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Abstract

One-dimensional and isotropic swelling tests, hydraulic conductivity tests and triaxial
compression tests have been performed at applied stresses up to 450kPa on sodium
bentonite powder, sand and compacted sodium bentonite-sand mixtures (5, 10, and 20%
bentonite by dry weight). This was done to investigate the use of bentonite improved
soils for waste containment, and study the fundamental geotechnical properties of

bentonite-sand mixtures using a classical soil mechanics approach.

It was found that air dried bentonite powder swells to reach a state described by a single
straight line on a plot of void ratio against the logarithm of vertical effective stress,
regardless of preparation technique. The gradient of this line was intermediate between a
normal consolidation and rebound line for the same material indicating a different sample
fabric when allowed to reach equilibrium from an initially dry state rather than the
conventional fully saturated state. Swelling of bentonite-sand mixtures expressed in
terms of the clay void ratio show a deviation from bentonite behaviour above a threshold
stress which depends on the bentonite content. From this behaviour, a modified principle
of effective stress has been proposed. Similar swelling relationships were found for

samples under an isotropic confining stress.

Hydraulic conductivity data for bentonite and mixtures indicate an approximately linear
relationship between the logarithm of hydraulic conductivity and the logarithm of void
ratio. Observed differences in hydraulic conductivity between bentonite and mixtures,
when represented in terms of the clay void ratio, are attributed to the sand porosity and

tortuosity.

From a stress-dilatancy analysis of triaxial data, the peak strength of mixtures has been

shown to depend on the sand relative density. This parameter indicates how the material
will behave during shear. A threshold sand relative density has been postulated, which is
dependent on the axial strain. Below the threshold value, it is likely that the stress-strain

behaviour will be characteristic of the bentonite alone.

A design model based on the clay void ratio, sand porosity and tortuosity, and sand
relative density is presented, enabling the hydraulic conductivity or strength of a mixture

to be estimated.
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CHAPTER 1
INTRODUCTION

1.1 General introduction

On disposal of hazardous waste, the concentration of harmful substances can be much
higher than is acceptable from an environmental and health perspective. Therefore, it is
necessary to minimise leakage from the disposal site, so that external concentrations of
chemicals in the groundwater will not reach unacceptable values. This problem can be
solved in several ways. One solution is to bury waste in thick deposits of practically
impervious soil or rock. Another solution is to design hydraulic barriers of low hydraulic
conductivity. Horizontal or sloping barriers called liners may be artificial
(geomembranes) or composed of natural materials such as bentonite-sand mixtures (e.g.,
Chapuis, 1981).

Bentonite-sand mixtures are often used for landfill liners because the bentonite has the
ability to fill the sand pores, due to its high swelling potential, producing a material with
a low hydraulic conductivity. Typical design criteria specify only a hydraulic
conductivity, typically less than 10-* m/s (e.g., Cowland and Leung, 1991). However,

the design of such a liner must also consider the strength and swelling behaviour of the

mixture.

Although the geotechnical properties of bentonite and sand individually are well
documented, little appears to be known ofthe behaviour of such materials when mixed
together in varying proportions. In addition, classical studies of volume change
behaviour, hydraulic conductivity and the strength of clays usually begin with the clay in
a fully saturated state from which it is compressed to the desired effective stress for
testing. As bentonite-sand liners are constructed with the clay in a relatively dry state, it
is unknown how the properties differ when the material is initially on the "dry" side of
equilibrium conditionsl Therefore, in addition to the application of these materials to
waste containment, it is of fundamental interest to understand how initially dry clay-sand
mixtures behave in terms of classical soil mechanics. In this dissertation the emphasis is

on the latter aspect.

1.2 Aims and approaches

The main objectives ofthis research were to investigate the volume change behaviour
(swelling, normal consolidation and rebound) of bentonite, the swelling of bentonite-sand
"if equilibrium conditions are defined by the final void ratio of a sample under a particular applied stress

when its pore water pressure is at steady state, then a 'dry' sample has an initial moisture content lower
than its fully saturated equilibrium value under the same applied stress.



mixtures and the hydraulic conductivity and strength of bentonite, sand and bentonite-
sand mixtures. The aim was to produce a coherent framework of the material behaviour
thus enabling a design method for hydraulic conductivity and strength criteria to be
suggested. This was achieved by conducting a laboratory test programme on the
selected mixtures to accurately determine the properties of engineering interest

Methods of analysis were also developed to enable a quantitative interpretation of the

data.

Materials used in the study were sodium Wyoming bentonite and Knapton Quarry sand
individually, and 20, 10, and 5% bentonite-sand mixtures (by dry weight). The types of
apparatus used for the testing of samples were: consolidometer cells for swelling,
normal consolidation and rebound tests (and for indirect measurement of hydraulic
conductivity), Rowe, triaxial permeameter and compaction permeameter cells for
hydraulic conductivity tests, and triaxial cells for strength tests. The objective was to
quantify the behaviour of the mixtures in effective stress terms enabling standard
geotechnical approaches to be applied. This was achieved by considering the

contributions of the individual phases of the material

1.3 Structure of the report

In chapter 2, a general description of landfill liner types, construction details and
considerations for design are given. The remainder of the chapter focuses on the
geotechnical properties of clays and sands individually, and relevant work on artificial
soil mixtures and natural soils which contain clay. Since the behaviour of a mixture is
likely to be largely influenced by the fine fraction, there is considerable discussion on the
behaviour of clays. Possible swelling models, fabric models and strength generating
mechanisms are reviewed with particular emphasis on the interaction between clay
particles and surface water. In chapter 3, the laboratory equipment and test materials are
described. Necessary calibrations to test cells and associated measuring instrumentation
are detailed. Experimental methods and possible errors in triaxial test data are given in
chapter 4. In addition, saturation techniques, sample preparation and measurement of
material parameters are discussed. Results, general discussion of data trends and some
data analysis are presented in chapter 5. The soil parameters which are used for
interpretation ofthe behaviour are also defined. A further discussion ofthe results from
chapter 5, and the analysis of triaxial strength data are given in chapter 6. In both
chapters 5 and 6 predictive equations for the behaviour of the material are presented and,
based on these equations, a design method is proposed in chapter 7. Conclusions and
recommendations for both engineering practice and for further research are given in

chapter 8



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

This chapter is divided into four main sections. As bentonite-sand mixtures have a real
application in waste containment, section 2.2 discusses landfill liners in general,
considerations for design and the differences between laboratory measured values of
hydraulic conductivity, and between laboratory and field values. The remainder of the
chapter focuses on the reported properties of bentonite and sand of relevance to the
design of bentonite-sand mixtures. In section 2.3, a basic outline of clay mineralogy is
given, followed by a detailed review of the proposed mechanisms controlling the swelling
of clay soils. Section 2.4 focuses on hydraulic conductivity. Darcy's law is the most
widely used equation describing hydraulic flow, this is defined and possible deviations
discussed, and the influences of mechanical and physico-chemical effects on clay
hydraulic conductivity are described. The principle of effective stress is introduced in
section 2.5. This is expanded to cover proposed modified principles of effective stress
which account for physico-chemical effects in clay soils. Finally the strength of sand,
clay and soil mixtures are discussed. A briefoutline of soil stiffness is given in 2.5.7 as

this is important when considering the ductility of a liner.

Bentonite is highly active and sand relatively inert, and therefore the majority of
discussion focuses on clay alone. Due to the lack of literature the behaviour of clay and
sand are considered separately in most cases and previous work on mixtures is included

where relevant.

Quoted clay contents are all by dry weight, and unless otherwise stated, full saturation is

assumed throughout.

2.2 Landfill Liners

2.2.1 Types of liners, materials and construction

Three types of liner are used in the containment of waste, namely flexible membrane
liners, natural liners, and double liner systems which are a composite of a flexible
membrane and natural soil. These are discussed in this section and typical construction

details are given.

Flexible membrane liners of various geosynthetic materials are commonly used to prevent
the migration of leachate from landfills. Final covers also incorporate membranes,

preventing water percolating into the waste. The barrier is normally placed on a slope,



with a drainage layer of coarse granular material placed over it. Liquids percolate
downwards into a zone over the barrier and flow laterally into a collection system,
usually a perforated pipe (McEnroe, 1992). The hydraulic conductivity to water is in the
range ofabout 3 x 10"15 to 300 x 10'15 m/s for several polymer types, and decreases
with increasing pressure difference across the membrane. However, transit time for flow
may be very short because of its small thickness, typically 0.5-2mm (Mitchell, 1991), and
the membrane can be easily punctured. Chapuis (1990b) reports that a defective area

smaller than 1% of the total area can increase the leakage by a factor of 1000-10000.

Natural liners can be constructed from compacted clays (e.g., Daniel, 1984), silty soils
(e.g., Holtz, 1985), mine tailings (e.g., Jessberger and Beine, 1981), and bentonite-soil
mixes (e.g., Chapuis, 1981). The positive properties of clays as barrier materials are
supposed to be a low hydraulic conductivity, and high sorption capacity of both organic
and inorganic substances (Lundgren and Soderblom, 1985). Several types of clay have
been proposed; kaolinite and various bentonites (calcium and sodium for example),
which may be processed or unprocessed. Bentonite (a montmorillonitic clay) is one of

the more frequently used clays.

Pure clay materials have some undesirable properties such as shrinkage and cracking (if
dried) and insufficiently high bearing capacities leading to consolidation or creep and
cracking (Dixon and Gray, 1985). Therefore it is usual practice to mix the selected clay
material with a local soil. Mitchell's data (1976) indicate that mixing a sand sized fine
aggregate with a clay enhances the compaction, thermal and mechanical properties.
Dixon et al. (1985) showed the volumetric shrinkage (determined by oven drying) of
compacted clay-sand mixtures increases with the compaction water content but
decreases with decreasing clay content. For compacted bentonite-sand mixtures, at dry
densities of approximately 1 7Mg/m3, they found the volumetric shrinkage is reduced to
insignificant values at all water contents when the clay content is 50% or less. However,
at lower densities the clay content may need to be much less to prevent shrinkage.
Therefore, for natural liners, variations in the clay content, density and placement water
content may significantly affect the overall performance. As a consequence, a modern

landfill usually incorporates a double liner system.

The concept of double liner systems is that the geomembrane acts as the main barrier to
fluid and chemical transport, and the underlying compacted clay serves as a back-up
barrier to retard, by virtue of its low hydraulic conductivity and adsorption properties,

any flow that has made its way through the membrane (Mitchell, 1991). Such flow may



result from both holes in the membrane and conduction through the intact membrane

material by various means.

A typical section ofa modern landfill containment system is shown in figure 2.1 (after
Oakley, 1987). Outward seepage of leachates from the structure is impeded or
controlled by the bentonite-soil layer. The leachate collection and removal system
conveys fluids off the earthen liner to collection sumps where it is removed and treated.
A final cover placed over the waste, impedes or eliminates infiltration of water into the
refuse, controlling leachate generation. The usual mix thickness is 60-300 cm after
compaction (Garlanger et al., 1987, Oakley, 1987) and the bentonite content is

commonly in the range 5-15%.

A typical construction method involves grading and placement of the sand, spreading the
bentonite, mixing the sand and bentonite and adding and mixing in the water (Garlanger
et al.,, 1987). Mixing is done on the site using various techniques such as a rotary tiller
or other agricultural mixing equipment, a pulverising mixer, and sometimes a cement
mixer The literature suggests that the cement mixer and the pulverising mixer give the
most homogeneous mixes. Installation originally involved sprinkling the dry powder on
the borrow soil and mixing by rotivator. Moisture was then added by rainfall or
sprinkled. This method produced non homogeneous mixes. Therefore, more recently,
the soil is excavated and thoroughly mixed with the bentonite and water (Cowland and
Leung, 1991), which avoids bentonite segregation (Chapuis, 1990b). Cowland and
Leung (1991) suggest compacting the liner by a vibrating roller in 2 layers with 10 passes
per layer to minimise the potential for defects penetrating the entire thickness. O'Sadnick
et al. (1995) found no difference in compacted density between 4 and 6 passes ofthe

compactor, but specify a minimum of 6 passes per lift.

2.2.2 Considerations for design

The composition of the mix involves the selection of the soil and the bentonite
appropriate for the type of wastes or chemicals to be controlled, and consideration of the
possible physico-chemical interactions between the waste and the total layer (bentonite-
soil layer plus filter and protection layers, etc.). For example, ionic exchange may occur
between sodium and calcium, which lowers the swelling ability of bentonite, hence the
performance of the liner. Chapuis (1990a) states that any testing method must verify the
long term stability ofthe total layer and not only that of the bentonite-soil mix. The
latter, which may be stable in a long term laboratory test, may have a poor field
performance simply because of a filter layer or protective layer made of crushed

limestone, which may induce a slow ionic exchange between sodium and calcium.



Depending on its composition, bentonite has an unconfined swelling capacity between 2
to 12ml of water per gram of dry bentonite (Cowland and Leung, 1991). When mixed
with soil, therefore, it has the capacity to swell and fill the voids producing a material of
low hydraulic conductivity. A number of hazardous waste disposal regulations currently
in force in the US stipulate maximum values of hydraulic conductivity, typically in the
range of 10"~ to 10" ~®m/s, above which a clay material is considered unacceptable for

use in isolation of toxic waste materials (Dunn, 1985).

Laboratory tests are performed to minimise the cost ofthe mix, which is spread over a
large surface area on site (typically between 2 and 25 acres). Due to the various
methods of determining the hydraulic conductivity in the laboratory, the exact percentage
of bentonite required is difficult to establish. Results of Garlanger et. al (1987) show
hydraulic conductivity decreases with increasing bentonite content. They suggest 6%
bentonite for a hydraulic conductivity of IcH”m/s and recommend 7.5% is used for
actual production to account for content variation. Data from Daniel (1987) show a
decrease in hydraulic conductivity with increasing bentonite content in a bentonite-silty
sand mix, from 10'*m/s at 0% to approximately 10_'~m/s at 16%, with a constant value
at about 20% bentonite content. Cowland and Leung (1991) found no noticeable
differences using the falling head method and suggest a 7% bentonite content is adequate
for a hydraulic conductivity specification of 10OV s. O'Sadnick et al. (1995) performed
hydraulic conductivity tests on Wyoming bentonite-sand mixtures. Samples containing
10% bentonite all had measured hydraulic conductivities less than 10 m/s. In addition
to the method of measurement, the homogeneity of the mix is also likely to affect its
hydraulic conductivity. Slurry trench mixes have hydraulic conductivity values
comparable with those of "dry" soil-bentonite liners at much lower bentonite contents.
According to Chapuis (1990a) this is due to the natural fines content, and construction

method, which produces a more homogeneous mix.

The success of the bentonite-soil liner is dependent on the mixture having the right
moisture content at the time of compaction. O'Sadnick et al. (1995) found measured
hydraulic conductivities decreased with moisture content ranging from 0.6% below to
4% above optimum for a given bentonite content. Their data indicate that a 9% mix
compacted with a Cat 815B compactor, at moisture contents between 0 to +4 percent of
optimum and 95% dry density conditions, fulfilled a hydraulic conductivity specification
of 10’9 m/s. Low compactive effort combined with low moisture content led to marginal
hydraulic conductivity values. The same placement moisture content is also
recommended by Cowland and Leung (1991). They thought that the hydraulic

conductivity would be reduced if compacted at high moisture content, due to swelling.



2.2.3 Laboratory and Field measurement

Evaluation of clay barriers and estimates of contaminant flow quantities and patterns can
only be as accurate as the values of hydraulic conductivity used to make them.
Unfortunately, in many cases these values are quite inaccurate due to the test methods
used to determine them: typical variations in hydraulic conductivity were discussed in
2.2.2. Two types of laboratory sample container are most commonly employed; fixed
wall and flexible wall In fixed wall permeameters soils may be compacted inside the
container However, there may not be full contact between the sample and cell wall
resulting in side wall leakage. In addition, samples can shrink and pull away from the
wall. Flexible wall permeameters minimise sidewall leakage and there is control over
vertical and horizontal effective stresses. However, if the effective stress exceeds that in
the field, hydraulic conductivity values may be too low (Cowland and Leung, 1991)
Cowland and Leung (1991) found mixtures with low bentonite contents (5 & 7%) had
hydraulic conductivities up to 2 orders of magnitude higher in a Rowe cell than in a
compaction permeameter, using tap water as the permeant. They thought that this was
due to large particles (10mm) in a 20mm high sample and, therefore, preferential flow
paths. Daniel et al. (1985) found the measured hydraulic conductivity of kaolinite was

similar using both types of cell with distilled water as the permeant.

Discrepancy between field and laboratory values of hydraulic conductivity is commonly
attributed to the non-representative nature of laboratory samples, i.e., not containing
hydraulic defects such as cracks, fissures, poor bonding between clods of clay, zones of
inadequate compaction or local heterogeneities in the clay liner (e.g. Day and Daniel,
1985, Chapuis, 1990b). It has been suggested that well compacted liners do not contain
such hydraulic defects, but there are few published data to support such hypotheses.
Daniel (1984) performed laboratory and field tests on two clay liners. He found that
field hydraulic conductivities were generally 10-1000 times larger than values obtained
from laboratory tests on either undisturbed or recompacted samples of the clay linerl
Recompacted specimens may be non-representative due to variations in the compaction
water content, method of compaction, compactive effort, size of clay clods, degree of
hydration of clay clods, and various other parameters may not match conditions in the
field

Field studies have indicated that diffusion may be the controlling mechanism of solute
transport in many fine-grained soils (e.g., Goodhall and Quigley, 1977, Quigley and

Rowe, 1986, Quigley et al., 1987). Permeants also pass through geomembranes by a
diffusion process and not as a liquid (Mitchell, 1991). According to Haxo (1990), the

"The highest field hydraulic conductivity was 9 x 10's m/s.



process involves three steps: solution or absorption of the permeant at the upstream
face, diffusion ofthe dissolved material through the geomembrane (at steady state this
process follows Fick's law), and evaporation or desorption from the downstream surface.
As a result, it is becoming necessary to evaluate the migration of chemicals through

earthen barriers due to diffusion in addition to advection (Shackleford and Daniel, 1991).



2.3 Bentonite volume change behaviour

2.3.1 Introduction

Bentonite is a highly plastic swelling clay which predominantly consists of the clay
mineral montmorillonite (typically 85-90%). The name bentonite is generally used to
cover the entire family of clays that have montmorillonite as their chief constituent.
Bentonites may be divided into two general classes: (1) those that adsorb large
quantities of water, swelling greatly in the process; (2) those that adsorb only slightly
more water than ordinary plastic clays. Ofthe former, it is the sodium (Wyoming) type
which has received the greatest attention in application to containment of waste from
landfills.

This section attempts to draw the literature together, to offer a consistent model for the
volume change behaviour of bentonite. Mechanisms of swelling are discussed, and also
the factors and properties which control the amount of swelling. The behaviour of clay
during consolidation is discussed and the current knowledge regarding the swelling of

clay-sand mixtures.

For convenience, the term swelling will be used in a generic sense to describe an increase
in volume of clay soils by any mechanism. If, for example, the increase in volume is
specifically associated with unloading of a consolidated sample (i.e. rebound), this will be

stated

2.3.2 Mineralogy

The basic structural units of clay comprise tetrahedral and octahedral sheets. These are
shown in figure 2.2 (after Mitchell, 1993). The silica sheet is composed of silica
tetrahedra; the octahedral sheet is composed of magnesium or aluminium cations co-
ordinated octahedrally with oxygens or hydroxyls (Mitchell, 1976). As a result of the
lateral extension and vertical stacking of these sheets, a flat platelike structure is formed
(e.g., Pellissier and Maree, 1991).

Montmorillonite is an aluminium dioctahedral smectite, and its occurrence in soils of
engineering interest is very common. Montmorillonite is a 2:1 layer mineral because its
crystals consist of two silica sheets bonded to a central alumina sheet; these three sheets
together are referred to as the unit cell. A diagrammatic sketch of the montmorillonite
structure is shown in figure 2.3 (after Mitchell, 1993). The height (¢ dimension) of the
unit cell is approximately 10A, this unit does not expand. Mitchell (1976) states that
particles may range in thickness from 10A (unit cell) upwards to about 1/100 of the

width (usually less than 1or 2pm). Particles with a thickness larger than 10A consist of
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stacks of unit cells. An electron photomicrograph of Wyoming bentonite is shown in
figure 2.4 (after Mitchell, 1976).

Interactions between mineral particles, cations and water arise because there are
unbalanced forces at the interfaces between mineral contacts due to imperfections in the
crystal lattice (e.g., Moore, 1991). Exchange reactions, known as isomorphous
substitution, involve the replacement of intersheet cations (within unit cells) with other
cations (Helferrich, 1962). Although the exchange process does not affect the structure
of the clay minerals themselves, a large negative surface charge is produced which is
balanced by cations adsorbed to the clay mineral crystal surfaces in the presence of water
(e.g., Mitchell, 1976).

Swelling and shrinkage of clays was first discussed by Terzaghi and Peck (1948). It is
thought the distinction between expanding and non-expanding clays is a matter of degree
rather than difference in nature. Montmorillonitic and illitic clay layers (unit cells) are
roughly 10A in thickness. lllite particles consist, in general, of layers of 10A each which
are bonded by chemical forces. The volume of water adsorbed by illite particles during
swelling is associated with the external surface area of the particle only, and is therefore
relatively small. In contrast, the surface area available for adsorption of water in
montmorillonite is large, and may increase further if interlayer bonds between individual
sheets within the clay particle are broken. As a result the swelling, which implies an
increase of the distance between the particles, is large. The swelling of illite is

comparatively much less, although is thought to be ofa similar nature.

Sections 2.3.4-2.3 .6 present explanations for swelling of clay soils found in the literature,
described here as interlayer, interparticle and inter-aggregate swelling. Interlayer
swelling refers to the water adsorption between the stack of layers (each of 10A
thickness) which make up the clay particle, thereby increasing the particle thickness.
Interparticle swelling is the increase in volume caused by water adsorption between the
particles, and inter-aggregate swelling describes an increase in volume between clusters
of particles. The interaction between clay mineral surfaces and water is important when
considering the swelling behaviour of clays, a brief outline is given in section 2.3.3. A

proposed model of overall swelling is summarised in section 2.3.7.

2.3.3 Clay-water interaction
Possible mechanisms of soil-water interaction which most likely contribute to the

swelling of bentonite are as follows:
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1. Hydration of exchangeable cations. Since cations are attracted to negatively
charged clay surfaces, their water of hydration will also be. Mitchell (1976) states that
this mechanism is most important at low water contents.

2. Hydrogen bonding. The surfaces of clay minerals are usually composed ofa
layer of either oxygens or hydroxyls. Hydrogen bonding develops, with oxygens
attracting the positive corners and hydroxyls the negative corners of water molecules.

3. Attraction by osmosis. The concentration of cations increases as negatively
charged clay surfaces are approached. Water molecules tend to diffuse towards the
surface in an attempt to equalise concentrations.

These three mechanisms of water adsorption are shown in figure 2.5 (after Mitchell,
1993) Cation hydration and hydrogen bonding are important when considering
interlayer swelling, and osmotic attraction is important for interparticle and inter-

aggregate swelling.

2.3.4 Interlayer swelling

Water molecules penetrate between layers of montmorillonite clays when in contact with
water. Ifthe clay is initially dry, this first stage of hydration (swelling) involves water
adsorption in successive monolayers on the interlayer surfaces, which pushes them apart.
The principal driving power is the adsorption energy ofthe water layers on the clay
surface. This interlayer swelling causes an increase in the basal spacing to definite values
ofthe order of 12.5 to 20A, depending on the type of clay and cation (van Olphen,
1977). Studds (personal communication, 1996) has shown the increase in basal spacing
to be approximately 10A (approximately three layers of water molecules) for air-dried
Wyoming bentonite in distilled water. Therefore, interlayer swelling leads to at most a

doubling of the volume of the dry clay (van Olphen, 1977).

Two alternative mechanisms are proposed, involving cation hydration and hydrogen
bonding respectively. In the former, interlayer cations become hydrated and the large
hydration energy involved is able to overcome the attractive forces between the layers.
Alternatively, it has been proposed that the penetrating water does not hydrate the
cations between the layers but becomes adsorbed on the oxygen surfaces by establishing

hydrogen bonds. Both these mechanisms are outlined below.

As a result of the uneven charge distribution and dipolar character of water molecules,
they are attracted to ions in solution leading to ion hydration. Exchangeable cations
between the sheets of a dry clay particle will hydrate when exposed to water (the positive
charge of the cation attracts the negative corners ofthe water molecules). Water

molecules will move from their normal structure in free solution into positions in the
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hydration shell ofa cation, and the energy released forces the clay sheets apart causing
swelling (Mitchell, 1976).

Low, and various co-workers have proposed an alternative swelling mechanism relating
the properties of surface water to interlayer swelling. It is proposed that the structure of
hydrogen bonded water is strained to match that of the montmorillonite, and as a result,
the potential energy of the water is altered (e.g., Davidtz and Low, 1970). The lattice
(b) dimensions (or effective particle size) of the montmorillonite determine the degree of
strain introduced into the water structure and, ultimately, the amount of swelling. Data
from Low and Margheim (1979) show a linear relation between swelling (defined as the
mass ratio of water to montmorillonite at equilibrium) and b dimension for

montmorillonites having widely different cation exchange capacities.

Pusch (1982) indicates that swelling pressure (i.e., the pressure required to prevent a clay
from swelling) is primarily due to crystal/water interaction when the bulk density exceeds
about 2 Mg/m-3 and below this density, electrical double layers develop. According to
van Olphen (1977), at plate distances beyond about 10A (approximately 3 water layers),
the surface hydration energy is no longer important, and osmotic repulsion becomes the

major repulsive force between the plates. This is discussed in 2.3.5.

2.3.5 Interparticle swelling (double layer theory)

The most commonly cited mechanism controlling swelling is osmotic attraction of water
molecules to clay particle surfaces. This is known as the osmotic pressure concept of
volume change (e.g., Mitchell, 1976). The amount of water which enters the clay can be
calculated from the spacing between particles based on double layer theory. Before
describing this swelling mechanism it is pertinent to outline briefly the ion distributions in

clay-water systems.

Attraction ofexchangeable cations to the negatively charged clay particle is opposed by
the tendency of the cations to distribute themselves evenly throughout the system (to
equalise concentrations throughout). The escaping tendency due to diffusion and the
opposing electrostatic attraction lead to a cation distribution adjacent to a clay particle in
suspension as shown in figure 2.6 (after Mitchell, 1993). Since the negative charge of
the particle and the positive charge of the counter ions are spatially separated, this
system can be regarded as an electric double layer. In order to indicate the diffuse
character of the counter charge, the term "diffuse double layer" is used (Bolt, 1956).
The diffuse double-layer thickness of montmorillonite is a function of the exchangeable

sodium content owing to the ions' greater ease of dissociation from the clay surface in
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the presence of water The other exchangeable cations, namely calcium, magnesium, and
potassium, are strongly adsorbed by the clay surface and do not contribute significantly
to the diffuse double-layer thickness (Sridharan et al., 1990). The interaction of like
charged diffuse double layers causes the clay to expand and is generally considered to be
the primary force which is responsible for repulsion between two clay particles (e.g.,
Sridharan and Rao, 1979).

When a clay specimen comes into contact with water, the ionic concentration in the
vicinity of clay particles exceeds the concentration in "free" solution, giving rise to an
osmotic pressure difference. Since the exchangeable cations stay with the clay (due to
electrostatic attraction), a specimen consisting of pure clay can be regarded as an
osmometer, the semi-permeable membrane of which is formed by the clay particles
themselves (Bolt, 1956). Figure 2.7 (after Mitchell, 1993) shows the interaction of
double layers between two adjacent clay particles. The osmotic pressure (or suction)
draws water into the zone of high concentration, the clay swells, the inter-particle
distance increases, and the suction decreases. At equilibrium, when the clay is neither
expanding nor compressing, the external pressure will balance the osmotic pressure (e.g.,
Graham et al., 1986). Although the osmotic pressure within the double layer decreases
continuously with distance from the particle surface, the effective osmotic pressure of the
system is determined by the concentration ofthe ions in the central plane between the

interacting double layers (Verwey and Overbeek, 1948).

Calculation of the swelling (osmotic) pressure, based on double-layer theory, was

introduced by Schofield (1946), using the Gouy theory of the electrical double layer
(Gouy, 1910, Schofield, 1946, Verwey and Overbeek, 1948, and Bolt, 1954). The
factors involved in double layer theory are the soil properties, represented by cation
exchange capacity and surface area, and the fluid properties, i.e., ion concentration,

cation valency, dielectric constant and temperature.

Extensive research has been performed to verify quantitatively the accuracy of double
layer theory. Mesri and Olson (1971) performed consolidation and rebound tests on
Wyoming bentonite at various electrolyte concentrations. They found double layer
theory predicts compression and swelling (rebound) of the right order of magnitude but
at low pressures specimens establish equilibrium at a void ratio smaller than predicted,
suggesting some sort of potential minimum. The theoretical and experimental curves are
shown in figure 2.8. This correlates with work by Nagaraj and Murthy (1986) who
found there is practically no force exerted beyond a distance of about 200-300 A particle

separation. Mitchell (1960) performed compression tests on Na-kaolinite, Na-illite and
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Na-montmorillonite to study the applicability of the double layer theory to the
compression of clays. Based on the test results, he concluded that double layer theory is
not applicable to clays containing particles greater than some size between 0.2 and
1.0lam diameter unless the particles have parallel arrangement2. Low (1980) argues that
less than 1% of exchangeable sodium is dissociated from the montmorillonite particle
surfaces, and therefore the primary cause of swelling is the difference in potential energy
between the internal and external solutions. However, this surface force effect relates to
interlayer swelling (see 2.3.4) and only accounts for a doubling in volume of dry clay, it

cannot account for the large swelling observed between individual particles.

Attractive forces (principally London van der Waals forces) are ignored in the theory.
Sridharan and Jayadeva (1982) found no difference in the theoretical swelling
relationship when the contribution from van der Waals-Hamaker attractive pressure was
taken into account. It is thought that attractive forces become significant at a separation
of about 20 A. Hence ifthe particles come closer than 20 A, they get attracted to form
clusters or aggregates which act as a single unit. Then the externally applied pressure is
transferred across two such units or aggregates and the distance between them will be
governed by double layer considerations to mobilise the required repulsive force
(Nagaraj and Murthy, 1990). This proposed behaviour is the basis for the model of

inter-aggregate swelling and is discussed next.

2.3.6 Inter-aggregate swelling

The work of Olsen (1962), Pusch (1970, 1973) and Yong and Sheeran (1973) show that
in many soils, clay structure is formed by aggregations of particles, generally defining
two types of pore; intra-aggregate and inter-aggregate, the latter involving large
distances between the structural units (or clusters). Using mercury intrusion
porosimetry3on a variety of clays Griffiths and Joshi (1989) propose two types of
porosity; the free porosity and entrapped porosity, corresponding to the intra and inter-
aggregate pore space (shown in figure 2.9). Delage and Lefebvre (1983) showed that
compressibility hence swelling was governed by inter-aggregate pores. The distances
involved, in the Ijum range, could not be governed by double layer phenomena. Griffiths

and Joshi (1989) also found that only the largest pores are affected during consolidation.

2This is interpreted as meaning that because montmorillonite particles arc so small, the swelling is large
whatever the particle arrangement because the water in the diffuse double layer will always be in close
proximity lo an adjacent particlc. This may not apply for clays of larger particle si/e. Therefore, for
clays such as illite and kaolinitc the behaviour is controlled by initial particle orientations and physical
interactions rather than osmotic repulsive pressures.

"The mercury intrusion technique is based on the principle that a non-wetting liquid will not intrude
into the pores of a solid unless forccd under pressure. The amount of pressure required for mercury
intrusion determines the pore radius.
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Bolt (1956) using double layer theory on pure clays showed that the initial compression
curve deviates somewhat from the expected curve; structural effects are thought to be
the cause. As double layer theory assumes parallel alignment of clay particles, this
implies that during the first compression (normal consolidation) parallel arrangement is

only gradually completed

As theoretical equations for swelling pressures assume parallel particle orientation,
lateral swelling pressures of zero are predicted. At dry densities less than 1.7Mg/nv¥*,
Gray et al. (1985) found the swelling pressure of bentonite was approximately 1/3 the
value predicted by double layer theory4. However, at higher dry densities, the swelling
pressure along the axis of compaction was found to exceed the pressure orthogonal to it.
They proposed that at low densities, samples consist of clusters of particles which
develop the theoretical swelling pressure. However, they are randomly arranged and
therefore at the macroscale, the mean swelling pressure is developed. As the density
increases a more anisotropic fabric is produced, and the swelling pressure tends to that
predicted by double layer theory. Pusch and Carlsson (1985) suggested deviation from
parallel orientation becomes dominant at dry densities below approximately 1.3Mg/m”*
with edge to face association The different limiting density to that found by Gray et al.

(1985) may be due the type of bentonite considered.

2.3.7 Summary of swelling mechanisms

To summarise, it appears that three types of swelling can be characterised which
collectively contribute to the overall volume increase of bentonite. Firstly, swelling
within the clay particle between unit cells appears to be due to either the structure of
hydrogen bonded water or hydration of exchangeable cations, both mechanisms causing
a potential energy difference between the surface water and the external solution;
interlayer swelling. Interlayer swelling is most important at low moisture contents.
Secondly, the concentration difference between the solution within the diffuse double
layer and the free solution causes osmotic swelling between individual clay particles;
interparticle swelling. Clay fabric is likely to be composed of clusters of particles, and
double layer type swelling occurs between individual clusters with relatively large pore
volumes in the inter-aggregate pores. As the influence of the clay particles on the pore
solution decreases with distance from the surface, the water in the centre of the inter-

aggregate pores is probably similar in nature to the external solution.

initially dry samples were statically compacted, confined and allowed access to water without allowing
volume increase Swelling pressure was measured both along and orthogonal to the axis of compaction.
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Ifthe clay is initially in a dry state at a high confining stress (or density), it is likely that
interlayer swelling dominates until approximately 3 water layers have been adsorbed. At
this stage the particle diameter is doubled because the unit cell and adsorbed water
thicknesses are both approximately 10A. Any tendency to further separate at this stage
is likely to be opposed by van der Waals attractive forces, therefore the layers separate
no further, and the particles have a constant thickness5. With reducing stress, double

layer swelling is expected to dominate with large separation between the particles.

When discussing the swelling of bentonite, many authors fail to distinguish between
interlayer and interparticle volume change and the literature is often vague. In addition,
quantitative swelling predictions are sometimes based on consolidation data only and it is

likely that the behaviour is much different during rebound or swelling from a dry state.

2.3.8 Mechanical and physico-chemical volume change

Swelling is analogous to the process of consolidation. Seed et. al (1962) found the shape
of the swelling curve for compacted clays to mirror the consolidation curve, on a volume
change versus logarithm of time plot. The compressibility, hence swelling, of clay soils
under external load depends on the mechanical properties of the clay minerals and the
physico-chemical properties of the pore fluid (e.g. Bolt, 1956, Sridharan and Jayadeva,
1982). Mechanically, compressibility of a clay is controlled primarily by the shearing
resistance at the region where two adjacent particles come closest together. This
resistance is not equal at all points of contact and volume changes occur by shear
displacements and/or sliding between particles (Sridharan and Rao, 1973). Second,
compressibility is governed by long-range electrical repulsive forces, which are mainly

double layer type.

Mechanical concepts of volume change behaviour appear to be of minor significance in
the compressibility and swelling of bentonite. When a coarse grained material such as
sand is unloaded there is a resulting deficit in hydrostatic pressure between the particles
(a negative pore water pressure), this pressure equalises by water entering the sample.
Bolt (1956) found void ratios greater than 20 in the early stages of normal consolidation
of bentonite, implying very little contact between clay particles. Since hydrostatic
pressure changes occur as a result of mechanical forces (i.e., direct contact) between the
grains, this implies that swelling of clay must be of a different nature than in coarse
grained soils. Bolt (1956) concluded that compression, hence swelling, was mainly of an

osmotic nature. Since the osmotic pressure difference between the pore fluid and the

5The attractive forces may be sufficient to prevent further swelling when the sample is in a static state.
However if a sample is sheared, for example, the energy input may be enough to overcome attractive
forces creating a larger quantity of particles with reduced thicknesses.
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"free" solution must equal the external stress on the sample, unloading results in pore
fluid entering a sample to regain equilibrium, hence, causing swelling; a physico-chemical
effect (see 2.3.5).

Olson and Mesri (1970) found large differences in gradient between virgin and rebound
curves of montmorillonite, indicating that particle rearrangement is the major source of
virgin compression. They interpreted the very flat rebound curves as indicating that
mechanical swelling is a minor component and the major contribution is osmotic

adsorption of fluid and formation of diffuse double layers.

2.3.9 Consolidation and rebound

Consolidation is the time dependent positive volumetric straining of soils resulting from
dissipation of pore water pressures and consequent transfer of stress to the soil skeleton.
Rebound refers to an increase in volume, and results from unloading a previously
consolidated soil6. The time required for pore water pressure equalisation in both
phenomena is related to the soil hydraulic conductivity (Gibson and Henkel, 1953). The
consolidation and rebound characteristics of clay soils are important in understanding the
fabric of the soil for a particular state of stress and stress history, and consequently the
hydraulic conductivity and strength. Other considerations are double layer attractive and

repulsive forces.

Parry (1960) recognised that irrecoverable interparticle attractive forces are mobilised in
clay-water systems during first consolidation, causing a reduction in the net repulsive
forces. Mitchell et al. (1969) conceptualise overconsolidation as a considerable increase
in the number of interparticle bonds. These effects are observed as a marked reduction
in effective external stress to keep the system in equilibrium in its rebound state at the
same void ratio as in the normally consolidated state, thus accounting for the large spatial
separation between normal consolidation and rebound lines. From the evidence of
consolidation and rebound cycles the interparticle forces are considered to oppose the
separation of particles during rebound (Nagaraj and Murthy, 1983). Thus, some bonds
formed during normal consolidation are retained after removal of much of the

consolidation pressure.

Using double layer theory Klausner and Shainberg (1971) postulated that during normal
consolidation the number of particles in a cluster (see 2.3 .6) increases with an increase in
effective stress thus causing a reduction in both operating specific surface and net

osmotic repulsive pressure. The operating specific surface is the difference between the

6A clay soil under a stress less than its maximum previous stress is referred to as overconsolidated.
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total specific surface and the specific surface within the cluster. The swelling pressure
causing rebound upon unloading is proposed to be an inverse function of the average half
space distance between the clusters, which depends on the operating specific surface (or
the maximum past pressure). This causes a rebound upon unloading from a virgin line
and nearly equal recompression upon reloading within the preconsolidation pressure
range, since the number of particles in a cluster is unlikely to alter (Nagaraj and Murthy,
1987). This hypothesis goes far in explaining the elastic nature of rebound and
recompression lines. However, Griffiths and Joshi (1989), on consolidation of
montmorillonite, found that pore volumes for radii less than 0.1 [am remain nearly
constant regardless of consolidation stress, indicating that consolidation affects only
inter-aggregate pores. They found no evidence of aggregate or cluster formation due to

consolidation.

It appears, therefore, that consideration ofthe clay fabric is essential when interpreting
swelling and consolidation behaviour. Ifa sample is initially swollen from a rather dry
state where a more flocculated structure is likely, the cluster concept of swelling, where
the clay structure consists of intra and inter-aggregate pores, seems reasonable.
However, the conflicts in the literature occur over the effects of consolidation on the clay
fabric. Some authors suggest that the cluster concept holds and pore fluid is expelled
from the inter-aggregate pores only. The alternative view to this is that consolidation
causes parallel alignment of clay particles producing a dispersed fabric. Once the inter-
aggregate pores can compress no further, compression will still occur with increasing
load. Therefore, the degree of particle alignment must be dependent on the effective
stress. A subsequent reduction in stress will result in swelling (rebound7) either between

clusters or individual aligned particles.

2.3.10 Clay-sand mixtures

Kenney (1977) states that in a mixture of clay mineral particles, quartz particles and
water, the clay minerals and water form a cohesive matrix and the quartz particles are
discrete inclusions in the matrix (above a threshold clay content dependent on the clay
type8). Scanning electron micrographs by Graham et al. (1989) on 50% bentonite-sand
mixtures show sand particles separated from each other by a matrix of clay particles only.
Whatever the interaction ofthe sand particles within a mixture, its presence is expected
to have an effect on the mechanical properties. The presence of coarse grained material
is considered to dilute the effects of the clay with a resultant reduction in surface activity
(Nagaraj and Murthy, 1983). It has been shown that adding sand to bentonite improves
7Rcbound is likely to be due to both hydrostatic and osmotic pressure deficiencies (see section 2.6).

8Thc threshold was found to be approximately 20% bentonite (by dry weight) for bentonite-sand
mixtures
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the soil strength properties (Mitchell, 1976), and the maximum attainable dry density is
increased (Dixon et al., 1985). The self-healing capability (i.e. completely clay filled
voids) is dependent on the quantity of sand in the mix (Gray et al., 1985). Gray et al.,
(1985) performed swelling tests on compacted bentonite-sand mixtures. To achieve a
given swelling pressure, they found a higher sample dry density was required as the sand

content increased (up to 50%).

Graham et al. (1986) suggest a possible development of the critical state model for
describing the behaviour of expansive clays. A swelling equilibrium line (SEL) is
proposed on the assumption that there is a unique relationship (Cheung et al., 1987)
between swelling (osmotic) pressure p' and dry density (or v) of a clay-sand mix. The
line is in principle similar to the normal consolidation line (NCL) in the critical state
model. Graham et al. (1986, 1989) performed one dimensional compression tests on
different bentonite-sand mixtures9. Mixtures containing 25 to 100% bentonite show a
good correlation when clay specific volume is plotted against vertical effective stress.
Their results show similarity with confined swelling pressure tests on similar mixtures by
Gray et al. (1985), suggesting that both tests may be measuring the same relationship
between the clay specific volume and the equilibrium effective pressure, whether

expressed as swelling pressure or as externally applied pressure.

The clay phase appears to determine the swelling of clay-sand mixes, and the sand can be
regarded solely as an inert filler (e.g., Dixon et al. 1985, Gray et al., 1985). Gray et al.
(1985) have shown that moisture contents ofbentonite-sand mixtures are directly
proportional to the clay content and swelling pressures are independent of the sand
content Separation between clay particles is inversely related to the effective clay dry
density, yc (mass of clay/(volume clay + voids)). Assuming that the sand serves only to
limit the space available for clay compaction, the effective clay dry density will determine
the swelling pressure of the system. Graham et al. (1989) define a clay specific volume,
vc, they use this parameter to relate to swelling rather than the overall specific volume.
Plotting vc against effective stress simplified the swelling of various bentonite-sand

mixtures to a single relationship

An effective way of separating the individual components of a clay-sand mixture is by the
use of phase diagrams. Chapuis (1990a) and Wu and Khera (1990) represent a saturated
bentonite-sand mixture as a four phase model consisting of sand, clay, adsorbed water

and free water The amount of adsorbed water is a function ofthe amount and type of

9Mixtures were prepared at approximately 30% moisture content and allowed to equilibrate under an
applied stress range of 5()-5()00kPa.
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bentonite and the liquid. Gray et al. (1985) also suggest the water in the system is
subdivided into surface, or adsorbed, water and free, or interstitial, water. Phase

relationships for bentonite-sand mixtures are further discussed in chapter 5.

2.3.11 Swelling of dry bentonite

On exposure to water, a long time is required for the development of full swell of dry
bentonite. This is a result of initial interlayer swelling (see 2.3.7), and the time required
to effect the stress transfer in the water from a large negative value, existing before
exposure of the sample to water, up to the zero value that must exist throughout the
system at equilibrium (an osmotic effect). The rate decreases with increasing time
because of the continually decreasing gradient tending to draw-in water (Seed et al.,
1962). The extent to which dry bentonite will swell has been shown by Pusch (1980) to
depend on pore water chemistry, initial density and temperature. Seed and Chan (1959)
found that clay samples compacted dry of optimum exhibit higher swelling characteristics
than samples compacted wet of optimum, this was attributed to fabric differences. At a
given clay density, processed bentonite exhibits a greater swelling capacity than
unprocessed, this is attributed to the partial cementation of the unprocessed clay
(Oscarson et al., 1990).

2.3.12 Representation of clay volume change behaviour

The swelling, consolidation and rebound of clay soils can be idealised on a plot of void
ratio (or specific volume) versus the logarithm of effective confining stress (e-log p'
plots). Sridharan and Jayadeva (1982) found that the swelling lines for three pure clays
were spatially separated in e-log p' space. However, the effect of clay type on the d-log
p' relationship, where d is particle separation, is negligible. The clay type is reflected in
the e-log p' relationship by the surface area. They also found that at small pore fluid
concentration the data were best represented in logarithmic space and at large cation
concentration in semi-logarithmic space. Typical curves for d-log p' and e-log p'

relationships of montmorillonite, illite and kaolinite are shown in figure 2.10.

From the results of one-dimensional volume change tests, a plot of void ratio against the
logarithm of vertical effective stress can be used to determine the rebound index, Cj, and
the compression index, Cc (a plot similar to figure 2.10 is produced where a'v replaces
p"). The ratio a = Cj/Cc is a good indicator of the relative importance of the influence of
the osmotic forces in clay soils regarding swelling and compression (Bolt, 1956). Low
values of a would be expected for clay soils, as rebound lines are usually much flatter

than normal consolidation lines, whereas a value close to unity would be typical for sand.
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2.3.13 Summary of volume change behaviour

The volume change behaviour of clay soils is most pronounced when the particle size of
the clay fraction is small and appears to be strongly influenced by the initial soil fabric,
which, in turn, is influenced by the initial moisture content, state of stress and stress
history For clay-sand mixtures, the initial soil fabric and percentage of sand are likely to
influence the magnitude of volume change caused by variations in the pore fluid or
applied stress. Conversely, the sand content, and stress history, i.e., previous
consolidation, rebound and swelling paths, will affect the soil fabric, hence the

engineering properties.
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2.4 Hydraulic conductivity

2.4.1 Darcy's law

Darcy (1856) investigated the flow ofwater in vertical homogeneous sand filters. From
his experiments, Darcy concluded that the rate of flow, Q, is proportional to the cross -
sectional area, A, the difference in water level elevations in the inflow and outflow
reservoirs of the filter (h]-h2), and the filters length, L. When combined, these

conclusions gave the Darcy formula (or law)
Q=k A(h, - h2)/L 2.1

Flow takes place from a higher piezometric head, 43 to a lower one, where piezometric
head is the sum of the elevation and pressure heads (e.g., Bear and Verruijt, 1987). The
quotient ((J)j - $2)/L is the hydraulic gradient, i, and therefore Q = kAi. In Darcy's law
the kinetic energy of the water is neglected as, in general, changes in piezometric head
along the flow path are much larger than changes in the kinetic energy. Inertial effects

have also been neglected.

Linearity of flow rates versus hydraulic gradients for clays has been reported by
numerous investigators (e.g. Terzaghi, 1925, Macey, 1942). Low (1960) presented data

showing linearity for sodium montmorillonite.

2.4.2 Properties of porous media

The hydraulic conductivity, k, expresses the ease with which a fluid is transported
through a porous matrix. It depends therefore on both matrix and fluid properties (Bear,
1972). Fluid properties are density, p, and viscosity, (., or combined as kinematic
viscosity, u. Solid properties are grain (or pore) size distribution, shape of grains (or
pores), tortuosity of flow path, specific surface and porosity. The simplest theoretical
models of porous media (Lamb, 1932) show that the hydraulic conductivity is directly

proportional to the 2nd power ofthe diameter of the flow channel.

In the literature hydraulic conductivity and permeability are often used to indicate the
same property, i.e. the coefficient in Darcy's law. Modern terminology refers to k in
Darcy's law as the hydraulic conductivity and it has units LT"1. The permeability, K, on
the other hand has units L2 and depends solely on the properties ofthe solid matrix. The
relationship between hydraulic conductivity and permeability is given by:
k=1l =)9 2.2

p u

where y/p represents the influence of the fluid.
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Cheung et al. (1987) suggest that some of the pore fluid cannot be mobilised for flow in
clay soils, and the fractional volume of water available for flow, termed the effective
porosity, is less than the overall porosity of the soil. This is attributed to the anomalous
properties of surface water. Surface water may have a significant influence on the

hydraulic flow and is discussed in sections 2.4.3 and 2.4.5.

