by

Brackley (1983) and Weston (1980) as
well as the empirical or implicit
inclusion of these parameters as,
for example, by van der Merwe
(1964). Application of the 1last
method depends on the relevance of
the "depth factor™ in the climatic
and geological area under
consideration. It is felt that there
ig little to be gained from levels
of prediction in between these two,
as the stress and suction states are
only partially considered. For
higher levels of prediction it is
recommended that laboratory
modelling of the stress and suction
or water states content should be
undertaken.

Having decided on
prediction required, i1t remains to
select one (or more) method. It
should be borne in mind that in the
firset level predictions we are as
yet looking at a Qualitative
assessment. There 1is no correct or
incorrect method and it isg dAifficult
to give guidance on the best way to
select a method. All divisions of
intrinsic expansiveness, whatever
name is given to them, are
necessarily arbitrary.

It is generally valid to say that
highly plastic clays will be more
intrinsically expansive than 1low
plasticity clays. However, a silty
clay with a 1iquid 1limit of say 80
may not be as intrinsically
expansive as a non-silty clay with a
liQuid 1limit of 80. It may thuse be
advisable use two soil

the 1level of

to
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such as Liquid Limit and
Index 1in preference to
gingle soil property.
There appears to be a trend {n
published 1literature for soils of
high intringic expansjveness to f£all
above the A-line on a Casagrande
Plazticity Chart, but this has yet
to be studied thoroughly. The use orf
a comprenhengive field profiling
procedure, such as Jennings et al
(1973). 18 a valuable complement to
firset level predictions.

Choice of a second level
predictive method c¢an be somewhat
nore rational, since we are seeking
a Qquantitative prediction under a
gpecified set of field conditions.
Obviously one important
consideration 1is the setr of stress
and suction conditiong usged 1in the
development of the method and their
relation to the field conditions in
question. There is little value in
using a method derived for example
from tests at optimum water content
if the field water content will be
significantly higher or 1lower. A
further conegideration that may be as
important as the first is the type

properties,
Plasticity
relying on a

of esample. Methods for compacted
s8oils may be of 1little value for
undistubred soils and vice versa,
but, even for undisturbed soils, the
difference in behaviour of
transported and residual soils may
be significant. Finally, care must
be exercised 1in selecting methods
based on comparison with field

observations. The predictive methods
are generally based on the
agsumption of complete swelling with
free accegs to water. This 1g rarely
the c¢ase in the ¢field. There may
also be a variation in the 1initial
field conditions between the time of
the 1investigation and the start of
the monitoring project, as was noted
by Weston (1980), which renders the
observed movement almost useless.

5. SUMMARY

Clear distinction between the three
concepts of intrinsic expansiveness,
gwell and heave will be of benefit
in assessing problems related to
intrinsically expansive soils. It is

essential that engineers are aware
that the s8oil properties alone
(Index properties or Intrinsic

expancsiveness) cannot be used to

prediet swell whiech results from
changee 1in the state of streses and
suction 1interacting with the soil
properties. Clargsificarion data can
tell us the =01l type, but ertraine
result from streseses, nor from goil
types. These Aistinctions are
important 1in this field of sgoil
mechanics because a very large

number of predictive methods or
variable value has been generated in
an apparent attempt to find a
universasally accurate method.
Judgement must be made of the value
of any such method before applying
it to a real engineering project.
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APPENDIX 6A.2

Identification and Classification of Expansive Soils

S. Oloo H.D. Schreiner J.B. Burland
Post-Graduate Student Research Assistant Professor

Imperial College of Science and Technology
London, United Kingdom

Synopsis

Over the past thirty years, many papers have been published on sethods of
classitfying expansive soils. These sethods usually relate one or msore of the
comsson soil classification paraseters, such as Liquid Limit, clay fraction etc.,
to a saall body of test data. The choice of classification parameters is usually
arbitrary, and the ranges of test conditions and soil types are usually sasall.
This paper presants results from a study of the available published data. The
project was designed to find out which psraseters were most strongly related to
the chserved swell. The data was first sorted into categories of identical test
proceedures and initial soil conditions. It is then possible, within sach
category, to cospare the cbserved swell with one or more soil classification
paraseters.

introduction

It can be seen, even at this sieple level of
Many attespts have been sade to find a prediction, that there is little agreement
uni versal systea for identification of between the authors regarding the necessary

4input data. It is not surprising that our
ability to identify expansive soils is poor,
field

sxpansive soils. Schreiner (1987) has reviewed
in general the aisuse and limsitations of
applicability of predictive aethods in .and that the prediction of potential
expansive soil engineering. Perhaps the most sovesents is often very bad.

serious criticisa of the way in which these
systess have been developed is that there does
not seea to have been any attespt to find out
which soil classification paraseters are most
strongly linked with the swelling of these
soils. Table 1 lists some eethods for the
qualitative classification of sxpansive soils,
with the classification paraseters and other
data required.

The first three systems listed in Table 1 are
all based on the same two paramseters,
Plasticity Index and Clay Fraction. The forms
of the classifications are, however, rather
different. Figure 1 shows the boundaries
between the expansivity categories for all
three methods. The boundaries for Seed et al
(1962) have been calculated using their
relation between PI and Clay Fraction for the
activity, and not Skempton’s (1933) equation.
There is little agresment evident in this
figure between these three widely used

Author Classification Other sathods.
Paramsaters data
This paper presents the results of a study
van der Merwe PI %X Clay perforaed to deteraine which soil
(1964) (whole soil) classification paraseters are relevant to the
identitication of expansive soils.
Driscoll Pl % Clay
(1983) Classitfication tests such as Atterberg Liait
tests are not absolute aeaesasures of any soil
Seed ot al Activity X Clay property. Howsver, becauss they are perforased
(19462) (=P1/XClay-10) under identical conditions and procedures,
they are an indirect eesasure of a soil
Dakshanasurthy LL property of the reconstituted soil, or, sore
et al (1979) probably, the combined effects of several
' properties. It is important to resesber that
Snethen (1984) PI Suction the Atterberg Limit tests are u.unlly_'

perforsed  on the portion of the soil which 1s
finer than .425am, while the swell tests are

Holtz & Bibbs PI Colloid perforeasd on the whole soil. The Atterberg
(1956) ‘st Content limit values should be corrected for the
coarse fraction, as recomsended by Williams &
Donaldson (19680}, in order to be
representative of the soil being tested. In
most of the data sources for this project, the
Table 1 Methods of identification of proportion of s0il finer than .425am was not
expansive soils reported.

6th Intemanonal Conterence on Expansive Sorts
1-4 Decermber, 1987 New Delhi  inda 23
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Fig. 1 Comparison of Three Classification
Systeas
Terminology

Clear differentiation between three basic
concepts is thought to be essential to the
understanding of expansive soils.

Intrinsic Expansiveness

Volume change of a clay soil due to changes in
water content or suction is caused by
interaction between the clay eainerals and
water. If the suction exerted on water in a
s0il is increased, water will msove out of the
s0il under this stress and the soil will
decrease in volume. Conversely, if water is
added to the system, the suction will decrease
and the s0il will increase in volume. The
intrinsic expansiveness is the soil property
that relates the change in water content, and
thus change in volume, to the suction change.
A so0il with a high intrinsic expansiveness
will exhibit a large water content or volume
change as compared with a soil of low
intrinsic expansiveness when both are
subjected to the sase change.of suction under
identical initial stress, suction, soil
structure and stress history conditions.

This concept is not new, but was sentioned by
Brink (1955) and was used by Baikoff and Burke
(1963) . No standard procedure has yet been
developed for the sesasuresent of this
property, and it is only useable at present as
a qualitative description.

Swell

Swell is a esasure of the volumse strain or
axial strain in a soil under a particular set
of stress and suction conditions. It can occur
either due to changes in suction or due to
changes in applied load. In laboratory testing
of intrinsically expansive soils, swell is
usually induced by a reduction of suction
under a small but constant vertical applied
stress and zero lateral strain in an

6th International Conference on Expansive Soils

oedometer. Most testing is performed with an
unknown initial suction, a final matrix
suction close to zero, and unknown lateral
stress.

Swell is not a soil property, but is a strain
which results from interaction between suction
and stress and the soil property intrinsic
expansiveness described above. Swel]l is thus
specific to the stress and suction conditions
under which it is measured, and will probably
also be affected by suction and stress
history.

Heave

Heave is the displacement of a point in the
soil due to suction and stress changes
interacting with the intrinsic expansiveness.
The relevance of laboratory swell measurements
to heave under field conditions will depend on
how well we can model, in the laboratory, the
initial stress and suction states in the field
and their changes.

Heave is not a so0il property, but is a
displacement which results from interaction
between the soil property (intrinsic
expansiveness) and the field stress and
suction changes that we may or may not be able
to quantify with a reasonable degree of
confidence.

Data Sources

At the outset of this project, it was decided
to use published data rather than to create an
additional body of test data. It was thought
that there would be a large amount of data
available, with the necessary s0il
clansification data included. The available
data has been rather disappointing, as a large
proportion is not useable as there are some
essential pieces of information missing. In
sSOMe instances, compacted densities were
Qiven, but without reference to standard
densities such as Mod. AASHO. In many cases,
the so0il classification data was omitted. The
data sources are listed in Appendix 1.

Howaver, we believe that there is sufficient
data available to make this study worthwhile.
It would be of considerable value to have
other data aade available to test the
conclusions reached on this somewhat limited
data base.

Procedure

The data collected falls into several wmajor
categories. These are listed in Table 2.
Further subdivision of the data was needed in
some of the categories.

The intention of this project was to find a
mseans of determining, from soil classification
parameters, the intrinsic expansiveness of a
soil. 8ince there are other factors which
affect the actual swell in a test, such as
vertical stress and initial density and
moisture content, the data sust be sorted into
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Category Test Type

1 Free swell

2 Oedometer, &6.9kPa
Compacted saaples

3 Osdometer, 10kPa
Compacted samples

4 Osdometer, overburden
Undisturbed samples

S CBR, 4 day soak

Compacted sasples

Table 2. Data Categories

groups of data which have identical test
condi tions and identical initial soil
conditions. For category 1 all data falls
within the =xame group. For category 2, two
Qroups were used, although there could have
been more if the data had been available. Data
was obtained for two initial dry density
conditions. The first group includes only test
data for which the soil was compacted at omc
to the maximum 5td. AASHO dry density. The
second Qroup includes only test data for which
the so0il was compacted at omc to 92X of the
Std. AASHO maximum dry density. Category 3 had
ingufficient data to be of use. Category 4
would require a separate group for each
soisture content and dry density combination,
as well as a separate group for each vertical
stress. This data has thus not yet been
processed. Category S did not require further
subdivision, as all tests were performed under
the standard vertical stress, and all samples
were compacted at omc to the Mod. AASHO dry
density.

Free Swell

The Free Swell data was divided into three
ranges, following the coemon usage. These are
$ O to 350%, 50 to 100% and greater than 100X%.
The data was plotted against combinations of
two or three parameters. The combinations are
listed in Table 3.

~=~ 0<FS<50
== S50<FS<I00
wl -- - 100<Fs
Pi
&0L :
/7
/7,
N
200 / ;}
T
-7
0 A 1 " 2 N 1
0 20 &0 [ 80 100
L

Fig. 2 Free Swell vs PI & LL

89

25

Plot - Paraseters Data in
na. common zone
z
t Pl wvs LL 34
2 SI vs LL 63
3 81 vs PL 29
4 SL vs X Clay 42
S S1 vs % Clay 53
& Pl wvs X Clay 38
7 LL wvs % Clay 52
8 PL wvs 2%Clay 36
9 81 wvs Activity S5S

10 Activity vs 2LClay 61
11 LL vs Activity 36

Table 3. Free Swell Analysis

None of these plots showed any significant
trends. Fig. 2 shows Plot number i, which is
the Casagrande Plasticity Chart. The data
points have been omitted, but the boundaries
show the lack of significant trends, except
perhaps in the low Pl and LL range. Of the 114
data points, 41 fall in the 2zone where all
three ranges overlap. Approxisately half of
the O to 50% points and half of the 100+%
points fall within this zone. This was one of
the better plots. Plot nuaber 10 is shown in
Fig. 3. As with Fig. 2, there is no clear
trend. The data for 50 to 100% free swell is
almost all included in the cosmon zone. As can
be seen from the last column of Table 2, there
1s little correlation between the Free Swell
and the parameters used in these plots.

Lambe (1958) presented a set of data for one
soil which showed variations in sediment
volume for one soil under different pore fluid
conditions. That work, together with this
study suggest that there is no significant
connection between free swell and the soil
type. It is possible that a better correlation
may be found if the test were performed under
more closely controlled pore fluid conditions.

There was insufficient data to test for a
relation between free swell and swell under
load. However, the data from Holtz & Gibbs
(1954) shows that the range of predicted swell
for a particular free swell value can be
large. The free swell range of 350 to 100%
covers the range of esesasured volume change
froa Low through Medium and High to Very High.
In view of the absence of relationships
between soil classification paramseters and
free swell, this is not surprising.

It is recossended that free swell should not
be used as a weans of classifying expansive
soils.
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Oedometer Test Data

Only Category 2 had sufficient data to warrant
detailed study. Combinations of the paraseters
listed were also used in the analyses. The
data in each group was divided into ranges of
esasured swell, and plotted against various
combinations of the available paraasters.

Since swelling properties are likely to be
linked to soil type the start point for the
study was the Casagrande Plasticity Chart, as
this is used in the Unified Classification
Systems for so0il type identification. The
results are shown in Fig. 4 for group A and
Fig. S for group B. Although some trends are
visible, there is a large amount of overlap of
the data. Tentative boundaries for ranges of
swell are shown by dashed lines.

It was thought that, since the Shrinkage Limit
is determined from volume changes of the soil,
that there may be an improvesent in the trends
if the PI were replaced by the Shrinkage
Index. This reduced the asount of data
available, and elisinated group B completely.
Fig. &6 shows the data for group A. The trends
are possibly somewhat more pronounced, but it
is also noteworthy that the different mineral
mixes that Seed et al (1942) used show trends
within the overall trends. Skempton’'s
activity values were calculated for esach of
the data points, and showed a progressive
decrease from the sontmorrilonite soils on the
left hand side of the data to the Illitic
soils on the left hand side of the data. The
Kaolinitic soils did not follow this trend.

6th International Conference on Expansive Soils
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Various other combinations of soil paraseters
were tested in an attempt to clarify the
trends, and obtain msore consistency between
the different aineral cospositions. It is
thought that somse success has been achieved,
al though the database is extresely saall.

Although a large nuaber of cosbinations of
s0il paraseters was used, only three of the
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plots will be presented. The remainder showed
more scatter in the data, and are thus less
good for the assessent of intrinsic
expansiveness.

Using the PI - Clay fraction chart, Fig.7, for
100% 8td AASHO dry density shows poor
comparisons betwesen the data and all three
systess shown in Fig.1. In addition, there are
no clear trends within the data.

The tentative boundaries on this plot are
considered to be more logical than those of
Seed et al (1962). For any particular PI
value, the intrinsic expansivensss increases
sonotonically with increasing Clay Fraction,
and also with the change from montsorillonite
to kaolinite soils. This is not the case for
the Seed et al boundaries, where increasing
clay content for a particular PI first lowers
then raises the predicted expansivity.

Figure B shows swell compared with Shrinkage
Index and Clay Fraction. Most of the data is
from Seed et al (1962), but there are four
additional points. Three of these plot sore
consistently relative to the tentative
boundaries in Fig.8 than relative to Seed et
al (1962) boundaries in Fig. 1. The overall
trend of all the data is also slightly more
consistent with the boundaries in Fig.8 than
with Seed et al (1962) boundaries.

The final plot of swell against SI and
Activity is shown in Fig.9. The
differentiation between the socil types is more
pronounced on this plot than on the other
plots, possibly due to the inclusion of all of
PL, WL, SL and Clay Fraction. There are,
howaver, still somse inconsistencies, notably
the paint for 10X bentonite/90%Z sand. This
point is inconsistent on all the plots.
including the Seed et al (1962) plot where it
falls in the S to 25% swell category.

(BR Swell

The data for the CBR swell category does not
include the Shrinkage Limit, nor the Clay
Fraction. Comparison of the data with the PI
of the whole soil showedno apparent relation
between the swell and the Pl. The analysis was
not taken any further in this category due to
the lack of appropriate classification data.

Summary

The study reported in this paper has been
severely restricted by the lack of data which
includes the relesvant soi}l classification
paraseters. It has shown that there is little
consistency between the existing
classification wmethods for expansive soils,
despite some 25 to 30 years of expansive soil
research and engineering. An attempt has been
msade, using a very limited quantity of data,
to find the s0il classification parameters
that are sost relevant to the classification
of expansive soils in teres of the intrinsic
expansiveness. It appears that the Shrinkage
Limit is more appropriate than the Plastic
Limit, and that the sost consistent trends are
found using Shrinkage Index against Clay
Fraction or Activity.
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Little further progress can be sade using the
available data. The prediction of swell
depends in the first instance on the
identification of the intrinsic expansivencss
of the soil, followed by the inclusion of the
effects of the soil state and the stresses.

Predictive ssthods will therefors be
unwreliable until the identificstion of
intrinsic expansi veness can be reliably

achieved. HMore data is urgently required, and
aust include all relevant classification
paraseters, soil conditions and test
procedures. Only then can a comprehensive
study be undertaken.
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CHAPTER 7

STANDARD OEDOMETER TESTS

7.1 INTRODUCTION

The tests described in this Chapter were planned to
investigate the range of swell that would occur for various
compaction moisture contents and vertical applied stresses
representative of the "dry compaction" technique described by
Ellis (1980). A detailed series of tests was performed on the soil
from the Nairobi-Mombasa road site, supplemented by a less
comprehensive series on the soils from the South Nyanza site.

In addition, the tests on the Nairobi-Mombasa Road s0il were
used to define the range of test conditions that would be used in
the Stress Path Oedometer testing.

The test procedures followed the Holtz & Gibbs (1954) swell
under load procedure, which was described in section 2.3, on
samples compacted directly into the oedometer rings. A small
number of consolidation tests were performed on samples which had
swelled under small vertical stresses.

7.2 TEST PROCEDURES

7.2.1 COMPACTION

Samples to be tested were taken from the bag samples described
in Chapter S which had been prepared at the chosen moisture
content. The quantity of soil required for a sample of compacted
thickness between 12 and 15mm was weighed out from the bag sample
and placed in the ocedometer for compaction. The oedometer ring was
greased and one sheet of filter paper was placed on the lower
porous stone. The 4 inch diameter oedometer has been described in
Schreiner (1987d), included as Appendix 7A.1. The cell was used in
a standard lever arm frame and readings were taken with a dial
gauge with 0.01mm divisions.

Compaction was by stress controlled static 1loading of 1MPa.
This was aplied by placing weights on the hanger of the lever arm
of the oedometer frame. The load was maintained for 5 minutes and
then reduced to 1.5kPa. This was also maintained for 5 minutes
before the oedometer was removed from the 1loading frame. This
permitted measurement of the compacted thickness of the sample,
initially using a vernier depth gauge at 6 points around the
circumference and in later tests in the centre using a dial gauge
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on a saddle. The depth of the empty sample chamber had been
determined after assembly using the same procedure. The initial
void ratio was calculated from this thickness measurement.

The top cap was then replaced and the oedometer cell replaced
in the loading frame. The dial guage was set and the initial
reading taken under a stress of 1.5kPa. The vertical stress for
the test was then applied and another reading taken. The sample
was left overnight under this load and the test started the next
day.

7.2.2 SWELLING

A reading was taken before the swelling was started, and the
taps to the water supply then opened. Distilled water was allowed
to flow to the bottom of the samples under a head of a few
centimetres. Readings were taken during the first day and the next
morning. The vertical stress was decreased to 1.5kPa after a
minimum of 24 hours swelling, and the sample removed after at
least 24 hours under 1.5kPa. This allowed most of the rebound to
occur before the sample was removed from the 1load frame, thereby
minimising swelling and uptake of water during the dismantling of
the cell.

7.2.3 CONSOLIDATION

Four samples were subjected to consolidation stages after
swelling under 1.5kPa had been completed. The vertical stress was
increased each day by an amount approximately equal to the
vertical stress under which the sample had consolidated. After
consolidating to iMPa, the samples were unloaded in four steps to
1.5kPa, allowing 24 hours for each step.

7.2.4 SAMPLE REMOVAL

The cell was removed from the load frame after the sample had
rebounded under a vertical stress of 1.5kPa. The drainage taps
were closed before removal. The top cap was removed and any free
water wiped off with a paper towel. The final sample thickness was
measured as described in section 7.2.1. The cell was then
dismantled and the sample removed for moisture content
determination. Usually two samples were taken from the top half of
the sample and two from the bottom half.

7.3 TEST RESULTS

A total of 45 tests were performed. Of these, 25 were on the
soil from Nairobi-—Mombasa Road and 20 on the soil from South
Nyanza. The results for the tests on the soil from the
Nairobi-Mombasa Road are 1listed in Table 7.1, and those for the
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spil from South Nyanza in Table 7.2. Since the compacted void
ratios, e., varied slightly between samples at the same compaction
moisture content, w., the void ratios after compaction have been
adjusted to the compacted void ratio of the first test performed
at each moisture content. The void ratios at the start and finish
of each test have been adjusted by the same amount, and are
designated e.c and e&f in Table 7.1 and Table 7.2. This reduces
the apparent scatter and makes interpretation easier.

7.3.1 RATE OF SWELL

Typical data are shown in Fig.7.1 of the change in void ratio
with time. It can be seen that most of the swelling took place
within the first three hours, but that some tests showed slower
rates of swell. This is probably due to the water supply being
restricted. It was noticed that the rate of flow of water into one
of the cells was slow compared to the other. This is thought to
have been due to a partially restricted flow through the porous
plate in that cell. However, the rate of swell after 1 day is
small in all cases, and there will not be any significant error in
the void ratios after 24 hours swell due to the reduced rate of
swell in some tests.

7.3.2 SWELL RESULTS

Fig.7.2 shows the data from the tests on the soil from the
Nairobi-Mombasa Road, and Fig.7.3 the data for the South Nyanza
so0il. Parts (a), (b), (c) and (d) show the void ratio of the
samples before and after swelling for 1.5, 4.5, 16 and 64kPa
vertical stress respectively. All the data are combined in part
(e) which shows void ratio as a function of both compaction
moisture content and vertical stress during swelling.

Fig.7.2 shows a "1 1/2" peak compaction curve which is common
for highly plastic soils. Since the data is plotted in terms of
void ratio, the curve plotted is the inverse of the more
traditional moisture~density curve. The density peaks are seen as
troughs in this plot. The data in Fig.7.3 show a simple one peak
compaction curve, which is typical of medium plasticity soils. The
optimum moisture content does not appear to have been exceeded,
although the highest compaction moisture content is above the
plastic limit.

The final void ratio, after 24 hours swelling, can be seen
from from parts (a) to (d) of Fig.7.2 to be influenced by the
initial void ratio. The shape of the compaction void
ratio-moisture content curve is still visible in the void
ratio—moisture content curve, in Fig.7.2, after swelling. The same
is true of Fig.7.3, except at the lowest moisture content. It is
possible that there is a slight trough between the 3.5 and 13.9%Z
moisture content points on the compaction curve, and that this is
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more strongly evident in the void ratio after swelling.

The influence of vertical stress is demonstrated in Fig.7.4
and Fig.7.5S where the magnitude of the swell is plotted against
the vertical stress on a natural scale. The void ratio after
swelling can be seen to increase rapidly at stresses below about
10kPa. This holds for all of the compaction moisture contents for
which data were obtained. The benefit of even a small amount of
overburden on the amount of swell is evident.

Considering part (e) of both Fig.7.2 and Fig.7.3, it can be
seen that the void ratio after swelling is a function of both
compaction moisture content and vertical stress during swelling.
The effect of the vertical stress can be seen to vary with the
compactiom moisture content. At the highest moisture content, the
decrease in swell with increasing 1log stress is nearly linear,
while at low moisture content it is strongly curved. This was
interpreted for the data in Fig.7.2 by Schreiner (1987d) in terms
of the structure of the compacted soil, which is clustered and
aggregated at low moisture contents and preferred parallel at high
moisture contents (Zein 1985). Identical arguments are valid for
the data in Fig.7.3.

Comparison of Fig.7.2 and Fig.7.3 shows that the
Nairobi-Mombasa soil swelled to a higher void ratio than the South
Nyanza soil, although the compacted void ratios were not very
different. This is not unexpected as the former soil is more
highly plastic than the latter. However, in view of the findings
of Chapter 6, any correlation between swell and plasticity must be
regarded with caution.

7-3.3 CONSOLIDATION RESULTS

The results from the consolidation stages of four tests on the
Nairaobi-Mombasa Road soil are shown in Fig.7.6 to Fig.7.9. Each
figure shows the swell and consolidation data for one compaction
moisture content together with swell under load data for the same
moisture content under vertical stresses of 4.5, 16 and 64kPa.
Where data was not available for the same moisture content the
swell under load results have been derived from Fig.7.2(e) by
interpolation.

In all cases the final void ratio from the swell under load
tests is seen to lie below the consolidation curve. This has been
widely reported previously. The reasons for this are investigated
in Chapter 10 in the discussions of the test procedures based on
the Stress Path Oedometer data.

Although the samples appear to have a “preconsolidation"
stress where the slope of the consolidation line increases, the
compressibilities are large even before this stress is reached.
Fig.7.10 shows stress strain curves on natural scales derived from
the void ratio stress data for these tests. The sample which was
compacted at 67 moisture content is particularly compressible,
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straining by 5% for a stress increment of only 10kPa. The samples
compacted at higher moisture contents are stiffer, and the wettest
sample required SOkPa for S% strain.

These compressibilities would be decreased for samples allowed
to swell under larger vertical stresses. The sample compacted at a
moisture content of 357 in test SPO1 reported in Chapter 10, by
comparison, compressed by only 0.16%Z in the first stress increment
from SO to 100kPa. Test SPO1l was a similar test performed with
controlled suction in the Stress Path Oedometer. After reaching
zero suction under S50kPa vertical stress, the sample was subjected
to increasing vertical stress. The high compressibility of the
samples compacted dry is in part due to the high void ratio at the
end of swelling. However, it is probable that there is also a
collapse type structural change occurring as the structure is
modified from clustered to preferred parallel.

7.4 DISCUSSION

7-4.1 COMPARISON WITH BRACKLEY 'S ERUATION

Brackley (1983) presented an equation for swell of a soil in
terms of various parameters:

S = (5.3 - 147e/Pl1 - logp) (.S525P1 + 4.08 - .B85w)

where S= swell in percent
e= void ratio before swelling
p= vertical total stress
w= initial water content
PI= Plasticity Index

A comparison between this equation and the data for the
Nairobi-Mombasa road soil was presented in Schreiner (1987d) in
terms of the measured and calculated final void ratios. Fig.7.11
shows the measured and calculated swell for the same scil. The
error is up to 1157 overestimate for a sample compacted at 6%
moisture content and swelled under 64kPa vertical stress, as shown
by points Al and A2. At 35%Z compaction moisture content the
comparison is good at 1.5kPa stress, as shown by points Bl and B2,
but 147 swell, shown by points Ci and C2, is predicted at 256kPa
where no swell was measured.

Although Brackley’'s equation appears to provide a similar
pattern of swelling to that observed, the values calculated can be
so significantly in error that Brackley's equation should not be a
universal equation. In part this is explained by the findings in
Chapter &6 where it was shown that the Plasticity Index alone is
insufficient to define the Intrinsic Expansiveness of a soil. It
is also due to the assumed linear relationship between swell and
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the log of the vertical stress, which is not correct for this set
of data.

Fig.7.12 presents the same comparison for the South Nyanza
s0il. Here the errors are small at low compaction moisture
contents and large at the higher moisture contents. At the highest
compaction moisture content Brackley’'s equation predicts collapse
of 5% at point A1, whereas a swell of 87 was observed. The
conclusion reached in Schreiner (1987d) that this equation is best
near optimum moisture content is not correct. The pattern of
errors is not consistent in these two cases. It is evident that in
general, Brackley’'s equation should be used with considerable
caution.

7.4.2 SHEAR PLANES

In several of the samples of both Nairobi - Mombasa Road and
South Nyanza soil a conical shear plane with polished surfaces was
abserved when the sample was removed from the oedometer. Fig.7.13a
shows a sketch of a typical occurrence. This suggests that the
stresses during swelling reach the maximum shear stress which the
soil can sustain, and that failure occurs by expansion toward the
only free surface.

It was thought that this might only occur during swelling of
unsaturated soils, but a similar shear plane was caused in a
sample which had been consolidated to iMPa and was then unloaded
to 1.5kPa in one step.

Shear planes were also observed in a sample of the soil from
Wad Medani in a swell test not reported here, but similar in all
respects to the tests that have been reported. In this sample the
shear plane appeared spherical and did not reach the base of the
cell as shown in Fig.7.13b, It appears that the shear planes are
not only found in the most highly plastic soils.

7.4.3 UNDRAINED SHEAR STRENGTH

An approximate measure of the shear strength can be obtained
using the relation between liquidity index and shear strength of
remoulded clays given by Skempton & Northey (1952). This should
not be used to obtain absolute values, but can provide comparative
strength values. It would be unwise to attempt to use the values
as absolute shear strengths both because the so0il is compacted and
not remoulded and because the soil may not be fully saturated.

These comparative strength values have been used to estimate
the CBR values that could be expected after swelling. Once again,
this will not provide accurate values suitable for design, but may
provide some indication of the decrease in strength on soaking
that may occur in &a road foundation which was compacted at some
moisture content below optimum moisture content.

The liquidity index has been calculated where necessary from
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the void ratio assuming 100%Z saturation. The undrained shear
strength has been obtained from the middle of the range of the
curves, Fig.7.14, presented by Skempton & Northey (1952). A CBR
value of 15 at a moisture content of 457 quoted by Mutonyi (1973)
for the same soil has been used as a reference value. This was
chosen because the moisture content is well above optimum moisture
content, and the sample would have been close to saturation after
compaction. The suction would have been small and would have
contributed little to the strength.

The CBR value for each sample has been calculated from the
ratio of the undrained shear strength of the sample to the
undrained strength at 457 moisture content. It has been assumed in
doing this that the CBR value is proportional to the undrained
strength. This is thought to be a reasonable assumption because
the high rate of strain in the CBR test should cause undrained
conditions to exist for highly plastic soils for the short
duration of the test.

The estimated CBR values are shown in Fig.7.15 together with
the vaid ratio data. It can be seen that the CBR value decrease
rapidly as the compaction moisture content decreases below the
optimum moisture content of about 40%. Even for the samples which
swelled under 64kPa, the strength for the dry compacted samples is
considerably lower than that for the wet compacted samples. This
indicates that a major 1loss of strength could occur if a
foundation which had been compacted dry of optimum moisture
content were to wet up to zero suction. It does not permit
conclusions to be drawn regarding the loss of strength on wetting
up to non—-zero suctions.

7.4.4 NORMALISATION OF DATA

It had been planned that the data would be normalised by one
or other soil classification parameter, such as 1liquid limit. The
study reported in Chapter 6 indicates that the result will not be
conclusive. A simple comparison of the shapes of the void ratio
versus compaction moisture content data in Fig.7.2 and Fig.7.3
shows that normalisation of the two data sets could not give a
unique result. Since the basic shapes of the curves differ,
normalisation by any constant number, be it a 1liquid limit or the
geologic age of the soil, will retain the shapes of the curves.
The curve for the Nairobi-Mombasa Road soil will still have a "1
1/2" peak shape, and the South Nyanza so0il will still have a
single peak curve. Since these shapes were retained after
swelling, it has been concluded that normalisation of this type of
data cannot provide any benefit.
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Test No | wc (194 ec e, e, €ic €rc swell  Brackley
% kPa YA %
ST1 5.96 1.5 1.05 1.05 2.94 1.05 2.94 92 115
872 9.99 1.5 1.21 1.21 2.81 1.21 2.81 72 94
8T3 14.99 1.5 1.27 1.27 2,67 1.27 2,67 62 81
8T4 15.07 1.5 1.24 1.24 2.81 1.24 2.81 70 81
815 20.1 1.5 1.37 1.37 2,61 1.37 2.61 52 63
876 25.1 1.5 1.41 1.41% 2.31 1.41 2.31 37 51
817 30.2 1.5 1.29 1,29 2.18 1.29 2.18 39 45
sT8 34.8 1.5 1.24 1.24 1.97 1.24 1.97 33 35
sT9 40.0 1.5 1.20 1.20 1.89 1.20 1.89 31 25
SsT10 51.2 1.5 1.34 1.34 1.61 1.34 1.61 11 1
ST11 6.1 4.5 0.98 0.97 2.27 1.04 2.34 64 96
ST12 6.1 16.0 1.11 1.10 1.97 1.04 1.91 43 77
ST13 6.1 64.3 1.01 0.97 1.49 1.01 1.53 26 56
§T14 19.2 4.5 1.27 1.25 2.09 1.35 2.19 36 51
8715 19.3 16.0 1.29 1.27 1.84 1.35 1.96 26 37
ST16 19.3 64.3 1.25 1.19 1.50 1.31 1,62 13 23
8T17 19.4 256 1.34 1.28 1.30 1.28 1.30 1 9
.8T18 33.0 4.5 1.27 1.25 1.84 1.21 1.81 27 30
ST19 33.4 16.0 1.29 1.27 1.62 1.22 1.60 17 22
8720 33.7 64.3 1.33 1.29 1.46 1.20 1.35 7 15
8721 33.6 256 1.34 1.25 1.25 1.15 1.15 0 8
§T22 48,0 4.5 1.32 1.30 1.44 1.32 1.46 6 1
§T23 49,2 4.5 1,33 1.32 1.65 1.31 1.65 15 1
§T24 49,2 16.0 1.34 1.30 1.44 1.30 1.44 ) 1
8725 49.2 64,3 1.30 1.23 1.32 1.27 1.36 4 0
Key
W = compaction moisture content
0. = vertical stress during swelling
ec = void ratio after compaction
e, = void ratio at start of swelling, under O.
e+ = void ratio at end of swelling
e:c = adjusted void ratio at start of swelling

efc = adjusted void ratio at end of swelling
swell = observed swell
Brackley = swell calculated using Brackley (1983)

TABLE 7.1 SUMMARY OF DATA FOR NAIROBI-MOMBASA ROAD SOIL
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Test No | we a. ec e es €i1c €sc swell Brackley
- % kPa % %
8726 3.4 1.5 1.07 1.07 1.76 1.07 1.76 33 33
8727 3.4 4.5 1.03 1.02 1.51 1.06 1.55 24 23
8728 3.4 16.0 1.02 1.01 1.26 1.06 1.32 13 11
8729 3.4 44.3 0.93 0.90 1.03 1.04 1.16 6 -1
8T30 13.9 1.5 1.15 1.15 1.58 1.15 1.58 20 14
§T31 13.9 4.5 1.10 1.10 1.41 1.15 1.46 14 8
5T32 13.9 16.0 1.13 1.13 1.34 1.14 1.36 10 2
ST33 13.9 64.3 1.14 1.11 1.14 1.12 1.14 1 -4
ST34 18.1 1.5 1.18 1.18 1.59 1.18 1.59 19 8
8735 18.1 4.5 1.13 1.13 1.43 1.17 1.50 15 S
§T36 18.1 16.0 1.10 1.10 1.29 1.17 1.36 9 1
ST37 18.1 64.3 1.09 1.06 1.09 1.15 1.18 1 -3
§738 22.9 1.5 1.05 1.05 1.26 1.03 1.26 10 5
§T39 22.9 4.5 0.95 0.95 1.20 1.05 1.3 12 3
ST40 22.9 16.0 1.01 1.01 1.19 1.04 1.23 9 2
§T741 22.9 64.3 0.96 0.92 1.00 1.02 1.10 4 0
§T42 28.1 1.5 0.81 0.81 0.91 0.81 0.91 6 -5
§T43 28.1 4.5 0.80 0.79 0.93 0.80 0.94 8 -4
8T44 28.1 16.0 0.88 0.88 0.96 0.81 0.90 5 -3
§T4S 28.1 64.3 0.97 0.93 0.98 0.77 0.82 3 -2

Key
we = compaction moisture content
0. = vertical stress during swelling
e = void ratio after compaction
e, = void ratio at start of swelling, under O.
e, = void ratio at end of swelling

e = adjusted void ratio at start of swelling
efc = adjusted void ratio at end of swelling
swell = pbserved swell

Brackley = swell calculated using Brackley (1983)

TABLE 7.2 SUMMARY OF DATA FOR SOUTH NYANZA SOIL
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APPENDIX 7A.1

Swelling of Soils Compacted Dry of the Plastic Limit

H.D. Schreiner
Research Assistant

Imperial College of Science and Technology
London, United Kingdom

Synopsis
Tests

have been performed on a highly plastic

soil from Kenya to

determine the effects of compaction moisture content and vertical total stress

on volume change during

swelling to 2wro suction. Results from these tests

provide an indication of the worst case volume change that could occur bensath
roads constructed using the "dry compaction” technique.

