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SUMMARY

In recent times, environmental issues concerning mineral extraction and disposal of
waste material have arisen world-wide. Thus the advantages of employing soil
stabilisation as opposed to granular material in highway construction and
foundations (i.e. cost effectiveness, material savings, and waste disposal
management) have become more apparent. In soil lime-stabilisation, however, there
has been increased concern over the enormous heaving that can occur when sulphate
bearing soils are encountered and, to a lesser degree, the relatively slow strength
development which is produced.

Thus, the major objective of this work has been first to establish the fundamental
material property changes which occur when clay soils are stabilised with lime in the
presence of the most commonly encountered sulphates in the soil (i.e. sulphates of
calcium (gypsum), magnesium, sodium and potassium), and then in addition,
establish whether inclusion of ground granulated blastfurnace slag (GGBS), which is
used with Portland Cement (PC) and PC-blends to combat sulphate attack in
concrete, would impart similar sulphate resistance when included with lime in the
stabilisation of clay soils.

In order to achieve these objectives, carefully controlled laboratory investigations
have been carried out on compacted cylinders of lime-stabilised industrial kaolinite
of high purity (84% kaolinite) containing various levels of the four sulphates. The
cylinders were all moist cured at 30°C and 100% relative humidity for periods of up
to 20 weeks and their strength gain monitored. In addition, expansion of the
cylinders has been monitored both during moist curing and during soaking. For one
of the sulphates (gypsum), cylinders have been produced in which the lime was
systematically replaced with GGBS and the effect of this replacement on both
strength and swelling has been established. In order also to establish the effectiveness
of the findings to real soils, a natural sulphate bearing clay soil, Kimmeridge Clay,
was included in the investigations.

The investigations have confirmed the detrimental swelling and beneficial strength
effects of gypsum addition, and also established the adverse effects, in terms of
strength development and swelling, of the presence of the sulphates of magnesium,
sodium and potassium. More importantly, enhancement of strength development
and dimensional stability has been achieved by incorporating GGBS in clay-lime
mixes, especially in the presence of gypsum. For example, the 7-day unconfined
compressive strength (UCS) of kaolinite-6wt.% lime-gypsum mixes was increased by
as much as 1.5-3 times (50-200% increase) depending on the gypsum content, by the
substitution of approximately 80% of the lime with slag. Meanwhile, the linear
expansion during soaking of the most expansive 7 day moist cured cylinders (27%)
was reduced to less than 5% by a similar lime substitution. Similar, but slightly
lower strength and swelling improvements were achieved with Kimmeridge Clay -
6wt.% lime mixes (i.e. 1.5-2.5 times (50-100% increase)) by the substitution of

between 40% and 80% of the lime with slag, confirming the successful application of
the findings to lime-stabilisation of natural sulphate bearing clay soils. In both cases,
the improvement is even more significant at 28 days and at higher total stabiliser
(lime + slag) contents. The findings have produced considerable industrial interest
and there are on-going pilot trials currently taking place.

Recommendations for further investigations include the establishment of long term
trends, so as to eliminate any possibility of potential long-term adverse effects,
particularly when the apparently beneficial GGBS is present.
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Chapter | - Introduction

being supplied in a range of grades to meet individual project requirements and for
varying candidate material suitability. As such, it contributes cost savings of up to 50% in
areas of highway construction and similar applications by stabilising otherwise unsuitable
or marginal soils, thereby reducing the use of imported fill materials. Stone importation,
for unbound capping layers for example, can be cut by as much as 100% where lime
stabilised material can be wholly adopted. Other parallel economies are made by avoiding
the need to excavate, remove and dispose of large volumes of previously unsuitable
material and by allowing work to proceed in wet conditions by rapidly drying out
waterlogged sites. This helps in avoiding penalty payments due to completion delays and
idle hired plant and labour. Thus, lime stabilisation has been adopted in many applications
such as :-

- stabilisation of sub-bases and subgrades in pavement construction,

- drying out of wet soils for construction as well as agricultural purposes,

- stabilisation of embankments and canal linings,

- improvement of foundation soils beneath strip or raft foundations; lime piles (or

pile columns), and

- reduction of frost heave.

In tropical countries especially, lime stabilisation has been found to be more economical
than cement stabilisation due to the abundance of gravels with high clay contents, ambient
temperatures and the relatively relaxed application procedures. High clay contents (at least
10 % below 2um ) and adequate temperatures (at least 15°C) are prerequisites to good
strength development (Bell, 1988). In these tropical regions, slaked lime (Ca(OH),) has
been preferred to quicklime (Ca0O). The latter is preferred in the temperate climates such

as in Britain where wet soils and low temperatures predominate. Quicklime, on addition of
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Chapter 1 - Introduction

water, undergoes an exothermic slaking to slaked lime. The heat generated is beneficial to
the initial chemical reactions and assists the drying process of the soil. The total moisture
loss can in practice be as high as twice the percentage addition of quicklime which is
typically in a proportion of 1-4% of the dry mass of the soil. The heat generated also raises
the reaction temperatures to levels adequate, or at least marginally adequate, for strength

development under winter conditions.

Unlike in concrete research, the use of additional pozzolanic or latently hydraulic
materials (besides lime and/or cement) in soil stabilisation has not been fully investigated.
However, recent research by Wild ef al,, (1996) using hydrated lime with additions of
ground granulated blastfurnace slag (GGBS) appears promising. Soil stabilisation using

these additional pozzolanic materials is unlikely to be as successful when they are used
on their own, as a highly alkaline environment is required for them to react. Therefore,
their use will likely be as additives and/or partial substitutes to either cement and/or lime

or other alkaline compounds.

Certain soils have so far been regarded as unsuitable for construction either on their own
and/or stabilised with lime, because various problems have been encountered. It has been
established that soils that;

- lack in fines (at least 10 % finer than 2pum),

- have excess organic matter (more than 2 wt.%), or

- contain sulphates, especially gypsum (Calcium Sulphate

(CaS0,.2H,0)), pose various problems.

It has been established that when stabilised with lime, soils that are lacking in fines and/or

contain excess organic matter do not develop adequate strength, while those that contain
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excess sulphates and do develop strength have other problems. Sulphate bearing soils are
susceptible to heaving as a result of excessive swelling upon inundation (Sherwood, 1962;
Mitchell, 1986; Snedker and Temporal, 1990; Abdi, 1992). Sulphate-bearing soils may
also disintegrate due to dissolution of unreacted salt leading to salt migration (Sherwood,

1992).

One of the issues that researchers have not yet settled has been the establishment of the
maximum acceptable level of sulphate for allowable heave. Also, although water has been
identified as an essential ingredient for heave to occur, research has identified other
variables such as temperature, curing time and type of sulphate (Mitchell, 1986; Abdi,
1992) as further critical factors. These sulphates include sulphates of magnesium, sodium
and potassium (Sherwood, 1962; Obika and Freer Hewish, 1990; Fanning et al., 1993).
The fact that these sulphates are present in the soil, at least in identifiable quantities, [and
exacerbated by the fact that all these sulphates are far more soluble than gypsum (see
Table 2.1 in Chapter 2) and also that the strength of some of the silicates formed by these
salts are extremely weak e.g. the silicates of magnesium (Grim, 1968)], has raised
questions as to the relative effects of these sulphates in lime stabilised clays. It is the
intention of this research to establish answers to these questions. Thus, the principal

objectives of the research are:-

A. In the absence of ground granulated blastfurnace slag (GGBS),
) establish the relative effects of different metal sulphates on the consistency,
compaction, strength development and swelling behaviour of lime-stabilised

kaolinite,
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(i)

(iif)

(iv)

)

(M)

(i)

(i)

(iv)

V)

(vi)

determine relationships between sulphate level, sulphate type and unconfined
compressive strength for lime-stabilised kaolinite which has been moist cured.
determine relationships between sulphate level, sulphate type and swelling

for lime-stabilised kaolinite which has been moist cured and then water saturated.
establish the magnitude of swelling pressure generated for lime-stabilised kaolinite
specimens, when those specimens are confined.

propose a mechanism by which sulphates cause swelling in lime-stabilised clay

soils.

In the presence of ground granulated blastfurnace slag (GGBS),

establish the relative effects of gypsum on the consistency and compaction
behaviour of lime-stabilised kaolinite (gypsum was selected for its abundance
and larger existing database),

determine the degree by which replacement of lime with ground granulated
blastfurnace slag influences strength development and swelling of lime stabilised
kaolinite which contains various levels of gypsum,

assess the influence of substitution of lime by slag on the strength and swelling
behaviour of a naturally occurring sulphate bearing clay soil (Kimmeridge Clay)
which has been stabilised with lime,

assess the influence of varying compaction moisture content on the swelling
behaviour of kaolinite which has been stabilised with lime,

propose a mechanism by which lime activated slag stabilises clay soils, and
suppresses their swelling potential.

evaluate commercial implications the inclusion of GGBS in lime-stabilisation of

clay soils, including cost analysis and possible design nomographs.
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Kaolinitic clay soils have been used during previous investigations (Barshard, 1955;
Croft, 1964; Abdi, 1992; Rossato, 1992). Thus, industrial kaolinite is popular as control
material due to the existence of a large database on tests on kaolinitic soils in general

(Rossato, 1992) and also due to its good strength development upon stabilisation (Abdi,
1992). In the current work, kaolinite under the trade name “Standard Porcelain” is used
for laboratory testing. Swelling behaviour is monitored both during moist curing and
during soaking. Additionally, the relative effects of different sulphates on the generation
of swelling pressure in ‘stabilised’ kaolinite is determined. Here, a method is adopted that
does not allow volume change and is of sufficient accuracy to establish swelling pressures
to within 0.2 kN/m®. The method is used to monitor the generation of swelling pressure
with time during saturation of sulphate containing lime-stabilised clay. The development
of mechanical strength during curing of the lime stabilised clay and the manner in which
this is influenced by different sulphates is also determined. Having established the range
and degree to which properties and performance of the lime-stabilised clay are modified
by the presence of the different sulphates, a method is developed to reduce or eliminate
the undesirable changes. This involves partial replacement of lime with ground granulated
blastfurnace slag in clay containing calcium sulphate. Unfortunately, investigation into the
effects of GGBS on the swelling behaviour and strength development of lime stabilised
clays in the presence of the other sulphates is beyond the scope of this current work.

Calcium sulphate dihydrate, or gypsum, is however the most common sulphate found in
most soils. In British soils, it often occurs as the mineral selenite. Kimmeridge Clay is a
typical example of this. Therefore, in addition to investigation of the changes in artificial
laboratory produced ‘soils’ made up from kaolinite clay and gypsum when stabilised

with lime/GGBS, studies are also made on the changes in natural Kimmeridge Clay when
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stabilised with lime/GGBS. The object of this is to determine whether the property
changes in the artificial ‘soil’ are reproduced in the natural soil and would therefore be

expected to be reproduced in the field.