2.4.3 Deviations from Darcy's law

In fine grained soils there are indications that there exists a lower limit to the validity of
Darcy's law, due to a minimum, or threshold, gradient below which there is practically no
flow. Von Englehardt and Tunn (1955) and Lutz and Kemper (1959) show considerable
deviations from linearity between flow rates and hydraulic gradients. Hansbo's (1960)
data are consistent with this at hydraulic gradients less than 10. Swarzendruber (1962)
found greater than proportional increases for flow velocity versus hydraulic gradient and
showed that Darcy's law was obeyed in porous media not subject to the effects
associated with clay. It is important to know how the hydraulic conductivity of a soil
varies with the hydraulic gradient and therefore possible deviations from Darcy's law are

discussed below.

Work by Low (1960, 1961) shows that water properties near clay surfaces are not the
same as those of normal bulk water (see 2.3.4). According to Low, surface water
possesses a more crystalline structure so that it exhibits a viscosity that exceeds the bulk
liquid value by an amount that decreases with distance from the surface. Data from
Kemper et al. (1964) from diffusion tests show that the viscosity ofthe first three layers
of water adsorbed on sodium saturated mineral surfaces was about 10, 1.5, and 11 times
that of bulk water. Due to the increased viscosity, a minimum hydraulic gradient is
required to cause water movement, and Darcy's law is not obeyed. Kemper et al. (1964)
incorporated a "fluidity" or "mobility" factor, a, in Fick's law to account for the
increased viscosity near to the particle surface. Oscarson and Cheung (1983) suggest
hydraulic conductivity is dependent on an "effective porosity" for flow, n'w, assuming
that no flow occurs in the surface water. Poiseuille's law (used in the derivation of the
Kozeny-Carman equation, a flow model) assumes that the pore liquid viscosity is a
constant throughout and equal to the bulk liquid value. Olsen (1962) conducted
hydraulic conductivity tests on six different clays and found discrepancies in Poiseuille's
law. However, he concluded that none ofthe discrepancies could be described by high

viscosity.

As water moves near the clay surface, it carries along some cations in the diffuse layer.

The cations are electrically attracted to the clay particles and their movement is impeded.
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This, in turn, produces a drag on the moving water. A potential difference is established
due to the migration of cations and electrokinetic coupling is thought to occur between
hydraulic and electrical flows (Elton, 1948). The coupling gives rise to an induced
electrical gradient called the streaming potential which acts in the opposite direction to
the flow (Bear, 1972). Streaming potentials of up to a few tens of millivolts per
atmosphere pressure difference have been measured in clays (Mitchell, 1991). Olsen
(1962) has shown that this counter-flow is negligible in most cases, but may become
significant relative to the true hydraulic conductivity for soils of hydraulic conductivity
less than 1010 rn/s.

Von Engelhardt and Tunn (1955) propose that adsorbed immobile water layers on the
particle surfaces possess non - Newtonian (shear rate dependent) viscosity, and that
Newtonian conditions prevail elsewhere. It is proposed that with increasing applied head
difference, the increased shear stress imposed on the immobile water layers decreases
their thickness, so the effective cross section for flow increased with the hydraulic
gradient. Swarzendruber (1962) also attributes deviations in Darcy's law to non -
Newtonian liquid viscosity or a yield value Bingham plasticity10 caused by clay water
interaction Pusch and Carlsson (1985) also associate the flow of pore water in dense

montmorillonite with shear displacement of organised water.

Large seepage forces due to high hydraulic gradients may induce internal migration of
soil particles resulting in clogging of pore spaces or erosion of sample material. Results
from Dunn (1985) show that hydraulic conductivity decreased irreversibly with
increasing gradient (20 to 200). Larger decreases in less dense samples are consistent
with particle migration. The denser the sample the larger the interparticle bond strengths
and therefore, the greater the percentage of particles incorporated in the load carrying
framework of the soil are not available for migration. Swarzendruber (1962), on the
other hand, found increasing gradients increased the effective cross section for flow and

suggested reversible particle orientations may occur.

Stearns (1927) proposes an alternative form of Darcy's law, g = C]i +C2, where q is the
one dimensional mass flow rate of water, iis the hydraulic gradient, and C1 and C2 are
constants. Swarzendruber (1962) gives the formula, v = B[i - J(1 - e'* D], where v is the
flow velocity, B, J and C are constants, for hydraulic gradients above a threshold value,

below which there is no flow.

10Thc Bingham yield stress is a threshold shear stress at which yielding of the more viscous adsorbed
water occurs Above the threshold shear stress, rate of shear is linearly proportional to shear stress as in
Newtonian flow'.
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To conclude, it seems that deviations from Darcy's law will be of most significance at

low void ratios (or high applied stresses) and low hydraulic gradients.

2.4.4 Mechanical effects on hydraulic conductivity

Particle interaction increases with increasing consolidation pressure (or decreasing void
ratio) causing a reduction in hydraulic conductivity (Bolt, 1956, Mitchell, 1956, Lambe,
1958). The flocculation of clay particles, which influences the distribution of void sizes
and shapes, was recognised by Mesri and Olson (1971) as the most important variable
influencing hydraulic conductivity. Terzaghi (1925) emphasised the importance of the
nonuniformity of the voids on clay hydraulic conductivity and the substantial dependence
of the hydraulic conductivity on the void ratio. Terzaghi and Peck (1967) suggest a
linear relationship between the logarithm of hydraulic conductivity and the logarithm of
void ratio for a particular soil type. This relationship is shown for three sodium clays in
figure 2.11 using experimental data from Mesri and Olson (1971). For soils with a
similar general history and fabric the hydraulic conductivity-void ratio relationships are

also expected to be similar (Little et al. 1992).

In one proposed fabric model which accounts for the reduction in hydraulic conductivity
with increasing applied stress, the reduced fluid flow is attributed to a more dispersed
clay structure with channels that are all nearly the same size. This causes an increase in
the length of the flow path (tortuosity) as the sample becomes more anisotropic under
increasing consolidation stress. Shelley and Daniel (1993) performed tests on compacted
kaolinite and found that hydraulic conductivity generally decreases with increasing
moulding water content and reaches a minimum just wet of optimum (indicating a

decrease in hydraulic conductivity as the fabric becomes more dispersed).

The cluster concept (see 2.3.6) provides a more satisfactory explanation of the fabric
effects on hydraulic conductivity. It postulates that the total porosity is distributed
among inter- and intra-aggregate pores. These groupings lead to the existence of many
tiny flow channels through which there is likely to be little flow, and a smaller number of
relatively large channels through which the main flow occurs. Flow through these pores
will be much greater than through the intra-aggregate pores, since the hydraulic
conductivity varies with the square of the pore radius (e.g., Bear and Verruijt, 1987).
Compression causes the clusters to approach a density corresponding to the densest
possible packing of spheres and the hydraulic conductivity decreases due to the reduction
in inter-aggregate void space. At a threshold stress, the clusters themselves begin to

compress causing a reduction in both the inter- and intra-aggregate void spaces, and the
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hydraulic conductivity decreases further. This model also accounts for anisotropy

because as clusters begin to compress the clay fabric becomes more dispersed.

Another effect of soil fabric on hydraulic conductivity has been discussed by Bear and
Verruijt (1987). They propose that 'dead end pores' in the solid matrix reduce the area
available for flow and define an effective porosity with respect to the flow through the
medium. The effective porosity is less than the calculated porosity. Similarly, Chapuis
(1990a), using a predictive method, shows a decrease in hydraulic conductivity of 5
orders of magnitude when the degree of saturation ofa clay soil falls from 100 to 40%.
He relates the hydraulic conductivity to a parameter called the efficient porosity which
accounts for the degree of saturation ofthe soil. However, since Darcy's law assumes

full saturation the relevance of this parameter is questionable.

2.4.5 Physico-chemical effects on hydraulic conductivity

The hydraulic conductivity of montmorillonite is recognised to be influenced strongly by
the diffuse double layer associated with the clay particles (e.g., Yong and Warkentin,
1975). The concentration of the pore fluid can have a large effect on the double layer
thickness hence the available cross-section for flow (Olsen, 1962, Dunn, 1985). Mesri
and Olson (1971) found the hydraulic conductivity of montmorillonite to be consistently
lower when the electrolyte concentration in the pore water is lower. The thicker double
layer associated with dilute solutions constricts the available void space for water flow,
and the confining stress determines to what degree double layers interact. Fernandez and
Quigley (1988) showed the hydraulic conductivity of compacted clay permeated with
differing contents of domestic waste landfill leachate was virtually unaffected at 160kPa
vertical confining stress. However, when the samples were unconfmed, the hydraulic

conductivity increased up to three orders of magnitude for high concentration leachate.

Montmorillonite in non-polar fluids, such as benzene, is flocculated into very tight, more
or less spherical domains (Mesri and Olson, 1971), leaving large pores through which the
fluid can flow. These pores are not constricted either by the presence of adsorbed layers
of fluid molecules or by the presence of diffuse double layers, and are thus completely
open for fluid flow. Experimental curves for the hydraulic conductivity of sodium
bentonite in four different pore fluids are shown in figure 2.12 (after Mesri and Olson,
1971).

The chemical compositions of the clay and permeant affect the viscosity of the fluid

adjacent to the clay particle; a low fluid viscosity promotes more rapid flow. Macey
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(1942) attributes the lower hydraulic conductivity of clay to water to be the anomalous

viscosity of water near the clay surface.

Therefore, assigning a unique value of hydraulic conductivity to a clay soil is far from
justified because the ease of fluid flow is dependent on factors which determine the size
and distribution of void spaces within the soil, i.e., mechanical and physico-chemical
effects. It is of great importance to recognise the significance of these factors when

interpreting laboratory and field values of hydraulic conductivity.

2.4.6 Effects of coarse particles on fine grained soil hydraulic conductivity
Adding coarse grained particles to clay for use in hydraulic barriers strengthens the
material, reduces shrink-swell potential, and reduces hydraulic conductivity due to the
nearly impermeable particles blocking flow paths (e.g., Gray et al., 1984, Holtz, 1985).
The range of moulding water content at which minimum hydraulic conductivity is
achieved is also broadened (Shelley and Daniel, 1993). Dixon et al. (1985) found
increasing sand content up to 50% (in bentonite-sand mixtures) reduced the effective
porosity, neff, available for flow: above 50%, only marginal changes in values of neff
were found. Daniel (1990), on use of gravel, cautions that too much is undesirable in a
hydraulic barrier because if the voids between the gravel particles are not entirely filled
with clay then a large amount of flow may occur through these pore volumes. Daniel
(1990) recommends that liner materials be restricted to soils containing less than 10-20%

gravel-size particles.

Jones (1954) found the hydraulic conductivity of sand-gravel mixes was significantly less
than the sand alone for gravel contents less than 65%. Above this value voids between
gravel particles were not completely filled. Holtz and Lowitz (1957) performed
compaction tests on clayey soils containing varying amounts of gravel, as the gravel
content approached two-thirds of the total material, there was often insufficient fine
material to completely fill the voids between the larger particles. The results of hydraulic
conductivity tests on silty clay-gravel mixtures by Shakoor and Cook (1990) show a
large increase in hydraulic conductivity for gravel contents greater than 50%. Chapuis
(1990a) found the hydraulic conductivity of sand decreases when the total fines content
is increased. These findings have an important analogy with bentonite-sand mixtures
where the sand content and void ratio of the bentonite may have an important influence

on the hydraulic conductivity.



28

2.4.7 Hydraulic conductivity of bentonite-sand mixtures

For a bentonite-sand mixture, Hoeks et al. (1987) suggest that the hydraulic conductivity
depends on the bentonite content and type, grain size distribution ofthe sand, degree of
compaction and quality of permeating water. They argue that Darcy's law is only valid
when water molecules can move freely within the pores of the medium. Wu and Khera
(1990) investigated the effects of the expanded volume of bentonite on hydraulic
conductivity by performing consolidation tests on 10% bentonite-sand mixtures. Their
results indicate that during consolidation only free liquid drains initially until the soil has
been consolidated to contain essentially solid particles and adsorbed liquid. At this point
the hydraulic conductivity becomes very low because the solid particles and the semi-
rigid adsorbed liquids are relatively impermeable. Chapuis (1990a) proposes a volume of
slow-moving (adsorbed) water proportional to the volume of bentonite in the mix and
considers this to be unavailable for flow. He defines the total pore space available for
fast moving water as the efficient porosity; the difference between the porosity and the
volume of adsorbed water. Mixtures with high bentonite contents have negative efficient
porosities, meaning all pore water is slow moving. In this case, the hydraulic
conductivity of the mix is similar to that of bentonite alone that is regularly distributed to

fill all void spaces.

Gray et al. (1985) and Cheung et al. (1987) propose that the hydraulic conductivity of a
bentonite-sand mixture depends on the effective clay dry density (mass of clay/volume of
clay plus voids). Dixon and Gray (1985) show that hydraulic conductivity decreases
with increasing effective clay dry density and is virtually independent of the sand content.
Holopainen (1985) found hydraulic conductivity decreases with increasing degree of
compaction, and increasing bentonite content up to 15% (using hydraulic gradients

greater than 33).

The quantitative effects of bentonite content on the hydraulic conductivity of mixtures
appear to be largely unknown and different authors report widely varying values (see
2.2.2). This is largely because of a failure to recognise the important soil parameters and
poor experimental technique. For example, ifa mixture is not allowed to reach
equilibrium before testing, time dependent hydraulic conductivity is likely due to gradual
closure of flow paths as the bentonite swells. Methods of hydraulic conductivity

measurement are discussed in 2.4.8.

2.4.8 Methods of hydraulic conductivity measurement
Presently, there are no standards available for laboratory hydraulic conductivity tests,
except ASTM-D2434-68 which applies only to clean sands and gravels, and the opinions
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on which test to use to measure hydraulic conductivity are diverse. Tests can be
performed in rigid wall or flexible wall permeameters. Authors usually agree that a
triaxial test (flexible wall method) is preferable because it is faster (3-7 days) and it gives
control of effective stresses and the degree of saturation by back pressure (Black and
Lee, 1973). The potential for leakage between the sample and confining membranes is
minimised. However, the decreasing diameter in a triaxial cell during consolidation is
inconsistent with field boundary conditions (Sallfors and Peirce, 1985) and at high
chemical concentrations the latex membrane cannot be prevented from being damaged
(Wu and Khera, 1990). A rigid wall permeameter, however, can provide results similar
to those of a triaxial cell (Lundgren, 1981, Chapuis, 1981) if sidewall leakage is
controlled (for example by a fine coating of bentonite). A fixed wall cell has boundary
conditions and an effective stress distribution resembling field conditions (no lateral
deformation and one-dimensional flow). Sallfors and Peirce (1985) report fixed wall
cells have a tendency to yield higher values than triaxial cells. However, Boynton and
Daniel (1985), using kaolinite and fire clay, found the type of permeameter did not have

a large effect on the measured hydraulic conductivity.

For soils with very low hydraulic conductivities it is impractical to test the specimen at
low hydraulic gradients. Wu and Khera (1990) recommend that a specimen of small
thickness is used. However, the time period required to reach equilibrium conditions
prior to testing can still be extensive. Chapuis (1990a) found the time to saturate,
consolidate and reach steady state seepage conditions of bentonite-soil mixtures (3-5cm

thick) was 2-7 days in triaxial cell and 7-12 days in a fixed wall cell.

Variation of results in hydraulic conductivity measurement are attributed to differing
grain-size distributions, total porosities, degrees of saturation, amounts of swelling
allowed, hydration and inflow and outflow conditions (Dunn, 1985, Chapuis, 1990a).
One of the major difficulties in interpreting reported hydraulic conductivity data is that

these parameters are very rarely measured or given.

249 Summary

A common error in the literature is that a measured value of hydraulic conductivity is
taken as absolute for a particular material, which is an inaccurate assumption. For
example, Chapuis (1990a) reports a variation in laboratory measured hydraulic
conductivity ofa 10% bentonite-sand mixture from 5x 10“* m/sto 9 x 10"~ m/s. From
the previous sections it is apparent that many factors affect the hydraulic conductivity of
clay soils, most notably effective stress, fabric and type of pore fluid (all of which

influence the void ratio). Ifthese factors are not accounted for, the performance of a
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landfill liner may be overestimated. Therefore, in addition to quoting a hydraulic
conductivity value, the material and pore fluid properties at which it was measured are
essential. Failure to report, measure or account for such parameters, is likely to prevent
a quantitative interpretation of the effects of sand content on the hydraulic conductivity

of bentonite-sand mixtures.

Terminology is also confusing. Hydraulic conductivity and permeability are generally
used interchangeably. However, as discussed in 2.4.2 they are entirely different material
properties. When discussing materials not susceptible to physico-chemical reactions, the
term effective porosity refers to the available volume for flow due to the effects of'dead
end pores'. Oscarson and Cheung (1983) use the same term to account for immobile
surface water unavailable for flow, which Chapuis (1990a) defines as the efficient
porosity. The tortuosity is sometimes defined as the ratio ofthe length of'tortuous’ flow
path to actual sample thickness, and has a value greater than one. The inverse ofthis
value is also defined as tortuosity, this is preferred as the value is less than one and
therefore relates to the reduction in flow caused by the extra length of flow path. Other

definitions refer to tortuosity as the square of either of these values.

The chosen method of measurement is the largest source of debate for determining
hydraulic conductivity values. Ifthe volume of a fully saturated sample is constant, and
inflow and outflow produced by a constant head difference are identical, then, assuming
Darcian flow", the true hydraulic conductivity can be calculated for the specific material
and pore fluid properties. The test type should only alter the property of the material
(i.e., void ratio), which, consequently, will change the hydraulic conductivity and this can
be accounted for A further, equally important issue, is ensuring that the type oftest
performed on a laboratory sample is comparable to the field conditions. Alternatively, if
values obtained from laboratory testing are to be used for design purposes, the

constructed liner should be as similar to the laboratory sample as possible.

1'This may not be Iruc for all material types (sec 2.4.3).
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2.5 Strength
2.5.1 Principle of effective stress
It is widely accepted that Terzaghi's concept of effective stress (Terzaghi, 1923) provides
a satisfactory basis for understanding the strength and deformation characteristics of
saturated soils. The principle of effective stress can be stated as:
o=a'+u 2.3
where c¢' = effective normal stress

a = applied external normal stress (total stress)

u = pore water pressure

The principle assumes that the area through which the intergranular stress acts is
negligible. It also states that all measurable effects of changes in stress, such as
distortion, compression or expansion, arise from a change in effective stress.
Interparticle contacts, which are effectively solid-to-solid, are the only significant region
between soil grains where effective normal stress and shear stresses can be transmitted
(Mitchell et al., 1969). Effective and total shear stresses are always equal as pore fluids

cannot support shear stress.

Sridharan and Rao (1973) propose that volume change in clays is governed by the
shearing resistance at interparticle level, and by diffuse double layer repulsive forces,
which operate simultaneously. The latter is thought to dominate the volume change
behaviour of expanding clays like montmorillonite (see 2.3.8). Mitchell (1976) and
Lambe and Whitman (1979) suggest that for expanding clays, where particles are small
and carry repulsive charges, it is unlikely that there any significant interparticle contact.
Several authors have modified Terzaghi's principle of effective stress to account for the
observed behaviour of montmorillonitic clays. These are discussed in section 2.5.2.

2.5.2 Modified principle of effective stress

Electrical attractive and repulsive forces at particle level in clays are thought to influence
the engineering behaviour. As a consequence, the principle of effective stress has been
modified by various authors (Lambe, 1960, Sridharan, 1968, Sridharan and Rao, 1973,

Mitchell, 1976).

Lambe (1960) introduced an equation relating the total external load to the internal stress
in the particulate soil system. His generalised equation could be stated as

a=amam+u + (R-A) 2.4
where, am is the mineral-to-mineral contact stress, am the fraction of the total

interparticle contact area that is in mineral-to-mineral contact, u' the equivalent pore
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water pressure and (R - A) the interparticle attraction and repulsion divided by the total
interparticle area. The conventional effective stress is

a-u=amam+ (R - A) 2.5

Mitchell's (1976) modified principle of effective stress for soils containing expanding clay
minerals at water content (and void ratio) equilibrium is:

0=0+(R-A) +u 2.6
o' is the traditional effective stress associated with interparticle contact, (R - A) is the
magnitude of the intrinsic effective stress derived from the electrochemical charge fields
around the particles, and u is the pore water pressure in the unbound (or "free") water in
larger pore spaces. Graham et al (1989) modify this equation further assuming
montmorillonite particles are not in mineral-to-mineral contact. The modified equation
becomes

a=(R-A)+u 2.7
From this equation they conclude that the electrochemical forces between particles
balance the difference between externally applied pressures and the free water pressure in
the clay, and the apparent effective stress, (a - u), controls strength, compressibility, etc.
The net repulsive pressure, (R - A), is larger when external stresses are large and the
occupied volume is small. Dixon et al. (1986) increased the pore water pressure at the
base of a 50% bentonite-sand sample after the swelling pressure had been allowed to
fully develop. They found the total stress increased linearly and equally with the applied
pore pressure and concluded that the total stress is equal to the sum ofthe swelling

(osmotic) pressure and the pore water pressure.

Sridharan (1990) believes that although mineral to mineral contact may not exist in the
literal sense, contact stress exists through adsorbed water and entanglement of particles.
Ifa'is zero, as suggested by equation 2.7, then shear strength will be zero. Sridharan
and Rao (1973, 1979) and Sridharan (1990) state that an effective stress of (R -A) is
contrary to the behaviour. An increase in R or a decrease in A should bring about a
reduction in shear strength. They rewrote the modified effective stress concept
expressed as

Cl=0'+a" 2.8
where C' is the effective contact stress which controls the shearing resistance, < is the
conventional effective stress and a" is the intrinsic effective stress, (A - R), equal to the
net electrical attractive pressure. Repulsive forces tend to separate the clay particles
away from each other in the same way as the positive pore water pressure does, and the
attractive forces tend to bring the clay particles closer together in the same way as the
external normal force does. When C' becomes zero the shear strength is zero.
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Chatterji and Morgenstern (1990) propose a modified effective stress law:
°*n~an-(R-A) 2.9
where o*n is the true effective stress and a'n the apparent effective stress (on - uw),
equal to the classical definition of effective stress. They performed shear box tests on
bentonite samples containing different pore fluids. At the same apparent effective stress,
a'n, the effect of a change in pore fluid salinity is believed to change the net repulsive
stress, (R - A), of the clay system, thus bringing about a change in the true effective
stress, cr*n. They found that ifthe measured residual shear strength values are divided
by the corresponding estimated true effective stress, similar values of residual friction

angles are obtained irrespective ofthe pore fluid salt content.

O fthe modified principles proposed, those after Sridharan (1990) and Chatterji and
Morgenstern (1990) seem the most tenable. As pore fluid has no shear strength,
frictional strength can only occur through effective stresses transmitted through particle
contacts12. For example, at the liquid limit the void ratio of bentonite is very large and
yet the soil still has shear strength. I1fthe concept of clusters of clay particles is again
considered, it is easy to visualise how the clay fabric can support such large void ratios.
Although some ofthe clay particles at the intra-aggregate level may not be in contact,
individual clusters may be acting as larger 'granular' particles in contact with one another,

thus transmitting the effective stress throughout the soil structure.

It therefore seems logical to assume that some form of particle contact exists, the degree
of which is determined by pore fluid concentration and externally applied stress. For
example, an increase in pore fluid concentration of a sample initially at equilibrium
decreases the double layer repulsive force between particles, with a resultant increase in
particle contact and effective stress. A subsequent reduction in externally applied stress
causes swelling, resulting in less particle contact and a decrease in effective stress. At
equilibrium, if the final and initial soil states are identical, the effective stress has its
original value because the degree of particle contact is the same. This is essentially the
same as Terzaghi's theory, which predicts the effective stress is constant at a particular
soil state. For a material such as sand, where there is no contribution to volume change
from electro-chemical forces, the effective stress at any state is simply the difference

between the externally applied (total) stress and the pore water pressure.

12Section 2.4.3 discusscd the likelihood of highly viscous adsorbed water on particle surfaces, which
may possess shear strength. Data from Kemper (1964) suggests that any contribution to shear strength
would be limited to the first monolayer of water. Therefore, although mineral-to-mineral contact may
not exist, contact between particles is reasonable if the first water layer and particle are considered to be
a single unit.
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2.5.3 Strength of sand

The physical property from which a sand achieves its strength is interparticle friction.
According to Bowden and Tabor (1954), interparticle friction depends on the nature of
the mineral, the properties of its surface and roughness and on the size of the load per
particle13. Skinner (1969) demonstrated that the angle of shearing resistance of glass
ballotini sheared at constant volume was independent of the coefficient of interparticle
friction. He attributed this to a failure mechanism involving particle rolling and
translation, rather than direct sliding, as this was prevented by interlocking of the
particles. Rowe (1962) found that interlocking between sand particles increases with

angularity of particle shape and the uniformity coefficient of the grading.

Casagrande with Terzaghi and Peck (1948) and Taylor (1948) demonstrated the basic
shear characteristics of sands. Typical deviator stress-axial strain curves and volumetric
strain-axial strain curves for dense and loose sand are shown in figure 2.13 (after Bishop
and Henkel, 1962). As a dense sand shears it increases in volume (dilates). The point of
peak strength is usually associated with the maximum rate of dilation as shown in figure
2.13a. Deformations to failure are small, and a brittle type failure occurs resulting in a
slip plane with little previous remoulding (Rowe, 1962). The peak strength of dense
sand is represented on a Mohr-Coulomb failure envelope by the angle of shearing
resistance, (|)max At considerably greater strains, shearing occurs at constant volume
where the corresponding angle of shearing resistance is denoted as ()cv Evidence from
Roscoe (1970) suggests that soil in rupture zones will dilate fully to achieve a critical

state, at which shear deformation can continue in the absence of volume change.

Loose sand reaches its maximum, equal to *"CV’ at large strains without passing a
previous peak with a corresponding decrease in volume as shown in figure 2.13b. A
plastic type failure occurs with no clear slip plane. Roscoe, Schofield and Wroth (1958)
proved that assemblies of particles attain a single final porosity for a given normal
pressure, the value of which depends on particle shape and grading. This ultimate
condition (or critical state) is associated with (cv and is reached whatever the initial
porosity ofthe sample. The behaviour of dense and loose sands is conceptualised in
figure 2.14 (after Bolton, 1979).

The conventional Mohr-Coulomb plot for peak strength gives different plots for each
state of packing. Furthermore, with dense sands the envelope is not straight. For a

particular void ratio, dilatancy decreases with increasing pressure due to the smaller

13Sand interparticle friction was measured by Rowe (1962) by shearing blocks of quartz against each
other.
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changes in void ratio necessary to reach the critical state and crushing at the grain
contacts, which decreases the degree of interlocking (e.g., Rowe, 1962, Bishop, 1966).
Tests on dense sand under extreme stresses mimic the normal behaviour of very loose
sand. The peak phenomena is suppressed and the sample volume contracts rather than

dilates (Bolton, 1986). The dilation of soils during shear is discussed further in 2.5 .6.

2.5.4 Strength of clay

The behaviour of clay soils during shear is much more complex than that of coarse
grained or granular soils. Many factors, such as clay mineral type, water content, pore
fluid concentration, stress history, drainage during shear, stress path, rate of loading,
temperature and soil fabric influence the strength and deformation of clays (e.g.,
Sridharan and Rao, 1979). Mitchell (1976) states that the frictional coefficient decreases
with increasing in specific surface area (or decreasing particle size). Haefeli (1951)
found that the magnitude ofthe drop in strength from peak to residual in clays increased
with liquid limit. Moore (1991) shows that clays saturated with monovalent sodium
cations consistently resulted in lower residual strengths than clays saturated with calcium
divalent cations. Seed and Chan (1959) found strength increases with density provided
the structure remains the same, and at large strains samples behave the same regardless
of structure. The drained behaviour of overconsolidated clays is broadly analogous to
that of dense sands, whereas, normally consolidated clays behave like sands at less than

critical densities.

At very large strains frictional sliding occurs between strongly oriented clay particles at
which point the residual strength, 4>, is mobilised, which is much lower than the constant
volume strength. The effect of loss of strength in clays due to preferred particle
orientation is not predicted by the critical state theory. The critical state for clay soils is
envisaged as shear at constant volume but with random particle orientation (Lupini et al.,
1981).

Clays soils are often referred to as cohesive. Rowe (1962) states that no strong evidence
for cohesion exists, and a cohesion term is usually the result of pore pressures which are
unaccounted for in data analysis. Mitchell et al. (1969) performed consolidation and
strength tests on San Francisco Bay mud, illite and sand. They found a linear variation
between number of bonds per unit area, S, and effective consolidation pressure, and
postulated that the bonds represented by the intercept on the S axis (at zero stress) are
the source of true cohesion. All materials showed the same proportionality between
strength and number of interparticle bonds which passed through the origin. They

suggest the basic strength generating mechanism, i.e., interparticle bonding between
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atoms at interparticle contacts, is the same for both sands and clays. The increased
strength of overconsolidated clays is attributed to bonds formed during normal
consolidation, which do not disappear when the effective consolidation pressure is
reduced (i.e., the higher density, for a particular stress, yields a dilitant component of

strength).

Sridharan and Rao (1979) found a decrease in cohesion intercept, tending to zero, with
an increase in dielectric constant for statically compacted and hand-remoulded samples of
kaolinite and montmorillonite. Using their modified equation (equation 2.8) they argue
that an increase in effective stress occurs due to a positive value of (A - R), this acts in
the same way as a negative pore pressure. When this is taken into account, as in the
determination of effective stress plots from total stress plots, the true effective stress is
known and the cohesion intercept is essentially zero. This is interpreted as meaning the
shearing resistance in the soil is of a frictional nature. Chatterji and Morgenstern (1990)
postulate purely frictional strength with the seat of friction at the solid interparticle

contacts.

2.5.5 Strength of soil mixtures

For soil mixtures, such as a clay-sand mixture, Kenney (1977) suggests that the clay
mineral and water form a cohesive matrix which is either distributed within the voids of a
sand skeleton, or surrounds discrete sand particles. The strength will therefore depend
on the relative volumes of matrix and sand. For small volumes of sand the behaviour is
controlled by the clay-mineral matrix, and increasing volumes of sand inhibit to an
increasing extent the clay-mineral particles becoming oriented parallel to the direction of
shear displacement, thus causing increased shear resistance. Beyond a certain volume,
the sand particles will form a continuous structure which resists applied forces, with the
clay mineral matrix acting only to fill the voids. Georgiannou (1988) performed fabric
studies aimed at establishing the distribution of clay in clayey sands (7-8% clay content).
He showed that clay particles tend to concentrate at the contacts between sand grains, to
form clay bridges, and at irregularities on sand grain surfaces. In this overall
arrangement, sand grains are fixed by clay at most contacts. At clay contents in excess
of 10%, the physico-chemical properties of the clay may exert an influence on shear
strength far in excess of its relative abundance (Yong and Warkentin, 1975, Mitchell,

1976). The amount of clay in soils is veiy important when determining shear strength.

As the clay content of a soil increases, a change in shearing mechanism occurs.
Borowicka (1965) performed reversal shear box tests on different artificially produced

clay soils. He found brittleness increased and the residual shearing angle decreased with
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increasing clay fraction. Vaughan et al. (1978) suggested that the discontinuous change
in residual friction angle with increasing clay fraction might be due to the existence of
two shearing mechanisms, turbulent shear and sliding shear, with a relatively sudden
change between them. Turbulent shear involves shear at constant volume without
preferred particle orientation; the strength essentially that of the coarse particles. A
higher proportion of platy particles, perhaps involving separation of the contacts between
the coarse particles, results in a reduction in strength, although still without preferred
orientation of the clay. Sliding shear behaviour occurs when the clay fraction is
sufficiently high for a well formed, polished sliding surface of strongly orientated clay to
develop. Evidence for particle orientation has been established using optical microscope
techniques (e.g., Mitchell, 1956) and using the electron microscope (e.g., Yong and
McKyes, 1971). Lupini et al. (1981) working on natural and artificial clays found a
relatively smooth transition with increasing clay content from a residual strength
equivalent to c¢'n tan (cv for a granular soil to a strength related to sliding of clay
particles. Their electron micrographs show transitional behaviour involves discontinuous
sliding shear surfaces and pockets of soil behaving in the turbulent mode, both contained
within a thick shear zone (about 2mm). Transitional shearing behaviour was shown over
a range of clay fractions between about 23% and 43%. Peak and residual friction
coefficients against clay fraction for bentonite-sand mixtures are shown in figure 2.15
(after Lupini et al., 1981), showing the change in strength with clay fraction. Skempton
(1985) found transitional behaviour of bentonite-sand mixtures at clay fractions between
25% and 50% under 350kPa vertical stress. Storr (1992) performed ring shear tests on
20% bentonite-sand mixtures and found an ultimate angle of friction midway between
4>cv for a sand and <Jr ofa clay . The observed value is considered to represent clay type
behaviour, but with the churning action of sand grains along the shear plane preventing

the development oftrue residual strength behaviour.

Ring shear tests on natural soils by Lupini et al. (1981) show a decrease in residual
friction coefficient with increasing normal stress (90 - 900kPa) when the clay content is
sufficient for sliding shear only to occur. At lower clay contents the opposite behaviour
is expected because increasing compression due to increasing normal stress will bring the
granular fraction of a mixture to a closer packing, and so promote interference and
interlocking between the coarse particles. Ifboth turbulent and sliding shear are playing
a part in the shear mechanism, then the two effects are in opposition and may partly

cancel out.

To account for the two soil phases in a clay-sand mixture, Kenney (1977) relates
strength to the volume ratio, rvc (volume of clay plus water/total volume). Lupini et al.

LkDS UNIVERSIiy LISRARY
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(1981) found residual strength correlates best with the void ratio of the granular phase of
the soil, eg (volume of clay and water/volume of coarse particles). This parameter
reflects changes in packing due to compression directly hence the interference between
the coarse particles. For sands and clayey sands of the same bulk unit weight,
Georgiannou et al. (1990) found an increase in granular void ratio with increase in clay
content and for a fixed initial granular void ratio there was no significant change in the
slope ofthe compression curves with clay contents between 3.5 and 7%. It therefore
appears that consideration of the individual phases of the soils is best in interpreting the

strength of soil mixtures.

In bentonite-sand mixtures, Graham et al. (1986) propose that effective stresses will
result from a combination of interparticle forces between sand grains and osmotic
pressure between clay particles. The relationship between these two sets of forces will
depend on factors such as the ratio of sand to clay, the homogeneity of the mixture, and
its degree of compaction or density. Graham et al. (1986) performed triaxial tests on
50% bentonite-sand mixtures. Their results suggest that at high stresses (~0.5MPa)
there is sufficient compression of the clay matrix that the sand particles are beginning to
support some of the externally applied stress. Graham et al. (1989) have developed a
conceptual behavioural model based on critical state soil mechanics, using results from
swelling pressure and oedometer compression tests. Their results predict that long term
behaviour of bentonite-sand mixtures (defined as samples allowed to swell fully to
equilibrium) will be like strain hardening clay. In samples of this type the clay supports
all the stress and therefore shearing results in compression. The short term behaviour,
where samples have not fully swollen and the sand supports the effective stress, is

expected to be more like strain softening clay.

2.5.6 Stress-dilatancy theory

The peak strength of soils can be considered to be composed of two components; the
strength due to friction and the additional strength due to dilation (e.g., Bolton, 1986).
Several relationships have been derived to account for the phenomena of dilation. Some

ofthe more important, and relevant, relationships are discussed in this section.

The saw blades model of dilation, shown in figure 2.16 (after Bolton, 1979), is the
simplest. The peak strength, tmax’ * given by

Amax = cv + U 2
where <JCVis the angle of shearing on soil loose enough to be in a critical state, with zero

dilation and u is the angle of dilation.
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Taylor, followed by Skempton and Bishop (1950) performed direct shear tests on sand
and separated the strength component due to friction from that due to dilation. They
found that the frictional strength was the difference between the peak and dilatant
strengths, or

tan (cv = tan Ymax- (5V/8A) 2.11
where 5V is volume increase over a horizontal displacement 5A

In these relations no attempt has been made to optimise the failure mechanism or to

correlate the directions of principal stress and strain increments.

Rowe (1962) performed triaxial tests on packings of steel shot and sand. His results lead
to the stress-dilatancy relation
C foa>
1— 2 12

3 voodsd
Where bv and sj are the volumetric and axial strains respectively. This equation was
obeyed over a wide range of negative and positive dilatancies, including the case of zero
dilatancy and accounts for the sum of the energy absorbed in friction and that in dilation.
Rowe (1962) found that packings in a state intermediate between the loose and dense
state undergo a degree of rearranging prior to failure which varies from a maximum in
the loose state to almost zero in the dense state. Reloaded samples subject to stresses
less than the previous maximum show very little rearranging until the previous maximum

is approached.

Bolton (1986) uses a relative dilatancy index Ir = 17(10 - In p') - 1, where Ip is the
relative density and p' the mean effective stress at failure. This offered a unique set of
correlations for the dilatancy related behaviour of each of 17 sands. For triaxial strain in

the range 0 < Ir < 4, Bolton found that

NMmax " Mev = 31R° 2
and as, 0.3Ir 2.14
de,
The expression (fmax = €tcv + 0 was found to be operationally indistinguishable

from Rowe's stress dilatancy equation.

It is known that the deformation and failure characteristics of clays with respect to
effective stresses are very similar to those of granular materials and evidence suggests
that the stress-dilatancy relation may be of general application (Rowe, 1962). Rowe et

al. (1963) proposed a modified stress-dilatancy equation for soils containing clay as



Where 45cv and c'cv are the angle of shearing resistance and cohesion intercept at zero
dilatancy respectively. Equation 2.15 was investigated experimentally on two natural
clay soils. It was found that the stress-dilatancy data lay on a theoretical line given by
Jgjev = 28° and c'cv = 0, in which case equation 2.15 reduces to Rowe's stress-dilatancy
relation for granular materials (equation 2.12). The variable dilatancy of specimens
tested at different pressures under different overconsolidation ratios was shown to be the
cause of a cohesion intercept on the Mohr-Coulomb envelope. These findings indicate
that stress-dilatancy relationships for granular materials have a general application, and

any contribution to the shearing resistance of soil from ‘'true cohesion' is minor.

2.5.7 Elasticity, plasticity and stiffness

In an ideal (but not necessarily isotropic, linear or homogeneous) elastic material the
deformations are recoverable on unloading and the energy supplied to the material over a
closed loading cycle is zero. In addition, deformations are dependent on the stress
increments causing them and are independent of the current states of stress and strain.
The stress-strain relationship for a perfectly elastic material is shown in figure 2.17a.

The deformations of an ideal plastic material are stress independent and irrecoverable,
and the energy supplied during a loading increment is dissipated within the material.

Plastic and elastic-plastic behaviour is shown in figure 2.17b.

The stress-strain behaviour of soils can take many different forms between the idealised
elastic and plastic relationships. Figure 2.17c is typical of the brittle properties of dense
sands and overconsolidated clays, and figure 2.17d represents the ductile behaviour of
very loose sands and normally consolidated clays (plastic deformation). Although elastic
theory may apply reasonably well for monotonic loading, many soil stress-strain
unloading-reloading curves have substantial hysteresis and the corresponding elastic
strains are not fully recoverable over the whole range of unloading (Atkinson and
Richardson, 1985).

There are indications that soil behaviour should be considered as inelastic even at
relatively small strains and that the stiffnessi4 is greatest at the start of loading when the

increments of stress and strain are small. Jardine et al. (1984) performed undrained

14Soil stiffness usually refers to Young's modulus, E, equal to da/dr.. The undrained stiffness is denoted
by Eu and the drained stiffness by E'.
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triaxial tests on clay and found the stress-strain behaviour to be non-linear, and very stiff
undrained behaviour was observed below 0.1% axial strain. Each test departed from
straight line behaviour over its small strain range. Atkinson et al. (1990), also
performing triaxial tests, found that within the regions of loading examined (strains in

excess 0fo0.1%) both the stress-strain curves and strain paths were non-linear.

Soil stiffness will depend on the soil, which may be described by the grading, mineralogy
and plasticity, and for a given soil, by the current state of stress and the stress history.
For a given soil at a given state and with a particular stress history, the measured
stiffness is often different for different stress paths such as compression or extension,
drained or undrained, loading or unloading (Atkinson et al., 1990). An additional
influence on stiffness is the recent history of the soil described by the most recent
loading, which may take the form of an extended period of rest or a sudden change in the
direction ofthe stress path (Atkinson, 1973). However, these effects are only significant
at small strains (<0.5%). Atkinson et al. (1990) indicate that the variation of stiffness,

following a given stress path rotation, increases with increasing plasticity.

When considering clay-sand mixtures, the stiffness will be governed by the clay matrix at
high clay contents, the sand matrix at low clay contents, or a combination of both.
Georgiannou et al. (1990) performed undrained triaxial compression tests on kaolinite-
sand mixtures. At a fixed granular void ratio (or sand density) approximately equal to
0.8, small variations in clay content did not appear to have a significant effect on the
measured stiffness for a normally consolidated soil. The stiffness increased with a
reduction in the granular void ratio and an increase in overconsolidation ratio, and was

less dependent on the overconsolidation ratio as the axial strain increased.

Conventionally, the determination of the axial stiffness of a triaxial sample is based on
external measurements of displacement which include a number of extraneous
movements. For example, the true soil strains developed in triaxial tests can be masked
by deflections which originate in compliances of the loading system and the load
measuring system. In addition, the difficulty in trimming samples with perpendicular
faces and a variety of sample bedding effects can give a poor definition of the stress-
strain behaviour ofthe material under test, particularly over the small strain range
(Jardine et al., 1984). Most triaxial tests therefore tend to give apparent soil stiffnesses
far lower than those inferred from field behaviour. The measurement of stiffness of the

bentonite-sand mixtures in the testing programme is discussed in 4.5.7.
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2.6 Summary and conclusions

Volume change behaviour, hydraulic conductivity and strength and stiffness of clays, and
the strength of sands have been detailed. Literature which cites the engineering
behaviour of clay-sand mixtures is also included. Since it is likely that the mechanical
properties are dominated by the clay fraction in bentonite-sand mixtures this chapter has
been heavily weighted as a discussion on bentonite and the factors which contribute to its
varying behaviour. It has been shown that swelling of bentonite appears to be controlled
largely by physico-chemical effects and a three level swelling model is likely: interlayer
swelling (within particles), interparticle swelling (between particles) and inter-aggregate
swelling (between clusters of particles). The contribution of each type of swelling to the
total volume change will be strongly influenced by the applied stress and/or pore fluid
concentration, and, in addition to the stress history, will determine the fabric of the clay.
As hydraulic conductivity and strength of clays are also dependent on the fabric it is

essential to understand the swelling behaviour before consideration of other properties's.

The factors which affect the hydraulic conductivity of clay soils have been discussed.
Hydraulic conductivity has been shown to significantly vary with mechanical and
physico-chemical changes. In addition, deviations from Darcy's law are possible due to
interactions between clay particles and water, and these have been listed. Methods of
measurement compound the problem of quantifying the behaviour of soils with low
hydraulic conductivity because different techniques can yield wide ranges of values.
However, ifall the parameters of the sample are known, measured and controlled, it

seems that reasonable correlations between various methods can be achieved.

The principle of effective stress has been modified by several authors to account for the
electrochemical attractive and repulsive forces which govern the volume change
behaviour in expanding clay soils, these modifications have been summarised. Since
friction between particles must exist for a soil to have shear strength, it seems reasonable
to state that the total stress is equal to the effective stress plus a water pressure term. In
sands and clays of large particle size where mechanical effects dominate, the water
pressure term is equal to the excess pore water pressure in Terzaghi's principle of
effective stress (equation 2.3). For montmorillonite, a pore water pressure increase
and/or an increase in the net electrical repulsive force will tend to force particles apart, a
pore water pressure decrease and/or an increase in the net electrical attractive force will

tend to bring the particles closer together. Therefore, a water pressure term is likely to

15The osmotic concept of swelling due to physico-chemical interactions appears to be significant only for
clay particles of very small diameter, namely montmorillonite.
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consist of both hydrostatic and osmotic pressures, determined by load and concentration

differences respectively.

The cluster concept relating to inter and intra-aggregate pores provides a useful
conceptual fabric model for understanding the swelling and hydraulic conductivity of
clays. It may also be useful in interpreting behaviour during shear. For example, the
peak angle of shearing resistance is generally much higher than that at the residual
state16. Peak strength may be due to clusters of clay particles initially acting as more
granular particles. At the residual state this fabric effect is largely removed because clay
particles are aligned along the shear plane and as a consequence the shear strength is less.

As sand is added to clay the activity of the soil decreases and the swelling of the sample
as a whole reduces. The effects of this on the hydraulic conductivity and strength have
received relatively little attention. There are conflicting data on the changes in hydraulic
conductivity with clay content, usually because the state of the sample (i.e., stress, void
ratio etc.) is unknown. The strength of soil mixtures has been discussed. It is known
that the ultimate angle of shearing resistance decreases with increasing clay content,
however, much ofthe reported test data are interpreted qualitatively. In addition, very
little is reported on the peak strength of soil mixtures. The actual effects on varying clay
content on swelling, hydraulic conductivity and strength of clay-sand mixtures are not
fully understood quantitatively (in engineering terms) and there appears to be no
coherent framework for understanding the behaviour of two soil phase materials.

The material which has been discussed in this chapter is considered to be essential
background in understanding the behaviour of bentonite-sand mixtures and some ofthe
methods described will be used in the analysis of the laboratory test data in chapters 5

and 6.

16Lupini et al. (1981) found peak and residual angles of shearing resistance of a sodium bentonite to be
20° and 6° respectively when tested on a ring shear apparatus.
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VEGETATIVE COVER

DRAINAGE LAYER

COMPACTED CLAY COVER

DRAINAGE BLANKET

LEACHATE COLLECTION PIPE

FOUNDATION SOILS
COMPACTED CLAY LINER

Figure 2.1a: Typical landfill section and component dimensions (after Oakley, 1987).

Figure 2.1b: Hydrological cycle as applied to landfill containment system (after Oakley,
1987).
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Mitchell, 1993).

Figure 2.3: Diagrammatic sketch of the montmorillonite structure (after Mitchell, 1993).
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2.5a
Note: Picture width is 7.5|j.ni.

Figure 2.4: Electron photomicrograph of
montmorillonite (after Mitchell, 1993).
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Figure 2.5: Possible mechanisms of water adsorption by clay surfaces (after Mitchell,
1993). (a) lon hydration, (b) Hydrogen bonding (c) Attraction by osmosis.
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Figure 2.6: Distributions of ions adjacent to a clay surface according to the concept of

the diffuse double layer (after Mitchell, 1993).

+ + - 4- +
4 -4 - 4 — - “L 4-
4—+—r+—r+l--—+14 4-4- 4H---Db

4-
4 + 4- 4- 4 4- + + 4—1-4-4- L+ +
4- - h 4 -+ + + 4 - + o+ +
B & 4- # - & 4-
Concentrat?on 4- + 4-4-4- + + 4-
4-  4- 4 4- 4- 4- 4-

H—h H—h H—h 4—h H—|} 4 = 2"

4-8- 4 1 |-4- 4 4—1-4-4- 4-44— -
4 4 4 + 4 + 4 - 4

4 - 4 - — 4 4~ 4-

4- 4-

Waier

lons Restrained
by Negatively
' Charged Particle

Surfaces

Figure 2.7: Mechanism of osmotic swelling pressure generation in clay (after Mitchell,

1993).
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Note: N is solution molarity.
Figure 2.8: Theoretical and experimental swelling curves for consolidation and rebound

of sodium montmorillonite (after Mesri and Olson, 1971).

Figure 2.9: Microstructure of fine grained soil (after Griffiths and Joshi, 1989),
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defined in 2.4.2.
Figure 2.11: Hydraulic conductivity of three sodium clays in water (after Mesri and
Olson, 1971).

Note: Permeability (used in the figure) is identical to the hydraulic conductivity
defined in 2.4.2.
Figure 2.12: Hydraulic conductivity of smectite in four pore fluids (after Mesri and

Olson, 1971).
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Note: @' is the deviator stress and o the specific volume.
Figure 2.13: Results of drained triaxial test on (a) a dense sample and (b) loose sample
of sand (after Bishop and Henkel, 1962).

Note: xc, g'c, ec and <c are the shear stress, effective normal stress, void ratio and effective angle of
shearing resistance, all at the critical state, respectively.