The results show saximum swell
total stress. Swell decreases
with increasing vertical total stress.

Introduction

The use of “"dry compaction™ has been under
evaluation by the Transport and Road Research
Laboratory for some time. Results to date from
an experimsental section using expansive soil
in the Sudan have shown 1little change in
soisture content over some 8 years (Ellis 1980

& Newill 1987). Little is known, however,
about the wmagnitude of possible movesents
where climatic conditions permait aeoisture
contents beneath the road to increase

significantly from the as—compacted value.

As part of a research programme on swelling of
compacted soils, a series of tests has been
performed on samples of one soil compacted at
moisture contents ranging from the plastic
limit to one tenth of the plastic limit. The
vertical total stress has been varied froe 1.5
to 2356kPa.

Soil Properties

The soil sample was collected from the Athi
Plain south-sast of Nairobi, at kmé8 on the
Moabasa Road. This site was used for a
moisture content study by the Transport and
Road Research - Laboratory and Najrobi
Univeraity between 1968 and 1973 (Mutonyi
1973). Samples were taken in bags from a depth
of .63 to .6835a at a distance of about 15a from
the north edge of the road.

Table 1 shows the soil properties that have
been determined for this sample.

Test Procedure

The soil was first air dried at a tesperature
of about 70C to a moisture content of about
6X. The bulk sample was then pulverised in

1 Conl

6tnl onk: Sods
1-4 Docember. 1987  New Deltn India

395

at low moisture content and low vertical
with increasing compaction moisture content and

Liquid Limit 125

Plastic Limit 31

% passing 425u 94.5

% <.002mn &7

Imontmeorillonite 100 of clay
fraction

B.S.8td. Dry Density 11.6kN/m>

oac 38%

Salt content, Amass «32

Tabie 1: 6oil Properties

batches to pass a 2am sieve, and such material
as did not readily break down was discarded at
intervals during this stage. The batches were
thoroughly aixed to obtain a unifora bulk
sample. Individual samples were then aixed up
to the chosen moisture content and stored in
plastic bags.

Tests were perforsed in a 4inch diameter
osdometer in which the sample ring sealed onto
the base plate with an O-ring as shown in
Fig.1. Water is supplied during the test to a
porous plate recessed into the base plate.
This layout was used in order to reduce the
likelihood of air being trapped within the
sample by water entering froe both faces at
the sase time. The porous plates were oven
dried and allowed to cool before assembly of
the apparatus. In all other respects the
oedoseter is a conventional fixed ring type in
a lever arm Trase.

Samples were cospacted statically under a
stress of 1MPa directly into the greased
ocedoseter rings. This gave dry densities
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similar to the BS Btandard compaction curve
reported by Mutonyi ((1973). The sample
thickness was measured after compaction with a
vernier depth gauge. After cospaction the
samples were left overnight {n the oedometer
cwll, which was enclosed in a plastic bag,
under the total vertical stress against which
they would later swell. Movements were
generally small during this stage, but were

/R"ll‘ﬂ‘lb’
O-ri
‘ e kg T
l///’;::vu.ﬂii
/[

\pb
1

Fig. 1 Oedometer Details

greater at high moisture contents than at low
moisture contents, as would be expected.
During the swelling stage water was supplied
to the lower porous plate under a small head,
while the total vertical stress remained
constant.

On completion of the swelling stage, the
vertical total stress was reduced to 1.5kPa,
and the sanmple allowed to rebound for at least
24 bhours. The sample’ was then unloaded and
resmoved from the load frame. The thickness was
again measured for comparison with the
movenent observed during the swelling and
rebound stages.

Results

Although there is some scatter in the data,
there are clear indications of the effects of
variation of moisture content and total
stress. Initial and final void ratios are
plotted in Fig.2 against compaction moisture
content. The initial void ratios represent the
maoisture-density curve, inverted as void
ratios are inversely proportional to dry
densities. The <final void ratios under 1.3kPa
vertical total stress could be represented by
a straight line with a correlation coefficient
of .977 despite the fact that the initial void
ratios do not lie on a straight line. As the
vertical total stress increases, so the final
void ratio data is less easily fitted to a
straight line.

However, if these results are plotted against
both compaction wmoisture content and log of
vertical total stress on a 3-D plot, Fig.3,
the final void ratios show a much clearer
pattern. The dashed lines represent the void
ratio surface under the vertical total stress

G6th International Conference on Expansive Soils
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Fig. 2 Initial and Final Void Ratios
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5

Fig. 3 Initial and Final Void Ratio Surfaces

before swelling. The solid lines represent the
final void ratios after swelling, but without
unloading to 1.5kPa. In this figure the final
void ratios can be seen to mirror the initial
void ratios quite distinctly. The influence of
the vertical total stress varies with the
compaction smoisture content, being greater for
the low moisture contents than for the high
soisture contents. The data for 50% moisture
content could be taken to be linear, allowing
for some scattér, but those for &4 show a
distinctly curved relationship. This may
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Fig. 4 Soil Microstructure dve to Compaction
and Stress

account for some of the conflicting claims for
linear (Brackley 1973a, Didier et al 1980,
Morgenstern & Bal asubramoni an 1980) and
non-linear (Rengmark & Eriksson 1953 and Salas
& Serratosa 1957) swell - log stress
relationships.

This data can be further interpreted using
some of the findings from research at
Strathclyde University. Unfortunately that
University invokes copyright restrictions, and
theses ' may not be reproduced without written
peraission of the Author. Thus only a general
description can be given. Zein (1985) extended
Collins® (1983) eethod of describing the
structural features of soils, and used this in
an SEM study of the structure of a highly
plastic soil compacted at various moisture
contents. He found that samples compacted at
about 2/3 of omc displayed a predominantly
clustered type of structure, while those
compacted at omc displayed preierred
parallelism. There is a progressive change in
the soil structure as the compaction moisture
content is increased. He also showed that
these structures are maintained -during
swelling under small ve:rtical astresses, arnd
are progressively sod: fied toward the
praferred parallelisa »5 the vertical stress
during swelling is increased.

In Fig.3 the high void ratio after swelling
from 66X wmoisture content under 1.5kPa is due
to a highly randor or clustered structure. The
lower final void ratios at the higher moisture

397

Fig. 35 Comparison with Brackley’'s Eguation

contents are due to a more oriented or
preferread parallelisa structure established
during cospaction. The reduction in void ratio
with increasing vertical stress is due both to
the stresses acting on the soil and to the
changes in the strucutral arrangement of the
soi]l particles. The latter component ia more
significant for the low initial avisture
contents, where the initial structure is
highly clustered, and accounts for the aore
pronounced non-linearity of the void ratio
curves. Fig.4 is a simplified version of Fig.3
on which the structural forms have been added,
together with the stresses which lead to their
existence.

Comparison with other Data

Perhaps the sost extensive study of swelling
is that by Brackley (Brackley 1973, 1973alkbkc,
1983). One of the products of his work is an
equation for the prediction of swell:—

8=(5.3 - 147e/Pl1 - 1ogp){.325P1 + 4,08 - .B3w)

where S= swell in percent
e= void ratio before swelling
p= vertical total stiress
we initial water content
PI= Plasticity Index

Figure 3 shows a compar i son between
Brackley's equation and the data for this
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paper. It is apparent that, although the
trends are similar, the accuracy of the
predictions is not good. Brackley’'s equation
appears to be reasonable around oec and for
low stresses. It becomes progressively less
Qood at higher stresses and at lower moisture
contents. His equation {s based on & linear
relationship between log of vertical stress
and swell, which is not supported by this set
of data. The large difference between the
predicted and mseasured values at low
compaction moisture contents would not be of
importance with normal road construction
practice. However, with the increasing use of
“dry compaction® or compaction at the field
moisture content, (Ellis 31980, Gordon & Waters
1984) predictions for swell from low moisture
content are becoming important.

Conclusions

This study has provided some information on
the interaction between compaction conditions
and vertical total stress on swelling of
laterally confined samples of a highly plastic
s0il to a state of zero suction. While this
msay not reflect the suction changes that are
likely beneath a road in an arid climsate, it
does show the worst case. Further work is
being perforsed with controlled suction to
cover swalling to non-zero suctions.
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CHAPTER 8

SUCTION MEASUREMENT

8.1 INTRODUCTION

Measurement of suction in soils cannot, except for the very
low range of suction, be made directly. Not only does this make
the measurement and the conceptual understanding more difficult,
but it also makes calibration and comparison of different methods
difficult and indirect. There are several types of equipment and
techni ques available, and at least as many reports of
inconsistencies within some methods and between others. It was
decided that a 1literature study should be undertaken, and one or
more appropriate methods selected. Some experimental work was also
carried out, and has helped build confidence that the values
determined may bear some relation to reality.

Some brief notes on suction are made in section 8.2. More
detailed discussion of suction in clay soils was given in Chapter
3. Three suction measurement or control techniques were
investigated. Brief comments on these are given in sectio B.3.
Fuller discussions are given in Schreiner (1987a). The next four
sections describe the experimental work undertaken with each
technique, starting with filter paper measurements in section 8.4.
This is followed by pressure plate measurement tests in section
8.5, pressure plate control tests in section 8.6 and, finally,
psychrometer measurements in section 8.7.

8.2 COMPONENTS OF SUCTION

The terminology and definition of the components of suction
have been presented in section 2.6.4, and the clay-water
interaction has been discussed in Chapter 3. Suction in soils has
in the past generally been interpreted in terms of the capillary
model, in which the suction is identical to that in a small bored
glass tube. This is a very simple model of so0il water, possibly
useable for inert soils such as silts and sands, but it ignores
some important aspects of the interaction between clay minerals
and water.

If we apply the absorbed water or double layer approaches to
water adjacent to a clay particle, other models of suction can be
developed. Such an approach was used by Schreiner (1987c) in
attempting to clarify the measurement of solute suction in high
plasticity clays. The paper is included in Appendix 8A.1
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In essence, the conclusion reached is that the suction that
exists at the surface of the soil water in contact with the air is
primarily caused by the osmotic suction of the salts dissolved in
a part of the water, where the distribution of these salts in the
water phase is determined by the distribution of the exchangeable
cations of the clay. There is no clear boundary between the
cations of the dissolved salts and those of the clay, and they
must exist in equilibrium with the overall physical and chemical
system. Capillary effects are thought to be of secondary
importance in this system.

One of the important differences between the capillary model
and the soil water chemistry model is in the effect of solute
suction on volume change. Bolt (1956) has shown that changes in
salt concentration, or solute suction, in a saturated soil alter
the void ratio - effective stress relationship as shown in
Fig.8.1. The closest that unsaturated soil testing has come to
duplicating this is the work of Maorgenstern & Balasubramonian
(1980) and Pile (1980) which was discussed in Chapter 4. Using the
capillary model for suction, this effect cannot be accounted for.
However, with the model based on the soil water chemistry, this
can be readily explained in terms of the effect on the
distribution of cations in the absorbed and free water. Since the
clay particles are held apart by the absorbed water, any change in
the quantity of water in the absorbed layer will cause a change in
the thickness of the absorbed layer which will be reflected by a
change in the void ratio.

8.3 SUCTION MEASUREMENT METHODS

The available methods of suction measurement vary in their
indirectness. In addition, there is not always clarity in the
separation or effect of solute and matrix suction. The method that
is the most direct, the pressure plate method, measures the
matrix suction but cannot at present be used to measure the solute
or total suction. The calibrated filter paper technique and the
thermocouple psychrometer have also been used in this
investigation, and are discussed briefly below. It is not the
intention of this section to provide an exhaustive review, but
rather to consider those aspects that are relevant to this
research.

8.3.1 CALIBRATED FILTER PAPER

8.3.1.1 Description

This technique has been studied recently at Imperial College,

both for total (Duran 1986) and matrix (Gutierrez-Guevara 1985)
suction measurement. It has previously been found that the
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moisture content of a particular grade of filter paper can be
calibrated against the suction or relative humidity to which it is
exposed (e.g. Fawcett & Collis—-George 1967). Due to hysteresis,
the filter paper is always dry at the start of the measurement.

For total suction measurement, the dry filter paper is placed
in a sealed container with the so0il, but makes no direct contact
with it. Equilibrium between the suction in the so0il water and in
the filter paper water is achieved through the vapour phase, and
therefore the influence of the dissolved salts in the soil water
is included. For matrix suction measurement, the filter paper and
the soil are placed in direct contact, permitting the dissolved
salts to be transferred to the filter paper with the soil water.
The effect of the salt is thus excluded from the equilibrium
between the water in the filter paper and the water in the soil,
as the salt will be present in both.

8.3.1.2 Precision

This method can give reasonably reliable results, but the
precision of the wmeasurements is not high. The range of water
content of the filter paper covering suctions from 100kPa to 1GPa
is about 39%. The precision is in part dependent on the precision
with which the filter paper moisture content can be determined. As
employed for this and the previous projects at Imperial College,
the moisture content can be resolved to 0.14%. There are thus 250
discrete values of filter paper moisture content corresponding to
999, 900kPa. However, since the relation between suction and filter
paper moisture content is logarithmic, the precision varies across
the range.

At 357 moisture content, for example, the suction change
corresponding to 0.14%Z moisture content change is 9.5kPa at a
suction of 500kPa. At a filter paper moisture content of 10%Z, the
precision is 175kPa at a suction of 8MPa. Measurement to +/-0.14%
moisture content of 0.35grammes of filter paper requires
measurement of the wmasses of wet and dry filter paper to
+/-0.0005grammes.

Although the figures above suggest that adequate quality data
can be obtained, there are many procedural factors which affect
the accuracy of the results. Firstly, the water starts evaporating
from the wet filter paper as soon as it is exposed ta the
relatively dry air in the laboratory, and the reverse is true for
oven dry papers. Chandler & Gutierrez (1986) report changes of
filter paper water content due to wetting or drying of up to 1.5%
per minute, e.g. from 307 to 28.5%.

Errors due to this can be reduced using the technique
developed by the author and Elsharief while the latter was working
at Imperial College, and reported in Elsharief (1987). By placing
the wet filter paper discs into a plastic bag immediately on
removal from the cell, it was found that drying was of no apparent
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significance after the filter paper was placed in the bag. The
plastic bag serves as the moisture content "tin" during weighing,
but is not placed in the oven. Care must be taken to ensure that
the papers are replaced in the same bags after drying that they
were in previously. This was achieved by labelling the bags before
the first weighing, and the papers before placing them in the
cells. The water loss before the bag was sealed is difficult to
quantify, but more consistent data were obtained with less
scatter. The same approach is used on removing the papers from the
oven to prevent water absorption from the atmosphere.

Another possible cause of error is contamination of the filter
paper, either by soil particles or by wax used to seal the
equilibration cell. This is minimised by brushing the soil
particles off the paper or by cutting off the contaminated
sections.

For matrix suction measurement, where the paper is in contact
with the soil, care must be taken not to apply too great a contact
stress. 6Gutierrez—-Geuvarra (1985) presents a water content-stress
curve for filter paper which shows considerable reduction in the
saturated, zero suction water content with increasing contact
stress. Chandler & Gutierrez (1986) claim that errors of up to S0%Z
of the value of suction may have been caused due to excessive
contact stress.

Duran (1986) observed that, at 1low suction, condensation
sometimes occurred on the inside of the equilibration cell. This
can be explained in terms of the dew-point, i.e. the temperature
at which water condenses, which is dependent on the relative
humidity which is in turn dependent on the suction. At 100%Z
relative humidity, equivalent to 2zero suction, the dew point is
about 21=2C, and decreases by about 1°C as the suction increases to
8000kPa. The dew—point can thus be seen to be close to the
laboratory temperature of about 20°C in the low suction range.
Contact between the filter paper and the droplets of condensed
water will obviously affect the accuracy of the measurements
adversely.

8.3.1.3 Calibration

The calibration equation given by Chandler & Gutierrez (1986)
was used. This equation compares favourable with those of Fawcett
& Collis—George (1967) and Hamblin (1980). There does not appear
to be any major variation in calibration between different batches
of Whatman No. 42 filter paper.
8.3.2 PRESSURE PLATE

8.3.2.1 Description

The pressure plate technique, or the use of elevated pore air
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pressure, has been used extensively for the control of matrix
suction, and standard systems are available from the major
laboratory equipment suppliers. Use for suction measurement is
less common.

Two techniques have been reported for measurement of suction.
The earlier technique (Olsen & Langfelder 1965) utilised changes
in wmass of a series of identical samples placed in separate
pressure plate cells at various suctions. The suction at which
there would be no change in mass is obtained by interpolation, and
is taken to be the matrix suction extant in the soil sample. Since
full equilibration is not needed, the samples may be left in the
pressure plate cells for a relatively short time, typically less
than one day, provided that all samples are in the cells for the
same length of time.

The later technique, which has been used in this
investigation, relies on the use of stiff pore water pressure
measuring systems, such as are available with diaphragm type
pressure transducers. A single sample is required, and is placed
in a pressure plate cell under an air pressur greater than the
expected suction. The pore water pressure is monitored, and the
suction determined from the difference between the equilibrated
pore air and pore water pressures (Maswoswe 1985, Toll 1988).

8.3.2.2 Precision

The precision of measurements made using the latter technique
is primarily dependent on the precision of the gauges used to
measure the air and water pressures. The air pressure gauge was
the least precise, being graduated to 20kPa. The pressure could be
reasonably satisfactorily read to +/- SkPa, and this may be taken
to be the limiting precision.

8.3.2.3 Calibration

There is no direct method of calibrating the pressure plate
system for suction measurements. Each gauge was calibrated against
a Budenberg dead weight calibrator as described in Chapter 9.

8.3.3 THERMOCOUPLE PSYCHROMETER

8.3.3.1 Description

This apparatus has been used extensively for total suction
measurement in soils. The psychrometer generates a cooling current
in a miniature thermocouple to condense water onto the
thermocouple. Measurement is then made of the “"wet - bulb”
temperature depression as water evaporates from the thermocouple
junction. The temperature depression is controlled by the relative
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humidity of the air around the thermocouple. It is assumed that
the humidity of the air in contact with the soil is controlled
only by the suction of the soil water. Calibration is usually by
means of solutions of known concentrations of known salts, from
which the suction can be calculated. Although no direct study of
the validity of the assumption has been reported, there does not
appear to be much evidence to call it into question. There are,
however some cases of inconsistencies between thermocouple
psychrometers and other methods of suction measurement or control,
e.g. Richards (1980) and Edil & Motan (1984).

The apparatus used was a model 55 made by Wescor Inc. of Utah,
USA. The samples were placed in a type 52 sample chamber which
houses the thermocouple probe.

8.3.3.2 Precision

The output of the Wescor type 55 psychrometer used in this
research is about 9#10—*volts for 3000kPa suction. Each
thermocouple probe must be calibrated, as the output varies
slightly from probe to probe. The voltage is displayed to
0.1%10-®vpolts, giving a resolution of 33kPa.

8.3.3.3 Calibration

Each thermocouple probe must be calibrated against a range of
known suctions. This was done using salt solutions of known
concentration. Five solutions were made up with concentrations of
NaCl as shown in Table 8.2, covering the suction range of 300 to
7000kPa. Suctions were calculated for these solutions using the
equation given in Schreiner (1987c). Calibration of the type 52
sample chamber thermocouple was done by placing a small piece of
filter paper, soaked in one of these solutions, in the sample
chamber. The output was then measured at intervals until a steady
value was obtained. The values are 1listed in Table 8.1 and the
calibration is shown in Fig.8.2.

8.4. FILTER PAPER SUCTION MEASUREMENT TESTS

A total of 15 tests were performed, of which four attempted to
measure the matrix suction and the remainder attempted to measure
the total suction. All of the tests were performed on soil samples
from 0.65 to 0.85m depth at the Nairobi-Mombasa Road site. The
test data are summarised in Table 8.2. Also noted in the table is
the sample type. The initial tests were perfbrmed on uncompacted
or loose samples. Most of the later tests were performed on
compacted samples, but one sample was consolidated from a high
initial moisture content.
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8.4.1 EQUIPMENT

The cell used for filter paper suction measurement has been
described by Duran (1986), and is shown in Fig.8.3. The
development of the cell from the original as used by
Gutierrez-Guevarra (1985) was done by Duran under the author’s
supervision. No modifications or further development were made for
this project. The two perspex discs are sealed to the ends of the
oedometer ring with wax while the filter paper is allowed to reach
equilibrium with the suction in the soil.

8.4.2 PROCEDURE

The procedure followed is generally that described by Duran
(1986) for total suction and that described by Chandler &
Gutierrez (1986) for matrix suction. In both cases the filter
papers were placed in plastic bags on removal from the cell as
described above in section 8.3.1.2.

8.4.3 FILTER PAPER TEST RESULTS

8.4.3.1 Uncompacted samples

Tests FP2 to FP6 were performed on uncompacted samples placed
in sealed plastic bags in place of the equilibration cells which
were at that time still under development by Duran. The filter
paper discs were separated from the so0il by porous plates commonly
used in oedometers and triaxial cells. Four 9cm diameter filter
paper discs were used in each bag to obtain adequate precision of
mass determination using a standard soil 1laboratory balance of
0.01g precision. In tests FP3 to FPé6 four sets of measurements
were made on each sample using fresh filter papers for each. The
data are plotted in Fig.8.4.

It is apparent from the data from tests FP3 to FP6 and in
particular for tests FP4 and FPS that considerable changes in the
measured suction have occurred for the four consecutive
determinations. Points labelled ‘A° were obtained after S days of
equilibration and points ‘B’ after B days equilibration with fresh
papers. The remaining two points for each sample were obtained by
allowing 15 and 19 days respectively for equilibration. Moisture
content changes of the soil have been calculated from the amounts
of water taken up by the filter papers. The filter paper moisture
content in test FP3 was about the same before and after the test,
at about 3%. The paper may not have been wetting up during the
test, and errors due to hysteresis in the filter paper moisture
content-suction relation may have occurred in this test.
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It appears from the discontinuity for all samples between
points ‘A° & ‘B’ and points ‘C’ & ‘D’ that 8 days is not adequate
for full equilibration in this system although Duran (1986) found
that 4 days was generally an adequate period in the cell shown in
Fig.8.3. 1Initial total suctions have thus been obtained by
extrapolating the lines linking points ‘C° and ‘D’ to the initial
soil moisture contents.

The mass of water removed from the so0il in each measurement
ranged from .08g from the driest sample to 0.5g for the wettest
sample. Sample wmasses were of the order of 100g. In order to
reduce the changes in suction resulting from the moisture
abstraction by the filter paper, it would be necessary to use far
larger masses of soil, or far smaller masses of filter paper. At
35% soil moisture content, for example, the total suction changes
by about 1.5MPa, or 40Z of the initial value, per 1% moisture
content change. The latter approach, of using a smaller mass of
filter paper, was chosen, and necessitated the use of a scientific
balance with 0.0005g precision.

The determination of the moisture content changes from the
mass of water abstracted by the filter paper will underestimate
the actual changes in moisture content, as there will be some
water vapour loss when the bag is opened to remove the filter
papers. However, provided that the error is consistent between
measurements, the arguments above can still be applied. If all
moisture content changes are in error by the same factor then the
extrapolation will reach the initial moisture content at the same
value of total suction.

8.4.3.2 Compacted samples

The first 3 tests on compacted samples were performed on
samples which had been used for pressure plate matrix suction
measurement, which are described in section 8.5.3.1. Test FP7 was
performed on the sample from test PPMB, FP8 on the sample from
PPM? and FP? on the sample from PPM10. The samples remained in the
oedometer rings for both the pressure plate and the filter paper
tests.

Test FP7 measured the total suction of a sample compacted
under 1MPa at a moisture content of 34.2%. The moisture content
measured after pressure plate and filter paper measurements was
36.3%. 1t is assumed that the wetting up occurred during the
pressure plate measurement, which took 28 hours, at the end of
which it was noted that a large quantity of air flowed out from
beneath the porous ceramic when the back pressure was decreased
from 300 to 30kPa. The total suction measured using filter paper
is plotted on Fig.8.5 where the moisture content change is noted.

Also shown on Fig.B8.5 are two measurements, FP8 & FP?, which
were made on samples compacted under iMpa at a moisture content of
- 25%. The duration of the pressure plate tests on these samples was
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about 2 hours, and the change in moisture content is
correspondingly low. Test FP? also demonstrates that the changes
in so0il moisture content during the measurements is considerably
reduced from those apparent in tests FP2 to FP6, but is still
measureable.

Tests FP10 and FP13 were performed on samples which were
compacted under the same stress, (1MPa), at a moisture content of
33.92%. These show higher suctions than that measured in test FP7,
and in close agreement with the deduced total suction from test
FPS on an uncompacted sample. The apparently low value obtained in
test FP7 appears to be consistent with the conclusion from the
tests on uncompacted samples in that the change of moisture
content of the soil has altered the suction in the soil. Similar
data on the sensitivity of the suction to changes of moisture
content was obtained from test SP0O4, which is described in secion
10.4, where a sample was subjected to increasing suction in the
stress path oedometer. Fig.8.6 shows the matrix suction—-moisture
content curve for this part of the test. The matrix suction has
doubled due to a moisture content change of less than 1%.

Comparison of the total suctions measured on the compacted
samples and that deduced from the measurements on loose samples is
made in Fig.B8.5. The 1line shown on Fig.8.5 is the curve drawn
through the deduced total suction values in Fig.B.4. It appears
that compaction does not affect the suction in the soil.

The precision obtained in the measurements can be assessed
from the results of test FP10 and FP13. Fig.8.7 shows the results
obtained for each of the two filter papers used in each
determination. The error is generally within 0.25Mpa about the
average value. The maximum error observed was 1.2Mpa about the
average value. The scatter in the average values is 1.33MPa, or
0.67MPa about the inferred drying curve. This represents a
potential error for a single measurement with two papers of about
167%.

A further two tests, FP14 and FP15, measured the matrix
suction of samples compacted under 1MPa at a moisture content of
33.92%. These show matrix suctions of 2.6 to 3.5MPa. These values
are considerably higher than the matrix suctions measured for
similar samples using the pressure plate method, and will be
discussed further section 8.5.3.1 which deals with those tests.

8.4.3.3 Samples at known suction

Test FP11 measured the total suction of a sample equilibrated
at 400kPa matrix suction in a pressure plate cell, and gave a mean
value of total suction of 1080kPa. Test FP12 measured the matrix
suction of anaother sample equilibrated at 400kPa matrix suction in
a pressure plate cell, and gave a mean value of matrix suction of
398kPa. Both sets of data are included in Fig.B.5. Since the
suction history of these samples differed, in that the sample in
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test FP11 had been wetted to the final suction and that in test
FP12 had been dried from 5SOkPa suction to the final suction, the
final moisture contents differed. However, the latter test, FP12,
confirms that the filter paper technique can measure the matrix
suction which had previously been established using elevated pore
air pressure in a pressure plate cell. The difference between the
suctions measured in these two tests, of about 700kPa, is the
solute suction, or the suction due to the dissolved salts in the
pore fluid.

One test to measure the matrix suction, FP16, was made on a
sample consolidated under 1000kPa and unloaded without drainage.
The details of the sample are given in section 8.5.2.2 below where
the pressure plate suction measurements made on it are described.
The results of test FP16 are also shown on Fig.8.5. The values of
suction measured with the filter paper, of about S530kPa, are lower
than the 770kPa measured with the pressure plate. The scatter in
the calibration data is large, and for the filter paper moisture
content of 347 obtained in these tests, the range of data is 350
to 700kPa in the summary figure presented by Chandler & Gutierrez
(1986). The expected value thus falls within the scatter range,
but is at one extreme.

The data given in their summary figure have, as far as is
known, all been obtained without the use of a plastic bag to
minimise the moisture loss from the paper during weighing. It is
possible that the low values reflect the improved moisture content
determination, and that an improved calibration curve is now
required, in which the experimental technique is the same as the
technique now used for making the measurements of suction on soil
samples.

8.5 PRESSURE PLATE MEASUREMENT TESTS

A total of 15 measurements of matrix suction were made on
samples from the Nairobi-Mombasa Road site at 0.65 to 0.85m depth
which were compacted under 1MPa, at various moisture contents,
into 76mm ocedometer rings. The sample thicknesses after compaction
were less than the height of the ring. One test was performed on a
natural sample from Wad Medani which had been wet up in the
laboratory to the moisture content measured in the field where
heave had damaged a house (Elsharief 1987).

8.5.1 EQUIPMENT

The Stress Path Oedometers, which are described in Chapter 9,
were used for the measurement of suction by the elevated pore air
pressure method. For this useage, the cells were assembled without
the hydraulic loading membrane, and the radial 1load cell was not
installed during most of the tests. The top plate with the
caompensated plunger was generally replaced by a blank flange with
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a fitting for the air pressure tubing. Water pressure beneath the
ceramic was measured with a transducer mounted into a block
screwed directly into the base plate. The drain tubing on the
other end of the spiral drainage groove in the base plate was
steel between the base plate and the tap to maximise the stiffness
of the measuring system. A typical layout is shown in Fig.8.8.
Wat t &) £t . L Wit}
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plate.

8.5.2 PROCEDURE

No clear guidance could be found on the final preparation of
the ceramic. Current practice at Imperial College was to wipe the
ceramic to leave it slightly wet (Toll 1985), but indications in
the literature were that the initial wetness of the ceramic could
affect the response time of the system. Some of the tests were
designed to invéstigate the effect of the initial wetness of the
ceramic on the response time and the magnitude of the measured
suction.

The procedure followed varied in some details during the test
programme. The general procedure remained constant. The saturation
of the ceramic was checked in accordance with the technique
described in section 9.4.2, usually on the day before the test was
to be performed.

The cell was refilled with de—-aired water at high pressure and
left wuntil all other preparations were complete. The drainage
channels beneath the ceramic were flushed using the mercury pot
system to remove any air that might bave accumulated during the
saturation checking procedure.

Soil at the appropriate moisture content was taken from the
storage bags and immediately placed into the oedometer ring for
compaction. The compaction procedure has been described in section
7.2.1. After compaction the sample was temporarily stored in a
plastic bag to minimise moisture loss while the cell was prepared.

This involved draining the water from the chamber, removing
the top plate and wiping the chamber wall to remove drops of
water. The top plate was then replaced and an air pressure applied
until the flow of water into the volume gauge ceased. The ceramic
was then considered to be "dried" at that air pressure.

The wetness of the ceramic was then adjusted as described
below for each test. The sample was then removed from the plastic
bag and placed on the ceramic with amoderate finger pressure to
ensure contact between the so0il and the ceramic. Finally the top
plate was replaced and the air pressure applied. Air and water
pressures were monitored over a period of time and the difference
between these taken as the matrix suction.

8.5.3 TEST RESULTS
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8.5.3.1 Tests on compacted samples

The first three tests, PPM1 to PPM3, were performed on one
sample which was compacted at a moisture content of 43%. The first
test was performed immediately after the sample was compacted and
the second and third tests six and seven days after compaction. In
between tests the sample was stored in plastic bags.

For test PPM1 the ceramic was dried under an air pressure of
1000kPa. After the air pressure had been reduced to atmospheric,
0.15cm= of water was allowed to flow through the ceramic under
about 25kPa back pressure before the drainage taps were closed.
For test PPM2 the quantity of reverse flow was 0.31cm>, while for
test PPM3 the drainage taps were closed before the air pressure
was reduced, thus preventing reverse flow.