The work starts by describing the mineralogy of clays in general in Chapter 2, with an
emphasis on kaolinite. Clay-lime reactions are discussed in Chapter 3 both in the absence
and in the presence of sulphates. Chapter 4 opens with the discussion of GGBS soil
stabilisation in general. Thereafter, and in the rest of the research, work is confined to
investigations into the effects of GGBS and sulphates on lime stabilised kaolinite and
Kimmeridge Clay. In Chapter 5 the materials used in the research are discussed while
Chapter 6 contains a discussion of the procedures, equipment and experimental
techniques used in the research. Chapters 7 and 8 report the results, Chapter 9 discusses
them while Chapter 10 gives the conclusions drawn from the work together with

recommendations for future research.

For practical reasons, the entire investigation was organised within interrelated but self
contained modules which include kaolinite - lime - sulphate; kaolinite - lime - GGBS,
kaolinite - lime - GGBS - gypsum and/or Kimmeridge Clay - lime - GGBS systems. For
each system, the specimens would ideally be compacted at their individual maximum dry
densities (MDD) and optimum moisture contents (OMC) but it was, however, necessary to
limit the range of samples evaluated and therefore representative proctor tests were
conducted on only three systems viz.: kaolinite - 6wt.%lime - sulphate (with sulphates of
calcium, magnesium, sodium and potassium); kaolinite - lime - GGBS - gypsum and
Kimmeridge Clay - lime - GGBS systems. Therefore due to small variations in MDD and

OMC, some common mixes such as the kaolinite - 6wt.% lime mix produced small
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variations in observed unconfined compression strength and linear expansion in the
different systems. Trends should therefore be compared only within the system under
which they were conducted and for the purpose for which that system was designed for.
These variations were however minor and did not influence the individual trends. Where
large discrepancies arose, the author has drawn attention to these instances whenever

appropriate. Also, for each system, the appropriate MDD and OMC have been indicated.

It was deliberately intended that the scope of the current work would not be tailored to any
specific civil engineering application but to fall within the realm of material properties for
general application in construction. Thus, the choice of tests conducted combined those
more generally associated with concrete materials with those employed in soil mechanics.
Thus, unconfined compression strength (UCS) test was for example preferred to the
California Bearing Ratio (CBR) or shear strength test. However, some of the traditional
tests in soil mechanics such as the Atterberg limits and BS compaction were retained. It
was established that inclusion of GGBS did solve some of the problems relating to the
undesirable behaviour of lime-stabilised gypsum-containing kaolinite and of natural
sulphate bearing clay (Kimmeridge Clay), such as high swelling potential and poor early
strength development. It is recommended that further work be done on lime - slag
stabilisation of clays in the presence of the other sulphates which are found in soils, as the
results of this work suggests that including GGBS in lime-stabilisation may overcome the
problem of swelling in sulphate-containing soils in general. In the meantime, the starting
point of the current work will be a review of the mineralogy and general properties of clay

soils, in the next chapter.
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degree of crystallinity of the clay mineral, has a significant influence on certain properties
such as plasticity. Also, certain clay minerals which may be present only in very small
amounts may exert a tremendous influence on the attributes of a clay material. It is
therefore not adequate to determine only the major clay-mineral compounds, as the small

amounts of minor clay minerals must also be characterised.

Certain nonclay-mineral materials may be contained in clays. These materials include
quartz, calcite, dolomite, large flakes of mica, pyrite, selenite and feldspar. These may
often be separated and identified by a particle-size separation analysis, as the non clay

minerals in clay material tend generally to occur as particles coarser than 2pm.

Clay mineral particles sometimes also contain organic material. The organic material
occurs in clay material in several ways: It méy be present as discrete particles of wood,
leaf matter, spores etc.; it may be present as organic molecules adsorbed on the surface of
the clay-mineral particles; or it may be adsorbed in between the silicate layers. The
discrete particles may be present in any size from large chunks easily visible to the naked
eye, to particles of colloidal size which act as a pigment in the clay-mineral materials,
giving a dark-grey or black colour to a clay material. However, there is no direct
relationship between the colour and organic content. A very small amount of organic

material may have a very large pigmenting effect.

Determination of the kind of organic matter is a difficult task but the total amount may be
determined adequately, though not precisely, by differential thermal analysis. X-ray

diffraction techniques can determine the presence of organic molecules adsorbed in
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between the silicate layers. More sophisticated procedures applying infra-red adsorption
and diffraction procedures may provide more information on the kind of organic
molecules, the way in which they are tied to the clay-mineral surfaces as well as the

manner in which they are oriented on these surfaces.

Some clay materials contain water soluble salts as a consequence of weathering or salt
migration (Sherwood, 1962 and 1992; Obika and Freer Hewish, 1990; Fanning, 1993).
Common water soluble salts found in clay are chlorides, sulphates and carbonates of
alkalies, alkaline earths, aluminium and iron. The occurrence of sulphates and their effects

on lime-stabilised clay soils is dealt with in greater detail in Chapter 3.

Soil Mineralogy can be characterised accurately and rapidly by X-ray diffraction analysis.
For most soils, mineralogy can be inferred by field observations. To characterise a clay
material completely and to provide adequate data to understand physical properties, clay
mineral analyses must be thorough and complete. The procedures must not alter the clay
mineral. For example some clays such as those composed of halloysite have different
physical properties, depending on whether the mineral is in the 4H,0 form, the 2H,0O form
or an intermediate state (Griin, 1968). Therefore, several lines of approach are necessary
e.g. diffraction, electron microscopy and chemical methods. At times, even with a

combination of methods, it is difficult to obtain complete characterisation.

It is generally recognised that the small size of the particles in clay is one of the reasons
for their special attributes (Grim, 1968; Brown, 1984). Early work suggested that particle

size is indeed the major factor and clays can be composed of almost any minerals if they
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are fine enough, about 1um as the upper limit. Research has however indicated that certain
minerals i.e. the clay minerals, must be present in appreciable amounts if a material is to
have the characteristics associated with clay. In addition, the shape of such particles, their
adsorptive and surface properties, in addition to their small size, are also essential if a

material is to have the characteristics of clay.

In the classification of clay-minerals, factors that include textural features such as particle
shape, particle size distribution and orientation of the particles and the forces binding the
particles together, have to be established first. In this regard, certain procedures that affect
the clay-mineral determination have to be employed with caution. For example, it is
generally essential to determine the exchangeable ions on the “as received” material, since
any mixing with water or washing is likely to cause a significant change to the clay. The
water may produce a hydration state different from that of the original material. In this
regard, it is recommended that air-drying, and not oven-drying is adopted. The latter is
more likely to change the hydration state of the original material than the former. Also in
wet sieving, the use of chemical dispersing agents almost certainly will alter the base-
exchange composition of the material. Such agents must be used with great caution if
exchangeable ions are to be determined. Also, such chemicals are likely to introduce or

form salts, further complicating the identification of the clay minerals.

The actual shape of clay particles can be determined by electron microscope studies.
These may for example show the hexagonal outline of the flake-shaped units of kaolinite,
or the elongated tubular shape of halloysite minerals. Information on thickness and

surface area can also be obtained from electron micrographs. The lower limit for the study
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of the shape of the particles is by optical microscopy. The aggregation of clay particles
may be obtained by diffraction techniques which provide data on the microscopic
structure of the clay minerals. However, the forces that bind these particles together can
merely be enumerated as their actual interplay is unknown in detail. The forces that bind

the clay particles together include:-

1. forces due to the inter particle mass attraction of clay minerals,
2. electrostatic forces due to charges on the lattice resulting from :-
@) unbalanced substitution within the lattice,

(i)  broken bonds on edges of the lattice, and
(i)  attractive forces of adsorbed ions for example forces due to K*
cations between mica layers, and
3. the bonding action of adsorbed polar molecules such as the H-O-H water
molecule. Similarly adsorbed polar organic molecules could serve as a

bond between clay-mineral particles.

All these bonding forces in clay materials are of particular importance since they largely
determine the sensitivity and strength of soil materials. The prediction of these forces in
soils during construction from empirical and laboratory testing data cannot be
overemphasised as the prediction of safe applied loads when the water table is altered or
when other conditions are changed is of paramount importance in avoiding construction
failures. In the field, these forces are inferred mainly from one engineering parameter -

soil cohesion (Grim, 1960).
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2.2 STRUCTURE OF CLAY MINERALS

2.2.1 GENERAL

The earliest X-ray diffraction analyses of clay materials were done in the early 1920°s (Grim,
1968). The presence of crystalline material is well revealed by X-ray diffraction methods.
Although the presence of poorly crystalline material is also indicated by X-ray diffraction
data, the presence of fully amorphous material is usually hard to establish. Its presence is
usually inferred when the analytical data do not indicate the crystalline constituents to be

present in sufficient quantities to add up to 100%.

It has been established that two structural units are involved in the atomic lattices of most of
the clay minerals viz.: the tetrahedral unit and the octahedral unit. In the tetrahedral unit
(Figure 2.2-1 (a)), a silicon atom is equidistant from four oxygens. There is evidence that the
silicon atoms may be substituted by aluminium to form tetrahedral alumina (Wang et al,
1996; Barr, 1995). Silica tetrahedral groups are normally arranged to form a hexagonal
network (Brown, 1984), which is repeated indefinitely to form a sheet of composition
Si,04(OH), (See Figure 2.2-1 (b)). The tetrahedra are arranged so that their apices all point in
the same direction, and their bases are in the same plane. The O - O distance in the tetrahedral
unit is 2.554 and thickness of the undistorted unit is 4.65A. The undistorted thickness of the
units is theoretical as substantial distortion of the units in clay mineral structures must occur
for them to be compatible with the calculated unit cells of the minerals. In the non-crystalline

allophane group of minerals, the silica tetrahedra are continuous in only one direction,
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forming chains in which some oxygen atoms such as the oxygen atoms at the edges in Figure
2.2-3 have only one link to a silicon atom. The chains, are bound together in pairs by atoms

of aluminium and/or magnesium.