Figure 2.14: Critical state line (CSL) in (t, a', e) space (after Bolton, 1979).
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Figure 2.15: Sand-bentonite mixtures, peak and residual friction coefficients against clay
fraction (after Lupini et al., 1981).

Figure 2.16: Saw-blade dilatancy model (after Bolton, 1979).
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elastic/plastic material, (c) typical 'brittle' soil, (d) typical 'ductile' soil (after Head, 1986).
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CHAPTER 3
EQUIPMENT AND MATERIALS

3.1 Introduction

This chapter describes the equipment and instrumentation used for volume change,
hydraulic conductivity and strength tests, followed by a description of the materials used
in the experimental programme. Experimental methods are discussed in chapter 4.
Equipment includes test cells and associated pressure systems, which were set up in the
laboratory for accurate testing to determine the mechanical behaviour of bentonite-sand
mixtures. Measurement of physical quantities was predominantly by use of electronic
transducers, however, when existing equipment was used measurement was by
mechanical means (dial gauges, proving rings, etc.) . The calibration and accuracy of

transducers are covered in sections 3.5.3 to 3.5.5.

3.2 Volume change tests
Standard floating ring oedometer consolidation cells (for 70mm or 100mm diameter
samples) were used for the swelling, normal consolidation and rebound tests. Where a

large stress was applied the samples were loaded by means of a mechanical lever system.

3.3 Hydraulic conductivity tests

3.3.1 Introduction and test cells

Due to the low hydraulic conductivity of the material (84% of all samples < 10~9 m/s),
four types oftest were conducted to maximise the amount of data acquired: Rowe cell,
triaxial cell, falling head using a compaction permeameter and an indirect method using

oedometer consolidation test data.

Two sizes of Rowe cell (supplied by ELE) were utilised for hydraulic conductivity
testing, 75mm and 250mm. The general arrangement of the cell is shown in figure 3.1.
Rowe cells were originally designed to perform consolidation tests; the advantage over
conventional oedometers being pore water pressure measurement and drainage control.
Rowe cells differ from conventional oedometers in that the test sample is loaded
hydraulically by water pressure acting on a flexible diaphragm, instead of by a mechanical
lever system, enabling samples of large diameter to be tested under high stresses. A
spindle, which is attached to the diaphragm, passes through the cell top so that the
change in sample height can be monitored, this also allows pore fluid to drain from the
sample to the top flow line. Conditions of equal strain are maintained by a rigid plate

which is situated between the diaphragm and top porous disc.
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The most important feature of the Rowe cell is the ability to measure and control
drainage, one aspect of which is the ease in applying a back pressure, therefore, it is ideal
for hydraulic conductivity testing. Further, the large sample diameter to thickness ratio
gives a larger area available for flow, hence, more representative sample, and the time for
swelling and/or saturation is reduced due to the decreased thickness (compared to
standard triaxial, for example). Other advantages are: Teflon lining of the cell walls
which minimises wall friction and the error in settlement measurement caused by
compression of the loading system is negligible even with stiff samples. The absence of
water pressure acting over the area of the spindle results in an average error in the
applied pressure of 1.5% with a 75mm cell and 0.14% with a 250mm cell, however, this

can be automatically corrected for by calibration (see 3.5.1).

A triaxial permeameter was used to test 100mm diameter samples (see figure 3.2). The
cell has no piston for axial loading and therefore an isotropic confining stress is applied

from the cell fluid. The base and top cap connections are similar to those provided in a

standard triaxial cell.

The compaction permeameter and oedometer are standard laboratory equipment, a
description of these test cells can be found in any standard text such as Head (1981), no

further discussion is therefore necessary.

3.3.2 Pressure system and measurement

For the Rowe cells, three independent pressure lines apply vertical stress and pressure to
the inflow and outflow lines to the sample. A stainless steel air/water interface provided
the vertical stress system. This consists of a stainless steel tube (water side) large
enough to contain a rubber bladder (air side) of approximately 2000ml capacity. When
pressure is applied to the bladder, water is forced out of the cylinder through a drainage
line connected to the diaphragm ofthe Rowe cell. The air/water interface to the inflow
and outflow lines was provided by volume change units, an example unit is shown
schematically in figure 3.3. Volume change units consist of a 10ml burette with an outer
perspex pressure tube, which enables the burette to be pressurised (for back pressure
application) as the pressure relative to the outer tube is zero. The arrangement enabled
the use of the burettes only for samples of very low hydraulic conductivity (10'10 to
10_,2 m/s) or when relatively large flow volumes occurred (k > 10' 10 m/s) valve A. was
opened and the full bore (flow from both burette and tube) was used. Calibration of

volume change units is discussed in 3.5.1.
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The same pressure system as above was used for triaxial permeameter tests, the stainless

steel air/water interface was used to apply the cell pressure.

Pressure was supplied to each system from the laboratory airline, which has a maximum
pressure of approximately 600kPa. Watson Smith pressure regulators (referred to
hereafter as Manostats) with a nominal output of 14-830kPa provided the required
pressure to each line. The Manostat specifications, supplied by the manufacturer,
indicate an accuracy of 0.02%, this corresponds to a pressure of 0.2kPa. Two types of
instrumentation were used for pressure measurement, Druck and Transinstruments
pressure transducers connected to calibrated signal conditioning/readout units, and

Druck integral pressure transducer/readout units. In the latter, the transducer is situated
inside the unit which is connected to the required pressure outlet via nylon pressure
tubing. The pressure measuring instrumentation for Rowe cell tests was considered to be

accurate to xlkPa.

The arrangement of Rowe and triaxial cells for hydraulic conductivity tests with vertical
flow are shown in figures 3.1 and 3.2 respectively. Figure 3.2 indicates the cell
connections to the three pressure systems used for triaxial permeameter tests, the layout

is similar for Rowe cell tests.

3.4 Triaxial compression and direct shear test equipment

3.4.1 Test cells

Standard triaxial cells and a Bishop-Wesley stress path celliwere used for strength
testing of 38mm diameter samples. Standard cells were mounted on a Wykeham
Farrance 50kN load frame with a motorised loading platen2. As the platen is driven
upwards, the submersible load cell (which replaces the conventional loading ram) is
restrained by a crosshead and forced further into the cell, hence causing compression of
the sample. Bishop-Wesley cells differ by having a pneumatically driven loading ram.
Although this system is self-contained, the stress which can be applied to the sample is
limited by the maximum available airline pressure, because the pressure forcing the ram
upwards is opposed by the cell pressure. Stress range is further restricted with back
pressure application, as the back pressure value must be added the required effective
stress to give the applied cell pressure (see appendix 1). The bases of both types of cell
were modified by connecting the top and bottom pore pressure/volume change lines
enabling a vacuum to be simultaneously applied to both ends of the sample for de-airing

purposes.

’Both types of cell were supplied by Wykeham Farrance with maximum working capacities of 1700kPa

and I000kPa respectively.
2The maximum applied load was approximately 2% of the frame capacity.



57

Standard Wykeham Farrance direct shear box equipment was modified by raising the
height ofthe carriage in which the shear box is placed. The box was therefore
completely submerged, enabling conditions of double drainage throughout saturation and
allowing fully drained shear testing. The size ofthe shear box used was 60 x 60 x 40mm,
however, the box was packed with porous discs to allow a sample of smaller thickness to
be tested (see 4.5.8).

3.4.2 Instrumentation and measurement

Both types of triaxial cell system used electronic instrumentation for measurement of cell
and back pressure, deviator load, axial displacement and volume change/or pore water
pressure. Cell and back pressure/or pore water pressure were measured by
Transinstruments and Druck pressure transducers. Wykeham Farrance submersible load
cells, mounted inside the cell to eliminate the effects of piston friction, were used for
axial load measurement. Two types of volume change unit, rolling diaphragm and
Imperial College type (e.g., Head, 1986), measured volume change. They both work on
the same principal of a piston sealed in a pressure chamber connected to the armature of
a displacement transducer (LVDT3). Both types of volume change unit were supplied by
Wykeham Farrance. The units are calibrated enabling a known piston displacement to be
converted to a volume change (see 3.5.3). Piston displacement was measured by a
Schlumberger submersible LVDT (rolling diaphragm) or RDP LVDT (Imperial College
type). All other LVDT's measuring axial displacement were supplied by RDP.

Transducers were connected from the cell to a data acquisition unit (built in house)
containing one or more power supplies which were required to energise each transducer
(typically 10-12V). The range of output of all instrumentation was from 20mV to 5V for
full scale deflection. For transducers with small outputs, high quality integrated
instrumentation amplifiers (built in house) with filtering were used to amplify the signal
such that sufficient voltage was output from the transducer during testing. A gain of 100
was used on load cells and Druck pressure transducers to increase the full scale output to
2V and 3V respectively (see 3.5.4). Each transducer was assigned a specific input
connection (or channel) on a terminal board within the data acquisition unit. Each
channel was linked to computer via an Advantech analogue to digital (A/D) board which
accepts 8 analogue inputs. The A/D board converts a continuous electrical input to an
equivalent digital output. The main features ofthe board are 12-bit resolution A/D
conversion and programmable analogue input ranges from +0.3125V to £5V. Electrical
noise, inherent in any electronic device, was reduced to a minimum by placing capacitors

across the terminal board for each channel.

3Linear variable differential transformer.
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Data were automatically logged using Advantech LabTech Notebook, an integrated,
general purpose software package for data acquisition, monitoring and real time control.
Notebook has a graphical interface known as ICONview from which data acquisition and
control setups can be created by moving and connecting icons. An icon (or block) may
represent an analogue input, digital output, data file or a calculated block such as a
moving average. The setup for data acquisition consisted of 5 analogue input blocks,
reading cell pressure, back pressure, deviator load, axial displacement and volume
change/or pore water pressure. The scale factors and offset constants for each
transducer were input into their respective blocks (determined by calibration, see 3.5.3),
converting electrical signals into engineering units. A block average of 10 data points
logged in a 1 second period was performed on each analogue input block to smooth the
output signal from the transducer as some noise was still evident even with integrated
circuits. For manageable output files, data was written to file at a slower predetermined

rate which depended on the overall test duration.

3.4.3 Pressure systems

Cell and back pressures were applied to the standard triaxial cell and Bishop-Wesley cell
manually using Manostat pressure regulators and stainless steel air/water cylinders as
described in 3.3.2.

As the Bishop-Wesley cell does not have a motorised loading platen, an additional
pressure line was required to drive the pneumatic loading ram vertically up onto the
sample. For this triaxial system, the data acquisition unit contained an additional board
which enabled automatic control of all three pressure lines by pulsing digital outputs to
stepper motor controllers. The stepper motor controller contains an anti-backlash
gearbox connected to a Manostat, which is adjusted to either increase or decrease the
pressure, producing directional control ofthe ram or a change in cell and/or back
pressured4. Only the ram pressure was varied during testing, to maintain a similarity as
close as possible to a standard consolidated-drained test. Control was achieved with
LabTech Notebook (see 4.5.4).

3.5 Calibration

3.5.1 Rowe cell and volume change unit calibrations

Due to stiffness of the diaphragm and friction between the diaphragm and cell wall, the
pressure exerted by the Rowe cell diaphragm is less than the pressure applied by the
airline, and this becomes more significant as the cell size decreases. The difference varies

with both the applied pressure and diaphragm extension, and is greatest at low pressures.

4The Bishop-Wesley cell was designed in this manner so that stress path testing is possible.
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The calibration procedure for each Rowe cell was as follows. The cell top was fitted to
the body and the space above the diaphragm filled with water. Without the cell base, the
assembly was placed upside-down on the platen ofa loading frame. A rigid circular plate
was placed on the diaphragm and spacers inserted up to a calibrated load ring mounted
on the load frame. The arrangement is indicated in figure 3.4 (after Head, 1986). The
water content of the diaphragm was adjusted to make the extension about the same as
when in contact with a sample. A pressure system fitted with an accurately calibrated
pressure transducer was connected to the diaphragm pressure line. The diaphragm
pressure was incrementally increased up to the maximum airline pressure and the load
ring reading noted at each stage. The true pressure on the sample area was calculated as
the load ring force plus the weight of the plate divided by the area ofthe cell. The
diaphragm pressure correction is the difference between the applied pressure measured

by the transducer and the calculated true pressure.

Figures 3.5 and 3.6 are plots of diaphragm pressure correction against true pressure on
the sample for 75mm and 250mm Rowe cells respectively. All points are plotted on the
same figure from a series oftests. The diaphragm was unlubricated during testing and so
was calibrated in the same state. Although the pressure correction is minimised with the
diaphragm lubricated, it was thought that lubricant on the cell wall may alter the swelling
characteristics of initially dry sampless and consequently the hydraulic conductivity.
Therefore, for consistency, all tests were performed with the diaphragm unlubricated.

The pressure correction to be added to the required pressure for loading or unloadinge
directions can be read offthe best fit lines for the 75mm cell. For application of stresses
up to IOOkPa, the pressure was first increased above the required value and proceeded
by an unloading stage to the required pressure (with a 0-5kPa correction), as the
percentage error increases at low stresses for loading increments. Above a pressure of
I00kPa the scatter in unloading data is greater than for loading, therefore above this
stress, the pressure was applied by loading the diaphragm. For the large Rowe cell,
figure 3.6 shows a cyclic response in the pressure correction with true pressure which is
more pronounced on unloading. It is thought that this may be due to stick-slip behaviour
between the diaphragm and cell wall and/or between the spindle and seal in the cell top.

5Bentonite particles may become inadvertently attached or coated in grease near the cell wall, causing
changes in fabric or even preventing swelling at the periphery of the sample which may have an
unknown effect throughout the whole of the sample.

6In multi-stage tests, where hydraulic conductivity was calculated at several vertical effective stresses,
the loading sequence involved reducing the stress in increments from the initial value. This ensured no
consolidation of the sample occurred during the stress history. Unloading and reloading of the
diaphragm was performed with drainage lines closed, leaving the effective stress on the sample
unchanged. Additionally, any changes in stress over a time period of a few seconds would have a
negligible effect on the sample due to the low hydraulic conductivity.



60

Due to non-uniformity of the unloading calibration curve, only loading stages were used
with a pressure correction of 25kPa each time. This calibration automatically allows for

the small non-pressurised area under the drainage stem.

Rowe cells can distort when subjected to high internal pressures which influences the
measured settlements. With the diaphragm supported on a rigid disc inside the cell, both
sides of the diaphragm were pressurised equally in increments using the diaphragm
pressure line and the inflow pressure line (see figure 3.1). Over the applied stress range
(0-500kPa), the resulting effect on the settlement dial gauge was found to have no

measurable value.

Losses of pressure head due to friction and turbulence in the connecting tubing, porous
discs, and constrictions in valves, tube connectors and cell ports can be considered
negligible when testing materials of low hydraulic conductivity (Head, 1986). Therefore,

no calibration for head loss was considered necessary.

Volume change measuring burettes were calibrated to enable the full bore to be used
when testing samples with relatively high flow rates (k > 10"~ m/s). The sample
drainage lines (see figure 3.3) of both inflow and outflow volume change units were
hydraulically connected. At the inflow side (with valve A. open) valve B. was opened
allowing full bore drainage into the outflow side. Since valve A. was closed on the
outflow volume change unit, water drained into the burette only. When the levels in each
unit were equal, water was drained from the burette to re-establish a head difference.
The burettes have a 10ml capacity and can be read accurately to 0.01 ml, therefore the
drop in "full bore" water level was converted to volume in ml per ml change of the inner
burette. A similar procedure was repeated for the outflow volume change unit. For both
units, a full bore volume change of 14ml per 1ml drop in burette level were found, giving

each unit a capacity of 140ml.

3.5.2 Triaxial cell calibrations
When the pressure in a triaxial cell is increased the cell walls expand. This introduces an

error if sample volume change measurements are made on the cell pressure line. Since
volume change was measured on the back pressure line this calibration was unnecessary.
Triaxial tests were conducted at constant cell pressure, therefore a correction for vertical
deformation of the cell (causing an error in the measured axial displacement) with

changing pressure was also unnecessary.
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As in Rowe cell tests, pipeline head losses are considered negligible when testing soils of

low hydraulic conductivity.

3.5.3 Calibration of measuring instruments

Transducers which measure load and pressure have a clearly defined zero point
corresponding to zero load or atmospheric pressure respectively. Displacement
measurement depends upon the position of an arbitrarily chosen datum point, determined
by the position of the transducer at the start of calibration or test. The electrical signal
produced at a datum point for any transducer is referred to as an offset constant, i. The
relationship between the transmitted signal and the physical quantity being measured is
known as the scale factor, b. Therefore, assuming a linear transducer response, the
relationship to determine the required physical quantity, g, from an electrical signal, r, is
given by:

g=nb(r-i) 3.1

The purpose of calibration is to determine scale factors and offset constants, and also the
accuracy and resolution of transducers and measuring instruments. Transducer outputs
were measured by a data acquisition unit linked to a computer via an A/D board, for
automatically logged triaxial tests. When data acquisition was manual, either a signal
conditioning/readout unit, or digital voltmeter was used7. Values ofiand b were input
into LabTech Notebook for data logged tests immediately before testing commenced,
offsets were removed from electronic signal conditioning/readout units under initial
conditions. Where output measurement was by use of a digital voltmeter, values of i and
b were used in equation 3.1 to calculate the required physical quantity from the indicated

voltage.

On manually logged tests, a pressure was indicated by connecting a transducer to an
RDP signal conditioning/readout unit. The readout and pressure transducer were
calibrated together using a Druck precision calibration unit, which has a resolution of

0. IkPa over a range of IOOOKkPa. Pressure was applied to the transducer by the Druck
unit over the full range (this was IOOOkPa for all pressure transducers). Gain and zero
offset controls were available on the RDP unit, these were adjusted until the indicated
pressure was consistently equal to the known applied pressure over the full range. It was
thought an accuracy of £1kPa was reasonable for pressure measurement by this system

(the manufacturers specification for the Manostats is approximately 0.1 kPa).

transducers were calibrated on their respective testing systems, i.e. using the same data acquisition unit
as during the test etc. The calibration, therefore, gives an indication of the accuracy and resolution of
each system as a whole and not a summation of the individual components.
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The calibration check for triaxial system pressure transducers was as follows: With the
pressure lines open to the atmosphere, the voltage was determined by averaging 100 data
points logged in Notebook for cell and back pressure transducers, hence offset constants
were determined. This was repeated several times and the mean values, plus the scale
factors (as supplied by the manufacturer), were input into Notebook for both
transducers. The pressure lines were hydraulically connected such that the same pressure
could be applied to each transducer from one Manostat. The pressure was incrementally
increased up to the maximum value (600kPa), and the value indicated by each transducer
noted. No difference was observed between the two recorded pressures over the full
range, and as other similar transducers had been calibrated against a precision calibration
unit and found to comply to the manufacturers specification, the manufacturers scale

factors were deemed satisfactory.

Load transducers were calibrated using both dead weights and a reference load cell
traceable back to a national standard. In the latter, load was applied by placing the
reference cell on the platen of a 50kN triaxial load frame and forcing it against the load
transducer. In both types of calibration the load cell was connected to its designated
data acquisition unit and voltages read in LabTech Notebook. Three load/unload cycles
were performed over a range of 0-600N. The maximum load of approximately 80% of
the triaxial tests fell within this load range, and of the remaining tests the maximum load
was about IKN. Since no measurable deviation from linearity was found, it was thought
reasonable that the scale factors determined would apply up to IkN. The manufacturers
specifications indicate a non-linearity less than 0.1% of full scale (3kN and 5kN) and

repeatability to within 0.05% of the indicated load.

A vernier height gauge with readout was used for calibration of displacement
transducers. The transducer was rigidly clamped with the armature against the gauge,
which was laterally displaced across the calibration range. The transducer output was
recorded for every gauge displacement of 1mm to a resolution of 0.001lmm. The
calibration range was £ 10mm either side of the zero output displacement as this is the
most linear range of the transducer and the maximum displacement required for triaxial
testing. Each calibration was performed 3 times. The calculated coefficient of

correlation, r®, of displacement against voltage for all transducers was greater than 0.98.

Volume change indicators were calibrated as follows. With the piston initially fully
upwards the LVDT output was noted. A deairing valve on the triaxial cell was opened
allowing water to drain from the volume change unit into a beaker and the mass of water

was measured along with the corresponding transducer output. This procedure was
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repeated until all water had drained from the chamber. Small volumes of water were
drained at each stage to produce sufficient data points for linear regression analysis to
determine the scale factor. The mass of water was converted to ml giving the scale
factor in ml/V. This procedure was repeated 3 times. The problem in draining the entire
chamber is that the range ofthe transducer used in calibration is much larger than during
testing. However, it was considered more accurate to drain a relatively large volume of
water at each stage, in case any slight loss of water occurred at the valve. In addition, no

significant deviation from linearity was found over the full range of volume change.

3.5.4 Resolution of electronic measurement systems

The accuracy of electronic instrumentation is most significant when the physical quantity
measured by the transducer is small compared to the full working range. No measurable
deviation from linearity was found over the calibration range for all transducers (as
discussed in 3.5.3), and therefore, scale factors were used in the software with a high
degree of confidence. Resolution of measurement is also of importance. This is
determined by the A/D converter, the selected analogue input range (programmable gain
on A/D board), which determines the proportion of full scale output over which the

transducer will meaningfully operate8, and the calculated scale factor.

A 12-bit A/D board was used for conversion of analogue signals. This means that with
1-bit accuracy, the signal can be read to 1/4096 (2 ~2) Gf the selected analogue input
range. Analogue input ranges were conservatively selected, based on the estimated
range required for measurement by the transducer. By reducing the input range, the
resolution ofvoltage measurement is increased. For example, ifa £50mm displacement
transducer with a corresponding output of +5V was required to measure a maximum
displacement of 20mm, then an analogue input range of£1 25V would be used. The
resolution in mm would be equal to 1.25/4096V multiplied by the scale factor of the

transducer in mm/V.

In the Bishop-Wesley cell, the load transducer has a capacity of 5kN, and for standard
triaxial tests a 3kN load transducer was used. The scale factors determined by
calibration were found to be approximately 2400N/V and 1700N/V for Bishop-Wesley
and standard triaxial load transducers respectively. The nominal output of each load cell
was 20mV, and an integrated amplifier with a gain of 100 increased this to approximately
2V. With a selected analogue input range o f+1.25V, the corresponding resolutions are
0.7N and 0.5N for 5kN and 3kN transducers respectively.

xFor example, a +50mm transducer with a full scale output of £5V will only measure between +10mm if
the selected analogue input range is +1V.
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The resolution ofvolume change measurement is dependent on the resolution of the
LVDT which measures displacement of the piston armature (displacement is then
converted to volume change). Resolution of displacement and volume change

measurement was calculated as 0.003mm and 0.008ml respectively.

Since a back pressure was used for all tests, pressure transducers were all approximately
at the middle of their working range (0-1000kPa) during testing, and the programmable
gain on the A/D board was not required. Analogue input ranges were set at +5V for all
Druck and Transinstruments pressure transducers with corresponding resolutions of

0.lkPa and 0.2kPa respectively.

3.5.5 Accuracy of measurement

The resolutions quoted in 3.5.4 assume that the combination of transducer, signal
conditioning (including amplification) and readout comply exactly to specifications.
Even with integrated circuits, effects such as electrical noise and repeatability of
measurement have a significant effect on the accuracy to which a data point can be
confidently stated. For example, taking electrical noise into account, and from the
manufacturers specifications, it is reasonable to assume that the A/D board can measure
accurately only to within +2 bits. Since testing periods were of durations up to ten
weeks, temperature changes also affect accuracy by altering the characteristics of the

transducer.

The accuracy and repeatability of readings was investigated on setting up ofthe
equipment and monitored throughout the triaxial testing programme9. A fixed load,
displacement or pressure was applied to each transducer, and the signal logged in
LabTech Notebook. Typical curves for load and displacement transducers over a 10 day
logging period are shown in figures 3.7a and 3.7b. The figures show that temperature
has a significantly greater effect on accuracy than electrical noise with a cyclic variation
in reading over a 24hr period. The smaller changes at any particular time are presumed
to be due to electrical noise. Even though the difference between minimum and
maximum values is relatively large, the reading returns almost to its original value after
24 hours (some time lag is evident, probably due general temperature change rather than
diurnal). Similar behaviour was exhibited by all other transducers for logging periods up

to 4 weeks, each response was monitored a minimum of 3 times.

9Prior to shear testing, an isotropic confining stress was applied to samples for periods up to four weeks
until swelling equilibrium was reached. The stability of all the transducers could therefore be monitored
for this time period with the exception of volume change, which was monitored during undrained
testing.
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Accuracy of physical quantities (in engineering units) and the corresponding percentage

of the maximum measured values during testing are shown in table 3.1.

Physical Units Accuracy % of maximum
guantity measured value
load N +2 0.2-4.3
displacement mm +0.01 0.07-0.6
volume ml +0.05 1.2-6
pressure kPa +1 0.2-0.3

Table 3.1. Accuracy of triaxial system measurements.
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3.6 Materials

3.6.1 Description of test clay

The clay used in the study was Conquest Wyoming bentonite supplied by Colin Stewart
MinChem. Conquest grade Wyoming bentonite originates from Newcastle, Wyoming,
and is ground, dried and air classified during processing. The X-ray diffraction spectra
(after Mollins et al., in print) shown in figure 3.8 indicate that it is predominantly a
montmorillonite with some quartz and trace cristobalite. Table 3.2 shows the
composition obtained from a chemical analysis and confirms that the soil is

predominantly a sodium montmorillonite.

Chemical Percentage

Compound by weight
Silica SiO? 62.91
Titania TiO? 0.15
Alumina Al203 20.63
Ferric Oxide Fe?.Ch 3.75
Magnesia MgO 2.45
Lime CaO 1.16
Soda Na?0 2.29
Potash K?0 0.57
Loss on ignition 5.83

(1000°C for 1hr)
99.74
Note: Sample dried at 105°C prior to testing
Table 3.2. Chemical composition of Conquest Wyoming bentonite determined by X-ray

fluorescence spectroscopy (after Mollins et al., in print).

The properties of Wyoming bentonite are as follows' :
Liquid limit = 407%
Plastic limit = 48%
Specific gravity = 2.76
Moisture content ~ 14% (as supplied)
Free swell" = 833% (oven dried), 1233% (as supplied).
Cation exchange capacityx= 90meq/100g
Specific surfacex~ 800m2/g

+Tests performed in accordance with B.S. 1377: Part 2: 1990 (see 4.6) unless otherwise indicated.
"The volume increase when unconfined bentonite powder is inundated, divided by the volume of the
original dry loose powder (Head, 1980).

x Studds (personal communication. 1996).
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3.6.2 Description of test sand
The sand used in the study was Knapton Quarry sand from Knapton, North Yorkshire.
It is a slightly silty fine angular quartz sand, containing some iron oxides and silicate
minerals. Figure 3.9 is the particle size distribution curve of Knapton Quarry sand, other
properties are as follows+:

Fines = 7%

Particle shape - sub-angular to angular

Effective size (Djg) = 0.07mm

Maximum void ratio* = 0.978

Minimum void ratio* =0.451

As supplied moisture content ~ 5%

Specific gravity = 2.67

3.7 Summary

Laboratory test equipment, pressure systems, electronic instrumentation, and hardware
and software have been described. Calibration procedures have been outlined for both
the test equipment and instrumentation. The resolution of measurement and an indication
of accuracy, as a percentage of the maximum physical quantities measured in the triaxial
test programme, have been reported. Finally, a description of the test materials has been

given.

+Tests performed in accordance with B.S. 1377: Part 2: 1990 (see 4.6) unless otherwise indicated.
*Determined by methods described in Head (1980).
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Figure 3.3: Volume change unit for inflow/outflow measurement in hydraulic
conductivity tests.
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Figure 3.4: Arrangement for calibration of load transmitted by diaphragm of Rowe cell
(after Head, 1986).
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Note: Diaphragm extension yields approximately 10mm sample length.
Figure 3.5: 75mm Rowe cell calibration curve with the diaphragm unlubricated

35T

loading

%25

a3

@ 15

unloading

100 200 300 400 500 600 700

true pressure on sample (kPa)

Note: Diaphragm extension yields approximately 30mm sample length.
Figure 3.6: 250mm Rowe cell calibration curve with the diaphragm unlubricatcd.
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Figure 3.7a: Change in load transducer reading with time due to temperature changt
and electrical noise.

time (days)

Figure 3.7b: Change in displacement transducer reading with time due to
temperature change and electrical noise.
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Figure 3.8: X-ray diffraction spectra for conquest Wyoming bentonite (after Mollins et
al., in print).

Note: Wet sieving method. B. S. 1377: Part 2: 1990.
Figure 3.9: Particle size distribution curve of Knapton Quarry sand.
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CHAPTER 4
EXPERIMENTAL METHODS

4.1 Introduction

To investigate the mechanical behaviour of bentonite, sand, and bentonite-sand mixtures,
three testing programmes were conducted:

1. Volume change tests (swelling, normal consolidation and rebound)1

2. Hydraulic conductivity tests

3. Strength tests

Mixtures of 5, 10 and 20% bentonite-sand (each constituent by dry weight) and 100%
bentonite were used in all three programmes2. In addition, hydraulic conductivity and
strength tests were conducted on the sand. Each mix was prepared immediately before
placement into the test apparatus by using oven dry sand (passed through a 2mm sieve)
and the bentonite in its as supplied state, as preliminary testing indicated that oven drying
altered the swelling characteristics. The mix was then tested either as prepared, or
dynamically compacted at optimum moisture content using the modified Proctor method.
Distilled, de-aired water, and filter paper on either side of the sample (to prevent

clogging of porous discs) were used throughout.

4.2 Volume change tests
A one-dimensional swelling test was developed to investigate the behaviour of bentonite

powder and the bentonite-sand mixtures. The initial mass of the sample varied, because
samples swelled by different amounts depending on the bentonite content and applied
stress3. Dry samples were placed in a consolidometer ring (either 70mm or 100mm
diameter), compacted by tamping and levelled. A vertical stress was applied by dead
load and distilled water allowed to be drawn into the cell from a reservoir while the
sample height was monitored until swelling ceased (typically 2-4 weeks). Tests were
ended when the settlement dial gauge maintained a constant reading over a 24 hour
period. The range of vertical effective stress was 1to 450kPa. For stresses up to 10kPa
weights were placed on the top cap: lever arm oedometers were used for higher stresses.

A multi-stage test was conducted on 100% bentonite to determine the effect of "swelling
back" from a high to low stress. An initial vertical stress of 450kPa was applied and the
sample allowed to swell to equilibrium. Once swelling had ceased, the vertical stress was

‘Throughout the remainder of the text, swelling is used in reference to the volume increase of initially
dry samples whilst consolidation and rebound refer to the volume change of samples which are initially
saturated.

2The same batches of sand and clay were used throughout.

3For 100% bentonite @ IkPa in a 70mm consolidometer ring, the initial mass was approximately 1()g.
For a 5% bentonite-sand mixture @ 450kPa in a 100mm consolidometer ring, the initial mass was 150g.
The final sample heights for both these tests was approximately 10mm.
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reduced and the sample allowed to swell to equilibrium under the new applied stress.

This was repeated 4 times to a final stress of 2.7kPa.

Comparative tests were performed on dry 100% bentonite specimens using different
initial compaction methods (static and vibratory) to determine what difference this would
have on the swelling behaviour. Statically compacted samples were initially compressed
to 1IMPa on a hydraulic loading apparatus and then allowed to swell under vertical
stresses of 240, 29.1 and 2.6kPa. Compaction by vibration was achieved by placing the
assembled cell, sample and top cap on a vibrating table for 5 minutes, after which swell
tests were conducted at vertical stresses 0of 240 and 29.6kPa. A low frequency of
vibration ensured that bentonite powder did not escape from the consolidometer ring

during compaction.

Standard consolidation tests on bentonite slurry (prepared at the liquid limit) and
bentonite swollen from a dry state (under a vertical stress of 14kPa) were conducted for
comparison. These two samples had approximately the same initial moisture content

(~ 480%). The time required to complete a consolidation or rebound stage was typically

1-2 weeks.

4.3 Back pressure saturation
Rowe cell, triaxial permeameter and triaxial compression testing all incorporated back
pressure application to saturate samples. Therefore, it is pertinent to describe briefly the

process by which samples are saturated

An elevated back pressure applies a sufficient back pressure of water on the pore fluid in
the sample to cause the pore air to dissolve completely into the surrounding pore water.
The time delays in achieving complete saturation depend on the hydraulic conductivity of
the soil, and the time required for the bubbles of pore air to dissolve into the surrounding
pore water after they have been compressed. Black and Lee (1973) applied
consolidation theory to triaxial test specimens. They considered a 35mm x 70mm
sample, initially 90% saturated, with a hydraulic conductivity of 1x 10'l0m/s, and
calculated that sufficient water can enter to produce complete saturation in less than 1
min. Their data showed times required for full saturation ranged from a minimum of 6
days to a maximum of over 40 days, indicating that diffusion of pore air into the pore
water is the governing process. Lee and Black (1972) showed that the rate of diffusion
of a particular sized bubble is independent of the applied pressure. However, for a given
quantity of air, an increase in pressure will cause a decrease in volume of the bubble, and

thus reduce the time necessary to dissolve it.
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Hence, the time required for full saturation decreases with increasing back pressure. The
standard recommended back pressure of 300kPa (e.g. Dunn, 1985) was applied in all
tests, except for consolidated-drained triaxial tests on 5% bentonite-sand mixtures at

effective cell pressures of 200kPa and 100kPa (see appendix 1).

4.4 Hydraulic conductivity tests

4.4.1 Introduction

Four methods of hydraulic conductivity measurement were used: Rowe cell, triaxial
permeameter, compaction permeameter and hydraulic conductivity from consolidation
data. This produced a large data set enabling comparison between test type and sample
preparation technique. The Rowe cell and triaxial permeameter are believed to be the
most accurate because vertical stresses (Rowe cell) and cell pressures (triaxial) are
measured and can be controlled, full saturation is possible, and inflow and outflow are
measurable (e.g. Daniel et al., 1985). Another advantage is that the sample can be

allowed to swell to equilibrium before the hydraulic conductivity is measured4.

4.4.2 Rowe cell tests

Bentonite specimens were compacted by tamping into the Rowe cell as dry powder,
whereas mixtures (with one exception) were compacted into the cell at optimum
moisture content. One mixture was prepared in the manner of the bentonite powder to
investigate the influence of sample preparation technique. Initially dry samples were
tested in a 75mm diameter cell. The initial mass was chosen to give a sample height of
approximately 10mm after swelling (20 - 509 for a stress range of 25 to 200kPa). A
250mm diameter cell was necessary to produce dynamically compacted samples, the
number of blows per layer was increased accordingly such that the compaction energy
was commensurate with the modified Proctor method (see appendix 2). The initial mass
of material varied between 2 and 3kg to produce specimen thicknesses in the range 20-

30mm reducing swelling and/or saturation time.

All samples were confined by a vertical stress, vacuum de-aired for approximately 5
minutes, and allowed access to distilled water5. Back pressure saturation of 300kPa was
used in all the tests. Dunn (1985) found vacuum application followed by 300kPa back
pressure to be the optimum technique to achieve full saturation. Hydraulic conductivity
was calculated from inflow and outflow measurements under constant head conditions
(see chapter 5) once equilibrium was reached, indicated by constant volume conditions of

41n the compaction permeameter, for example, it is thought that at bentonite contents greater than 5%,
swelling (which occurs at the onset of the falling head test) masks the flow data. This is due to
incomplete saturation and the absence of a confining stress.

5This technique was performed al both sides of the sample.
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the sample6. The time required to reach swelling equilibrium and/or full saturation was
proportional to the hydraulic conductivity of the particular sample. For example,
samples with hydraulic conductivities of approximately 10"12 m/g required between 1
and 2 months to reach equilibrium, however, sand (k ~ 10'*m/s) was saturated within an

hour.

Three independent pressure lines provided confining stress and inflow and outflow back
pressures. This enabled hydraulic gradients to be applied either using a head or pressure
difference between the inflow and outflow lines, or a combination of both. This was
essential for feasible testing periods on low hydraulic conductivity samples. A hydraulic
gradient caused by a pressure difference involved increasing the back pressure at the
inflow end and decreasing the outflow back pressure by an equal amount. This decreases
the stress at the inflow side and increases the stress at the outflow side, however, the
average effective stress remains unchanged. The act of imposing a flow rate through and
hence pore pressure gradient across the sample will tend to produce swelling at the
inflow boundary and consolidation at the outflow boundary. Due to this a minimum
vertical effective stress of 25kPa was chosen; the maximum vertical effective stress used
in the tests was 200kPa. Little et al. (1992) state that the assumption of uniform
hydraulic conductivity is reasonable, provided the void ratio does not vary significantly
across the sample. They used pressure differences below 10-15% ofthe vertical effective
stress to minimise this error. The same range was used in the hydraulic conductivity tests

with the exception of the first Rowe cell test (described below).

The first Rowe cell test was quite sophisticated and was used to investigate the
possibility of non-Darcian flow (chapter 2). Hydraulic conductivity was calculated at an
initial hydraulic gradient of approximately 14. Hydraulic gradients were incrementally
increased up to approximately 3407 and hydraulic conductivity was always remeasured at
the initial gradient before continuing to the next increment, to investigate particle
migration effects. Darcy's law was found to be valid over this hydraulic gradient range
(see chapters 5 and 6), therefore, hydraulic gradients for subsequent tests were chosen

based on completing each in a reasonable time.

Large scatter in flow volume data was evident at a hydraulic gradient of 14 for the first

Rowe cell test. Initially this was attributed to the small flow rate (approximately 1,5ml in

6N o changc in settlement dial gauge and inflow and outflow volume units over a 24hr period.

7For this test the sample height was approximately 3()mm, therefore, a hydraulic gradient of 340
corresponds to a pressure difference of approximately I0OkPa across the sample. This pressure
difference is 50% of the vertical effective stress (200kPa). However, because the hydraulic conductivity
of this sample was so low (10"12 m/s) it is likely that if any consolidation and swelling occurred over the
test period, it would be restricted lo the outer 1-2mm of the sample.
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10days). However, similar scatter was observed at the following hydraulic gradient
(approximately 45). The observed scatter was thought to be due to temperature changes
causing thermal expansion and contraction, and the cell was insulated midway through
the test. Figure 4.1 shows that after insulation the scatter is significantly reduced.
Temperature was monitored and found to vary slightly (x2°) throughout the hydraulic
conductivity stage which accounts for the slight deviations from the best fit lines in figure
4.1. All further hydraulic conductivity tests were thermally insulated, and temperature
was monitored throughout by a thermocouple attached to the cell body. The
thermocouple was connected to a Beckman Industrial temperature/voltage converter

combined with digital voltmeter.

At swelling equilibrium, the salt concentration in the pore fluid is determined by the
hydration of sodium cations. Measurement of hydraulic conductivity, involves gradual
replacement of pore fluid, and therefore, possibly dilution in salt concentration. There
are considerable data showing the effects of pore fluid concentration on the swelling
behaviour and hydraulic conductivity of bentonite (e.g. Sridharan and Jayadeva, 1982, on
swelling, Mesri and Olson, 1971, on hydraulic conductivity). To minimise these effects,
all tests were ended when 20% ofthe sample pore volume had been replaced. The time
required to measure hydraulic conductivity ranged from 5 mins. for sand (k ~ 10"~ m/s)

to 2 weeks on samples with k ~ 102 m/s.

4.4.3 Triaxial permeameter tests

Preliminary tests on sand and 5% bentonite-sand mixtures in the Rowe cell showed large
variation in the measured hydraulic conductivity (up to 5 orders of magnitude for
mixtures). This was taken as indicating that 5% bentonite-sand mixes may possess non
homogeneity when only a small thickness is used with the additional possibility of
sidewall leakage. The scatter in hydraulic conductivity tests on sand was also attributed
to sidewall leakage. Therefore, for these materials constant head hydraulic conductivity

tests were conducted using a triaxial permeameter in addition to a Rowe cell.

Constant head tests on sand and 5% bentonite-sand mixes were conducted in a large
triaxial permeameter (100mm sample diameter). For sand, the membrane was stretched
over a mould and the sand tamped inside using a tamping rod. With the mould still
surrounding the sample, a vacuum was applied to the volume change lines which
provided the sample with strength, enabling removal of the mould and cell assembly.

The cell pressure was applied and the valve to the vacuum closed, and water was allowed

to be drawn into the sample from a header tank. A back pressure of 300kPa to the
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inflow and outflow lines was used to achieve full saturation. Hydraulic conductivity was

measured according to 4.4.2.

5% bentonite-sand samples were dynamically compacted into a Proctor mould at
optimum moisture content, trimmed, extruded and set up in the triaxial cell. De-airing
and sample saturation techniques, and hydraulic conductivity measurement were as
described for Rowe cell tests. Saturation and test periods were in the range 3-8 days and

5minsto 1hr respectively.
A sample height of approximately 100mm was used for all tests.

4.4.4 Compaction permeameter tests

Due to long test periods, the data set was increased by conducting falling head tests in a
compaction permeameter on 5% bentonite-sand mixtures. Samples with higher clay
contents were excluded as it was thought excessive sample swelling would mask the flow
data. The soil was dynamically compacted into the mould at optimum moisture content
and de-aired in a vacuum dessicator. After 24hrs water was allowed to be drawn into the
dessicator to saturate the sample. The falling head test was continued until a constant

value of hydraulic conductivity was found.

4.4.5 Indirect measurement of hydraulic conductivity

Hydraulic conductivity values were calculated from consolidation test data (Terzaghi,
1943) utilising the logarithmic time method (Casagrande and Fadum, 1940) or square
root time method (Taylor, 1942). Both methods are discussed in chapter 5. Tests were
performed on 100% bentonite and 10 and 20% bentonite-sand mixtures. Samples were
allowed to swell under various vertical stresses in the same manner as the swelling tests.
The quantity of mix initially placed ensured a minimum height of 8mm at swelling
equilibrium8, when an additional stress was applied. Terzaghi's derivation is based on a
small stress increment. However, it was found that this produced unmeasurable amounts
of consolidation. A settlement large enough to produce a well defined laboratory curve
required an applied stress increment up to four times greater than the initial stress.

Hydraulic conductivity is calculated by determining the coefficients of consolidation and
volume compressibility, cv and mv, from consolidation data (see chapter 5). The

8The percentage settlement caused by consolidation was small, therefore, the error in measurement
increases with decreasing sample height due to the resolution of the dial gauge (0.002mm) and the
laboratory curves, become poorly defined. The height specification prior to consolidation was chosen as
a compromise, so that the swelling and consolidation stages could be conducted in a reasonable time
period.



81

coefficient of volume compressibility is inversely proportional to stiffness. An erroneous
value of mv would therefore result in differences between then calculated and actual
hydraulic conductivities. This may occur when the sand content is high; such that
particle interaction affects the accuracy of laboratory curves. In addition, ifthe voids
between sand particles are not completely filled with swollen bentonite (at swelling
equilibrium), settlement corresponds to compression of the sand matrix and not
consolidation ofthe clay, which may further increase the error. Due to these reasons,
5% bentonite-sand mixtures were excluded from hydraulic conductivity measurement by

this method9.

Consolidation tests were ended when a distinct change in curvature from primary to
secondary consolidation was observed on the settlement-time curve (for both methods).
Test periods were typically 2-4 weeks to reach swelling equilibrium, and a further 1-2

weeks for the consolidation stage.

4.5 Strength tests

4.5.1 Introduction

Consolidated10drained triaxial compression tests were performed on sand and 5, 10 and
20% bentonite-sand mixtures, and drained shear box tests were used to determine the
strength of bentonite. Drained tests were conducted so that strength could be measured
in effective stress terms. It was also thought that full saturation may be difficult to
achieve, therefore, for undrained testing, pore pressure measurement would be affected
by compression of air within the sample. For each test the sample was allowed to reach
swelling equilibrium indicated by a no volume change condition before shearing
commenced. The chosen effective cell pressures or vertical effective stresses were 25,
50, 100 and 200kPa except for bentonite strength tests, where application of the lowest
stress was beyond the limits of accuracy of the proving ring. At the end ofthe test
programme, a further test to determine the strength ofa 10% bentonite mix was desired.
Due to time restrictions, a consolidated-undrained triaxial compression test with pore
water pressure measurement was performed; this test can be conducted much faster than

a drained test.

Triaxial samples were deformed to failure by applying a constant rate of strain in
standard triaxial cells and constant rate of stress in a Bishop-Wesley cell. A limitation of

9T he effect of stiffness may affect 10% bentonite mixes. This is discussed in chapter 5.

10T his docs not mean consolidation in the conventional sense, it is in reference to the standard test. All
samples were prepared in a relatively dry state and swollen to equilibrium under the applied stress.
Therefore, the stress path for samples was in the same direction as a conventional rebound line. This is
discussed in chapter 6.
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drained constant rate of stress testing is collapse of the sample at failuren with no relief
of deviator stress. For samples of low hydraulic conductivity, excess pore water
pressures cannot fully dissipate at the increased rate of straining, and the test may
become partially undrained. Due to lengthy test periods (up to 10 weeks) it was
necessary to use all available equipment Therefore, to minimise the effects of unwanted
pore pressures, 5% bentonite-sand mixturesiz only were tested in the Bishop-Wesley cell.

4.5.2 Triaxial sample preparation

Due to the low hydraulic conductivity ofthe bentonite-sand mixtures, 38mm diameter x
76mm height samples were tested13. Compaction was performed into a Proctor mould,
using the modified Proctor method, and 38mm cores taken. The ends ofthe sample were
trimmed flush until a length of approximately 76mm was achieved. Whatman filter paper
drains were attached to the periphery to promote saturation, and also decrease the
testing time. Samples were placed in a large Wykeham Farrance triaxial cell which was
modified to enable simultaneous saturation of 4 samples as shown in figure 4.2. This
was necessary because of an anticipated long saturation period. A constant back
pressure of 300kPa was applied together with the required cell pressure. In the
saturation cell, each sample could be individually isolated, removal of one, therefore,

should not alter the effective stress on the other three.

4.5.3 Saturation of test samples and B-values

Samples remained in the saturation cell (up to 4 months), until it was considered that the
maximum possible saturation was achievedl4. Saturation was verified by determining the
B-value ofthe sample. This is the standard method of investigating if a test specimen
and associated pore pressure measuring equipment are completely saturated prior to
shear. The pore pressure increase, Au, caused by an increase in cell pressure, ACr3, is
measured (where B = AWA<T3). For samples having a compressibility greater than 104
m~/KN the system is completely saturated if B - 1 (Black and Lee, 1973). At
compressibilities less than this, B-values are significantly below 1.0 at full saturation and
drop off rapidly with decreasing saturation (see appendix 3).

n For strain softening soils, the strain rate increases rapidly as failure is approached.

125% bentonite mixes had hydraulic conductivities up to 4 orders of magnitude higher than other
mixtures (see chapter 5).

13Head (1986) recommends the minimum dimension should be 10 times larger than the maximum
particle size. Over 99% of the sand passed a 2mm sieve, and over 98% passed a 1 18mm sieve,
therefore, particles larger than 2mm were removed to keep the sizes within the recommended limits.
14For an initial degree of saturation of 90%, Black and Lee (1973) show an increase in final degree of
saturation from 99% to 99.5% for an order of magnitude increase on a logarithmic time scale (1 day to 1
week). Since saturation changes with the logarithm of time, a compromise was necessary such that all
tests could be performed at the best achievable degree of saturation in the available time.
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For stiff soils it is theoretically impossible to obtain B = 1.0 even at 100% saturation,
because the pore pressure response is strongly dependent on the soil stiffness. At 99%
saturation medium to soft soils have B values from 0.93-0.99. The corresponding values
for a stiff or very stiff soil may be less than 0.5 (Black and Lee, 1973). A large range of
stiffnesses was anticipated for the test samples and therefore conditions of full saturation
were determined as described by Wissa (1969), and Black and Lee (1973). Several
increments of cell pressure were applied without allowing sample drainage and the
corresponding increase in pore water pressure was observed. The same pore pressure
response for each increment of cell pressure or a slight decrease indicates full saturation.
Ifthe system is not saturated, the pore pressure response increases with each additional

increment of cell pressure.

4.5.4 Rates of strain and stress used in the strength tests

Owing to the low hydraulic conductivity, drained tests were carried out slowly for the
condition of negligible pore pressure to be satisfied. Using the theory of consolidation
Gibson and Henkel (1953) and Bishop and Gibson (1963) found that the average degree

of consolidation at failure, Uf, may be expressed in the form

Uf=1----- — 4.1
ncvtf

where 2h = height of sample
cv = coefficient of consolidation
tf = time to failure
r| = a factor depending upon drainage conditions at the sample boundaries = 40.4

for drainage from both ends and radial boundary.