The data are presented in Fig.B8.9. The vertical axis gives the
measured difference between the air and water pressures. The
horizontal axis shows the elapsed time since application of the
air pressure with the sample in place. It can be seen that the
initial wetness of the ceramic influenced the initial water
pressures after the application of the air pressure. In test PPM2,
where the ceramic was wettest, the water pressure at the start was
equal to the applied air pressure, indicating that there was
sufficient free water to activate the pressure measurement system.
Test PPM3 showed no initial water pressure response, indicating
that no free water was available to activate the pressure
measurement system.

Test PPM1 indicates a suction of 650kPa, after 3hours and
20mins. Measurements taken during the next two days are not
plotted in Fig.8.9. These showed a continual decrease in the
pressure difference. After 19 hours or 1140 minutes, the pressure
difference was about 600kPa, falling to 435kPa after a further 24
hours. This change with time was due to rising pressure below the
ceramic, as described below, and does not necessarily reflect the
suction in the soil. Similar time dependent increases in the water
pressure beneath the ceramic were observed by Toll (1988), and
explained as partial blow through. It is thought that the
following explanation is more reasonable.

Since the air pressure used for the measurement of suction
must prevent cavitation in the water in the measurement system,
high air pressure is necessary. The rate of diffusion of air into
the water in the ceramic, and thus into the low pressure water
below the ceramic, is dependent on the air pressure. Such air as
does pass through the water in the ceramic can and will form
bubbles as it comes out of solution in the water which is at a
lower pressure.

If the water is initially de-aired, then there will be an
amount of air that can be held in solution before bubbles will
form. Once bubbles do start forming, then the pressure in the
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water in the pore water pressure measurement system beneath the
ceramic will tend to rise. However, this will cause an imbalance
between the suction in the soil and the pressure difference across
the ceramic, and water will flow through the ceramic into the soil
due to the pressure imbalance. The rate of water flow from the
measurement system into the sample will depend on the excess
pressure in the water, the permeability of the ceramic and the
permeability of the soil.

The excess pressure beneath the ceramic will be dependent on
the relative rates of flow of air into and water out of the pore
water pressure measurement system. If the rate of water flow out
of the measurement system is fast enough, then no significant
excess pressure will be developed. If, however, the flow of water
out of the measurement system is slow due to the permeability of
the ceramic or the soil, then an excess pressure may by generated.
This appears to have occurred in some of the tests and is apparent
as a small but constant rate of increase in the water pressure
beneath the ceramic. In this case the difference between the air
and water pressures will not reflect the true matrix suction, and
the matrix suction in these and subsequent tests has therefore
been taken to be the difference between the air and water
pressures immediately before a constant rate of water pressure
increase occurs.

The flow of water into the sample will alter the matrix
suction in the soil. It is 1likely that, in a so0il of low
permeability, the suction at the surface of the sample in contact
with the ceramic will be equal to the difference between the air
and water pressures, and that there will be an increase in suction
with distance away from the ceramic. On removal of the sample from
the test chamber, the suction gradient in the sample will
dissipate, leaving the suction at a value different from the
initial value.

Tests PPM2 and PPM3 reflect this change in matrix suction due
to water inflow. The measured suction in both tests was 525kPa,
which is lower than that measured on the same sample in test PPM1.
The moisture content changes of the sample were not determined
after these tests. It had been intended that the test series would
continue, but it became necessary to reseal the joint between the
ceramic and the base plate and the test series was thus
discontinued while the repairs were undertaken. The repairs took
much longer than anticipated, and the test series was not
restarted. However, in a later test which was continued for 28
hours, the sample took in 0.32g of water, corresponding to a
change in moisture content of 0.8J%.

Two more series of tests were performed on compacted samples.
Tests PPM4 to PPMB used samples compacted at 35% moisture content,
and tests PPM9 to PPM11 were on samples compacted at 25% moisture
content. The former are presented in Fig.B8.10, and the latter in
Fig.B8.13.
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In test PPM4 the ceramic was sufficiently wet for the initial
water pressure response to be equal to the applied air pressure.
For test PPMS the ceramic was dried under an air pressure aof
800kPa. The drainage taps were closed at intervals during the
drainage until a water pressure increase of 100kPa after closure
was obtained. The taps were then left closed and the air pressure
released. A paper towel was used to dry the ceramic in test PPMs,
after which about 0.12ca® of water was added. This was done using
a wash bottle for which the drop size had been determined by
weighing 10 drops in a moisture content tin. Preparation for test
PPM7 was similar, except that no water was added after the ceramic
was dried with the towel. The ceramic was dried under 1000kPa air
pressure in test PPMB, and no water was added.

The data for the samples at 357 moisture content are plotted
in Fig.B8.10. None of the samples was used for more than one test.
Tests PPM4 to PPM6 gave consistent results, showing a matrix
suction of 940kPa. In test PPM4 the air pressure was reduced from
1400kPa to 940kPa after the maximum difference between air and
water pressures had been recorded. The trend of pressure changes
after this air pressure change was toward the same value of
suction, although the rate of water pressure decrease was slower
than in the Ffirst part of the test. The -slow responrse-time—is

i stent ith tl f air in &t . .
di-scussed—abeve. The slower response time after the air pressure

change is consistent with the presence of air in the water
pressure measuring system, as discussed earlier in this section.

Tests PPM7 and PPMB8, for which the ceramic had been dried and
no water added, showed a progressive increase in apparent water
pressure beneath the ceramic. It is believed that this reflects
the mechanism discussed above of air diffusion through the ceramic
affecting the water pressure.

The initial apparently high value of matrix suction is thought
to be due to the dry starting condition of the ceramic, but is in
conflict with the apparently succesful measurements with a dry
ceramic in tests PPM3, shown in Fig.8.9, and PPM12, performed on
an undisturbed sample from Wad Medani which was tested on behalf
of Elsharief (1987), shown in Fig.8.11. In test PPM12, the ceramic
was dried under 1000kPa, followed by 0.26ca™ of reverse flow. This
should have caused the water pressure to respond fully to the
applied air pressure. However, there had been no resaturation of
the ceramic after the previous test, and there was probably air
trapped in or below the ceramic.

In all three of these tests the ceramic was dried to a state
where the initial water pressure response was lower than the
expected equilibrium value. It is thought that the apparently
incorrect measurements in tests PPM7 and PPM8 may reflect poor
contact between the water in the ceramic and that in the soil.

The moisture content in test PPM3 was about 847 of the plastic
limit, and that in test PPM12 about equal to the plastic limit.
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The soil in tests PPM7 and PPMB was considerably drier, at about
697 of the plastic limit. The effect of low moisture content on
the structure of the soil has been discussed in Chapter 7 based on
the work of Collins (1984) and Zein (1985). The drier soil will
have a more clustered structure than the so0il compacted in a
wetter state. The structure of the undisturbed soil is not known.

Fig.8.12a shows diagrammatically what is thought to occur when
a clustered soil is placed on a ceramic which has been dried under
1000kPa suction. The water has retreated into the pores of the
ceramic until the radius of curvature is in equilibrium with the
suction, in this case being about 1.4#10"“mm. The soil, which is
granular and dry to the touch, can rest on the dry parts of the
ceramic without coming into contact with the water. The pore water
of the soil thus remains isolated from the water of the pressure
measurement system, and the changes in water pressure that were
observed are unrelated to the stress in the so0il water.

Fig.8.12b shows what is thought to occur when a wetter soil
with a preferred parallel structure, as is expected for a soil
compacted near the optimum moisture content, is placed on a
ceramic dried to the same state. There is more "free" water in the
soil, and contact is more easily made between the so0il water and
that in the ceramic. The water pressure in the measurement system
thus responds to the suction or pore water pressure in the soil.

Similar arguments can be applied to explain the apparently
high values of "matrix"” suction found in tests FP14 and FP15, as
shown in Fig.8.5. Continuity is required between the water in the
filter paper and in the so0il for matrix suction measurement.
However, if the water in the soil does not make sufficiently good
contact with the filter paper to flow into the pores of the paper,
then this type of measurement will not be correct. The paper will
take up water by vapour transfer, as for total suction
measurement, and the final state may resemble that depicted in
Fig.B8.12 with the ceramic replaced by the cellulose of the filter
paper fibres. If this is the case, then the suction measured will
be the total suction.

The preparation of the ceramic for tests PPM? and PFM10O used
drying under 1000kPa followed by addition of 0.12cm® of water from
a wash bottle. Test PPM11l differed in that the air pressure used
was SO00kPa, and 0.11cm™ was added from a small bore stainless
steel tube connected to a screw pump. This permitted more precise
control than did the wash bottle.

Tests PPM? to PPM11 indicate a matrix suction of 1280kPa as
shown on Fig.8.13. In test PPM1i1 the air pressure was raised from
1300kPa to 1400kPa after 25 minutes when it appeared that negative
water pressures beneath the ceramic were being measured. The
"equilibrium” conditions were as a result approached from the
opposite direction to that in the first two tests. The apparent
value of suction reached after 110 minutes is consistent with the
values obtained in the first two tests.
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8.5.3.2 Consolidated sample

Tests PPM13 to PPM15 in Fig.8.14 were performed on one sample
which had been consolidated under a vertical stress of 1000kPa for
23 days from a moisture content of about 100%. The sample was
unloaded as far as is possible in the undrained state, and free
water on the sample surface was removed with a paper towel when
the sample was removed from the ocedometer. The sample remained in
the oedometer ring during the suction measurement. The ceramic was
prepared by drying under 1000kPa followed by 0.05cm® added with
the stainless steel tube.

Tests PPM13 and PPM14 indicate a matrix suction of about
770kPa. It had been expected that the suction would be equal to
the previous vertical effective stress, but it appears that, for
this normally consolidated sample, the suction is equal to the
mean effective stress. For a Ko of 0.6, as determined in test SP06
in the stress path oedometer which is reported in section 10.4,
the mean effective stress at 1000kPa vertical stress is 733kPa.
The measured value of 770kPa is sufficiently claose for these tests
to confirm that the pressure plate system is measuring the matrix
suction correctly.

PPM15 was performed after a series of filter paper suction
measurements in test FP16, and indicates a matrix suction of
830kPa, probably due to the loss of water to the filter paper and
during transfer from sealed containers. It was also noted in this
test that the sample had shrunk away from the oedometer ring,
supporting the contention above that the suction in this case is
equal to the mean effective stress.

8.5.3.3 Equilibrated sample

As a further check on the reliability of the measurements, two
samples were prepared in the pressure plate contrel cell to a
matrix suction of 400kPa. Tests PPM16 and PPM17 were performed on
these samples. The air pressure used for drying the ceramic was
S40kPa, since the expected suction was about 400kPa, and 0.05cm™
water was then added with the stainless steel tube.

The data are shown in Fig.B.15, and indicate a matrix suction
of 360kPa. This is thought to be reasonable considering that the
samples had been removed from one cell and transferred to another.
The sample from test PPM17 was subsequently used in test FP11, and
that from test PPM146 was used in Test FP12.

8.5.4 RESPONSE TIME OF SYSTEM
Various techniques were tried in an attempt to minimise the

response time of the water pressure measurement system. The target
measurement is the pore water pressure in the so0il when the pore
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air pressure is raised sufficiently to avoid cavitation.

In any fluid pressure measurement system, there is a quantity
of fluid required to deform the measuring element and to cause
elastic deformations of the whole measuring system. In general the
system and measuring element are made as stiff as is reasonably
possible, and the least stiff component involved is the soil. When
a stress change is applied or the so0il is brought into contact
with the measuring system, a small quantity of water must flow
into or out of the soil to activate the measuring sytstem. If the
s0il is relatively permeable then the response time of the system
will not be adversely affected by the flow of water. If the soil
is highly impermeable then the response time may be dependent on
the rate of flow of water into or out of the soil, and not on the
design of the system.

Since it was thought that the amount of free water on the
ceramic could influence the response time, the "wetness® of the
ceramic was varied for 2 series of tests on similar samples. These
were PPM1 to PPM3 and PPM4 to PPMB which have been described
above.

Tests PPM1 to PPM3, shown in Fig.8.9, were performed at the
start of the suction measurement programme, and can be considered
to be preliminary tests in regard to the development of
experimental techniques. It is however, clearly evident in
Fig.8.9,that the response time is affected by the amount of free
water available, with test PPM2 which had 0.31cm®™ free water
responding much more slowly than test PPM1, in which 0.15cm® free
water had been supplied.

For test PPM4 the ceramic was wet at the start. This was
checked by ensuring, before the sample was installed, that the
water pressure followed the applied air pressure, thus
demonstrating that there was sufficient free water to activate the
measuring system. The response time of the whole system, including
the soil can be seen from Fig.8.10 to be about 3.5 hours. The
response time of the system alone has been measured with water
above and below the ceramic and was found to be about 1 minute to
90% of the applied pressure, as shown in Fig.B.16. The extended
respanse time is thought to be due to the rate of flow of water
into the soil.

In test PPM5 the ceramic was dried by applying an air pressure
and allowing drainage until an applied air pressure of 800kPa gave
a water pressure response of 100kPa. The water pressure measuring
system was thereafter kept closed while the sample was placed in
the chamber and an air pressure of 1100kPa applied. The water
pressure did not drop below -25kPa during this procedure. The
response time appears from Fig.8.10 to be about 40 minutes, which
is still longer than that of the system alone. The change in mass
of the soil sample during this measurement was 0.03g,
corresponding to a moisture content change from 31.057 to 31.12%
showing that very 1little water was taken up by the soil. The
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response time of test PPM6 lies between the above two tests,
reflecting the addition of 0.15cm™® of water with the wash bottle.

The water addition technique was refined further in tests PPM9
to PPM 11 and the response time was reduced to about half an hour.
It appears that consistently short response times can be achieved
for suction measurement with the pressure plate system if the
required amount of free water is determined and supplied. For this
particular pressure plate apparatus, the required amount of water
has been shown to be about 0.1g when the ceramic has been dried
under an air pressure of 1000kPa. The quantity of water required
is likely to vary considerably between systems, and may also be
influenced by the suction in the soil.

8.6 PRESSURE PLATE CONTROL TESTS

Three samples were subjected to wetting and drying under
controlled suction in the pressure plate control cells. One sample
was equilibrated at a single suction value for subsequent pressure
plate suction measurement. Completion of one wetting and drying
cycle required upwards of 4 months, with two tests running for 9
months.

B.46.1 EQUIPMENT

The cells used for suction control are commercially available
cells made by Soilmoisture Equipment Ltd of California. The system
for their operation is described by Toll (1988), and is shown in
Fig.8.17. The air pressure, and thus suction, limit of these cells
is S500kPa.

8.6.2 PROCEDURE

Samples for pressure plate control of suction were compacted
under i1MPa at the chosen moisture content into 76mm oedometer
rings. The sample was then placed on the ceramic of the pressure
plate cell, which was then closed and the air presure applied. In
tests PPC1 and PPC2 the moisture content changes were calculated
from the measured water flow through a burette volume gauge into
or out of the sample. Since the volume measurements did not appear
to be particularly accurate, the later tests used changes in
sample mass to determine the moisture content changes. This
required the removal of the samples at intervals for weighing.
Each stage was continued until the change in mass was
insignificant in terms of moisture content change.

8.6.3 RESULTS

The data from these tests are shown on Fig.8.18 as
suction—-moisture content curves. Each point represents the
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moisture content of the soil after equilibration under the applied
suction in the pressure plate cell. All tests except PPC3 started
at a high value of suction and proceded to lower values before
starting the drying stages. Test PPC3 was wetted from the
compacted state to SOkPa suction in the first stage and then
subjected to drying in stages to 475kPa suction, wetting in stages
to 100kPa suction and finally dried to 250kPa suction.

The data from test PPC1 show a much 1larger increase in the
moisture content than do tests PPC3 and PPC4. It is thought that
this reflects a small rate of loss of water from the measuring
system which continued during the 1long test period. The data from
this test are thought to be incorrect. The same may be true of
PPC2 which was performed using the same technique for measuring
the moisture content change. Tests PPC3 and PPC4 were performed
using the improved technique of weighing the samples at intervals.

It is worthy of note that the suction—-moisture content curves
for the two samples, PPC3 and PPC4, for which good quality data
were obtained did not converge. The effect of sample history
persists through at least one cycle of wetting and drying. It is
also of interest to note the steepness of the drying curves,
particularly that for test PPC3 from 100 to 250kPa. This indicates
that the shrinkage on reversal of the moisture content change may
be small for the initial stages of drying.

Also shown on Fig.B8.18 is the consolidation curve obtained for
a sample prepared as a slurry in test SP0O6 which is described in
section 10.4. Brackley (1975) proposed the use of the "packet void
ratiao” which is calculated on the assumption that the packets or
clusters remain saturated. The packet void ratio is thus 2.65/100
times the moisture content in percent, as is the void ratio of a
fully saturated sample. Thus it can be seen that, since the
moisture content of the compacted samples is 1less than the
moisture content of the saturated sample at any value of suction,
the packet void ratio of the compacted samples is less than the
void ratio for the consolidation curve.

This implies that the clay in the packets is
“"overconsolidated" or that the particles have previously been at
closer spacing than the current spacing. This is fully consistent
with overconsolidation of saturated soils, but has not been
demonstrated for unsaturated soils for the effect of suction. If
the soil during and after wetting up is overconsolidated, then the
development of a model for volume change becomes dependent on the
degree of overconsolidation. The volume change of the packets will
be dependent on the maximum past stress and suction, and there
will be no unique final state after swelling. This is not the case
for collapse, where Maswoswe (1985) has found that the soil
approaches the soaked compression line after collapse.

It is possible that the compaction stress may have contributed
to this "overconsolidation” but compaction is generally taken to
be undrained loading. The suctions in all of these samples has
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been considerably higher, both when air dried to 6% moisture
content and when prepared at the compaction moisture contents,
than the suctions used in the testing, and it appears reasonable
to consider the suction to have been the major factor in the
"overconsolidation".

8.7 PSYCHROMETER SUCTION MEASUREMENT TESTS

One test, TPi, was performed in the Wescor type 52 sample
chamber on the sample which had been equilibrated to 400kPa matrix
suction in test PPCl. This sample was used in test PPM146, shown in
Fig.8.15, and then test FP12, shown in Fig.8.5, for matrix suction
before being tested for total suction with the psychrometer in
test TP1. The sample from test PPC2 was used for a matrix suction
determination in test PPM17, shown in Fig.8.15, and then in test
FP11 for total suction. These tests thus provide a full spectrum
of measurements, both in test type and suction component, on two
samples which had been equilibrated to the same matrix suction of
400kPa. The results are tabulated below for comparison.

Suction measurements
Sample Pressure Filter Filter Psychrometer

Source Plate Paper Paper
(matrix) (matrix) (total) (total)

PPC1 360 398 1050
(PPM16) (FP12) (TP1)
PPC2 365 1100
(PPM17) (FP11)

Table 8.3 Comparison of different suction measurements

There is good agreement between the various types of suction
measurement on these samples. It appears that the matrix suction,
as established in the presssure plate control tests has been
measured with reasonable accuracy by the pressure plate
measurement technique, and that total suctions measured by filter
paper and by psychrometer are comparable. The solute suction of
these samples is about 700kPa which is considerably more than the
matrix suction. If the effects of solute and matrix suction are
identical with regard to volume change, then the control of matrix
suction alone will be inadequate for the study of swelling of
soils with significant salt contents.

8.8 SUMMARY

Three methods of suction measurement or control have been



141

used. All have been shown to be reliable, and comparable results
have been obtained in most cases. A limitation in the use of
filter paper for matrix suction measurement has been found where
the sample is too dry for contact between the water in the soil
and in the filter paper to be established. Similar difficulties
have been observed in the pressure plate suction measurement
system. The pressure plate control tests have demonstrated that
the relation between suction and moisture content is not unique
but appears to be dependent on the suction history. The moisture
content of the samples from the pressure plate control test has
been used to show that the soil in the packets or clusters appears
to be overconsolidated. The measured value of matrix suction from
the pressure plate system has been shown to be insensitive to the
initial wetness of the ceramic, provided that contact between the
water in the soil and the water in the ceramic is established.
Short response times have been shown to be possible by controlling
the amount of free water on the ceramic.
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Solution | Concentration  Suction Elapsed Output
No. of NaCl in @ 20C e25C Time, @21.8C
g/g water kPa min volt*10_,
1 0.01452 1130 1134 0.3 4.5
2.3 4.2
4.0 4.0
6.0 4.1
2 0.00408 319 324 0.3 4.7
4.0 2.4
6.0 2.0
3 0.0238 1823 1835 0.1 6.3
2.0 6.4
4.0 6.6
6.0 6.5
4 0.0402 3097 3155 0.3 10.9
1.0 9.8
2.0 9.4
3.0 9.4
4.0 9.3
6.0 9.3
S 0.0848 6744  6B86 44.0 21.6

TABLE 8.1 PSYCHROMETER CALIBRATION DATA
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Test| Equil Ws Uaw | Equil Ws Uaw Equil Ws Uaw | Equil Ws Uaw | Equil ws Uaw |Note

No Time Z MPa | Time Z MPa_ _ Time /2 MPa | Time Z_MPa | Time % _MPa

FP2 [10 30 -5.26 L

FP3 | 5 5.93 -48.1 |8 S5.88 -48.1 |15 5.82 -46.2 |19 35.75 -43.8 L

FFP4 | 5 19.77 -20.9 |B 19.55 -22.5 |15 19.34 -22.5 |19 19.13 -23.6 L

FP3 | 5 34.24 -5.94|8 33.55 -7.2 |15 32.85 -6.94|19 32.21 -8.4 L

FP6 | 5 48.83 -2.78|8 47.81 -3.95|15 46.75 -3.26}19 45.68 -3.4 L

FP7 |11 36.33 -2.5 o
+/-.07

FPB |10 24.98 -12.2 C
+/-1.2

FP9? |22 24.87 -13.90| 11 24.74 -13.85|23 24.61 -13.8 | 9 24.48 -14.56|12 24.35 -11.99| C
+/-1.5 +/-1.3 +/-.41 +/-3.1 +/-.05

FP10|16 33.6 -3.99} 11 33.33 -3.27|23 33.09 -4.6 | 9 32.85 -3.B5|12 32.61 -3.61| C
+/-.10 +/-.64 +/-.15 +/-.27 +/-.21

FP11]20 45.0 -1.08| 11 44,56 -1.03]23 44.13 -1.19| 9 43.67 -0.98{12 43.24 -1.08| E
+/=-.10 : +/-,08 +/-.13 +/-.04 +/-.02

FP12{ 7 40.6 -.398 EM

FP13|10 33.82 -3.67| 23 33.72 -4.15| 9 33.62 -3.17{12 33.52 -3.15/38 33.42 -3.38| C
_ +/-.08 +/-.01 _ +/-1.2

FP14] 7 33.37 -2.64|9 33.22 -2.86| 8 33.07 -2.,78|38 32.92 -2.94 CcM
+/-.09 +/-.11 +/-.07 +/=.20

FP15|12 35 -3.63 cM
+/-.13

FP16129 ___ -0.54 |22 __ -0.57 ConM
+/-.04

TABLE 8.2 FILTER PAPER

SUCTION MEASUREMENT DATA

Key
Ws = soil moisture content
Uaw= pore water pressure relative
to atmospheric pore air pressure
L = loose
C = compacted
E = equilibrated
Con = consotidated
M= matrix suction
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APPENDIX 8A.1

9th Regional Conference for Africa on Soil Mechanics and Foundation Engineering /Lagos / September 1987

Measurement of solute suction in high plasticity clays

H.D.Schreiner
Imperial College, London, UK

ABSTRACT:

difficult. This paper describes

soil-water system that should be of benefit in
The model
disolved salts are found in only one of

role of sgaltsg in the so0il water.

of the soil water, in which the
the phases.
using this model.

1 INTRODUCTION

Measurement of suction is becoming
more common in unsaturated soils.
Some resistance to its use as a
stress parameter may stem from
difficulty encountered in the
quantitative assessment of solute
suction. Thie has been highlighted
by Richardes (1980) and further
addressed by Richards et al (1984).
It has also been noted by Madsen et
al (1986), Roundy (1984) & Williams
(1968). Since the effects of matrix
and solute suction on void ratio and
shear strength may differ, it 1is
important to be able to separate
these parameters in both research
and practical engineering problems.

The purpose of this paper 1is to
investigate the influence of salts
in the soil water on the measurement
of suction in a desiccated soil.
Various existing concepts are
brought together and extended in
order to develop a model which will
agsist in the understanding of
solute suction and 41its role 1in
expansive soils. Some of the
problems related to solute suction
measurement which have been
encountered by other authors will be
shown to be predictable using this
model. Suggestions are made of means
of assessing the relevance of solute
suction or salt content in
engineering testing and of obtaining

Reliable measurement of solute

Some inconsistencies observed by other

suction has in the past proved
salt distribution model of the
the understanding of the
uses a two-phase description

authors are explained

adequate Qquantification of golute
suction for practical or research
purposes,

The first part of the paper will
discusas the 80il and so0ill water
chemistry. The impact of these

obgervations on the measurement of
solute suction will be considered in
the second half,

The model of suction in a soil
that is preferred by the author is

the physico-chemical approach ueged
by Bolt (1956) and extended by
Sridharan & Jayadeva (1982). 1In

essence the suction in a soil is the

osmotic pressure difference between
the double layer water and pure
water. This 1is a relatively simple

concept 1in & salt-free soil, but
will be discussed in more depth for

salty soils. The salternative
approach to suction, namely the
electrical repulsion or particle

energy model will not be considered,
but has been shown to provide
similar conclusions on the influence
of salts on suction as the Bolt type
approach (Yong et al 1984).

2 DEFINITION OF TERMS

The definitions of the componentse of
suction were introduced 1into soil
mechanics from soil science by a
Review Panel (1965) For completeness
they are included in Appendix A.

163
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3 SUCTION MECHANISMS

At the time that guction began to be
included 1in goil mechanice testing.
matrix suction was generally thought
of as a capillary suction. This may
be because 2 coneiderable amount of
the early =eo0il mechanice testing
(e.g. Blight 1965, Bishop & Donald
1961) waes performed on eilty soile
in which the capillary concept is
valid. However, in clays,
particulsrly those of high
plasticity such as the expansive
soils, the matrix suction i1is now
generally accepted as being causeqd
by the attraction of the c¢lay for
warer in the doubhle-layer. With this

approach, a egingle particle of clay
can exhibit a suction, whereas in
the capillary model suction ig due
to the pore size or spacing between
particles. Water absorption is
discusced by Lambe and Whitman
(1969) and Mitchell (1976) for

saturated soils.
an additional

In unsaturated soil
factor 1is involved.

Where stresses in a the saturated
soll can be coneidered as an
equilibrium between the externally
apprlied estress and the repulsion or
interaction between the absorbed
water layere, the unsaturated soil
has in addition a partially
satisfied demand for water and thus
incomplete absorbed water layers
under the external stress state. The
difference 1in energy level or
potential between free water and the
incomplete absorbed water layers is
the cauee of the engineering
parameter which we c¢call, and measure

ae, matrix suction. In addition to
the absorption energy difference
there can also be an energy
difference due to the presence of
galte in the sgoill water, which we
call solute suction, but have
difficulty in messuring.

Two techniqQues of suction

meagurement are directly relevant to
this paper, and will be very briefly

outlined here, Both are in routine
laboratory use, and details are
available in the 1literature., Both

techniques were originally developed
in the so01l science field and have
been used in soil mechanics for many
years.

The pressure plate system controls

the suction across a saturated
porous plate which has a small pore
diameter. Air pressure within the
tegt chamber is resisted by the

164

gurface tension of the water in the
pores of the poroug plate. Soil
Placed on the plate wil) either take
in or 1lose water until the suction
in the eo01l ise equal TO the
difference between the air pregsgure
in the cell and the water pressure
in the porous plate. The preessgure
plate system c¢an also be used to
measure, as oppoeed to control, the
suction by measuring the water
pressure in the porous plate

with a pressure transducer.

The psychrometer measures the
guctrion via either the relative
humidity or the dewpoint of the air
in equilibrium with the goil. The
humidity and the dewpoint caen both
be related to the vapour pressure of
the water in <the e0il1 and to the
suction. In practice the instrument
is usually callibrated against sgalt
or acid =solutioneg of known suction.

4 CATIONS 1IN THE SOIL WATER

It is perhaps appropriate to clarify
here the differences between
exchangable cations and disolved
salts. In the presence of water,
each clay particle 1is dissociated
into many cations and the remnant
clay particle which 1is in effect a
large anion. The negative charge on

the anion balances the sum of the
positive charges on the cations
(Resendiz 1965). Exchangable cations
(EC) are as the name implies,

cations related to the clay that may
be readily changed. This 18 1in
contrast with the other cations
related to the clay, i.e. the
cationsg in the so0lid clay crystal
structure which cannot be changed
except by changing crystal structure
or chemistry. EC cannot be removed

from &8 clay (except by specialised
scientific separation techniques) as
they are required for chemical
stability (Bolt 1956). A direct
analogy would be the removal of
sgodium from a solution of table
salt. it can be done, but the
resulting product is no longer salt,
but is chlorine Aaisolved 1in water.
However, by supplying alternative
sources of cations we can readily
change the EC related to a clay.
This is most commonly done by adding
the desired cation in the form of a
salt at a high concentration and
then washing or leaching the soil to
remove the resgultant mixed salt from

-~
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the e=o0il. The added salt used in
this technique ie a disolved salt.
Thie can be coneidered a= s compound
that 1s not a part of the clay and

can be added or removed from the
201l system. However, the alteration
of the disolved salt. either 1its
concentration or composrition, may

well affect the

noted above.
There are thue two interdependent

groups of cations in a8 soil :- those

that remain with the clay. and thoee

EC of the clay, as

that can be removed from the soi)
system. In practice there 1 no
distinction between individual
catione in a soil, except their

poeition in the water, and this 1is

governed by equilibrium between the
absorbed and free phases. They are
free to move within the sgo0il water,
provided that certain constraints
are satisfied. for example the
concentration and dietribution of
catione and anions within the

absorbed water and within any water
outeide the absorbed layers must be

compatible. This concept is used by
Bolt (1956) regarding cationg 1in
descrining the swell ing pressure of

as the difference
of the

a saturated soll
between the osmotic pressure

absorbed water at the mid-plane
between two particles and the free
water.

If we now transfer this concept to
unsaturated soile, we have the soil
water divided into two “"phases', or
"regione". In the absorbed phase we
have a portion of the water, bound
to the clay particle, containing the

EC and in the free phasgse, we have
the other portion of the water, the
“free water", containing the

disolved salts. The
water in the absorbed phase and the
free water phase will depend upon
the relative proportioneg of cations
and disolved galts, such that there
is equilibrium acrogs the absgorbed
water free water interface. This
is shown schematrically for a single
particle in Fig. 1. Note that the
clay particle together with the EC
provide the electrical neutrality,
as do the cations and anions of the
disolved salts.

proportions of

The absorbed : free water system
is8 described bY Bolt (1956) =as
forming an osmotic system, although

he refers to the clay particles as
forming the semi-permeable boundary.
If the semi-permeable boundary is
more accurately defined at the
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absorbed H free water 1interface,
then we can arrive at some
significant conceptual
inderstandings of suctions in the

s0il water systems.

Firstly 1let us consider the total
suction as measgured by the vapour
pressure of the water in the sgoil or

by the humidity 3in the air in
equilibrium with the s8o0il. This is
the principle involved in
the psychrometer, desiccator or
calibrated filter paper measurement
technigues. The vapour pressure is
controlled by the water surface that
is exposed to the air, i.e. the
surface of the free water in the

concept used above. Two factors will
contribute to the vapour pressure
that we wish to measure. The radius
of the menigel will reduce the
vapour pressure from that of
unstressed water if the menigci are
concave. This is the usual
assumption in soils, although
various arguments could be raised
regarding the real shape of the
air-water interface, particularly
for clusters or aggregationse of clay
particles. It has been suggested
that this capillary component is of
little importance in highly plastic
clays (Olsen & Mesri 1980). The
other factor controlling the vapour
pressure is the composition of the
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free water solution. In terms of the
Bolt type concepts used, thies ig the
major component. The conclusion from
these arguments is that the
concentration of salts in the free
water phace ie directly related to
the total suction. Some
non-equivalence may occur due to
surface tension or meniscue
contributions, but these are
expected to be relatively small.

Secondly let usg attempt to
describe the matrix and solute
components ag defined by the
International Society of Soil
Science (ISSS). In a clay and water
system without disolved salts, the
matrix suction concept 18 gquite
easily seen as the suction due to
the partially satisfied absorbed
layer and may be described using the
Bolt <type arguments as the osmotic
pressure difference bpetween the
concentration of cations at the
surface of the absorbed water and o
unstressed pure water.

1f we now add salt to this system,
at constant water content and with
the cations in the salt in identical
proportion to each other ag they are
in the absorbed water, then the grames per cubic centimetre of water

effect will be to reduce the amount ©f the disolved salt. It i1s also
of water available to the EC. The related to the molecular weight of
concentration of disoclved salts in the salt, and hence the ne?d to use
the free phase will be equal to the &an 'identical composition" 1n any
concentration of the absorbed water Water supply is an important
at the phase 1interface, and also consideration in any suction
equivalent to the total suction. The Measurement or control system. Fig.
concentration at all points in the <2 S8hows theoretical suction curves
soil water has thus been increased, fOTr sodium (NacCl) and Calcium
and thie 1increase in concentration <¢hloride (cacCl2) in an expanslve
causes the increase in total suction 8°1l from Kenya. The molecular
which 1is attributable to solute Weights are 58 and 111 respectively,
suction. However, the concept of @&nd the variation in suction
"go01l water" as used by the ISSS in depending on the assumed salt may be
the definition of solute suction S€en to be large, especially at low

becomes rather more difficult to wWater contents. This may behea
use. The solute suction may perhaps Significant source of e”°r1 :i n
be better described as the osmotic Standard curves relating
suction due to the total amount of conductivity to suction are used 1if

diesolved ealts 1n the total amount there is a difference between the
of water in the 801l measured, types of salts present in the sgoil
relative to pure unstressed water. A2nd those for which the standard
The matrix suction may then be curveg were derived.

described as the suction due to the This 4is a simplified description
clay, including i1its cations, but of a complex chemical equilibrium.
without disolved salts, interacting The implications of the salt
with the total amount of water in distribution in the soil water are

Solute Suction, MPa
=z
»
o]
[

+

50 100
Soil water Content, X

Fig.2 Effect of salt type

the soil. significant with regard to suction

One concept that the 1SSS meagurement. It ig unlikely that the
definitions embody, but that is real physical and chemical
frequently 1ignored by engineers, 1is equilidbrium will invalidate the
that the solute suction is not only following discussions and

related to the concentration 1in conclusions which are explained
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using the simple scheme described

above.