The octahedral unit consists of two sheets of closely packed hydroxyls in which aluminium,
iron or magnesium atoms are embedded in octahedral co-ordination, so that they are
equidistant from six hydroxyls (Figure 2.2-1 (a) and (b)). Other cations such as Li, Ca, Mn,
Ni, Cu and Zn occupy these octahedral sites in some species (Brown, 1984). When
aluminium is present, only two thirds of the possible positions are filled to provide charge
balance. This is the basis of the gibbsite structure of unit formula ALL(OH),. The partially
filled octahedra are referred to as a dioctahedra. When magnesium is present, all the possible
positions are filled in order to provide charge balance. In this case the arrangement is as in the
brucite structure which has the unit formula Mg,(OH),, forming a trioctahedral layer. In the
octahedral layer, the normal O - O distance is 2.60A unlike that of 2.554 in the tetrahedral
unit. The OH - OH bond length is 3A, with the undistorted unit height being 5.054, which is
0.40A higher than in the tetrahedral unit. Structures commonly exist, in which the layers are
not electrically neutral. Charge balance is maintained in such structures by interlayer material
which may be individual cations, hydrated cations or hydroxyl groups. When the layer charge
is small (as in Montmorillonite), the attractive forces between the layers and the interlayer
cation (if , any is present) are small (Brown, 1984). The hydration energy of the interlayer
cation may then be sufficient to overcome the attractive forces of the layer to cations and
hence allow water to hydrate the interlayer cations which causes swelling normal to the plane
of the layers. This ability to swell in water allows cation exchange between interlayer cations

and cations in the external solution.
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Crystalline clay comprises layers of silica tetrahedra and alumina octahedra. The layering is
such that a single tetrahedral sheet and a single alumina octahedral sheet combine in a unit
such that the apices of the silica tetrahedra and one of the layers of the octahedral sheet form a
common layer (See Figure 2.2-2). In the junction plane common to both octahedral and
tetrahedral groups, two thirds of the atoms are shared by both silicon and aluminium atoms.
These shared atoms are the oxygens and not the hydroxyls. The tetrahedra therefore retain all
of their oxygen atoms (Si-O tetrahedrons) while the octahedra lose some of their hydrogens to
satisfy the bonding requirements. The octahedra therefore have both oxygen and hydroxyl
ions (Al-O (OH) octahedra), with the hydroxyl ions lying in projection at the centre of the
hexagonal ring of tetrahedra (Barr, 1995; Grim, 1968). Also, the ionicity of the oxide bonds
(Si - O and Al - O) depend on their strength which in turn depends on the ions’ binding
energy. The higher the energy required to bind together the atoms the less the chance of their
staying bound together hence the higher the ionicity of the two atoms or group of atoms
involved. Barr et al (1995) in their X-ray photoelectron spectroscopy studies of kaolinite
observed that the binding energies (hence strength) of the Si - O and Al - O bonds depended
on the Si/Al ratio. Also, the ratio of aluminium atoms in the tetrahedral layer to those in the
octahedral layer (Al./Al,,) had a similar effects on bond strength. Al, occurs when
aluminium substitutes for silicon in the tetrahedral unit. Barr further observed that the increase
in aluminium content in various forms of kaolinite (lowering Si/Al ratio,) made the Al - O
bond much more ionic, suggesting increased binding energy of Al in the Al - O bond. At the
same time, the Si binding energy increased, making the Si - O more covalent (less ionic),

reducing the population of Si - O bonds.

16



Chapter 2 - Clay Minerals (Structure)

There are two-layer (or 1:1) clay types such as the kaolinite and halloysite groups where one
layer of silica tetrahedra and one layer of alumina octahedra combine to form a repeat unit
(Grim, 1968). There are also three-layer (2:1) types such as the montmorillonite and illite
groups composed of two layers of silica tetrahedra with a central octahedral alumina layer.
Each of these clay layered types may be equidimensional e.g. kaolinites and some groups of
montmorillonite, or elongate as in halloysites and some other types of montmorillonite. All
types of montmorillonite possess expandable lattices while illites and kaolinites have non

expandable ones.

In addition to the 1:1 and 2:1 layer types, there are other layer arrangements such as in
interstratified minerals. Here, structural units of different kinds occur in the stacking sequence
either as a result of sorbing of organic or inorganic material between the layers or stacking of
layers with different internal arrangements. There may be regular mixed layer types in which
ordered stacking of alternate layers or groups of layers of different types takes place, or the
stacking may be a chain-structure type where chains of silica tetrahedra are linked together by
octahedral groups of oxygen and hydroxyls containing aluminium and/or magnesium atoms.
The regular interstratification may be random further complicating the classification and
nomenclature of these clay minerals. Their description is based on the identity and abundance
of the component layers. There are no specific names and their names can only be designated

from or as mixtures of the layers involved.

If the Si-O hexagonal network is referred to a rectangular cell with sides a and b (rectangle
ABCD in Figure 2.2-3 (a)), measurements done by various researchers give a b-dimension

ranging from 8.95A for kaolinite to 9.2 - 9.3A for micas and chlorites (Grim, 1968). An
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increase in b-dimension may arise from substitution of aluminium for silicon as in micas
while a decrease may be due to deformation of the Si-O network or of the individual
tetrahedra or both of these. Usually this deformation ends up with larger tetrahedral layers.

Also, the dimensions of the octahedral sheets can change. One cause for such change is cation
repulsion (Brown, 1984). Unoccupied octahedral structures are larger while those containing
cations are smaller. To accommodate this deformation of the layer-silicate structures, alternate
tetrahedra in the normally hexagonal network are rotated laterally to varying degrees (up to a
maximum 30°, (Grim, 1968; Brown, 1984)) in order to allow a proper fit between the laterally
larger tetrahedral layer onto the laterally smaller octahedral one. Further adjustments of the
tetrahedral sheet can be made by tilting of tetrahedra. By means of these distortions from ideal
geometry, tetrahedral and octahedral sheets of a wide range of compositions can link together

and form 1:1 and 2:1 layers.

2.2.2 KAOLINITE

Kaolinite minerals refer to a group of clay minerals that characterise most kaolins. Kaolins are
essentially clay material with the composition 28Si0,.A1,0,.2H,0 or (ALSi,0,(OH),), (Si:Al
= 1). Other oxides if present represent impurities or adsorbed materials. Replacement of Si by
Al is not feasible. In comparison, montmorillonite which has a 2:1 arrangement is higher in
silicon with slight replacement of AP* by Mg** and very limited Si** replacement by AI**. It
has the composition 4Si0,.A1,0,.H,0 (Si:Al = 2), with magnesium present in relatively small
amounts but in many cases apparently as an essential ingredient. Non-clay minerals
(allophanes) have lower Si:Al ratios (0.82 - 1.55) and contain extremely low amounts of

alkalies and alkaline earths (below 0.05%).
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Early work on kaolinite and halloysite was pioneered by Ross and Kerr in the late 1920’s
(Grim, 1968). This work did much to establish fundamental data on the properties of these
clay minerals essential to their determination in clay materials. Later contributions from
researchers mainly from the USA, Britain, France, Germany, and the Netherlands and to a
lesser extent from Australia, Italy, India and Spain among other countries provided the basic
ideas enabling further elaboration of the structure and detailed study of these clay minerals

such as the nature of adsorption of organic ions on the clay minerals.

According to Grim (1968), the structure of kaolinite was first suggested by Pauling in 1930.
Grim further reports that Guner, in 1932, worked out the structure in detail while Brindley and
colleagues further revised the proposed structure during the period 1946 - 1951. They studied
the kaolinite minerals in detail and showed the possible variations in their degree of
crystallinity from disordered kaolinite, poorly crystalline kaolinite to well-crystallised
kaolinite. It has now been widely established that there is considerable variation in the
stacking of layers in kaolinite as well as the precise position and population of the aluminium
atoms in the octahedral layer. Only two thirds of the possible positions for aluminium in the
octahedral sheet are filled. The charges within the structural unit are however balanced. This
big variation in stacking and location of atoms explains, perhaps, why it is possible to
reconstitute kaolinite from dissolution products in kaolinite-hydrated lime systems as

observed by Sloane (1965).

Work by many researchers has shown that the variation in crystallinity is caused by departure
in the arrangement of atoms in the unit layers of kaolin minerals from the discussed ideal

geometrical arrangement shown in Figures 2.2-1 and 2.2-2 (Grim, 1968). Ideally, the layers
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should be stacked with respect to one another so that the O - OH distances between adjacent
layers are equal or at least approximately equal. However, this is not the case in practice. The
departure takes the form of distortions in both the tetrahedral and octahedral layers. In the
tetrahedral layers, the distortions are mainly of a rotational nature. The Si-O tetrahedra are
alternately rotated in clockwise and anticlockwise directions as shown by curved arrows in
Figure 2.2-3 (a). In the octahedral layer, the distortions are caused by a shortening of the
shared edges of the Al-O (OH) octahedra (line AB in Figure 2.2-2). As a result, the octahedra
are as a whole flattened, displacing the aluminium atoms towards the lower OH bases and the
silicon atoms towards the upper O bases of the tetrahedra. The atoms at the bases of the
polyhedra are also displaced out of their original planes by as much as 0.17A forming a
corrugated structure. Successive layers are grouped such that the oxygens of one layer pair
with OH from the other. Due to the corrugations, the O - OH bond lengths of adjacent layers
vary, with a mean of 2.93A. If an oxygen atom belongs to a water molecule, it can adopt a
reasonably good tetrahedral environment by forming hydrogen bonds to other oxygen atoms

in the inter-layer and to hydroxyl groups (Taylor, 1973) (see A CDE in Figure 2.2-2).

There are finer details to the position of all the atoms involved in the kaolinite structure whose
discussion here would be beyond the scope of the current work. Those discussed here are
merely intended to give a fair description of the kaolinite clay mineral structure and a view of
the complexity and diversity in possible structural interpretation of clay-mineral crystal
lattice diffraction data. However, the electron diffraction and X-ray diffraction analyses are in
agreement on the resultant kaolinite clay-mineral unit-cell parameters as a = 5.13A, b =

8.89A, and ¢ = 7.25A.
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2.3 CHARACTERISTICS OF CLAY MINERALS

The characteristics of clay minerals are to a great extent determined by their crystal structure.
Due to their crystallinity, methods using X-ray diffraction (XRD) and X-ray photo electron
spectroscopy (XPS) procedures can be used to give crystal lattice data and hence an indication
of the clay-mineral crystallinity. This is because the spectral changes in peaks and other
shapes relate to changes in chemistry and structural integrity of the clay minerals (Barr et al,
1995). This helps to establish details such as the nature of bonding between atoms or group

of atoms. The clay-mineral characteristics may be inferred from this and other known data.