A comparison between theory and results of drained tests shows that a theoretical degree
of dissipation of 95% is sufficient to ensure a negligible error in the measured strength.
Bishop and Henkel (1962) propose that in drained tests 95% pore pressure dissipation

will occur if

f= 7 4.2
ncv

Since the three dimensional coefficients of consolidation of the samples were unknown
and limited results were available at the time, cv was calculated from Rowe cell data on a
20% bentonite-sand mix using the relationship

k = cvmvyw 43

The hydraulic conductivity, k, was calculated at 200kPa vertical effective stress, and the
coefficient of volume compressibility, mv, for a stress increment of 200-1 OOkPa, hence
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cv, which gave the required time to failure as 76 days. To choose a suitable rate of
deformation the failure strain must be approximately known. It was thought the 20%
bentonite-sand mix would behave essentially as a remoulded normally consolidated clay.
Bishop and Henkel (1962) suggest failure at 20% axial strain with clays of this type.
Thus, for 38mm diameter samples a strain rate of 1.5 x 10" mm/min. was used (the back

calculated theoretical pore pressure dissipations are given in appendix 4).

Undrained testing must be slow enough such that pore pressure equalisation is allowed,
i.e. the measured pore pressure is commensurate with the entire sample. The required
strain rate for the consolidated undrained test on a 10% bentonite mix was determined
using data from Bishop and Henkel (1962). They present values of required time to
failure for 95% equalisation of pore pressure within a sample, which increases with
decreasing coefficient of consolidation. A time to failure was conservatively chosen
based on the calculated one-dimensional coefficient of consolidation for a 10% bentonite
mix. The test was conducted at a strain rate of 0.001 mm/min, which was calculated

assuming failure at 20% axial strain.

Rates of stress to be used for 5% bentonite-sand mixtures were determined as follows.
Preliminary tests were conducted on sandis in the Bishop-Wesley cell to establish the
variation in rate of straining at a given constant rate of stress. The sample was
compressed to failure by transmitting pulses to the loading ram stepper motor controller
via a computer link (one pulse is equivalent to a deviator stress increment of 0.25kPa).
As the material was strain softening, the stiffness decreased as the test proceeded with a
corresponding increase in rate of strain. The rate of straining (for a constant frequency
of pulses) was calculated for three compressive stages; 0-1,25mm, 125-3mm and from
3mm to failure. The pulse rate (rate of stress) was altered accordingly to produce an
approximate constant strain rate throughout deformation. For rates of strain comparable
to standard triaxial tests on other mixtures, pulse rates were input into Labtech
Notebook (see chapter 3) corresponding to deviator stress increments of 0.67kPa/min.,
0.067kPa/min. and 0.02kPa/min. for the three compressive stagesl6. This was done to
minimise excess pore water pressure development (see 4.5.1).

45,5 Consolidated drained (CD) triaxial test
Consolidated drained triaxial tests were performed in accordance with B.S. 1377: Part 2:

1990 (Methods of test for soils for civil engineering purposes) with the exception of the

15Comparative tests were conducted on sand because it was thought 5% mixtures would exhibit
behaviour characteristic of dense sand during shear.

16T he software permitted the use of three pulse rates only. Variations in strain rate were found to be
most pronounced at the end of each stated compression range, and reasonably linear over this range.
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system saturation process. Sand samples were set up as described for the triaxial
permeameter test (see 4.4.3). Bentonite-sand samples were transferred from the sample
saturation cell to the triaxial cell, and the membrane and top cap assembled. After
release ofthe vacuum, water was allowed to be drawn into the sample from the back
pressure air/water cylinder via the volume change unit. The back pressure and cell
pressure were incrementally increased to the required effective stress. Volume change
was monitored until equilibrium, and a B-value determined. Standard drained tests were
conducted until either peak strength or 20% axial strain was reached. The range oftest
durations was 7.5 days (5% bentonite mix @ 25kPa cell pressure) to 75 days (20%
bentonite mix @ 50kPa cell pressure). All sand samples were tested in approximately
1hr at a strain rate of 0.3mm/min. Top and bottom drainage was provided at all times.

4.5.6 Consolidated undrained (CU) triaxial test

For the consolidated undrained test the sample was set up as described above. The
volume change was monitored and when equilibrium was reached the drainage lines were
closed. The sample was then compressed over a 10 day period to 20% axial strain at

0.001 mm/min.

4.5.7 Measurement of stiffness of triaxial samples

When measuring stiffness of triaxial samples, it is necessary to consider the overall
deflection in a triaxial test. This is given by Jardine et al. (1984) as

A=Al + Ap+ Abx + AS+ Abb + Aram

where Al = load cell deflection
Aj = top cap sample reorientation
ABt = top bedding
AS = sample compression
aBB = base bedding

loading system deflection

Aram
Both triaxial systems had submersible low compliance load cells such that the load cell

deflection can be considered negligible as can the loading system deflection. However,
bedding ofthe end platens and tilting of the sample can lead to an underestimation of soil
stiffness. These end effects can be minimised by conducting an unload-reload loop17,
after which the calculated stiffness is more representative ofthe sample as a whole. For
5, 10 and 20% bentonite-sand mixtures unload-reload loops were conducted shortly after
the start ofthe test. Each sample was compressed to 1% axial strain at which point the
direction of loading was reversed until a value of zero load was approached. The loading

17This is similar to anisotropic consolidation, which has been found to significantly reduce end effects
(e.g., Jardine et al., 1984).
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direction was again reversed and the sample was compressed to failure or 20% axial

strain.

4.5.8 Consolidated drained shear box test

Due to time restrictions, one multi-stage consolidated drained shear box test was
conducted to determine the effective stress characteristics of bentonite. Dry bentonite
powder was tamped into a 60 x 60 x 40mm shear box packed out with porous stones at
the top and bottom for drainage. The amount of bentonite placed was enough for an
initial height of approximately 20mm (to reduce saturation time). A vertical stress of
200kPa was applied and water allowed to be drawn in until equilibrium was achieved (as
in the swell tests). The sample was sheared at 0.00064mm/min.18until failure was
reached. After shearing, the top half ofthe box was returned quickly to its original
position, pore pressures were allowed to equalise, and the sample was swelled back to
IOOkPa. At swelling equilibrium, the sample was again sheared to failure. The
procedure was repeated to determine the strength at a vertical effective stress of 50kPa.
Shear force, change in height and horizontal displacement were monitored throughout

the test (using a calibrated proving ring and dial gauges).

Approximately 10 weeks were required for the sample to reach swelling equilibrium at
the initial vertical effective stress of 200kPa. This is due to an initial dry sample
thickness of approximately 20 mm, because the time for consolidation, and presumably
swelling, is proportional to the square of the maximum drainage path (Terzaghi and
Peck, 1948). With the exception of this swelling and saturation period, swelling and
shearing stages were in the range 2.5 to 3.5 weeks, and 3.5 to 7 days respectively.

4.5.9 Possible errors in triaxial testing and corrections to test results

In addition to the restriction that two out of the three principal stresses must be equal,
the results obtained from triaxial tests are affected by the end loading plates, their
smoothness and size, by the flexible membrane surrounding the specimen, by the filter
paper used and by the measuring system. This section discusses possible errors and

corrections that were applied to triaxial test results.

Non uniformities of stress distribution within the sample are primarily due to friction on
the end plates. Rowe (1962) found that even slight end friction prevents dilation at the
ends of a granular sample during triaxial shear. However, dilation (with a resulting

decrease in strength) occurs at the centre of the sample after which the load carried by

18The strain rate was calculated in a similar maimer as for triaxial tests using consolidation data
(Bowles, 1986).
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the assembly is insufficient to start end dilation. Shockley and Ahlvin (1960) found that
in tests on dry sand there was a volume increase in the middle third (or failure zone) of
specimens and that a volume decrease occurs at the ends of the test specimens. For
clays, based on moisture content changes, they found a volume decrease in the zone of
shear and a volume increase at the ends of the specimens. All strength testing was
conducted on samples with a length to diameter ratio approximately equal to 2 to
minimise the effects of non-uniform stress distribution. Taylor (1948) showed that
reliable results were obtained between normal platens, provided the length to diameter
ratio was in the range 1.5-3.0. Barden and McDermott (1965) found that barrelling was
minimised by using lubricated platens but the effective strength parameters were
unaltered when the results were compared to specimens with a length to diameter ratio

of 2 tested between ordinary platens.

Filter paper drains allowed radial drainage of triaxial samples during swelling and shear
testing. This may cause local consolidation which gives rise to increased stiffness near
the boundary, resulting in non-uniform stresses, strengths and water contents across the
diameter of the sample. Atkinson et al. (1985) found that variation in water content
across samples of kaolin increased with loading rate and concluded that non-uniformities
in water content occur in samples with radial drainage when subjected to undrained
loading followed by consolidation or when subjected to rapid drained loading. As these
conditions were not imposed, the use of filter paper drains was considered satisfactory.

Poulos (1964) investigated the leakage problem associated with triaxial tests. He found
the hydraulic conductivity of natural rubber membranes to water to be about 4.8 x 10”18
m/s, and leakage at the O-ring seals is about 10'4 ml/day and independent of the effective
confining stress. For the worst pressure-time combination in the test programme (i.e., an
effective confining stress of 200kPa and a 36 day test period) the total leakage amounts
to about 0.02ml for a 0.2mm thick membrane. This value is less than the accuracy of
volume change measurement (+0.05ml) and is therefore considered insignificant.

Filter paper drains and the rubber membrane, which both surround the sample, act to
increase the strength ofthe soil, so it was necessary to apply the strength corrections
detailed by Bishop and Henkel (1962) for 38mm diameter samples. At axial strains
greater than 2%, a total correction of 14kPa was applied to the compressive strength to
allow for both rubber membrane and drains. Corrections from 0-2% strain were
interpolated, assuming no correction at the start of the test and a correction of 14kPa at

2% strain.
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The error associated with measuring pore pressure was minimised by rigidly connecting
the pressure transducer directly to the drainage lines in the base of the triaxial cell,
without the use of flexible tubing. Thus the lines can be considered incompressible and
the volume of water was kept to a minimum. The use of a small triaxial sample also
minimises pore pressure errors (Wissa, 1969). Care was taken in fully de-airing drainage
lines because small air bubbles contribute to a reduction in the overall stiffness ofthe
system and can lead to errors in the measured pore pressures (Lee and Black, 1972).
Therefore, any error associated with pore water pressure measurement was ignored.

4.6 Other tests
The wet sieving method was used to determine the particle size distribution of Knapton

Quarry sand, the specific gravity was determined by the gas jar method. The small
pycnometer method was employed for determination of specific gravity of Wyoming
bentonite and the liquid limit was determined by the cone penetrometer method.
Modified Proctor compaction tests were conducted on the mixtures to determine the
optimum moisture content, and similar tests were conducted on sand by use ofa
vibrating hammer. All tests were conducted in accordance with B.S. 1377: Part 2: 1990

(Methods of test for soils for civil engineering purposes).
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Table 4.1 lists the test types performed in the test programme, the shaded areas represent
the time periods over which tests were conducted. Hydraulic conductivity and strength
of samples were thought to be dependent on the clay content. Therefore it was
necessary to characterise the swelling behaviour of 100% bentonite and bentonite-sand
mixtures before the remainder of the test programme could logically proceed.
Preliminary tests and swelling behaviour indicated a change in material properties as the
bentonite content increased. At bentonite contents greater than 20%, swelling of the clay
within the mixture was similar to 100% bentonite (see chapters 5 & 6). In addition, a
designed barrier usually has a clay content less than 20% (e.g., Chapuis, 1990) and
therefore a maximum clay content of 20% was selected for the test programme. It was
thought that the behaviour of three mixtures only could be sufficiently investigated in the
available time. Therefore, 10% and 5% bentonite-sand mixtures were chosen to

investigate intermediate behaviour.

An applied effective stress range of 25-200kPa was chosen for hydraulic conductivity
and strength tests, with one exception'9. The maximum stress of 200kPa was chosen
because changes in the swelling behaviour for all mixtures occurred below this value (see
chapters 5 & 6). Additionally, the maximum available stress was limited by the airline
and the application of back pressure. An applied stress less than 25kPa was considered

to be outside the accuracy of the measurement systems.

For hydraulic conductivity and strength testing, the majority of the test equipment had to
be set up in the laboratory. Hydraulic conductivity test apparatus was set up first
because preliminary hydraulic conductivity data was required before strength testing
could proceed. This allowed time for manufacture of data acquisition units, and for
calibration and control of triaxial test systems. When sufficient data from swelling and
hydraulic conductivity tests was acquired, strength tests were then conducted.

Therefore, although the programme follows in a logical manner it was dictated to some

extent by the manufacture and availability of equipment.

Swell tests are identified according to bentonite content, test number and vertical stress.
The first number gives the bentonite content (100, 20, 10 or 5). This is followed by a
letter from A to S which represents the 19 individual samples tested (for 100% bentonite
samples, for example). Finally, vertical stresses are numbered in chronological order
from 1to 11 in bands of decreasing stress from approximately 450kPa to approximately
IkPa respectively. For example, tests 100B3 and 100C3 are swell tests on two different

19A consolidated-undrained triaxial test on a 10% bentonite-sand sample was conducted at 15kPa
effective cell pressure.
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100% bentonite samples both at a vertical effective stress of 240kPa, tests 100A1 and
100A8 are swell tests on the same 100% bentonite specimen at vertical effective stresses
of 453kPa and 21kPa respectively20. Samples which were consolidated at swelling
equilibrium to determine the hydraulic conductivity are preceded by the letter C (e.g.,
C20C3).

Rowe cell and triaxial cell hydraulic conductivity tests are labelled according to
chronological order of test sample (B to Q for 16 different samples), stage (referring to a
reduction in effective stress or increase in hydraulic gradient for a particular sample), and
an indication of how many times the particular hydraulic gradient had been applied. For
example, B3D is a stage of the first test on a 20% bentonite-sand mixture, at the third
hydraulic gradient increment (increasing in magnitude from 1st to 5th), which has been
applied to the sample on three previous occasions. Two compaction permeameter falling

head tests were conducted and these are denoted by FH1 and FH2.

The identification of triaxial compression tests consists of the type of drainage conditions
(CD or CU), the sample type, where S, 20, 10 and 5 denote sand, and 20, 10 and 5%
bentonite-sand mixtures respectively, and the test number. The ninth consolidated-

drained test on sand would therefore be labelled as CDS9.

4.8 General discussion on sample preparation and end of test parameters

The batch of clay was regularly checked to detect any changes in moisture content. Over
the course of the test programme the moisture content was found to vary between 13.5%
and 14.6%. However, the moisture content was determined prior to mixing and the mix
proportions were measured by dry weight to account for any variation. Since the sand
was oven dried prior to mixing, any effects of moisture content variation were

eliminated.

Initially dry samples were mixed either in a beaker (using a spatula) or Hobart

mechanical mixer depending on the volume of material required for the test. Mixing was
continued until the sample was considered to be homogeneous by observation. Moisture
contents were determined prior to testing by oven drying over a 24hr period at 105°C21.

20In chapter 5, some tests in the swelling results section are labelled differently to described in this
section. These are the swelling stage test results from hydraulic conductivity tests.
2'All moisture contents were determined in this manner.
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Compacted samples were initially mixed dry in a Hobart mechanical mixer for
approximately 5 mins.22, after which the extra water required to achieve optimum
moisture content was gradually poured whilst the sample was still mixing. Mixing
continued for a further 5 mins. until the soil was considered to be homogeneous by
observation. Samples for moisture content determination were taken before and after
compaction to investigate drying of the mixture during sample preparation. The

maximum variation in moisture content was found to be no more than 0.2%, therefore

the average value was taken.

At the end of testing, moisture contents were determined for all samples and the degree
of saturation calculated. For volume change and hydraulic conductivity tests, moisture
contents were generally found to be higher at sample drainage boundaries (typically a
factor of 1.04 larger than the overall moisture content), this is consistent with a small
amount of water being drawn into the sample on unloading. Triaxial specimens generally
had moisture contents higher at the centre than at vertical drainage boundaries (typically
49%0), this is attributed to dilation at the centre of the sample as described in 4.5.9.

The degree of saturation, Sr, is given by

Sre = wGs 4.5

where e is the sample void ratio, w the moisture content and Gs the specific gravity.
Values of Sr calculated from overall moisture content for swelling tests are as followsZ3
100% bentonite: all samples Sr> 0.95, 93% of samples Sr > 0.99.

20% bentonite: all samples Sr> 0.97, 88% of samples Sr > 0.99.

10% bentonite: all samples Sr> 0.97, 88% of samples Sr> 0.99.

5% bentonite: all samples Sr> 0.90, 46% of samples Sr> 0.95.

Rowe cell specimens all had final degrees of saturation greater than 0.96. Degrees of
saturation greater than 0.99, 0.98 and 0.95 were calculated for 20, 10 and 5% bentonite-

sand triaxial specimens respectively.

The uniformity of triaxial samples (indicated by moisture content variation) was not
verified prior to shear testing because the sample would have to be destroyed after the
long saturation period. However, results of swelling tests had shown that moisture
content variation throughout the sample was relatively small, which implies even
distribution of bentonite throughout samples. Since sample preparation, cell assembly

22This was the time required such that no bentonite powder was visible in the mixture, i.e., the mix
looked as uniform as is detectable by eye.
23Sr = 1.0 indicates full saturation



93

and test procedure were all conducted in the same manner (for a particular type of test),

it is not unreasonable to assume that triaxial test specimens were also uniform24.

4.9 Summary
The procedures have been outlined for swelling, hydraulic conductivity and strength

testing, with detailed description of non-standard methods. It is usual practice in soils
testing to consolidate to the required effective stress from an initially saturated sample.
Therefore, modification to standard test methods was generally to account for samples
being initially in a relatively dry state, from which saturation and swelling under the
required effective stress was allowed until equilibrium conditions were reached.
Saturation, rates of stress and strain, measurement of stiffness and possible errors and
applied corrections for triaxial compression tests have been considered at length. Finally,
the test programme, sample preparation and final sample parameters have been outlined.

Results are presented in chapter 5.

24This does not apply to 5% mixtures because pore volumes containing ‘free’ water may mask moisture
content data (see chapter 5).
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Note: 250mm Rowe cell (test B2A). Average hydraulic gradient = 42.7.
Figure 4.1: Inflow and outflow volumes against time for a 20% bentonite mixture
at 200kPa vertical effective stress.
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Figure 4 2 Large triaxial cell modified for saturation of multiple triaxial samples
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CHAPTER 5
RESULTS AND DISCUSSION

5.1 Introduction
This chapter presents compaction, volume change (swelling, normal consolidation and

rebound), hydraulic conductivity and strength data on bentonite-sand mixtures. The
hydraulic conductivity and strength of sand and bentonite individually are also presented.
General discussion on basic trends and scatter and some data analysis is included. The

main discussion of results is given in chapter 6.

A sample referred to as initially dry consists of clay at a moisture content of
approximately 14% (i.e., as supplied), plus oven dried sand. A wet sample has moisture
added prior to any experimental technique. Wet samples are generally used for

compaction, where the sample is mixed at optimum moisture content.

5.2 Compaction

Figure 5.1 shows the dry densities (pj) achieved by modified Proctor compaction at
different moisture contents (w) for various bentonite-sand mixtures. The shape and
position of the compaction curves are typical of soils containing varying quantities of
clay (e.g., Seed and Chan, 1959, Dixon et al., 1985). Therefore, no discussion is
necessary. Table 5.1 summarises the results of all compaction tests. To investigate any
possible changes in compaction properties with time, one 20% bentonite-sand mixture
was curedl1for 24hr prior to testing as indicated in the table. In addition, the first
compaction stage of two tests was repeated at the end of the test period such that any
moisture variations could be detected. These tests are indicated in figure 5.1

% Bentonite 0 5+ 5 5 10 15 20 20 20+ 20 25
24hr
wont (%) 113 115 113 124 113 113 112 117 113 117 1138
Pdmax (Mg/m3) 1.84 191 183 185 193 1.96 199 199 199 198 1.97
Pmax (Mg/m3) 2.05 220 2.07 229 218 221 223 233 225 232 232
e at Pmax 0.45 0.40 0.46 044 0.39 037 0.35 035 0.35 0.36 0.37
% air voids 102 65 108 78 6.2 47 37 27 35 32 35

+ Note: the compaction curve of the indicated sample is shown in figure 5.1.

Table 5.1. Compaction Results.

IThe sample was mixed at an initial moisture content of approximately 8% and left in a sealed container
for 24hr prior to compaction. This is the standard recommended technique. However, it was more
convenient to prepare samples immediately for other tests. Therefore, it was necessary to confirm that
immediate preparation had no effect on the achievable density.
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Table 5.1 shows that for all mixtures the optimum moisture content is between 11 and
12% (with the exception of one 5% mixture) and that the achievable dry density
increases with increasing bentonite content (up to 20%). The results suggest that the
sand pores are gradually filled with increasingly dense bentonite as the clay content
increases, and up to 25% bentonite content the increasing clay dry density must outweigh

the decreasing sand dry density.

For 5% bentonite mixes, there is a relatively large variation in void ratio at approximately
the same moisture content (0.40 to 0.46). However, four tests performed on 20%
bentonite mixes all had the same maximum achievable dry densities (hence void ratios).
This difference in behaviour may be explained by the clay being unevenly distributed
within the voids at low bentonite contents, resulting in variable compaction
characteristics. As the bentonite content increases, the soil mixture becomes more
homogeneous and the scatter reduces because local variations in bentonite content

become less significant.

The repeat stages (shown in figure 5.1) have similar dry densities to the initial values, and
the cured sample behaved in essentially the same way as a sample tested immediately. It
appears, therefore, that there are no significant changes in the compaction characteristics

of bentonite-sand mixtures over a 24hr period

5.3 Swelling, normal consolidation and rebound

5.3.1 Calculation of test parameters

To aid interpretation of the data of volume change, hydraulic conductivity and strength
tests, it is useful to separate the two soil phases of a mixture to determine which is more
significant in contributing to the overall characteristics. A way of modifying
conventional soil parameters was achieved by use of a phase diagram. Figure 5.2 is a
representation of the three phases of a fully saturated bentonite-sand mixture where
Vv = volume of water (voids)

Vc = volume of clay

Vs = volume of sand

The conventional void ratio is given as

solids

where V 2 ds = Vc + Vs, as shown on the left hand side of the figure. Using a similar
approach to Chapuis (1990) and Wu and Khera (1990) the mixtures will be
conceptualised as a two phase sand-bentonite gel system (see 2.3.10), and for
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interpretation of swelling and hydraulic conductivity data will be described in terms of

the clay void ratio, ec.
\Y
e =— 5.2
X
This is shown on the right hand side of the figure. This parameter assumes that the water
is associated solely with the bentonite. For 100% bentonite, ec is the same as the

conventional void ratio of the sample.

Considering the phase diagram, the clay void ratio can be calculated if the overall void

ratio is known. This is given by the relationship:

X

Similarly, the void ratio of the sand (or sand void ratio), es, is given by

e= 81X §.4
(1-x)

where x is the volumetric fraction of dry solids occupied by the bentonite in a mixture2
The sand void ratio is useful for interpreting swelling data, and is essential to
understanding the strength and dilatancy behaviour of bentonite-sand mixtures, and will

be discussed further in chapter 6.

The proportion of the total volume occupied by the bentonite gel can be represented by
the sand porosity, ns:

» =(V,+V .L _e+x
(V,+V .L _e+x_ 55
VT (1+e)

where Vj = Vw + V¢ + Vs is the total volume. The sand porosity is important when

considering the hydraulic conductivity of bentonite-sand mixtures.

Many previous authors have recognised the importance of the clay-water phase (see
2.3.10), and have derived similar parameters to those given by equations 5.1-5.5.

Kenney (1977) defines a volume ratio rvc, identical to ns in equation 5.5, and related this
parameter to strength. Lupini et al. (1981) utilised the void ratio of the granular phase of
the soil, e,, (equal to (Vc+VVv)/Vs), to discuss changes in residual shearing mechanisms.
This parameter is the same as the sand void ratio given by equation 5.4. The clay

specific volume, vc, used by Graham et al. (1986) is given by vc = 1 + ec.

~Samples were produced by mixing dry weights of bentonite and sand. Therefore, an error in the value
ofx occurs, when weights are used, due to the different specific gravities of the bentonite and sand. The
errors arc 0.5, 0.3 and 0.2% for 20, 10 and 5% bentonite contents respectively (i.e.. a 20% bentonite
sand mixture by dry weight contains 19.5% bentonite and 80.5% sand by dry volume).
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The void ratio, specific gravity3, Gs, and dry density, pj are related by the following

equation:

[+e=iif» 5.6
Pd

where pw is the density of water. In the swelling test programme, the initial void ratio,

e, was calculated using equation 5.6. In a one-dimensional swelling test, the one-

dimensional vertical strain is identical to the volumetric strain because the

consolidometer ring prevents any lateral straining of the sample. Hence
Ah Av

5.7
h, v,
where hj and vj are the initial sample height and specific volume respectively.
Alternatively, equation 5.7 can be written as
Ah  Ae
5.8
h, J+e,

This relationship was used to calculate the void ratio throughout swelling and at
equilibrium conditions, giving the final void ratio from pre-test conditions. In addition,
the final void ratio was calculated from post test parameters (using equation 5.6), which
enabled comparison of void ratios calculated from pre- and post test parameters
(designated as methods 1 and 2 in the tables of results). The final clay void ratio from
pre- and post test parameters was determined using equation 5.3 and the average of the
two values taken as the final clay void ratio when swelling ceased. For all swelling tests,
the difference between the two values was on average 1.2% and in all cases less than

4.2% (ofthe mean value).

5.3.2 Swelling: dry bentonite powder

Table 5.2 summarises the results of swelling tests on dry bentonite powder. Tests
preceded by a letter C are swelling stages of consolidation tests to determine hydraulic
conductivity. Two values for final clay void ratio are reported, corresponding to the
methods described in 5.3.1. The percentage mean error was calculated from the average
clay void ratio and the value calculated from post test parameters (method 2). A
negative value indicates a sample height after unloading which is greater than the height
measured at swelling equilibrium using equation 5.8. It can be seen that the differences
are small and tend to increase with applied stress. This is attributed to a small amount of
pore fluid being drawn into the specimens upon unloading. As the osmotic gradient is
greater on removal of a higher stress, this causes a larger intake of water. However, the
mean errors are small and are considered to have no significant effect on the measured

behaviour.

30verall specific gravities were calculated on relative percentages of each constituent.
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The data show a large change in void ratio from approximately 1.3 to 13.5 for a
corresponding vertical effective stress range of 453kPa to 1.4kPa. This demonstrates the
high affinity for water which bentonite possesses and indicates that in a bentonite-sand
mixture the pore water is likely to be associated entirely with the clay. Another
indication of the water adsorption capacity of the bentonite is the final sample moisture
content. Table 5.2 shows the final moisture contents at swelling equilibrium. At stresses

of 2kPa and less, the water content is greater than the liquid limit (407%).

Volume change of a clay during consolidation or rebound can be idealised on a straight
line plot ofvoid ratio (or specific volume) against the logarithm of effective stress (e.g.
Atkinson and Bransby, 1978). Figure 5.3 shows the relationship between final void ratio
of initially dry bentonite, ec, and vertical effective stress, a'v, on such a plot, for samples
compacted by tamping, vibration and static loading. The similarity of data points for the
three different types of compaction show the swelling of initially dry bentonite to be

insensitive to sample preparation technique. This is discussed in chapter 6.

Scatter in the data is largest at low vertical effective stresses which may be due to a non
uniform sample thickness prior to testing. If a dry specimen is not initially exactly level,
for example the height is greatest in the centre, an arching effect may occur where the
highest zones (e.g., the centre of the specimen) swell under the applied stress, and the
lower zones (e.g., the peripheral bentonite) swell to a higher clay void ratio than the
initially higher zones. A further error is introduced because if the sample is not level the
initial calculated clay void ratio will be larger than the actual value and further void ratios
will be consistently overestimated throughout the test. As the applied stress increases,
compression of the sample occurs before and/or during swelling and also the smaller
overall increase in height throughout the test will tend to reduce the effects of non-
uniformity. Scatter of data from the swelling stages in Rowe cell hydraulic conductivity
tests may be due to an error in the applied effective stress due to the pressure loss across

the diaphragm (see chapter 3).

Differences in clay void ratio between the data and the straight line plot of figure 5.3 are
greatest at the upper and lower limits of the applied stress range. Test C100R11has a
void ratio value of approximately 2 above that given by the fitted line. However, this
may be due to the general scatter exhibited at applied stresses below 3kPa. At stresses
above 3kPa, the repeatability of data is shown to be quite good, and therefore the
deviations above 200kPa vertical effective stress are thought to be due to a cause other
than experimental scatter. This is discussed in chapter 6. Generally, the tests are

repeatable for a given applied stress.



Test Surcharge

100A1*#
100A2*#
100B3
100C3
100D3+
100E3X
100A4*#
100F4
100G5
100H6
10016
100J74
100K7X
100A8*#
100L8
100M9
100N9
100A10*
100010
100P 10*
100Q10
ciooRir
100S11
ClA+
NAf+
D1Af+
EI A+
G1lA1+
K1A+H

*Full saturation assumed.

# Multi-stage test.

> Compacted by vibration.

kPa

453
313
240
240
240
240
171
155
100
57.6
52.2
29.6
29.1
21.0
20.1
7.72
6.47
2.66
2.62
2.57
2.02
1.44
1.25
200
200
100
50
25
25

x Statically compacted.
I Swelling stage of Rowe cell hydraulic conductivity test on dry bentonite powder.

Table 5.2. Results of swelling tests on initially dry bentonite.

ec
method

1.316
1.533
1.651
1.423
1.488
1.796
2.052
2.221
2.520
2.900
3.517
4971
5.007
5.254
5.302
7.068
7.48
11.474
9.769
9.323
11.404
13.344
12.032
1.470
1.809
2.966
3.426
5.401
4.889

ec

method 2 average

1.707
1.466
1.532
1.848

2.277
2.582
2.958
3.595

5.116
5.363
5.412
7.209
7.628
11.704
9.957
9.514
11.621
13.594
12.260

ec

1.316
1.533
1.679
1.445
1.510
1.822
2.052
2.249
2.551
2.929
3.556
4971
5.062
5.309
5.357
7.139
7.554
11.589
9.863
9.419
11.513
13.469
12.146
1.470
1.809
2.966
3.426
5401
4.889

mean %
error

-1.67
-1.49
-1.46
-1.43

-1.24
-1.22
-0.99
-1.10

-1.08
-1.03
-1.03
-0.99
-0.98
-0.99
-0.95
-1.01
-0.94
-0.93
-0.94

%

49
60
85
68
90
75
76
93
103
126
140
184
173
200
213
276
274
417
354
329
415
483
435
79
80
107
138
204
188
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In table 5.2, an asterisk denotes that full saturation was assumed when swelling
equilibrium was reached at the quoted effective stress value. For these tests, the swelling
stage was followed either by a consolidation stage (test C100R), a hydraulic conductivity
stage (e.g., test CIA), or the sample was swelled back incrementally to a lower stress
(tests 100A and D1 A)4. Since samples were found to be fully saturated in tests that were
ended after swelling had ceased (see 4.8), it was reasonable to assume that the same

conditions were achieved at the end of swelling in all other tests.

A typical swelling curve for pure bentonite under 20. IkPa vertical effective stress is
shown in figure 5.4a (test 100L8). A standard consolidation curve relates settlement to
the logarithm of time as shown in figure 5.4b (after Craig, 1987). In figure 5.4a the clay
void ratio replaces the settlement, but the plot is essentially the same, enabling
comparison between consolidation and swelling. Adopting a similar approach to the
description of laboratory consolidation curves, primary and secondary swelling stages
can be identified as shown in figure 5.4a. In the primary swelling stage, the rate of
volume increase is relatively large (a clay void ratio increase of 2.5 in approximately
2000min). In the secondary swelling stage (after 2000mins), the rate of volume increase

tends to zero. The sample is shown to reach swelling equilibrium after approximately

30000 min (21 days)5.

5.3.3 Swelling: dry mixtures
Tables 5.3-5.5 summarise the results of swelling tests on 20, 10 and 5% dry bentonite-

sand mixtures respectively. Tests preceded by a letter C are swelling stages of
consolidation tests to determine hydraulic conductivity, and an asterix denotes assumed
full saturation at swelling equilibrium, which was proceeded by a consolidation increment
for indirect hydraulic conductivity testing (as for 100% bentonite in 5.3.2). Quoted

moisture contents for all bentonite-sand mixtures are based on overall sample masses

unless otherwise indicated.

For a vertical effective stress range of approximately 453kPa to 1 5kPa, the results of
swelling tests show that the differences between clay void ratios at the highest and lowest
stress decrease with decreasing bentonite content. The values are as follows:

100% bentonite: 1.32-13.47

20% bentonite: 2.72 - 11.41

10% bentonite: 5.74-11.74

4Thc clay void ratios at swelling equilibrium only are presented in table 5.2 and figure 5.3. This also
applies to all bentonite-sand mixtures. Results from consolidation stages are presented in 5.4.

5A constant settlement dial gauge reading over a 24hr period was considered a sufficient indication of
swelling equilibrium.
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5% bentonite: 10.97 - 15.92

where the lower of the two values is the clay void ratio at approximately 453kPa.
Therefore, although the overall range of final clay void ratios is less, as sand is added to
the bentonite the clay swells more for a given vertical effective stress than if allowed to
swell alone. In addition, the swelling of bentonite in 5% mixes under any applied stress

is of the same order of magnitude as the largest swelling of 100% bentonite specimens.

This effect is reduced at higher sand contents.

Figure 5.5 shows data from swelling tests on initially dry bentonite-sand mixtures on a
graph of final clay void ratio against the logarithm of vertical effective stress. The solid
line indicates the best fit through the 100% bentonite swelling data. It can be seen that
the final clay void ratios of 20 and 10% mixes lie very close to the data for 100%
bentonite when the applied stress is small. A different trend of swelling behaviour is
exhibited by these mixtures at a higher stress (the value ofwhich depends on the
bentonite content). Although the data for 100% bentonite shows a similar trend, the
cause is thought to be different (see chapter 6). Similar behaviour is shown for 5%
bentonite mixes. However, swelling is consistently larger than for pure bentonite and is
shown to lie well above the 100% best fit line at vertical effective stresses less than 4kPa.

One possible explanation of the much higher clay void ratios of 5% mixtures at applied
stresses less than 4kPa is general scatter due to non uniform sample thickness. Or, since
the calculation of clay void ratio assumes all the water is associated with the clay, free
water within the sample, if present, is included in the calculation because void ratios are
determined from external measurements. The latter is unlikely because external volume
increase was measured for 5% mixes at effective stresses below 4kPa. This implies that
water was drawn into the sample by the presence of the clay and is therefore adsorbed
and associated with it. Therefore, the most likely explanation for the scatter of 5%

bentonite-sand data is non homogeneity of the mix. Compaction results support this

proposal (see 5.2).

Repeat tests were conducted at several applied stresses. The maximum differences in
final clay void ratio between repeat tests are approximately 1.5 (20N10 and 20010), 0.2
(10D4 and 10E4) and 1.0 (5F8 and 5G8) for 20, 10 and 5% bentonite-sand mixtures
respectively. However, since the clay void ratio of these samples was relatively high, the
differences are all less than 13% of the average values. As general experimental scatter
increases with decreasing stress, this is considered a sufficient indication of test

repeatability. Scatter is of the same order as for pure bentonite.
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Test  Surcharge er er mean % \v
kPa method 1 method 2 average error %

20A1 453 2.714 2.720 2.717 -0.11 22.1
20B2 241 2.945 2.950 2.948 -0.08 24.6
MIA 200 2.820 - 2.820 - 25.1
C20C3* 199 3.206 3.213 3.210 -0.11 23.9
20D4 100 3.429 3.431 3.430 -0.03 26.8
20E5 54.5 3.830 3.834 3.832 -0.05 28.9
C20F6* 33.5 4.640 4.647 4.644 -0.08 34.5
C20G6* 32.1 5.238 5.393 5.316 -1.46 39.0
2017 20.2 4.884 4.891 4.888 -0.07 36.9
C20J7* 20.2 5.683 5.691 5.687 -0.07 42.3
20K8 12.06 6.515 6.521 6.518 -0.05 49.9
c20L8* 10.02 7.055 7.063 7.059 -0.06 525
20M9 6.46 8.235 8.242 8.239 -0.04 59.9
20N10 231 10.845 10.855 10.850 -0.05 79.6
20010 2.00 12.391 12.403 12.397 -0.05 98.0
20P11 1.67 11.405 11.419 11.412 -0.06 82.5

*Full saturation assumed.
Table 5.3. Results of swelling tests on initially dry 20% bentonite-sand mixtures.
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Test  Surcharge ef er ef mean % w
kPa method 1 method 2 average  error %

10A1 453 5.502 5.978 5.740 -4.15 20.8
10B2 240 6.504 6.507 6.506 -0.02 26.9
c1locs* 199 5.390 - 5.390 : 20.1
C10D4* 150 5.722 5.726 5.724 -0.03 21.3
C10E4* 150 5.555 5.558 5.557 -0.03 20.7
10F5 100 6.235 6.238 6.237 -0.02 23.7
C10G6* 60.1 5.889 5.893 5.891 -0.03 21.9
C10H6* 60.0 5.973 5.976 5.975 -0.03 22.2
1016 54.4 6.340 6.343 6.342 -0.02 24.5
C10J7* 31.9 6.611 6.615 6.613 -0.03 24.7
C10K8* 17.7 7.551 7.554 7.553 -0.02 28.2
10L9 12.06 7.375 7.378 7.377 -0.02 28.7
C10M9* 10.20 7.380 7.390 7.385 -0.07 27.5
10N9 7.41 8.604 8.608 8.606 -0.02 32.0
10010 3.50 9.889 9.893 9.891 -0.02 36.7
10P10 2.31 11.116  11.120 11.118 -0.02 40.6
10Q11 1.25 11.741 11.745 11.743 -0.02 42.5

* Full saturation assumed.

Table 5.4. Results of swelling tests on initially dry 10% bentonite-sand mixtures.



Test  Surcharge er er ef mean % w

kPa method 1 method 2 average  error %
5A1 453 10.971 10.973 10.972 -0.01 19.3
5B2 241 11.443 11.444 11.444 0.00 20.0
5C4 100.6 12.138 12.140 12.139 -0.01 22.8
SES 54.4 12.221 11.799 12.010 1.76 22.5
SF8 12.06 13.134 13.135 13.135 0.00 22.7
5G8 11.58 12.096 12.119 12.108 -0.09 21.7
S5H9 7.57 13.115 13.117 13.116 -0.01 24.8
5H10 3.19 12.908 12.931 12.920 -0.09 22.4
5J10 231 14.560 14.562 14.561 -0.01 24.8
5K10 2.31 14.179 14.181 14.180 -0.01 24.3
S5L11 1.25 15.570 15.571 15.571 0.00 26.3
SM11 1.25 15.060 15.062 15.061 -0.01 25.8
S5N11 1.25 15.920 15.921 15.921 0.00 28.7

Table 5.5. Results of swelling tests on initially dry 5% bentonite-sand mixtures.
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Examples of typical swelling curves (clay void ratio against logarithm of time) for 20, 10
and 5% bentonite-sand mixtures are plotted in figures 5.6-5.8 respectively. Three
different vertical effective stresses were chosen to illustrate the effects of bentonite
content and applied stress on swelling, and the same magnitude of range of clay void
ratio is used on the y-axes for comparison. Generally, the laboratory curves are less well
defined as the clay content decreases, and it is harder to differentiate between primary
and secondary swelling stages. At low clay contents and/or large applied stresses, access
to water caused compression of certain samples and their corresponding swelling curves
showed no noticeable trend. This behaviour is attributed to mechanical compression of
the sand skeleton (due to shearing between and rolling of the particles) as the clay swells
within the voids. Poorly defined laboratory curves are therefore probably a combination
of the effect of the sand and a consequence of the relative decrease in overall volume

change with decreasing clay content.

The time required for the dry mixtures to reach swelling equilibrium are all of the same
order of magnitude as for 100% bentonite. However, this is affected by the initial sample
height in addition to the bentonite content and surcharge. Therefore, no comparison

between times for equilibrium is possible.

The swelling of dry mixtures is discussed further in chapter 6.

5.3.4 Analysis of swelling data
Logarithmic regression analysis was conducted on swelling data of 100% bentonite, to

produce a straight line plot in ec - log g'v space. The equation of the line is:

ec —12.08 - 457 log a'v
The coefficient of correlation for the data (r) is 0.954, which indicates that the scatter in

the data is relatively small This idealised representation of swelling behaviour will be

5.9

termed the bentonite swelling line.

To determine if the swelling of bentonite-sand mixtures was commensurate with swelling
of 100% bentonite, logarithmic regression analysis was conducted on data from mixtures
whose clay void ratios lay close to the bentonite swelling line combined with the 100%
bentonite data. The corresponding stress ranges for 10 and 20% bentonite mixes were
1.25-10.2kPa and 1.67-100kPa respectively. 5% mixtures were omitted as all the data

points were well above the bentonite swelling line. The equation of the line is:

ec=12.26-4.69 log a'v 5.10

with a coefficient of correlation 0f 0.961. For clay void ratios of | and 12 the estimated
stresses are 1 OkPa and 1 1kPa (ec = 1) and 265kPa and 256kPa (ec = 12) for equations



5.9 and 5.10 respectively. Since clay void ratios greater than 12 are unlikely in
engineering applications, and none of the test samples had clay void ratios less than one,
the chosen limits are satisfactory to show that the two equations are essentially equal.
Therefore, swelling of mixtures is the same as swelling of clay alone for the given vertical
effective stress ranges. Equation 5.9 will be taken as the bentonite swelling line as it was

determined purely from the behaviour of the clay.

Logarithmic regression analysis was also performed on the remaining bentonite-sand
mixtures whose final clay void ratios lay above the bentonite swelling line, i.e., 10%
bentonite mixtures with a vertical effective stress range of 12.06-453kPa inclusive, 20%
bentonite mixtures with a vertical effective stress range of 100-453kPa inclusive, and all

5% bentonite mixtures.

The equations of the calculated straight line plots in semi-logarithmic space are:

20%: ec=5.54- 1.08 log ctv (r2 = 0.756) 511
10%: ec =8.43 - 1.15 log v (r2 =0.627) 5.12
5.13

5%. ec = 14.98 - 1.63 log ctv (r2 = 0.828)

The correlation coefficients are lower than for the bentonite swelling line (calculated as
0.954). However, the gradients of equations 5.11-5.13 are fairly similar to each other.
Low correlation is attributed to the fewer number of data points available for analysis.
Therefore, even though the scatter is comparable to the 100% bentonite data, the
correlation is reduced because the ranges of clay void ratio and corresponding vertical
effective stress are less. For 5% bentonite mixtures the scatter at stresses below 4kPa is
responsible for the decreased correlation coefficient and the higher gradient than 20%

and 10% mixes.

As an approximation all three gradients were assumed to be equal, and therefore a
weighted average was taken to give a gradient of 1.34 in semi-logarithmic space. This
assumes that the stiffness of all three mixtures will be equal for a given vertical effective
stress range. The justification for this assumption is given in chapter 6. All data points

for 5% mixtures were included.

The constant in each equation, equal to the clay void ratio at a vertical effective stress of
IkPa, was adjusted to minimise the error caused by altering the gradients of the best fit
lines. Clay void ratios for each mix were calculated at a vertical effective stress at the
middle of the data range for which equations 5.11-5.13 were determined. These values
were re-substituted into the equations using 1.34 as the gradient to give the adjusted
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constant. An example of the line fitting procedure is given in appendix 5. The idealised
swelling equations for the mixtures above the bentonite swelling line are as follows:

20%: ec —6.15 - 1.34 log c'v 5.14
10%: ec=8.79-1.34 log o'v 5.15
5%b: ec = 14.60 - 1.34 log a'v 5.16

The threshold stresses above which the swelling behaviour of mixtures deviates from clay
swelling behaviour can be calculated by equating the idealised equations to the bentonite
swelling line (equation 5.9), and are as follows:

20%: a'v = 68.7kPa

10%: ov = 10.5kPa

5%: v = 0.2kPa

The consequence of altering the gradients for mixtures above the threshold stress is a
slight under or overprediction of the final clay void ratio for vertical effective stresses at
the extremes of the data ranges used for analysis. However, since the changes in
gradient are slight it is proposed that this has no significant effect on the predicted
behaviour Ifthe actual and estimated clay void ratios are compared, the maximum
differences in clay void ratio from the idealised lines are -0.14 (4%), 0.9 (13%) and 1.45
(9%) for tests 20C3, 10B2 and 5N 11 respectively. As this is within experimental scatter,
adjusting the gradients of the swelling lines is considered to have no significant effect.

The idealised swelling behaviour of the bentonite and bentonite-sand mixtures is shown
in figure 5.9.

5.3.5 Swelling: modified Proctor compacted mixtures

In figure 5.10 data from swelling tests on bentonite-sand mixtures initially compacted
into the Rowe cell using the modified Proctor method are superimposed on a plot of
idealised swelling behaviour of initially dry mixtures (figure 5.9). Although the data
points are consistently below the idealised behaviour of dry mixtures above the threshold
stress, similar trends are apparent (i.e., the change in clay void ratio with vertical
effective stress is similar). The scatter is greatest for 5% mixes and this can be attributed
to non homogeneity of samples due to effects of mixing and/or compaction. Some errors
may also be introduced by the diaphragm pressure correction, which increases as the
applied stress decreases (see chapter 3). As a consequence clay void ratio data may be
displaced horizontally in the figure. The effect has greater significance if the actual stress
on the sample is less than the calculated stress because of the logarithmic scale. Since
the data set is relatively small, the repeatability is unknown.



The two sample types had different initial moisture contents prior to swelling. Initially
dry samples had moisture contents in the range 0.7-2.9% for 5% and 20% bentonite-sand
mixtures respectively, whereas Proctor samples were compacted at optimum moisture
content; this was approximately 12% for all mixtures (see table 5.1). It is thought that
the different moisture contents affect the initial density of the sand, giving an apparently
reduced amount of swelling for a particular vertical effective stress. This is discussed

further in chapter 6.

Table 5.6 summarises the relevant parameters at swelling equilibrium. Also indicated are
the estimated clay void ratios for dry mixtures using equations 5.9 and 5.14-5.16. The
difference between the clay void ratios of compacted and the dry idealised theoretical
samples is shown to increase with decreasing bentonite content (see chapter 6). Certain
samples had final calculated degrees of saturation greater than 100%. This indicates that
some water was drawn into the sample during dismantling6.

Test % Surcharge ef Estimated7 W

bentonite kPa average %
B1A 20 200 2.21 3.07 17.3
BSD 20 100 2.50 3.47 19.5
B3E 20 50 3.17 4.32 26.4
L1A 10 200 4.23 5.71 151
L2B 10 100 4.38 6.11 15.7
L3A 10 50 4.53 6.57 16.2
L4A 10 25 4.58 6.92 16.4
H1A 5 100 8.87 11.92 18.2
H1B 5 50 9.37 12.32 191
F1A 5 200 10.09 11.52 19.6
FIB 5 100 10.46 11.92 20.4
J1A 5 50 11.72 12.32 20.3

Table 5.6. Results of swelling tests on bentonite-sand mixtures compacted by the

modified Proctor method (Rowe cell).

6Although volume change lines were closed, it is likely that water was drawn in from porous discs and
any other free water in the cell after the vertical effective stress was removed.

TThese are predicted clay void ratios for dry bentonite-sand mixtures calculated using equation 5.9 for
vertical effective stresses less than the threshold values and equations 5.14-5.16 for vertical effective
stresses greater than the threshold values.



5.3.6 One dimensional normal consolidation of bentonite

Tables 5.7 and 5.8 are results from one-dimensional normal consolidation tests on
bentonite prepared by two different methods. One sample was initially mixed at
approximately the liquid limit (LL = 407%) when the calculated degree of saturation was
99%. The other sample was initially swollen from a dry state under a surcharge of
144kPa (C100R11). This produced approximately the same initial moisture content as
the reconstituted sample. Full saturation of the sample was assumed prior to
consolidation which was considered reasonable since full saturation was calculated from

other swelling tests (see 4.8).