5 TECHNIQUES FOR SOLUTE SUCTION
MEASUREMENT

Various methodse exist for measuring
solute suction. In essence all
methods extract water from the solil,
either by dilution or by high
pressure compression. Suction 1is
then determined either by
psychrometer (on the extract) or via
the electrical conductivity of the
water.

A very interesting set of data
obtained by Richards (1980),
meagured solute suction both by
conductivity measurement on an
extract from a saturated goil paste
and by psychrometer on a pressure
extract. Neither measure of solute
suction was found to agree with the
difference between the pressure
membrane suction (matrix) and the
psychrometer suction (total) on the
s01l. The saturation extract gave
apparently 1low values, while <the
pressure extract gave apparently
high values. Conflicting data was
obtained by Krahn and Fredlund
(1972). However, if we apply the
arguments given above, a reasonable
explanation for the inconsistencies
observed by Richards (1980) and
Krahn and Fredlund (1972) may be
found.

was
who

5.1 Pressure extraction

The techniqQue involvesg the sqQueezing
out of water under uniaxial
compresgsion 1in a miniature cell. It
is applied to soils at the soil
water content at which the solute
suction 1is required. Expulsion of
water from the soil mass will only
occur once saturation is approached,

and thus relatively large stresses
may be required. Morgenstern and
Balasubramanian (1980) for example

used stresses between
and 20 MPa.

During
loading,
degree of
expulsion
will be

about 700 KkPa

constant water content
i.e. before a high enough
saturation is reached for
of water, the void ratio
decreased in two ways.
Firstly particles, or groups of
particles, may move relative to each
other into previously "vacant"
space, i.e. air voids. Secondly the

166

double layers will be streseed, and
the interparticle epacing will
reduce until the central plane

concentration is8 in equilibrium with
the suction and the total (external)
strese. Water will be expelled from
the absorbed layer (the exchangeable
cationsg cannot be expelled with the
water without affecting the
electrical neutrality) into the free
water gsolution until equilibrium is
also obtained across <the absorbed:
free water interface., The free water
phase will be diluted, {(i.e. the
salt concentration will be reduced)
and thus the total guction will be
decreased, Depending on the change
in 1interparticle spacing required
under the applied total stress used
for water expulsion, 80 the salt
concentration 1in the expelled water
will vary. The concentration will
tend to decrease as the applied
stress increases, as found by
Morgenstern and Balasubramonian
(1980). Corresponding decreases in
suction have been reported by
Komornik et al (1980) during
isotropic compression of unsaturated
samples. The changes in suction were
relatively small, but expulsion of
water was not achieved.

In a s0il with a low salt content,
the amount of water in the ¢free
water phase will be small in order
to obtain the high salt
concentration corresponding to the
total suction. Water expelled from
the absorbed phase during pressure
extraction will cause relatively
large changee in concentration of
the extract. In a socil with a high
salt content, there will be
proportionally more water 1in the
free phase, and thus the dilution
during pressure extraction will be
less significant. This may partially

explain the different conclusions
reached by Krahn and Fredlund
(1972), who found the pressure
extraction technique to be
satisfactory, and Richards (1980),
who found that the pressure
extraction method gave solute
suctions larger than the difference
between the measured total and
matrix suctions, and also very much
larger than the solute suctions
obtained from a saturation extract
method.
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5.2 Saturation extract
Another method for obtaining an
extract of the goill water 1is by
diluting the 801l until a paste is
achieved and then removing a water
sample. The procedure for obtaining
a '"saturation" extract is rather
imprecise (Hesse 1971), but involves
wetting of a remoulded gample to a
state that is of the sgame order as
the 1liquid limirt, but is probably
wetter. Jt could better be described
as a paste extract, as gaturation in
801l mechanics does not require a
high water content. At thieg water
content the absorbed layer is likely

to be fully formed, and will
certainly be 80 for the 5:1

water:so0i1l soclution extract used by
Richards (1980). The assumed
eqQquilibrium therefore no longer
exists at the absorbed: free water
boundary. The solute suction of the
extract will correspond to the
concentration in the free water
phase. Estimation of the egolute
suction at a 1low water content by
assuming that the galt concentration
is 1linearly related to the totsal
s0ll water content as used by Krahn
and Fredlund (1972) will 1lead to an
overestimate of the solute suction,
gince the measured concentration is
based on only the portion of water
in the free phase while it 4de
assumed 1in the calculation of the
suction at the water content of
interest that the salt concentration
is due to the total quantity of
water in the s80il. This predicted
overeetimate 18 in agreement with
their observations that the solute
suction by this procedure was
greater than the difference between
the measured total and matrix
guctions.

5.3 Solute suction measurement

From the foregoing it 1is evident
that extraction techniques are not
adequate for reliable estimation of
solute suction. Perhaps the only
method that 1is available at the
present stage for the direct
estimation of solute suction 1is the

determination of the
salt content of the

of grams of salt per gram of dry
soll, together with the
identification and proportions of
the salts, followed by calculation

total soluble
soil, 1in terms

sguction. The goluble
galt does not include the EC as
thesge connot be removed from the
g0il. Salt contents mesasured by the
Author are listed in Table 1 for
four Kenyan soils. Salt types have
not yvet been identified, but solute

of the solute

suctions have Dbeen calculated for
the soils argeuming the salt to be
Caleium Chloride (CaCi2).
Calculations use the following
equations: -
PO - p = n Partington (1951)
poO N « n
and
h = RT 1n P,PO Richards (1965)
g XM
Where h = suction
P/P0 = relastive humidity
M = molecular weight of
water
g = acceleration due to
gravity
T = temperature in degrees
Kelvin
R = Universal Gas Constant
n = mols of solute
(gm molecular weights)
N = mols of solvent (water)
Table 1 Salt concentratione
Soil PI LL Salt
Sample Conc. X
(gm/gm)
Lodwar 55 Q4 1.14
Nairobi 74 125 0.52
Nyanza 43 70 0.09
Muhoroni 78 120 0.12
The solute suctions are presented

in Fig.3 41in terms of the water
content of the s0il. The magnitude
of the solute suction cen be seen to
vary considerably between soils, and
could have a significant impact on
attempts to correlate swell, suction
and soil type., if 4t 18 not
adequately guantified.

Leaching of salts from these soils
was performed under isotropic total
stresgs conditions in the apparatus

shown in Fig.l4. Little benefit was
gained from using high water
pressures as this increased the
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Fig.3 Effect of Salt Content

effective stresses 1in the sample,
thereby reducing the permeability. A
few drops of the leachate were
tested daily for the presence of
chlorides using Silver Nitrate
solution, which forms a white
precipitate of Silver Chloride when
chlorides are present. Leaching took
up to two weeks before the chloride
test ceased to produce a
precipitate. Total water flow
through the sample was of the order
of three times the sample volume.

6 LABORATORY CONTROL OF SUCTION

Probably <the commonest laboratory
technigque for suction control is the
uge of elevated air pressure
together with a saturated porous
pPlate or membrane with a small pore
diameter (or high air entry value or
high bubbling pressure). There has
been some doubt in the past
concerning the suction controlled by
the pressure plate and the pressure
membrane apparati. The latter ie
often stated to include a
semi-permeable membrane and may
therefore be thought to control
total suction. However, the membrane
commonly used, Visking, 1is designed
as a semi-permeable membrane for
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dialyeis of blood in the medical
fielda. The pore dismeter required
for a particular air entry value may
be g8imply calculated using:-

Lambe & Whitman (1969)

Where suction
surface tension
radius of pore

density of water

otw =T
LI I |

For a 15 bar ceramic plate or
cellulose membrane, the required
pore diameter 1is8 .00019mm or 1900
Angstroms. By comparison, the
diameter of a hydrated Calcium ion
is 6 to 10 Angstroms (Talibudeen
1981). The pore diameter is of the
order of 200 times <the hydrated
cation size, and the membrane or
porous plate will not be
semi-permeable with regard to
Calcium ions and similar sized
particles. Thus both the pressure
plate and the pressure membrane
apparati will control matrix suction
and not the total suction.

In order to comply with the 1ISSS
definition of solute suction, the
water supply must be identical in
terms of disgolved salts to the water
in the soil. In the 1light of the
above discussion, this is a slightly
more complex concept than it appears
at first sight. 1t may seem
reasonable to use the salt content
and type, determined from leaching,
with the total water content of the
soil. This approach would seem to
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maintain the solute suction at a
constant value. However, there will
be a difference in salt

concentration between the free water
phase 1in the 80il and the supply
water. The water in the free phase
is in equilibrium with the absorbed
water, but not with the supply water
which has a different salt
concentration. Since the membrane or
plate is permeable to the salt ions,
there will be dAdiffusion of salte
between the 8011l and the supply
water. This will cause a change in
solute suction in the s01il. It does
not therefore appear to be postible
to eliminate the effects of
uncontrolled solute suction changes

in the pressure plate or membrane
system, even by using supply water
of the same solute suction as the
soil.

Where soils have a high salt
content, this movement of salts may
affect laboratory testing. The

movement of the salt will however be

much slower than the movement of
water due to the matrix suction
gradient, and it is likely that the

effects of the salt movement will be
evident as a creep type sBwelling in
comparison with the more rapid
swelling due to the water flow. It
may be evident during pressure plate
testing, i#¢ the tesgt duration is
long. No data ie currently
available, except <that by Richards
(1980), which suggests that the salt
movement is8 incomplete after 100
days. In order to accurately
Qquantify the engineering parameters
that we need 1in tesgsting s8oils at
controlled suction, it 41s <thus
desirable to know both total and
matrix suction values, or the salt
content before and after the test
with either of the matrix or total
suctions.
However,
can see that the
suction above

returning to Fig.3, we
change in solute
about 25% water
content 1is fairly small for these
soils. In this region, pressure
plate testing using distilled water
should provide useable data on the
effect of matrix suction change,
particularly 1f the salt content is
less than about 0.5X of the dAry mass
of the soil. Where doubt exists or
where high precision is desiredq,
solute suction values must be
obtained before and after the test
using either the salt content and
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composition or total and matrix

suction measurement.
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APPENDIX A
The definitiones 4introduced by the
Review Panel (1965) are:-

Total Suction is the negative gauge
pressure relative to the external
gae presgure on the soil water to
which a pool of pure water must be
subjected to in order to be in
equilibrium through a semi-permeable
membrane,

Matrix Suction is the negative gauge
pressure on the soil water to which
a sBolution identical in composition
to the 80il water must be sudbjected
in order to be in eqQuilibrium
through a porous permeable wall with
the soil water.

Osmotic (solute) Suction 1is8 the
negative gauge pressure to which a
pool of pure water must be subjected
in order to be in equilibrium
through 8 semi-permeable membrane
with & pool containing a solution
identical in composition to the soil
water.
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CHAPTER 9

DEVELOPMENT OF EXPERIMENTAL EQUIPMENT

9.1 INTRODUCTION

As discused in Chapter 2, most of the expansive soil research
has suffered from a lack of measurement of the full stress state
i.e. 0Oa., O- and u,.. It was felt that 1little benefit could be
gained from pursuing this line of research unless the full stress
state was determined during swelling. It was also considered
necessary to be able to permit swelling with control of the
suction.

Many types of oedometer have been designed in the past, some
of which have been specifically designed for testing expansive
soils. In general, these fall into two categories; the lever arm
system and the hydraulic or pneumatic 1loading system. There are
many variations, some of which are significant to the present
study.

The first part of this chapter describes the design,
fabrication and commissioning of an hydraulic oedometer for
determination of the full stress state during swelling and
compression of unsaturated soils. The second part of the chapter
describes the design, fabrication and commissioning of a device
for measurement of the radial deformation of a sample in a
triaxial cell.

9.2 PREVIOUS DESIGNS

9.2.1 HYDRAULIC OEDOMETERS

The earliest oedometer of importance was described by
Rengmark & Eriksson (1953). It appears to be the first hydraulic
oedometer. All the essentials of the hydraulic 1loading system in
common use today can be seen in their equipment, shown in Fig.9.1
It suffers <from some obvious disadvantages by modern standards,
such as the submerged dial guage, but appears to be comparable in
test capability, although not the ranges of stresses, to the more
advanced equipment. In addition to the hydraulic loading, negative
pore pressures of up to the cavitation stress of water could be
applied through the fine pored suction plate in the cell base. No
data has been provided on this use, but such data as they may have
obtained would have been of little current interest due to the low
suction range.
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Development of the hydraulic oedometer was taken a step
further by Rowe and Barden (1966), with a practical cell that is
still widely used. Barden et al (1969) used the Rowe oedometer
with a fine pored ceramic in the base for control of suction with
elevated pore air pressure. That system has been developed for use
in expansive soil testing for suction up to 850kPa (Zein 1984).

A highly complex oedometer is described by Richards et al
(1984), which is apparently designed for precise volume control
during constant volume swell pressure testing. The hydraulic
loading is achieved in a similar manner to the Bishop & Wesley
(1975) stress path triaxial cell. High suction is obtainable with
elevated pore air pressure through the use of a cellulose membrane
with very fine pores.

None of these hydraulic oedometers has permitted
measurement of the radial stress.

9.2.2 LEVER ARM OEDOMETERS

Developments of oedometers for use in the lever arm loading
frame for expansive soil testing have followed three separate
routes. Two methods of suction control bhave been used, and radial
stress has been measured in oedometers without suction control.

Komornik & Ben Shalom (1971b) describe an oedometer in which
the suction is controlled using the osmotic suction of a solution
of Polyethylene 6Glycol (PEG) which is separated from the sample by
a membrane which is semi-permeable with regard to the PEG. The
membrane is permeable to the salts dissolved in the pore fluid,
and thus only the matrix suction is controlled. Kassif et al
(1973) used a PEG of higher molecular weight and thus 1larger
molecular size in order - to overcome leakage through the membrane
that had affected the earlier system.

Suction control by elevated pore air pressure has been used
by Escario (1969) in a simple cell. No compensation is made for
the force due to the air pressure acting on the loading ram, but
this is taken into consideration when calculating the stress on
the sample. The vertical stress applied ¢to the soil and the air
pressure used to establish the suction are thus not fully
independent. Constant applied stress is thus difficult to achieve
when changing the suction. Aitchison et al (1973) describe a
aystem in which the force due to the air pressure acting on the
ram is compensated by an identical ram, driven by the same air
pressure, acting in the opposite direction.

Radial stress measurements in expansive so0il testing are first
reported by Komornik & Zeitlen (1965), using a thinwall oedometer
ring fitted with strain gauges. A similar concept has been used by
Ofer (1980) as shown in Fig.9.2. Thompson (19463) describes an
oedometer in which a load cell has been mounted through the sample
ring (Fig.9.3), which in that case was a 1long tube in which
samples were consolidated from a slurry. Burland (1967) found this
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load cell to suffer from instability of output during test periads
of about one week.

Brackley (1975) used a strain gauged thinwall oedometer ring
with elevated pore air pressure inside a triaxial cell, (Fig.9.4),
to measure the swell pressure of a sample during controlled
decrease of suction, but does not report the radial stress.

Hydraulic stress measurement is used in the oedometer
described by Dyvik et al (1985). The sample ring has a fluid
filled chamber separated from the sample by a thin section of the
inner wall of the ring. Pressure generated in the fluid in this
chamber by the radial stress in the sample is measured with a
pressure transducer mounted directly onto the ring. The layout is
shown in Fig.9.5.

2.3 CONTROL AND MEASUREMENT TECHNIQUES

Since none of the systems noted above provided all the
capabilities required for this study, a suitable system had to be
designed and fabricated. The two essential requirements of the
oedometer were that the radial stress should be measured and the
suction be controlled. Measurement of the suction would on its own
be inadequate, as the control is needed to ensure that suction
gradients within the sample are not excessive during the tests.
Attempts to measure the suction while allowing the sample free
access to water would lead to a state of zero suction behind the
wetting front and unchanged suction ahead of the wetting front
(Wong & Yong 1973). In addition it was thought desirable to design
as simple a system as possible, without compromising the technical
capability of the oedometer.

9.3.1 SUCTION CONTROL

The choice regarding suction control 1lies between elevated
pore air pressure with a fine pored ceramic and Polyethylene
Glycol with a semipermeable membrane. The choice is somewhat
arbitrary, but was influenced by several factors.

9.3.1.1 Choice of suction control

The PE6 system has been successfully used, but two
difficulties weigh against its use in this study. Firstly, it has
been reported that the membrane is subject to attack by bacteria
in the s0il, and that its lifetime may be as short as two weeks
(Kassif & Ben Shalom 1971b). In the long term tests that were
envisaged, this could be a severe problem. Some success appears to
have been achieved in the treatment of the membrane with an
anti—-bacterial compound (Komornik et al 1980) but some doubt
remains regarding its desirability for long term tests. Secondly,
since the suction is due to the concentration of the solution of
PEG in water, any flow of water into or out of the sample, and
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thus out of or into the PEG, will change the matrix suction across
the membrane. Correction of the solution concentration may thus
prove necessary during each stage of controlled suction.

The elevated pore air pressure system has also been
succesfully used, and also suffers from some disadvantages. The
use of high air pressure raises the risk of accidental injury, due
to the high stored energy and due to the possibility of explosion
if the pressurised air comes into contact with o0il. Since air
disolves in water under high pressure, and comes out of solution
when the pressure is reduced, air tends to collect on the low
pressure side of the porous ceramic plate. For accurate water
volume measurement, this air must be removed from the system.
However, there is no change of the wmatrix suction due to water
movement through the porous plate, and the porous ceramic is not
affected by the soil bacteria.

In addition, this technique has been used at Imperial College,
both in the 1960°'s and more recently by Maswoswe (1985) and Toll
(1988). Due in part to the considerable amount of development that
would in any case be required on other aspects of the stress path
ocedometer, it was decided to continue in the use of the system for
which the technology was already well developed at Imperial
College. The initial development was based on the use of a ceramic
plate with a 15Sbar desaturation pressure, with the possibility of
extending the suction range to 30bar using a cellulose membrane.

9.3.1.2 Air Flushing System

A pair of mercury pots included in the water supply circuit
permits removal of air which has diffused through the water in the
porous ceramic. Raising or lowering of the moveable pot causes
water to flow through the spiral drainage groove beneath the
ceramic and to displace such air as may have collected there. Air
bubbles are collected in perspex bubble traps and are be released
periodically.

9.3.2 RADIAL STRESS MEASUREMENT

Three forms of radial stress measurement have been used in
oedometers, as mentioned in section 9.2. Two other techniques were
also considered. These were a thinwall section of the ring, as
used by Toll (1988a) in a CBR mould, and a "null ring*” utilising
a strain gauged diaphragm cut into the ring, where hydraulic
pressure would be applied to maintain zero strain in the
di aphragm.

9.3.2.1 Choice of Radial Stress Sensor

The stress that is of prime interest in the study of
unsaturated so0il is the total stress that exists in the natural



175

state, i.e. without the elevated pore air pressure. This can be
obtained arithmetically by subtracting the air pressure from the
total stress in the test apparatus which includes the air
pressure. However, the air pressure may be considerably larger
than the total stress in the natural state, and thus any small
percentage error in the air pressure measurement could cause a
large percentage error in the stress of interest. It was decided
at an early stage that it would be preferable to measure the
radial stress without the air pressure.

The simplest technique for achieving this radial stress
seasurement is to apply the same air pressure on both sides of the
stress sensor. The sensor then acts as a differential pressure
transducer, with the pressure difference being the stress due to
the soil with pore air pressure equal to atmospheric pressure.

This could be reasonably easily effected for the thinwall
ring, the thinwall section or the load cell. It would have been
much more difficult to contrive for the hydraulic ring and the
null ring. The choice then lay between the thinwall ring, the
thinwall section and the load cell.

The CBR mould reported by Toll (1988a) was in use at the time
that the oedometer was being designed. Whilst giving apparently
adequate results for the purpose to which it was put, some
disadvantages had become apparent. The most significant problem is
the sensitivity of the radial stress measurement to the axial load
applied to the ring by the securing bolts. The shift of the strain
gauge reading that occured during tightening of the bolts was
large, and depended on how firmly the bolts were fastened. This
sensitivity to stresses induced during assembly was also thought
to be possible for the null ring and the thinwall ring. Variations
in axial stress in the thin section during the test period could
also be caused by changes in the pore air pressure or by friction
between the soil and the ring.

The radial stiffness of the thinwall ring is reported by
Komornik & Zeitlen (19465) to be eqivalent to the control normally
excercised over the vertical displacement in constant volume swell
pressure tests. While this is a somewhat unclear statement, it
does indicate that the tests performed in their apparatus are not
zero radial strain tests. Attempts to measure the radial
displacement with a dial gauge are reported, and indicate a
stiffness of about 4%10~>mm per 100kPa. Although true zero radial
strain is not possible with a passive stress measuring system,
much smaller displacements are possible than those achieved in
swell pressure testing where displacements are controlled by
manual application of load to maintain the dial gauge reading
within specified limits.

The load cell penetrating through the cell wall was chosen as
it should be insensitive to axial stress in the cell wall, and can
readily be designed to have an air pressure equal to the pore air
pressure applied within or behind the load cell. It can also be
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designed to be very stiff, so that the displacement of the face of
the load cell is equivalent to a very small radial strain of the
soil.

9.3.2.3 Design of Load Cell

Load cells may be designed to utilise either bending or axial
strains of the supporting member. The former is preferable where
high electrical outputs are desirable and axial stiffness is of
little concern. The latter provides a greater stiffness at the
expense of the electrical output. For the measurement of radial
astress through a rigid wall, the load cell stiffness is of major
importance. The efficiency of such a load cell has been assessed
by Maddocks (1983) in terms of the relative stiffnesses of the
spil and the load cell, and shows that the error in the measured
stress increases as the load cell stiffness decreases.

The design of this axial strain 1load cell can be traced
through Thompson (1963) and Burland (1967). Burland (1967) used
an axial strain 1load cell in a triaxial cell base to measure the
stress in the soil sample. The design of the load cell for the
oedometer is essentiallly similar, but is about half the size.
Details are shown in Fig.?.6. The 1load cell has four webs which
are loaded in compression. Opposite pairs were gauged on both
sides and wired in series to give four strain gauges in each arm
of the bridge. There are also two sets of four gauges on an
unstressed pillar to complete the bridge and provide temperature
compensation.

The webs were cut from a thinwall cylindrical section in
preference to the flat sided webs used by Burland (1967), as this
simplifies the manufacture. If flat sided webs had been chosen,
then several delicate cuts with a milling machine would have been
required, with at least two set-ups of the 1load cell on the
milling table. Machining of the cylindrical thinwall section can
be done in the lathe at the same time that the rest of the turning
work is performed, and the cuts in the milling machine are
relatively simple, and only require one set-up. The stiffness of
this load cell was calculated to be 9%10-®mm per 100kPa, which is
considerably better than the stiffness of the thinwall system used
by Komornik & Zeitlen (1965).

A precise match of the 1load cell face with the bore of the
ocedometer is desirable. It was intended that this would be
achieved by installing the load cell blank in the oedometer while
the bore was being wmachined. Difficulties encountered with the
alignment and mounting are reported in section 92.4.4.1.

Since the load cell was to be used as a differential pressure
transducer, it was considered to be prudent to design the thinwall
webs to survive an accidental loss of air pressure on one side.
This required the design stress on the loading face to be 3MPa,
which was the wmaximum air pressure that would be useable if the



177

second stage development, with a cellulose membrane, was
implemented. This results in a fairly severe penalty in electrical
output at the stresses that are of interest, as the gauges are
only working at about 15 to 20%Z of their nominal maximum strain.

A full bridge configuration was used for the strain gauge
circuit, with gauges on opposite webs being linked into the same
arm of the bridge. Gauges were attached to the outer and inner
faces of each web, giving 4 gauges in each active arm. Two set of
4 dummy gauges are located on the central pillar. The electrical
layout is shown in Fig.9.7.

Calculations for the electrical sensitivity and mechanical
response are given in Appendix 9A.1 at the end of this Chapter.

Output of the load cell was monitored using a Shape Model 7502
Digital indicator. This has adjustable gain and zero settings, and
can thus be calibrated to read in the desired units.

9.3.3 VERTICAL STRESS CONTROL

A limitation of the usual vertical stress application system
in the hydraulic oedometer when used with elevated pore air
pressure is the need to maintain a downward load on the plunger.
Simple calculations based on the areas of the plunger shaft and
end define the range of stresses within which this condition can
be satisfied. Zein (1985) worked within the limitations of his
particular cell, accepting the non-uniformity of stress that is
caused between the so0il beneath the plunger end and beneath the
flexible membrane. For the dimensions used in the current
oedometer, the stress beneath the plunger in a standard Rowe
oedometer layout would become negative when the applied stress
plus the air pressure acting downwards on the annulus "A" is less
than the air pressure acting upwards on the plunger end "PE" as
defined in Fig.9.8. Then:

lldz 2. ua = Il(dz 2 - dy &) (0av + ud)d
4 4

i.e. Oav € (352 - 162)u,l/162
ar Oav < 0.264u.

Skinner designed an hydraulically compensated ram system for
the high stress triaxial machine at Imperial College (Bishop et al
1974). A similar layout using neoprene O-rings, as shown in
Fig.9.9, was used initially, but was later modified as described
in section 9.4.1.

9.3.4 DETAILS OF OEDOMETER DESIGN
The salient dimensions and details of the Stress Path

Oedometer with the final compensated plunger system are shown in
Fig.9.10. Material thicknesses and stud dimensions were checked
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against BS 5500 Code for Pressure Vessel Design.

9.3.4.1 Compaction Base Plate

The 1.0mm high platform over the sample area of the compaction
base plate leaves the lower surface of the sample above the end of
the sample cylinder when the base plate is removed after
compacting the sample. On fitting the base plate which has the
porous ceramic disc, there is no contact between the soil and the
ceramic. All preparations, including the application of the pore
air pressure can be completed before the sample is pushed down
into contact with the ceramic using the vertical stress control.
This avoids the risk of cavitation in the pore water pressure
measuring system and the risk of water intake by the sample during
assembly of the equipment.

9.3.4.2 General Layout of the Equipment

A diagrammatic layout of the equipment is shown in Fig.9.11.
Air pressure equal to the pore air pressure in the sample is
applied to the top wmercury pot of the vertical stress control
system. The desired vertical applied stress, O.. is preset using
the 10bar gauge before the air pressure is applied. This system
maintains the vertical applied stress, UOa.. regardless of
variations in the air pressure. Since no compensating springs were
used due to the large mass of the stainless steel mercury pots,
checking of the mercury levels was necessary. Translucent nylon
tubes connecting the top and bottom of each pot were used , with
marks on the tubes against which the mercury levels could be
checked (Fig.9.12). The level could be corrected using the screw
pump, but in practice this was seldom necessary.

9.3.4.3 Rubber Lining and Membrane

Since the radial stress load cell is unsealed at the soil
surface, it is necessary to use an impermeable lining between the
load cell and the soil to protect the 1load cell from water and to
prevent scil entering the small annulus around the piston and
causing measurement errors. A 4-inch triaxial membrane was found
to be the most convenient source, modified by forming a flange at
one end. The mould for this comprised a 4-inch perspex tube
standing on a compaction base plate. The membrane was placed over
the tube and the flange formed by coating the lower part of the
membrane and the exposed part of the base plate with several
layers of “Revultex".

The hydraulic loading membrane was formed in a similar manner,
but using a purpose made varnished wood mould made by the author.
A section of thoroughly washed 4-inch membrane was fitted over the
mould such that about imm projected above the end of the mould.
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Revultex was poured onto the end of the mould to fill the space
within the membrane, and left to cure overnight. Several coats of
Revul tex were then applied for at least Smm each side of the joint
to ensure adequate strength. The flange was formed by applying
several coats of Revultex to the flange of the mould, with at
least Smm overlap onto the 4-inch triaxial membrane. After curing,
the Revultex was liberally covered with Johnson’'s Baby Powder to
deactivate the surface and prevent sticking.

2.4 COMMISSIONING AND CALIBRATION

9.4.1 PLUNGER FRICTION

Plunger friction was measured by placing weights on the top of
the ram until sliding was initiated. Results of three tests for
the initial configuration, which was shown in Fig.9.9, are given
in Table 9.1.

When PTFE O-rings were substituted, the resistance was much
less variable, and somewhat lower, but the machining tolerances
required from the hard 0O-rings could not be achieved in the 3
O-ring system, resulting in leakage past the seals. The system
which was adopted and in which co-axial mounting of the O-rings
can be achieved with ease is shown in Fig.9.13. Machining
tolerances again proved too arduous, but the errors were overcome
by glueing the O-rings into the oversize grooves.

The resistance could be significantly reduced by improving the
quality of the machining on the plunger, an example of which is
shown in Plate 9.1, and also by PTFE coating the plunger shaft.
Fig.9.14 shows the reduction in the coefficient of friction that
can be achieved with PTFE sliding on PTFE as compared with PTFE
sliding on steel. These tests were performed in a shear box by
placing either one or two sheets of PTFE between two steel blocks.

The error, due to this frictional resistance, in stress
applied beneath the plunger, assuming no load transfer by the
membrane, is about 10kPa. While a frictionless system is
desirable, it has proved difficult to achieve. Techniques used in
traixial cell designs include castor oil in an unsealed bush and a
rotating bush. Current practice in high quality cells is to use
internal stress measurement, which bypasses the problem. This
solution is not feasible in an hydraulic oedometer. The grease
plug used by Escario (1969) will give low resistance while the
plunger is running true in the bush, but will give unknown
friction if the plunger and the bush make contact.

9.4.2 PREPARATION AND MOUNTING OF CERAMIC DISCS
9.4.2.1 Preparation of ceramic discs

Previous work at Imperial College had been 1limited by the
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availaility of suitable pressure plate ceramics. Both Maswoswe
(19835) and Toll (1988) used S Bar ceramics, as the best
available in suitable sizes. Use of the same grade of ceramic
would have 1limited this research to lower suctions and higher
moisture contents than the range relevant to the "dry compaction®
technique. Factory made ceramics are possible in all grades,
according to the trade 1literature. However, the lead time for
fabrication and the tooling costs are severe penalties. Standard
15Sbar ceramic plates are available for pressure plate systems as
used in the s0il science field. These are 300mm in diameter, and
domed by about 10mm across the diameter. In this form they are
obviously unsuitable for use in an oedometer, and it was decided
to attempt to cut discs of the right size from one of these
standard plates.

A diamond tipped coring barrel was used, courtesy of the Rock
Mechanics Department, and was succesful in cutting the first of
three discs from the plate. Unfortunately the operator decided not
to support the domed plate on a bed of cement mortar and the
second cut broke both the disc that was being cut and the
remainder of the plate. The broken disc was glued together using
Araldite epoxy. At this stage it had become apparent that the
ceramic was not as hard as initially thought by the workshop
staff, and this was confirmed by hand finishing the edges of the
discs by the author using a standard file and carborundum paper.
The remnants of the plate were found to be just large enough for a
third disc to be cut, and this was achieved by the author using a
tungsten carbide tipped rod saw in a hacksaw frame. The edges were
finished as before using a file followed by carborundum paper.
This technique was used for all subsequent disc cutting.

The discs were still unsuitable in that they were not flat on
either side. The first two discs were ground and 1lapped in the
Rock Mechanics Department. One was correctly finished, but the
second tapered across the diameter by about 1mm. Subsequent discs
were flattened on one side by careful rubbing on a sheet of "wet
or dry®" carborundum paper placed on a flat surface. A flow of
water was used to prevent clogging of the abrasive. The second
side was flattened by a similar process after the disc was glued
into the base plate. Since the stainless steel base is much more
resistant to abrasion than the ceramic, the finished surface of
the ceramic was in plane with the top of the base plate.

9.4.2.2 Mounting of ceramic discs

Mounting of the ceramic discs in the stainless steel base
plate essentially followed the technique described by Maswoswe
(1985). Some additional difficulties were encountered and
overcome.

The drainage channel below the ceramic was cut in a spiral so
that there was only one flow path possible for the water when
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flushing trapped air out of the base. Machining of this spiral
requires a slight abuse of the lathe in order to obtain a fast
encugh cross feed, and the quality of the cutting was consequently
a little low. No attempt was made by the machinist to remove the
resulting roughnesses. Hand finishing with carborundum paper by
the author improved the <finish, but did not prevent damage to the
ceramic when high pressures were applied to the ceramic. After
being used for a few times, leakage of air past the ceramic
occurred.

Examination under a microscope revealed that the ceramic and
the epoxy had separated. It was found that the ceramic, despite
being clamped during glueing, was touching the base at a few
points where the metal had been left proud of the general level.
On being stressed to the design pressure of 1500kPa, localised
crushing of the ceramic occurred at these points. On subsequent
stressing and unstressing, the ceramic was able to deflect
slightly, as shown by the stress—deflection data for the first
disc in Fig.9.15. The deflection of the ceramic caused fracturing
of the edge of the ceramic where it ws held rigidly by the glue
which was attached to the steel and thus unable to deflect.

Very careful and meticulous remachining by the author produced
an adequately flat surface on which to mount the ceramic, as shown
by the improved stress-deflection data in Fiqg.9.15 for the second
disc. The opportunity was also taken to increase the size of the
drainage groove in an attempt to reduce the flushing time. This
was only partially effective, and the flushing time has remained
excessively long.

9.4.2.3 Saturation Procedure

Saturation of the ceramic discs was achieved by dissolving the
trapped air in water under high pressure. For this operation the
cell was assembled without the load cell and with a plain flange
on the top. This provided three connection points for the tubing,
of which only two were required. One was used for the de-aired
water inlet and the pressure from the screw pump, while another
served as the drain when required.