Use of X-rays in the identification of clay minerals started in the early 1930's by Pauling,
Ross and Kerr et al (Grim, 1968). and the procedures are discussed in greater detail in
Chapter 6. X-ray diffraction methods rely on the principle that each crystalline substance has
its own characteristic atomic structure which diffracts X-rays in a characteristic pattern.
Recognition of this pattern establishes the diffracting substance. Other modern methods such
as Scanning (or atomic) Force Microscopy (SFM) are now available, giving more mineral

surface information such as crystal growth processes (Hall and Cullen, 1996).

The shape and size of the crystal particles exposed to X-rays influence the diffraction effects.
Thus, if the crystal particles have a distinct shape e.g., plate-like, rod-like or tubular, certain
reflections may be broader than others. However, the diffraction characteristics of many of the
clay minerals have considerable similarity so that identification based solely on diffraction
data cannot always be made unequivocally. The diffraction and hence clay-mineral

characteristics mainly depend on:
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- layering of the tetrahedral and octahedral units
- types of interlayer cation (if any)

- substitution within the crystal lattice.

The size and shape of crystal particles, consistency limits and to a lesser degree the
compaction, strength and other bulk material properties will depend on the expandability of
the crystal lattice. This expandability which depends on the degree of crystallinity also
determines the swelling behaviour of the clay mineral. For example, the amount of water
adsorbed by clays decreases in the order Na-montmorillonite, Ca-montmorillonite, poorly
ordered illite, poorly ordered kaolinite, well ordered kaolinite and well ordered illite (Grim,

1960).

2.4 SWELLING PROPERTIES OF CLAY MINERALS

24.1 INTRODUCTION

The expanding lattice is an attribute generally considered to be a characteristic of the
montinorillonite group of clays. Some forms of micas (illites) also have considerable
expansion while kaolinite shows relatively insignificant lattice expansion. Poorly crystalline
minerals if present in the kaolinite may occasionally harbour interlayer water between the
well-crystallised kaolinite units. This water may be indicated by changing d-spacings and may

be confirmed by dehydration data.
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Swelling potential refers to both the percent swell and the swelling pressure (Sridharan et al,
1986). Jenning, in 1963 (as reported Agarwal and Sharma, 1973), identified swelling pressure

in various categories depending on the loading conditions, viz:-

(1) that pressure which must be applied to the soil, such that neither swell nor
compression takes place when the Joaded soil is inundated,

(i1) that pressure necessary to hold the soil at its original volume when the soil
is inundated in its original unloaded condition, or in the case of actual
field condition, a loading equal to the total overburden pressure would
seem reasonable.

(iii)  that pressure necessary to recompress the soil back to its original
unloaded volume when the soil has been inundated and allowed to swell

freely.

In (i) above, initial loading affects the swelling pressure generated upon soaking. According to
Grim (1968), Mielenz and King (1955) found out that changing the initial loading of a clay
from 5,000 psi to 3,000psi reduced the swelling pressure. This suggested that high loading
would lead to higher swelling pressures. It would therefore seem reasonable to adopt a
loading equal to the existing overburden pressure, if known. In view of this, method (ii)
would be reasonable for those soils whose overburden is inappropriate such as laboratory
model soils or surface soils while method (iii) would be applicable in all cases where swelling
has already taken place. Research has shown that the swelling pressure is greatly reduced if
clays are permitted to swell a little, which indicates that the initial adsorption of water

produces the very high swelling pressure (Agarwal et al, 1973; Grim, 1960).
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Many researchers have also attempted to define swell potential of a given expansive clay

using variables such as initial moisture content and dry density (and/or void ratio), suction and

external load (Mitchell, 1973; Brackley, 1973). In recent years, research has progressed in

swelling pressure measurement methods adopting Jenning’s definition (Agarwal and

Sharma, 1973) and incorporating these variables. The current research is one example of such

progress.

2.4.2 SWELLING TYPES

Swelling of clays may be classified in two major categories (Mitchell, 1973; Barshad, 1955).

First, there is intramicellar swelling. This is also referred to as intracrystalline,
interlayer, or interlameller swelling and involves the expansion of the crystal lattice
itself. This is perhaps due to weak interlayer bonding and is characteristic of
montmorillonitic clays, vermicilites, smectites, some chlorites, halloysite and hydrous
micas (Mitchell, 1973). The presence and type of cations in the layers does, however,
affect the degree of crystal swelling as discussed under swell mechanism below.

Secondly, when strong interlayer bonding exists, expansion of the crystal lattice does not
easily take place and intermicellar or intercrystalline swelling takes place. This type of
swelling involves increase in bulk volume due to adsorption of water molecules between
individual clay particles. This type of swelling can be measured by the measurement of
total increase in volume. In contrast, intramicellar type of swelling can only be measured
using diffraction methods (e.g. X-ray diffraction) (Barshard, 1955). Most probably, these
two modes of swelling occur together, the degree of each mode being determined by the
clay structure, moisture content, cation charge, pore solution chemistry and soil pore

suction.
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243 SWELL MECHANISM

In the study of expansive soils, much emphasis has been on identification of such soils,
prediction of their swell and swell pressure magnitudes, and how in practice to make use of
these soils. The causes and mechanisms of swelling mentioned above, which involve a deeper
understanding of clay mineralogy, soil science and colloid chemistry have tended to take a
secondary role (Mitchell, 1973). In the late 1950's and early 1960's, numerous researchers
made attempts to gain insights in the swelling mechanism and causes especially through the
electrical double layer theory, clay mineral type, particle size and pore solution chemistry
(Lambe et al., 1960; Warketin and Schofield, 1962; Mitchell, 1973 and others). Since that
time, attention in this area has steadily increased. During this period, other influential factors
in the swelling of clays have slowly emerged such as the b-dimension and the hydroxyl
interlayers (Mitchell, 1973; Barbour and Fredlund, 1989). The b-dimension has emerged to be
of special significance, especially in montmorillonite as it correlates well with free swell
magnitudes, the free swell decreasing with increasing b-dimension (Barshard, 1955). This is
not, perhaps, suprising as the b-dimension is a characteristic of the clay mineral structure

which plays a major role in swelling as already mentioned.

Mechanical effects such as particle arrangement have also been found to be important in soil
swelling behaviour. According to Mitchell (1973), the importance of these effects was
highlighted by Terzaghi (1931) when he presented convincing evidence that mechanical
factors must be considered if swelling of soils is to be properly understood. Terzaghi had
observed that two samples of the same clay could be at the same pore fluid concentration, yet

one exerting a large swelling pressure and the other almost none. Swelling can therefore be
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seen as a phenomenon, involving both the solid and liquid phases. It is induced by negative
pore pressures created by the strong surface tension forces on the pore water meniscus and/or

by osmotic effects. In both cases, it results in water being pulled into the air voids.

Water adsorption in clays starts with the hydration of the external clay particle surface by a
unimolecular layer of water (Barshad, 1955). This layer builds up with time to multimolecular
water layers at a rate dependent on the type of clay. In some way, these multilayers of water
eventually find their way into the interior surfaces of the clay particles. Possible modes of
transfer of these unimolecular water layers include diffusion of water vapour through the clay
particle and/or seepage at the clay particle edges (Barshard, 1955). At this stage the interlayer
cations though hydrated, are still in position on the interior clay particle surfaces, attached to
the oxygen sheets. As more molecular water layers find their way into the interlayer spaces,
and with subsequent expansion of the interlayer distance, the cations get detached creating an
external surface. If the water is in vapour form, as during curing, the expansion is minimal,
depending on the vapour pressure or humidity. If in liquid form further expansion occurs. The
ultimate expansion is dependent on the amount of water and the type of interlayer cation. The
increase in swelling has been established to be in the interlayer cation sequence Hydrogen-
Magnesium-Calcium-Potassium-Lithium-Sodium, with intramicellar swelling for several
montmorillonites being limited to about 10A (Barshard, 1955) i.e. from a basal spacing of
about 10A when dry to about 20A when saturated, after which the layers tend to separate.
Swelling results from an increase in the basal spacing (c-spacing) as water is adsorbed
between the layers. The propensity to swell is indicated by the b-dimension which itself
increases from about 8.94A when dry to slightly above 9A maximum. The greater the b-

dimension the smaller the swelling potential. This was confirmed by Blackmore and Miller
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who also established that in the presence of calcium, montmorillonite does not swell by
interplate distances greater than about 94 (close to that suggested by Barshad 1955; Mitchell,
1973 and Brown, 1984). At this interplate distance, the particles stabilise into what they
referred to as "tactoids" or "domains". This suggests a swelling level at which there is no
further structural adjustment possible, making the b-dimension a very good indicator of
swelling potential, not withstanding other influences such as the cation type and amount. The
formation of stable “tactoids” for example is only likely to occur with calcium and
magnesium cations while in the case of sodium, there is complete separation of platelets
(Brown, 1984). The higher positive charges in divalent cations and their effects on the
electrical double layer is likely to be the cause of this difference in swell behaviour. In order
to understand the swelling mechanism further, it is important to have a brief look at the major
factors. These include the clay type and particle size, the clay’s moisture content, pore

solution chemistry, cation charge and the soil suction conditions.

2.4.3.1 Clay type and particle size

The decrease in swelling has been established to be in the sequence sodium-lithium-
potassium-calcium-magnesium-hydrogen for the inter-layer cations (Bell, 1987). The extent
of the clay water adsorbing surface is very much a function of the particle size, particle pore
size and the void ratio (and hence density). These factors subsequently affect swelling and
swelling pressure generation. For example, montmorillonitic clays have external adsorption
surfaces, of the order of 22 - 90 m%g depending on the method of measurement. This is
higher than for kaolinitic clays, 18 - 44 m?g (Barshard, 1955). This, partly explains

montmorillonite’s relatively massive swelling per unit mass as shown in Table 2.4-1 below.
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2.4.3.2 Moisture Content

It has been established that for clays compacted to the same dry density, the clays with high
moisture contents exhibit lower swelling pressure (Ben Shalom, 1973). Ben Shalom attributes
this to the fact that a clay sample having a higher moisture content would have a greater clay
particle separation. It is possible to demonstrate (Wild et al, 1993) that expansion is directly
proportional to moisture content of a clay soil. If d is the thickness of the water layer on the
clay particle surface as shown in Figure 2.4-1 (a), the inter particle spacing will be 2d as in

Figure 2.4-1 (b).