Volume change tests tests were conducted to compare dry swelling, normal
consolidation and rebound of bentonite in ec - log a'v space. To further investigate the
differences between an initially 'dry’ and initially ‘'wet' sample, the hydraulic conductivity
was determined for each consolidation stage by an indirect method (see 5.4.2). It was
thought that comparison of hydraulic conductivities would give an indication of the
differences in fabric of the two samples and also the change in clay fabric throughout
normal consolidation. For example, for a specific void ratio a flocculated sample would
be expected to have a higher hydraulic conductivity than a dispersed sample (see 2.4.4).

This is discussed in chapter 6.

Hydraulic conductivity was calculated using the relationship
k = cvmvpwg
where cv = coefficient of consolidation

mv = coefficient of volume compressibility

Coefficients of consolidation were found from the laboratory curve (settlement against
logarithm of time) for each loading increment at 50% consolidation8. The coefficient of
volume compressibility for each consolidation increment is given by

m,= & T deN 5.18
1+e0V dp

where de = the change in void ratio over the consolidation period corresponding to a

stress increment dp
e0 = void ratio at 0% primary consolidation.
Changes in void ratio for all normal consolidation and rebound stages were determined

using equation 5.8.

XThe procedure for calculating the hydraulic conductivity from consolidation data is outlined in 5.4.2.



From a plot of void ratio against the logarithm of vertical effective stress, the virgin
compression index, Cc, and the rebound index, Cr, can be determined. Values are given
in tables 5.7 and 5.8 for individual normal consolidation and rebound stages, to indicate
the behaviour o f the bentonite as the applied stress is increased or decreased. The
following equations were used to calculate the compression and rebound indices

C- = 15g(dil0)
cC , = r A 5.20
*0g”™./CToj

where o'q is the effective stress prior to the consolidation or rebound stage caused by a

change in applied stress equal to 0'j

Normal consolidation Rebound
Stage & Cr k Stage & Cr

surcharge x1O-n surcharge

(kPa) (m/s) (kPa)

1 7.7 - 1.36 1) 111.0 1.73

2) 145 1.68 6.74 2) 554 2.92

3) 27.3 3.19 6.09 3) 273  3.17

4) 554 5.97 2.76 4) 14.8 2.43

5) 111.0 6.57 1.24 5 7.7 3.47

6)252.0 6.27 0.28 6) 2.7 2.89
Table 5.7. Normal consolidation and rebound of 100% bentonite mixed at the liquid
limit.

Normal consolidation Rebound

Stage & Cr k Stage & Cr
surcharge xlI0'11  surcharge

(kPa) (m/s) (kPa)

1) 7.7 1.13 31.1 1) 110.8 2.03

2) 147 3.35 16.1 2) 55.3 3.02

3) 27.2 451 9.3 3) 27.2 3.16

4) 55.3 5.36 5.2 4) 147  3.06

5) 110.8 5.73 2.2 5) 7.70 3.93

6)251.1 5.65 0.6 6) 2.54 5.28

Table 5.s. Normal consolidation and rebound of bentonite swollen from powder at

1 44kPa vertical effective stress.
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5.3.7 Analysis of normal consolidation and rebound data

Figure 5.11 shows the bentonite swelling line, and the normal consolidation and rebound
data for bentonite prepared from slurry (LL in figure 5.11), and bentonite swollen from a
dry state at an effective stress of 1,44kPa (test CIOOR 11). The initial void ratio at
swelling equilibrium for test C100R11, as indicated on the figure, has the largest
deviation from the bentonite swelling line of all the bentonite swelling tests, and
therefore, is not a typical data point. However, it is assumed that this has no effect on

the overall consolidation behaviour.

No significant difference is shown between the normal consolidation and rebound
behaviour of the two sample types, and the only significant deviation of data points
occurs at the end of the final unloading increment. At this effective stress, the samples
have a clay void ratio difference of approximately 2. The higher of the two values is
more typical of rebound behaviour9. Initial deviation from linearity on consolidating
indicates either overconsolidation or a similar effect (see chapter s ).

For saturated normally consolidated clays the compression index ,Cc, is the slope of the
straight line portion of the void ratio versus logarithm of vertical effective stress curve.
Logarithmic regression analysis was performed on the combined data from both tests to
give the normal consolidation lineio (NCL) and any rebound line (assuming rebound lines
have parallel orientation to each other in ec - log g'v space) for bentonite consolidated
from a slurry or swollen from its dry state:

NCL: ec = 19.67 - 6.55 log ct'v (rz =0.992) 521
rebound: ec = C - 3.20 log ct'v (rz = 0.965) 5.22
Where C is the clay void ratio at 1kPa vertical effective stress. Therefore, the
compression index is equal to 6.55 and the rebound index, Cr, 3.20.

The idealised swelling, normal consolidation and rebound lines are shown in figure 5.12.
The data suggest that a straight line fit is justified over the applied stress range used. In
addition, plots of this type conform with standard geotechnical representation of soil

behaviour in one-dimensional compression tests. Clearly, the bentonite swelling line has

a different gradient to the normal consolidation and rebound line, and has a value

9For conceptually describing soil volume changc behaviour, a one dimensional rebound and associated
recomprcssion line arc generally represented by a straight line in e (or v) - log cr'v space, i.e., the
behaviour is considered elastic. However, laboratoiy data will typically show some degree of hysteresis.
Therefore the gradient tends to increase with decreasing applied stress on unloading (e.g., Atkinson and
Bransby. 1978).

10Data on the initial curved portion of the normal consolidation line was excluded from the analysis.
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between the compression and rebound indices. These differences are attributed to clay
fabric effects and are discussed in chapter 6.

Although idealising the behaviour of the bentonite makes prediction of clay void ratios
relatively simple, extrapolation beyond the stress range used in the testing programme
may be inappropriate.
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5.4 Hydraulic conductivity tests

5.4.1 Constant head analysis

Figures 5.13-5.16 are examples of typical inflow and outflow volumes against time plots
for 100% bentonite and 20, 10 and 5% bentonite-sand mixtures respectively. Best fit
gradients were calculated using linear regression analysisll The applied head difference
(either elevation, pressure or both combined) causes swelling and consolidation at the
inflow and outflow ends of the sample respectively (see 4.4.2). Therefore an initial
period was allowed for the sample to equilibrate under the applied stress difference
before commencing the analysis12. Inset are inflow and outflow-time gradients for

comparison.

After application of the head difference the inflow is generally greater than the outflow
for an initial time period, as shown in the figures. However, after swelling and
consolidation have occurred the changes in flow volumes with time are similar at both
ends of the sample. The volume change of the sample is consistent with the behaviour
described in section 5.3. Swelling at the inflow end will be described by the bentonite
swelling line (since the sample has not been consolidated at any stage). It was shown in
figure 5.11 that the volume change of a sample swollen from a dry state behaves in a
similar way to an overconsolidated sample during compression, until it reaches the
normal consolidation line. For small changes of effective stress, the volume change
behaviour is likely to be described by a rebound line. Therefore, because the gradient of
the bentonite swelling line is greater than the rebound index, swelling at the inflow side
will be greater than the compression at the outflow side, with a subsequent overall

increase in volume, i.e., the inflow is greater than the outflow.

Scatter of the data is attributed to general temperature changes which alter the viscosity
of the pore fluid and causes expansion and contraction ofthe cell. It was shown in
chapter 4 (figure 4.1) that insulation of the Rowe cells considerably reduced the effects
of diurnal temperature change but this did not eliminate the effects of general
temperature changes over long test periods (£2°). This accounts for the large amount of
scatter in flow data in figure 5.15, where a significant change in the laboratory
temperature is assumed (over a period between readings of approximately 27hr).

NIn figure 5.15, the flow data after 4000mins. test duration was excluded from the analysis.
llaboratory consolidation curvcs were used to determine the time required for 90% consolidation (tyo)
of bentonite under the range of effective stresses used in hydraulic conductivity tests. This was then
taken as the minimum time period for equilibration of the sample. However, for some 100% bentonite
samples and all 5% bentonite-sand mixtures, where the pore fluid replacement criteria occurred before t
= t9Q hydraulic conductivity was calculated over the most linear period of flow (e.g., tests G1A and
Q4A in figures 5.13 and 5.16).
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Despite experimental scatter, calculated inflow and outflow gradients in each test were

approximately equal. This is a good indication that the sample is fully saturatedi3.

Hydraulic conductivity was calculated using Darcy's law in the form:
Q = KAI 5.23
where Q = flow rate (m-Vs)

A = sample cross-sectional area

i = hydraulic gradient
An average of the inflow and outflow-time gradients gives the flow rate. Any error
caused by evaporation of water from the burettes is virtually eliminated, because the
resultant increase in inflow and decrease in outflow are the same. The hydraulic gradient
was taken as the average value over the linear period of flow. Constant head conditions
are not truly maintained because the hydraulic gradient decreases as the elevation head
drops throughout the test period, i.e., the difference in water levels between inflow and
outflow volume change units decreases. This accounts for the reduction in inflow and
outflow gradients in figure 5.13 as the test proceeds. However, no noticeable difference
is apparent in figure 5.1414. It was found that the assumption of constant head
conditions has no effect on the calculated values of hydraulic conductivity (discussed

below).

The maximum change in hydraulic gradients in the testing programme are 27% (test
EIA), 14% (test B2B), 12% (test L3A) and 30% (test J1A) for 100% bentonite, 20, 10
and 5% bentonite-sand mixtures respectively, the corresponding averages for the
complete data set are 14%, 5%, 5% and 16%. However, the decrease in flow rate is
directly proportional to the decrease in hydraulic gradient (i.e., Darcy's law in the form
dQ/dt = kA.dh/L). Therefore, when inflow equals outflow, the hydraulic conductivity
has the same calculated value between any two adjacent data points on a flow volume
versus time plot. The gradients of the best fit lines give the flow rate corresponding to
the hydraulic gradient at the middle of the data range used for analysis, or, the average
hydraulic gradient. Hence, this method of analysis is simply an averaging technique that

minimises any errors caused by experimental scatter.

Hydraulic conductivity values were calculated using equation 5.23 and temperature

corrected to 20°C using data from Bowles (1986), this allows for the change in viscosity

13If the soil was unsaturated, the inflow rate would be higher than the outflow rate whilst the pore air

was replaced.
,4Thc dccrcase in hydraulic gradient is dependent on the hydraulic conductivity of the sample and the
chosen capacity of the volume change units, since the rate of head drop will be greater if the burettes

only arc used for measurement.
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of the pore fluid. For example, at 15°C, the calculated hydraulic conductivity is
multiplied by 1.135 to give the corresponding value at 20°C.

Tables 5.9-5.13 display the results from Rowe and triaxial permeameter tests. The
reported hydraulic conductivity values are temperature corrected. All results were
obtained from Rowe cell hydraulic conductivity tests with the exception of tests Q1A-
QA4A (table 5.12), and Pl A (table 5.13), which were conducted in the triaxial
permeameter. The results show that the hydraulic conductivity of 20% bentonite-sand
mixtures is the lowest (k ~ 10-12 rn/s) and increases by approximately 4 orders of
magnitude for 5% mixes. The changes in hydraulic conductivity are most significant
when the clay void ratio is relatively high. For example, there is a variation of 3 orders
of magnitude for 5% mixes. At high clay void ratios, suggesting large distances between
clay particles, the hydraulic conductivity tends towards the value of sand alone. For
100 % bentonite the hydraulic conductivity is shown to increase by an order of magnitude
over the stress range (hence clay void ratio range) used. This illustrates the dependence
of the hydraulic conductivity on the clay void ratio and is discussed further in chapter s .
Given in the tables are the initial and final hydraulic gradients between which the analysis
was conducted. The differences increase with increasing hydraulic conductivity because
the flow rate, hence drop in head is greater. Any change of hydraulic gradient will alter
the effective stresses at both ends of the sample causing swelling and consolidation and

this may be the cause of some scatter in the data.

The first 20% bentonite-sand sample (B1A-B5A) was tested under various hydraulic
gradients to check the validity of Darcy's law for bentonite-sand mixtures. The results
for this sample on a plot of specific discharge, v, versus hydraulic gradient, i, are shown
in figure 5.17. Hydraulic gradients were incrementally increased (described as a stage in
figure 5.17) and the hydraulic conductivity calculated for each increment (see 4.4.2). No
discernible trend is apparent for each stage of hydraulic gradient increments, indicating
that effects on hydraulic conductivity such as particle migration and pore fluid
replacement are insignificant, and Darcy's law can be considered valid for this sample
over the range of hydraulic gradients used. Scatter in the data is small, and is possibly
due to slight swelling and consolidation at the ends of the sample as described
previously. Linear regression analysis of the data with the origin fixed at zero gives a

coefficient of correlation of 0.966.



A. 100% bentonite

Test Surcharge

CIA
C2A

11A
D2A
D1A
EIA
K1A
G1lA

(kPa)

200

Clay
void
ratio
1.47
1.48
1.81
2.82
2.97
3.43
4.89
5.40

Sample
height
(mm)
7.08
7.11
8.56
10.94
11.36
7.54
7.46

8.12
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Initial

hydraulic

gradient
62.7
144.3
54.1
93.1
43.2
60.2
53.7
60.9

Final
hydraulic
gradient
46.0
140.2
48.5
87.2
38.7
43.9
45.2
53.8

Average

temp.
(°C)
17.3
20.3
17.4
21.6
22.3
21.8
18.4
19.3

Table 5.9. Hydraulic conductivity of bentonite (constant head analysis).

B. 20% bentonite-sand mixtures

Test  Surcharge

B1A
B2A
B2B
B3A
B2C
B3B
B4A
B2D
B3C
B4B
B4Br
B5A
B3D
B3E
Table 5.10.

analysis).

(kPa)

200
200
100

50

Clay
void
ratio
2.21
2.21
2.21
2.21
2.21
2.21
2.21
2.21
2.21
2.23
2.23
2.23
2.50
3.17

Sample
height
(mm)
32.64
32.63
32.64
32.64
32.65
32.64
32.64
32.65
32.68
32.87
32.87
32.87
35.53
42.41

Initial

Final

hydraulic hydraulic

gradient
14.4
45.6
41.9
109.6
47.1
109.2
189.4
44.9
109.1
188.8
187.4
321.4
87.0
62.0

gradient
12.7
39.7
36.1
109.1
44.9
108.8
188.9
38.7
108.1
188.5
185.8
320.0
85.1
60.7

Average
temp.

<°p

19.5
16.6
18.0
16.1
16.1
15.7
16.2
16.8
16.0
16.8
16.6
19.4
24.4

k
(m/s)

2.34E-11
1.64E-11

1.50E-11

9.89E-11
2.77E-11
1.32E-10
1.01E-10
191E-10

k
(m/s)

1.7E-12
1.3E-12
1.7E-12
1.1E-12
1.1E-12
11E-12
1.3E-12
0.9E-12
0.9E-12
1.0E-12
1.0E-12
1.1E-12
1.5E-12
2.2E-12

Hydraulic conductivity of 20 % bentonite-sand mixtures (constant head
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C. 10% bentonite-sand mixtures

Test Surcharge

L1A
L2A
L3A
L4A

(kPa)

200
50
25

Clay Sample Initial Final Average k
void height hydraulic hydraulic temp. (m/s)
ratio (mm) gradient gradient (°C)

4.23 18.61 28.4 26.6 16.8 1.6E-12
4.23 24.30 80.8 80.0 17.1 4.5E-12
4.53 27.29 28.1 24.8 20.0 5.3E-12
4.58 27.52 27.6 27.2 18.6 4.2E-12

Table 5.11. Hydraulic conductivity of 10 % bentonite-sand mixtures (constant head

analysis).

D. 5% bentonite-sand mixtures

Test Surcharge

Q1A
Q2A
Q3A
Q4A
H1A
H1B
F1A
FIB
J1A
Table 5.12.

analysis).

E. Sand

(kPa)

100

100

50
Hydraulic

Test  Surcharge

PIA

(kPa)

50

Clay Sample Initial Final Average k
void height hydraulic hydraulic temp. (m/s)
ratio (mm) gradient gradient (°C)

8.35 115.40 11.6 10.9 26.0 281E-11
8.40 115.50 11.7 11.4 24.6 1.41E-09
8.46 115.62 4.3 3.8 25.8 2.35E-08
8.56 115.81 4.4 34 27.4 1.12E-07
8.87 24.42 19.9 15.9 19.7 5.04E-10
9.37 24.50 20.1 18.4 19.5 4 56E-10
10.10 18.40 24.4 19.6 22.3 3.44E-08
10.47 18.61 27.6 20.3 19.8 4.00E-08
11.73 28.29 16.0 11.2 19.3 142E-07

conductivity of 5% bentonite-sand mixtures (constant head

Void Sample Initial Final Average k

ratio height hydraulic hydraulic temp. (m/s)
(mm) gradient gradient m

0.66 100.80 1.9 0.9 9.17E-06

Table 5.13. Hydraulic conductivity of sand (constant head analysis).



5.4.2 Indirect analysis
Coefficients of hydraulic conductivity were calculated from a consolidation increment at

the end of one-dimensional swelling tests by using Terzaghi's theory of consolidation
(Terzaghi, 1943). Laboratory consolidation data were compared to the theoretical
curves by curve fitting which relates only to the primary consolidation phase and enables
the coefficient of consolidation, cv, to be determined Two curve fitting procedures
were used, one using the log time-settlement curve (Casagrande, 1936), the other using
the square root time-settlement curve (Taylor, 1942). Casagrande and Fadum (1944)
found satisfactory agreement between measured hydraulic conductivities and values
calculated indirectly, provided the log time method was used, and provided a distinct
change in curvature was observed where primary and secondary settlement curves
merge. For the square root time method, Taylor (1942) found that calculated values are
lower than measured values by 5-20% provided the clay is normally consolidated. The
state of a sample swollen from dry is analogous to a normally consolidated sample and
differs in direction of stress only; overconsolidation relates to unloading a normally
consolidated sample or loading a swollen sample. Therefore, when laboratory log-time
curves were poorly defined Taylor's method was considered satisfactory. Examples of

both methods for indirect analysis are presented in figures 5.18 and 5.19 respectively.

Immediate settlement occurs on loading the sample, possibly due to compression of air.
Therefore, a construction is necessary to determine the void ratio at which consolidation
commences. In the log time method, the theoretical degree of consolidation of U = 0%
is established as shown in figure 5.18. A time t] is selected and atime tE = 4tj. The
ordinate y is measured from t] to t2 (distance ac) and the same value ofy is marked off
vertically above tj (distance ad). The procedure is repeated on three different portions
of the initial curve and the best horizontal line fitted. The settlement (Sq) at the onset
of consolidation is the intersection of the horizontal line on the settlement axis. This
value is then used to calculate the initial height, void ratio etc. The intersection between
the tangent to the linear portion of the curve and the backward extension of the

secondary compression line defines the settlement (Sj) at U = 100%.

In the square-root-time method, shown in figure 5.19, the linear portion of the laboratory
curve extrapolated backwards gives the settlement (Sqg) at U = 0%. From an arbitrary
square root time value such as B, an abscissa value 15% greater is marked (C), so that
AC = 1.15 x AB. The intersection of a line drawn from Sq to point C with the
laboratory curve gives the intersection at U = 90%, hence, from interpolation, U =

100% .



The hydraulic conductivity is determined using equation 5.17. It is preferable to
calculate cv from ts Qrather than t()o because the middle of the laboratory curve is the
portion which agrees most closely with the theoretical curve. Mesri and Olson (1971)
state the standard square root method (at 90% consolidation) usually yields higher
hydraulic conductivity values than those calculated by either method when fitting is
performed at 50% consolidation. The similarity between hydraulic conductivity values
calculated by both methods at 50% consolidation is shown in figures 5.18 and 5.19.
Since both these samples had similar clay void ratios it is not unreasonable to assume that
their hydraulic conductivities (and consolidation periods) would also be similarls The
ts 0 values for both samples were approximately equal (41min and 36min for log time and
square root time methods respectively. However, if ti"o values are used the square root
time method yields a value of approximately halfthe log time method which would

consequently double the calculated hydraulic conductivity value.

Tables 5.14-5.16 present the data from indirect hydraulic conductivity tests. The void
ratio change relates to the overall sample void ratio and the average of clay void ratios
and sample heights relate to the values at 50% consolidation. Changes in hydraulic
conductivity with bentonite content and clay void ratio show similar trends to those
observed in the data from Rowe and triaxial permeameter tests. It is apparent that quite
large stress increments were necessary to achieve reasonable amounts of settlement.
Since Terzaghi's theory is based on small stress increments it is unknown how this affects
the measured values of hydraulic conductivity. However, since the overall void ratio
changes are quite small, i.e. the vertical strain is small, and values of hydraulic
conductivity are of the same order of magnitude as determined for mixtures in Rowe cell

tests, it is suggested that this did not have a significant effect on the values.

Also given in tables 5.14-5.16 are values of coefficient of volume compressibility, mv,
calculated from the consolidation increment. A stiff sample is indicated by a low mv
value. Therefore, it is seen that sample stiffness increases with sand content and/or
vertical effective stress, implying greater interaction between sand particles. Since all the
flow of water is assumed to be through the clay gel, it could be argued that determining
the hydraulic conductivity in this way is not acceptable at high sand contents (see 4 4.5).
The use of 10% mixtures was thought reasonable for indirect measurement because
definite primary and secondary consolidation stages were identified on the laboratory
curves. An indication of the sand preventing consolidation would be noticeable on the
laboratory curve, i.e., the sand skeleton resisting the applied stress such that the
settlement ceases. Also, because mv is used in calculating the hydraulic conductivity and

'-The 10% bentonite mix has a lower value of k. The reasons for this are discussed in chapter 6.



is purely a substitute for void ratio (equation 5.18), the use of 10% bentonite mixtures

was judged to be satisfactory.

The hydraulic conductivity of 10% bentonite mixes was calculated by the Casagrande
and Taylor methods (depending on the laboratory data) and these are indicated in table
5.16. The data show reasonable agreement in hydraulic conductivity values for both
methods at similar clay void ratios (or overall void ratios), for example tests C10C3 and
C10E4, and tests C10J7 and C10M9. However, the laboratory curves were less well
defined at large stresses, suggesting sand interaction may affect the consolidation
behaviour at bentonite contents less than 10% to such an extent that indirect

measurement is unsatisfactory.

A. 100% bentonite

Test Initial Stress Void Average Average cv mv k (m/s)
crV increment ratio clay sample (m2/yr) (m2/MN)
(kPa) (kPa) change void height
ratio (mm)
C100R11 7.7 7.0 0.944 11.84 19.91 0.05 10.08 1.61E-10
C100R11 14 6.3 0.819 12.94 21.62 0.11 9.13 3.11E-10

Table 5.14. Hydraulic conductivity of bentonite calculated using the log time

(Casagrande) method.

B. 20% bentonite-sand mixtures

Test  Initial  Stress Void Average Average cv mv k (m/s)
a'v increment ratio clay sample (m2/yr) (m2/MN)
(kPa) (kPa) change void height
ratio (mm)
c20C3 199.2 141.6 0.004 3.18 9.16 0.31 0.02 1.7E-12
C20F6 335 7.0 0.003 4.63 9.07 0.09 0.22 6.3E-12
C20F7 40.5 28.2 0.022 4.55 8.98 0.05 0.41 6.3E-12
C20G6 32.1 13.8 0.009 5.21 10.04 0.11 0.32 1.12E-11
C20J7 20.2 12.5 0.015 5.64 10.23 0.06 0.56 9.8E-12
Cc20L8 10.0 9.4 0.037 6.96 7.98 0.06 138 2.70E-11
C20A 1.4 3.2 0.043 8.32 12.79 0.08 5.07 1.22E-10

Table 5.15. Hydraulic conductivity of 20% bentonite-sand mixtures calculated using the

log time (Casagrande) method.
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C. 10% bentonite-sand mixtures

Test  Initial  Stress Void Average Average cv mv k (m/s)
a'v increment ratio clay sample (m2/yr) (m2/MN)
(kPa) (kPa) change void height
ratio (mm)
C10C3+ 199.2 141.6 0.014 5.26 7.71 0.10 0.06 2.1E-12
C10E4* 150.1 98.0 0.004 5.49 7.45 0.14 0.03 1.2E-12
C10D4X 150.2 97.9 0.004 5.68 14.77 0.17 0.03 1.4E-12
C10G6* 60.1 41.8 0.002 5.83 7.33 0.45 0.03 4.2E-12
C10H6* 60.0 41.6 0.002 5.94 14.06 0.29 0.03 2.7E-12
C10J7* 31.9 13.8 0.001 6.59 8.43 1.12 0.04 151E-11
C10M9"  10.2 9.4 0.020 7.26 8.30 0.04 1.22 1.33E-11
C10K8’ 17.7 12.5 0.009 7.49 10.01 0.08 0.41 1.07E-11
C10AX 1.4 3.5 0.008 9.37 13.72 2.08 118 8.60E-11

+ Hydraulic conductivity determined by the log time (Casagrande) method.
x Hydraulic conductivity determined by the square root lime (Taylor) method.

Table 5.16 Hydraulic conductivity of 10% bentonite-sand mixtures (indirect methods).

5.4.3 Falling head analysis
Hydraulic conductivity was calculated using the standard expression

k=— In~L 5.24
At h,

where a = cross-sectional area of burette or standpipe
A = cross-sectional area of soil sample
h]
h2 = hydraulic head across sample at t = tn+] (where n=0, 1, 2, 3...)

hydraulic head across sample at t = tn

L = length of sample
t = elapsed time
This assumes Darcy's law to be valid, which was considered reasonable from Rowe cell

test results (see 5.4.1).

Figure 5.20 presents hydraulic conductivity against time for two 5% bentonite-sand
mixtures. Tests were ended when the calculated value was constant, and an average
value was taken after the initial large decrease to minimise the scatter in results exhibited
over the test period. The results are displayed in table 5.17. A final degree of saturation

greater than 100% indicates excess water on the sample on removal from the mould.
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Similar behaviour is exhibited by both samples. The hydraulic conductivity decreases
with time and reaches an approximately steady value after 130000min (90 days). This is
attributed to partial saturationis and swelling of the bentonite. Swelling of the bentonite
within the sand voids is indicated by the large decrease in hydraulic conductivity at the
start of the test. Further decreases are attributed to gradual closure of flow paths. The
large increases in hydraulic conductivity at 60000min and 100000min are unknown.
However, since the same effect is shown for both samples this suggests either a drastic
change in temperature or a fault with the apparatus or readings. The latter two are more
likely because there is no significant change in values prior to, and after, the increase and

this excludes temperature effects.

5% bentonite-sand mixtures

Test Sample Clay Average Final Sr

height void k (m/s) (%)
(mm) ratio
FH2 115.7 8.40 1.86E-10 100
FH1 115.7 8.56 2.39E-10 104

Table 5.17. Hydraulic conductivity of 5% bentonite-sand mixtures (falling head

analysis).

5.4.4 Hydraulic conductivity of bentonite-sand mixtures
Terzaghi and Peck (1967) suggest a linear relationship between the logarithm of
hydraulic conductivity and the logarithm of void ratio for a particular soil type. Mesri
and Olson (1971) have shown such linearity for different clays with different pore fluids
(figures 2.11 and 2.12). The Kozeny-Carmen equation (Bear and Verruijt, 1987) is a
formula obtained from theoretical derivations of Darcy's law. The hydraulic conductivity
is given by
o R £ 5.25
(I-n 2Mf o
where Cq is the pore size term, n is the porosity, Ms is the specific surface area of the
solid matrix (defined per unit volume of solid), g is the acceleration due to gravity and u
the kinematic viscosity of the pore fluid. Similarly, this equation indicates that the
relationship between the logarithm of hydraulic conductivity and the logarithm of void
ratio tends to linearity with increasing void ratio for soils of the same type. Figure 5.21
shows hydraulic conductivity data against void ratio on a logarithmic plot. The spatial
arrangement of data is essentially reproduced on a logarithmic plot of hydraulic

16Since samples were prepared by using the modified Proctor compaction technique and back pressures
were not used an initial degree of saturation of approximately 90% is likely.



125

conductivity against the Kozeny-Carmen porosity term (n3/(l - n2)), and this plot is
therefore not presented. The best fit line through the data for 100, 20 and 10% bentonite
mixtures indicate that these samples are behaving as a single soil type (the pore size term
in the Kozeny-Carmen equation is the same), however, the data for the 5% bentonite

mixes and sand do not follow the same trend.

For 5% bentonite-sand mixtures, figure 5.21 shows a variation in hydraulic conductivity
of 4 orders of magnitude for a void ratio range of 0.4-0.6 . The trend in data suggests
that the hydraulic conductivity tends to the hydraulic conductivity of the sand as the void
ratio increases. Therefore, it can be concluded that non homogeneity exists in 5% mixes.
In zones where the bentonite content is less than 5%, the sand voids are likely to contain
either free water or very highly swollen bentonite; only slightly reducing the flow
compared to flow through sand only. Zones within the sample where the bentonite
content is effectively higher than 5% reduce the flow to a greater extent. Therefore, the

hydraulic conductivity of a 5% mix overall is less than that of the sand.

The swelling results and the literature suggest the behaviour of bentonite-sand mixtures
can be characterised by the clay void ratio. For mixtures having bentonite contents
greater than 109%, it is unlikely the clay void ratio will be greater than 10 in practical
engineering applications (this corresponds to a vertical effective stress < 2kPa).
Therefore, the data have been replotted in figure 5.22 on a logarithmic plot of hydraulic
conductivity against clay void ratio (ec < 10)17. This is justified on the assumption that
all the water, hence flow, is associated solely with the bentonite. The 5% bentonite-sand

data have been omitted due to the reasons stated above.

The equations of the best fit lines were determined using regression analysis and are as

follows:

100%: k = 10-11.07 ecl1.77 (r2 = 0.76) 5.26
20%: k= 10"13-26 ,ec3-26 (rz = 0.93) 5.27
10%: k= 10"14 06 ,ec3 65 (rz = 0.54) 5.28

It is apparent that at a particular clay void ratio the hydraulic conductivity decreases with
increasing sand content, and as the clay void ratio increases the hydraulic conductivity of
both mixtures tends towards that for bentonite alone. The reasons for this are discussed

in chapter 6 .

17The multi-stage test B 1A-B5A is plotted as a single data point. The hydraulic conductivity was taken
as the average of all data points.



For 100% bentonite, the largest difference in hydraulic conductivity values between
samples with comparable clay void ratios is a factor of 3.5 (D1A and D2A in table 5.9,
D2A is the larger of the two). It is possible that test D2A has a higher hydraulic
conductivity due to the larger applied hydraulic gradient. However, the opposite
behaviour is shown for samples C1A and C2A. It is also thought that any errors in
analysis are small, as discussed in 5.4.1, and have no effect on the observed behaviour.
A more likely explanation is small differences in fabric of samples which may be quite
significant due to the small sample thicknesses (7.1mm to 11.4mm). Any relatively large
pore volumes would significantly increase the flow rate as this is proportional to the
square of the pore radius. The largest deviation from the best fit line is shown by test

D1A. For this sample, the hydraulic conductivity is overestimated by a factor of 2.

20% bentonite mixture data show the best correlation. All the data points lie within a
factor of 1.6 of the estimated hydraulic conductivity given by equation 5.27 with the
exception of test C20A (the sample with the largest clay void ratio) which deviates from
the best fit line by a factor 0f2.2. However, this is only of the same order as data from
100% samples. The high coefficient of correlation indicates that reliable values of
hydraulic conductivity can be determined by both direct and indirect measurement for

20 % mixtures.

The largest amount of scatter is shown in the data from 10% bentonite-sand mixtures
and the best fit line given by equation 5.28 has a relatively low coefficient of correlation.
The largest deviations from the best fit line are shown for tests 10E4 and 10D4 (indirect
method). For these samples the hydraulic conductivity is overestimated by a factor of
3.5. Test C10A (indirect method) lies above the best fit line by a factor of 2.8. For
similar clay void ratios, differences in calculated hydraulic conductivity are all less than
one order of magnitude. Since data from 20% samples showed that the indirect method
is suitable for calculating hydraulic conductivity, it is thought that effects associated with
the sample (and not the method) cause the scatter in the 10% mix data.

Laboratory settlement curves for 10% mixtures were not as well defined as for 20%
mixtures (as discussed in 5.4.2). An error in construction of such a curve (for example,
figures 5.18 and 5.19) not only alters the ts Qvalue but also the settlement (hence sample
height and void ratio) corresponding to the beginning and end of consolidation, which, in
turn affects the calculated cv and mv values and ultimately the hydraulic conductivity.
Errors of this nature are difficult to quantify because curve fitting by the log-time method
or square root-time method is a matter ofjudgement, and for poorly defined curves the
error is likely to increase. Poor definition indicates that interaction between sand
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particles is relatively high and therefore the scatter would be expected to increase with
increasing applied stress (or decreasing clay void ratio). The results tend to support this.
In figure 5.22, differences between measured and estimated hydraulic conductivities
decrease as the clay void ratio increases. Therefore, although indirect determination of
hydraulic conductivity is believed to be satisfactory for 10% bentonite-sand mixtures, it
is thought that scatter in data is increased due to the stiffness of the interacting sand

matrix.

The three data points grouped above the best fit line at a clay void ratio of approximately
4.5 were determined from a multi-stage hydraulic conductivity test in the Rowe cell. The
data are all within a factor of 2.5 of the anticipated values. Clay void ratio values are
calculated by dividing the overall void ratio by the volumetric fraction of dry solids
(equation 5.3). Therefore, an error in overall void ratio gives a corresponding error in
clay void ratio, which increases with decreasing bentonite content. Another, more likely,
cause of scatter is non homogeneity of the sample. Since the measured hydraulic
conductivities are higher than the estimated values this assumption is reasonable, because
zones within the sample with bentonite contents less than 10% will allow larger flow

rates.

The validity of fitting a line to the 10% mix data may seem questionable. However, the
analysis conducted on 20 % mixtures gave a good correlation over a large clay void ratio
and hydraulic conductivity range. The change in hydraulic conductivity with clay void
ratio for 10% mixtures showed a similar trend over a similar range, and therefore,
conceptually, it isjustified to represent this behaviour in the same manner. Further, for
engineering approximations the scatter is relatively small (most hydraulic conductivity
values are quoted to 1 order of magnitude only). However, use of equations 5.26 to
5.28 may not be appropriate for predictive purposes at clay void ratios outside the limits
of the data shown in figure 5.22, because at high clay void ratios the behaviour of
mixtures appears to be similar that of bentonite alone (tests 20A and 10A). This is

discussed further in chapter s .
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5.5 Strength tests
5.5.1 Introduction and test parameters
This section presents the results of shear tests on sand, bentonite and bentonite-sand

mixtures from drained triaxial compression tests and drained shear box tests18. Swelling
of triaxial samples is also considered and is compared to the one-dimensional swelling of
dry mixtures. Finally, the stiffness of bentonite-sand mixtures at small strains is reported.

Stiffnesses were calculated from the reload portion of an unload-reload loop during

triaxial compression (see 4.5.7).

Peak shear strengths of all samples are represented by the angle of shearing resistance,
(jj'max’ at the deviator stress at failure or at 2 0 % axial strain (whichever has the greater
value). Assuming no cohesion between particles19, the Mohr's circle of stress can be

used to derive the following expression relating the angle of friction to the principal

stresses:

sin 9 —~r 5.29
¥ cr, + o3

Equation 5.29 was used to calculate the maximum angle of shearing resistance, (fr'max’ in

all triaxial compression tests.

For triaxial tests on sand only, Rowe's stress-dilatancy theory was used to determine the
constant volume angle of shearing resistance, ¢cv (see 2.5.6). Dividing the numerator
and denominator of equation 5.29 by o3 "gives

= A ler) 5.30
i3+

Equation 2.12 (Rowe's stress-dilatancy relation) was used to obtain (ct'i/ct's)cv, this

value was substituted into equation 5.30 to give (fcv.

The relative density, 1j), is given by the expression
ID= ~e 531

Omax - 0min

Values of relative density are presented for tests on sand and discussed further in chapter

6.

18The bentonite only was tested in the shear box. Production of uniform bentonite triaxial samples was
considered impracticable, due to the anticipated large swelling.

19The view is taken throughout the text that no cohesion exists between particles and shear strength is
determined purely by friction. Apparent cohesion intercepts for clay soils are believed to be caused
either by variable dilatancy due to overconsolidation or from pore water pressures which are not
accounted for (sec chapter 2). Apparent cohesion intercepts for sand are also a result of variable
dilatancy. Therefore, linear fitting of failure envelopes on effective stress plots has been conducted with
the origin fixed at zero to determine the strength parameter $
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5.5.2 Strength of sand

Table 5.18 summarises the results of drained (CD) triaxial compression tests on Knapton
Quarry sand, and the type of triaxial apparatus used for each test is indicated. Values of
the maximum rate of dilation (-dsv/ds j)max are also included. These will be discussed in
chapter 6 . The peak angle of shearing resistance is shown to vary between 36.5° (test
CDSs) and 40.9° (test CDS4), with a general trend of decreasing strength with
increasing effective cell pressure, a's . Constant volume angles of shearing resistance
(determined by stress-dilatancy theory) have values between 28.9° and 31.8°, and no
noticeable trend is evident. Figure 5.23 plots the peak and constant volume strength data
from table 5.18 in modified stress space20. The strength envelopes were fitted by linear
regression analysis (with the origin fixed at zero), and equation 5.29 was used to
calculate a peak angle of shearing resistance of 37.5° (rz = 0.998) and constant volume
angle of shearing resistance of 30.4° (rz = 0.998). Because the constant volume strength
cannot be measured, the difference in individual values in table 5.18 is attributed to

variable accuracy of stress-dilatancy curves which were used for the analysis.

Observation of figure 5.23 shows that scatter is small, and tests are repeatable for
samples at comparable effective cell pressures. In addition, the data indicate that the test
type, i.e., constant rate of stress or constant rate of strain, has no effect on the measured
peak strength and the calculated constant volume strength. This is important for
comparison of bentonite-sand mixtures where 5% mixes where all tested in the Bishop-
Wesley stress path cell and all other mixtures in the standard triaxial cell (see chapters 3
and 4). The constant volume angle of shearing resistance is within typical ranges for a
quartz sand (e.g., Bolton, 1986). However, the peak strength is lower than is typically

found for dense sands. This is discussed further in chapter s .

Typical plots of deviator stress versus axial strain, volumetric strain versus axial strain,
and stress ratio versus dilatancy, for test number CDSs, are displayed in figures 5.24a-
5.24c respectively. The gradient of the stress-dilatancy plot, m, is equal to (a']/”) in

Rowe's stress-dilatancy relation (equation 2.12).

Secant stiffnesses, E' (equal to Actd /Asa), were calculated from the onset of reloading
for an axial strain increment of 5E-03. This axial strain increment was selected because
the stress-strain curve significantly deviated from linearity at strains greater than this, and
there were insufficient data points to calculate stiffness for smaller strains. Generally,

stiffness is shown to increase with increasing effective cell pressure, and at comparable

20Plotting in modified stress space enables peak and constant volume strength data to be represented by
a single data point instead of a Mohr's circle.
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cell pressures it appears that stiffnesses measured by constant rate of stress testing are
greater than for constant rate of strain testing. It is proposed that in constant rate of
stress testing the sand skeleton compresses (rather than individual particles shearing) at
small strains because the sample is held under constant stress conditions for relatively
long time periods when the frequency of loading pulses is low. This is analogous to the
hardening of clay samples in compression tests after primary consolidation has occurred.
Unload-reload loops were not conducted for tests CDSs and CDS 12 (both at 200kPa
effective cell pressure). The stiffness of sample CDSs is shown to be significantly lower
than other samples at the same cell pressure. This indicates that stiffness increases for a
previously unloaded sample at small strains on reloading. However, the stiffness of
sample CDS 12 has the largest value, which is consistent with the behaviour of other

samples tested under a constant rate of stress.

Test n3 CT'i-a*s e0 Id m o+ o BW() ('S L E’
(kPa) max. (kPa) (MPa)
CDS1: 51 169 0.74 0.46 38.6 28.9 0.404 30.9
CDS2X 51 170 0.68 0.56 38.7 s 0.359 15.3
CDS3X 51 176 0.68 0.56 39.3 30.9 0.446 18.1
CDS4+ 52 197 0.74 0.46 40.9 : 0.576 32.2
CDS5X 87 264 0.66 0.60 37.1 29.0 0.495 39.1
CDSs 1 101 343 0.73 0.47 39.0 29.6 0.425 56.9
CDS7+ 101 350 0.71 0.52 39.4 29.5 0.516 66.9
CDSs X 200 588 0.66 0.60 36.5 31.8 0.347 22.7
CDS9X 200 602 0.65 0.62 36.9 30.3 0.374 76.3
CDS10X 201 602 0.66 0.60 36.8 29.7 0.392 71.3
CDS11Ix 201 617 0.67 0.59 37.3 30.2 0.426 60.0
CDS12: 203 697 0.72 0.49 39.2 30.0 0.407 114.8
CDS13X 300 900 0.68 0.56 36.9 30.4 : 82.4

x Standard triaxial cell.
+ Stress path triaxial cell.

Table 5.18. Consolidated drained triaxial compression test results for sand.
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5.5.3 Strength of bentonite

Figure 5.25 shows the failure envelope for a multi-stage consolidated drained shear box
test (strain rate = 0.00064mm/min.) on bentonite swollen from its dry state. The
measured shear force causing failure, at each vertical effective stress, was corrected for
ram friction which was found to have a constant value of 11N. A best fit envelope was
produced by linear regression analysis (with the origin fixed at zero), giving a maximum

angle of shearing resistance of9.8° (r2 = 0.874).

Corrected results of individual shearing stages are given in table 5.19. At an applied
stress of 50kPa, the measured shear strength is significantly higher than at the two
previous stresses and the angle of shearing resistance is shown to increase by
approximately s °. A best fit line through the data (without fixing the origin) gives a
maximum angle of shearing resistance of s ° and an apparent cohesion value of 5kPa.
The method of parabolic isochrones (Bolton, 1979) was used to determine the maximum
pore pressure throughout the test, umax, which corresponds to the maximum rate of
volume change. The values given in table 5.19 do not account for the apparent cohesion
intercept. In fact, since pore water pressures are positive, data points will be shifted to
the left in figure 5.25 which gives a higher value of vertical effective stress and increases
the differences in strength. As it is believed that any contribution from 'true’ cohesion is
minor, the increased strength is attributed to an effect similar to overconsolidation. This

is discussed further in chapter s .

Table 5.19 shows that there is relatively little increase in height (or clay void ratio) of the
sample after successive swelling stages. This implies that the behaviour of the sample
during incremental unloading is not described by the bentonite swelling line, and there is
no significant movement of the shear plane from the centre of the shear box.

Throughout the test period, a loss of material from the shear box was observed. From
the end of test parameters a loss in dry solids of 15g was calculated and the final clay
void ratio was calculated as 2.5821. Therefore, the actual clay void ratios of the samples
at swelling equilibrium under vertical effective stresses of 100kPa and 50kPa are likely to
be much higher than reported. The final clay void ratio calculated from the end of test
parameters lies within the scatter of the data from 100% bentonite swelling tests. In
addition, it was shown in 5.3.2 that the swelling of an incrementally unloaded sample is
given by the bentonite swelling line (test 100A in table 5.2). Ifthe shear plane was
effectively located at the centre of the shear box it is reasonable to assume that the
measured strength would decrease with consecutive shearing stages due to alignment of
clay particles. This is contrary to the behaviour. Therefore, it is likely that the shear

2’This is the void ratio after shearing, not at swelling equilibrium.
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plane moved far enough up the box during swelling to have a relatively small effect on

the subsequent shearing stage.

The final degree of saturation of the sample was calculated as 107%, this is consistent

with moisture being drawn into the sample on unloading.

Stage a'v Tmflx ho eo ei umax fmaj
No. (kPa) (kPa) (mm) (kPa) <>
1 200 34 21.1 1.681 1.668 0.6 9.6
2 100 16 22.6 1.871 1.857 1.0 9.1
3 50 14 23.6 1.994 1.968 1.1 15.7

Table 5.19. Consolidated drained direct shear test results for bentonite.

For stress-dilatancy analysis of shear box data, Taylor's flow rule (see 2.5.6) can be
expressed in the form
(datv) = u+ tan W 5.32
where fx= tan ()cv

tan J = (dy/dx) = (vertical displacement/horizontal displacement)

Figure 5.26 shows a plot of stress ratio, (t/ctV), versus dilatancy, W, using data from
direct shear tests on bentonite. Although the scatter is very large, two distinct trends are
shown between data at 50kPa vertical effective stress and the data from stages 1&2
combined. For stages 1and 2 the best fit line yields a (i value of 0.168 at zero dilatancy,
corresponding to a constant volume angle of shearing resistance of9.5°. For stage 3,
&cv is calculated as 15.4°. These values correspond with data presented in table 5.19
and give further indication of the different shear behaviour at 50kPa vertical effective

stress.

Equation 5.32 is derived by considering an element of soil in simple shear and therefore
its application to direct shear data may be questionable due to the mechanism of failure
imposed on the sample. However, according to Jewell (1989) the relations of Rowe
(1969) and Taylor's flow rule are very similar, and since Rowe's stress-dilatancy relation
accounts for positive and negative dilatancies, it was thought reasonable to apply a
stress-dilatancy analysis to direct shear tests on bentonite. The agreement between
strengths measured both directly and indirectly also show that the use of Taylor's flow

rule is reasonable.
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5.5.4 Strength of bentonite - sand mixtures

Presented in tables 5.20-5.22 are the relevant parameters for the analysis22 of
consolidated drained triaxial compression tests on bentonite-sand mixtures and one
consolidated undrained test with pore water pressure measurement (CU101) on a 10%
bentonite-sand mixture. All 5% bentonite-sand samples were tested in the Bishop-
Wesley cell, and the remaining tests were conducted in the standard triaxial cell (see
4.5.1). Comparison of strength data was considered reasonable, since the maximum
angles of shearing resistance of sand in triaxial compression in both cell types were

approximately equal (see 5.5.2).

Generally, the maximum angle of shearing resistance is shown to increase with
decreasing clay content, suggesting greater interaction between sand particles. Values of
~Nmax f°r20% mixtures are typical of loose sands (or stiff clays) and 5% mixtures have
strengths typical of dense sands, and the strength of 10% mixtures is intermediate. The
axial strain required to mobilise the peak strength is shown to increase with decreasing
effective cell pressure for 20% and 10% mixtures. This is consistent with the swelling
behaviour of mixtures which implies a more clay type behaviour at low stresses. Axial
strains at peak strength for 5% mixes are all similar indicating that the material behaves
essentially as sand during shear. This is confirmed by the range of sand void ratio values,
es. As the sand void ratio decreases the strength increases, and for all mixtures the
strength behaviour appears to become more characteristic of sand as the clay void ratio
increases23. Further indication of changes in material behaviour with clay content and
effective stress is provided by the volumetric strains at peak strength, which are shown to
alter from negative values (dilation) to positive values (compression) with decreasing

effective cell pressure for 20 % and 10% mixtures.

Final degrees of saturation and B-values prior to shearing indicate that samples were at
or near to full saturation during the tests. The lowest values for all three mixes were
calculated at the highest confining stress. This is consistent with data from Black and
Lee (1973) who showed that for stiff soils a B-value of 1.0 is theoretically impossible to
obtain. In undrained testing, the presence of air in the sample or drainage lines can have
a serious effect on the pore pressure response and as a consequence an analysis of data in
effective stress terms may lead to large inaccuracies. However, full saturation is not as
critical in drained testing because the excess pore water pressure is equal to zero and
small air bubbles trapped within the sample are unlikely to escape due to the confinement
imposed by the soil particles and the applied back pressure. Within the expected

22Analysis of strength data for mixtures is conducted in chapter 6.
23This may not be true for mixtures containing higher percentages of bentonite, where there is relatively
little interaction between sand particles.
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accuracy of pressure measuring instrumentation, B-values may be +0.04 of the values

guoted.

Figures 5.27-5.30 are examples of typical deviator stress versus axial strain curves and
volumetric strain versus axial strain curves for 20%, 10% and 5% bentonite-sand
mixtures (tests CD201, CD104 and CD55). Figure 5.29b shows the pore pressure
versus axial strain curve for the consolidated undrained test (CU101) on a 10%
bentonite-sand mixture. In figure 5.27, the stress-strain behaviour of a 20% mix at

200 kPa effective cell pressure has characteristics generally associated with the behaviour
of sand, i.e., the sample dilates during shear to until the peak strength is mobilised, after
which the rate of dilation and strength decreases. In figure 5.28, the initial behaviour is
more characteristic of clay, indicated by a positive volumetric strain and shallower stress-
strain curve. Therefore, although the sand content is greater, its effects on the shear
behaviour are less. At an effective cell pressure of 25kPa, the swelling of the 10% mix is
such that there is less interaction between the sand particles than the 20% mix at 200kPa
cell pressure, thus accounting for the different shearing characteristics. This further
illustrates the effects of bentonite content and effective cell pressure on the shear
behaviour of bentonite-sand mixtures. Further discussion and analysis of triaxial strength

data is given in chapter s .