As much air as possible was displaced by flushing de—-aired
water through the ceramic against atmospheric back pressure. The
drainage taps from the base plate were then closed and the
pressure within the cell raised to about 600kPa with the screw
pump. Occasional venting through the drainage taps assisted in
displacing air bubbles from beneath the ceramic. Flushing with the
mercury pot system was also used to displace air bubbles.

As the quantity of gas in and below the ceramic decreased, so
the pressure in the cell was more easily maintained. At intervals
the water within the cell was replaced with fresh de-aired water.
Some care was necessary in that the drainage taps eust be opened
before the cell pressure is lowered. Failure to do this 1leads to
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an upward stress on the ceramic, and, usually, a broken ceramic.

De—-aired water was then allowed to flow through the cell under
the supply pressure and the drain tube was opened into a bucket.
About 4 to S litres or S to & times the cell volume was flushed
through in order to minimise the amount of dissolved air left in
the mixed water within the cell. Complete saturation was generally
obtained in 1less than one week, but depended in part on the time
available for maintaining the pressure within the cell and
flushing fresh water through the cell.

Indicators of saturation are a small cell pressure drop
overnight and a fast water pressure response beneath the ceramic
after the drainage taps are closed. Confirmation could only be
obtained by applying an air pressure within the cell and
monitoring the drainage flow rate. Fig.9.16 shows two test
results. Test A indicates saturation of the ceramic up to about
point "X", where the rate of flow increases markedly. This
occurred under an air pressure of 2200kPa, which is far in excess
of the design blow through pressure of 1500kPa.

However, the "creep” flow rate was high, at about .004cm>/min.
The creep flow is unavoidable due to the diffusion of air into the
water in the ceramic as discussed in section 8.5.3.1. The ceramic
in test A was subsequently found to have a "pinhole" which would
have contributed to the apparent creep rate. The pinhole was
identified by applying a small air pressure beneath the flooded
ceramic and watching bubbles form at one point. The ceramic in
test B which showed a creep rate of 0.00icm®/min did not suffer
from a pinhole, but failed the saturation test due to air passing
through a defective edge seal. Air diffusion through the ceramic
did occur during the tests on soil samples, and a rate of
0.0009cm>/min was observed in test SPOS at an air pressure of
Q40kPa.

9.4.3 CELL STIFFNESS

The overall stiffness or compliance of the cell was measured
using a brass block in place of a sample. The cell was fully
assembled, except that the 1loading membrane was not clamped
between the top cap and the cell body. A neoprene gasket was used
in its place to effect the seal. The loading membrane was securely
clamped in the ram in the same manner in which it would be during
a test.

The compensated ram was lowered into contact with the brass
block at the start of the test, and contact was maintained during
the test by applying a light downward push on the ram by hand,
together with amall rotations to overcome the friction in the
seals. The results have been presented in Fig.9.15 above in the
discussion of the mounting of the ceramic. The data for the second
ceramic are relevant here.

The mean stiffness of the cell, from curve for the second
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ceramic in Fig.9.15, is 0.0025mm/100kPa. For a 30mm thick sample
this corresponds to a strain of 0.000083mm/mm per 100kPa. For a
sample void ratio of 1.3 the error in the void ratio will be
0.00019/100kPa. During the swelling stages of test SP0O1 the change
in void ratio was 0.1538 for a change in internal axial stress of
940kPa. The error in void ratio due to the compliance of the cell
is 0.0018 or a 1.167% underestimate of the change in void ratio.
The error in the final void ratio would be 0.14%Z of the void
ratio, which is considered to be insignificant. Corrections were
therefore not applied in swelling and compression tests.

9.4.4 LOAD CELLS
?.4.4.1 Alignment

On installation of the first load cell in the cell body, large
changes in output were observed during tightening of the securing
capscrews. This was found to be due to the loading piston making
contact with the side of the hole through the cell wall. The
misalignment was caused by burrs and machining defects that had
not been removed around the holes for the capscrews. The load cell
thus did not fit flush against the cell body. After refinishing
the mounting flange by hand, the 1large output changes were
eliminated, but the loading face projected about 0.02mm proud of
the cell bore.

This could not be rectified as the remachining would probably
have damaged the thin webs of the 1load cell. It would have been
possible to manufacture a new load cell to higher standards and to
Eefinish the oedometer bore with the new blank load cell in place.
Since the fabrication of the Stress Path Oedometer had already
taken about one year this was not considered to be a desirable
solution. It was also thought that, since the membrane would be
about 0.25mm thick, the 0.02mm projection would not cause large
errors in radial stress measurement.

During the early calibration stages a further problem of
nisaligﬁment was encountered. An apparent hysteresis error of up
to SOkPa was found with the 1load cell mounted in the oedometer,
but not when dead weights were used with the 1load cell resting
vertically on a 1load frame. Careful inspection showed that the
load cell piston was still wmaking contact with the sides of the
hole and leaving polished or "high" spots on the piston. The high
spots were removed using a fine grade (no. 400) “wet or dry”
carborundum paper without water and the load cell reinstalled.

The stress was then cycled to about 2MPa and the hysteresis
checked. Until the hysteresis was eliminated, the removal of the
high spots was repeated. In addition, for the 1load cell in
oedometer no. 2, the location of the load cell in the hole was
improved by placing a 0.075mm thick feeler gauge between the load
cell piston and the cell body at the point at which the high spots
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had been observed. This served to force the load cell away from
its free mounting position. The clearance around this load cell
was checked using a 0.012mm thick feeler gauge, and found to be
adequate after this procedure was adopted.

9.4.4.2 Stability

Two load cells were manufactured, one for each oedometer. Load
cell LC1 appears to have performed satisfactorily, as the change
in the unstressed output has not been excessive over the 20 month
period of use. LC2, however failed due to leakage of water through
a membrane during calibration, and has subsequently suffered from
considerable instability.

One strain gauge on the web which had been affected was
removed and replaced. The load cell was recalibrated but found to
suffer from large and rapid zero drifting. The drift was shown to
be bumidity dependent by enclosing the gauge in a bag of silica
gel after some drift had occurred. The variations in output are
shown in Fig.9.17. Attempts were made to provide a waterproof
barrier to stabilise the output using first M-Coat "AY and then Wi
microcrystalline wax.

Neither was effective, and the 1load cell was then repaired by
replacing both gauges on the affected web and coating all gauges
with 3 coats of AB610 phenolic epoxy resin, which was cured at
100C for 4 hours. This again failed to rectify the problem and the
whole load cell was regauged and rewired.

It still proved unstable, but by this time the drift
monitoring system (section 9.4.4.3) was under development and the
unstable load cell was a useful test for this technique. Although
encouraging results were obtained, the entire load cell was once
again rebuilt, this time as two complete bridges. Each used two
opposing webs and had its own dummy gauges. Both were wired for
the drift monitoring system.

One bridge proved faulty, with an intermittent earth leak, and
the other was unstable with regard to humidity changes. Fig.9.18
shows a long term test of the "good"” bridge in which a constant
stress of 100kPa was applied. Up to point "A" the back of the load
cell was open to the laboratory air. Thereafter it was enclosed
with silica gel in a plastic bag. The shift immediately after the
enclosure, and thus apparently due to drying is about 40kPa.

In order to stabilise the humidity around the load cell, the
air supply was routed through a chamber filled with dry silica
gel. In addition, for LC2, the drift with time during tests was
monitored with the system described below.

?.4.4.3 Drift Monitoring System

As a result of the problems discussed above, it was decided
that a means of determining at least whether or not the load cell
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was drifting during a test, but preferably a means of correcting
the output, was highly desirable. A technique of switching the
configuration of the load cell has been devised which permits
measurement of changes in the unstressed output without unloading
to zero applied stress. The normal wiring diagram for 4 leadwires
is shown in Fig.9.19a. This will be referred to as the Normal
Mode.

If output changes occur due to creep of the gauges or glue or
due to electrical leakage across gauges or to earth, the result is
a change in the balance of the bridge. This is seen as an offset
of the calibration from the original calibration, but the slope of
the calibration 1line is generally unaffected. In service, where
the actual stress is not known, there is no way of differentiating
between an output change due to an applied stress and due to
drift.

Fig.2.19b shows a "null"” configuration where the two active
gauges are adjacent to each other. This is called the Null 1 mode.
In this layout, changes in resistance in the active arms due to
applied stress theoretically cancel, and in practice give a very
small output in response to load changes. A change in resistance
of one arm causing drift will however not be cancelled out. The
magnitude of the difference between the initial and the drifted
outputs in the null configuration will be equal to the magnitude
of the drift in the normal mode.

The sign of the drift in the normal mode cannot be established
using only these two modes. Use of a second null mode, shown in
Fig.?9.1%9c completes the requirements for determining the magnitude
and direction of the drift.

For example, in the Null 1 mode it is not possible to
distinguish between drifts in arms A1 and D2, as they are on
opposite arms of the bridge. However, in the Normal mode, where Al
and D1 are adjacent, the effect of a change in Al will be opposte
to the effect of an identical change in D2. The Null 2 mode
reverses the direction of the drift due to changes in D1 and D2 as
compare with the Null 1 mode.

A diagrammatic layout of the system is shown in Fig.9.20 using
two Din sockets, "A" and "B", to select the three modes. Three Din
plugs are used, two at a time. Two provide the 1links for the
Normal mode, and the third plug provides the crossed links for the
null modes. With the crossed link plug in socket "A", Null 1 is
selected. Similarly, the crossed links in socket "B" select Null
2. Din socket “C" provides the connection to the measurement
device, in this case a digital indicator unit.

In order to demonstrate that this system could permit
magnitude and direction of the zero drift to be measured, a
“mock-up" electrical circuit (Fig.9.21) was used. This consisted
of a set of 1000 ohm resistors to model the four arms of the
bridge. Resistance changes due to straining were modelled with
1%#10* ohm resistors in parallel with each active arm. The error
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was provided with a 1.2#10¢ ohm resistor in parallel with any one
arm of the bridge. The output data for the three modes are given
in Table 9.2 and shown graphically in Fig.%9.22.

It can be seen that the changes in null output between the
"stressed"” and ‘“unstressed" conditions is small in each case
compared with the change in ocutput for the normal mode. The lines
Null 1, Null 2 and Normal represent the "calibration" 1lines for
the model system. The points A1, A2, D1 and D2 are the outputs
obtained with the error resistor in parallel with that arm of the
bridge. The difference between the outputs from drift on arms Al
and D2 can now be identified by the reversal of the direction of
the drift in the null modes for D2, whereas the directions of the
drift for Al are the same.

The procedure for correcting the output is:

Direction of drift Correction to
Null 1 Null 2 Normal mode
+ve +ve subtract drift
-ve -ve add drift

-ve +ve subtract drift
+ve -ve add drift

The observations made on load cell LC2 are shown in Fig.%9.23.
The sudden change in output on the morning of the third day was
caused by changes in resistance of a soldered joint as it began to
fracture. After it was repaired the output returned to almost the
same value as before the breakage. The switching system in use for
this test was not of particularly high quality and may have
contributed to the apparent imperfection in the comparison between
the normal and null modes.

However, there is a limitation in the capability of the drift
monitoring system. The foregoing discussion and evaluation was
based on single error saources. Where there is more than one error
it may not be possible to obtain accurate corrections. In
particular, if both active gauges or both dummy gauges drift by
the same amount, then the normal mode will be affected, but
neither null mode will show a change in output. This type of drift
can only be checked when the load is removed from the load cell.
This system, although not a complete solution, will in almost all
cases show wheter or not drift is occurring, and will give an
indication of the magnitude of the drift. )

?.4.4.4 Calibration

The load cells were calibrated indirectly against a Budenberg
deadweight calibrator. In order to avoid the risk of water
reaching the gauges, the load cells were calibrated using air
pressure. The pressure was measured using an hydraulic transducer
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which had been calibrated directly against the Budenberg
calibrator. A calibration error curve for load cell LC1 is shown
in Fig.9.24 in terms of the error relative to the Budenberg
calibrator. Also shown 1is the calibration error curve for the
hydraulic transducer. The apparent hysteresis of the load celll is
about SkPa, and the maximum error is about 7kPa. Figure.9.25 shows
the data for load cell LC2. The hysteresis is again about SkPa,
and the maximum error about SkPa.

Load cell LC1 was checked for its response to the combined
effects of an all round air pressure and axial and circumferential
stress in the cell wall. This was done by applying equal air
pressure in the cell and to the back of the load cell. The results
in Fig.9.26 show no response to the applied stresses.

Load cell LC2 was tested for its response to axial stress only
in the cell wall, by applying a vertical stress to a loose fitting
steel block inside the ocedometer using the hydraulic 1loading
membrane. The results, also shown in Fig.9.26 indicate that it is
imsensitive to the stress in the cell wall.

A test of the cross sensitivity was also undertaken. LC2 was
mounted on the oedometer with the loading piston projecting
outwards. Weights were hung on the 1loading piston to simulate
friction or shear stress on the load face. The results are shown
in Fig.9.27 in terms of apparent axial load versus shear stress on
the load face. The results given below from the push out tests
indicate shear stresses of the order of 3I0kPa, for which the
apparent axial load is about 10kPa. This is very much less than
the radial stresses measured in the tests on soil samples.

?.4.4.5 Cell Lining

The first test, SPO1, used a rubber lining inside of which the
sample was placed before compaction. The lining was unstretched at
the soil placing stage, and the bore of the cell was coated with a
silicon grease. On removal of the sample at the end of the test it
was noted that the lining had wrinkled or buckled during the
compaction and had penetrated into the sample by about 0.5mm at
several places. Although it was thought that this would not have
major effects on the stresses or the volume change, attempts were
made to improve the lining.

A thin PTFE sheet was used in test SP0O2, which was not
completed due to 1load cell failure. There was no appreciable
difference between the compaction stress path for this test and
for the other tests, but the resistance to removal of the sample
after the test was terminated appeared to be high. In addition,
the PTFE lining had wrinkled.

From test SP0O4 onward the rubber 1lining was used as before
with a layer of silicone grease, but in additiom was prestretched
before the sample was placed. The stretch was approximately equal
to the expected strain during compaction. This appears to have
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virtually eliminated the wrinkling during compaction.

The vertical stress required to move the sample was measured
in some of the tests. The data are tabulated in Table.9.3.
Although not negligible, the coefficients of friction for the
compacted samples with greased rubber linings are generally of the
same order of magnitude as that in test SP06 where the sample was
consolidated from a slurry in a greased oedometer without the
lining.

9.4.4.6 Repeatability

A source of confidence in the oedometer and the measurements
made with it was sought by performing two identical stages in two
separate tests. Fig.9.28 shows the data from the compaction and
first swelling stages from tests SPO3 and SPO4. There are some
relatively small differences between the stresses and void ratio
changes, but these are not considered to be excessive. Slight
variations in the sample placing could easily have caused
differences in the compacted samples which could be responsible
for the differences in test results. Closer agreement could be
expected for reconstituted samples, but the compaction process is
not likely to provide as consistent samples as is reconstituting
samples from a slurry.

2.5 RADIAL DISPLACEMENT GAUGE

Measurement of volume change of a sample in a triaxial cell is
normally done by measuring the flow of water into or out of the
sample. This is acceptable for saturated samples, but for
unsaturated samples the compressibility of the air renders this
method inaccurate. Zero radial strain has been achieved at
Imperial College using a mercury filled inner perspex cylinder
(Bishop & Henkel 19462). Displacements have been measured optically
through the perspex cell wall, but the accuracy of this mmethod
will be adversely affected by optical imperfections of the perspex
cylinder. Various designs of gauge have been used for zero radial
strain testing, but none have been used for measuring large
changes in diameter of the sample. Volume change has been measured
by observing the flow into or out of the cell. Errors due to creep
of the perspex have been overcome by using a steel cylinder
(Campanella & Vaid 1972).

9.5.1 DESIGN OF THE RADIAL DISPLACEMENT GAUGE

From the outset it was decided to attempt to avoid the use of
hinges or pivot points as these are sources of error due to
friction and machining tolerances. It was also desirable to
construct a balanced gauge that would not require counterweights
to maintain it in the horizontal plane. The gauge must travel with
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the sample, otherwise it will record any variation in initial
diameter along the sample as a radial straining during the test.
This is most easily achieved by mounting the gauge directly onto
the sample.

The most recent zero radial strain device in use at Imperial
College is described by Maswoswe (1985), and is shown in Fig.%9.29
This utilised a displacement transducer mounted normal to the
sample surface in a frame which was in contact with the sample
diametrically opposite to the transducer. This was succesful for
its purpose but ultimately failed due to water ingress. This was
apparently caused by leakage where the transducer had been
shortened in order to fit inside the cell. In part due to this
size problem, and in part due to the very 1limited range of the
transducer, it was decided to follow the concepts used by Hight
(1983), and develop a gauge based on a strain gauged web working
in bending which was capable of measuring displacements up to 10%Z
of the initial sample diameter.

9.5.1.1 Design of the web

Hight ‘s gauge used a single web (and was thus unbalanced) in
simple bending, as shown 1in Fig.9.30. In order to obtain a
balanced gauge with no hinges, two webs are used, working as
fixed end beams, as shown in Fig.9.31. Displacement of the two
mounting points in an outward direction causes symmetrical bending
of the two webs. Strain gauges must be placed away from the centre
of the webs to avoid the point of contraflecture. Two gauges are
used on each web to form a full bridge acting in compression and
tension.

Analysis of the bending of the webs showed that the thickness
should not be greater than 0.05mm for the desired range of 4mm
displacement from the neutral position, and a web length of 18mm.
Longer web 1lengths 1lead to large overall gauge dimensions which
are undesirable due to the limited space within the triaxial cell.
The final layout of the web and the strain gauges can be seen in
Plate.9.2. Salient dimensions are given in Fig.9.32.

?.5.1.2 Frame design

The frame needs to be both 1light and fairly rigid. Brass
mounting bosses were used with stainless steel tubing connectors.
Joints were formed using Araldite or Loctite. Electrical
conductors were routed through plastic tubing which fits closely
within the stainless steel tubing. This was sealed at the strain
gauge end with Araldite. One set of conductors is required for
each web, and these were led out of the triaxial cell in separate
plastic tubes to avoid attempting to make a waterproof joint to
operate within the cell at high water pressures.
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9.5.1.3 Waterproofing

Perhaps the greatest problem was waterproofing the webs. Use
of a plain tube, of whatever material, filled with oil would have
led to a very stiff gauge. Bellows type boots were required to
obtain a flexible gauge while providing a thick water resisting
barrier. Brass bellows are used as flexible drive couplings, but
are both too stiff and too bulky for use on this gauge. Flexible
drinking straws of suitable diameter were obtained, but not used
due to difficulties in glueing polyethylene. PVC bellows as used
on Lambretta scooter clutch cables proved to be adequate.
Connection to the brass bosses was achieved using both vinyl glue
and O-rings fitted over the boot in much the same way as the
sample membrane is sealed onto the pedestal.

9.5.1.4 Construction

Due to the small sizes of the brass bosses that were required
to keep the mass of the gauge 1low, the components could not be
made on the machine tools available in the section workshop.
Fabrication was thus done by the author, and the prototype gauge
is somewhat home-made. Some of the machining operations would have
been best performed on a milling machine, but had to be done on a
lathe. As a result the orientation of the holes in the bosses is
not perfectly orthogonal, which has caused undesirable
characteristics in the calibration.

9.5.1.5 0il filling

In order to prevent distortion of the boots when under
preasure in the triaxial cell, they must be filled with an
incompressible fluid. The same approach is used in the Skinner
load cells, (Bishop et al 1974). Filling of a small soft bellows
is slightly more difficult than filling a large steel chamber. The
solution chosen was to remove the air by placing the assembled
gauge in a vacuum tank and then allowing the o0il to flow in as the
vacuum was released. A small reservoir was made from a brass union
and fitted to the filler tube as shown in Fig.9.33.

This was filled with o0il before the gauge was placed in the
vacuum tank. On applying the vacuum, the air is sucked out through
the o0il (which is deaired in the process). After several hours,
when no more bubbles appear, the vacuum is slowly released, and
the oil flows into the void within the boot. This process was
repeated at 1least once to ensure complete filling. Since the
reservoir has to be upright, only one boot can be filled at a
time. Fitting of the blanking plug to the filler tube was done in
an oil filled wmoisture content tin to ensure that no air was
trapped in the process.
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9.5.2 CALIBRATION

Calibration was commenced with the gauge bolted into a screw
type calibrator. The wmicrometer dial 1is graduated in 0.01mm
divisions which are about 3mm apart, permitting fairly precise
setting of the dimensions. Despite this apparent precision,
difficulties were encountered, and other measurements and
mountings were employed.

9.5.2.1 Stability

Stability of the gauge output was tested over extended time
periods and found to be adequate. Fig.9.34 shows the first
stability check, in which the gauge was mounted in the calibrator
frame. The range during this periocd was 0.005mm, with the scatter
about 0.002mm. For this test the filter was 100, i.e. 100 readings
were taken and the average value used. Fig.9.35 shows the effect
of increasing the filter. A marked improvement is obtained for
each 10 fold increase in the number of readings. A filter of 10
000 was used in all subsequent work. Each measurement of 10 000
readings takes about 3 seconds.

An extended stability test was run over 6 days. The results
are shown in Fig.9.36. For this test the gauge was glued onto a
brass cylinder of 38mm diameter and placed inside the triaxial
cell. Local scatter of the measuremets can be seen to be about
0.0005mm, corresponding to 1 microvolt. Less satisfactory is the
variation with time of the value of the measurement, which amounts
to about 0.004mm over the first 4 days, followed by a drift of
about 0.002mm in the last 2 days.

The other data plotted on this Figure are the measured voltage
supply to the measurement system. This shows a variation of about
0.003volts, which in some cases is mirrored by a change in the
gauge output. This was investigated further by replacing the gauge
by an open circuit and by a shorted circuit.

The former case is shown in Fig.9.37a, where the gauge was
simply unplugged and readings taken. The apparent fluctuation in
the measurement is about 0.005mm. The second case is shown in
Fig.9.37b, where the signal pins of the socket, into which the
gauge was usually plugged, were connected with a short length of
wire and the power pins were left unconnected. Again the apparent
variation of the measurement is about 0.005Smm.

Thus, regardless of the quality of the gauge, the absolute
precision of the measurement cannot be better than 0.005Smm. This
is due to the instability of the measurement system, which could
not be altered. It appears that the home-made prototype gauge has
outperformed the factory produced measurement system.

9.5.2.2 Calibration
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Initial calibrations were made with the gauge securely bolted
into the calibrator frame. The first run indicated a useable range
of about Smm with reduced sensitivity outside of this range, as
shown in Fig.9.38. A subsequent cycle of readings within the Smm
range showed an apparent large hysteresis. Extensive
experimentation and recalibration demonstrated that the calibrator
had sufficient play or slack in the mechanism to permit up to
0.2mm change in the gauge output for the same setting of the
calibrator dial. This is obviously unsatisfactory.

The calibration technique was thus changed, and one-way
calibrations were performed in the direction in which the sample
swelling would occur. With the equipment available for calibration
it is not possible to state whether or not the gauge does exhibit
hysteresis, but it is evident that most of the apparent hysteresis
was due to the calibrator frame.

The mounting system was also changed from a bolted assembly
with the gauge about 25mm from the axis of the calibrator to a
wire suspension on the calibrator axis. This necessitated the use
of a spring to obtain measurements smaller than the neutral
position of the gauge. The layout is shown in Fig.9.3%9.

This gave a better calibration than the bolted system, but the
fit of the regression was still not good. A check was made on the
calibrator using a travelling telescope with a micrometer
attachment. The differences between the measurements using the
calibrator and the telescope are plotted in Fig.9.40 together with
a 9 point moving average. There is either a shift of about 0.03mm
at about 3mm or a progressive change over the full range.
Superimposed on this there appears to be a cyclic variation. An
attempt was made to correct the calibrator values to account for
this error, with a small improvement in the fit of the regression.

Careful inspection of the data showed an anomaly in the slope
of the calibration line at about 4.5 to 5 mm, which is thought to
be due to buckling or flexing of the webs due to the imperfect
construction mentioned in 9.5.1.4. It was found that the
calibration could be changed by adjusting the orientation of the
mountings in the clamped joints at the ends of the webs. Fig.%.41
shows two calibration curves obtained in this way.

The best calibration obtained is shown in Fig.9.42 where the
maximum difference between the measured and the calculated values
is 0.015mm. In view of the comments above regarding the precision
of the calibrator, it not clear whether these apparent errors are
real. The error in radial strain that results from the apparent
error in the gauge of 0.015mm is O©0.037% strain. The expected
strain during swelling to zero suction for the planned tests was 2
to 47, against which the 0.037Z is about 17 error.

Failure of the gauge occurred before it was put into service
due to two wires breaking at the soldered joints on the strain
gauges. These two joints appeared to have been poorly made, but
even so had survived rough handling at some stages during the
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commissioning work. Recalibration was necessary, and the final
calibration is shown in Fig.9.43.

During testing of the gauge, it was placed in the triaxial
cell under pressure while glued onto a brass dummy sample. The
cell pressure was varied and the output monitored. The results are
shown in Fig.9.44, and indicate a response of about 0.002mm for
AQ00kpa stress change. This is less than the precision of the
measuring system.
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Layout Lubricant Peak
Resistance

3 O-ring silicone 3.3kg
grease

3 O-ring Molykote 111 4.0kg

3 0O-ring Molykote 2.8kg
Longterm 2+

3 DO-ring nil Not determined

PTFE

2 0O-ring Molykote 2.5kg
Longterm 2+

2 0-ring nil 0.%kg

PTFE

Table 9.1 Frictional Resistance of plunger seals

Drift on| Stress Configquration
Arm No. Resistors | Normal 1st Null | 2nd Null
None No -3180 11800 4790
Yes 140 11680 4900
Al No -18350 13140 6260
Yes 1460 13080 6290
A2 No -4590 10460 6150
Yes -1750 10420 6150
D1 No -1850 10480 3450
Yes 1500 10430 3530
D2 No —-4480 13160 3500
Yes -1210 13100 3580

Table 9.2 Output from

“mock—up"” Bridge

Test No. Radi al Vertical Coefficient
Stress Stress of Friction
kPa Kpa

SPO1 start 87 11 0.09

SPO3 start 84 30 0.25

SP0O4 start 94 1S5 0.11

end 63 3I0 0.34

SP0O6 end 104 30 0.19

Table 9.3 Resistance to sample movement
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Plate 9.1 Roughness of plunger
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APPENDIX 9A.1

CALCULATIONS FOR LOAD CELL

1.1 Calculation of Web dimensions

Design stress = 3MPa
Piston diameter = 15mm
Assumed web dimensions
width = 3.0mm
thickness = 0.65mm
length = 10mm
Compressive stress in web = (3.0#152%#.79)/ (4%0.65%3) N/mm=
= &8 N/mm=

For E = 210%10= N/mm=,
68/ (210#10%)
= 326 microstrain
Displacement of piston face = 326#10~*#10mm
= 0.00326mm

strain

1.2 Calculation of Wheatstone bridge output

Vout = Vin/4( Ry/R. + Rs/Rs) volts
for gauge factor = 2
R/R = 2 L/L = 652%#10—
Vaut = 10/4(652%10—®) #2
= 0.00326 volts
Sensitivity = 0.00326/3000kPa
= 1 microvolt/kPa

1.3 Calculation of response

For >95% response, stiffness of 1load cell must be >19%soil
stiffness (Maddocks 1983).
Soil stiffness = 12#G#piston diameter/ (1-v)
Take G = 30MPa for a "stiff" soil
Soil stiffness = 7.2MN/m
Load cell stiffness = 0.00326mm for 3MPa
= 167MN/m

Load cell stiffness/soil stiffness = 167/7.2
= 23 OK



CHAPTER 10

STRESS PATH OEDOMETER TESTS

10.1 INTRODUCTION

A programme of tests on compacted samples was undertaken,
supplemented by one test on a slurried sample. The tests were
intended to investigate stress paths and volume changes during
swelling from compaction conditions representative of the “dry
compaction” technique described by Ellis (1980). A diagrammatic
atress path typical of the tests performed is shown in Fig.10.1.

The stress path shown is a schematic stress path for a
saturated soil, with the "equivalent" stages for an unsaturated
soil as follows. It represents all stages, commencing with the
suction (OA), followed by the compaction (AB), unloading (BC) and
then swelling (CDE or CFE). The stress changes shown are
representative of those that would be expected for a saturated
s0il, as those for an unsaturated soil have not previously been
determined.

Of particular interest is the stress path after the compaction
and unloading stages. The path that would be followed by a
saturated soil during swelling in an oedometer is represented by
CFE. The true stress path may not follow straight 1lines as
depicted. Changes of pore water pressure with zero volume change
in a saturated soil would not cause the effective stresses to
vary, and the stress path would be a point at C. The stress paths
for the unsaturated soils were not found to be identical with
those expected for saturated soils.

The 1500kPa 1limit on the suction control restricted the
compaction conditions for the tests carried out in this
investigation to moisture contents not very dry of optimum
moisture content. As reported by Ellis (1980), for an expansive
s0il from Sudan, the moisture content range used was 7 to 147 and
the optimum moisture content was 22 to 28%. 1In this research
programme, the compaction moisture content chosen was only about S
to 7% dry of the optimum moisture content which was 38 to 407 for
the compactive effort and technique used on this soil.

From the suction measurements in Chapter 8, testing to about
15% dry of optimum moisture content would have been possible. It
had been intended that a similar series of tests would be
performed on samples compacted at a lower moisture content, but
this was not possible due to the 1long test durations and the
delays in the fabrication of the equipment.
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One preliminary test was completed before the radial stress
load cell was fabricated. This test is not reported here, as it
only served to demonstrate that the oedometer with the suction
control functioned adequately.

10.2 COMPACTION

Static compaction, as used for the standard oedometer testing
described in Chapter 7, was employed in the Stress Path Oedometers
for preparation of the samples. Fig.10.2 shows the Stress Path
Oedometer assembled for compaction. The 6.00mm thick plate on top
of the sample was used because the soil surface in the preliminary
test without the steel plate showed irregularities of about 10mm.
It was felt that this could adversely affect the loading membrane.

The compaction stress was applied in increments, using air
pressure from the compressed air bottles inside the 1loading
membrane, and radial stress and axial displacement were measured.
Each increment was held for 1 minute, except the final stress of
iMPa, which was held for Smin except for tests SP0O4 and SPO7 where
leakage necessitated a rapid unloading. Unloading was generally
done in larger steps than the 1loading. The total stress paths
during compaction determined in this way are shown in Fig.10.3a
for each test. The relationship between void ratio and mean applid
stress is shown in Fig.10.3b. .

The variation between the stress paths is not thought to be
excessive for the compaction process which is not well controlled.
Many procedural factors could influence the stress path and final
void ratio. One that is thought to be significant is the initial
placing of the soil. This was done by pouring layers of loose soil
about 10 to 15Smm thick by hand. These were spread with a spatula
to o©obtain an even thickness, but were inevitably inhomogeneous.
The soil aggregations vary in size and tend to stick together
during the spreading, making it impossible to ensure that the soil
was evenly distributed within the 1loose 1layer. Although the
compaction process would have reduced the inhomogeneity by shear
distortion, complete uniformity is unlikely to be achieved. The
non—uniformity of the sample may be greater for soils compacted
dry of optimum, since the so0il aggregations or clusters have
greater strength and will resist the shear distortion. Very dry
samples may behave as an assemblage of almost rigid grains, in
much the same way as a sand does, resulting in a very non—uniform
sample with large voids between the grains or clusters.

There does not appear to be any consistent link between the
membrane type and preparation and the final radial stress. Tests
SPO1 and SPO3, in which the membrane was not prestretched, are
near opposite extremes of the radial stress. Tests SPD4, SPOS and
SPO7, for which the membranes were prestretched show less
variation in the radial stress. The variation in final void ratio
does not correlate with the final mean stress.



231
Also shown on Fig.10.3b is the range of compacted void ratios
for 357 compaction moisture content from the standard oedometer

tests. It can be seen that the ranges in both types of oedometer

are very similar.

10.3 TEST PROCEDURES

After compaction, the vertical stress was reduced to OkPa and
the top plate removed. The compaction plate was removed, but the
filter paper was left in place and a no. 200 stainless steel mesh
placed on top of the filter paper. This ensured that the air
pressure could be distributed to the sample through a porous
medium that would not become saturated until the suction was very
small. The top plate was then replaced, and the air and hydraulic
loading connections made. The 1loading membrane was filled with
water and most of the air displaced. Complete de-airing of the
loading chamber was not necessary, except in test SPOS where it
was hoped that constant volume conditions could be achieved by
closing the taps to the loading chamber.

With the preparation of the top of the cell complete, the
compaction base plate was removed. The filter paper which had
served as a drain for the pore air during compaction was removed.
The flange of the cell lining was trimmed off and the base plate
with the saturated ceramic disc fitted. This was sealed with a
gasket in cell 1, and with an O-ring in cell 2. The latter proved
more convenient, but satisfactory performance was obtained from
both seals. At this stage the sample was not in contact with the
ceramic, as the step in the compaction base had 1left the Ilower
face of the sample 1mm recessed within the bore of the cell.

In tests SPO1 and SPO3 the air pressure within the sample was
raised to its chosen value before the vertical stress was applied.
This ensured that the sample could not take in water under zero
suction when contact was made between the soil and the water in
the ceramic. In the later tests this was not done, as it was found
that the time that elapsed between the application of the vertical
stress required to push the sample down into contact with the
ceramic and the application of the air pressure was too short to
be of any consequence. It was also easier to control and measure
the vertical stress required to push the sample down when using
the screw pump without the air pressure within the sample.

The initial vertical stress and suction were maintained until
the change in sample height had decreased to an acceptable rate.
The new air pressure or vertical stress was then applied. Only one
of these two stresses was changed in each stage, and the changes
in height and radial stress measured.