Volume of water on particle = Particle Surface Area x d

= (Specific Surface of clay (m*/kg) x Wt. of clay particle (kg)) x d

Therefore, the distance d is equal to —

Volume of water (m3)

Specific surface of clay (m%g) x Wt. of clay solids (kg)

Where V_ = Volume of water (in m’)
m, = Mass of clay (in kg)
S = Specific surface of clay (inm’ / kg)
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If m, = Mass of water and (in kg)
p,, = Density of water (in kg /m’)

By definition, moisture content (M) of a soil = My 4100
m

£

Therefore, the thickness of the water layer d around each particle is given by:

Since the density of water p, and the specific surface of a given soil S are constants, it
follows that d, the thickness of the water layer around each particle increases directly with

increase in moisture content. In other words linear expansion should be directly proportional

to moisture content.
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Figure 2.4-1 (a) Clay particle and moisture content
(b) Clay particle and inter-particle spacing
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2.4.3.3 Pore Solution Chemistry

It has been established that swelling may be caused by three water related factors viz: surface
hydration or wetting, cation hydration and/or by osmotic pressure effects (Mitchell, 1973).
The first two require very little water, far below typical optimum and/or natural water
contents. Therefore, osmotic pressure effects are the main causes of swelling (Barbour and
Fredlund, 1989; Wild et al, 1993).
Van't Hoff suggested an equation for osmotic swelling pressure viz:-

P.=RTC = e 4

Where:

P, is the swelling pressure

R is the gas constant

T is the absolute temperature (°K)

C is the molar concentration of the pore solution (mol/l)

The osmotic pressure changes induce volume changes depending on the pore fluid chemistry.
This is as a result of water flowing in or out of the clay due to the osmotic gradients induced.
Also, the pore solution cations reduce the elecirostatic repulsive forces between clay particles,
leading to suppression of the electric double layer. This suppression favours formation of
floccs with subsequent changes in void ratio. Therefore, volume changes may be as a result
of either :-

) change in the electrostatic repulsive forces between clay particles

or (i)  water flow in/out of the clay (Barbour, 1989).
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2.4.3.4 Cation Charge

It has been established that the expansive properties of clay of high cation exchange capacity
can be radically changed by the chemical nature of seepage water (Grim, 1960). The
introduction of positive cations, by iso-structural substitution, reduces the effective negative
charges on the clay particle surfaces, reducing as well the inter-particle repulsive forces.
Increased substitution is associated with reduced charge deficiency and decrease in swell due
to reduced repulsion. However, swelling is not directly proportional to resultant lattice charge
deficiency although the influence of the type and amount of cations present in the system
cannot altogether be neglected. For example, it has been established that expansion is
particularly high for charge deficiencies of about one per unit cell (Mitchell, 1973; Barshard,
1955). According to Mitchell, Foster (1953 and 1955), showed that swelling does not relate
in a consistent manner to cation exchange capacity of a clay soil but depended on the mode of
substitution. Mitchell (1973) further reports that later, Low (1968 - 70), in his study of
swelling and mineralogical details of various montmorillonites, found that there was more
swell associated with octahedral substitution than with tetrahedral substitution (Mitchell,
1973). A thinner double layer was formed as a result of tetrahedral substitution, implying less

swelling.

Theories used to predict swell in the past have been derived using homoionic cationic
systems. Homoionic cationic systems contain mainly one type of cation such as a homoionic
sodium clay or homoionic calcium clay. Most expansive soils however usually contain
mixtures of calcium, magnesium, sodium and to a lesser extent potassium. Therefore

homoionic theories may not necessarily be suitable for the case of mixed ionic systems.
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2.4.3.5 Soil Suction

Suction may be defined as the negative pore pressure that draws water into the soil voids.
Total suction is made up of the matric and the osmotic suction. In normal swelling of clay
soils in general, the main cause of changes in total suction is matric suction (Krahn &
Fredlund, 1972). Both total and matric suctions are dependent mainly on the moisture
content, and to a lesser degree on the dry density. The situation is however different in the
presence of salts such as sulphates, when osmotic suction can no longer be ignored and

becomes a major influence in total suction.

Matric suction is caused by hydrostatic tension of the pore fluid which in turn depends on the
fluid’s surface tension. This tension is the main cause of capillary water rise. This mode of
suction depends on dry density and water content. Thus, keeping the dry density and
moisture content constant would minimise the variation in matric suction although the
changes in dry density are of secondary effects on suction (Krahn & Fredlund, 1972).
According to Krahn & Fredlund, there are conflicting observations on the effect of dry
density on matric suction, the majority of researchers being of the opinion that density does
affect matric suction. They also reported that Croney et al (1958) observed that suction is
affected by dry density for incompressible material such as sand and chalk while on the other
hand, Box and Taylor (1961) (also reported by Krahn & Fredlund) observed only a small

matric suction decrease with increase in density at constant moisture content and at low
suction ranges. Similarly, study on the effects of changing dry density and methods of
compaction of various soil types observed little variation in matric suction on change in dry
density (Krahn & Fredlund, 1972). Matric suction may be determined by measurement of the

vapour pressure in equilibrium with soil water. This vapour pressure depends on dissolved
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salts in the pore fluid. Osmotic suction on the other hand is caused by salt concentration
gradients which induce negative osmotic pressure. It may be determined and/or predicted by
electrical conductivity measurements of the pore fluid. Most researchers agree that the soil

suction due to osmotic pressure is mainly dependent on pore fluid concentration.

This chapter has reviewed the mineralogy, structure, characteristics and properties of clay
minerals. The next chapter will look at changes in these properties and the nature of the
reactions involved when clay soils are stabilised, particularly with lime. The chapter further
reviews the occurrence of sulphates, their effects, particularly on consistency, strength and

swelling of lime-stabilised clay soils, and on the ensuing hydration products.
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3.1.1 LIME

Lime as used for stabilisation may be in many forms such as quicklime (CaO), slaked or
hydrated lime (Ca(OH),) and dolomitic lime. Quicklime seems to be a more effective
stabiliser of soil than hydrated lime. When quicklime in a slurry form (which then
becomes hydrated lime) is added to the soil, higher strength is developed than when it is
added in powder form. The solubility of lime in water decreases with increase in

temperature. A change in temperature from 20°C to 80°C decreases the solubility by a
factor of two. Generally, between 1 - 3% of hydrated lime is required to modify soil while
2 - 8% is required for cementation to take place (Bell, 1988A). As a rule of thumb, Bell
suggested that approximately 1% of lime is required for stabilisation for each 10% clay (<
2pm). The exact amount required would be determined by tests done on each side of this
value of required lime content. In the current work the term lime will be used to signify

hydrated lime (Ca(OH),).

When exposed to carbon dioxide, lime undergoes carbonation. Carbonation leads to a
decrease in the availability of Ca’ ions due to the formation, at early stages, of an
amorphous phase with the formula Ca,,,C;.0(OH),,.yH,O (x>0.005, y=0.6-0.8)
(Matsushita et al., 1993). The amorphous phase is followed by crystallisation into calcite.
Matsushita observed the changes of surface decomposition of carbonation intermediates
by means of photoelectron spectroscopy (XPS) measurements, a method which has rarely
been applied to the study of carbonation so far. This method involves determination of

Ca:CO, ratios and any other structural changes such as state of the chemical bonding of
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Ca. Molar ratios of CO,> to Ca** of intermediates in a Ca(OH), slurry indicated that the

rate of carbonation in the vicinity of the surface was comparable to that in the bulk.

3.1.2 STABILISATION AND MATERIAL SUITABILITY

Lime is suitable for stabilisation for clays with at least 15% fines content (Rogers, 1988)
and of plasticity index (PI) in the range 10 -15%. Soils with plasticity limits below 10%
require a pozzolan for necessary reactions to take place while those with higher plasticities
are hard to mix. Fly-Ash is commonly used as a pozzolan. Other pozzolans include blast-
furnace slag and expanded shale. Clays with highest available silica, especially 3-layered
ones which expose silica layers on both sides, are more reactive than 2-layered ones. Most
clay soils in which kaolinite is absent or is a minor clay mineral respond more rapidly to

lime treatment than do those in which kaolinite is the dominant clay mineral.

Soil containing significant levels of organic matter fails to respond to treatment with either
lime or cement (Sherwood, 1962; Rogers, 1988). Organic matter interferes with the
normal reactions between lime and the soil by decreasing the soils pH value. According to
Sherwood (1962), retardation in cement stabilisation may be caused by organic
compounds that combine with the lime liberated as the cement hydrates and which causes
the pH to fall below the value required for hydration. This mechanism would suggest that
in lime stabilisation, the retardation is caused by the bulk of the lime being consumed by
the deleterious organic matter. Sherwood further suggests that it is the type, rather than the
total amount of organic matter which is the critical factor. A simple determination of the

total organic content is therefore a poor guide to the presence of deleterious compounds.
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3.1.2.1 Mechanism

According to Croft (1964), when kaolinite is treated with 2 percent lime it undergoes an
increase of some 28% in liquid limit. Further additions of lime give rise to little change in
the liquid limit. Taken together with the changes of plastic limit, the resultant plasticity
index of kaolinite shows an overall reduction. In contrast, the value of liquid limit for most
montmorillonites gradually decreases with increasing lime content. In both clay types the
increase in strength on lime stabilisation is attributed to the formation of poorly ordered

(non-crystalline) reaction products which surround the clay soil particles.

Croft (1964) suggested that the effects on Atterberg limits are due to the action of
hydroxyl ions which modify the affinity of the surfaces of the clay particles for water.
Arabi and Wild (1989) suggested that the calcium ions are responsible for the reduction in
the water affinity of lime stabilised material and that the development of long term
strength appears to be due to the gradual formation of amorphous or semi-amorphous
hydration products. Many more researchers concur on the formation of various types of
hydrated calcium silicate calcium aluminate and calcium alumino-silicate cementitious
products which increase the strength and durability of soil-lime mixtures (Bell, 1988;

Cobbe, 1988; Sherwood, 1992 and others).

There are certain differences between lime-stabilisation and cement-stabilisation. The
addition of cement leads to higher maximum dry density (MDD) and lower optimum

moisture content (OMC). The clay particles are generally unchanged, but adhesion takes
place, binding the individual particles together. This cementation, particularly in the early

stages, is as a result of hydration of calcium silicates and aluminates from the cement,
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although the lime produced by cement hydration may react with the clay at a later stage
and contribute in a small part to the cementation. On the other hand, addition of lime leads
to lower MDD and higher OMC. The clay particles are "attacked" by the lime, and the
resulting cementation, referred to as pozzolanic activity, is as a result of gradual formation

of new products (i.e. calcium aluminate and/or silicate hydrates).

3.2 CLAY-LIME REACTIONS

3.2.1 INTRODUCTION

This section discusses the reactions involved for clay-lime mixtures in the absence of other
reactants while section 3.4 will discuss those that are involved in the presence of various
metal sulphates. There are basically four types of reactions (both physical and chemical) of
soil with lime (Hunter, 1988, Jacques et al, 1990); cation exchange, flocculation and
particle aggregation (agglomeration), carbonation and pozzolanic reactions. When
quicklime (CaO) is used in lime stabilisation, its first reaction is an exothermic hydration
to form slaked lime (Ca(OH),) as shown in equation I (Bell, 1988; Rogers, 1988; Caijun

Shi, 1993).