Test periods were extensive (up to 10 weeks), therefore the amount of raw data was
reduced by stripping the data files of a number of data points in every ten (dependent on
the initial file size). The remaining data was smoothed by a running average to minimise
the scatter caused by changes in temperature and electrical noise of the transducers and
data acquisition unit24. The smoothed data was used to plot the laboratory curves and to

calculate values of maximum deviator stress (hence peak strength).

For a conservative interpretation of results the expected accuracy of transducers quoted
in chapter 3 (table 3.1) is assumed; not the apparent increased accuracy given by
smoothing of data. Because the accuracy has a fixed value, the error in measured
deviator stress increases as its value decreases. This is evident in figures 5.27-5.30. The
scatter is more noticeable for weaker samples and lower cell pressures and is most
pronounced in figure 5.28a. In figure 5.29a, the variation in deviator stress is less
because the test was conducted over a much shorter time period, and therefore, changes

in transducer readings with temperature are not as large. Despite these variations, the

24In chapter 3, diurnal changes in temperature were shown have a greater effect on the stability of
transducers than electrical noise (see figures 3.7a and 3.7b)
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errors in the calculated angle of shearing resistance associated with drift of transducers

are small, and are expected to be within £1° (this is discussed further in chapter s).
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A. 20% bentonite - sand mixtures

Test  °'3 er es B °'3  0o'D £A sV fma\ Sr
(kPa) value (kPa) max. peak peak (°) (%)
eqm. peak (kPa) (%) (%)

CD201 200 2.222 0.727 0.59 195 373 8.8 -4.3 29.3 101
CD202 100 2.439 0.860 0.92 99 208 10.1 -3.0 308 99
CD203 50 3.034 1.009 0.98 47 80 19.0 2.9 27.4 99
CD204 25 3.903 1.226 0.98 21 46 15.4 3.8 31.5 101
Table 5.20. Consolidated drained triaxial compression tests results for 20% bentonite-

sand mixtures.

B. 10% bentonite - sand mixtures

Test CT3 er es B a3 o’d ev.  I'max Sr
(kPa) value (kPa) max. peak peak (o) (%)
eqm. peak (kPa) <%) (%)

CD101 200 3.678 0.520 0.69 197 807 4.7 -0.8 42.2 98
CD102 100 4.105 0.567 0.98 98 460 2.3 -0.9 445 99
CD103 50 3.957 0.551 1.00 50 269 4.8 -2.9 4638 101
CD104 25 5.002 0.667 0.98 24 89 8.8 1.9 405 100
CU101 15CU 5.266 0.696 1.00 15 49 8.3 : 38.3 97
Table 5.21. Consolidated drained and consolidated undrained triaxial compression test

results for 10% bentonite-sand mixtures.

C. 5% bentonite - sand mixtures

Test  cr3 er es B <3 o’d ev fma* Sr
(kPa) value (kPa) max. peak peak Q (%)
eqm. peak (kPa) (%) (%)

CD51 200 8.348 0.492 o0.12 187 983 4.2 -19 464 95
CD52 100 8.166 0.482 0.96 103 473 4.0 -1.8 44.2 94
CD53 100 8.458 0.498 0.93 103 558 4.0 -25 46.9 101
CD54 50 7.606 0.452 1.00 51 253 5.4 -3.0 455 96
CD55 25 8.058 0.476 1.00 25 156 4.6 3.1 49.2 94
CD56 25 7.650 0.455 0.98 25 143 3.8 -2.6 47.8 100
Table 5.22. Consolidated drained triaxial compression tests results for 5% bentonite-

sand mixtures.
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5.5.5 Analysis of triaxial swelling data

The initial clay void ratios (ec initial) at equilibrium conditions immediately prior to
shearing are given in tables 5.20-5.22. These values are plotted against the logarithm of
effective cell pressure (a's) in figure 5.31, superimposed on the idealised swelling
behaviour of 100% bentonite from one-dimensional swelling tests25. Included in the
figure are equilibrium clay void ratios from triaxial permeameter tests (Q1A-Q4A, from
table 5.12). Since the cell pressure is the only stress acting on the samples at this stage,
the plot would be identical in ec - log p' space, where p1is the mean effective stress.

In one-dimensional consolidation, and therefore swelling, the horizontal effective stress
(a'h) will vary with the vertical effective stress (a'v) such that the horizontal strain, e, is
zero. The relationship between o'h and ctv is written

a'h = Ka'v 5.33
where K is an earth pressure coefficient dependent on the state of straining of the soil.
Hence, if K were known for one-dimensional swelling of 100% bentonite, the stress
invariant p' could be calculated using the following relationship

p'= 1/30'v(I+2K) 5.34
thus enabling representation of bentonite swelling in ec - log p' space.

It is reasonable to assume that the normal consolidation lines for one-dimensional and
isotropic compression (and all one-dimensional and isotropic rebound lines) are parallel
in semi-logarithmic space (e.g. Atkinson and Bransby, 1978). Therefore, it seems
reasonable to assume that one-dimensional and isotropic swelling lines for 100%
bentonite will also be parallel on a plot of void ratio against the logarithm of mean
effective stress, provided there is no previous consolidation stage26. None of the triaxial
samples were subject to consolidation at any stage in their stress history. The final state
of triaxial samples is therefore assumed to be described by an isotropic swelling line.

Because the one-dimensional and isotropic bentonite swelling lines are assumed parallel,
the gradient of either swelling line is constant whichever value K is assigned?27.
Therefore, evaluation of K is unnecessary. To position the 100% bentonite isotropic
swelling line, data are required from the swelling stages of triaxial samples which have no

251t is incorrcct to superimpose one dimensional swelling behaviour on a plot of this type, because the
vertical elfective stress cannot be directly substituted for the effective cell pressure. However, for
differentiating between one-dimensional and isotropic swelling data this error is ignored.

26The volume change behaviour of bentonite showed that initially dry samples swell to reach a point on
the bentonite swelling line, depending on the applied vertical effective stress. A subsequent reduction in
stress results in further swelling along the bentonite swelling line. However, loading a sample after a
previous swelling stage causes volume change behaviour which is described by a rebound line.

27The analysis assumes K is constant during swelling.
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sand in contact at equilibrium. Samples of this nature achieve the same final clay void
ratio as bentonite alone, hence, will lie on the 100% bentonite isotropic swelling line.
This assumption is justified by the behaviour exhibited in one-dimensional swelling of
initially dry samples. Below the respective threshold stress, these mixtures swell to the

same final clay void ratio as 100% bentonite (see 5.3.4).

Considering the phase model described in 5.3.1 and by use of equation 5.4, the initial
void ratio of the sand, es, can be calculated. The maximum void ratio of the sand alone
was found to be 0.978 (see chapter 3). A value greater than 0.978 will be assumed to
indicate no interaction between sand particles, and swelling in the same manner as 100%
bentonite. Sand void ratios of triaxial samples prior to shear testing are given in tables
5.20-5.22. It is apparent that only 20% bentonite-sand mixtures at cell pressures of
50kPa and 25kPa (CD203 and CD204) have no sand particles in contact prior to shear

testing.

It is assumed, albeit from two data points, that the 20 % bentonite-sand mixtures at low
effective stresses lie on a bentonite isotropic swelling line parallel to the one-dimensional
line drawn in figure 5.31. Since the gradient of the one-dimensional swelling line is
known (see 5.3.4), a line with the same gradient was fitted as described in section 5.3.4,
and appendix 5, to give the equation of the bentonite isotropic swelling line as

ec = 10.55 -4.57 log p' 5.35
this is illustrated in figure 5.32. Also shown in the figure are the final clay void ratios of

all triaxial samples at swelling equilibrium.

Figures 5.32 and 5.5 show that isotropic and one-dimensional swelling of bentonite-sand
mixtures is similar both in data trends and spatial arrangement in semi-logarithmic space.
Deviations from the bentonite isotropic swelling line are shown to increase with
decreasing bentonite content and, for 20 % and 10% mixtures, the clay void ratio
increases with decreasing mean effective stress. The data for 5% mixes shows the
opposite trend to the expected behaviour, i.e., the clay void ratio decreases with
decreasing mean effective stress. As before, this is attributed to non homogeneity of this

mixture.

The isotropic swelling line indicates a clay void ratio of zero at approximately 200kPa
mean effective stress for 100% bentonite. Therefore, its use in predicting void ratios for
pure bentonite samples at cell pressures greater than 100kPa may be highly
inappropriate. However, conceptually it is very useful for interpreting the isotropic
swelling behaviour of bentonite-sand mixtures, in that an indication of the proposed
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change from sand to clay behaviour is given. This is of fundamental importance when
considering the strength of mixtures. Further discussion is given in chapter 6.

5.5.6 Stiffness of bentonite - sand mixtures

Secant stiffnesses were determined from the onset of reloading for axial strain increments
0f0.1%, 0.2%, 0.5% and 1%. The drained stiffness ,E', or the undrained stiffness, Eu, is
equal to Aaf)'/As”. Results are presented in table 5.23. For a particular mix, stiffness is
shown to increase with increasing cell pressure, for each axial strain increment. The
change in the stress-strain behaviour from clay to sand (discussed in 5.5.4) is implied by
the general decrease in stiffness with increasing bentonite content, and for most samples,

E' decreases as the axial strain increases.

The calculated values at 0.5% axial strain can be compared with sand data to give an
indication of the behaviour of the mix. Data for 20% mixes are all approximately four
times lower than that calculated for sand alone at comparable effective cell pressures,
indicating a more clay type behaviour, whereas 10% and 5% mixtureszs (with three
exceptions) have approximately the same stiffness values as calculated for sand. Tests
CD 104 and CU101 have stiffness values similar to 20% mixtures. This is interpreted as
meaning that the shear behaviour is more characteristic of clay for the two lowest
effective cell pressures. Values of E' calculated for test CD54 significantly deviate from
other 5% mixtures at all axial strains. The most likely explanation is softening at the
ends of the sample either during removal from the saturation cell or during assembly of
the test apparatus. In figures 5.33a to 5.33d the stiffnesses for the mixtures at the four
axial strains are individually presented. More clearly defined trends (as discussed above)
are apparent as the axial strain increases. This is attributed to the accuracy of both the
displacement transducers and load cells. Displacement measurement is believed to be
accurate to within £0.01mm, and load measurement to within £2N (which is
approximately equal to a deviator stress of +2kPa). Therefore, as the axial strain and
deviator stress increments decrease the error increases. Using these values, the expected
accuracy of stiffness measurement is £2MPa. This value is seen to be higher than some
of the reported stiffnesses in table 5.23. Therefore, at small strains, it appears that only a

gualitative interpretation of data is valid.

2810% mixtures were tested in a standard triaxial cell, and are therefore compared to sand tested in the
same cell. The same applies for 5% mixtures and sand tested in the Bishop-Wesley cell.



Test

CD201
CD202
CD203
CD204
CcD101
CD 102
CD103
CD 104
Cu101
CD51
CD52
CD53
CD54
CD55
CD56

Table 5.23. Stiffness of bentonite-sand mixtures in triaxial compression.

%
bentonite
20
20
20
20
10

10

a3
(kPa)

200
100
50
25
200
100
50
25
15
200
100
100
50
25
25

E’ (MPa)
sA=0.1%

33.1
21.1
13.1
39.9
12.4
7.4
9.6

Eu=3.2

274.8
141.0
95.7
18.3
29.9
10.4

E* (MPa)
sA=0.2%

38.4
14.1
9.9
1.6
36.4
9.5
16.5
7.0

Em=2.4

167.4
113.3
107.7
19.8
25.5
14.8

E' (MPa)
6A = 0.5%
22.8
12.4
5.4
1.1
88.9
32.9
27.8
4.5
£,1=1.3
115.3
66.1
72.7
17.8
19.1
14.2

E' (MPa)
EA=1%
14.2
7.7
2.7

60.2
37.5
19.4

25

Eu=14

59.4
28.6
36.9
14.4

10.6
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5.6 Summary and conclusions
One-dimensional and isotropic swelling data of bentonite and bentonite-sand mixtures

has been presented. It appears that the data is best characterised by plotting the clay
void ratio against the vertical effective stress (or mean effective stress) in semi-
logarithmic space. One-dimensional and isotropic bentonite swelling lines have been
proposed. Above a threshold stress, the swelling of mixtures has been shown to be ofa
different nature than for bentonite alone. This is believed to indicate a change in material
properties from clay type behaviour to a behaviour more characteristic of sand. The

importance of stress path and stress history has been described.

The clay void ratio has been shown to be useful in describing the hydraulic conductivity
data. Hydraulic conductivity decreases with decreasing clay void ratio (for all mixtures)
and increasing sand content for 20% and 10% mixtures. Large changes in hydraulic
conductivity of 5% mixes for relatively small changes in clay void ratio are attributed to
non homogeneity of the mix. Predictive equations for 100% bentonite, and 20% and

10% mixes have been presented.

Strength and stiffness of bentonite-sand mixtures decreases with increasing clay content.
This is believed to be dependent on the swelling behaviour which determines the packing
of the sand, hence, the interaction of particles during shearing. As the angle of shearing
resistance of bentonite alone is small, the effect of the bentonite on the shear behaviour

of mixtures is also expected to be small when sand particles are in contact.

A further discussion and analysis of data is given in chapter s .
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dry density (Mg/m3)

moisture content (%)

Figure 5.1: Modified Proctor compaction curves for bentonite-sand mixtures.
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Figure 5.2: Phase diagram of a bentonite-sand mixture.

final clay void ratio
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Compaction method
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O vibration
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vertical effective stress (kPa)

Figure 5.3: Swelling of bentonite powder.
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final clav void ratio

vertical effective stress (kPa)

Figure 5.5: Swelling of bentonite-sand mixtures
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vertical effective stress = 20.2kPa

0.1 10 100 1000 10000 100000

time (mins.)

Figure 5.6: Change in clay void ratio against time for swelling ofa 20% bentonite-sand mixture.

Figure 5.7: Change in clay void ratio against time for swelling of a 10% bentonite-sand mixture.

Figure 5.8: Change in clay void ratio against time for swelling of a 5% bentonite-sand mixture.
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1 10 100 1000

vertical effective stress (kPa)

Figure 5.9: Idealised swelling behaviour of bentonite-sand mixtures.

final clay void ratio

vertical effective stress (kPa)

Figure 5.10: Swelling ofbentonite-sand mixtures compacted by the modified
Proctor method into the Rowe cell (RC).
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vertical effective stress (kPa)

Figure 5.11: Normal consolidation and rebound ofbentonite mixed at the liquid
limit and bentonite swollen under 1,44kPa vertical effective stress.

1 10 100 1000

vertical effective stress (kPa)

Figure 5.12: ldealised swelling, normal consolidation and rebound lines
(100% bentonite).
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Figure 5.13: Inflow and outflow volumes against time for a 100% bentonite
mixture at 25kPa vertical effective stress.

Figure 5.14: Inflow and outflow volumes against time for a 20% bentonite mixture
at 200kPa vertical effective stress.
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Figure 5.15: Inflow and outflow volumes against time for a 10% bentonite mixture
at 200kPa vertical effective stress.

Figure 5.16: Inflow and outflow volumes against time for a 5% bentonite mixture
at 25kPa effective cell pressure.
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specific discharge (m/s)

average hydraulic gradient

Figure 5.17: Specific discharge (v) versus hydraulic gradient (i) for a multi-stage
test on a 20% bentonite-sand mixture to verify the validity of Darcy's law.
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settlement (%)

time (mins.)

Figure 5.18: Percent settlement vs time 20% bentonite - sand mix.
Test number 20J7, log-time (Casagrande) method.
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settlement (%)
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Theoretical degree

ytime (mins.)

Figure 5.19: Percent settlement versus square-root-time for a 10% bentonite - sand mix.
Test number 10d4, square-root-time (Taylor) method.
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Figure 5.20: Hydraulic conductivity versus time
Falling head tests on 5% bentonite-sand mixtures.
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10 10

10 11

10'12

clay void ratio

Figure 5.22: Hydraulic conductivity of bentonite-sand mixtures (5% data omitted).
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test on sand at 200kPa effective cell pressure.

Figure 5.24b: Volumetric strain versus axial strain for a drained triaxial
compression test on sand at 200kPa effective cell pressure.
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on sand at 200kPa effective cell pressure.
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0 50 100 150 200

vertical effective stress (kPa)

Figure 5.25: Bentonite failure envelope.
Consolidated drained direct shear test. Strain rate = 0.00064mm/min.

0.3 + + T 50kPa
0.25 + 4 +
0.2
, W Sx x A S 200 & 100kPa___
2 JL SV — —
$ 015 —
X X
o X X A
0.1
0.05

-01  -0.08 -0.06 -0.04 -0.02 0 0.02 004 0.06 0.08
dilatancy (dy/dx)

Figure 5.26: Taylor's flow rule for calculation of constant volume friction angle.
Direct shear tests on bentonite
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300
250
200
150

100

0.1

axial strain
Figure 5.27a: Deviator stress versus axial strain for a consolidated drained

triaxial compression test on a 20% bentonite-sand mixture at 200kPa
effective cell pressure.

0 0.05 0.1 0.15 0.2

-0.05 \
-0.06
-0.07

-0.08

axial strain

Figure 5.27b: Volumetric strain versus axial strain for a consolidated drained
triaxial compression test on a 20% bentonite-sand mixture at 200kPa effective
cell pressure.



162

100
90
80
70
60

50

Qrosese

40

30

oV

20

10 ./ fi

0 0.02 0.04 0.06 0.08 0.1 0.12

axial strain

Figure 5.28a: Deviator stress versus axial strain for a consolidated drained
triaxial compression test on a 10% bentonite-sand mixture at 25kPa

effective cell pressure.

o f - : E: :
0 0.02 0.04 0.06 0.08 0.1 0.12

axial strain

Figure 5 28b: Volumetric strain versus axial strain for a consolidated drained
triaxial compression test on a 10% bentonite-sand mixture at 25kPa

effective cell pressure.
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axial strain

Figure 5.29a: Deviator stress versus axial strain for a consolidated undrained
triaxial compression test with pore water pressure measurement on a
10% bentonite-sand mixture at 15kPa effective cell pressure.
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Figure 5.29b: Pore water pressure versus axial strain for a consolidated undrained
triaxial compression test with pore water pressure measurement on a
10% bentonite-sand mixture at 15kPa effective cell pressure
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axial strain

Figure 5.30a: Deviator stress versus axial strain for a consolidated drained
triaxial compression test on a 5% bentonite-sand mixture at 25kPa

effective cell pressure.
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Figure 5.30b: Volumetric strain versus axial strain for a consolidated drained
triaxial compression test on a 5% bentonite-sand mixture at 25kPa

effective cell pressure.



165

clay void ratio
15

effective cell pressure (kPa)

Figure 5.31: Isotropic swelling of compacted bentonite-sand mixtures related to
idealised swelling behaviour.

clay void ratio

1 10 100 1000

mean effective stress, p' (kPa)

Figure 5.32: Isotropic swelling of compacted bentonite-sand mixtures.
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CHAPTER 6
FURTHER DISCUSSION

6.1 Introduction
In chapter 5, a general discussion of the basic data trends was presented and the

behaviour of bentonite-sand mixtures was shown to be usefully characterised by
considering the individual phases of the material. This approach will be developed in this
chapter in an attempt to quantify the individual contributions ofthe phases to the overall
behaviour of the mix. Following this, the design ofthese mixtures will be discussed in
chapter 7. The discussion of results from the various test series is in the same order as

chapter 5.

6.2 Compaction
Figure 5.1 and table 5.1 indicate an increasing maximum achievable dry density of

bentonite-sand mixtures with increasing bentonite content up to 20%. It appears that the
maximum dry density decreases with bentonite contents greater than 20%. This
observation is consistent with results of Dixon et al. (1985), who found the maximum
attainable dry density of bentonite-sand mixtures increased at sand contents up to 75%,
and decreased beyond this percentage. As implied in chapter 5, the decrease in clay void
ratio is greater than the increase in sand void ratio with increasing bentonite content up
to 20%, and therefore the overall void ratio decreases because the specific gravity ofthe

bentonite is higher than that of the sand.

With optimum moisture contents in the range 11-12% for all mixtures, it is likely that the
water within the sample is associated entirely with the bentonite. It is suggested that this
water/clay mixture (or gel) creates a lubricating effect which aids compaction, allowing a
higher density to be achieved up to 20% bentonite content. At 25% bentonite content,
the void ratio of the sand in the mixture is approaching the maximum value for sand
alone (calculated as 0.978). At this stage an increase in the overall dry density can only
occur ifthe increase in density of the bentonite is greater than the decrease in density of
the sand. During compaction, it is unlikely that any water is expelled from the sample.
Therefore, at high clay contents there is sufficient clay volume available to keep the sand

particles widely spaced hence lowering the mixture dry density.

Three states of a mixture can be inferred from the results of compaction tests:
1 Sand particles wholly in contact at low bentonite contents with the clay-water

phase partly or fully filling the voids.
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2. Sand in contact with increasing amounts of clay (by dry volume) in the voids
due to the decreasing ratio of water to clay, with an overall dry density increase
(behaviour observed up to 20 % bentonite content).

3. Sand particles dispersed as inclusions in the clay-water matrix, which cannot
be compacted to equivalent sand dry densities due to adsorbed water. As the clay
content is increased beyond this point, the overall dry density decreases. Throughout the
remainder of this chapter, the swelling behaviour, hydraulic conductivity and strength of

bentonite-sand mixtures will be shown to suggest the existence ofthese three proposed

material states.

6.3 Swelling, normal consolidation and rebound

6.3.1 Swelling: dry bentonite powder

In chapter 5, a single bentonite swelling line was shown to be appropriate for initially dry
bentonite regardless of sample preparation technique. It is proposed that different
compaction techniques do not alter the fabric ofthe sample because of its initially dry
state. Similar results were shown by Seed et al. (1962), who found that clay samples

compacted dry of optimum maintained a flocculated structure which was independent of

the compaction technique.

The bentonite swelling line predicts a clay void ratio of zero at approximately 440kPa
vertical effective stress. However, it is standard geotechnical practice to idealise the
volume change behaviour of clay soils on a plot of this type (i.e., normal consolidation
lines), which always predict a void ratio ofzero at a specific applied stress. This effect is
more noticeable due to the large swelling at low vertical effective stresses and the
different type of behaviour exhibited by an initially dry sample. These two effects lead to
an intercept with the a'v axis at a lower effective stress than is typical of normal

consolidation lines of other clays.

At vertical effective stresses in excess 0f200kPa there appears to be a deviation in
linearity from the best fit line plotted through the data (i.e., the gradient becomes flatter).
Contrary to the behaviour at low stresses, this is not attributed to experimental scatter.
Above approximately 200kPa, it is postulated that double layer swelling is significantly
reduced and interlayer swelling predominantly controls particle spacing. At an applied
stress exceeding that large enough to suppress the formation of appreciable double
layers, the swelling line gradient will continually decrease and theoretically become flat
when the absolute minimum of interlayer water is adsorbedl Bolt (1956) and Mesri and

11l is thought that although double layer swelling is significantly suppressed by the application of high
stresses, intcrlayer swelling continues due to the strong tendency of the first two water layers to penetrate

between the clay sheets.
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Olson (1971) have shown that the gradient of the one-dimensional consolidation line for
bentonite with various pore fluids tends to zero at vertical effective stresses of
approximately 5MPa. Consolidation data for montmorillonite from Low (1980) shows
that the change in particle spacing considerably decreases with increasing applied stress,
and tends to zero at approximately 700kPa. However, at the effective stresses likely to
exist in a landfill the approximation of linearity is acceptable. Extrapolation beyond the

stress range used in the experimental programme is, however, questionable.

The shape of the clay void ratio-log time plot for 100% bentonite reinforces the analogy
between swelling and consolidation, as figures 5.4a and 5.4b are similar in shape. The
change from primary to secondary swelling is attributed to the continually decreasing
osmotic gradient as the clay swells with a corresponding decrease in the rate of swelling2.
As the differences in ionic concentration between the interparticle void space and the
external solution are high, water uptake (hence swelling) is initially relatively fast.
However, when the concentration difference is such that the osmotic pressure tends to
the same value as the applied stress, the swelling curve becomes much flatter. At applied
stresses greater than 200kPa, laboratory curves were less well defined, and primary and
secondary swelling (due to osmotic double layer effects) were not as easily identifiable.
This is attributed to the decreasing significance of double layer swelling with increasing

applied stress.

6.3.2 Swelling: dry mixtures

It is clear from figure 5.5 that above a boundary stress (see 5.3.4), which will be termed
the threshold stress, the final clay void ratio of bentonite-sand mixtures is higher than
that for clay alone. Below the threshold stress, the clay in the mixture swells to reach the
same final void ratio as 100% bentonite and the overall behaviour can be considered the
same as for bentonite only. Above the threshold stress, sand particles begin to interact
and the overall sample stiffness increases as stress is transferred from the clay to the
sand3. This behaviour is dependent on bentonite content in addition to effective stress.
Threshold stresses for 20, 10 and 5% bentonite-sand mixtures are given in 5.3.4 as
68.7kPa, 10.5kPa and 0.2kPa respectively. Therefore, the value substantially reduces

2When describing the increase in volume of dry bentonite on exposure to water, osmotic swelling is not
to be confused with mechanical swelling which is the result of a hydrostatic pressure deficiency.
Traditionally, consolidation is regarded as positive pore water pressure dissipation, rebound negative
pore water pressure dissipation and swelling osmotic pressure equalisation (see chapter 2).

3An increased sample stiffness is shown by the smaller gradient (compared to the bentonite swelling
line) of the idealised swelling behaviour of mixtures above the threshold stress in ec - log crv space.
Conventionally, stillness is indicated by calculated mv values from the loading stages of a consolidation
test. However, in this test programme the stress path was always one of reducing stress. Therefore, the
term stillness should be thought of as qualitatively indicating the differences in clay void ratio between

two vertical cffcclive stresses.
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with decreasing bentonite content. Since the threshold stress for 5% bentonite mixes
was calculated as 0.2kPa, the mechanical properties of this mixture are expected to be
essentially those of sand, whereas a more ‘clay type' behaviour would be expected for

20% mixtures. This is consistent with the proposed material states described in 6.2.

Although the transition from a 'clay' to a more 'sand type' behaviour may be relatively
smooth, for engineering purposes it is easier to idealise the behaviour to produce the plot
shown in figure 5.9. It is assumed that each mixture has a linear relationship between
clay void ratio and the logarithm of vertical effective stress (originating at the respective
threshold stress), and all mixtures have the same gradient. This is discussed further in

6.3.3.

6.3.3 Modified principle of effective stress
Since the principle of effective stress states that any distortion, compression or expansion

ofa soil is accompanied by a change in effective stress, it follows that a sample not
changing in volume, under drained conditions, has a constant effective stress. For a
given vertical effective stress, bentonite reaches a unique clay void ratio when allowed to
swell from a dry state with distilled water, the value of which is given by the bentonite
swelling line (equation 5.9). Above the threshold stress, the final clay void ratio of a
bentonite-sand mixture is higher than that reached by 100% bentonite when allowed to
swell under the same conditions. Therefore, the effective stress supported by the clay
must be less than the overall effective stress, and this lower effective stress is given by
the bentonite swelling line by the substitution ofthe mixture clay void ratio into equation
5.9. At equilibrium, the sample has no further volume change, and the pore water
pressure can be considered negligible under drained conditions. Hence, the effective
stress in the sand is the difference between the applied stress and the effective stress in
the clay. It can therefore be stated that the effective stress, a' (calculated as applied
normal load divided by sample area), is equal to the effective stress supported by the
sand, ct's, plus the effective stress supported by the clay, ct'c, and because the sample is at

constant volume the pore water pressure, u, is zero, thus
6.1

Hence, Terzaghi's principle has been modified to account for the two soil phases of the
mixture. In it's general form the modified principle can be written

ct=cts+ctc+u 6.2
The effect of physico-chemical interactions are not accounted for in equation 6.2.
However, it is postulated that a similar principle holds. For any applied stress, if the clay
void ratio in a bentonite-sand mixture is higher than that for 100% bentonite, the
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effective stress in the clay is less than the applied stress and the remainder is supported

by the sand

For bentonite-sand mixtures the gradients of the swelling lines might be expected to
decrease with increasing sand content and/or applied stress, due to the greater interaction
between sand particles and hence overall increasing sample stiffness (sand stiffness
increases with sand effective stress). However, the data indicate that the gradients of the
mixture swelling lines are approximately equal. Further, one-dimensional compression
lines of sand with different initial void ratios are approximately parallel on a plot of void
ratio against the logarithm of vertical effective stress (e.g., Atkinson and Bransby, 1978).
Therefore, as an approximation, the assumption ofequal gradients for the mixture

swelling lines was considered satisfactory.

6.3.4 Swelling: modified Proctor compacted mixtures

Figure 5.10 shows that final clay void ratios are consistently lower for bentonite-sand
mixtures compacted using the modified Proctor method than initially dry samples at the
same effective stress. Figure 6.1 re-plots the 100% bentonite swelling data, the bentonite
swelling line, and additional data points from the swelling of compacted 10 and 20%
bentonite-sand mixtures at vertical effective stresses of 50-25kPa and 100-50kPa
respectively (L3A, L4A, B3D and B3E from table 5.6). Although three ofthe data
points are below the bentonite swelling line, the final clay void ratios achieved are within
the experimental scatter of tests conducted on initially dry bentonite powder. Therefore,
it is proposed that these mixtures exhibit swelling characteristic of 100% bentonite and
lie on the bentonite swelling line. Results of Gray et. al (1984) support this hypothesis.
They showed that initial water content had little, or no effect on the final swelling
pressure developed by bentonite-sand mixtures (for bentonite contents of 25, 35 and

509%).

Compacted mixtures with final clay void ratios above the bentonite swelling line deviate
from the idealised behaviour ofdry 5, 10 and 20% bentonite-sand mixtures above their
respective threshold stresses as shown in figure 5.10. Hence, for mixtures compacted at
optimum moisture content, where the behaviour deviates from that exhibited by 100%
bentonite, the swelling (indicated by the clay void ratio) is less than the corresponding

'dry' mixture.

These differences are attributed to the effects of clay water on remoulding during
compaction, leading to a denser sand packing. All mixtures were compacted at 11-12%
moisture content, and therefore, as the bentonite content reduces, the moisture content
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ofthe clay significantly increases (assuming all the pore water is associated with the
clay). Figure 5.10 illustrates that the largest deviation from the idealised dry swelling
behaviour occurs when the initial clay water content is highest (i.e., 5% bentonite-sand
mixtures). Therefore, as the clay water content increases, the sand can be compacted to
a lower void ratio than the corresponding dry mixture, hence, a greater proportion of the

effective stress is supported by the clay, or, the clay void ratio is lower

6.3.5 Consolidation characteristics of bentonite
The change in clay void ratio of saturated bentonite with increasing vertical effective

stress follows the normal consolidation line shown in figure 5.11. Consolidation follows
a similar line for both clay allowed to swell to equilibrium from a dry state and that
mixed as a slurry. Test C100R 11 initially reached equilibrium (prior to consolidation)
close to the bentonite swelling line at a vertical effective stress of 1,44kPa. For this
sample, the compression index, Cc, calculated from the first loading increment is initially
quite low. However, as further consolidation stages are applied the calculated values of
Cc are all similar indicating virgin compression along the normal consolidation line (see
tables 5.7 and 5.8). The same behaviour is exhibited by the sample mixed at the liquid
limit which initially had a clay void ratio only slightly below the normal consolidation

line.

The initial deviation from linearity on the ec - log ctv plot of the bentonite slurry is
attributed to slight overconsolidation due to placement into the consolidation ring.
Therefore, the bentonite initially compresses along an elastic rebound line until the
applied stress is equivalent to the overconsolidation stress produced by sample
preparation, after which compression is along the normal consolidation line. The initial
clay void ratio of the sample which was allowed to swell initially is also below the normal
consolidation line (see figures 5.1 1and 5.12). However, it is suggested that a different
clay fabric is manifested in swelling from the dry state, which, from a single datum point,
appears as overconsolidation4. The data indicate that when subsequent consolidation
occurs and the vertical effective stress exceeds an 'equivalent overconsolidation stress',
the clay void ratio will be equivalent to that on the normal consolidation line.

Figures 5.1 1and 5.12 illustrate that the bentonite swelling line is clearly different from
the normal consolidation line or any associated rebound line, further suggesting

4Although the position of the datum point is similar to that of a fully saturated soil following a
consolidation-rchound sequence, the state of the sample and the stress history are different. By
definition, an ovcrconsolidated soil has been consolidated in its previous stress history'. This is not the
ease for swollen samples even though the stress path may be one of decreasing vertical effective stress.
In addition, swollen samples arc dry before swelling is allowed, whereas overconsolidatcd samples are
saturated prior to volume increase along a rebound line.
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differences in fabric for different sample states. This makes a knowledge of stress history
critical if the equations of the lines are to be used for predictive purposes. For example,
consolidation appears to remove the effects of any initial variation in fabric because the
behaviour of both sample types converge on the normal consolidation line and the
rebound characteristics are essentially identical. The difference arises from the bentonite
being in an initially 'dry' state, meaning that a consolidation stage never occurs. Ifthe
clay powder is compressed by an applied stress whilst dry, it is postulated that the fabric
does not change. When allowed access to water, the final clay void ratio ofthis type of
sample will lie on the bentonite swelling line. In contrast, an initially saturated clay with
a void ratio higher than is able to support an applied stress will consolidate, and its
subsequent stress path on unloading will be along a rebound line.

Seed et al. (1962) found the subsequent swelling characteristics of compacted clay
samples previously subjected to high stresses are less than those of identical samples
subjected directly to low stresses because of the increased degree of particle orientation
induced by the high stress application. A multistage test (test 100A in table 5.2) was
performed to investigate this. The results show that provided the sample is initially dry it
will follow a stress path on unloading corresponding to the bentonite swelling line. This
confirms that dry samples will lie on the bentonite swelling line at equilibrium provided

there is no consolidation at any stage

6.3.6 Effect of initial moisture content on the swelling of bentonite-sand mixtures
Graham et al. (1989) performed isotropic swelling tests on bentonite-sand mixtures at
bentonite contents greater than 50%-\ They established a swelling equilibrium line by
plotting clay specific volume, vc, against the logarithm of effective confining stress (or
cell pressure, a's). The model developed suggested that if the effective confining
pressure is lower than the swelling pressure, time-dependent swelling will occur as the
bentonite moves towards its equilibrium water content. Similarly, the results of one-
dimensional swelling tests on dry and compacted bentonite-sand mixtures show that this
is reasonable provided the mixture is in a relatively dry state, and the effective stress is
below the threshold value (i.e., mixtures ofthis type lie on the bentonite swelling line).

The increase in void ratio during the unloading ofa bentonite specimen which has been
swollen to equilibrium from a dry state is described by the bentonite swelling line.
However, when such a sample is loaded, the volume change tends to the normal
consolidation line. Therefore, it is proposed that, provided the initial moisture content is

5Sincc a sodium bentonite was used for these swelling tests it is assumed that the samples exhibited the
same swelling behaviour as bentonite alone because any contact between sand particles at 50% bentonite

content is unlikely.
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less than the value at equilibrium, and also there has been no previous volume decrease,

the clay will swell in the same manner as initially dry samples.

Above the threshold stress, the final clay void ratios of compacted mixtures are less than
initially dry mixtures. This was attributed to the increased clay moisture content which
enables the sand to be compacted to a lower sand void ratio (see 6.3.4). However, it is
proposed that the swelling ofthe compacted clay is consistent with that of dry mixtures,
provided the initial clay moisture content is less than the equilibrium value on the
bentonite swelling line. Ifall the water is assumed to be associated with the bentonite,
clay moisture contents can be evaluated by dividing the overall moisture content by the
fraction of clay in the mix. If 12% is taken as the initial overall moisture content of all
compacted samples (table 5.1), the corresponding clay moisture contents are 60, 120 and
240% for 20, 10 and 5% mixtures respectively, i.e., the bentonite becomes increasingly
wet as the clay percentage reduces. Substitution ofthe final clay void ratios of
compacted mixtures (table 5.6) into equation 5.9 gives the effective stress in the clay at
swelling equilibrium. This is less than the overall effective stress because the final void
ratios lie above the bentonite swelling line. Figure 6.2 compares the initial clay moisture
contents of compacted mixtures to the final clay moisture contents of 100% dry
bentonite specimens at swelling equilibrium in ec - log a‘c space. Although the clay in
the mixtures may be relatively wet, figure 6.2 shows that initial clay moisture contents of
compacted samples are less than the equilibrium values. Therefore, the swelling of the

clay within the mixture should still be in the same manner as that for dry bentonite.

6.3.7 Effects of surcharge on bentonite fabric
The swelling behaviour is consistent with the swelling models presented in chapter 2

When the bentonite powder is allowed access to distilled water the osmotic
concentration difference which exists between the interparticle void space and the pore
fluid causes the water to flow between the particles, causing swelling. The osmotic
pressure balances the externally applied stress, and therefore, the equilibrium void ratio
decreases with increasing stress. At higher applied stresses it is likely that the effects of
double layer are reduced but interlayer swelling remains, and the gradient of the swelling

line decreases.

When bentonite is allowed to swell from an initially dry state it has a different fabric than
if consolidated from a slurry. The cluster concept proposed by Olsen (1962) provides a
satisfactory explanation for this behaviour. When the clay is mixed unconfined with
water, is it likely that a uniformly flocculated fabric is developed without a tendency for
the particles to form clusters, and the contribution to swelling is from individual particles.
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When confined in an initially dry state, a more random fabric is likely consisting of
clusters of particles. It is suggested that the swelling mechanism does not alter the fabric
but merely increases the separation between particles within a cluster and between the
clusters themselves, and due to the random orientation the void ratio is less than that ofa
normally consolidated sample. Hence, the normal consolidation line is higher than the
bentonite swelling line in ec-log a'v space. Consolidation removes the effect of initial
fabric by compressing first the inter-aggregate voids then the intra-aggregate voids in
swollen samples. Therefore, as the degree of particle alignment increases, the fabric of

both samples becomes similar6.

Consolidation data were used to indirectly calculate the hydraulic conductivity ofthe
swollen dry bentonite sample and the sample mixed at the liquid limit for each loading
stage (tables 5.7 and 5.8). At comparable void ratios, the swollen dry bentonite sample
had an initial hydraulic conductivity more than one order of magnitude above that of the
sample mixed at the liquid limit. For subsequent loading stages the hydraulic
conductivity decreases to approximately twice that of the liquid limit sample. This
supports the concept of inter and intra-aggregate groupings for samples lying on the
bentonite swelling line. The effect of consolidation is to compress the larger inter-
aggregate pores where the majority ofthe flow occurs, and therefore as the stress
increases the two hydraulic conductivities are comparable. The initially 'wet' bentonite
will still possess a lower hydraulic conductivity because the fabric is not as open, which

makes the tortuosity of the flow path longer

6.3.8 Effect of surcharge and bentonite content on swelling

For dry bentonite-sand mixtures, the degree of sand particle contact before swelling, and
at swelling equilibrium, is dependent on both the bentonite content and applied stress.
The amount of contact can be established by calculating the sand void ratio for each
mixture using equation 5.4. The maximum sand void ratio for the sand alone was found
to be 0.978. In developing a model ofthe behaviour of the mixtures, it will be assumed
that at a value greater than this there is no contact between sand particles. Conversely,
sand void ratios less than 0.978 will be interpreted as indicating variable degrees of
particle contact. Table &.1 presents sand void ratios before and after swelling of 20, 10
and 5% bentonite-sand mixtures. Not all data are included, but values corresponding to

the full stress range used in the tests are shown.

6T hc cxistencc of the proposed fabrics has been shown by various authors (e.g., Mitchell. 1993).
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Test % Surcharge |Initial sand  Final sand  Final sand
number bentonite kPa void ratio void ratio relative
density
20A 1 20 453 1.055 0.929 0.09
20B2 20 241 1.093 0.987 -0.02
20D4 20 100 1.166 1.108 -0.25
20E5 20 54.5 1.189 1.208 -0.44
2017 20 20.2 1.167 1.472 -0.94
C20L8 20 10.02 1.303 2.015 -1.97
20N 10 20 2.31 1.297 2.963 -3.77
20P11 20 1.67 1.262 3.103 -4.03
10A1 10 453 0.775 0.749 0.43
10B2 10 240 0.922 0.834 0.27
10F5 10 100 0.869 0.804 0.33
1016 10 54.4 0.856 0.816 0.31
C10Ks 10 17.7 0.909 0.950 0.05
CciomM9 10 10.20 0.866 0.932 0.09
10010 10 3.50 0.827 1.210 -0.44
10Q11 10 1.25 0.851 1.416 -0.83
5A1 5 453 0.663 0.630 0.66
5B2 5 241 0.687 0.655 0.61
5C4 5 101 0.737 0.692 0.54
5E5 5 54.4 0.727 0.685 0.56
5G5 5 11.58 0.689 0.690 0.55
5H10 5 3.19 0.678 0.733 0.47
5M11 5 1.23 0.722 0.845 0.25

Table 6 .1. Sand void ratios of bentonite-sand mixtures.
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The data presented illustrate that the initial sand void ratios are merely a function of
bentonite content There is a slight expected tendency to decrease with increasing
effective stress which is attributed to particle rearrangements. The data suggest that
sand particle contact is unlikely for any 20 % bentonite-sand mixtures, and that sand
interaction increases with decreasing bentonite content and/or increasing applied stress.

The same behaviour is observed with final sand void ratios and is more exaggerated due

to swelling of the bentonite.

From table 6 1, can be seen that the sand void ratios of certain samples decrease during
testing. This implies that consolidation is occurring. However, the bentonite is initially
dry and it is inappropriate to view this behaviour as consolidation in the conventional
sense. It is proposed that as the clay swells, the mixture becomes wetter which disturbs
the sand fabric allowing a lower sand void ratio to be reached (a similar phenomenon to
that exhibited by compacted samples). The stress path is still one of stress reduction in
the bentonite as the osmotic pressure deficiency between the clay particles is reducing
when fluid enters the sample. Hence, the conclusions concerning stress path effect on

fabric in 6.3.6 remain valid.

The state of packing of a sand can be represented by the relative density, Iq (equation
5.3 1); a value of 1lrelates to the densest possible packing. In a bentonite-sand mixture, a
relative density equal to zero corresponds to the sand being in the loosest possible
packing on its own. A value less than zero indicates that sand particles are separated.
Relative densities were calculated based on the final sand void ratios of bentonite-sand
mixtures at swelling equilibrium, and are presented in table 6.1. The final state of
interaction between the sand and clay becomes clear. Negative relative densities relate to
the clay supporting all the applied stress (most 20 % mixes), the lower the value, the
more discrete the sand inclusions become in the clay matrix. Intermediate values indicate
that the stress is shared between the sand and clay, and high relative densities (i.e. 5%
mixes) indicate that the sand supports virtually all the applied stress. Theoretically, at a
sand relative density of zero the sand particles are just in contact in their loosest possible
packing with swollen bentonite completely filling the voids. It is likely that due to non
homogeneity ofthe mixture this idealised structure will contain areas of higher sand
relative density and areas where sand is contained as inclusions within the clay matrix.
This reason is possibly what accounts for some scatter in the swelling data and, as a
consequence, in the hydraulic conductivity results and behaviour during shear.

At high externally applied stresses, before swelling commences, the sand particles are
interconnected to varying degrees depending on the bentonite content and must therefore
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support some of the applied stress. The stress on the bentonite is the difference between
the externally applied stress and that supported by the sand7. On access to water, the
bentonite will swell towards the bentonite swelling line Ifthe osmotic pressure is
greater than the stress supported by the clay, swelling will tend to force the sand particles
apart, decreasing the sand stress and increasing the clay stress. This continues until
equilibrium when the clay effective stress balances the osmotic pressure. At low applied
stresses the sand particles are forced completely apart and the clay void ratio lies on the
bentonite swelling line If, however, the bentonite content is veiy low, most or all sand
particles are initially in contact. The clay swells to fill the voids, but when full, the clay
void ratio is so low that the osmotic pressure is not sufficient to force sand particles
apart and the sand remains in contact. This is exhibited by 5% bentonite-sand mixtures,

whose final clay void ratios all lie above the bentonite swelling line

To conclude, ifthe osmotic pressure causing swelling is greater than the effective stress
supported by the clay when the sand relative density is equal to zero, the bentonite will
continue to swell and force the sand particles apart. The final clay void ratio will be
given by the bentonite swelling line. Otherwise, the effective stress is shared between the

bentonite and the sand to a degree depending on the vertical stress and bentonite content.

TAt this stage the material is unsaturated, and the amount of stress supported by each soil phase should
be regarded as a proportion of the externally applied (total) stress. An interpretation in terms of
effective stresses is only possible at swelling equilibrium when the sample is fully saturated.
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6.4 Hydraulic conductivity

6.4.1 Validity of Darcy's law

When the velocity head is small, and inertial effects are neglected, flow of water through
soil can be described by Darcy's law, which can be written

v = ki 6.3
where v is the specific discharge or superficial flow velocity in m/s, k the hydraulic

conductivity, and ithe hydraulic gradient (e.g., Bear, 1972).

Clearly, when Darcy's law is valid the specific discharge will increase proportionally with
hydraulic gradient, and have a value of zero when the applied total head difference is
zero. Further, for accurate direct measurement, the volume ofthe sample must remain
constant such that there is no additional contribution to the measured flow due to
swelling or compression. Chapter 2 discussed the factors which influence hydraulic
conductivity, k (i.e mechanical and physico-chemical effects), and possible deviations

from Darcy's law.

Figures 5.13-5.16 showed that inflows and outflows for each test on 100% bentonite and
bentonite-sand mixtures are effectively equal after initial equalisation of samples
following the applied head difference. Sample heights were monitored throughout the
tests and it was found that no significant volume change occurred. Thus, there is no
sample volume change and flow is due solely to steady state seepage. Figure 5.17 shows
a linear variation of specific discharge with hydraulic gradient for a 20 % bentonite-sand
mixture (tests B 1A-B5A). Linear regression analysis gives a coefficient of correlation,
0f0.968. However, the line fitted for this predicts flow through the sample at a
hydraulic gradient ofzero. Linear regression analysis of the data with the origin fixed at
zero yields a value 0f0.966. For each test stage, measurements were made when the
volume ofthe sample remained constant, but over the test as a whole, the change in
sample volume was 0.7% of the initial volume which may account for the different
correlation values. Therefore, for the range of hydraulic gradients used in the testing
programme, Darcy's law appears to be valid. A 20% bentonite-sand mixture was used
for verification of equation 6.3 because the relatively large volume of bentonite will be

subject more adversely to physico-chemical effects than in other mixtures.

The falling head analysis assumes Darcy's law to be valid Once this was established,
falling head compaction permeameter tests were performed to increase the data set.
Figure 5.20 shows that the hydraulic conductivity of 5% bentonite mixes initially
decreases with time, apparently contradicting Darcy's law. However, the decrease in
hydraulic conductivity is probably caused by the swelling of the clay. At the start of the
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test the sample is not in a condition of swelling equilibrium Therefore, as the amount of
water permeating increases, the depth of sample where particle swelling occurs increases,

reducing the pore space available for water flow hence causing the hydraulic conductivity

to decrease with time.

All hydraulic conductivity tests were ended before 20% ofthe pore fluid was replaced.
This minimised the potential to alter swelling characteristics and bentonite fabric caused
by physico-chemical effects. For example, the applied head difference may cause cations
to be washed out ofthe sample. The effects of this would be to decrease the net
attraction between particles resulting in overall swelling of the sample. As a
consequence the double layer thickness would increase with a reduction in the 'effective’
area available for flow because of the greater quantity of adsorbed water8. The resultant
effect would be a decrease in flow rate not caused by the decreasing hydraulic gradient,

but by a decreasing hydraulic conductivity.