All stress changes were applied in increments or decrements.
Constant rate of stress or strain application was not used. In
test SPOS the vertical stress was adjusted during each suction
decrease stage to maintain constant volume. At the start of the
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test the technique used was to adjust the total vertical stress
with the screw pump until the dial gauge reading was equal to the
initial reading and then close the tap closest to the cell. All
tubing between this tap and the cell was steel, and the vertical
stress was measured with a transducer. However, it proved
impossible to maintain the stress in this manner, and the vertical
stress fell by about 30kPa overnight and there was a vertical
expansion of 0.066mm. Thereafter the vertical stress was
controlled with the mercury pot system with the air pressure
applied in the top pot.

10.3.1 TEST DETAILS

Table.10.1 records the stress changes that were applied in
each test. The results are plotted in Fig.10.4 ¢to Fig.10.9, nd
listed in Table.10.2. The labels for each stage used in the tables
correspond to the annotation in the figures. In some figures not
all points have been plotted in order to improve the clarity of
the figure. The omitted data is available in the tables. In all
tests the initial conditions are represented by point A.

10.3.1.1 Test SPO1

Test SPO1 commenced with an equilibration stage at an applied
matrix suction approximately equal to the value reported in
Chapter 8 of 940kPa and an axial applied stress of SOkPa. At the
time that this test was started not all of the tests reported in
Chapter 8 had been completed, and there was still some uncertainty
regarding the reliability of the matrix suction measurements made
with the pressure plate technique. It was expected that this stage
would last for a relatively short time while the sample stabilised
under the initial compacted conditions, without any significant
volume or stress change. The reasons for the large void ratio and
applied radial stress changes between points A and B in Fig.10.4
during this 43 day stage are discussed in section 10.4.

In stages 2 to S5 the matrix suction was decreased in 200kPa
steps. The duration of each stage was at 1least 21 days. The
stresses and void ratios at the end of each stage are indicated by
the points C,D,E & F. Point E has been obtained by extrapolation
as the loading membrane began leaking after about 14 days of stage
5. After repairs had been effected, the applied suction was
decreased to approximately zero because it was thought, in view of
the large volume change that had occurred during the leakage
period, that the suction in the sample could have fallen below the
intended value of 100kPa.

This was thus the start of stage 6 in which the suction was
reduced by 100kPa to zero. The air and water pressures were set
approximately equal, and zero suction was ensured by allowing the
sample free access to water under a head of about 20cm after the
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21day swelling period. Virtually no change in sample thickness or
radial applied stress was noted over a 4 hour period. The swelling
in the standard oedometer tests reported in Chapter 7 was, for
comparison, larqgely complete within 3 hours.

Stages 7 to 12, shown by points H,1,J,K,L and M, were planned
as a conventional consolidation test, as performed in the Jennings
& Knight (1957) type test described in section 2.3.1.1. This was
followed by an unload and reload cycle in stages 13 to 15 and 16
to 18 respectively.

10.3.1.2 Test SPO2

This test failed during the first stage due to a blocked
drainage channel beneath the ceramic and an unstable load cell. 1t
is recorded purely because the compaction data has been reported.

10.3.1.3 Test SPO3

This test was intended to check on the data from test SPO1 at
low suction where leakage might have affected the sample. The
sample was thus allowed to swell to a 200kPa suction in the first
stage, and to zero suction in the second stage.

10.3.1.4 Test SPO4

The first stage of this test was similar to the first stage of
test SPO3, but the applied suction was 175kPa. The sample was then
subjected to increasing suction in stages 2 to 6, shown by points
€ to F in Fig.10.6, reaching 625kPa in stage 6. The suction was
decreased to 175kPa in stages 7 and 8, shown by points 6 and H.
The axial applied stress was then increased in stages 9, 10 and
11, shown by points 1I,J and K, to 200kPa. The suction was then
reduced to zero by leakage of the membrane in stage 12, shown by
point L, The sample was finally unloaded to 10kPa vertical
effective stress in stage 13 shown by LM.

10.3.1.5 Test SPOS

This test differed from the previous tests in that the axial
applied stress was not held at SO0kPa during the swelling stages.
The procedure followed the Sullivan and McClelland (196%9)
procedure for a constant volume then rebound test. The suction was
changed in stages 1 to 6 in the same steps as used in test SPO1,
but the vertical stress was increased or decreased as required to
maintain zero vertical displacement as measured with the dial
gauge. The data are shown by points A to 6 in Fig.10.7. Stages 7
to 10, shown by points H to K, reduced the vertical effective
stress from the swell pressure to S5OkPa.
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10.3.1.6 Test SPO6

The sample for test SPO6 was not compacted, but was prepared
as a slurry at an initial moisture content of 136%Z or about 1.1
times the 1liquid 1limit. It was thoroughly deaired in a vacuum
chamber before the water was added, without releasing the vacuum,
to the pulverised soil which had been taken from the bulk sample
described in Chapter S. The soil was then thoroughly mixed by hand
and carefully poured into the greased oedometer which did not have
a rubber lining for this test. The load cell was sealed with a
piece of PVC adhesive tape which extended from the base of the
cell to above the top of the sample. A circular piece of PTFE tape
was placed over the load cell, and beneath the PVC tape, to ensure
that no adhesive could penetrate between the 1load cell and the
cell.

The sample was initially loaded by applying a suction of 10kPa
to the drainage tube, and thereafter using the hydraulic loading
system up to 160kPa vertical effective stress. An unload - reload
cycle was then followed, and the resistance to extrusion of the
sample checked while the sample was unloaded. The vertical stress
was then increased to 640kPa, and finally reduced to zero.

10.3.1.7 Test SPO7

This test was undertaken to check on the data from the initial
stage of test SPO1, where a high radial applied stress was
measured. Stage 1, shown by point B, corresponds to stage 1 of
test SPO1, where the suction was approximately equal ¢to the
measured value. The axial applied stress was increased in stages 2
to 4, shown by points C to E, before starting to reduce the
suction. The test has not been completed, but the necessary data
for this thesis is that from stage 1.

10.4 TEST RESULTS

The data obtained from these tests are 1listed in Table.10.2
and shown in Figs.10.4 to 10.9. The figures for the unsaturated
samples contain three sections. Section (a) shows the void ratio
changes in terms of the changes in the mean stress referenced to
atmospheric pore air pressure plus the suction (or minus the pore
water pressure referenced to atmospheric pore air pressure).
Section (b) shows the deviatoric stress in terms of the same mean
stress plus suction. The three axis plots in section (c) include
void ratio. mean stress referenced to atmospheric pore air
pressure, deviatoric stress and pore water pressure referenced to
atmospheric pressure. Sections (a) and (b)) are thus partial
representations of the information in section (c) in a form that
may be simpler to assimilate.

The data for test SPDé are shown in Fig.10.8 together with the
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total stress data, referenced to atmospheric pore air pressure,
for the initial conditions of the unsaturated samples. It has been
suggested by Burland (1985) and Maswoswe (1985) that soils will
collapse onto the normally consolidated compression line as shown
in Fig.10.10.

Vaughan (1988) proposed, on the basis of Vaughan et al (1988),
that for residual soils, the region above the compression line
obtained for a destructured soil is a meta-stable zone, Fig.10.11,
in which large compressibilities can be expected when the bond
vield strength is approached or exceeded. This is similar to the
figure presentd by Burland (1985) for collapse, and it was thought
that the two concepts could be combined into a generalised
indexing system for compressibility or collapse due to local shear
of suction and cementation dependent bonds. It will be shown that
this generalised indexing is not valid for these samples.

10.4.1 DETAILED RESULTS
10.4.1.1 Test SPO1

The data are presented in Fig.10.4. The test details have been
listed in section 10.3.1.1 and Tables 10.1 and 10.2.

In stage 1, where the matrix suction was set at 900kPa, there
was a large increase in the radial stress, and a simultaneous
increase in the sample thickness. The radial applied stress
increased from 131 to 349kPa, and the void ratio increased from
1.285 to 1.331 as listed in Table 10.2. The axial applied stress
was held at SOkPa in stage 1. The mean stress and stress
difference and void ratio changes can be seen in Fig.10.4 as AB in
parts (a), (b) and (c). The moisture content increased from 34.2
to 38.3%Z during the 43 day period of stage 1.

The stages of decreasing matrix suction showed a continuously
increasing void ratio as shown by points CDEFG which depict the
void ratio and stresses at the ends of stages 2,3,4,5 and 6
respectively. The increase in the radial applied stress in stage 2
is evident from the slight increase in the magnitude of the stress
difference in Figl10.4b from B to C. Thereafter the radial applied
stress decreased in each stage along DEFG, with the rate of
decrease becoming greater as the magnitude of the suction
decreased.

On commencing the consolidation stage very 1little change in
the void ratio or applied stress was noted in stage 7. Since the
air pressure was equal to the atmospheric pressure for this part
of the test and the pore water pressure was about 2kPa with water
volume measurement in a graduated burette, the axial and radial
stresses are conventional total stresses. Significant void ratio
and radial stress changes were observed thereafter, as visible
from points I,J,K,L and M in Fig.10.4a & c, after stages 8,9,10,11
and 12 respectively. It had been expected that the radial stress
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would respond as for a reconstituted saturated soil, i.e. that it
would increase with the increase in the vertical stress and then
decrease with the dissipation of the pore water pressure. This did
not occur, and the observations are discussed in section 10.5.4.

The unload and reload data are shown by MNOP and PGRS
respectively. As is to be expected, the so0il is less compressible
during reloading.

10.4.1.2 Test SPO3

In the first stage of swelling to 200kPa suction, the void
ratio increased continuously, as shown by AB in Fig.10.5. However,
the radial applied stress first increased from 90kPa to 272kPa and
then decreased. This has been indicated by a dotted line as the
suction was not controlled between 900 and 200kPa. The increase
followed by a decrease is consistent with the observations from
test SPO1, where the suction was decreased in smaller steps. The
radial applied stress at the end of this stage was 210kPa.

The data for stage 2 are shown by BC, and indicate a
decreasing radial stress and an increasing void ratio.

10.4.1.3 Test SPO4

The first stage, shown by AB in Fig.10.6, shows data similar
to that of test SPO3. In stages 3,4 and S the radial applied
stress decreased with the increasing suction, as shown by BCDEF in
Fig.10.6b & c. The void ratio continued to increase in stage 2,
which was merged with stage 3. A slight increase in void ratio
occurred in stage 3. This is thought to be due to creep, which is
discused in section 10.5.1.1. In stages 4 and S the void ratio
decreased as shown by DEF in Fig.10.6a.

FGH shows the increase in void ratio and radial applied stress
as the suction was decreased to the same value as at the end of
stage 1. The difference between B and H in Fig.10.6a is thought to
be due to creep.

HIJK shows the data for increasing axial applied stress. The
void ratio decreased and the radial applied stress increased as
evident from HJIK in part (a) and HIJK in part (b) of Fig.10.6.

Near the end of the consolidation in stage 11, shown by point
Ky, a 1leak occurred in the 1loading membrane, and the suction
decreased to zero overnight. This would be expected to cause
swelling, but KL in FiglO.6éa shows that a large amount of
compression occurred under the constant axial applied stress of
200kPa.

The unloading is shown by LM, where the radial stress
decreased and the void ratio increased.

10.4.1.4 Test SPOS
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This test was a constant volume wetting test. The first stage
shows a large increase in the radial applied stress and the axial
applied stress while the matrix suction was maintained st 900kPa.
These changes are shown by AB in Fig.10.7. The void ratio was
maintained within +.0040 and -.0001 of the initial value. The
former was due to the loss of vertical stress noted in section
10.3. After the technique was changed, the void ratio was
maintained within +.0008 and -.0001 of the initial value. The
vertical movement was measured with a dial gauge graduated ti
0.0001 inches.

Decreasing the suction in stages 2 to 6 resulted in first an
increase and then a decresase of the axial and radial applied
stresses, as shown by BCDEF6 in Fig.10.7a & b. The void ratio was
maintained within +/-.0005 until stage 5. It proved more
difficult to maintain the sample thickness when the vertical
stress had to be decreased to prevent "collapse" or compression
due to decreasing suction. The void ratio in stage S5 varied by +0
to —-.0011, and in stage 6 by-.0001 to -.0022.

The swelling after attaining zero suction is shown by GHIJK.
It is thought that the radial stress at point K may be excessively
high due to friction between the sample and the cell wall.

10.4.1.5 Test SPOD6

The consolidation curve from this test is shown in Fig.10.8.
The stress path, shown in the lower half of the figure indicates a
curved Ko stress path along DEFPR. It was thought that the
friction between the sample and the cell could be excessive, and
the vertical stress was thus removed along FGHIJKL. The base plate
was then removed and an axial stress applied. The sample started
to move under an axial stress of 2kPa. The radial stress was 30kPa
while this was done, indicating that there was very 1little
friction between the cell and the sample.

10.4.1.6 Test SPO7

Stage 1 of this test was required for comparison with stage 1
of test SPO1. The stress and void ratio changes for this stage are
shown by AB in Fig.10.9, and correspond quite adequately with
those in test SPO1. BCDE shows the void ratio and stress changes
due to an increasing axial stress. The test has not been completed
and will be continued in future research.
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10.5 DISCUSSION OF TEST RESULTS

10.5.1 SWELLING
10.5.1.1 Solute suction

Tests SPO1, SPO3 and SP0O4 allowed the samples to swell under
constant axial applied stress. Most noticeable in the data is the
increase in radial stress in test SPO1 during the first stage
where the matrix suction was almost equal to the previously
measured value. This is evident in the plotted stresses as the
decrease to a greater negative value in the deviatoric stress and
the increase in the mean applied stress along AB in Fig.10.4(b)
and (c). Coupled with this increase in the applied mean stress and
nominally unchanged matrix suction is a large increase in the void
ratio.

In terms of conventional so0il mechanics this is unacceptable,
and caused some concern about the measured suction and the
experimental equipment. The investigations into the measurement of
suction were described in Chapter 8, and indicate that the
measured matrix suction is correct. It was known from the salt
content measurements reported in Chapter S5 that the soil has a
high salt content, and this test apparatus is not capable of
controlling or measuring the solute or total suction.

It is possible to make a qualitative investigation of salt
diffusion into the back pressure system by measuring the

Egggﬁgttivity ar resistance of the water in this system. The water
was initially distilled water, with a very high resistance or low
conductivity. An increase of the salt content of the water will be
reflected as a decrease in the resistance of the water. Water
conductivity is usually measured in a standard cell with two
electrodes of standard size at a standard distance apart. This
could not easily be incorporated into the oedometer system, but
qualitative measurements could be made using the nylon tubing of
the back pressure system as a measurement cell.

On opposite sides of the base plate are nylon drainage lines
leading to the. air traps. The resistance of the water within
these tubes was measured by connecting an electrical test ameter to
the brass couplings at each end of the tube, which serve as the
electrodes. Since the tubes on each side of the base are of
different lengths, the resistances for identical fluids within the
tubes will be different.

Measurements were made during the flushing process whereby the
air bubbles were removed. Flushing was done daily, but resistance
measurements were made less often. The resistance at the start of
the flushing was high and reflects the low salt content of the
bulk volume of water in the back pressure system. As the water
which had been in contact with the ceramic was displaced from the



239

base and flowed into the drainage lines a wmarked drop in the
resistance was aobserved. Data from Tests SP0O1 and SPO3 are plotted
in Fig.10.12 and 10.13, respectively. The data should be
interpreted qualitatively. It is of interest to note that the
diffusion of salt out of the sample in test SPO3 occurred against
a flow of water into the sample due to the change in wmatrix
suction.

The low resistance measured during flushing is indicative of
the salt content in the soil water. In some instances the flushing
was not done for one or two days, without causing a marked change
in the resistance during flushing. This suggests that salts in the
water beneath the ceramic were in equilibrium with the salts in
the soil water after one day.

As the flushing continued, on any particular day, the
resistance began to rise again after the water which had been
beneath the ceramic was replaced with water which had been in the
tubes and bubble trap on the upstream side if the base. The final
resistance was similar to the initial resistance.

It can be seen, from Fig. 10.12 and Fig.10.13, that the
resistance of the bulk water approached the resistance of the
water from beneath the ceramic, but that complete equalisation had
not been achieved after the 40 day period of these stages.
However, the top graphs in these figures show that the rate of
change of void ratio had become small. Some further swelling would
have taken place had the stages been continued, but this would
have been small compared to the changes that had already taken
place. A further 40 days in test SPO3 would have caused a change
in void ratio of about 0.0046, or about 5% of the change in this
stage.

The resistance changes show clearly that a large amount of
salt was diffusing out of the soil water into the back pressure
system. Since the stress and matrix suction changes are
inconsistent with swelling, it is concluded that the change in
solute suction due to the diffusion of salts out of the soil water
is the cause of the swell observed during this stage.

After the large solute suction changes in the first stages
there would have been much less change in the solute suction
during the subsequent stages. Resistances were measured during the
remainder of test SPO1 and showed no variation during the flushing
process after stage 3. Whatever effects there may have been could
not be distinguished from the effects of wmatrix suction and
applied stress. However, as noted above, the rate of change of
void ratio at the end of the 900kPa suction stage was small, and
the effect of the solute suction change would have been very much
smaller than the effect of the matrix suction changes.

10.5.1.2 Volume Change

The rate of increase in void ratio increases slightly with
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decreasing suction after the first stage of test SPO1. There is no
increase visible in Fig.10.4c in the rate of increase of void
ratio with decreasing suction and mean stress in the final stage
to zero suction, FG6, where water was supplied both through the
ceramic and through the top tube which had previously supplied the
air. This indicates that the swelling stages had been long enough
for dissipation of the excess suction in each stage.

Rates of axial strain are shown in 7 per day in Figs.10.14 to
10.17 for tests SPD1, SPD3, SPD4 and 6PO7. The rate of strain in
the first stage is higher than those in the later stages for tests
SPO1 and SP03. These are the stages where swell is due to the
solute suction change, and are thus not directly comparable with
the later stages. In the remaining stages of test SP01, there is a
consistent increase in the rate of strain with decreasing suction.
There is considerable scatter in the data, but the trend lines
have been drawn in an attempt to fit a best curve by eye through
the data for each stage. The increasing rates of strain with
decreasing suction in stages 2,3 and 4 of test SP0O1 are
consistent with the observed increase in the rate of swell with
decreasing suction.

All of the tests show a decrease in the rate of strain to a
small value, but do not appear to indicate a terminating or zero
rate of strain. Highly plastic soils are known to creep or exhibit
secondary consolidation in the saturated state, and it is evident
that this phenomenon occurs in the unsaturated state as well. The
rate of apparent creep is in the range 0.01 to 0.02%Z per day at
the end of the test stages. This would not bave a significant
effect on the observed void ratio changes.

The rate of suction change appears to have a more marked
effect than the creep on the magnitude of the change in void ratio
for complete dissipation of the suction. As noted in Schreiner
(1987f), the swell or vertical strain in the long duration test,
(SPO1), is less than that in the short duration test, (SPO3), in
the Stress Path Oedometer. This can be supplemented by an
interpolated swell value from the standard oedometer test data,
‘reported in Chapter 7, which were obtained for different values of
vertical applied stress. The swell to zero suction is shown in
Fig.10.18 against the total test duration. The cause of this
decrease in swell with test duration is not known, but could be
due to particle reorientation or creep occurring at the samt time
as the swell. Continued compression or ageing is known in
saturated soils, and could be more marked for highly structured
compacted soils.

10.5.1.3 Stress Changes
As noted on Fig.10.1, the radial stress change expected during

swelling in an oedometer is an increase as the suction is
decreased. This can be deduced from the need to prevent the
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sample from expanding radially. In a saturated soil this increase
will continue until some limiting condition such as shear failure
is reached. This is what was expected from the unsaturated
samples.

This appears to be what has happened in tests SP01, SPO3 and
SPO4 during the swelling stages. In the first stage of test SPO1
there was a large increase in the radial applied stress. This was
continued in the second stage but to a lesser extent, but
thereafter the radial applied stress decreased. The limiting
condition could be either a general shear failure condition, but
this would need a very small contribution to the strength from the
suction, or a local shear failure condition. The latter can be
envisaged as shear within the soil clusters or aggregations near
the contact zones as depicted in Fig.10.19.

The final stress state in both SPO1 an SP0O3 after reaching
zero suction is similar to the passive limiting condition for a
saturated soil. The radial effective stress is larger than the
vertical effective stress by a factor of about 2 to 3, with the
higher value from the slower test. This value was also obtained
after the consolidation and rebound stages in test SPO1. The lower
value in test SPO3 may be linked with the shorter test duration
and greater magnitude of swell. Similar magnitudes of stress ratio
were obtained in test SPO&6 during rebound at similar vertical
stress values. However, these values may be somewhat suspect due
to the friction on the wall of the oedometer.

The friction would in effect add to the vertical stress during
swelling. When the vertical stress is large, this error will be
small. However, as the vertical stress decreases the error will
become more significant. This is evident in test SP0O6 at zero
vertical stress where the radial stress remained at 100kPa.
Extrusion of the sample required a vertical stress of 30kPa, which
would give a stress ratio of 3.3 which is not wholly unreasonable.
The stress ratio for zero vertical stress is unreasonable. It is
thought that the data presented by Komornik & Zeitlen (1965) for
swell under small vertical stresses may be incorrect for the same
reason. They report stress ratios up to about 12 at vertical
stresses of about SkPa.

10.5.2 CONSTANT VOLUME

Test SP0OS followed the suction and stress change sequence for
a constant volume wetting test followed by decreasing vertical
effective stress as shown in Fig.10.7. It was expected from
consideration of saturated soil mechanics that the radial and
vertical applied stresses would increase as the suction decreased.
However, both the axial and the radial applied stresses increased
initially and then decreased. The maximum axial applied stress was
355kPa, and the maximum radial applied stress was 416kPa. This
cannot be due to a general shear failure condition, as the
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deviatoric stress from stage 4 onwards is almost zero, but the
axial stress decreased from 355 to 240kPa and the radial stress
decreased from 387 to 258kPa in stages S5 & 6. It must be concluded
that local shear or particle reorientation is causing the decrease
in applied stress. This has been used to describe the collapse
process for solid particles with clay bridges by Burland (1965),
but needs some modification for the soil in question.

In this soil there is not sufficient sand and silt for the
structure to be of the form described by Burland. The clay will be
the major constituent, and will not be found only at sand and silt
grain contacts. However, considering the structural descriptions
of compacted clays given by Zein (1985) and discussed in section
2.2.3, the arguments can be adapted.

For soils compacted dry of optimum, the structure will be at
least partially of the clustered type. These clusters possess a
shear strength dependent in large part on the suction in the water
within them. During compaction they will be deformed until the
contact zones can support the 1local stresses due to the 1MPa
compaction stress (Fig.10.20a).

On allowing the suction to decrease by a small amount and the
s0il to swell, the strength of the so0il in the contact zone will
also decrease. However, the stress in the contact 2zone is less
than that due to the compaction stress (Fig.10.20b), and the
clusters will thus not deform significantly in shear. Swelling of
the clusters will take place under the applied stresses without
any rearrangement of the clusters. As the suction, and thus the
strength of the contact zones, is decreased, the reserve of shear
strength in the contact zones will be reduced, until the stress in
the contact zone becomes equal to the strength (Fig.10.20c).

Further reduction in the suction will reduce the strength of
the s0il in the contact zone below the current stress, and
distortion or shear must ensue to give a larger contact zone and a
lower contact stress. This restores the balance between the
applied stress and the strength of the soil in the contact zone
(Fig.10.20d).

10.5.3 SHRINKAGE

The effect of increasing the suction was investigated in test
SPO4 after swelling to 175kPa suction had taken place. The data
can be seen in Fig.10.46. During the first stage, to 275kPa
suction, the sample continued to swell, probably because the creep
swell rate exceeded the shrinkage rate. This was reversed in the
next stage which saw the start of shrinkage.

The rate of shrinkage with regard to suction change continued
to increase and between 475 and 625kPa was approximately two
thirds of the rate of swell in test SPO!1 in the same suction
range. Since the radial applied stress was decreasing during this
part of the test, it may be more appropriate to consider the



243

change in mean applied stress as well as the change in suction.
This brings the comparison between the rate of swell in test SPO1
and shrinkage in test SP0O4 closer. The rate of change of void
ratio in test SPO1 was 93%10~® per kPa, while the rate in test
SPO4 was 80%#107* per kPa. This reversabilty of the swelling and
shrinkage suggests that over these relatively small suction
changes the processes are reversible. Structural changes are not
expected under the isotropic suction increases, which would serve
to increase the strength in the contact zones. This was also
evident when the suction in test SP0O4 was once more decreased to
175kPa as shown by the small difference between DEF and FG in
Fig.10.6.

The shrinkage was not continued past 625kPa suction because
the radial applied stress would have become zero, and the sample
would have separated from the oedometer wall. Although the stress
state would still have been defined, the volume change would no
longer have been defined by the vertical strain.

10.5.4 COMPRESSION

Compression stages were undertaken in tests SP0O1, SP04, SPO6
and SP07. The loading in test SPO1 was done after attaining zero
suction. Figure 10.4 shows that the sample compressed more per kPa
of applied stress than it swelled due to the combined effects of
suction and applied stress changes. Although this could be
analysed purely in terms of the factor "chi” to determine the
equivalent effective stresses resulting from the suction, it is
thought that this is not helpful in understanding the response of
the soil to the applied stress.

There has been considerable discussion above regarding the
structure of the soil and shear in the contact zone. Once again we
must turn to the observations of Zein (1985), who found that the
clustered structure was only partially converted to a preferred
parallelism structure under low applied stresses in swell under
load tests. However, in swell pressure tests he noted that the
preferred parallelism structure was developed. 1t is thus
reasonable to argue that the greater compressibility of the sample
in test SPO1 is due to the structural changes which occur
progressively as the stress increases and modify the structure
from clustered to preferred parallel.

Further support for this is available by comparing the
compression stage of SPO1 with the data of test SP06, as shown in
Fig. 10.21. The compression stage of test SPO1 plots as a stongly
concave upward line but is below the "virgin® compression line in
test SPD6. Since it lies below the virgin compression 1line, the
soil should be overconsolidated, and the recompression line should
then be concave down as is the case for the reloading part of test
SPO6 at a mean stress below 100kPa as shown in Fig.10.8. Since the
compression curve for test SPO1 is concave upward, there must some
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structural difference between the samples.

it is postulated, but cannot be demonstrated within the data
gathered in this project, that the clusters behave as
overconsolidated soil, and that the compressibility of the whole
sample is due to the clusters being deformed into the macro-voids
between the clusters. The void ratio of the clusters will be less
than the void ratio of the whole sample, and may be reflected by
the point at which the extrapolated compression line from the test
SPO1 approaches the extrapolated virgin compression line at point
A" in Fig.10.21.

The void ratio and stress changes that occurred with time
during the compression stages in test SPO1 are shown in Fig.10.22,
and the stress path for this stage of the test are plotted in
Fig.10.23. Fig.10.22a shows the changes in void ratio against the
square-root of time, and Fig.10.22b shows the radial stress
against the same horizontal axis. It had been expected that the
total radial stress would decrease during each increment of axial
stress as the excess pore water pressure dissipated, and would
then remain constant. However, in Fig.10.22 it is particularly
evident in stages 8 & 9 that the radial total stress first
decreases and then increases.

The stress path depicted in Fig.10.23 shows the inferred end
of primary consolidation stress state at the points labelled “A".
The increase in the radial stress with time causes an increase in
the mean stress and a decrease in the deviator stress along a line
of constant axial stress to points "B". The duration of the stages
varied, and points are plotted along the AB 1lines at varios
arbitrary intervals of time. Stages 11 & 12 did not show
significant changes in the radial stress with time and points A
and B are coincident. The unloading stages did not show
significant time dependent stress changes after the inferred end
of primary swelling.

Since the back pressure system was by this stage of the test
far from deaired, no pore water pressure measurements were made.
However, compression-root time curves for this test and test SP06
shown in Fig.10.22 indicate that primary consolidation is complete
within 1 day. Test SP0O6 did not show the same increase in radial
stress, now an effective stress since consolidation was complete,
after the initial decrease in total stress as the pore water
pressure decreased.

The difference between the radial stress responses in tests
SPO1 and SPO& is believed to reflect the different soil structures
in the two samples. The sample in test SP0O6 was prepared as a
slurry and is expected to have an essentially homogeneous
structure in which all particles are in equilibrium with their
adjacent particles. The sample in test SP0O1 has not been subjected
to large compressive strains, and 1little change in structure will
have occurred. The soil will be non-homogeneous, and there will be
mocro-voids between groups or clusters of particles. The time
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dependent stress changes are thought to be due to creep or viscous
movement of particles 1leading to a modification of the structure
to a more homogeneous structure. This "flow" within the sample
would be consistent with the observed change with time of the
stress state toward the isotropic state.

Compression stages were also undertaken in tests SP04 and SPO7
at suctions of 175kPa and 900kPa. The results of these and the
compression stages of tests SPO1 and SPO&6 are shown in Fig.10.24.
The lower part of the figure shows the void ratio changes in terms
of the mean applied stress and the mean applied stress plus the
suction. The upper part of the figure shows the coefficient of
compressibility, calculated in terms of the vertical applied
stress, plotted against the same horizontal axes. Test SP0&4, on a
normally consolidated sample, shows a much higher compressibility
than the other tests. The effect of compression at non-zero
suction is demonstrated in both tests 6SP04 and SPO7. Both show
very stiff responses, but test SP04, at the lower suction, shows a
greater increase in the compressibility above 150kPa vertical
stress than does test SPO7.

10.5.5 COLLAPSE

The final stage of test SP0O4 was a decrease to zero suction
under a vertical applied stress of 200kPa. This stage was somewhat
uncontrolled in that the suction decrease was caused by leakage of
the loading membrane and complete loss of the suction took place
within about 12 hours. Since this happened at night, no readings
were taken, and only the end point is known. As shown in Fig.10.6,
this penultimate stage involved a 1large decrease in the sample
void ratio due to the decrease in the suction. This is generally
described as collapse, and was investigated by Maswoswe (1985%) for
a low plasticity soil.

The collapse in this part of the test was not unexpected
because the vertical applied stress had been increased after the
first swelling stage. The so0il in the contact 2zones of the
clusters was thus stressed to a higher state than it had been
after the swelling, and the decrease in strength due to the
reduction in suction could be expected to lead to collapse. It
does serve however to confirm that a “collapsible" structure did
exist in these samples, and justifies further the arguments used
regarding the stress decreas as the suction decreased in tests
SPO1 and SPOS.

It was noted above that it was thought that collapse potential
could be identified from the field void ratio and stress state
compared with the remoulded or virgin compression line. The data
presented above is in conflict with this.

Fig.10.8 showed that the compacted states of the samples,
plotted in total stress terms, fall below the virgin compression
line. This should, according to Burland (1985) indicate that
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collapse cannot occur. However, collapse has occurred in test SP0O4
without crossing the virgin compression line to the zone in which
collapse could be expected.

It appears from the arguments above on the compression stage
of test SPO1 that the clusters continue to behave as
overconsolidated soil elements during and after swelling to zero
suction, and thus the soil remains below the virgin compression
line.

The use of the normally consolidated line or the destructured
s0il compression line does not appear to be reliable for all
soils.

10.6 REVIEW OF STANDARD TEST PROCEDURES

One of the applications of the test results described in this
chapter is the ability to compare the stress paths during the
different standard swelling tests. These were described briefly in
section 2.3.1 above.

Test SPO1 follows the Holtz & Gibbs (1956) swell under load
sequence up to the end of stage 6. At this point the suction had
been reduced to zero and the vertical applied stress had been
maintained at SOkPa. Thereafter the vertical stress was increased
as it would be in a Jennings et al (1973) "single oedometer"
test. Test SPOS followed the sequence of suction and stress
changes for the Sullivan & McClelland (19269) swell pressure then
rebound type of test.

As noted in Schreiner (1987e) and Schreiner & Burland (1987)
which is included as Appendix 10.A1, test SPO1 can be used to
describe both the swell under 1load test and the swell then
consolidate or single oedometer test. For the former, the stress
path is simply that observed in stages 1 to 6, AB in Fig.10.25 and
the final stress state has the radial stress much greater that the
vertical stress.

If the axial applied stress during swelling in test SPO1 had
been 1kPa, then the radial stress after swelling would have been
about 3kPa to correspond to the passive 1limiting condition at C.
The consolidation stress path that would be followed during
consolidation is represented by CD in Fig.10.25. At the same
vertical stress used in the swell under 1load test, the stress
state in the swell then consolidate test is seen to be similar to
the normally consolidated stress state, with the axial stress
greater than the radial stress. The stress paths followed by these
two test procedures, and the final stress states can be seen to be
different. For the compacted soil used in this project, the effect
of the stress path is likely to be of considerable significance,
particularly due to the irreversible structural changes that can
occur.

The stress path followed in the constant volume then rebound
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test, SPOS, can be seen from AEF in Fig,10.25 to differ from both
the above stress paths, although the final stress state at F is
similar to that for the swell under load test at B. Here again the
effect of the stress path on the structured soil is likely to
affect the final void ratio as compared with the swell under load
test.

Fredlund et al (1980) and Sullivan & McClelland (1969)
proposed that swelling due to a decrease in suction could be
determined from the constant volume soaking then rebound test.
This avoids the need to determine or control the suction. However,
no test data was provided to justify this proposal. The above
arguments and test data can be used to examine this approach.

The test procedure used by Sullivan & McClelland (1969) is the
same as that of test SPOS in that the rebound was done at the end
of the swell pressure stage. The test procedure which Fredlund et
al (1980) propose differs slightly from that used in test SPOS.
Their procedure is similar to that proposed by Burland (1962) for
the double oedometer test in that the rebound curve is taken from
a high vertical stress. They recommend that the vertical stress is
increased to 1700kPa after the constant volume stage before the
sample is unloaded in stages. This rebound curve is then
transferred to the end of the constant volume stage corrected for
sample disturbance.

Swelling to zero suction using the Fredlund et al (1980)
technique is estimated from this rebound curve for the appropriate
value of vertical stress as shown in Fig.10.26. The rebound curve
obtained in this way cannot reasonably be argued to be steeper
than that obtained without the 1loading to 1700kPa. However,
considering the data plotted in Fig.10.27 for tests SPO1 and SPOS
on the same axes as Fig.10.26 and adjusted to a common initial
void ratio, it can be seen that the swell in test SPOS was about
1710th of that in test SPO1.