CaO+ H,O——»  Ca(OH), + Heat I

The heat generated is advantageous to cementation, making quicklime preferable for lime

stabilisation. Firstly, the heat raises the temperature, which is desirable for more effective

43



Chapter 3 - Soil Stabilisation: Clay-Lime Reactions

cementation. Secondly, the heat dries out water, a process very much beneficial in water-
logged drainage problems. Quicklime's high reactivity and powdery nature, however, is

injurious to health, and safety precautions are mandatory.

The reactions which follow the slaking of quicklime are similar to those that would take

place if hydrated lime was used in the first place (Equation II).

Ca(OH), —» Ca*+20H +4pH It

The hydrated lime, in the presence of more water, raises the mix pH to approximately
12.4, the pH of lime in solution ((Snedker and Temporal, 1988). In this high pH state,
alumina and silica, which dissolve at a pH of at least 10.5, go into solution. At the same
time dissolution of any existing sulphate minerals takes place. The reactions that then
follow are complex and will depend among other variables on the mineralogical
composition of the clay, prevailing temperature and the presence of other minerals such as

sulphates.
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3.22 FLOCCULATION-DEFLOCCULATION-AGGLOMERATION

Immediately upon addition of lime to clay soil and after dissolution of alumina and silica,
cation exchange takes place. Cation exchange may be triggered by any of the following:-

) broken Si-Al bonds, especially at clay particle edges (Sloane, 1965) and
cleavages, such as those created during compaction and/or grinding.

(ii)  cation substitution within the lattice structure. This depends on the unit
structure. In the tetrahedral structure, Si** may be replaced by AI** while in
the octahedral one AI** may be replaced by Mg*".

In both mechanisms, there is an imbalance in the electron charges of the negative ions of
O% and OH' in the layered clay resulting in negative charges being induced on the clay
particle surfaces. These negative charges form the basis of migration of cations to the clay
particle surfaces. The number of broken bonds mentioned in (i) above increases with

decreasing particle size while the degree of replaceability varies in the order below, where

the cation to the left is more likely to be replaced by the one to the right.

Li* <Na' <K' <Mg* < Ca* <Ba* < AP <H" (Cobbe, 1988; Arabi, 1989)

0.6 095 1.33 0.65 095 135 0.5 (lonicRadii())

Cation exchange leads to modifications in the thickness of the hydrous electrical double
layer. Reduction of this layer leads to flocculation while its enlargement will lead to
deflocculation and subsequent dispersion. Flocculation is due to the increase in the Van
der Waals attractive forces as a result of the reduction in the repulsive charges upon cation

adsorption due to depression of the diffuse electrical double layer as a result of an
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increase in electrolyte concentration. Whether cation exchange leads to flocculation or
whether both cation exchange and flocculation take place simultaneously has really never
been established. Small numbers of the cations with larger positive charges such as Ca®
and Mg** would be required to neutralise the negative charges on the clay particle
surfaces, resulting in the compression of the electric double layer and hence more
flocculation. On the other hand, large numbers of cations with smaller charges such as Li’,
Na* or K" would be required to neutralise similar negative charges on the clay particle
surfaces, resulting in the enlargement of the electric double layer with subsequent

deflocculation and even dispersion (See Figure:3.2-1).

Solid

A

v
A
v

(@ (b)
Figure 3.2-1 The diffuse double layer (D) when (a) sodium* and (b) calcium* ions
are the counter-balancing cations. (* it should be noted that the cations will be

surrounded by a ‘hydrosphere’ of polar water molecules).
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Flocculation coarsens suspended particles and decreases the number of particles at a rate
depending on solution and particle surface chemistry. This leads to closer clay layer
packing within floccs. Deflocculation on the other hand keeps each individual clay
particles apart from the rest, increasing the fineness of particle agglomerates and the
number of individual particles. They may be balanced by adsorption of cations on the clay
particle surfaces in a cation exchange process. Deflocculation may also be caused by high
concentrations of cations on the clay particle surfaces by the increased repulsive positive

charges they create (Arabi and Wild, 1989).

With the addition of lime, Ca®* cations are introduced in the soil mix and they initiate the
cation exchange. This causes modification of the electrical double layer and the
characteristic flocculation process of fine clay particles. These effects, which occur quite
rapidly, cause changes in consistency limits, explaining the soil's improved workability as
a result of low plasticity and friable character developed in the soil (Sherwood, 1962;
Ingles and Metcalf, 1972; Bell, 1988; Cobbe, 1988; Arabi and Wild, 1989). Also, with the
addition of lime, more OH' ions are introduced in the clay layers. The OH ions which
result in a surplus negative charge attract H" ions and the polar water molecules will
therefore be squeezed into the clay layers. The total effect of these processes is the general

raising of liquid and plastic limits.

Changes in maximum dry density and optimum moisture content are determined by the
nature of grouping and orientation of the individual clay particles. These particles may be
in a dispersed state where the maximum dry density will be high and the liquid limit low

relative to the undispersed state, or they may be in a state of flocculation and/or
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agglomeration where the maximum dry density will be low and the optimum moisture
content high relative to the dispersed state. These states of the clay particles are very
much determined by the magnitude of charges on the clay particles. Therefore any
situation in which the clay particles’ negative charges are reduced, as in the cases of lime
and/or sulphate addition, will lead to a reduction in the maximum dry density and an

increase in the optimum moisture content.

Cation exchange capacity decreases in the order kaolinite-montmorillonite-illite (Bell,
1988; Arabi and Wild, 1989). Expandable clays tend to react more readily with lime,
losing plasticity immediately (Bell, 1988). Most researchers agree on the fact that
flocculation and agglomeration explains the initial material property changes and bonding
mechanisms in lime stabilised clay mixtures. The long term changes are caused by the

slower silicate bonding (Ingles and Metcalf, 1972; Wild et al., 1988 among others).

3.2.3 POZZOLANIC ACTIVITY

The cementing agent in both cement- and lime- stabilisation is the tough, water-insoluble
gel of calcium silicate (Ingles and Metcalf, 1972; McCallister et al., 1992). McCallister et
al., observed that the C-S-H gel is rather permanent in nature, impervious and hence lime-
stabilised soils are not susceptible to leaching. There is however a difference in the way
this gel is formed in both cases. In the case of cement, the gel is principally formed from
the hydration of anhydrous calcium silicate (cement). In the case of lime, the gel is formed

only after attack on and removal of silica and alumina from the clay minerals of the soil.
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Thus, cement stabilisation is less dependent on the soil type while lime-stabilisation is

different for each soil type.

Base (cation) exchange and chemical combination (silicate bonding or pozzolanic
reaction) commence at the same time, the former being an immediate effect while the
latter takes a considerable time to complete (Croft, 1964; Bell, 1988). Base exchange
alone has been rejected as the explanation for the cementitious properties (Croft) and
strength increases with age have been attributed to the progressive dissolution of SiO, and
ALO,. In clay soils, the main phases formed are amorphous or poorly crystalline and have
been identified as calcium-silicate hydrates (C-S-H), calcium aluminate hydrates (C-A-H)
and calcium alumino-silicate hydrates (C-A-S-H) (Croft, 1964, Sloane, 1965, Arabi and
Wild, 1989; McCallister et al, 1992). Of these hydrates, C-S-H gel is the principal
cementitious product although in the case of high alumina clays such as kaolinite, small
amounts of crystalline calcium-aluminate hydrate phases (such as C;AH; and C,AH,;) and
of calcium-alumino-silicate hydrates (such as C,ASH;) are formed (Croft, 1964; Sloane,

1965; Arabi and Wild, 1989, Abdi, 1992).

In hydrated clay lime systems, the primary reactants will be determined by the type of clay
as the lime always mainly provides Ca(OH),. In this regard, clays high in alumina will
provide high amounts of AlL,O, in addition to silica while those high in silica will provide
essentially SiO, to the system. Other clay properties - cation exchange capacity, type of
exchange cation etc. will influence the reaction kinetics. The primary reaction products of
hydration will be determined by the relative amounts of lime and clay, the prevailing

temperature and reaction time (curing period). Generally, the reactants will be CaO from
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the added lime, Al,O, and SiO, from the clay and H,0O from the added water. In other

words, the reactants form a Ca0O-Al,0;-Si0O, -H,0 system.

Most of the published work in systems involving CaO, Al,O,, SiO, and H,0 has been
conducted under concrete research using various forms of PC (and PC blends with other
materials) as sources of CaO, Al,O, and SiO,. The work includes that of Collepardi et al,
(1978), Bailey and Chescoe (1980) and Mehta (1983) who have worked on C;A hydration,
and De Silver and Glasser (1992), Caldarone ef al., (1994) and Wild and Khatib (1997)
who have worked on PC - metakaolin blends. Work with lime includes that by Croft
(1964) on lime - PFA and lime - PFA - clay mixes, and also Wild et al, (1990) who
worked on lime - PFA mixes. The work with lime-stabilised fly-ashes (Croft, 1964) show
that the earliest indication of the production of new phases are the appearance of low angle
humps on X-ray diffraction patterns with the first lines, indicative of new crystalline
minerals, observed only after four weeks of curing. These broad diffuse reflections were
considered to be due to the formation of gel-like varieties of hydrated monocalcium

silicate (C-S-H).

Croft also observed that the removal of carbonaceous matter was of little importance in
determining the final composition. When Croft included kaolinite into the fly ash-lime
pastes, the aluminates of the hydrogarnet series C,AH,-C;AS H,, were observed. With
montmorillonite, no changes were observed although the crystallinity was slightly
enhanced. Tests by Croft would seem to suggest active participation by clay minerals in
the clay-fly ash-lime reactions. Croft also established that fly ashes highest in alumina

were marginally more reactive and reactivity was more determined by lime content and
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curing temperature. He concluded that CSH, C,ASH; and C,AH,; tend to form at ordinary
temperatures (~25°C) while C,AH, at elevated temperatures (> 55°C) or at prolonged
curing. Also, high CaO/Al,O, ratios favour precipitation of C,AH,, while, based on work
on fly ash-lime and fly ash - lime - montmorillonitic clay, he concluded that high
CaO/Si0, favours that of CSH. In general, C-S-H appears to form readily in all systems
containing SiO, in significant amounts. Similar observations were made by Collepardi et
al, (1978) and by De Silva and Glasser, (1992). Collepardi worked on C;A - lime
hydration and De Silva and Glasser with metakaolin - lime. In both cases, C,AH,; is

formed in mixes with high lime content.