6.4.2 Hydraulic conductivity of bentonite and bentonite-sand mixtures

Figure 5.21 displays data of hydraulic conductivity of bentonite, sand and bentonite-sand
mixtures against overall sample void ratio on a logarithmic plot. Included are all results
from constant head tests, falling head tests and indirect measurement. As expected the
hydraulic conductivity decreases with decreasing void ratio for all mixtures because of

the reduced pore space available for flow.

Despite experimental scatter, data for 100, 20 and 10% bentonite mixtures all follow a
similar trend and can be plotted on a straight line in logarithmic space (figure 5.21) given
by

k=io-11.016 el.571 6.4
with a coefficient of correlation of 0.768. As discussed in chapter 5, this is taken as
indicating that these mixtures are behaving as the same soil type. Data for 5% bentonite-
sand mixtures lie on a different trend, the path of which tends towards the hydraulic

conductivity of sand alone.

The implication of the data for 5% bentonite-sand mixtures is that the low bentonite
content leads to an uneven distribution of bentonite within the sand matrix. This may be
due to the mixing method or an effect of compaction causing local variations A
relatively large variation in maximum achievable dry density after mixing and compaction
of three different 5% bentonite-sand mixtures is shown in table 5.1, but relatively little
change was found for 20 % mixes, which shows that uneven distribution is more

XT his is the efTcctive porosity discussed by Oscarson and Cheung (1983); see chapter 2.
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significant as the clay content decreases. Non homogeneity results in the existence of
preferential flow-paths throughout the volume ofthe sample in areas with low bentonite
contents Chapuis (1990) found that variations in bentonite content throughout a
mixture may be in the range 25-35%, when the overall clay content is very low.
Cowland and Leung (1991) report non homogeneous mixtures at 5% bentonite content,

and recommend a minimum bentonite content of 7% to avoid non homogeneity.

Figure 5 21 shows that the data for 20 and 10% mixes deviate from the best fit line at the
highest void ratios (tests C20A and C10A in tables 5.15 and 5.16 respectively). The data
trends are in accordance with the Kozeny-Carman equation which predicts a greater than
proportional increase in hydraulic conductivity with void ratio (tending to linearity) on a
logarithmic plot The differences between mixtures are attributed to different pore size
terms and specific surface areas (see 5.4.4). However, as an approximation, the linear

relationship shown in figure 5 21 is considered reasonable.

6.4.3 Factors affecting the hydraulic conductivity of bentonite

As the effective stress is increased the swelling of bentonite powder is reduced with a
corresponding lower void ratio which is given by the bentonite swelling line. As a
consequence, it is proposed that there are three factors which contribute to the lower
hydraulic conductivity:

1 The pore space available for flow decreases simply because ofthe lower void
ratio. At higher void ratios it is more likely that relatively large inter-aggregate pores
conduct most of the flow At low void ratios it is likely that all the pores are ofa
comparable size.

2. The tortuosity of flow paths is longer due to greater interaction between clay
particles A more open fabric ofa highly swollen sample presents less of a tortuous path
for pore water to permeate

3 As less water is adsorbed overall, the higher viscosity of water in close
proximity to the bentonite particle surfaces further reduces the area available for flow.
A linear relationship between hydraulic conductivity and clay void ratio on a logarithmic
plot (figure 5.22) appears to account for the above factors. Therefore, although the
hydraulic conductivity of bentonite is dependent on the fabric ofthe sample and double

layer interactions it can be sufficiently characterised by the clay void ratio.

6.4.4 Eflcct of sand on hydraulic conductivity of bentonite-sand mixtures

The literature highlights the uncertainties regarding the effects of sand (or bentonite)
content on the hydraulic conductivity ofbentonite-sand mixtures. The results of Daniel
(1987) show that at bentonite contents greater than or equal to 8%, the measured
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hydraulic conductivity was about 10" m/s. Cowland and Leung (1991) found no
noticeable relationship, Garlanger et al. (1987) and Chapuis (1990) found that hydraulic
conductivity decreases with increasing bentonite content, whereas Dixon and Gray
(1985) found that adding up to 50% sand to bentonite decreases the hydraulic
conductivity of the compacted material Incorrect representation and/or characterisation
of the mixture are thought to be the cause ofthese often contradictory findings. For
example, unconfined hydraulic conductivity tests on samples with bentonite contents
greater than 5% are likely to give erroneous values due to swelling at the sample
boundaries Samples must be at equilibrium conditions prior to testing and all relevant
parameters are needed to interpret the data (i.e., inflow, outflow, void ratio, etc.). This
is illustrated by the data in figure 5.21 At the lowest void ratio values the hydraulic
conductivity of 5% mixtures is comparable to that for bentonite. However, at the
highest void ratios the 5% mix is shown to have a hydraulic conductivity almost 3 orders
of magnitude greater A method of understanding and interpreting the data is presented

in this section

Figure 5.22 shows the data from 100, 20 and 10% bentonite-sand mixtures replotted on
a logarithmic plot of hydraulic conductivity against clay void ratio. The data from 5%
mixes have been omitted for the reasons discussed in 6.4 2. Three distinct trends are
apparent, indicated with best-fit straight lines given by equations 5.26-5.28. The largest
amount of experimental scatter occurs for 10% bentonite-sand mixtures (with a
maximum factor of 4 difference in hydraulic conductivity at approximately the same clay
void ratio). As discussed in chapter 5 this is attributed to the interaction between sand
particles in 10% mixtures, which increases the sample stiffness. This reduces the

accuracy of curve fitting when hydraulic conductivity is calculated indirectly.

An advantage of plotting the data in this way is that clay void ratios are easily determined
from the swelling behaviour and can therefore be substituted into the equations to give
hydraulic conductivity values. In addition, the consequences of assuming similar soil
types are removed (see s 4.2). Therefore, the effects ofthe sand on hydraulic
conductivity of bentonite-sand mixtures can be identified and quantified as follows.

Solutes diffuse at slower rates in soil than in free solution because the pathways for
migration are more tortuous in soil Also, diffusive mass fluxes are less in soil than in
free solution because solid particles occupy some ofthe cross-sectional area. Figure 6.3
is a schematic diagram of a bentonite-sand mixture, showing bentonite gel occupying a
tortuous pore within a sand matrix In bentonite-sand mixtures pore fluid flows through

the bentonite gel within the tortuous pores of the sand matrix, and the impermeable sand
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particles occupy some of the cross-sectional area. Adopting the approach taken by
Porter et al (1960) to define the effective diffusion coefficient of an ion in saturated soil

from its diffusion coefficient in dilute solution, Darcy's flow law can be written as:

Ah Ah
Q kmxA — =kdaAe-" - 6.5
AL dy ' AL

where Q is the flow volume, kmjx and kc]ay are the hydraulic conductivities of the
mixture and clay respectively, Ah is the head difference, AL is the macroscopic length
over which flow takes place, ALe is the average length of a flow tube through the sand,
A is the cross-sectional area, and Ae is the effective cross-sectional area available for
flow normal to the flow direction; the remaining area being occupied by the sand matrix

and unavailable for flow.

The volume of voids, Vv, plus the volume of clay, Vc (i.e. the volume of swollen
bentonite gel), is equal to Ae.ALe, and the total volume, Vy, is A.AL. Therefore the
sand porosity, ns defined in 5.3.1, is equal to (Ag ALMA.AL)). The sand tortuosity
factor, xs, is defined as (AL/ALe)2, and therefore, the relationship between the mixture
and the clay hydraulic conductivity is;

= 6.6

k,* AAL,
Therefore the separation of the lines in figure 5.22 will depend on the sand porosity and

tortuosity

liquations 5 26-5.28 can be used to determine the sand porosity and tortuosity factors at
any clay void ratio At a clay void ratio of 5, the combined sand porosity/tortuosity
factors for the 20% and 10% bentonite-sand mixtures are 0.07 and 0.02 respectively. At
this clay void ratio the sand porosities are 0.6 and 0.4 for the 20% and 10% clay
mixtures, respectively, suggesting tortuosity values for the sand matrix of 0.12 and 0.05.

These are discussed ins 4.5.

6.4.5 Porosity and tortuosity factors
The tortuosity range found in 6.4.4 seems low for a saturated sand. Porter et al. (1960)

found values of (AL/ALe)* 0f 0.04 at low saturation levels. However, because the
materials were partially saturated, pores become predominantly less interconnected with
decreasing saturation, and therefore, the flow is not commensurate with flow through a
fully saturated material. Shackleford and Daniel (1991) report tortuosity values in the
range 0.08-0.22 for a saturated sandy loam. The calculated values for the sand are quite
close to this range and are expected to be on the low side for sands because the effective

particle size (D]q) is towards the lower limit of the sand range.
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Shackleford and Daniel (1991) define an apparent tortuosity factor, xa, in which is
included not only the actual, geometric tortuosity, x, but also all other factors which may
be inherent in its measurement. A mobility factor, a, after Kemper et al. (1964) accounts
for the increased viscosity of water adjacent to clay mineral surfaces. This can have no
effect on the measured values since sand tortuosity values are calculated at specific clay
void ratios and any effects associated with the clay are therefore removed Porter et al.
(1960) and van Schaik and Kemper (1966) define a factor, y, to account for exclusion of
anions from the smaller pores of the soil. This may have some effect when the sand is at
a very high density Berner (1971) states that anion exclusion may occur in natural
deposits when the average porosity of the soil is less than 0.3. However, anion exclusion
is mainly due to double layer effects and is likely to have no significant effect on the

calculated sand tortuosity values.

The most likely explanation for the low tortuosity values is an overestimation of the sand
porosity at low clay void ratios. A low clay void ratio implies a corresponding low sand
void ratio Several authors (e.g. Bear, 1972) state that in materials not subject to
physico-chemical effects, the available volume for flow is less than the calculated
porosity when the overall porosity is low. This effect is attributed to 'dead end pores' in
the sand matrix where the flow path is effectively terminated, and the hydraulic
conductivity is related to the effective porosity. As the overall porosity of the sand
increases the effect of dead end pores is removed and the volume available for flow is

simply the porosity.

The consequence ofa lower sand porosity than calculated would be to increase the
tortuosity value, as the overall reduction factor remains the same. However, the value of
this parameter is unknown and therefore its effect can only be considered qualitatively.

Figure 6.4 shows combined sand porosity-tortuosity values for 20 and 10% bentonite-
sand mixtures against clay void ratio plotted on a logarithmic scale. Values were
calculated from equations 5.26-5.28. At large clay void ratios the combined factor for
both mixtures tends to unity Provided the mixture remains homogeneous and the clay
can swell enough to completely fill the sand voids, the hydraulic conductivity becomes
equal to that of bentonite alone when the combined factor equals one This corresponds
to a clay matrix with sand particles as discrete inclusions. The mixture hydraulic
conductivity cannot be greater than that of the bentonite because a sand porosity or

tortuosity greater than one is impossible.
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At low clay contents (i.e. 5% bentonite), for which a non homogeneous mixture is likely,
the hydraulic conductivity is higher than for the bentonite alone, yielding a combined
factor greater than one. Therefore, when the swelling ofthe bentonite is not sufficient to
completely fill the sand voids the behaviour cannot be represented in this manner, and
tortuosity-porosity factors become meaningless. In contrast, for higher bentonite
contents (for example, greater than 50%) it is postulated that the mixture and bentonite

hydraulic conductivities will be virtually identical because the reduction due to the sand

porosity and tortuosity will be insignificant.

6.4.6 Effect of applied stress on the hydraulic conductivity of mixtures

In addition to bentonite content, the hydraulic conductivity is dependent on the applied
stress. Although the hydraulic conductivity of 10% mixes are lower than for 20% mixes
for a particular clay void ratio, the same is not necessarily true for a given effective
stress Ifthe effective stress is high, i.e. above the threshold level (see 5.3.4), the sand
particles will be in contact. In this state, the final clay void ratio at swelling equilibrium
increases with decreasing bentonite content which will consequently increase the
hydraulic conductivity (for a given effective stress). However, ifthe clay is supporting
the surcharge, i.e., the applied stress is below the threshold value, a reduction in
hydraulic conductivity will only occur if the sand porosity and tortuosity are reduced
(equation 6 .6) In this case, the hydraulic conductivity will decrease with decreasing

bentonite content

It is advantageous to represent the hydraulic conductivity in terms of the clay void ratio
because this accounts for the swelling behaviour. This is important in the design of

bentonite-sand mixtures (see chapter 7).
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6.5 Strength

6.5.1 Strength of sand

I he peak angles of shearing resistance given in 5.5.2 (table 5.18) are lower than is
usually expected for a dense sand The density, or void ratio, of sand affects the amount
and rate of dilation during shear and consequently the additional dilatant component of
strength above the constant volume value (4¥cv was calculated as 30.4°). Cornforth,
(1973) found that relative density offers a superior correlation compared with void ratio
for the strength of sands, because it compensates for effects of particle grading and shape
which influence the maximum and minimum achievable void ratios, emax and emjn

respectively.

The relative density values presented in table 5.18 account for the low measured peak
strengths The range of values are 0.46-0.62 for a strength range of 36.5°- 40.9°. The
densities achieved are attributed to the sample preparation method in the triaxial
apparatus Due to the limitations ofthe particular triaxial systems used, the sand was
tamped into the mould dry To achieve high relative densities, it is generally
recommended (e.g.. Head, 1981) that the sand is compacted under saturated conditions.
In addition, the effect of tamping will temporarily force the membrane against the mould
As the membrane pulls away from the mould on removal of the tamping rod, it is likely

that the sand is sheared into a looser state

Therefore, the results show that due to the sample preparation method the sand can be
regarded as being in a medium dense state as described by the sand relative density. At
higher relative densities the amount and rate of dilation would be greater than given in
table 5 18 and, as a consequence, the maximum angle of shearing resistance more typical
of a dense sand This illustrates the importance of a stress-dilatancy approach for

interpretation of laboratory test results and is discussed further in 6.5.4.

6.5.2 Strength of bentonite

Assuming no cohesion between clay particles, the calculated peak angles of shearing
resistance (table 5 19) indicate a higher shear strength at a vertical effective stress of
50kPa than at vertical effective stresses of 200kPa and I0OkPa. As discussed in chapter
2, apparent values of cohesion are usually due to either dilatancy in overconsolidated
clays, or because pore water pressures have not been properly accounted for. Data from
triaxial compression tests by Mesri and Olson (1970), show that the cohesion term is
minor compared to the friction term on an effective stress failure diagram for calcium and
sodium montmorillonite. Therefore, as an approximation, the contribution to measured

shear strength from 'true cohesioniwill be ignored.
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In the multi-stage shear box test conducted on bentonite, the stress path was one of
reducing stress with the clay initially swollen from a dry state to equilibrium at the
highest vertical effective stress (200kPa). Following the arguments of section 6.3, the
labric of the sample should remain unchanged as there is no consolidation throughout the
test Pore water pressures were calculated as approximately IkPa at peak strength for all

shearing stages, and therefore the effect on the measured strength is assumed to be

insignificant

1'hese considerations initially offer no explanation for the enhanced shear strength at the
lowest vertical effective stress. One possibility is a change in the sample fabric due to the
shearing - unloading sequence, such that the sample behaves in a similar manner to an
overconsolidated clay as the vertical effective stress is decreased. Or, since
montmorillonite exhibits time dependent strength characteristics (e.g., Mitchell, 1993),
the increased strength may be due to thixotropic hardening. Studds (personal
communication, 1996) performed ring-shear tests on a sodium bentonite under a vertical
effective stress range of 20-500kPa. Each sample was swollen from dry powder in
distilled water until equilibrium conditions were reached under the applied stress. Within
experimental scatter, the results show no significant change in angle of shearing

resistance with applied stress

In conclusion, it is thought that the angle of shearing resistance of bentonite is

approximately 10° when swollen from a dry state.

6.5.3 Isotropic swelling of bentonite-sand mixtures

Prior to triaxial shear testing the bentonite-sand mixtures are at swelling equilibrium
under the mean effective stress, p', equal to the effective cell pressure, a's. If sand
particles are not in contact, the state of stress of the sample will be represented by a point
lying on the bentonite isotropic swelling line, and the clay void ratio can be calculated
using equation 5.35 for the relevant cell pressure. Figure 5.32 shows the 20% bentonite
mixtures at cell pressures of 25 and 50kPa, and a 10% mixture at 15kPa, lie on or very
close to the isotropic swelling line. It can be inferred that in these samples the clay
supports all the applied effective stress. For samples above the swelling line, the
effective stress is shared between the bentonite and sand depending on the clay content
and cell pressure The effective stress in the bentonite is given by substituting the
measured clay void ratio into equation 5.35. The effective stress in the sand is simply the
difference between the applied stress and the clay effective stress because the excess pore
water pressure is zero at swelling equilibrium. Values are presented in table 6.2, where

a'c is the clay effective stress, and ct's the sand effective stress.
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Also included in table 6.2 are values of initial sand void ratio and sand relative density,
the maximum angle of dilation during shear, Jmax - s3cv, and the rate of dilation at peak
strength (-dev/de ])max, both sv and ej are defined positive in compression9. These

parameters are discussed further in 6.5.4.

Test P a'3 er a’r in 4 max (_6
bentonite (kPa) (kPa) (kPa) (sand) - ¢cv e
0]

CD204 20 21 3.903 21 0 1.226 -0.47 1.1 0.01
CD203 20 47 3.034 47 0 1.009 -0.06 -3 -0.06
CD202 20 99 2.439 60 39 0.860 0.22 0.4 0.42
CD20lI 20 195 2.222 66 129 0.806 0.33 -1.1 0.54
Cul0o1 10 15 5.266 15 0 0.696 0.53 7.9
CD 104 10 24 5.002 16 8 0.667 0.59 10.1 0.49
CD 103 10 50 3.957 28 22 0.551 0.81 16.4 1.02
CD 102 10 98 4.105 26 72 0.567 0.78 141 0.90
CDIo1 10 197 3.678 32 165 0.520 0.87 11.8 0.71
CD55 5 25 8.058 4 21 0.477 0.95 18.8 1.22
CD56 5 25 7.650 4 21 0.455 0.99 17.4 1.24
CD54 5 51 7.606 4 47 0.453 1.00 15.1 1.07
CD53 5 103 8.458 3 100 0.498 0.91 16.5 0.94
CD52 5 103 s 166 3 100 0.482 0.94 13.8 0.90
CD5 | 5 187  8.348 3 184 0.492 0.92 16 1.17

fable 6 2 Initial and shear parameters of bentonite-sand mixtures.

A'max Is **¢ maximum angle of shearing resistance of the mixture from tables 5.20-5.22. q)cv is the
constant volume angle of shearing resistance of the sand, calculated as 30.4° (see 5.5.2). Maximum
rates of dilation were calculated by linear regression analysis on the portion of the smoothed volumetric

strain-axial strain curvc at peak strength.
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Table 6.2 and figure 5.32 show that experimental scatter is greatest for 5% bentonite
mixes, and again this is attributed to non homogeneity of the mixture as an effect of
mixing and/or compaction. Due to scatter and lack of data, idealised swelling lines have
not been fitted for mixtures with clay void ratios above the bentonite isotropic swelling
line, and therefore the threshold stresses are not computed. However, it is suggested
that the conclusions from the swelling behaviour of compacted mixtures in 6.3 .4 remain
valid Samples which are initially relatively dry with a large enough bentonite content or
small enough applied stress will swell to a point on the bentonite isotropic swelling line.
Samples lying above the line will have a final clay void ratio lower than the
corresponding dry mixture for a particular applied stress, due to the decreased sand void
ratio caused by compaction. As the clay moisture increases, so will the difference

between the dry and compacted mixture clay void ratios.

The clay and sand effective stresses give an indication as to how the material will behave
in shear In 5% bentonite mixes almost all the effective stress is supported by the sand
matrix, the shear behaviour would therefore be expected to be characteristic of sand As
the bentonite content increases and applied stress reduces, the clay supports an
increasing proportion of the effective stress and shear behaviour similar to that exhibited

by clays is expected.

6.5.4 Analysis of strength data and possible sources of error

Bolton (1986) derived a relative dilatancy index, Ir, which offered a unique set of
correlations for the dilatancy related behaviour of 17 sands in laboratory shear tests
(equations 2.13 and 2.14) He presents unique plots of maximum dilatant angle of
shearing resistance, *'max - $cv, and maximum rate of dilation, (-dsv/dsj )max, against
Ir Evidence suggests that the strength of a clay-sand mix is largely dependent on the
sand when the clay-water volume is small enough for interaction between sand particles
to occur (e g., Kenney, 1977, Lupini et al, 1981). Therefore, Bolton's approach will be
adopted for the analysis of triaxial strength data As the relative dilatancy index was
derived empirically, the dilatancy behaviour ofbentonite-sand mixtures will be related to
the sand relative density, Ip, as this is a fundamental parameter which provides easier
visualisation of the state of the sand particles. In addition, the sand relative density can
be calculated from simple phase relationships. Therefore, for design purposes, simpler
correlations between the swelling behaviour and strength of bentonite-sand mixtures are

possible (see chapter 7).

figures 6.5a and 6.5b are plots of maximum dilatant angle of shearing resistance and rate

ol dilation at peak strength against sand relative density respectively, for bentonite-sand
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mixtures tested in triaxial compression10. Included in the figures are data for triaxial tests
on sand (table 5 18) A strength and dilatancy analysis with the sand relative density as a
parameter can only be valid when the sand particles are in contact. Sand void ratios
greater than 0.978 (or < 0) are interpreted as indicating no particle contact (see

6.3 8). Therefore, data from 20% bentonite-sand samples at the two lowest confining
stresses (CD203 and CD204) were excluded from the analysis. These samples exhibited
positive volumetric straining during shear and are indicated in figure 6.5, where ¢
denotes that the samples compressed (volumetrically) on shearing. Linear regression
analysis was conducted on samples with Iq values equal to or greater than zero (i.e.,

dilating at failure) to give

<L« - o= 20.601D- 3.40 (r2 = 0.789) 6.7
‘;V = 1.181,,-0.12 (rz = 0.712) 6.8
e,

I he behaviour of samples with negative relative densities is discussed in 6.5 .5.

By relating the strength and dilatancy to the sand relative density, the significance of
mean effective stress on the peak strength (i.e., for a given density, increasing stress
decreases strength and dilatancy) is ignored Bolton's dilatancy index accounts for these
factors This affects measured dilatant angles of shearing resistance by a maximum of
0.4° (avg. = 0.3°), 2.7° (avg. = 1.9°), 4.2° (avg. = 2.5°) and 2.5° (avg. = 1.2°) for 20, 10
and 5% bentonite mixtures and sand respectively, over a stress range of 25-200kPa. The
effect is clearly visible in figure ¢ 5a, where four of the five sand data points grouped
below the best fit line were tested at the highest stress (200kPa). This demonstrates the
loss in dilatant strength with increasing confining stress. However, plotting in terms of
relative dilatancy index provides no improvement for this experimental stress range In
addition, it may be inappropriate to report data of samples with negative sand relative

densities on such a plot.

At constant volume there is no dilation, therefore, both (ffmax - <f>cv) ar*d (-dev” sl)max
are equal to zero The corresponding values of sand relative density are 0.165 (equation
6.7) and 0 104 (equation 6 .s). Fundamentally the 1q intercept on each plot must be
identical The differences between the calculated intercepts, and between the coefficients
of correlation, are attributed to the rates of dilation of the two dilatant 20% bentonite-
sand samples shown in figure s 5b, which are not consistent with the measured peak
strength These data are clearly higher than the expected values and do not fit the broad
trends exhibited by all other data points (of dilatant specimens) on both plots However,
the source of this error is unknown Bolton's analysis suggests that no dilation occurs at

I0Data from the consolidatcd-undrained test. CU101. is excluded from figure 6.5b.
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sand relative densities 0f0.147 and 0.213 for mean effective stresses of25 and 200kPa
respectively. Since this was the stress range used for the test programme, a sand relative

density ofO. 165 at constant volume is more likely of the two calculated values.

The maximum deviations from the best fit line given by equation 6.7 in figure 6.5a are as
follows:

20% bentonite: -4.4° to -0.8°

10% bentonite: -2.7° to 3.1°

5% bentonite: -2.2° to 2.6°

sand: -2.9° to 4.4°

This results in the relatively low coefficient of correlation Experimental scatter may
result from ignoring the effect of confining stress (discussed above) which is accounted
for in Bolton's relative dilatancy index. However, a lower coefficient of correlation

(rz 0 772) was found when linear regression analysis was conducted on the data with
the relative dilatancy index replacing the sand relative density. It is suggested, therefore,
that the experimental scatter is due to either the triaxial system instrumentation, or non

homogeneity of the sample, or a combination of both. These are discussed below.

I he angle of shearing resistance is proportional to the ratio of maximum deviator stress
to the sum of the principal stresses (equation 5.29). At low effective cell pressures, or
high bentonite contents, the measured deviator load is small compared to the maximum
range ofthe load transducer, and the accuracy of the transducer becomes increasingly
significant Any errors in load or pressure measurement are therefore exaggerated when
the deviator stresses are small Smoothing was performed on the raw data of triaxial
tests to account for electrical noise (see chapter 5), and a maximum error in load
exceeding 2N is unlikely This corresponds to a deviator stress of approximately 2kPa'1
If a maximum drift of 2kPa is also assumed for cell and back pressure transducers, the
worst combined error gives a strength estimation within +4° at the smallest deviator
stress (test CD204) As this scenario presents the worst case, the expected maximum
error in the measured strength is 1-2°. The scatter in the majority of the data is within

this error band

Another cause of experimental scatter may be local variations across the shear plane,
which lead to areas where the sand supports an effective stress different from that
calculated by equation 6 1 The results from compaction, swelling and hydraulic

1 The manufacturers specifications indicate an accuracy to 0.05% of full scale deflection Using this
value the accuracy should be to within xlkPa. However, diurnal temperature changes were shown to
have a significant cficct on the response of transducers in chapter 3, and an accuracy of +2kPa is
believed to be more likely.
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conductivity tests indicate that a homogeneous mix was produced for samples with 20 %
bentonite content However, slight variations may have a significant effect on the shear
behaviour when the clay content is high. The strength of mixtures appears to be largely
dependent on the interaction between sand particles. Therefore, the scatter in data
decreases with increasing sand content (for mixtures only) because local variations in
bentonite content have a less significant effect on the degree of sand particle

interaction12

6.5.5 Strength and dilatancy of bentonite-sand mixtures

The data indicate that when the sand relative density of a bentonite-sand mixture is
greater than zero, the sand packing determines the strength, and the dilatancy-related
behaviour is characteristic of sand alone. At relative densities in the range 0-0.17, stress-
strain behaviour characteristic of loose sand is likely, i.e., tending towards constant
volume conditions at an angle of shearing resistance of 30 4°. When the sand relative
density is greater than 0.1 7, the material dilates during shear and the peak strength
increases with increasing sand relative density. Peak strengths can be calculated by
addition ofthe dilatant angle of shearing resistance given by equation 6.7 to the constant

volume value of 30.4°.

When the initial sand relative density is zero or negative, no contact between sand
particles is assumed In this state, shearing will cause a positive volumetric strain (-ve
dilation) bringing the sand particles into closer proximity It is postulated that the
material shears as clay until the volumetric strain is sufficiently large such that sand
particle interaction occurs, when the strength will be equal to the constant volume angle
of shearing resistance of sandu If the initial clay void ratio is large enough, then a
strength purely characteristic of clay is suggested Swelling tests results have shown that
the initial clay void ratio is dependent on the mean effective stress and bentonite content.

Figure 6.6 is an idealised plot of the peak angle of shearing resistance of bentonite-sand
mixtures against the sand relative density. This plot is similar to figure 6 5a. The slope
of the mixture peak strength line is given by equation 6.7. No dilation occurs when the
strength is equal to 30.4°, this is indicated by the sand constant volume strength line.
When the stress-strain behaviour is purely characteristic of clay, a peak strength of 10° is
assumed (see 6.5.2) This is indicated by the bentonite peak strength line. Intermediate
strengths of mixtures are bounded by the sand constant volume strength line and the
bentonite peak strength line In this area, strength estimation is impossible because it will

12Sc;itler in (lie test data for sand is attributed to the sample preparation method (see 6.5.1).
1’This model assumes that the volume of sand is sufficiently large that significant sand particlc contact
occurs on compression of the clay-water phase.
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be dependent on the bentonite content and volumetric strain. It is suggested that
intermediate strengths will exist at bentonite contents greater than used in this study, or
at very low effective confining stresses (both effects lead to lower sand relative

densities).

A threshold sand relative density is postulated, below which the strength will be given by
the bentonite peak strength line However, suggesting a value is difficult, due to the
dependency on the degree of strain (i.e., if the compression is sufficient to bring the sand
particles into contact, when the sand volume is relatively large, the strength will be given
by the sand constant volume strength line). Inherent in this proposal is the assumption of
the sand having no significant effect on the shear behaviour, and angle of shearing
resistance, when the bentonite content is high and/or the effective stress low and/or the
compression on shearing is small This is substantiated by the results of Graham et al.
(1989) They performed drained and consolidated-undrained triaxial tests with pore
water pressure measurement on 50% bentonite-50% sand mixtures (at a mean effective
stress of IOOkPa the sand relative density is likely to be approximately -2.5). They found
the strength of the mixture to correspond to the mineralogy of the clay phase (<t>'max =
14°).

In summary of the idealised behaviour, a bentonite-sand mixture with an initial sand
relative density less than a threshold value (dependent on bentonite content and/or mean
effective stress and/or degree of strain during shear) will exhibit shear behaviour
characteristic of bentonite, with an angle of shearing resistance of approximately 10°14.
As the sand relative density increases, intermediate strengths are expected as some sand
interaction occurs, and the sand relative density tends to a value of 0.17 (constant
volume conditions) as the sample compresses For sand relative densities higher than

0 17, dilation of the sample occurs and peak strengths are given by the mixture peak
strength line Strength increases with increasing sand relative densities greater than 0.17
The idealised plot calculates a maximum strength of 47.6° at a sand relative density of 1

6.5.6 Behaviour during shear of bentonite-sand mixtures

The change in shearing behaviour of bentonite-sand mixtures with increasing clay content
and/or decreasing mean effective stress (both causing a reduction in sand relative
density), is analogous to the three modes of shearing proposed by Vaughan et al. (1976)
and lLupini et al (198 I) described in chapter 2. At a sand relative density greater than

1'As dismissed in 6.5.2. tins is the shear strength of swollen bentonite with a stress path of decreasing
mean effective stress For mixtures where the sand particles are separated the state of the bentonite will
be described by llie isotropic swelling line, the remainder will have clay void ratios above the line.
However, for all samples consolidation has not occurrcd at any stage.
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zero, shear behaviour will be of the turbulent type, involving rolling and translation of the
sand particles The sand dilates to achieve a constant volume strength at a sand relative
density of 0 17 Below a threshold sand relative density, shearing behaviour of the
sliding type occurs As the sample shears, the platelike bentonite particles align and a
low strength equivalent to bentonite alone is measured Transitional shear behaviour is
postulated at intermediate sand relative densities Although there is initially no sand in
contact, shearing causes a positive volumetric strain which, if continued, may cause
interference between some sand particles, with a corresponding strength intermediate
between that of bentonite and sand (at constant volume) Further shearing will cause the
strength to tend towards the constant volume value; behaviour exhibited by samples

CD203 and CD204 in figure 6.5.

Figure 6 7a shows an idealised state of packing for a 20% bentonite-sand mixture at
25kPa mean effective stress prior to shear (test CD204). Sand particles exist as
inclusions within the clay matrix, and therefore all the effective stress is carried by the
clay Figure 6.7b is a possible packing at 20% axial strain Shearing of the sample has
produced a positive volumetric strain of the clay causing some interaction between sand
particles along the shear plane At this state the effective stress is carried by the
bentonite and very loose sand skeleton The sand density is still less than that at constant
volume Ilowever, the compression of the sample caused sufficient particle interaction
for the sand constant volume strength to be mobilised (measured value = 31.5°), and the
state of the sample is represented by the sand constant volume strength line in figure 6 .6 .
It is postulated that the sand relative density tends to the constant volume value of 0.17
with further shearing with no change in strength For this sample a plastic failure
occurred, typical of a normally consolidated clay or a loose sand (figure 6.7c).

In figure s .8a the initial packing yields a sand relative density greater than 0.17 prior to
shear (test CD201). As the sand is denser than critical, shearing causes a negative
volumetric strain, the sample dilates, and theoretically the peak strength is given by the
mixture peak strength lineis As for all other samples, the sand relative density will tend
towards 0.17 (i.e., constant volume conditions) during shear. Figure ¢ sb shows the
state of packing affer shear Sand particles shear against each other on a definite failure
plane (as was observed in the test) The failure diagram at 20% axial strain is shown in
figure 6 .sc  The behaviour of the sample during shear is typical of a sand with a density

higher than at the critical state

15Thc measured peak strength was lower than that predicted by equation 6.7. Suggested reasons for this
were given in 6.5.4.
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I he deviator stress versus axial strain curves further support the proposed behaviour of
bentonite-sand mixtures during shear. Figure 5.27 shows that the stress-strain behaviour
ofa20% mixture at 200kPa cell pressure (test CD201) is characteristic of sand with a

density higher than critical This is the mixture idealised in figure s .s.

Figure 5.28 best illustrates the interaction between the two soil phases in a bentonite-
sand mixture (test CD 104 - 10% bentonite @ 25kPa). At swelling equilibrium the
effective stresses are 16 and s kPa in the clay and sand phases respectively. Since the
clay supports the majority of the effective stress the initial behaviour during shear is
characteristic of clay alone, i.e., a rather shallow stress-strain curve with a corresponding
positive volumetric strain. At this stage it is envisaged that the clay alone is being
compressed bringing the sand particles to a closer packing. As the clay matrix is further
compressed the sand particles begin to interlock, and therefore, at approximately 5%
axial strain, the direction of volumetric strain becomes negative, i.e. the sample dilates.
Dilation should continue until the sand reaches its critical state at a sand relative density
equal to o 17 The same type of behaviour was exhibited for the consolidated-undrained
test (CU101) in figure 5.29 Initially the pore water pressure increases, followed by a
decrease in pore water pressure at approximately 3% axial strain This is analogous to

positive and negative volumetric straining respectively in drained testing.

Figure 5.30 illustrates the shear behaviour of a 5% bentonite-sand mixture at 25kPa cell
pressure (CD55) In this sample the calculated effective stresses in the clay and sand
phases are initially 4 and 21kPa respectively. The stress-strain response indicates that the
sample is initially stiff, and there is a large amount of dilation as the sample shears to

achieve constant volume conditions: this is typical of a dense sand.

6.5.7 Stiffness as an indication of material behaviour

Secant stiffnesses of bentonite-sand mixtures calculated at 0.1, 0.2, 0.5 and 1% axial
strain increments from the onset of reloading are reported in table 5.23 and presented
graphically in figures 5.33a to 5.33d Generally, it can be seen that an increase in
bentonite content and/or decrease in cell pressure yields a lower stiffness for a particular
axial strain, with the exception of a few anomalous results (discussed in chapter 5).
further, for any given sample, E' decreases with axial strain. The reported data agree
with the results of various other workers (e.g., Hardin and Drnevich, 1972, Anderson
and Stokoe, 1978, Bolton and Wilson, 1989). Hardin and Drnevich (1972) state that the
three parameters of most importance to soil stiffness are strain amplitude, mean effective
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stress and void ratiol6. Figure 6.9 (after Hardin and Drnevich, 1972) shows the effects
of strain and mean effective stress on the stiffness of a clean sand. The stiffness
decreases with decreasing confining stress and increasing strain, and is not constant at
any strain level Ihe general shape of the stiffness-strain amplitude curve is similar for
clay soils and other sands as shown in figure 6.10 (after Hardin and Drnevich, 1972).

Peak strength data suggest that when the initial sand relative density is greater than zero,
the stress-strain behaviour is primarily dependent on the interaction between sand
particles Similarly, the stiffness of mixtures should also increase with sand relative
density Figure 6 10 (after Hardin and Drnevich, 1972) indicates that stiffness decreases
with increasing void ratio for a given strain and confining stress. Since an increase in
bentonite content and/or a decrease in effective stress cause an increase in both the sand
and clay void ratios, the behaviour of bentonite-sand mixtures is consistent with the
reported literature When there is initially no sand in contact, the stiffness will be
determined by the density of the clay phase until sand particle interaction occurs
(dependent on the degree of strain) Figure 5.33 shows that 5% mixtures have E' values
consistently higher than other mixtures (with a few exceptions). These samples have the
highest sand relative densities; the clay has virtually no effect on the measured stiffness as
the proportion of the effective stress supported by the clay is only small At axial strains
of 0 I and 0 2%, 10 and 20% mixes have approximately equal values of E'. However, as
the strain increases, the stiffness of 10% and 5% mixtures are comparable, and values
for 20% mixtures are consistently lower This is taken as indicating that at small strains
the sand matrix controls the stiffness of 5% mixtures, and the clay matrix controls the
stillness of 10 and 20% mixtures As the axial strain is increased there is greater
interaction between sand particles in 10% mixes and therefore the stiffness increases.
However, since the sand relative density of 20% mixtures is less than other mixtures at
similar strains, the measured stiffness is lower At higher strains it is thought that the
stillness of 20% mixes will increase, as compression causes an increase in the sand

relative density

Although there is a large amount of scatter in the data, the results broadly fit the
concepts described in the previous sections. At 25kPa, the 10% bentonite-sand mixture
(C1) 104) has values of E' which are generally lower than the trends shown at higher
stresses. This is consistent with the stress-strain behaviour described in 6.5.6 where

behaviour characteristic of clay was exhibited up to approximately 5% axial strain

16For soils containing significant quantities of clay, the degree of saturation is also of great importance.
llowcver, all samples in this study arc thought to be at. or very close to. full saturation. Therefore, this

effect is considered insignificant
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6.6 Summary of results

Using classical fundamental theories of soil mechanics, a modified principle of effective
stress has been proposed for bentonite-sand mixtures, which quantifies the amount of
effective stress that is supported by each of the two soil phases of the mixture. Any
contribution to the total stress from a pore water pressure is thought to be similar to the
term in Terzaghi's equation For initially dry specimens, the effective stress in the
bentonite and the sand can be calculated using the modified principle (equation 6.1) and
further equations derived from unique swelling lines in ec-log a'v space, where ec is the
clay void ratio and a'v the vertical effective stress (external normal load/sample area).

I he effect of initial clay moisture content has been shown to have an effect on the overall
swelling behaviour of compacted mixtures For a particular applied stress, an increase in
moisture content allows the sand to be compacted to a lower void ratio than the

corresponding dry mixture. Consequently, the final clay void ratio is lower as it supports

a greater proportion of the effective stress

Three material states are proposed, which describe the change from sand to clay

behaviour with applied stress and bentonite content

For a particular clay void ratio, the hydraulic conductivity of 10 and 20% bentonite-sand
mixtures has been shown to be less than that of bentonite only. This is attributed to the
sand porosity and sand tortuosity which reduce the available area for flow and increase
the length of How path (both through the bentonite gel) respectively. The hydraulic
conductivity of 5% bentonite-sand mixtures was found to show a different trend to the
other mixtures and this is attributed to non homogeneity Scatter in data for 5% mixes

was found to be the greatest of all the mixes tested

It has been shown that a stress-dilatancy approach is sufficient to describe the behaviour
during shear of bentonite-sand mixtures The relative density of the sand, the value of
which increases with increasing cell pressure and/or decreasing bentonite content, is the
dominating factor and determines the measured peak strength An initial sand relative
density greater than approximately 0 17 will result in a peak strength greater than the
constant volume strength of sand, and the mixture will dilate to achieve constant volume
(or critical state) conditions At initial sand relative densities less than zero, the sand
particles are not in contact and shearing will cause a positive volumetric strain with a
strength intermediate between sand and clay (depending on the amount of volumetric
strain induced) Below a threshold sand relative density, the behaviour during shear will
be characteristic of bentonite only (provided the volumetric strain does not bring the
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sand into contact) and the sand particles will have no significant contribution to the

strength

The stiffnesses of bentonite-sand mixtures are again thought to be related to the density
of sand in the mix As stated previously, sand density increases with increasing cell
pressure and/or decreasing bentonite content The stiffness of the material will change
throughout shear as particle rearrangements occur within a sample At 1% axial strain
the stillness of 5 and 10% bentonite mixtures are comparable and this is thought to be
due to dilation of the sand (in 5% mixtures), and compression of the clay (in 10%
mixtures), as both effects will tend to rearrange the sand particles into similar packings
Conversely, 20% mixtures have a considerably lower stiffness at 1% axial strain This is
attributed to less interaction between sand particles (at this strain) than in mixtures with

lower bentonite contents

Separating the two soil phases of the mixture is an effective method for interpreting and
understanding the mechanical behaviour, and predictive equations have been derived to
quantify the effects of the bentonite and sand In chapter 7, these equations will be

exploited for the design of bentonite-sand mixtures.
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clay void ratio

vertical effective stress (kPa)

Note: P indicates Proctor compacted samples.

Figure 6.1 Swelling of modified Proctor compacted bentonite-sand mixtures
exhibiting clay behaviour

clay moisture content (%)
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Figure 6,2 Relationship showing initial moisture content of compacted
bentonite-sand mixtures and swelling equilibrium moisture content of initially dry
bentonite to clay effective siress
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Figure 6.3 Simplified porous medium
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wi; Sand void ratio = 1.226
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figure 6 7a Packing ofa 20% bentonite-sand mixture prior to shear.

Possible slip plane

figure 6 7b Packing of a 20% bentonite-sand mixture after shear

Test CD204 (20% bentonite)
Effective cell pressure = 25kPa
Initial height = 76mm (approx.)
Initial diameter = 38mm (approx.)
Sample at 20% axial strain

Figure 6.7c:
Failure diagram.
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Sand void ratio = 0.806
Sand relative density —0.33
Mean effective stress = 200kPa

ligure 6 8a Packing ofa 20% bentonite-sand mixture prior to shear.

Figure 6.8c:
ligure 6 8b Packing of a 20% bentonite-sand mixture after shear Failure diagram
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ligure 6.9: Effects of strain amplitude, effective mean principle stress, and numbers of
cyclcs of loading on shear modulus of clean sand (after Hardin and Drnevich, 1972).

S
Svmbol  Soil void ()] Frequency
Rotio  kg/cm* cpi
5.F Boy mwd 7.00 227-229
S.F Boy mud 050 196-200
Ory 60-100 0.68  7.00 95- 111
*=ilco tand
Floyd brown loom 0.49 299-304
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Figure 6 10 Shear modulus versus shearing strain amplitude for a variety of soils (after
Hardin and Drnevich, 1972)
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CHAPTER 7
THE DESIGN OF BENTONITE-SAND MIXTURES

7.1 Introduction

Based on the laboratory test data, predictive equations for the swelling behaviour,
hydraulic conductivity and strength of bentonite-sand mixtures were proposed in
chapters 5and 6 It was shown that the swelling behaviour and hydraulic conductivity
are effectively characterised by the clay void ratio. Further, the sand porosity and
tortuosity determine the differences in hydraulic conductivity between 100% bentonite
and the mixtures Finally, the packing of the sand, indicated by the sand relative density,
was shown to successfully characterise the stress-dilatancy behaviour of mixtures. The

parameters used for analysis are easily determined from the phase relationships given in

5.3.1.

The reported data suggest that there are three main steps in the rational design of
bentonite-sand mixtures to meet a landfill liner specification: i) measurement of the
swelling behaviour and hydraulic conductivity of the selected bentonite under various
surcharge stresses, ii) estimation of the sand porosity and tortuosity and iii) measurement
of the stress-strain characteristics of the sand and bentonite. The maximum and

minimum sand void ratios must also be determined for interpretation ofthe swelling
behaviour of mixtures and to enable calculation of the sand relative density for analysis of
strength data In this chapter, a proposed design method for hydraulic conductivity and
strength specifications of mixtures based on the predictive equations is presented and the

relevant required laboratory testing outlined

7.2 Designing for a hydraulic conductivity criteria

7.2.1 Characterisation of bentonite and mixture behaviour

I he bentonite swelling behaviour can be established conveniently in an oedometer cell
(without a loading frame for lower surcharge stresses). For each surcharge stress (or
void ratio), a subsequent loading increment can be used to calculate the hydraulic
conductivity (using Ter/aghi's consolidation theory). Hence relationships such as
equation 59 (the bentonite swelling line) and equation 5.26 (bentonite hydraulic
conductivity-void ratio relationship) can be determined The gradient of the swelling
data in ec - log a'v has been shown to be approximately linear over the range of
engineering interest llowever, it may be advisable to use a stress range which is

comparable to the expected field values to improve accuracy.
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Sand porosity (for an appropriate mixture and surcharge) can be calculated from
oedometer swelling tests, by substitution of the clay content and final void ratio of the
mixture into equation 5.5. This will also give an indication of the swelling behaviour of
mixtures above the bentonite swelling linel Sand tortuosity can then be calculated from
the difference in mixture and bentonite hydraulic conductivities at the same clay void
ratio using equation 6.6. Ifthe final clay void ratio lies on the bentonite swelling line
then clay swelling separates the sand particles and a consolidation increment in the
oedometer cell is sufficient to calculate the hydraulic conductivity, otherwise a more

sophisticated apparatus would be preferable2

7.2.2 Selection of clay content

The clay content required to satisfy any hydraulic conductivity criteria at a particular
surcharge stress can be calculated as follows: The specified mixture hydraulic
conductivity, and the sand porosity and tortuosity values are substituted into equation
6.6 to determine the required bentonite hydraulic conductivity. The maximum
permissible clay void ratio is then determined from the hydraulic conductivity-void ratio
relationship established for the bentonite (equation 5.26), and the clay swelling behaviour
will indicate whether such a clay void ratio can be achieved under the applied surcharge,
and the minimum clay content at which it will be achieved An example ofthe proposed

design method is given in appendix 6

If the effective stress is high, i.e. above the threshold level (see 5 3 4), the sand particles
will be in contact In this state, the hydraulic conductivity can be further decreased by an
increase in clay content When the clay is supporting the surcharge, i.e. the applied
stress is below the threshold value, a further decrease in hydraulic conductivity can only
be achieved by reducing the sand porosity and value of tortuosity (equation 6.6), which

means decreasing the bentonite content in the mixture

'f ull charactcrisation of the swelling of mixtures is unnecessary as the gradients in cc - log cr'v spacc
above the bcntomlc swelling line arc essentially equal Therefore, once this relationship has been
established for ;i particular mix. only a relatively small number of tests will be required for other
mixtures.

2lJsc of ocdomctcrs to calculate the hydraulic conductivity of 10% mixtures indirectly is unlikely to yield
a value greater than a factor of 2 different from the actual value (see chapter 5) but may require several
tests and the average hydraulic conductivity taken However, at clay contents less than this (or large
applied stresses) il is suggested that hydraulic conductivity is measured directly cither using a Rowe or
triaxial cell
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7.3 Designing for a shear strength criteria

7.3.1 Required laboratory tests

Il the strength is to be determined in the laboratory by triaxial compression tests then the
bentonite isotropic swelling behaviour must first be established This is not as simple as
for one-dimensional swelling because triaxial samples are more difficult to prepare and
the time required to reach swelling equilibrium may be much longer due to the relatively
large sample height Ilowever, only a few data points would be required because the
isotropic swelling line is assumed parallel to the one-dimensional swelling line The
confidence in the accuracy of the calculated line would be proportional to the number of
data points Samples must have a high enough clay content that sand particles are not in
contact at swelling equilibrium Hence a relationship such as that given by equation 5.35
(the bentonite isotropic swelling line) can be determined From further tests on mixtures,
whose clay void ratios are higher than that given by the isotropic swelling line at

equilibrium conditions, the idealised swelling behaviour can be determinedLl

When the mean effective stress (or clay content) is such that there is interaction between
sand particles (i.e., the mixture has a clay void ratio above the bentonite isotropic
swelling line), the strength is dependent on the sand relative density. This would require
the stress-dilatancy behaviour of the sand only to be determined; a relatively quick and
straightforward procedure Ilowever, ifthe sand particles are expected to be fully

separated, then the strength of the bentonite must also be determined.