Thus it is readily apparent that neither Fredlund et al’s
(1980) method nor Sullivan & McClelland‘s (1969) method is
applicable to compacted soil. The claim that the two stress paths
are equivalent does not hold. This does not demonstrate that
either is inapplicable to undisturbed soil profiles where the soil
structure is stable.

For a soil with a stable structure, which would be expected
from an "undisturbed" natural sample or a natural soil in situ,
the above arguments regarding the structure may not be valid. In
this case the stress path will be of lesser importance, and the
swell under load test and the constant volume then rebound test
may well give similar results because the final stress states are
similar. The swell then consolidate test will still give different
results at the same axial stress because the final stress state
will be different.

10.7 CONCLUSIONS
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10.7.1 STRESS PATHS IN STANDARD TEST PROCEDURES

During the literature review for this investigation, reported
in Schreiner (1987a) and Chapter 4, it was found that no data
existed which defined fully the stress state during swelling of
unsaturated samples. Various claims have been made by various
authors as noted in section 2.2.2 regarding the influence of the
stress path on the final volume change, although the stress paths
had not been defined.

Some stress paths have now been ohserved for a particular set
of test conditions and for one soil type. Several conclusions have
been reached regarding the standard oedometer test procedures
described in section 2.3. It must be noted that these conclusions
are only applicable to compacted samples.

Firstly, it has been shown that the radial applied stress in
both the Sullivan & McClelland (1969) procedure and in the Holtz &
Gibbs (1936) procedure increases initially, and then decreases as
the suction is reduced further.

Secondly, the stress states at the end of these two tst
procedures, i.e. after unloading to SOkPa in the former and after
swelling under SOkPa in the 1latter, are similar and that the
radial stress is greater than the axial stress. However, for the
samples tested, which were compacted at a moisture content dry of
the optimum moisture content, the final void ratios were
different. These two test procedures are therefore not equivalent
for compacted samples, even though the final strss states are
similar.

Thirdly, the stress path for the Jennings et al (1973) test
procedure can be deduced from test SPO1. This demonstrates that
the stress path and the final stress state for this procedure
differ from those of the Sullivan & McClelland (1969) and the
Holtz & Gibbs (1956) procedures. The three test procedures are all
significantly different from each other in stress path.

Since the stress paths have been shown for two of these test
procedures to have a significant effect on the change in void
ratio for the compacted samples, the standard procedures should
not be applied to compacted soils. Consideration should be given
to the stress and suction changes that are expected in the field,
and the test in the laboratory should attempt to simulate these
changes.

10.7.2 SWELL AND COLLAPSE

Both swell and collapse have been observed in the same sample.
The effect of the collapse mechanism was seen in test SP0O4 as a
decrease in the void ratio on decreasing the suction to zero in
stage 12. This is the type of test result commonly associated with
collapse. It has also been seen in the stress path oedometer test
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as a decrease in the axial and radial applied stresses in the
constant volume stages of test SPOS during decreasing matrix
suction.

The final void ratio and mean stress were found to lie below
the virgin compression line obtained in test SP0O&6. This is in
conflict with the observations of Maswoswe (1985) and Burland
(1985) that collapse endson or near the soaked compression line.

10.7.3 SOLUTE SUCTION

The change in solute suction was observed qualitatively in two
tests, SP0O1 and SP0O3, by measurement of the resistance of the
water in the back pressure system. Associated with the inferred
decrease in solute suction due to the movement of dissolved salts
from the soil to the water in the back pressure system was an
increase in the radial applied stress and the void ratio. This has
demonstrated that the solute suction cannot be ignored in volume
change testing of expansive soils. Possibly more importantly, it
confirms that the capillary model, which is insensitive to
dissolved salts, is not an appropriate model for the swelling of
highly plastic clays. Swelling can only be studied in terms of the
physico—chemical models of clay-water interaction.
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APPENDIX 10A.1

Stress Paths during Swelling of Compacted Soils under.
Controlled Suction

H.D. Schreiner J.B. Burland

Research Assistant Professor

Imperial College of Science and Technology
London, United Kingdom

Synopsis

The vast majority of volume change testing of expansive so0i1ls has been
performed under one-~-dimensional conditions with no knowlege of the lateral
stress or suction. Some data is available with lateral stress measurement, and
a small amount is available with suction measurement. The only data which has
been found for vertical swelling or constant volume wetting with both lateral
stress and suction measurement i1s for isotropic conditions.

An oedometer has been developed which has a load cell 1n the wall to measure
the lateral stress and a small pored ceramic i1n the base to permit the use of
elevated pore air pressure to give suctions up to 1500LPa. Data 1s presented
showing the full stress state during swelling under constant vertical applied

total stress.

footing, by one dimensional compression, with

Introduction control of only the vertical stress, as the
horizontal stress is dependent on the vertical
Many forms of oedometer have been developed stress.
for testing samples under controlled suction.
The earliest record that the author has found The tests performed in expansive soil testing
is Rengmark and Erikson (195%), whose cover a wider range of stress paths than the
hydraulic cedometer could be used with tests for settlement of saturated soils. Three
suctions up to the cavitation stress of water. torms of test are used in order to estimate
Subsequent oedometers have improved the the “potential swell”. The single oedometer
suction control, and high suctions can be method (Jennings et al 1973) permits swell
established with ei1ther elevated pore arir under a low vertical stress, followed by a

a fine pored ceramc, or with a conventional compression test. The test
usually taken to be representative of the
field stress path allows swelling under the
expected field vertical stress. The third test

pressure and
sem1-permeable membrane and a solution of

polyethylene glycol 1n water.

Oedometers have also been developed for the type employs soaking at constant ., volume
measurement of lateral stress. Ofer and followed by reduction of the vertical stress
Komornik (1983%) describe two which use strain {Sullivan & McClelland 1969). It is implicitly

gauges on the sample ring. There 1s also an assumed 1n these tests that it is only the
oedometer commercially available 1n the USA vertical stress that governs the amount of
which has a fluid filled chamber behind a thin swell that will occur, and furthermore that
sample ring and a pressure transducer to the vertical stress defines the stress state
measure the pressure in this chamber. 1n the soi1l, regardless of the 1loading
sequence.
No record has been found of an oedometer that
combines lateral stress measurement with Several Authors have commented on the
suction control. influence of the “stress path"” on the volume
change (e.g. Justo et al 1984, Alonso et al
1987, Brackley 1975). However, these comments
are based on test data from the above types of
Qedometer Test Procedures tests, in which only the vertical stress is
known., Since the horizontal stress is not
Lnown, it 15 not 1n fact possible to describe

In the study of saturated soils in normal the stress paths i1n these tests, and it is
engineering conditions where the relevant also not reasonable to claim that the final
stress change is an increase, there may be stress states are equal. Some of the
little practical need for a knowledge of both non-equivalence of the volume changes will be
vertical and lateral stresses in oedometer due to the different stress states that result
tests. This is 1n a large part due to the tfrom the different loading sequences used in
unique ratio between lateral and vertical the tests.

stresses for any one soil when normally

consolidated, but also due to the attempt in Dakshanamurthy (1979) has shown the dependence
the laboratory testing to simulate the field of volumetric strain on the mean stress in a
stress path. Since the stress change is series of constant stress tests in a triaxial
generally an increase, this can be reasonably cell in which the suction was decreased to
modelled, beneath the centre-line of a zero in a single stage. Although these are
61th International Conference on £ xpansive Soils 155
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somewhat different tests from the oedometer
tests in which there is zero lateral strain,
it is interesting to look at the vertical
strains observed under equal vertical stresses
but for different stress ratios, as shown in
Table 1.

Vert Horiz Stress Mean Vert Vol
Stress Stress Ratio Stress Strain Strain

kPa kPa kPa

200 200 1 200 3.5 0.5
200 100 2 133 1.5 4.5
200 &7 3 111 -1.0 7.3

Table 1. Influence of Stress State on
Swelling

The vertical strains can be seen to te
unrelated to the vertical stresses, as are the

volumetric strains. The data even shows
"collapse” under the same vertical stress that
permits swell. In the oedometer tests

described above, the vertical stresses are not
constant throughout the test, and the
influence of mean stress or lateral stress
will not be as simple to assess. However, the
importance of the lateral stress and the full
stress state are clearly evident. An oedometer
has been developed which, it is hoped, will
help to unravel some of the complexities of
the real stress paths during the various forms
of oedometer tests used for swell testing.

Agparatus and Test Procedure

The oedometer is derived from the hydraulic
suction plate oedometer of Rengmark & Erikson
(1933), the Hydraulic oedometer (Rowe & Barden
1966) and the pressure plate system in common
use in s0il science. The base plate of the
oedometer has a 15Sbar porous ceramic disc
recessed into it with drainage channels cut
into the stainless steel beneath the disc. The
sample ring is a thickwall cylinder of 100mm
internal diameter and has a 15am diameter load
cell penetrating radially through the wall.
The face of the load cell was machined with
the bore of the cylinder. Air pressure applied
within the sample establishes a suction
gradient across the porous ceramic. Vertical
stress is applied in essentially the same
manner as in the Rowe type oedometer, using
hydraulic pressure within a rubber bag which
is clamped between the top cap and the sample
ring.

Bulk samples of the so0il were prepared at the
chosen moisture content after air drying and
pulverising to pass a 2mm sieve. A greased
rubber membrane is placed within the oedometer
cylinder and the loose soil placed and lightly
tamped within this membrane. The top cap with
the hydraulic loading membrane in place is
assembled onto the sample ring and the so0il is
compacted under a 1MPa hydraulic stress. A é6mm
thick steel disc between the hydraulic
membrane and the so0il during compaction
ensures that the top surface of the soil
remains Tflat. The compacted density obtained
at the 35%Z moisture content used corresponds
to about 97Z of the BS standard maximum dry
density reported by Mutonyi (1973) for the
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Fig. 1. Swelling During Stage 1

same soil. After compaction the air pressure
within the sample is raised to establish a
suction gradient across the porous ceramic
equal to the previously measured matrix
suction, in this case 900kPa.

In the test described here, the sample was
subjected to a vertical total stress of S0kPa
above the air pressure within the sample
throughout the swelling stages. The matrix
suction gradient of 900kPa was maintained in
stage 1 until the diffusion of salts through
the porous ceramic had effectively ceased.
This was monitored by measuring the electrical
resistance of the water which was flushed back
and forth beneath the ceramic. The void ratio,
lateral stress and electrical, resistance
changes during this stage are shown in Fig.1.
The stress is referenced to atmospheric air
pressure within the sample; i.e. the actual
air pressure is subtracted from the lateral
total stress. This is achieved in the
oedometer by applying the same air pressure
within the sample and behind the load cell
piston. The load cell is thus unaffected by
the air pressure.

In the subsequent four stages the air pressure
was decreased in 200kPa steps and the vertical
deformation and lateral stress measured. The
sixth stage decreased the air pressure to
10kPa, followed by soaking of the sample under
a small back pressure. The data are shown in
Fig. 2. The 100kPa stage was terminated
prematurely, due to leakage of the hydraulic
loading bag.
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After completion of the swelling stages, the
sample was subjected to a conventional
oedometer compression test.

Test Results

The swelling stages of this test constitute a
“swell-under load” test. With the inclusion of
the compression stages, it can alspo be used as
a “swell -pressure” test of the' type
recomaended by Chen (1973).

The void ratio changes for the decreasing
suction stages are shown on Fig.3.
Approximately one third of the swell took
place in the first stage of the test, at a
matrix suction equal to the initial matrix
suction.. During this stage the solute suction
was changing due to diffusion of salts through
the porous ceramic, and the volume change must
thus be due to the decrease in solute suction.
The salt content of the soil is given in a
companion paper (Schreiner 1987), together
with the classification data. Thersafter the
void ratio increased due to matrix suction
changes, caused by the decrease in the air
pressure within the sample, with the solute
suction effectively constant. It can be seen
that the rate of swell increases slightly as
the suction decreases. The amount of swell
compares fovourably with the swell
interpolated from the swell under load data
from Schreiner (1987), for standard ocedometer
swell tests. As noted by Justo et al (1984),

oy Controlled Suction ]
hbdays swell
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-] N '
-1 d N 4
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| Standard Dedometer bR |
24 hor swell N
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o \ -
\
\
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Fig. 3. Comparison with fast swell test

the swell in the controlled suction test was
slightly less than that in the standard
oedometer test.

The stress path followed by . the sample during
the swelling stages is shown in Fig.4. Two of
the axes used correspond to the usual
effective or total stress axes of mean normal
stress and the deviator stress. Below the mean
stress/suction plane, the vertical axis
depicts the deviator stress, while above the
sean stress/suction plane it depicts the void
ratio. The suction axis shows the suction
established by the elevated air pressure
within the sample, and does not include the
solute suction. As a result the large stress
and volume changes that occur due to the
solute suction decrease are represented at the
same matrix suction value.

The maximum lateral total stress is attained
after the solute suction has decreased and the
matrix suction has been decreased to 700kPa.
Thereafter the lateral total stress decreases
at an accelerating rate, as shown in Fig.S5. A
marked change in rate of decrease occurs at
about 100kPa suction, possibly indicating that
the stress path has reached a lisiting
surface. In a saturated soil in which the pore
water pressure was increased, this would occur
when the stress path met the failure envelope.

At suctions below 700kPa, the mean total
stress is decreasing. According to the data
given by Dakshanasurthy (1979), this should
lwad to an increase in the volumetric strain.
It is thus difficult to separate the effects
of suction and stress froa this single stress

path.
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Discussion

Fig.46 shows the same stress path with the
compression stages added, and depicted on a
two axis plot. Point "A" represents the stress
state during the compression stages at the
same void ratio at which the test coaaenced,
which corresponds to the swell pressure
proposed by Chen (1973). This can be seen to
lie close to that part of the compression
stress path which lies on a straight line
passing through the origin. The lateral to
vertical stress ratio along such a line is
constant, and for the case of zero lateral
strain this ratio is called Ko. Looking also
at Fig.7, the e-log(vertical stress) curve
has, at the void ratio equal to the initial
void ratio, become a straight line. These two
observations suggest that the soil is in a
state similar to normal consolidation. True
normal consolidation is generally taken to be
from a slurried state, and could result in a
-mlightly different stress-void ratio curve.
However, this provides a possible explanation
as to why the Chen type swell pressure is a
*unique® stress for a given soil: It is simply
the vertical stress which would be found from
the virgin consolidation line for a void ratio
equal to the idnitial void ratio. This will
become less true as the amsount of swell
decreases, and the final state becomses closer
to the curved part of the e-log(vertical
stress) curve. There is some support for this
in the data presented by Chen (1973), both for
high vertical stress during swell, and for
high fnitial soisture contents.
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Similar reasoning may be applied to the single
oedometer and the swell under load tests. The
stress state from this swell under load test
is represented by point "B" on Fig.6. The
lateral stress is about 3 times the vertical
stress, which corresponds to a passive
pressure condition. The =mean stress in the
s0il at the end-of the swelling was 129kFa. If
the soil had been allowed to swell under a
small vertical stress, - and then loaded to a
vertical stress of S0kPa, the stress state
would be closer to the virgin compression
condition, shown by the dotted Ko line in Fig.
&, with the lateral stress equal to about 0.6
of the vertical stress. The mean stress would
then be 37kPa, or less than one third of the
mean stress in the swell under load test.
Again referring to Dakshanamurthy’'s data, the
ratio of volumetric swel]l for these wsean
stresses is about 4 for the particular soil
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STRESS (kPa) could lead to lateral strains in the subgrade
. 50 00 S00 which are too great for the base or sub-base,
N and cracks may result. Tests are planned in a
triaxial stress path cell to study the effects
of lateral stress-strain relationships on the
vertical and lateral strains.
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CHAPTER 11

STRESS PATH TRIAXIAL TESTS

11.1 INTRODUCTION

Strength testing was undertaken using a computer controlled
Bishop and Wesley (1975) stress path cell. The development of the
computer software and hardware was done by others. It was expected
that the development would be completed about midway through this
project, permitting a series of tests to be performed. Various
delays caused completion to be later than planned and only one
test has been carried out.

Although 1little progress can be made in the understanding of
the strength of unsaturated soil from one test, the data is of use
for comparison with the Stress Path Oedometer data and for
investigation of some of the test procedures.

11.2 EQUIPMENT

The basic 38mm sample diameter stress path cell was modified
for suction control and volume change measurement. The basic
requirement for testing of unsaturated soil is, as for the Stress
Path Oedometer, the use of elevated pore air pressure with
saturated fine pored ceramic plates. In addition, measurement of
volume change cannot be made from the water flow out of or into
the sample, and must be made by direct measurement on the sample.

11.2.1 SUCTION CONTROL

The ceramic plates used were cut from the 15bar ceramic plates
as described in Chapter 9 for the Stress Path Oedometer. These
were glued into the pedestal and top cap as shown in Fig.11.1. Top
and bottom drainage was used to minimise the test duration, and
necessitated an air inlet to the sample through the membrane. The
conventional layout with the air supplied through a coarse ceramic
in the top cap only permits drainage of pore water from the base,
and the test duration would bave been four times as long as with
top and bottom drainage. The stress path oedometer tests had
already indicated that the tests would be slow, and top and bottom
drainage gives a similar drainage path 1length to that in the
oedometer.

The air inlet was provided using a rubber grommet fitted
through a hole in the wmembrane and sealed with O-rings and
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Revultex as shown in Fig.11.2. A piece of fibre-glass tape was
used to aid the distribution of air to the sample. The air
pressure was controlled manually with a manostat valve and
measured with a transducer.

11.2.2 DISPLACEMENT MEASUREMENT

Both axial and radial displacement were measured. The former
was by a displacement transducer mounted externally, and the
latter with the radial displacement gauge described in Chapter 9.
The precision of the axial displacement transducer was not good
with a local scatter of about +/-0.005mm and a daily cycle of
about +/-0.015mm. The precision of the radial displacement gauge
has been discussed in Chapter 9. For the calculation of radial and
volumetric strain the sample is assumed, in the computer software,

to deform as a cylinder.
11.2.3 DIFFUSED AIR FLUSHING

The bubble pump described by Bishop & Donald (1961) was
recovered from the store and used. It was modified for use with
two drainage tubes to the sample in place of the original co-axial
tubes, and new valve seating washers were made. The pump did not
function well during the test, but since the drainage 1lines
leaked, allowing water from the cell to enter the pore water
pressure system, the water inflow could not be determined from the
volume gauge readings. The rate of leakage during the test was
slow, and did not affect the applied pore water pressure. It did,
however, prevent measurement of the porewater pressure under
undrained conditions.Further servicing has produced correct
functioning of the bubble pump.

11.2.4 CONTROL SYSTEM

The computer program permits control of the cell, ram and
pore water pressures to be excercised in accordance with three
separate equations written into the software by the user (Toll
1988b). The air pressure was controlled manually, because only
three stepper motor control units were available. For this test,
the control equations were written to maintain the cell and axial
stresses at constant values in excess of the applied air pressure
during the equilibration stage. The equations were wmodified for
the shearing stage to include an increasing deviator stress, and
the rate of increase of deviator stress was varied in an attempt
to find the maximum rate of shear which did not cause excess pore
water pressures.

The application and removal of the stresses at the beginning
and end of the test utilised similar control equations which
maintained the cell and deviator stresses relative to the applied
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air pressure. The air pressure was raised manually and the
computer control responded by adjusting the cell and ram
pressures.

11.3 TEST PROCEDURE

Preparation of the bag samples has been described in section
S5.3. The sample to be tested was taken from the bag and weighed
out into four equal sub-samples. The compaction procedure using
four layers followed that used by Maswoswe (1985) in the same
mould which is shown in Fig.11.3. This is a displacement
controlled technique, whereas the technique used for all other
tests in this research was stress controlled.

The compacted sample was removed from the amould and the
membrane fitted. It was then placed on a 35mm diameter pedestal
while the radial displacement gauge was glued onto the membrane
and the air line was attached and sealed with Revultex. The sample
was then transferred to the pedestal of the stress path cell and
the 1lower o-rings placed over the membrane. Since the radial
displacement gauge was in place, the o-ring carrier had to be in
place before the sample was put on the pedestal, and could not
subsequently be removed. It remained on the pedestal below the
o-rings, and did not obstruct the sample.

The top cap was then fitted and O-rings placed over the
membrane. Assembly of the cell was completed and the cell pressure
raised to SOkPa. The air pressure was next raised slowly to 225kPa
with the control system maintaining the cell pressure at SOkPa
above the air pressure. The load cell was connected and the
deviator stress of -~-50kPa applied progresively as the cell
pressure was raised to 100kPa above the air pressure, again with
computer assistance. The applied stresses at the start of the test
were approximately equal to the stresses observed in the stress
path oedometer at the end of compaction.

The applied matrix suction of 200kPa was chosen as CBR tests
had shown that the major loss of strength occurred below this
value, and it corresponds with tests SPO3 and SP0O4. The moisture
content of the bag sample was measured and found to be 36.2%,
which is about 2% higher than the moisture content of the sample
tested in the Stress Path Oedometer. The matrix suction at this
moisture content was estimated from the data in Chapter 8 to be
850kPa.

Swelling was allowed under constant cell pressure and deviator
stress while the axial and radial displacements were measured.
After 42 days the rate of swell as shown in Fig.11.4 had dropped
to the same rate that was noted in the oedometer tests, and the
shearing stage was initiated. Since there is no proven method of
determining the rate of strain or stress increase for a drained
test on an unsaturated soil, the rate was varied in an attempt to
cover the range from too slow to too fast. The rate was varied
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from about O.3kPa per hour to 2kPa per hour under computer
control. The deviator stress is shown in Fig.11.5 for the shearing
stages.

11.4 TEST DETAILS

The test data are shown in Fig.11.6 in the same format as was
used for the stress path oedometer data. The swelling stage is
shown by AB and the shearing stages by B to M. The deviator stress
change with time is shown in Fig.11.5. The notation on this figure
is also used in the tabulated data and on other figures which
present data for this test. From B to C the deviator stress was
increased at a rate of 0.4kPa per hour. This was reduced to
0.3kPa’/hr between C and D so that the sample would reach isotropic
stress conditions while the author was in attendance. At this
point the 1load on the 1load cell changes from tensile to
compressive, and it was thought wise for the slack in the top cap
connection to be taken up while manual intervention was possible.
The movement did not cause any problems. The rate was then
increased so that the average rate from B to E was 0.4kPa/hr. From
E to F the deviator stress was held constant so that the
consolidation could be observed.

The rate of increase from F to G and from H to Il was 2kPa/hr,
with constant deviator stress stages from 6 to H and from I to J.
From J the deviator stress was reduced to L and then increased at
ikPa/hr to M.

11.4.1 SWELLING

The volumetric swell observed during the swelling stage, AB in
Fig.11.6, was 6.3%Z, the axial strain was 2.9Z and the radial
strain was 1.6%Z. The strain—-time curves are shown in Fig.11.7a, b
and c, respectively, for the swelling stage. The radial strain
shows an initial contractive strain, followed by swelling. This is
believed to be due to the movement of the "wetting front" through
the sample, indicating that the middle of the sample did not start
wetting up for the first one to two days. The contractive strain
would be due to the 100kPa excess of cell pressure over the pore
air pressure. The sample would have expanded when removed from the
mould, and recompression under the applied cell pressure would
occur. The delayed start of radial strain is also evident in the
small rates of radial strain for the first 5 days in Fig.11.4.

The void ratios in tests SP0O3, SP0O4 and this test, SPC1l, are
compared in Fig.11.8 in terms of the change in void ratio plotted
against the mean applied stress plus the suction. The change in
void ratio in test SPC1 was larger than that observed in the
oedometer tests, which is to be expected since the mean applied
stress of 83kPa in the former is less than the 157 and 138kPa in
the latter two tests.
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The decrease in solute suction by salt diffusion through the
porous ceramics would have been less in test SPC1 than in the
oedometer tests because the volume of water in the back pressure
system is smaller for the triaxial cell than for the oedometers.
The concentration of salt in the water in the back pressure system
will thus be higher in the triaxial system than in the oedometer
system. If the solute suction decrease in test SPC1 had been equal
to that in the oedometers then the change in void ratio for test
SPC1 would have been larger than the observed amount.

11.4.2 SHEAR
11.4.2.1 Rate

In saturated soil tests the rate of stress increase is
generally determined by limiting the excess pore water pressure
to an acceptably small value. The discussions in Chapter 8 on
suction measurement indicate that long term measurements may not
be reliable due to the diffusion of air into the measuring system.
Consequently, no pore water pressure probe was mounted on the
sample. An attempt to measure the pore water pressure at one stage
during the test was made using the top and bottom drainage
ceramics, but the slow leakage of water from the cell into the
back pressure system caused a continuous rise in the apparent pore
water pressure.

Axial and radial stress strain curves for the shear stages are
shown in Fig.11.9 and Fig.11.10 respectively. The void ratin and
stress path are shown on Fig.11.6. The stress was held at a
constant value at 30, 80 and 210kPa as shown on Fig.11.5, FigJ1.9
and Fig.11.10 by EF, 6H and 1J respectively. During the first two
stages, after about 0.5 and 1%Z strain, no significant straining
with time was observed. In each case about 0.05% strain occurred
in the first three hours and no further strain thereafter. The
strain—-time curve for the 210kPa stage is shown in Fig.11.11.
Volumetric strain has been plotted as it reflects the
consolidation better than either axial or radial strain alone.

About 0.5% further strain has occurred, and this took place in
the first day of constant stress. This is about 257 of the total
volumetric strain that occurred under this deviator stress, and
suggests that an excess pore water pressure had developed by this
stage. This is supported by the small but visible increase in the
deviator stress along LM, above the value maintained from I to J,
when shearing recommenced after the consolidation stage. This
indicates that there had ben a gain in strength due to the
dissipation the excess pore water presure.

Using the consolidation stage it is possible to apply the
simple Bishop & Henkel (1957) calculation to determine the time
required to failure for a strain controlled test on a saturated
sample. This may not be a rigorously acceptable approach, but it
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serves to indicate that an appropriate test duration is about 17
days. Further testing is needed to examine the real performance of
a sample, both because it is unsaturated and because the test is
stress not strain controlled.

11.4.2.2 Influence of test type on rate

The duration of the consolidation stage at 210kPa is very much
shorter than the swelling stage shown in Fig.11.7. The same is
true of the compression stages of the oedometer tests compared
with the swelling stages. In the stress path oedometers,
compression due to an applied axial stress was complete in 2 to 4
days, while the swelling stages required 21 days to reach an
acceptably small rate of strain. This is not consistent with the
observations for saturated soils, where the durations are of
similar magnitude. If the durations were as different for
saturated soils as they appear to be for unsaturated soils then
the rebound stages of oedometer tests would take several days per
stress change.

It is probable that during swell under controlled suction the
water flow is in the absorbed layer and is slow because of the
high viscosity of this water. There is no excess free water to
flow outside the absorbed layer, because the water that enters the
soil is taken up in the absorbed layer in that part of the sample
which has reached equilibrium.' The soil which still has a suction
excess receives its water by flow through the absorbed layers of
the soil closer to the water supply. If soaking is used, where
there is a large excess of water, then flow of free water can take
place through the macro-pores. The swelling time for soaking tests
is of the same order of magnitude as the compression time.

During compression an excess pore water pressure is generated
throughout the sample, resulting in water being forced out of the
absorbed layer. This free or excess water can then flow through
the sample and the rate of flow will be controlled by the
viscosity of the free water.

If these concepts are representative of the real behaviour of
the soil water, then it may be possible to increase the rate of
swell by supplying free water to the sample, for example by
passing humid air through the wmacrovoids in the sample. The
shorted test durations would be a distinct advantage.

11.4.2.3 Shear strength

No significant conclusion can be reached from one test in
isolation. Three factors will contribute to the strength of the
sample. These are the applied stress, the cohesion and the
suction. Since the so0il appears from the stress path oedometer
tests to be overconsolidated in some form, at 1least within the
aggregations, the cohesive contribution cannot be discounted. It
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is not possible to separate the cohesive and suction effects in
the data from this test. However, there is no evidence of dilation
in the volume strain curve in Fig.11.12, and this suggests that
the sample is behaving as a normally consolidated soil.

A circuitous route can then be used to estimate the
contribution of the suction to the shear strength. The first step
is to obtain an approximate value for the angle of friction from
the consolidation test SP0O6. The Ko value from this test is .547,
and using Jaky’'s equation, $° is calculated to be 27=. The maximum
deviator stress for a soil with no suction and a cell pressure of
100kPa would be 170kPa. The contribution from the suction then
appears to be about 60kPa at the maximum observed deviator stress.

It is possible that a greater deviator stress would have been
achieved if the sample had been strained further, but the increase
would , from the shape of the stress strain curve in Fig.11.8,
probably not exceeded 20 to 30kPa. The effect of the suction is
surprisingly small, and may be due to the aggregated nature of the
soil. In that case, the soil strength would increase at the same
suction when the structure is broken down to a preferred parallel
type. 1t may equally well be due to an overestimate of the
friction angle. For example at a friction angle of 20°, the
contribution from the suction becomes 130kPa of the deviator
stress, with 100kPa due to the applied cell pressure.

' 11.5 PERFORMANCE OF EQUIPMENT

Most of the equipment used in this test is widely used
elsewhere. Specialised items are the bubble pump, the fine pore
ceramic plates and the radial displacement gauge. The bubble pump
appears to be functioning adequately, despite over 20 years of
storage. The mounting of the ceramic plates was a source of
difficulty, as a crack developed around the edge, between the
ceramic and the glue. This was sealed with Loctite 601 which was
applied in minute quantities along the crack until no more was
absorbed. Loctite sets hard when placed in a narrow space, and
thus sealed not only the crack but also the pores in the outer
edge of the ceramic. About 2mm of the ceramic appeared to be
affected in this way, but this left an area of about 30mm diameter
unaffected which is adequate for drainage.

The radial displacement gauge produced credible data. There is
no absolute means of judging the data, but the wmagnitudes and
directions of the observed strains are in agreement with the
expected strains. The corrugated PVC boots appear to have
stiffened somewhat after prolonged contact with the Diala 0il used
to isolate the strain gauges. This is a significant problem, but
alternative materials are being investigated for the boots. A test
piece of a drinking straw which is thought to be made from
polyethylene or polythene has not stiffened after being in the oil
for several months. These straws are of a suitable diameter and
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have a flexible corrugated section. If the difficulties of the
attachment and sealing of the polyethylene or polythene to the
brass can be overcome, then this may provide a solution.
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pa = (Oa. + 20.,.)/3

P = pa ~-(U. - Ud)

Ea = axial strain

Ev
Er

volumetric strain
radial strain

-ve sign denotes expansion

TABLE 11.1 TEST RESULTS

| _Swelling r

A B E F 6 H I J L M
q kPa -50 -50 32 32 82 82 210 210 189 234
pa kPa| 83 83 111 111 128 128 170 170 163 177
p kPa 233 283 306 306 323 323 365 365 358 372
e 1.274 1.414]1.409]1.409]| 1.406) 1.405| 1.378} 1.365| 1.366}1.341
Ea % o -2.80|-1.89|-1.84| -1.69| -1.59/0.39 |1.35 {1.32 [3.20
Ev %Z (o) =6.07 |-5.49| -5.48| -5.34| -5.32| —4.15]| -3.59| -3.65|-2.54
Er % o -1.611-1.77{-1.80|-1.84| -1.84| -2,.28( -2.48{ -2.4%9|-2.92

Key
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Fig.11.3 Assembled 38mm diameter triaxial sample mould with piston.

(Maswoswe 1985)
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CHAPTER 12

RECOMMENDATIONS FOR FURTHER RESEARCH

12.1 INTRODUCTION

Although there are still many questions to be answered about
the behaviour of unsaturated highly plastic soils from Africa,
this research has served to define further the present state of
knowlege and to indicate where research efforts should be
directed.

12.2 IDENTIFICATION AND CLASSIFICATION

The shortcomings of current methods of assessing the
expansiveness of soils have been highlighted in Chapter 6.
Expansiveness cannot be reliably determined from the application
of Atterberg 1limit data or other classification data to swell
tests on compacted soils.

The stress path oedometer data have shown that volume change
of compacted clays can be due to a combination of swell and
collapse. This may complicate the interpretation of swell data
from compacted samples to determine the expansiveness, although
the effect of structure is thought to be small for samples
compacted near optimum moisture content.

As a first step toward a method for identification and
classification, the compressibility and expansiveness of samples
consolidated from a slurry are being investigated, under the
author ‘s supervision, (Jones 1988). If a relationship can be found
between the compression data, for saturated, unstructured samples,
and the soil index test values, then an attempt can be made to
extend the study to swelling of unsaturated soils. The study would
need to begin with samples consolidated from a slurry and then
desaturated in a pressure plate cell, and then investigate
compacted samples. Preparation of samples which are consolidated
and then subjected to increasing suction to obtain desaturated
samples may be a major problem.

12.3 VOLUME CHANGE

Significant progress has been made using the Stress Path
Oedometers in the study of volume change of compacted samples
under controlled suction. The stress paths which result from
different loading and wetting sequences have been determined for
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one s0il type and for the particular set of conditions used in the
tests.

12.3.1 EQUIPMENT

The Stress Path Oedometers have performed adequately, but
there is scope for improvement.

12.3.1.1 Plunger Friction

The friction on the plunger has been shown to cause a small
error in the axial applied stress. When the axial stress is large,
this error is insignificant, but at low axial applied stress
values, the error may affect the data. The vertical stress range
of interest for compacted soils is usually from about 10kPa, or
0.5m cover, to about S50kPa, or 2.5m cover. It is desirable that
the friction be reduced or eliminated by the use of some other
sealing system. It may be possible to separate the plunger from
the membrane and to supply the air pressure to the sample by some
other route. The plunger could then be manually adjusted to permit
vertical displacement to be measured, without the need for
continuous contact between the plunger and the soil.