De Silva and Glasser (1992) considered the CaO-AL0;-S10,-H,0 system by observing the
reactions of metakaolin (Al,0,-2Si0,) with lime (Ca(OH),). They report that the main
hydrates considered to be important in the CaO-AlLO,;-H,0O system below 100°C are
Ca(OH),, C,AH,;, C,ASH; and hydrogarnet (C;AH;). Additionally, the system contains

metastable but persistent phases of C-S-H gel. Other reported hydrates at 20°C were the

carbonated version of C,AH,,, i.e. C3CE‘.11H (especially at prolonged curing), and
C,ASH,. C,AH,; tended to disappear within 180 days (= 25 weeks) leaving gehlenite
hydrate (C,ASH;) and C-S-H gel. Hydrogarnet tended to form at higher temperatures and
none was formed at 20°C, confirming earlier observations by Croft. De Silva concluded
that at high lime contents, C,ASH; and C,AH,; tended to form while at low lime contents,
and above 85°C these compounds were more unstable and C-S-H increased its
crystallinity. In clay - lime systems, lime-clay reactions are very slow and reaction

products are of very low crystallinity. Thus although the principal phases which form in
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these systems have been characterised, if the clay comprises a naturally occurring clay soil

it is often not possible to fully identify all the reaction products.

3.3 PROPERTY CHANGES IN LIME STABILISED CLAYS

3.3.1 INTRODUCTION

Lime-sand and cement-sand mixtures are unaffected by immersion in sulphate solutions,
even for a long duration, if the cement has a low C,A content. However, clay - lime and
clay - cement mixtures disintegrate within a few days. This clearly shows that it is the
clay fraction of the soil that the construction engineer should pay attention to. In most
cases therefore, any discussion on material changes specifically refers to the clay portion.
These material property changes include changes in the liquid limit (LL), plastic limit
(PL), plasticity index (PI), optimum moisture content (OMC) and in the maximum dry
density (MDD). Other changes include volume stability, the California bearing ratio
(CBR), the unconfined compression strength (UCS) and where applicable changes in

freeze thaw properties.

33.2 LIME STABILISATION AND CONSISTENCY LIMITS

The liquid limit of clay soils is generally lowered by the addition of lime. Nevertheless,
the liquid limit of kaolinitic clays may remain unchanged after lime treatment or even
increase (Bell, 1988; Rogers, 1988; Arabi and Wild, 1989). The fall in liquid limit is very

rapid in montmorillonite while the plastic limit rapidly rises. This results in a rapid fall in
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the plasticity index. Illites show a similar trend but less dramatic. The rate of increase in
plastic limit with lime addition increases in the order kaolinitic clays - illitic clays -
montmorillonitic clays. Kaolinitic clays are rather variable, with most researchers
reporting an increase in liquid limit on addition of lime (Abdi, 1992). In these clays, lime
treatment sometimes increases the plasticity index. In addition, some researchers have
observed a decrease in liquid limit with lime addition. Abdi, (1992) observed a decrease in
both the liquid limit and plasticity index beyond 6wt.% lime (Ca(OH),) addition. Abdi
reasoned that the use of clay with a very high kaolinite content (84% by weight) could

be the cause of the erratic behaviour.

The changes in consistency limits are attributable to flocculation and agglomeration as a
result of the cation exchange upon lime addition. According to Croft (1964), the increase
in liquid limit depends on the OH' ion concentration in the pore fluid which modifies the
affinity of clay particles to water. The addition of lime results in the introduction of more
OH- ions. Water molecules, which are polarised, are therefore attracted and bound to the
clay layer surfaces by the formation of hydrogen bonding (Arabi and Wild, 1989) as
discussed in Chapter 2. The shrinkage characteristics of clayey soils are also improved
significantly by the addition of lime, increasing the shrinkage limit and lowering the

linear shrinkage (Wild et al., 1986).
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3.3.3 LIME STABILISATION AND COMPACTION

3.3.3.1 Dry Density and Moisture Content

The period during which the mixed components can be left prior to compaction is less
sensitive for lime stabilised soils than for cement stabilised soils. Not only is any delay in
compaction less critical, but also compaction moisture content is not as critical (Ingles and
Metcalf, 1972; Bell, 1988; Rogers, 1988). This is because lime flattens the compaction
curve such that a specified density can be achieved over a much wider range of moisture
contents. Relaxed moisture control specifications are therefore possible. Indeed quality is
better ensured by moisture content control than by density specification. Also, the
optimum moisture content is moved towards higher values by the addition of lime,

enabling soils in a wetter condition to be compacted satisfactorily.

The reduction in maximum dry density and the increase in optimum moisture content are,
as outlined previously, principally attributed to flocculation and agglomeration (Rogers,
1988; Cobbe, 1988) Also, the replacement of clay with lime contributes to the reduction in
maximum dry density because clay has a higher density than lime (Abdi, 1992). A similar
clay replacement mechanism affecting the maximum dry density can be observed by the
addition of metal sulphates. This is because these additives are either of lower density (see
Table 3.3-1 below), or are more soluble in water than clay particles. The results on the

reductions in MDD and any other changes due to sulphate additives are discussed in more

detail in Chapter 7.
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reaction with lime to be effective as the amount of silica or alumina required to sustain
pozzolanic reaction in soils is relatively small (Bell and Coulthard, 1990).

(ii) Type of Lime:- Montmorillonitic clays are reported to give lower strengths with
dolomitic limes than with high calcium or semi-hydraulic limes. Kaolinitic clays on the
other hand have been shown to yield the highest strengths when mixed with semi-
hydraulic limes and the lowest strengths are obtained with high calcium limes (Ingles and
Metcalf, 1972; Bell and Coulthard, 1990).

(iii) Amount of Lime:- Strength does not increase linearly with lime content, and in fact
excessive addition of lime reduces strength (Bell, 1988; Abdi, 1990). The optimum lime
content tends to range from 4.5 per cent to 8 per cent, higher values being required in soils
with higher clay fractions. The control lime content used in this research is in the middle
of this range at 6wt.% lime content.

(iv) Curing Method:- Higher temperatures accelerate curing, resulting in higher strengths
(Bell, 1988; Bell and Coulthard, 1990). Bell reports that specimens cured at 35°C
developed twice or more the strength of those cured at 25°C. Further, at temperatures
below 4°C the soil - lime pozzolanic reaction is severely retarded and may even cease.
Saturation of soil specimens by soaking in water before testing for unconfined
compressive strength simulates some of the worst conditions to which a stabilised soil
may be subjected as it results in a marked reduction in strength. Increased curing
temperatures result in a significant reduction in this loss in strength due to soaking.
Laguros et al., (Bell, 1988) found that high levels of relative humidity (of 90% and above)
gave the greatest ultimate strength gain when comparing different curing conditions. Also,

the pH value of a clay - lime mixture is an important factor controlling the rate of gain of
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strength. The ultimate strength is related to the overall reduction in pH value during
curing.

(v) Curing Time :- The strength increases rapidly at first, notably during the first seven
days of curing (Rogers, 1988), then increases more slowly at a more or less constant rate
for about 15 weeks. This supports the view that the primary cementitious products due to
lime-clay reaction begin to form at an early stage even though reaction continues for a
very long period. These products start forming during and after the flocculation process. In
his work on lime-stabilisation of various types of clays Brandl (1981) (as reported by
Bell, 1988 and by Bell and Coulthard, 1990), observed that the rate of increase in strength
was very small between one or two years and that no further changes in strength took
place, even in active clays, after seven years.

(vi) Unit Weight and Compaction Moisture Content:- Lime-soil mixtures compacted at
moisture contents slightly above optimum attain, after brief periods of curing, higher
strengths than those compacted with moisture contents slightly less than optimum. This is
probably because the lime is more uniformly dispersed in a more homogeneous
environment when excess water is present. Also, sufficient water is available for cation
exchange to take place as well as maintain low air voids (Cobbe, 1988). The strength of
soils compacted below optimum moisture content can be enhanced by further addition of
water after compaction. Interestingly, the strengths of lime stabilised clay soils decrease
with increasing natural moisture content (Bell, 1988). One would expect the strength to
increase with increasing natural moisture content, unless the natural moisture content is far
higher than the optimum compaction moisture content. Holm observed that even three
months after lime treatment the strength of clays with high natural moisture contents

remain low.
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The compactive effort influences the strength significantly. Mateous (1964), as reported
by Bell (1987), showed that when the compactive effort was increased from standard to
modified AASHO, the compressive strength of lime-soil mixtures increased by 50 - 250
per cent for both 7 and 28 day curing periods. Mitchell and Hooper (1961), as reported by
Bell and Coulthard (1990), reported that samples of lime-clay soil compacted within one
hour of mixing attained a higher strength than those which were compacted after 24 hours
had elapsed. In contrast, Arabi and Wild (1989) found that the effect of delaying
compaction of a Devonian red marl treated with 6 wt.% lime and cured at 25°C for 12
weeks in a moist environment led to no strength change. However at higher curing
temperatures (50 and 75°C), the strength decreased significantly with delay in compaction,

the higher the curing temperatures the greater the reduction in strength.

3.3.5 SWELLING OF LIME STABILISED SOILS

In normal swelling of clay soils (see section 2.3), the main cause of change in the total
suction is matric suction. However in the presence of lime and/or salts such as sulphates,
osmotic suction must also be taken into account. The various types of swelling to occur
in unstabilised clays and the mechanisms involved have been discussed in Chapter 2. The
addition of lime to the clays result in formation of cementitious products which cement
the clay plates together. This cementation, coupled with cation exchange involving Ca®*
ions from the lime, reduce the water absorption properties of the clay particle surfaces
(Bell, 1988; Rogers, 1988; Arabi and Wild, 1989). As a result, the swell potential of the
clays is generally reduced. However, Sivapullaiah et al.,, (1987) reports increase in free

swell of lime treated kaolinitic red earth soils with increase in lime content which reaches
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a maximum, and then gradually decreases to a final equilibrium level (although this
increase in free swell may of course be due to the presence of expansion producing

minerals in the soil such as sulphates as discussed later).