It is proposed that consolidated-drained triaxial tests are necessary with the selected sand
in its loosest and densest possible states and at an intermediate density This will then
enable stress-dilatancy relationships such as equations 6 7 and 6 8 to be determined To
account for the loss in dilatant strength with increasing confining stress the triaxial tests
should be conducted at the largest anticipated field stress to give a conservative
estimation of the strength A direct shear test on bentonite swollen from a dry state
would be satisfactory to calculate the maximum angle of shearing resistance. It is
important that the sample is not subjected to a consolidation increment because of the
change in labric associated with stress history, i.e., the state of the bentonite should be
comparable to that in a mixture From these laboratory tests, an idealised plot of peak
strength against sand relative density, such as figure 6 6, can be produced As before, it

is suggested that the largest anticipated field effective stress is used

'Fitting of gradients lo the data can be performed in a similar manner to that described in chapter 5.
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7.3.2 Selection of clay content

If a ductile mixture is required, such that the clay supports all the effective stress
throughout shearing, and a strength corresponding to the mineralogy of the clay phase
only is preferred, then the clay content should be relatively high (or the effective stress
low) For mixtures of this type the swelling behaviour will be described by the isotropic
bentonite swelling line It is suggested that the strength of such a mix will correspond to
the mineralogy of the clay phase (the bentonite peak strength line) until the sand particles
begin to interact4, when the strength tends towards the sand constant volume strength
Therefore, it is necessary to estimate both a volumetric strain (based on anticipated field
strains) and value of final sand relative density at which behaviour characteristic of clay
alone occurs From this, the change in sand void ratio (or relative density) during shear
can be determined, hence the initial sand relative density. The required clay content for a
particular effective stress can then be calculated using equations 5.3, 54 and 5.35.

The design of a landfill liner may often demand relatively steep side slopes, or a large
bearing capacity may be required to accommodate a particular type of waste In such
situations, a strength higher than that of the clay alone is likely to be desired. Ifa higher
strength is required, i.e., the effective stress is distributed between the bentonite and sand
phases, then a choice between a ductile or brittle mixture is available. The stress-
dilatancy relationship determined from laboratory shear tests will give the sand relative
density corresponding to constant volume conditions (approximately 0.2 in this study).
For ductile mixtures with sand strength (looser than critical), the chosen initial sand
relative density should be greater than zero but less than the value at constant volume,

| or brittle mixtures, i.e., behaviour characteristic of dense sand, the difference between
the required peak angle of shearing resistance and the constant volume angle of shearing
resistance of the sand can be substituted into the stress-dilatancy relationship (equation

6 7) to give the sand relative density As sand is in contact for both types of mixture, the
final clay void ratio will lie above the isotropic swelling line Therefore, the clay content
(for a particular applied stress) must be selected using relationships similar to equation
59 and 5 14-5 16 (idealised swelling behaviour), and the phase relationships given in
5.3.1.

Examples of the proposed design methods are given in appendix 6.

11Ins assumes dial ilic percentage volume of Kind in the mixture is sufficient that compression of the
clay on shearing allows significant interaction between sand particles.



7.4 Summary and conclusions

Economically, it is desirable to minimise the clay content of a bentonite-sand mixture
Other factors for a low clay content are that a mixture with the sand particles in contact
is unlikely to exhibit macroscopic shrinkage cracks on drying (see 2.2) and the
mechanical stability ofthe mixture is provided by the sand matrix. Therefore, it is
desirable that some stress is carried by the sand after saturation Factors against a low
clay content are a decrease in mixture ductility as the amount of stress carried by the
sand increases, inability of the bentonite to fill the sand voids due to reduced swelling of
the bentonite as contaminants from the landfill permeate the mixture, and a higher than
expected hydraulic conductivity at very low bentonite contents due to mixture non

homogeneity.

A design compromise requires some stress to be carried by the sand matrix, whilst
leaving the clay with reserve swelling capacity. Once the swelling behaviour has been
characterised and idealised, the modified principle of effective stress (equation 6.1) can
be used to determine how much stress is carried by the sand and clay respectively This
stress distribution allows an interpretation of how the material will respond to changes in
applied stress or pore fluid by changing in volume, and indicates how the soil will behave

during shear

If a mixture is designed specifically for a hydraulic conductivity criteria, then the strength
can be determined by substitution of the calculated sand relative density into equation

6 7 Conversely, ifa strength criteria is used for design, substitution ofthe sand porosity
and tortuosity and bentonite hydraulic conductivity into equation 6.6 (for the particular
clay void ratio or effective stress) will give the mixture hydraulic conductivity The latter
approach may be preferable as the data imply that hydraulic conductivity decreases with
increasing sand relative density provided a homogeneous mixture is produced. However,
a compromise may be necessary to allow some reserve swelling potential of the clay
within the mix and sufficient ductility of the liner, for example, to accommodate

differential settlements

In the reported tests, the vertical effective stress imposed on the specimens was in the
range 1to 450kPa, and the isotropic effective stress range 15 to 200kPa. Such stress
ranges are sufficient for studying of the engineering behaviour of landfill liner materials,
but extrapolation of the reported trends beyond the corresponding stress ranges may be
inappropriate Further, at low clay contents (5% or less), the proposed design methods

may be untenable due to non homogeneity of the mixture
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS

8.1 Scopc

In reccnt years, the technique of adding bentonite to a local soil to produce a low
hydraulic conductivity material has been widely practised in application to the
containment of waste in landfills However, the properties of such a material are not
fully understood and quantitative interpretations of the mechanical behaviour are rare
lhis also applies generally to the behaviour of systems containing two soil phases.
Further, since materials of this type are likely to begin in a relatively dry state, the
geotechnical properties may significantly differ to the well documented laboratory
behaviour of initially fully saturated soils The objective of this study was the
investigation of the fundamental geotechnical properties of bentonite-sand mixtures
whose initial conditions are relatively dry prior to equilibrium being established. The
relevant literature has been reviewed, and a laboratory test programme conducted to
determine the volume change behaviour (swelling, normal consolidation and rebound),
hydraulic conductivity and strength of sand, bentonite, and 20, 10 and 5% bentonite-sand
mixtures The conclusions of the laboratory data have been summarised at the end of the
relevant preceding chapters, and a design method proposed In this chapter, the main
conclusions drawn from the work, and recommendations for engineering practice and for

further research, are summarised

8.2 Conclusions

1 lhe geotechnical properties of bentonite-sand mixtures are best interpreted and
characterised by the use of phase relationships to account for the individual phases of the
mix lhe clay void ratio sufficiently describes the swelling behaviour and indicates the
change in material properties, from sand to a more clay type behaviour, with increasing
clay content and/or decreasing applied stress Interpretation ofthe hydraulic
conductivity data of mixtures is simplified by relating the measured values to the clay
void ratio and sand porosity, and strength data can be adequately interpreted by use of

the sand void ratio (or sand relative density).

2 Dry sodium bentonite swells on access to distilled water to reach a unique void ratio
under a particular confining stress, and this void ratio varies linearly with the logarithm of
vertical effective stress The relationship is termed the one-dimensional bentonite
swelling line The linear relationship given by the bentonite swelling line is intermediate
between the one-dimensional normal consolidation and rebound lines for consolidated
bentonite slurry, indicating a difference in fabric from an initially ‘'wet' clay It is
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proposed that initially dry samples have a structure consisting of aggregations of clay
particles giving rise to intra- and inter-aggregate void spaces, whereas wet samples have

a more uniform fabric with void spaces all of comparable size

3 The swelling behaviour of dry bentonite-sand mixtures can be characterised by a
threshold stress that is a function of the clay content Below the threshold stress, the
clay in the mixtures is able to swell against the surcharge and separate the sand particles
to reach the same clay void ratio, for a given surcharge, as 100% bentonite When the
confining stress exceeds the threshold value, the clay void ratio upon fdling the pores is
greater than that of 100% bentonite at equilibrium with the confining stress and the sand
particles remain either partially or fully in contact In this state, the effective stress in the
clay is lower than the applied stress and therefore the remainder of the effective stress is
supported by the sand particles A modified principle of effective stress is proposed,
which, combined with the bentonite swelling line can be exploited to determine the
magnitude of the effective stresses in each soil phase of the mixture.

4 Compacted mixtures swell in the same general manner as dry mixtures provided the
initial clay moisture content is less than the swelling equilibrium value at the same clay
effective stress For a given moisture content, the clay becomes increasingly wet with
increasing sand content, and swelling is less than the corresponding dry mixture at
applied stresses greater than the threshold value This is attributed to the effects of clay
water on remoulding during compaction enabling the sand to be compacted to a lower

void ratio than the corresponding dry mixture

5 Darcy's law is valid for the range of applied hydraulic gradients used in the test
programme |he relationship between hydraulic conductivity and void ratio for
Wyoming bentonite and 20% and 10% bentonite sand mixtures can be represented by a
power law 5% mixtures show a different trend to other mixtures which is attributed to
non homogeneity For a particular clay void ratio, the hydraulic conductivity decreases
with increasing sand content This is due to the sand porosity and tortuosity which
decrease the available area for flow and increase the length of the flow path respectively.
Once the properties of the bentonite are known, the hydraulic conductivity of bentonite-
sand mixtures can be predicted from the bentonite content, sand porosity and tortuosity,

and vertical effective stress

6 Swelling of triaxial samples of bentonite-sand mixtures can be characterised in a
similar manner to the one-dimensional swelling by relating the clay void ratio to the
logarithm of the mean effective stress An isotropic bentonite swelling line, which is
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parallel to the one-dimensional line is proposed The two soil phases of mixtures whose
final clay void ratios lie above the isotropic swelling line share the effective stress
depending on the bentonite content and/or mean effective stress. This gives an indication

of how the material will behave during shear

7 Peak strengths and stress-strain behaviour of bentonite-sand mixtures tend towards
those of bentonite alone with increasing clay content and/or decreasing mean effective
stress, i.e., as the clay void ratio at swelling equilibrium approaches the bentonite
isotropic swelling line A stress-dilatancy analysis of laboratory data shows that the
shear behaviour is characterised by the sand relative density. For mixtures with sand
relative densities greater than O 17, the stress-strain behaviour is similar to that typical of
sands at densities greater than the critical state Dilation of samples occurs as the mix
shears to reach constant volume conditions The peak strength increases with increasing
sand relative density The analysis suggests that behaviour typical of sands looser than
critical occurs for sand relative densities between zero and 0.17. At sand relative
densities less than zero the shear behaviour is more characteristic of clay. However, this
depends on the sand relative density and the magnitude of the strain applied to the
sample It is proposed that the peak strength of mixtures is intermediate between that of
sand and clay when the sand relative density is above a threshold value (dependent on
volumetric strain) Below the threshold value, strength and stress-strain behaviour is
characteristic of bentonite alone Once the stress-strain behaviour of the bentonite and
sand alone are known, the peak strength of bentonite-sand mixtures can be predicted

from the sand relative density obtained from the swelling behaviour

X The stiffness of bentonite-sand mixtures decreases with increasing bentonite content
and/or decreasing mean effective normal stress, indicating a smaller interaction between

sand particles The stiffness of mixtures is consistent with the stress-strain behaviour

9 A low bentonite content can lead to an uneven bentonite distribution within the
mixture as a result of mixing and/or compaction This can result in a higher hydraulic
conductivity than would be estimated for a uniform mixture due to areas of relatively
large flow where the bentonite content is very low The largest amount of variation in
swelling and hydraulic conductivity data was found for 5% bentonite-sand mixtures.
Conversely, when the bentonite content is relatively high (but not so high as to
completely prevent interaction between sand particles), an uneven distribution within the
mix may result in an overestimation or underestimation of the strength, depending on the
distribution of the bentonite across the shear plane The largest variation in strength data

was found for 20% bentonite-sand mixtures
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8.3 Practical recommendations

8.3.1 Production of homogeneous mixes

At very low bentonite contents it may be practically impossible to produce a
homogeneous mixture Based on the results of this study, a minimum bentonite content
ofapproximately 10% is recommended to account for variations in clay content within
the sand pores (highly aggressive pore fluids may require larger bentonite contents).
However, this value may vary depending on the grading of the sand. Thorough mixing in
a Hobart mechanical mixer with both soil phases initially dry, followed by further mixing
after the required compaction moisture has been added, appears to achieve a reasonably
homogeneous mixture It will be necessary to achieve a similar level of mixing in the

field if low bentonite contents are to be used.

8.3.2 Hydraulic conductivity testing

If the hydraulic conductivity of clay-sand mixtures, whose engineering properties are
expected to be controlled by the clay fraction, are to be determined in the laboratory,
then a consolidation increment in an oedometer has been shown to be sufficient. The
hydraulic conductivity can be calculated using Terzaghi's consolidation theory using the
laboratory log time-settlement or square root time-settlement curves, provided the
analysis is conducted using data from the laboratory curve at 50% primary consolidation.
If however, the content of coarse grained particles or applied stress is such that
significant interaction between these particles occurs, then a more sophisticated
apparatus such as a Rowe or triaxial cell should be used For low hydraulic conductivity
materials, a small sample thickness and back pressure are recommended to reduce

saturation and testing times

For bentonite-soil liner materials, it is economically preferable to use a relatively small
bentonite content Also, the swelling of pure bentonite may be less in contaminated pore
fluids than in distilled water This may exclude indirect measurement of hydraulic
conductivity when the bentonite swelling is not sufficient to separate the sand particles in
these situations For such conditions, determining realistic hydraulic conductivity values

may only be possible by the use of other apparatus

8.3.3 Shear testing
Black and Lee (1973) suggest that samples with initial degrees of saturation greater than

75% can be brought to 99% saturation in less than 1 week provided an elevated back
pressure is applied to the sample However, achieving complete saturation may require
up to 200 days Accepting 99% saturation is reasonable for drained testing because
small amounts of air, if present, are likely to remain within the sample due to the



confinement imposed by the soil particles. Since excess pore water pressures will be
negligible, the analysis can be conducted in effective stress terms with reasonable
confidence. In contrast, accepting 99% saturation for undrained testing may lead to a
large discrepancy between the actual and measured pore water pressure response,
especially for stiff samples. Therefore, to minimise the effects of incomplete saturation,
any laboratory shear testing programme to determine the strength would be best

conducted under drained conditions.

If multiple samples are required for an extensive laboratory test programme then a
saturation cell, as used in this study, is recommended to reduce the time required for
equilibration of samples and to ensure high degrees of saturation prior to testing. A large
triaxial cell can be modified to enable simultaneous saturation of 4 samples This could
be further increased if necessary. Tests times can be decreased further by the use of filter
paper drains. However, these may have a significant effect on the measured strength

when the deviator stress required to cause failure is small.

8.3.4 Laboratory effective stress range for design of mixtures
Ifa laboratory test programme is conducted to provide data on hydraulic conductivity or

strength (such as described in chapter 7), then an applied stress range comparable to the
anticipated field values should be used Hydraulic conductivity and strength are
dependent on the swelling ofthe mixture. Therefore, equations derived from laboratory
swelling tests can be used to predict the behaviour with greater accuracy if determined
over the field stress range, thus making the model more effective for design purposes

8.4 Recommendations for further research
A coherent framework for the interpretation ofthe geotechnical properties of bentonite-

sand mixtures has been presented. However, it is unknown if similar types of data
analysis are possible, or similar behaviour occurs, when a relatively inactive clay (such as
kaolinite) is mixed with sand, or when permeants other than distilled water are used as
the sample pore fluid Further, the properties of clay-sand mixtures that begin in an
initially fully saturated state (i.e., reconstituted from a slurry), and are consolidated to a
particular effective stress, or unloaded to an overconsolidated state, are likely to differ

from that of initially dry samples.

For relatively inactive clays (i.e., clays which swell only slightly), it is likely that the
properties will be more characteristic of sand at the clay contents used for this study
However, evidence suggests that behavioural thresholds do exist when the clay content is

such that sand particle interaction ceases (e.g., Lupini et al. (1981) on changes in residual
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shearing mechanism with clay content (see 2.5.5)). Therefore, similar idealised swelling
behaviour, differences in hydraulic conductivity and strength may be valid, but
significantly greater ranges of clay content may be required to distinguish easily between
different mixtures. It is also of fundamental importance to the study of geotechnics to
understand the behaviour of such materials with various pore fluids and under different
states of stress and stress history. Further, quantifying the behaviour of different clay-
sand mixtures may be of use in predicting the performance of existing landfill liners

containing clays other than bentonite.
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APPENDIX 1

Pressure limitations of the Bishop-Wesley stress path triaxial cell

The stress which can be applied to the sample in a Bishop-Wesley triaxial cell is limited
by the maximum available airline pressure (approximately 600kPa), because the pressure
forcing the ram upwards is opposed by the cell pressure. In the bearing housing of the
apparatus the effective area ofthe Bellofram's seals is 2940mm- Ifthe area ofa
standard triaxial sample is assumed to be approximately 1134mm-, then the excess
pressure available to fail the sample is (2940/1134) ~ 2.6 times the difference between
the airline pressure and the total cell pressure. Therefore, the stress range is further
restricted with back pressure application, as the back pressure value must be added the

required effective stress to give the applied cell pressure.

If the deviator stress required to fail the sample is larger than the excess pressure in the
line then the back pressure must be reduced. This is more significant at large effective
cell pressures. For example, at an effective cell pressure of 200kPa and a standard back
pressure of 300kPa the applied stress acting on the loading ram is 500kPa Therefore,
the maximum deviator stress which can be applied is 2.6 x (600 - 500) = 260kPa  This
will enable failure of a sample with a peak angle of shearing resistance <23 .2° At
IOOKPa back pressure a sample with a strength <41.3° can be brought to failure 5%
bentonite-sand mixtures only were tested in this cell and the smallest measured strength
was 44.2°. As a consequence, back pressures of OkPa and 200kPa were applied at
effective cell pressures of 200kPa and 100kPa respectively. For all other samples, a

standard back pressure of 300kPa (e.g. Dunn, 1985) was used.
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APPENDIX 2

Calculation of required compaction for Rowe cell samples

A2.1 Scope
250mm Rowe cell hydraulic conductivity tests were conducted on mixtures compacted

into the cell using the modified Proctor method (or BS 'heavy' compaction). Therefore,
samples were compacted to a specified density which was commensurate with that
determined from the compaction tests into a Proctor mould. This is straightforward
because a known mass has to fill a specified volume which is calculated from the required
sample height (between 20-30mm), and the number a blows to be applied depends on
this volume. A calculation relating to the 250mm cell is given below. The pattern of
blows was the same as that suggested by Head (1980), compacting first the edge, then

the middle, then giving systematic overall coverage.

A2.2 Calculation of required number of blows

Assuming a cell 0f252.3mm diameter, the area is 50000mm-. The height to give a
volume of 1 litre (I0*mm-*), i.e. the volume ofa Proctor compaction mould, is 20mm
For 'heavy' compaction the number of blows is 25 x 5 = 135 using the 4.5kg rammer If
the compacted height of the sample in the cell is h mm, the volume of soil is h/20 litres,
and the total number of blows required are (h/20) x 135 = 6.75h. Because the height to
diameter ratio of a Rowe cell sample is less than that of the Proctor mould, Head (1986)
suggests that the soil is compacted in 3 layers for a final sample height of 90mm In the
test programme, specimen thicknesses were in the range 20-30mm and were therefore

compacted in 1layer only.
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APPENDIX 3

Pore pressure measurement and saturation of samples

Skempton (1954) has shown theoretically that at constant water content, the change in

pore pressure, Au, due to a change in total stress, Aa, is given by

13 1+n_/\
Cs

where B is a pore pressure coefficient, n is the porosity, Cw is the compressibility of the
pore fluid, and Cs the compressibility ofthe soil skeleton Equation A3 lassumes the

individual soil particles to be incompressible.

In completely saturated soils the compressibility of the pore fluid is about 5.6 x 10-4
m2/MN (Wissa, 1969). Therefore, according to Skempton, Cw/Cs is approximately
equal to zero, since the compressibility of water is negligible compared to that of the soil
structure, and B = 1, when the degree ofsaturation = 1. However, as the compressibility
of the soil decreases, the theoretical B values become less than 1. Wissa (1969) gives B-
values for different soil stiffnesses calculated using equation A3.1. At soil stiffnesses of
Im~/MN and the 10"*m~/MN the theoretical B-values are 0.9997 and 0.6452

respectively.

In addition to the soil stiffness, the degree of saturation, Sr, has a significant effect on the
measured B-value. The computed variation in B-value with an increasing degree of
saturation for four classes of soil are shown in figure A3.1 (after Black and Lee, 1973).
Reference to these curves provides a basis for evaluating the significance of measured
values of B or Sr, or both, less than 1. IfB = 0.95 was accepted as indicating full
saturation, reference to figure A3.1 indicates that this criteria might be satisfactory for
stiff soils because Sris indicated to be at least 99.9%. However, for soft soils, Sr may
only be about 96%. Black and Lee (1973) suggest that it may be satisfactory to test soils
at Sr=99.5% or 99.0% and treat them as fully saturated. Table A3 1gives B-values for
the four classes of soil in figure A3.1 at complete and nearly complete saturation From
these results it was concluded that for soft and medium stiff soils it may be acceptable to
use Sr values 0f 99.5% or 99.0%, however, for stiff or very stiff soils, 100% saturation is
probably required to assure adequate pore pressure response. The required times to
reach full saturation are indicated in figure A3.2 (after Black and Lee, 1973)
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Class of soil Saturation  Saturation  Saturation
=100% =99.5% = 99.0%
Soft (N.C. clays) 0.9998 0.992 0.986
Medium (compacted clays) 0.9988 0.963 0.930
Stiff (stiff clays - sands) 0.9877 0.69 0.51
Very Stiff (very high 0.9130 0.20 0.10

consolidation pressures)
Note: N.C. = normally consolidated
Table A3.1. B-values of different types of soil at complete and nearly complete

saturation (after Black and Lee, 1973).
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Figure A3.1: Range of B-values for different degrees of saturation (after Black and Lee,
1973).

Figure A3.2: Time to reach an equilibrium saturation using back pressure (after Black
and Lee, 1973).
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APPENDIX 4

Calculated pore pressure dissipations for triaxial samples

Based on the idealised one-dimensional swelling behaviour and hydraulic conductivity of
bentonite-sand mixtures, the average degree of consolidation at failure of samples tested
in triaxial compression under drained conditions was calculated using the equations given

in 4.5.41 The calculated values are given in table A4.1

Initial and final clay void ratios corresponding to £10% ofthe surcharge values quoted in
the table (the applied stress range used for triaxial samples) were determined using
equation 5.9 for effective stresses below the threshold values and equations 5.14-5.16
for effective stresses above the threshold values. This enabled calculation of the
coefficient of volume compressibility, mv. Hydraulic conductivity was calculated using
equations 5.27 and 5.28 for 20% and 10% mixtures, and a value of 10" *0 m/s was
assumed for all 5% mixes2 The calculated required time to failure, actual time to failure

and degree ofconsolidation at failure Ufare given in table A4.1

Similar calculations using the overall void ratio instead of the clay void ratio yield higher
values of Uf. Therefore, the values quoted are expected to be the worst case.

"The analysis was conducted using one-dimensional relationships due to the substantially larger amount

of data and better characterisation of the behaviour.
2Because a clay void ratio - hydraulic conductivity relationship was not established for 5% bcntonitc-

sand mixtures it was considered satisfactory to use the lowest measured value to give a conservative
estimate of the pore pressure dissipation.
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APPENDIX 5

Line fitting procedure for idealised swelling of bentonite-sand mixtures

A.l Calculation of gradient
Logarithmic regression analysis of data for mixtures whose clay void ratios lay above the

bentonite swelling line, gave the following equations:

20%: ec=5.54 - 1.08 log ct'v A5.1
10%: ec = 8.43 - 1.15 log ct'v A5.2
A5.3

5%. ec= 14.98 - 1.63 log ct'v

The number of data points used in the analysis are, 5, 12 and 13 for 20, 10 and 5%
bentonite-sand mixtures respectively. A weighted average of the three gradients was
calculated by multiplying the gradient of each swelling line by the corresponding number
of data points and dividing by the total number as follows:

[(6x 1.08)+ (12 x 1.15)+ (13 x 1.63)]/30 = 1.34

and this was taken as the gradient of each swelling line.

A.2 Calculation of constant at IkPa vertical effective stress
An example of the constant fitting procedure for 5% bentonite-sand mixtures is given

below. The same procedure was used for 10 and 20% mixtures.

The vertical effective stress range over which the tests were performed was 1.25 -
453kPa. The best fit equation to the data from logarithmic regression analysis (equation
Ab.3) was used to calculate the clay void ratio at the middle of this stress range on a
logarithmic scale (as shown in figure A5.1), i.e., at a vertical effective stress of 10[0°8
1.25 + log 453)/2] = 23 .8kPa, giving a value of 12.75. This value was re substituted into
the equation using the corrected gradient of 1.34 to determine the constant at a vertical
effective stress of IkPa as follows:

12.75 = C - 1.34 log 23.8
giving a value of 14.60.



1.25kPa 23.8kPa 453kPa
cr'v (log scale)

Note: figure is not to scale.

Figure A5.1: Constant fitting procedure for 5% bentonite-sand mixtures
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APPENDIX 6
Design examples for hydraulic conductivity and strength criteria

A6.1 Scope

The required clay content or vertical effective stress is calculated for hydraulic
conductivity and strength criteria by considering the materials used in this study For
ease of calculation, the predictive equations determined in this study will also be used In
the design examples presented, it will be assumed that the swelling, hydraulic
conductivity and strength have been characterised in the laboratory as described in 7.2.1

and 7.3.1.

A6.2 Design example for a hydraulic conductivity criteria

Assuming that a hydraulic conductivity specification of 10"! 'm/s is required, and the
combined sand porosity-tortuosity factor was found to be approximately 0.05 from
oedometer swelling tests for an appropriate mixture and surcharge, then the required clay
content or vertical effective stress can be determined as follows: The required bentonite

hydraulic conductivity is determined using equation 6.6, i.e.,

which gives kciay = 2 x 10'10 m/s.

The maximum permissible clay void ratio is determined from equation 5 26, i.e.,
k= 10-11.07 Ccl.77

Therefore, ec = 5.95

The mixture swelling behaviour determined in the laboratory will then indicate the
required clay content for a particular vertical effective stress, or, the vertical effective

stress required for a specified clay content.

A6.3 Design example for a strength criteria

A6.3.1 Mixture with strength of clay only

Suppose that the estimated field strain (volumetric) is 10%, and laboratory testing
indicated that a sand relative density of -1 gives a strength corresponding to the
mineralogy ofthe clay phase only. The sand void ratio, es, corresponding to this relative

density can be calculated using the relationship
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where emax and emjn are the maximum and minimum sand void ratios respectively This
gives es = 1.51. Since ev = Aes/(1 + eso) = 0.1 then the required initial sand void ratio

es0= 1.783.

Suppose that the field stress is 50kPa then equation 5.35 (isotropic swelling line) can be
used to determine the required clay void ratio because no sand particles are in contact,
i.e.,

ec = 10.55 -4.57 log p'

which gives ec = 2.79.

Now ec = e/x (equation 5.3) and es = [(e + x)/(I - x)] (equation 5.4), therefore
n A6 1
es+ec+l

Therefore, the required clay content is 32% by dry volume

A6.3.2 Mixture with strength of sand
Suppose that a maximum angle of shearing resistance of 40° is desired Then the sand

relative density is calculated using equation 6.7, i.e.,
mex ~ ¢&v= 20.601d - 3.40
which gives Ig = 0.63. The corresponding sand void ratio is 0.65.

The sand void ratio is related to the clay void ratio and the clay content by equation
AG6.1. Therefore, the mixture swelling behaviour determined in the laboratory will enable
selection of a clay content (for a particular effective stress), or an effective stress (for a

specified clay content), for the required strength.
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PREDICTING THE PROPERTIES OF BENTONITE-SAND
MIXTURES

L.H. MOLLINS, D.I.

STEWART,

and T.W. COUSENS

Department o f Civil Engineering, University of Leeds, Leeds, LS2 9JT, UK

(Received 5 June 1995; revised 2 October 1995)

ABSTRACT: One-dimensional

swelling tests and hydraulic conductivity tests have been

performed at vertical effective stresses up to 450 kPa on Na-bentonite powder and compacted
sand/Na-bentonite mixtures (5, 10 and 20% bentonite by weight) to investigate the use of bentonite-
improved soils for waste containment. It was found that bentonite powder swells to reach a final slate
described by a single straight line on a plot of void ratio against the logarithm of vertical effective
stress, regardless of preparation technique. Swelling of sand/bentonite mixtures expressed in terms of
the clay void ratio show a deviation from bentonite behaviour above a stress which depends on the
bentonite content. Hydraulic conductivity data for bentonite and sandAentonite mixtures indicate an
approximately linear relationship between logarithm of hydraulic conductivity and logarithm of void
ratio. A design model based on the clay void ratio, and the sand porosity and tortuosity is presented
enabling the hydraulic conductivity ot a mixture to be estimated.

must be designed to prevent
lluids in the waste migrating from the site.
Currently, engineered liner systems are usually a
composite of a compacted clay soil and a synthetic
(usually high density polyethylene, HDPE)

A modern landfill

membrane, together with various drainage and
fluid collection layers. The HDPE liner alone is
sufficiently impermeable to prevent groundwater

contamination by leachate from the waste but such
liners arc susceptible to puncturing, and an
additional low permeability clay liner is essential
to ensure containment.

The engineering specifications for a compacted
clay liner usually consist of a hydraulic conduc-
tivity of <1 x 10~9 m/s, and the need for stability

during construction and operation of the landfill.
Material selection is wusually based on local
availability, and many different soil types (both
natural soils and processed clay minerals) have

been used as liners. However, leakage can result
from shrinkage cracking if the clay content of the
soil is loo high. One material lhal can meet the
hydraulic conductivity criteria without suffering
Irom shrinkage cracking is a sand/bentonite
mixture. The sand component decreases the
shrinkage on drying (Dixon et al., 1985) and
below a limiting clay conlcnt the sand particles
are in contact, providing mechanical stability and
preventing shrinkage. When wet, the clay fills the

sand voids producing a very low hydraulic
conductivity for the mixture.

Bentonite is a particularly effective clay for
producing low permeability barriers because it has a
high swelling capacity, which reduces the amount
required. Depending on the type of bentonite, it can
have a free swell (the volume increase when
unconfined bentonite powder is inundated, divided
by the volume of the original dry loose powder)
between 200 and 1200% (Cowland & Leung, 1991;
Wu & Khera, 1990). Processed (ground and dried)
bentonite is normally used as the hydraulic
conductivity of wunprocessed bentonite can be
higher (Oscarson et al., 1990).

To minimize cost, and to avoid shrinkage
cracking, it is important that the amount of clay
added to a mixture is kept close to the minimum
required to meet the hydraulic conductivity
specification. Permeameter tests using distilled
water indicate that mixtures containing more than
~5% bentonite by dry weight achieve the required
value, although the hydraulic conductivity may be
much higher when a landfill leachate is used as the
permeant (Althcr el al., 1985; Hocks el al., 1987;
Wu & Khera, 1990). In addition there is uncertainty
about how hydraulic conductivity varies with
bentonite content; Cowland & Leung (1991) found
no noticeable relationship, Garlanger el al. (1987)
found that hydraulic conductivity decreases with

© 1996 The Mincralogical Sociely
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increasing bentonite, whereas Dixon & Gray (1985)
found that adding (up to 50%) sand to bentonite
decreases the hydraulic conductivity of the
compacted material.

T his paper discusses the swelling behaviour and
hydraulic conductivity of Na-bentonite powder and
sand/bentonite mixes. All samples were prepared in
a relatively dry state and then saturated with
distilled water for testing, as this is representative
of the field conditions where mixing and compac-
tion are conducted at a relatively low moisture
content controlled by the need for optimum
compaction (Cowland & Leung, 1991). Mixtures
of 5, 10 and 20% bentonite by dry weight were
tested. It will be shown that the hydraulic
conductivity of a sand/bentonite mixture can be
predicted from the bentonite content, its properties
and the externally applied stress.

MATERIALS

The materials used in the study were Conquest

grade Wyoming bentonite supplied by Colin
Stewart MinChem, and Knapton Quarry sand.
Conquest grade Wyoming bentonite originates

from Newcastle, Wyoming, and is ground, dried
and air classified during processing. X-ray diffrac-

M
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tion spectra (Fig. 1) indicate that it is predominantly
a montmorillonite with some quartz and trace
cristobalite and chemical analysis (Table )
confirms that it is predominantly a Na-montinor-
illonite. Knapton Quarry sand is a slightly silly fine
angular quartz sand (containing some iron oxides
and silicate minerals). Other properties of these
materials are given in Table 2.

TEST PROCEDURE

Swelling tests

A swelling lest was developed to investigate the
behaviour of bentonite powder and three sand/
bentonite mixtures (5, 10 and 20% bentonite by dry
weight). Dry samples were placed in a consolid-
ometer ring, subjected to a vertical stress, and
distilled water allowed to be drawn into the cell
from a reservoir while the sample height was
monitored until swelling ceased. Comparative tests
showed that the final void ratio is independent of
initial compaction. Tests were performed at various
vertical effective stresses, ranging from | to 450
kPa. Standard consolidation tests on bentonite
slurry (prepared at the liquid limit) were conducted
for comparison.

Fig. 1 X-ray diffraction spectra for Conquest Wyoming bentonite; Cu Ka radiation.
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Taule 1. Chcmical composition (W%>) of Conquest
Wyoming bentonite determined by X-ray fluorescence

spectroscopy.
Sio, 62.91
Ti02 0.15
alo3 20.63
Fc203 3.75
MgO 2.45
CaO 1.16
NazO 2.29
k 20 0.57
LOI* 5.83
Total 99.74

*Loss on ignition (1000°C for Ih).
Note: Sample dried at 105°C prior to testing

Hydraulic conductivity tests

Three methods were used to determine the
hydraulic conductivity of the bentonite and sand/
bentonite mixes. These were Rowe cell constant
head tests, standard compaction permeameter
falling head tests, and an indirect method where
the hydraulic conductivity was calculated from
consolidation data (Terzaghi, 1943), using the
logarithmic method (Casagrande & Fadum, 1940).
in all tests, hydraulic flow was orthogonal to the
bedding direction during sample preparation, and
distilled water was used as the permeant.

Bentonite specimens were tamped into the Rowe
cell as dry powder, whereas mixtures (with one
exception) were compacted into the cell at optimum
(~12% moisture for all the
mixture was prepared in the

content
One

moisture
mixtures).

manner of the powders to investigate the influence
of the sample preparation technique. All samples
were confined by a vertical stress, vacuum dc-aired,
and allowed access to water. A back pressure of
tests to

300 kPa was used in all the Rowe cell

improve saturation. Hydraulic conductivity was
calculated from inflow and outflow measurments
under constant head conditions once equilibrium

was reached.

Several workers have observed non-Darcian flow
of water through soils (Englehardl & Tunn, 1955,
Schwarzendruber, 1962; Irmay, 1965), and high
hydraulic gradients can cause particle migration
and irreversible decreases in hydraulic conductivity
(Dunn, 1985). Therefore the first Rowe cell test
investigated the effect of hydraulic gradient on the
hydraulic conductivity. Darcy’s law was found to be
valid for hydraulic gradients between 14 and 340,
the range used in this experimental programme

Rowe cell constant head tests can take a long
lime to perform and require relatively specialized
equipment. Therefore two alternative methods for
measuring hydraulic conductivity, falling head
compaction permeameter tests and an indirect
method based upon consolidation rate on loading,
were evaluated by comparison with the Rowe cell
data. Both methods use equipment found in most
soil mechanics laboratories. It was found that
falling head compaction permeameter was suitable
for measuring the hydraulic conductivity of the
sand/5% bentonite mixture (higher clay contents
caused significant swelling that masked the flow
data), whereas the method based on consolidation
rate required significant, time dependent volume
change and was therefore appropriate for specimens
with higher clay content.

Table 2. Properties of Wyoming bentonite and Knapton Quarry sand(l>

Wyoming bentonite

Liquid limit = 407%

Plastic limit = 48%
Specific gravityl3 = 2.76
Moisture content'4* —13.5%
(as supplied) (as supplied)

Knaplon Quan-y sand

Percentage fines = 7%

Effective size (D|0)(2>= 0.07 mm
Specific gravity = 2.67

Moisture content ~4.5%

(I) All tests performed in accordance with B.S. 1377: 1975 Methods of lest

for soil for civil engineering purposes.

<> 10% of the soil panicles are finer than this effective diameter
(3) Determined by the small pykndmeter method on clay oven dried al 105°C

<> Measured by oven drying at 105°C
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vertical effective
Fig. 2. Swelling of bentonite
RESULTS
Swelling: 100% bentonite

Figure 2 shows a linear relationship between the
final void ratio of the clay, ec, and the logarithm of
vertical effective stress, ctv'. The reported void
ratios are the average of the value calculated from
initial sample parameters (allowing for change in
sample height), and the value calculated from post-
lest parameters. The difference between the two
values was, on average, 1.2%, in all eases <3.5%,
and consistent with a small amount of fluid being
drawn into the specimens upon unloading after
testing. Data for compaction by tamping, vibration
and static loading were indistinguishable, indicating
that the final void ratio is insensitive to sample
preparation.

When the data from the consolidation tests on
bentonite prepared as a slurry were plotted on axes
of void ratio against the logarithm of vertical
effective stress, the slope of the initial loading line

L. Il. Mullins cl al.

stress, ov* (kPa)

powder with distilled water.

(the compression index, Cc). and an unloading line
(the rebound index, Cr) were 6.92 and 2 82,
respectively. It is apparent from (he difference
between Ct and C, and the gradient of the line in
Fig. 2 that the final fabric of bentonite powder that
has swollen from a dry stale differs Irom that of
normally consolidated and overconsolidated
samples.

Swelling: sand/bentonite mixtures

The mixtures reported in this paper will be
conceptualized as a two-phase sand-bcntonile gel
system, and the state of the bentonite will be

described in terms of the clay void ratio, eL:

as shown on the right hand side of Fig. 3 (the
conventional void ratio is shown on the left hand
side of Fig. 3). The traction of the total soil volume
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Fig. 3. Phase diagram for a saturated sand-elay
mixture; W = volume of voids; Kc = volume of clay;
= volume of sand.

20

15

10

vertical

effective
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occupied by the bentonite gel is given by ihe sand
porosity, ns:

H+K
Vt

@)

where Vy = V¥ + Vc + V¥ is lhe total volume.
Figure 4 shows data from the swelling tests on
the sand/bentonite mixtures on a graph of final clay
void ratio against the logarithm of vertical effective
stress. At low effective stress levels the behaviour
of the mixtures was indistinguishable from the clay
alone, and thus it can be inferred that Ihe externally
applied stress is supported by the clay. When the
externally applied stress exceeds a threshold value
there is little variation in the clay void ratio with
increasing effective stress, and it can be inferred
that the difference between the externally applied

stress, av' (kPa)

Fk;. 4. Final clay void ratio of sand/bentonite mixtures alter swelling with distilled water
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10—9 hydraulic conductivity (m/s)
10 ul0
101
1012

1

void

* 100% clay
0 20% city
0 10% clay
a 5% clay

ratio

Fig. 5. Hydraulic conductivity of sand/bcnlonile mixtures

stress and the threshold value is supported largely
by the sand, whose particles must now be in
contact. The threshold value at which this change in
the mixture's behaviour occurs appears to be a
function of the clay content of the inixiure.

Graham et al. (1986) proposed a similar
explanation of the mechanical behaviour of sand/
bentonite mixtures. They assumed that the internal
stress distribution is a combination of inter-particle
forces between sand grains and osmotic pressure
between clay particles. In such a model, the osmotic
pressure between the clay particles decreases as the
clay void ratio increases. Therefore, at low
confining stress, the clay in the mixture is able to
swell against the surcharge and separate the sand
particles to reach the same void ratio, for a given
surcharge, as 100% bentonite powder. Whereas al
high confining stress, the clay void ralio upon
filling the sand pores is greater than the clay void
ratio in equilibrium with surcharge stress, and the
sand panicles remain either partially or fully in
coniact.

Hydraulic conductivity

Terzaghi & Peck (1967) suggest a linear relation-
ship between the logarithm of hydraulic conduc-
tivity and the logarithm of void ralio for a particular
soil type. Similarly, ihe Kozeny-Carmcn equation
(Bear, 1972) indicates lhal ihe relationship lends to
linearity al large void ratios. Figure 5 shows the
hydraulic conductivity data (measured by three
different methods) on such a plot. The data for
100, 20 and 10% bentonite mixtures fall on a single
straight line indicating that these mixtures arc
behaving as the same soil type (the pore size term
in lhe Kozeny-Carmen equation is Ihe same).

The data for the hydraulic conductivity of the 5%
bentonite mixtures shown in Fig. 5 do not show the
same trend as the other dala The probable
explanation is lhal lhe very low hcntonitc contcnt
leads to an uneven distribution of bentonite within
ihe sand matrix (either due lo the mixing method or
an effect of compaction), and this resulted in
preferential flow-palhs. Cowland & Leung (1991)
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vertical

Fig. 6.

reported inhomogeneous mixtures at 5% bentonite
content, and recommend a minimum bentonite
content of 7% to avoid inhomogeneity.

DISCUSSION

When designing barriers of sand/bentonite mixtures,
necessary to conduct a laboratory lest
before the final mix is selected.
Therefore, it is necessary to characterize the
swelling behaviour of sand/bentonite mixtures
shown in Fig. 4. For a given mixture, the threshold
stress (the maximum surcharge that can be
supported solely by (he clay) can be calculated
from the 100% bentonite swelling behaviour, the
bentonite content and an estimate of the sand
porosity. The gradients of the right-hand section of
each mixture swelling line are similar (Fig. 4), so it
is reasonable to assume that they are equal. This is
illustrated in Fig. 6, where a weighted average of
the three gradients has been back-fitted to the data.
Thus the swelling behaviour of a particular mixture

it is
programme

effective stress
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(kPa)

Idealized swelling behaviour of sand/bentonite mixtures.

can be estimated from experimental data for another
similar mixture.

The straight-line relationship shown in Fig. 5
cannot be used directly to estimate the hydraulic
conductivity of a mixture under a given surcharge
because the conventional void ratio of a mixture
will depend on its swelling behaviour. Therefore,
the same data have been replotled in Fig. 7 on a
logarithmic plot of the hydraulic conductivity
against the clay void ratio. Now three distinct
trends for 100, 20 and 10% bentonite mixtures arc
apparent (indicated with best-fit straight lines). The
advantage of plotting the data as shown in Fig. 7 is
that the clay void ratio can be determined from the
idealized swelling behaviour for a particular
mixture under a specified surcharge.

Figure 8 is a schematic diagram of a sand-
bentonite mixture, showing bentonite gel occupying
a tortuous pore within a sand matrix. Adopting the
approach taken by Porter et ul. (1960) to define the
effective diffusion coefficient of an ion in saturated
soil from it’s diffusion coefficient in dilute solution,
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clay void ratio

Fio. 7. Hydraulic conductivity of sand-bentonite mixtures (5% data omitted).

Darcy’s How law can be written as:

Q = "rmn A= vor (3)

where Q is the How volume, k is hydraulic

conductivity, A|, is the head difference, AL is the AU?2
macroscopic length over which flow takes place,

ALCis the average length of a flow tube through the

sand, A is the cross-sectional area, Ac is the

effective cross-sectional area available for flow y}t
normal to the How direction. As (ACAL".JAAL) is

equal to /is, and the sand tortuosity, ts, is defined as

(AUALQ-~, the relationship between the mixture and AU2
clay hydraulic conductivity is:

AL
oy A AL “)

Therefore the separation of the lines in Fig. 7

will depend on the sand porosity and tortuosity. Fio. Simplified porous media.
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At a clay void ratio of 5, Fig. 7 indicates that the
combined sand porosity/tortuosity factors for the
20% and 10% bentonite mixtures are 0.06 and 0.02,
respectively. At such a clay void ratio the sand
porosities are 0.6 and 0.4 for the 20% and 10% clay
mixtures, respectively, suggesting tortuosity values
for Ihe sand matrix of 0.10 and 0.05. This range is
very low for a saturated sand (Shackleford &
Daniel, 1991), although the effective particle size
(Dm) of this sand is towards the lower limit of the
sand range.

If a proposed mixture fails to meet a specified
hydraulic conductivity then the mixture modifica-
tion that is required depends on whether the sand
particles are in contact under the applied stress. If
they arc in contact, increasing the clay content will
decrease the hydraulic conductivity. However, when
the clay is supporting the surcharge (i.e. the applied
stress is below the threshold level) the only way to
reduce the hydraulic conductivity of the mixture is
to reduce the sand’s porosity and value of
tortuosity, and therefore the clay content of the
mixture.

APPLICATIONS IN PRACTICE

It is proposed that rational design of a sand/
bentonite mixture (to meet a hydraulic conductivity
criteria at a particular surcharge stress) can be
accomplished by: (1) measuring the swelling
behaviour and hydraulic conductivity of the
selected bentonite subjected to various surcharge
(2) estimating the clay content for a
suitable mixture based on typical sand porosity
and tortuosity values; (3) testing of a mixture
containing the estimated clay content to determine
more appropriate sand porosity and tortuosity
values; and (4) testing of a mixture with a clay
content calculated from the measured sand porosity
and tortuosity.

The bentonite swelling behaviour can be estab-
lished conveniently in an oedomeler cell (without a
loading frame for lower surcharge stresses). At the
end of each swelling test, a small loading increment
can be applied to the bentonite specimens to
determine the relationship between the void ratio
and hydraulic conductivity (using Terzaghi’s
consolidation theory).

For a given mixture, the sand porosity al a
particular surcharge stress can be calculated from
the final volume reached in a ocdoineter swelling
test. Sand tortuosity can then be calculated from the

stresses;
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difference in mixture and bentonite hydraulic
conductivities at the same clay void ralio using
eqn. 4. If clay swelling separates the sand particles,
a consolidation increment in an oedomeler cell is
sufficient to calculate lhe hydraulic conductivity,
otherwise a more sophisticated apparatus (such as
the Rowe cell reported here) must be used.
Economically, il is desirable to minimize ihe clay
content of a sand/bcnlonile mixture. Other factors in
favour of a low clay contcnt arc: (a) a mixture with
ihe sand panicles in contact is unlikely lo exhibit
macroscopic shrinkage cracks on drying; and (b)
the mechanical stability of the mixture is provided
by the sand matrix, and therefore it is desirable Ihal
some stress is carried by the sand after saturation
Factors against a low clay content are: (a) mixture

ductility will decrease as ihe amount of stress
carried by the sand increases; (b) contaminants
from the landfill may permeate the mixture

reducing the potential swelling of the bentonite;
and (c) very low bentonite contents can lead lo
mixture inhomogeneily and a higher than expected
hydraulic conductivity. A design compromise
requires some slress to be carried by the sand
matrix, whilst leaving the clay with reserve swelling
capacity.

The dala were obtained using water as the pore
fluid. Despite this, the proposed design approach
may slill be applicable where the permeant is an
aqueous solution (e.g. rain waler lhal has leached

olhcr substances from the waste), provided that
fluid is used for the testing programme. Swelling
tests similar to those reported here have been

conducted using various aqueous solutions as a pore
fluid (P.G. Studds, pers. comm ). Similar linear
swelling lines were found (on a plot of void ralio
against logarithm of vertical effective slress), whose
gradient and intercept (at | kPa) depended on the
solution composition and concentration.

In the tests reported here, lhe vertical effective
slress range imposed on the specimens was in the
range | to 450 kPa. Such a stress range is sufficient
for studying of the engineering behaviour of landfill
liner materials, but extrapolation of the reported
trends beyond this range may be inappropriate.

CONCLUSIONS

(O] Sodium bentonite powder swells on access
distilled water lo reach a unique void ralio under a
particular confining stress, and this void ralio varies
linearly with the logarithm of vertical effective

lo
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stress. The gradient of this linear relationship is
intermediate between the consolidation and rebound
indices for consolidated bentonite slurry, indicating
a difference in fabric from an initially ‘wet’ clay.

(2) The swelling behaviour of the mixtures can
be characterized by a threshold stress that is a
function of clay content. Below the threshold stress
the clay in the mixture is able to swell against the
surcharge and separate the sand particles to reach
the same clay void ratio, for a given surcharge, as
100% bentonite powder. When the confining stress
exceeds the threshold value, the clay void ratio
upon filling the sand pores is greater than that in
equilibrium with surcharge stress and the sand
particles remain either partially or fully in contact.

(3) The relationship between hydraulic conduc-
tivity and void ratio for Wyoming Bentonite can be
represented by a power law.

(4) Once the properties of a particular bentonite
the hydraulic conductivity of sand/
predicted from the
tortuosity,

are known,
bentonite mixtures can be
bentonite content, sand porosity and
and the vertical effective stress.

(5) A very low bentonite content can lead to an
uneven bentonite distribution within the mixture,

and this can result in a higher hydraulic
conductivity than would be estimated lor a
uniform mixture.
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