12.3.1.2 Wall Friction

The friction between the sample and the cell wall 1is also a
source of appreciable error at 1low axial applied stresses.
Reduction of this friction may prove difficult. One possibility is
to coat both the rubber 1lining and the cell bore with PTFE.
Although this cannot eliminate the friction, it may provide a more
easily quantifiable error than the greased lining which seems to
have a greater friction at the end of the test than at the start.

12.3.1.3 Radial Stress

The radial stress sensors have proved difficult to set up in
the oedometers and, in one case, unstable. The drift monitoring
system has been useful, although it was only operative in test
SPOS5. The correction applied in this test ranged from 25kPa after
10 days to about 80kPa toward the end of the test, as shown in
Fig.12.1. The observed and the corrected radial applied stresses
are shown for the 200day test period. On removal of the sample
from the cell, the uncorrected radial stres was —-4B8kPa, while the
corrected value was 21kPa. Some of the apparent scatter in the
radial stress data is due to changes in the axial stress or due to
pore water pressure disipation. However, not all of the scatter in
the data has been eliminated with the drift monitoring system, and
further improvement may be possible by altering the technique used
for switching between modes.



295

The switching of the load cell configuration with the Din
plugs is not ideal, and changes of up to 30kPa in output could be
induced by handling the plugs, in particular the normal mode plug
in socket "B" of Fig.9.20. The performance of the Din plug system
was much better than two other attempts using toggle or rotary
switches, but a better switching method is desirable.

12.3.1.4 Solute Suction

The uncontrolled solute suction changes are a cause for
concern, and research should follow either, or both, of two
routes. In the first, soils free of salts could be tested to
determine the effect of matrix suction alone. This could be
followed by tests on soils to which known quantities of salt have
been added.

The alternative route is to develop a means of controlling the
total suction. For the elevated pore air pressure technique this
would involve the inclusion of a true semi-permeable wmembrane
between the soil and the water supply. A technique for forming a
semi-permeable membrane within a porous element was developed at
the turn of the century (Partington 1951), and is being
considered. This could also be used for an osmotic suction control
system. Consideration is also being given to total suction control
via the relative humidity of the air surrounding the sample, but
this is probably not capable of providing the necessary precision
of control of the suction.

12.3.2 TEST RESULTS

The three standard oedometer swelling tests have been compared
in terms of the stress paths obtained from the stress path
oedometer results, and shown to differ markedly in both stress
path and final stress state. It has also been shown that the
stress path has a very significant effect on the volume change of
the compacted samples. The standard tests should not be used for
compacted or structured soils, and 1laboratory tests for these
soils should attempt to simulate the field loading and suction
changes in the correct sequence.

The existing data can be used as a basis for further study of
the stress paths followed on wetting and drying. Considerable
scope exists for investigating the effect of compaction type,
compaction void ratio, compaction moisture content, vertical
applied stress and soil type.

12.4 FUTURE RESEARCH

Most shear strength and volume change testing of unsaturated
soils has been done on compacted samples. This immediately brings
the effect of so0il structure and overconsolidation into the
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analysis of the soil behaviour. Had the study of saturated soils
proceeded along the same route, then it is probable that far less
progress would have been made.

The direction of future research that is thought to be most
beneficial for the study of unsaturated soils is to develop
“"normally consolidated reconstituted” samples of unsaturated soil.
These would permit the development of a basic model or framework
for unsaturated soil without the complications of structure and
stress history. These additional factors would need to be studied
and included in the model for compacted or structured soils after
the basic model had been developed for the simpler reconstituted
soil. A hypothetical model for the simple reconstituted soil is
described below.

The initial testing would need to define the shear strength,
AC:C=> in Fig.12.2, and one-dimensional compression, AB;Bz, curves
in the effective stress plane, by testing saturated samples
prepared from a slurry. Similar compression, AF,F2, and strength,
ACsCsCey, curves would be required in the suction-void ratio plane.
Thereafter, samples consolidated to similar effective stresses
would be subjected to various values of suction, e.g. D, D=, E; %
E=2, before being sheared to Ca, Cioy Cs & C;i, respectively. These
tests would serve to define a shear strength envelope in suction
and applied stress space, which would probably show a change in
slope as depicted by C.C>Ca, although it may well be a gradual
change. This may be a unique "normally consolidated" shear
strength envelope, but the influence of stress path must also be
studied.

Samples should, therefore, be subjected to varying
combinations of suction and applied stress changes, but without
reversal of the direction of stress or strain change, to reach the
same final stress state before being sheared. These would still be
normally consolidated samples in that neither the suction nor the
applied stress would be smaller at the time of shearing than it
had been previously.

This normally consolidated shear surface would need to be
supplemented by an investigation of the effect of
overconsolidation, both by applied stress and by suction. It is
likely that the effects of the two stress types will not be the
same, and the sequence of application of the two stresses will
probably be important.

Extension to include compacted samples will be complicated by
the combined effects of overconsolidation and so0il structure or
fabric. It has been argued in Chapter 10 that the soil within the
clusters is overconsolidated and that the overall void ratio
results from the relatively low void ratio of the spil in the
clusters combined with the macrovoids between the clusters. Thus
the soil can no longer be treated as homogeneous.

Shearing of a soil of this type will occur preferentially
through the wmore highly stressed material in the contact zones.
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The remainder of the so0il may be 1largely unaffected by the
shearing, while the soil that is sheared will dilate and soften.

This argument may be applied to Toll (1988) who proposed a set
of critical state planes for compacted lateritic gravel which were
dependent on the degree of saturation. The non-uniqueness of the
final sheared states which Toll observed may in reality be a
reflection of the preferential shearing through the contact zones
and the inhomogeneity of the sample after shearing. The true
critical state may only be a theoretically possible condition for
the whole of a sample of highly overconsolidated material. The
sample after shearing may be non—-uniform on the micro-scale with
clusters or aggregations of dense, unsheared material in a matrix
of less dense soil which has been sheared to the critical state.

Once these aspects have been investigated, it may be possible
to start assembling a model along similar lines to the critical
state model for saturated soils. Since the void ratio surface is
dependent on the mean applied stress, the deviator stress and the
suction, the model will be difficult to portray on paper. An’
attempt has been made in Fig.12.3 to describe the normally
consolidated void ratio surface for a range of major and minor
applied stress ratios. The axes represent the mean stress and the
suction on the two horizontal axes, both on a logarithmic scale,
and void ratio on the vertical axis.

Line AB1B=2Bs is the virgin isotropic consolidation line for a
saturated soil in effective stress terms because the pore water
pressure on the void ratio applied stress plane is zero. Line
AC1C=2Cs is the virgin consolidation curve for suction in an
unconfined sample and is also for an isotropic stress state.
Desaturation commences at C,., where the consolidation curve
deviates from a straight 1line. Line AD; DWD2Ds represents
consolidation by an arbitrary combination of suction and isotropic
applied stress where desaturation commences at Dw.

In the region in which the suction and the applied stress are
equivalent, the contours of equal void ratio, e.g. e, along BiD,C,
will be circular in plan. After the sample desaturates on the
plane passing through C.DwWzWs and the suction becomes less
effective than the applied stress in causing compression, the
contours of equal void ratio will deviate from the circular shape,
(shown dotted), and become distorted as shown by curve BsWsDsCs.

Line E,ExEs represents consolidation with a major to minor
applied stress ratio greater than 1, and the contours of equal
void ratio for any applied stress ratio will converge at the
virgin suction consolidation line. This occurs simply because the
applied stresses on the suction-void ratio plane are zero.
Desaturation for void ratios ex> and es is shown to occur at Vz and
Vs respectively. The commencement of desaturation will occur for
any major to minor applied stress ratio on the surface bounded by
W3sW=2Ca1VaVs.

The next stage of the study would be to determine whether or
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not a unique rebound surface can be defined from a particular void
ratio contour on the normally consolidated surface. Since the soil
structure is not expected to play a major role, it is thought that
a unique rebound surface is likely to exist. A hypothetical
rebound surface from the es contour in Fig.12.3 is sketched in
Fig.12.4. The surface is bounded by BsWsD3CsReRsRzRa., with
resaturation occurring along WsReRs. An arbitrary swelling path is
shown by points D3sR4Re4Ri. This surface represents the swelling of
a soil prepared as a slurry and consolidated to a void ratio es by
any combination of applied stress and suction.

A model of this type would form a basis from which to initiate
the study of compacted samples. It will probably be necessary to
make use of a parameter such as the Packet Void Ratio described by
Brackley (1973) ¢to determine the rebound surface for the soil
within the clusters. The void ratio of the whole sample will also
be needed to determine the state of the so0il relative to the
rebound surface for the soil in the clusters.

Consider for example a soil with packet void ratio and stress
state defined by Re and void ratio defined by G, at the same
stress state, in Fig.12.4. The packets will tend to swell along
RaRi1, while the whole s0il will tend to swell alond 6H. Structural
changes will cause the whole so0il to follow some as yet
undetermined path within R4qR,HG.

Fig.12.5 shows a vertical section along DsRaR&Ri-. The
horizontal axis is some combination of suction and applied stress,
while the vertical axis is, as labelled, the void ratio. Points
Giy, 6z and Gs represent whole soil void ratios for three different
samples which have the same packet void ratio es at Rsa. The curve
GiR: represents a so0il in which swelling is dominant, and G6sR,
represents a soil in which collapse is dominant. GzRa. shows an
intermediate behaviour with some collapse followed by swell. The
common end point with a void ratio of es at R, assumes that the
structure is completely transformed during the wetting process.
Zein (1985) has shown that this does not occur at low stresses,
and the true picture will be more complicated.

This is a hypothetical model, and would need a large body of
test data to support it before it could be considered to be a
proven model. However, it is probable that the understanding of
the mechanics of unsaturated soils will not be advanced
significantly without a model of this type as a basis from which
to explore the more complex structured and compacted soils.
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Fig.12.4 Rebound Surface



303

void ratio

f (Paauaw)

Fig.12.5 Swell and Collapse paths



304

REFERENCES

Agarwal, K.B. & Sharma, S.C. (1973), A method for measuring
swelling pressure of an expansive soil. Proc 3ICES, Haifa,
Israel, Vol.1, p155-59.

Aitchison, 6.D. (1961), Relationship of moisture stress and
effective stress functions in unsaturated soils. Pore Pressure
and Suction in Soils, Butterworth, England.

Aitchison, G.D. & Martin, P. (1973), A membrane oedometer for
complex stress—path studies in expansive clays. Proc 3JICES,
Haifa, Israel, Vol.1l plb61-67.

Alexander, A.E. & Johnson, P. (1950), Colloid Science, Oxford
University Press, London.

Ali, E.F.M. & Elturabi, M.A.D. (1984), Comparison of two methods
for the measurement of swelling pressure. Proc SICES,
Adel aide, Australia, p72-4

Al Khafaf, S. & Hanks, R.J. (1974), Evaluation of the filter paper
method for estimating soil water potential. Soil Sci. Vol.117,
No.4, p194-99.

Alonso, E., Gens, A. & Hight, D. (1987), General Report, Session
S; Special problem soils, Proc 9ECSMFE, Dublin, Vol3.

Atkinson, J.H. & Bransby, P.L. (1978), The Mechanics of Soils,
McGraw Hill, London.

Aylemore, L.A.G. & Quirk, J.P. (1960), Domain or turbostratic
structure in clays. Nature, Vo0l.187, p1046-48.

Baikoff, E.M.A. & Burke, T.J. (1965),Practical determination of
type of foundation to be used in areas where heaving soils
occur, The Civil Engineer in South Africa, Trans SAICE, Vol.7,
August.

Barden, L., Madedor, A.0. & Sides, G.R. (1969), Volume change of
unsaturated clay. Proc. ASCE, JSMFD, Vol.9S5, No.SM1, p33-51.

Beal ,N.S. (1984), Direct determination of linear dimension versus
moisture content relationship in expansive clays. Proc SICES,
Adelaide, pb62-6.

Bishop, A.W. (1959), The principle of effective stress, Tecknisk
Ukeblad No. 39.

Bishop, A.W. & Blight, G.E. (1963) y,some aspects of effective
stress in saturated and partly saturated soils. Geotechnique
Vol.13, No.3, p177-97.

Bishop, A.W. & Donald, I.B. (1961), The experimental study of
partly saturated soil in the triaxial test. Proc SICSMFE,
Paris, Vol.1, p13-21.



305

Bishop, A.W. & Henkel, D.J. (1957), The measurement of soil
properties in the triaxial test, 2nd Ed., Arnold, London.

Bishop, A.W. & Wesley, L.D. (1975), A hydraulic triaxial apparatus
for controlled stress path testing. Geotechnique, Vol.25,
No.4, p6&57-70.

Bishop, A.W., Kumapley, N.K. & El1 Ruwayih, A. (1974), The
influence of pore water tension on the strength of clay. Phil.
Trans. Royal Soc. London, V0l1.278, p511-54.

Blight, G.E. (1983),Aspects of the capillary model for unsaturated
soils. Proc 7 Asian Reg. CSMFE, Vol.1, p3-7.

Blight, G.E. (1946), Strength characteristics of desiccated clays.
Proc ASCE, JSMFD, Vo0l.92, No.SM6, p19-37.

Blight, G.E. (1965), The time rate of heave of structures on
expansive soils. Moisture Equilibria and Moisture Changes in
Soils Beneath Covered Areas, Butterworth, Australia, p78-88.

Blight, G.E. (1961), Strength and consolidation characteristics of
compacted soils. PhD Thesis, University of London.

Bolt, G.H. (1956), Physico-Chemical analysis of the
compressibility of pure clays. Geotechnique Vol.6, No.1,
p86—-93.

Brackley, I.J.A.B. (19753), A model of unsaturated clay structure
and its application to swell behaviour, Proc &ARCSMFE, Vol.1,
pbé5-70.

Brackley, I.J.A.B. (1983), An empirical equation for the
prediction of clay heave. Proc 7 Asian Reg. CSMFE, Haifa,
Vol.1., p8-14.

Bragg, L. & Claringbull, 6.D. (1965), Crystal Structure of
Minerals, Bell, London.

Brindley, G6G.W. & Brown, G. (1980), Crystal Structures of Clay
Minerals and their X=Ray Identification. Mineralogical
Society, London.

Brink, A.B.A. (1955), The genesis and distribution of expansive
soil types in South Africa. Trans SAICE, Vol.S, No.8, p2&67-72.

Burland, J.B. (1961), The concept of effective stress in partly
saturated soils. MSc Thesis, Witwatersrand University.

Burland, J.B. (1962), The estimation of field effective stresses
and the prediction of total heave using a revised method of
analysing the double oedometer method. The Civil Engineer in
South Africa, July.

Burland, J.B. (1965), Some aspects of the mechanical behaviour of
partly saturated soils. Moisture Equilibria and Moisture
changes beneath covered Areas, Butterworth



306

Burland, J.B. (1967), Deformation of soft clay. PhD Thesis,
Cambridge University.

Burland, J.B. (1985), Discussion, Session 9, Proc 11 ICSMFE, San
Francisco Vol.S5, p2842.

Campanella R.G. & Vaid, Y.P. (1972), A simple Ko triaxial cell.
Canadian Geotechnical J. Vol.9, p249.

Casagrande, A. (1936), Characteristics of cohesionless soils
affecting the stability of slopes and earth fills. J. Boston
Soc. Civil Engrs.

Chandler, R.J. & Gutierrez, C.1. (1986), The filter paper method
of suction measurement. Geotechnique Vol.36, No.2, p265-8.

Chang, R.K. (1969), Pressure plate apparatus for volumetric
measurement of suction, swelling pressure and consolidation in
clay soils. Canadian Geotechnical J. Vol.6, No.2, p209-12.

Chen, F.H. (1973), The basic physical property of expansive soils,
Proc 3I1CES, Haifa, Israel, Vol.1l, p17-25.

Collins, K. (1983), Scanning electron microscopy of engineering
soils. Geoderma, Vol.30, p243-52.

Collins, K. (1984), Characterisation of expansive soil
microfabric. Proc SICES, Adelaide, p37-41.

Collins, K. (1985), Towards characterisation of tropical soil
microstructure. Proc. 1 Int. Conf. on Geomechanics in Tropical
Lateritic and Saprolitic Soils, Brasilia, Vol.1, p85-96

Cox, D.W. (1979), Volume change of compacted clay fill. Proc.
Conf. on Clay Fills, London, p79-86.

Croney, D., Coleman, J.D. & Black, W.P.M. (1958) ,Movement and
distribution of water in relation to highway design and
performance. Highway Res. Board Spec. Report No. 40,
Washington.

Dakshanamurthy, V. (1979}, A stress—controlled study of swelling
characteristics of compacted expansive clays. Geotechnical
Testing J. Vol.2, No.1, p57-60.

de Bruyn, C.M.A. (1963), Swelling characteristics of a decomposed
norite so0il profile at Onderstepoort (Transvaal), Proc
3ARCSMFE, Salisbury, VYol.1, p27-30.

de Bruyn, C.M.A. (1961), Swelling characteristics of a transported
soil profile at Leeuwhof, Vereeniging (Transvaal), Proc
SICSMFE, Vol.1, p4a3-9.

Didier, 6. (1973), Swelling pressures of soils — Experimental
device - Field of utilisation, Proc 3IICES, Haifa, Israel,
p187-93.

Didier, G., Kastner, R. & Bordeau Y. (1980), New cell for study of
swelling soils. Proc 4ICES, Denver, Colorado, Vol.1, pi18-33.



307

Duran Gamarra, A.J. (1986), Study of the effect of contact of the
filter paper technique in the measurement of soil suction. MSc
Dissertation, Imperial College, University of London.

Dyvik, R., Lacasse, S. & Martin, R. (1985), Coefficient of lateral
stress from oedometer cell . Proc 11 ICSMFE, San Franciscao,
Vol.2 p1003-6.

Edil, T.B. & Motan, S.E. (1984), Laboratory evaluation of soil
suction components. ASTM Geotech. Testing J. Vol.7, No.4,

p173-81.

Ellis, C.I. (1980), Soil compaction at low moisture content, Field
trials in Sudan. Proc 7ARCSMFE, Vol.1, p331-40.

Emery, ©6.J. (1985), Prediction of moisture content for use in
pavement design. PhD Thesis, Witwatersrand University.

Elsharief, A. (1987), Foundations on expansive soils. MSc Thesis,
University of Khartoum.

El Sohby, M.A. & Rabbaa, S.A. (1984), Deformation behaviour of
unsaturated soils upon wetting. Proc B8ARCSMFE, Harare,
Zimbabwe, Vol.1, p129-37.

Escario, V. (1969), Swelling of soils in contact with water at a
negative presure. Proc 2nd Int. Res. & Eng. Conf. on Expansive
Clay Soils, Texas, p207-17.

Escario, V. & Saez, J. €1986), The shear strength of partly
saturated soils. Geotechnique Vol.36, No.3, p453-6.

Escario, V. & Saez, J. (1973), Measurement of the properties of
swelling and collapsing soils under controlled suction. Proc
3ICES, Haifa, Israel, Vol.1, p195-200.

Fawcett, R.G. & Collis—-George, N. (1967), A filter paper method
for determining the moisture characteristics of soil, Aust. J.
Exp. Agric. and Animal Husb. Vol.7, pl162-7.

Fredlund, D.G., Rahardjo, H. & Gan, J.K.M. (1987), Non linearity
of strength envelope for unsaturated soils. Proc 6ICES, New
Delhi, p49-54.

Fredlund, D.6., Hasan, J.U. & Filson, H.L. (1980), The prediction
of totaol heave, Proc 41CES, Denver, Vol.1, p1-17.

Fredlund, D.G. & Morgenstern, N.R. (1977), Stress state variables
for unsaturated soils. Proc ASCE, JGED, Vol.103, No.GTS,

pa47-bb.

Fredlund, D.G. & Morgenstern, N.R. (1976), Constitutive relations
for volume change in unsaturated soils. Canadian Geotechnical

J. Vol.13, No.3, p261-76.

Gregg, S.J. (1933), The Adsorption of Gasses by Solids.
Methuen, London.

Grim, R.E. (1962), Applied clay mineralogy. McGraw Hill, New York.



308

Gutierrez—Geuvara, C.I. (1985), Assessment of filter paper
technique for the measurement of soil water suction. MSc.
Dissertation, Imperial College, London.

Hamblin, A.P. (1981), Filter paper method for routine measurement
of field water potential. J. Hydrol., Vol.53, p355-40.

Hesse, P.R. (1971), A textbook of soil chemical analyses. Murray,
London.

Hight, D.W (1983), Laboratory investigation of sea-bed clays. PhD
Thesis, University of London.

Holtz, W.6. & G6ibbs, H.J. (1956), Engineering properties of
expansive clays. Trans ASCE, Vol.121, pbé41-63.

Jennings, J.E. (1961), A revised effective stress law for use in
the prediction of the behavior of unsaturated soils. Pore
Pressure and Suction in Soils, Butterworth, England, p26-30.

Jennings, J.E. & Burland, J.B. (1962), Limitations to the use of
effective stresses in partly saturated soils. Geotachnique
Vol.12, No.2, p125-44.

Jennings, J.E., Firth, R.A., Ralph, T.K. & Nagar, N. (1973), An
improved method for predicting heave using the oedometer test.
Proc 3ICES, Haifa, Israel, Vol.2, p149-54.

Jennings, J.E. & Knight, K. (1957), The prediction of tatal heave
from the double oedometer test. Symposium on Expansive Clays,
Trans. SAICE, Vol.7, No.9.

Jones, G6.K. (1963), Chemistry and flow properties of bentonite
grouts. Proc. Symp. Grouts and Drilling Muds in Engineering
Practice, London, p22-8.

Jdones, L.W. (1988), A new apparatus to study the compression and
swelling characteristics of a range of soils. MSc
Dissertation, Imperial College, University of London.

Justo, J.L., Delgado, A. & Ruiz, J. (1984), The influence of
stress path in the collapse swelling of soils in the
laboratory. Proc SICES, Adelaide, p&7-71.

Karube, D. (1983), Effect of suction on soil behaviour. Proc 7
Reg. CSMFE, Haifa, Vol.1, p30-5.

Kassif, 6., Baker, R. & Ovadia, Y. (1973), Swell-pressure
relationships at constant suction changes. Proc 3ICES, Haifa,
Israel, Vol.1, p201-8.

Kassif, G. & Baker, R. (196%),; Swell pressure measured by uni- and
tri—axial techniques. Proc 7 ICSMFE, Mexico, Vol.1, p215-8.

Kassif, G. & Ben Shalom, A. (1971a), Experimental relationship
between swell pressure and suction. Geotechnique Vol.21, No.3,
pP245-55.



309

Kassif, G. & Ben Shalom, A. (1971b), Apparatus for measuring swell
potential under controlled water intake. ASTM J. of Materials,
Vol.b6 p3-15.

Kirkpatrick, W.M., Khan, A.J. & Mirza, AR.A. (1986), The effects of
stress relief on some overconsolidated clays. Geotechni que
Vol.36, No4, p511-25.

Komornik, A. (1962), The effect of swelling properties of
unsaturated clay pile foundations. DSc Thesis, Haifa.

Komornik, A., Livneh, M. & Smucha, S. (1980), Shear strength and
swelling of clays under suction. Proc 4I1CES, Denver, Colorado,
Vol.1, p206-26.

Komornik, A. & Zeitlen, J.G. (1965), An apparatus for measuring
lateral soil swelling pressure in the laboratory. Proc
6ICSMFE, Montreal, Vol.1, p278-81.

Lambe, T.W. (1960), A mechanistic picture of shrear strength in
clay. Proc Conf on Shear Strength in Cohesive Soils. ASCE,
Boulder, Colorado, pS55-80.

Lambe, T.W. (1958), The engineering behaviour of compacted clay.
Proc ASCE, JSMFE, Vol.84, No.SMZ2,

Lambe, T.W & Whitman, R.V. (1969), Soil Mechanics, John Wiley &
Sons, New York.

Maddocks, D.V. (1983, A transducer to measure the radial
effective stress and the pore water pressure acting on the
surface of a driven steel pile. Cambridge University report
CUED/D-SOILS/TR131.

Maswoswe, Jd. (1985), Stress paths for a compacted soil during
collapse due to wetting. PhD Thesis, University of London.

Matyas, E.L. & Radhakrishna, H.S5. (1968), Volume change
characteristics of partially saturated soils. Geotechnique
Vol.18, No.4 p432-48.

Mayne, P.W. & Kulhawy, F.H. (1982), Ko—OCR relationship in soil.
Proc. ASCE, JGED, Vol.108, No.GTé, p831-73.

Moore, C.A. (1970), Suggested method for applications of X-Ray
diffraction of clay structural analysis to the understanding
of the engineering behavior of soils. ASTM STP 479, p291-300.

Morgenstern, N.R. & Balasubramonian, B. (1980), Effects of pore
fluid on the swelling of clay shale. Proc 4ICES, Denver
Colorado, Vol.1, p195-205.

Mutonyi, I.K. (1973), MSc Thesis, University of Nairobi.
Noble, C.A. (1966), Swelling measurements and prediction of heave

for a lacustrine clay. Canadian Geotechnical J. Vol.3, No.1l,
p32-41.



310

Novais—Ferreira, H. (1973), The influence of compaction moisture
content on oedometric deformation and swelling pressure, Proc
3ICES, Haifa, Israel, Vol.1, p209-16.

Ofer, Z. (1980), Instruments for laboratory and in-situ
measurement of the lateral swelling pressure of expansive
clays. Proc 4ICES, Denver, Vol.1, p45-53.

Ofer, 2Z. & Komornik, A. (1983), Lateral swelling pressure of
compacted clay. Proc 7 Asian Reg. CSMFE, Haifa, Vol.1, p56-43.

Oloo, S.Y. (1987), Identification and classification of expansive
soils. MSc Dissertation, Imperial College, University of
London.

Oloo, S.Y., Schreiner, H.D. & Burland, J.B. (1987), Identification
and classification of expansive soils, Proc 6ICES New Delhi.
Vol.1, p23-9.

Olsen, R.E. & Langfelder, J. (1965), Pore water pressures in
unsaturated soils. Proc. ASCE, JSMFD, Vol.91, No.SM4, p127-50.

Osman, M.A. & Elsharief, A.M. (1987), Field and 1laboratory
observations of expansive soil heave. Proc. 6ICES; New delhi,
p105-10.

Parcher, J.V. & Liu, P.C. (1965), Some swelling characteristics of
compacted clays. Proc ASCE, JSMFD, Vol.?1, No.SM3, pi-17.

Partington, J.R. (1951), General and inorganic chemistry for
University students, Macmillan, London, 925pp.

Picornell, M. & Lytton, R.L. (1984), Modelling the heave of a
heavily loaded foundation. Proc SICES, Adelaide, p104-8.

Pile, K.C. (1984), The relationship between matrix and solute
suction, swelling pressure and magnitude of swelling in
reactive clays. Proc. 3 Aust.-N.Z. Conf. on Geomechanics,
Wellington, Vol.1, p197-201.

Pile, K.C. & MclInnes, C.B. (1984), Laboratory technology for
measuring properties of expansive clays. Proc SICES, Adelaide,
pS55-95.

Popescu, M. (1979), Engineering problems associated with expansive
clays from Romania. Eng. Geol. Vol.14, No.1, p43-53.

Rengmark, F. & Eriksson, R. (1953), Apparatus for investigation of
swelling, compression and elastic properties of soils. Proc. 3
ICSMFE, Vol.1, p180-3.

Resendiz, D. (1965), Considerations of the solid-1liquid
interaction in clay—-water systems. Proc. 6ICSMFE, Montreal,
Vol.1, p97-100.

Review Panel (1965), Moisture equilibria and Moisture changes
Beneath Covered Areas, Butterworth, England.



311

Richards, B.G. (1980), Measurement of soil suction in expansive
clays. Inst Eng. Australia, Civ. Eng. Trans., Vol.CE22, No.3,
p252-61.

Richards, B.G. (1966), The significance of moisture flow and
equilibrium in unsaturated soils in relation to the design of
structures built on shallow foundations in Australia. Symp. on
Permeability and Capillarity, ASTM STP 417.

Richards, B.G., Peter, P. & Martin, R. (1984), The determination
of volume change properties in expansive soils. Proc. SICES,
Adelaide, p179-86.

Robinsaon, W.H. (1964), The Penguin Heath Robinson. Penguin,
Engl and

Rowe, P.W. & Barden, L. (1966) , A new consolidation cell.
Geotechnique Vol.16, No.&6, pl162-70.

Russam, K. & Coleman, J.D. (1961), The effect of climatic factors
on subgrade moisture conditions. Geotechnique Vol.11, No.l1,
p22-8.

Schofield, A.N. & Wroth, C.P. (1968), Critical state soil
mechanics. McGraw—-Hill, London.

Schreinery, G.D.L. (1951), Adsorption of vapours on metal oxides.
PhD Thesis, Cambridge University.

Schreiner, H.D. (1987a), State of the art report on expansive
soils, Imperial College Report to TRRL.

Schreiner, H.D. (1987b), The use of predictive methods in
expansive soil engineering. Proc. 9ARCSMFE, Lagos, Nigeria,
Vol.1, pl135-41.

Schreiner, H.D. (1987c), The measurement of solute suction in
soils of high plasticity. Proc 9ARCSMFE, Lagos, Nigeria,
Vol.1l, p163-71.

Schreiner, H.D. (1987d), Swelling of soils compacted dry of the
plastic limit. Proc &4ICES, New Delhi, Vol.1, p395-8.

Schreiner, H.D. (1987e), Discussion on Session 5, General Report
by Alonso, Gens & Hight, Proc 9 European Conf. SMFE, Dublin,
Vol3

Schreiner, H.D. (1987f), Discussion on Session 3, Paper by Blight,
Proc 9 European Conf SMFE, Dublin, Vol3

Schreiner, H.D. (1987g), Discussion, Paper by Gidigasu, ZARCSMFE,
Lagos, Vol.2

Schreiner, H.D. (1977), An investigation into some factors
affecting the strength of underslurry piles. MSc Thesis,
University of Natal.

Schreiner, H.D. & Burland, J.B. (1987), Stress paths during
sweling of compacted soils under controlled suction. Proc
6ICES, New Delhi, Vol.i, p155-9.



2]
e
8]

Skempton, A.W. (1960), Significance of Terzaghi’'s concept of
effective stress; in;3; From theory to practice in soil
mechanics, Eds. Bjerrum, L., Casagrande, A., Peck, R.BE. &
Skempton, A.W., Wiley, New York.

Skempton, A.W. & Northey, R.D. (1952), The sensitivity of clays.
Geotechni que Vol.3, p30-53.

Snethen, D.R. (1984), Evaluation of expedient methods for
identification and classification of potentially expansive
soils. Proc SICES, Adelaide, p22-6.

Sridharan, A. & Jayadeva, M.S. (1982), Double 1layer theory and
compressibility of clays. Geotechnique Vol.32, No.2, p133-44,

Stocker, P.T. (1969), The structure and swelling of divalent
montmorillonites — a review. J. Australian Road Res. Vol.3,
No.9, p4a?-71.

Sullivan, R.A. & McClelland, B. (1969), Predicting heave of
buildings on unsaturated clay. Proc. 2nd Int. Res.’' & Eng.
Conf. on Expansive Clay Soils, Texas, p404-20.

Taylor, R.K. & Cripps, J.C. (1984), Mineralogical controls on
volume change. In: Ground Movements and their effects on
Structures, Attewell, P.B. & Taylor, R.K. (eds.). Surrey
University Press. p268-97.

Terzaghi, K. & Peck, R.B. (1967), Soil mechanics in engineering
practice. Wiley, New York. .

Thompson, W.Jd. (1963), Lateral pressures in one-dimensional
consolidation. Proc. 2nd Asian Reg. CSMFE, Vol.1, p26-31

Tisot, J.P. & Aboushook, M. (1983), Triaxial study of swelling
characteristics. Proc. 7 Asian Reg. CSMFE, Haifa, Vol.l1,
p?4-7.

Toll, D.6G. (1988a), The behaviour of unsaturated compacted
naturally occurring gravel. PhD Thesis, University of London.

Toll, D.G. (1988b), User Manual, Imperial College Control System.
Toll, D.G. (1985), Personal Communication

UCL (1986a), Clay mineral analyses: Sudan: Report No.2. University
College London.

UCL (1986b), Clay mineral analyses: Kenya: Report No.3. University
College London.

UCL (1988a), Infra-red spectroscopy of the clay mineral fraction
of African soils: Report No.1. University college London.

UcL (1988b), Infra-red spectroscopy of the clay mineral fraction
of African soils: Report No.2. University College London.



313

uUcL (1988c), Report on X-ray examination of residue from
evaporated soil solution from poorly drained soil (sample
"T"). University College London.

Vaughan, P.R. (1988), Guidelines to engineering properties and
characteristics; in; Tropical residual soils, Draft Working
party report, Engineering Group, Geological Soc. London.

Vaughan FP R , Maccarini M, & Mokhtar. S.M. (1988), Indexing the
engineering properties of residual soils, @JEG, Vol.21,
pb69-84.

Wells, A.F. (1962), Structural Inorganic Chemistry. Oxford:
Clarendon Press.

Wiseman, 6. & Zeitlen, J.G. (1960), Swelling studies on a
laboratory compacted clay. Proc 1st Asian Reg Conf. On SMFE,
New Delhi, Div.1, Communication vii.

Wong, H.Y. & Yong, R.N. (1973), A study of swelling and swelling
force during unsaturated flow in expansive soils. Proc 3ICES,
Haifa, Vol.1, p143-54.

Yong, R.N., Sadana, M.L. & Bohl, W.B. (1984)A particle interaction
energy model for assessment of swelling of an expansive soil.
Proc SICES, Adelaide, p4-12.

Yong, R.N., Japp, R.D. & How, D. (1971), Shear strength of
partially saturated clays. Proc $th Asian Reg Conf. SMFE,
Bangkok, Vol.1, p133-87.

Zein, A.K.M. (1985),; Swelling characteristics and microfabric of
compacted black cotton soil. FhD Thesis, Universtiy of
Strathclyde, Glasgow.

ABBREVIATIONS

In addition to the common abbreviations, the following have been
used: -

ICES 1International Conference on Expansive Soils
CSMFE Conference on Soil Mechanics and Foundation Engineering
ICSMFE International CSMFE

ARCSMFE African Reg. CSMFE