The Department of Transportation (DTp) allows an average swell for lime stabilised
material of less than Smm measured on the standard 127 mm high CBR mould
(approximately 4% linear expansion) after not more than 72 hours of mellowing followed
by 3 days of curing and 4 days of soaking. No individual test specimen is allowed to have
a swell of more than 10 mm (approximately 8% linear expansion). Under normal
circumstances, these limits are rarely exceeded unless the presence of sulphates is
confirmed. Mineral admixtures which react with lime sometimes reduce expansion and/or
increase the mortar strength. Silica fume for example (in concentrations of 8 - 10 wt.%

Si0,), reduces free expansion 1.5 - 2.5 times.
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3.3.6 OTHER PROPERTIES OF LIME-STABILISED SOILS

The CBR of clayey soils is increased by the addition of lime (Bell, 1987). The CBR
increases immediately after the addition of lime and continues to increase with time if

there is lime in excess of the lime fixation point.

Lime stabilisation has been found to increase the value of Young's modulus by some 15
times after three weeks of treatment and around 35 times after 16 months. The modulus

has been found to increase with increase in curing temperature (Bell, 1987).

The permeability of a clay soil increases when treated with lime (Bell, 1987; Wild et al,
1987). This is directly proportional to the amount of the clay fraction. Those clay soils
compacted on the dry side of the optimum moisture content develop a higher permeability

than those compacted wet of the optimum.

Flocculation as a result of lime-stabilisation increases the mix void ratio which in turn,
reduces the thermal conductivity. This reduced thermal conductivity prevents the frost
encroachment from the stabilised layer top surface. With increased curing, interparticle
bonding increases and the rate and depth of frost penetration is reduced and thus the
overall resistance to frost action increases rapidly as does the volume stability. The
reduced suction forces in clay mixed with lime (Arabi ef al., 1989) reduces the supply of

water and enhances further the frost resistance as less water is available for freezing.
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3.4 EFFECTS OF SULPHATES ON LIME STABILISATION

3.4.1 OCCURRENCE OF SULPHATES

The earth’s crust contains various elements mainly in combination with oxygen in the
form of oxides such as silica (SiO,) and alumina (Al,O,) and natural salts of varying
types and concentrations. Their type and distribution depends primarily upon the climate
and geology. Among the most commonly encountered, calcium sulphate occurs as
gypsum or selenite (CaSO,.2H,0), sodium sulphate as thenardite (Na,SO,.10H,0),
potassium sulphate as arcanite (K,SO,) while magnesium sulphate occurs as epsomite
(MgS0,.7H,0). All tend to occur naturally in regions of limited rainfall (Grim, 1968;
Sherwood, 1962; Obika and Freer-Hewish, 1990) such as parts of Australia, Africa and the
Gulf region although significant amounts may also be encountered in other wetter regions.
The salts occur either contained in ground water or in the surface or subsurface soil.
Certain salts such as MgSO, and Na,SO, can also be contained in Industrial waste (Obika
and Freer-Hewish, 1990; Li ef al, 1996) which may then be used in pavement and/or
other construction. In the humid temperate regions, where soils are largely acid in
character, little or no calcium is found as sulphate, or as carbonate (calcite) or phosphate,
except when rock phosphate is added to the soil at high rates as a fertiliser (Grim, 1968).
In the UK., gypsum or selenite is abundant in some soils such as Oxford clay and

Kimmeridge clay. Other sulphates in these clays include those of sodium and magnesium.

Sulphates result from the oxidation of sulphide minerals, principally pyrite (Sherwood,

1962; Perry et al., 1995). They are usually positively identified as the salty efflorescence
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commonly seen at the soil surface in arid areas. Soils of the humid temperate regions
contain 50-500ppm soluble sulphates (0.0005 -  0.005%), while high sulphate
concentrations of 10,000ppm (1%) are common in arid and semi arid areas (Grim, 1968;
Gjorv, 1989). Irrigation water is also known to raise the sulphate content of soils
appreciably. Sulphates may be present within the soil already, or be produced by oxidation
of sulphides especially those of iron e.g. pyrite. Such oxidation is done by ground water.
Such water may also transfer sulphates from other sites. Sulphate well bonded to the clay
and therefore insoluble may weaken with time and go into solution as soluble sulphate.
This change depends on the moisture content (Littleton, 1991). In their natural state,
sulphates occur as SO,. However, in soil testing and analysis, sulphates are normally
expressed as SO,. This is the situation in BS 1377. The test for total sulphate content (BS
1047) provides a measure of the sulphates (SO,) already in the soil plus those sulphates
converted from the oxidation of sulphides. Total sulphate content is determined as the acid
soluble sulphate. In addition, water soluble sulphate is determined and this helps in
ascertaining the potential for migration of sulphates (BS 1377 Part 3) and also the level of

sulphate present in ground water.

Solubility influences behaviour between the less damaging (in terms of strength
development) gypsum (calcium sulphate (CaSO,.2H,0)) and the more damaging
sulphates of sodium and magnesium. The solubilities of some of the common sulphates
are shown in Table 3.4-1. From the current available literature on the effects of sulphates
on lime stabilised clays, it is erroneous to quote an acceptable level of sulphate in terms of
expected swell. The current and other works have established that the effects of sodium,

magnesium and potassium sulphates are more deleterious than those of gypsum despite
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clay particle surfaces. In such cases, swelling of the soil can be restricted, suggesting a
reduction in water intake and hence a comparatively lower reduction in liquid limit as
compared to monovalent cations. These special bonds, together with higher attractive
forces, trigger increased flocculation which allow the soil to have more voids and to take
in more moisture. The monovalent cations, not being as effective in this neutralisation
process, leave the clay mix with mild negative charges which do not allow the same
degree of flocculation. In fact there is a dispersive tendency of the individual clay particles
leading to a greater reduction in voids than would be the case when more floccs and voids
are developed in the presence of divalent cations. It has been suggested (Sherwood, 1962)
that small proportions of metal sulphates as secondary additives may be beneficial to soil-
lime mixtures by increasing the strengths without significant increase in moisture
adsorption and swelling. At high concentrations however, sulphates like sodium sulphate
increase the pH of the pore solution to such”high levels that lime (Ca(OH),) becomes
almost insoluble (Li er al, 1996). The effects of sulphates on lime treated soils are
different from the effects of sulphates on untreated clays (Bell, 1988). In lime-treated soil,
the unconfined compressive strength (UCS) increases at low sulphate contents (of the
order of 1%). This strength increase is greater when the water content in the soil exceeds
the optimum moisture content or compaction moisture content (Bell, 1988). In contrast,
the UCS of untreated clay is reduced by the presence of sulphates regardless of moisture
conditions (Strevens and Littleton, 1989). Strevens and Littleton observed that the
reduction in UCS was exacerbated if sulphate solutions were used in contrast to when the
sulphates were incorporated in the dry state, implying that soluble sulphates such as those
of sodium, magnesium and potassium are likely to have more deleterious effects than

those of calcium.
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The influence of sulphates on swelling will depend on the amount and type of sulphate,
the amount of alumina (and hence the type, the amount and the particle size of the clay),
the temperature and the humidity (Mitchell, 1986). All these effects of sulphates on lime
stabilised soil are due to the formation of c4ssy# and c4SH hydrates. It would
therefore be most appropriate to discuss the formation and properties of these hydrates

before discussion of their effects on stabilised material.

3.4.2.2 Ettringite Formation

Clay-lime reactions have already been disgussed in section 3.2. In the presence of
sulphates further complex reactions, and modifications of the lime-clay reactions, take
place. After the dissolution, at high pH, of alumina and silica from the clay and of the
sulphate minerals if present, a colloidal product forms (Mitchell, 1986; Wild er al., 1989),
consisting of a complex calcium-sulphate-aluminate-silicate hydrate (c4s5# ). This
compound's S/S ratio increases progressively with curing /soaking time due to its property
of attracting sulphate ions and rejecting the silicate ones. This is perhaps due to differences
in solubilities of sulphates and silicates. Eventually, within this colloidal product, a
compound with little or no silica in it, commonly known as ettringite is precipitated.
Ettringite may be represented either in the cement chemistry  notation as
C,A3CSH,,0rc, 45,H,, (ie. 3Ca0.AL,0,.3CaS0,.32H,0) or in the structural chemistry
notation as Cas[Al(OH)],(SO,);26H,0. The rate at which ettringite precipitation takes
place will depend on several factors as discussed later. It is just one of several fairly stable
phases that form from the colloidal product. As the sulphate concentration decreases
structural adjustments of this colloidal hydrate take place with time, and other

unstable phases also form. One example of such a phase is monosulphate (c,4csH,)
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which has been widely reported in PC-sulphate systems (Kuzel, 1996; Odler and Yaoxin

Chen, 1996).

The formation of ettringite may be explained by observations on [SO,]* adsorption on
clay particles in solution (Bolan ef al., 1993). Electrostatic attraction of Ca®* ions onto
the hydroxyl groups on the clay particle surfaces, say during lime stabilisation, induces
positive charges on the clay particle surfaces.

CLAY-OH CLAY-OCa

Ca¥ — +H' I

CLAY-OH CLAY-OH

The adsorption of [SO,]* due to the created positive charge on the clay then follows.

CLAY-OCa CLAY-OCa|
+ SO + OH'+ IpH II
CLAY-OH CLAY-SO,

The [SO,)* ions on their own are also capable of displacing hydrogen even on sites

without a positive charge, further increasing the OH" ion concentration.

CLAY-OH CLAY-OH
+[SOF — + oH- +|pH I
CLAY-OH CLAY-SO,

The source of [SO,]* may be a divalent cation sulphate, such as CaSO, or MgSO,, or a
monovalent one such as Na,SO, or K,SO,. The H' ions released during the cation

adsorption partly balance the OH " ions released during the [SO,]* adsorption in equations
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Il and ITII. There is therefore some noticeable increase in pH due to [SO,]* adsorption as
the H' ion concentration reduces. Meanwhile, the polar H,O molecules and/or OH" ions
interact with aluminate and lime particles, forming intermediate components (i) and (ii)
below.
H

~

[y v
- ~

@ (ii)

This reaction strains the original Al----O and Ca----O bonds, weakening and eventually
breaking some of them, increasing Ca® and Al(OH), ions in the pore solution (Deng
Min ef al,, 1994). This facilitates the formation of new phases including ettringite by the

mobilisation of H'; OH" from equations I and II and AI(OH),’, Ca*" and [SO,]* as well as

water molecules from the pore solution.

Precipitation of ettringite is as a result of [SO,]* ion supersaturation. The minimum pore
fluid sulphate concentration necessary to stabilise ettringite in various calcium sulpho-
aluminate systems has been found to depend on pH, temperature and [SO,J” ion
concentration among other factors. Above 50°C, ettringite is not generally formed at
sulphate concentrations below 5 x 10* mol/litre sulphate while at 5°C only 2 x 107

mol/litre would be required (Glasser, 1996).
Ca¥+2A1(OH)* + 3[SO,J*+ 40H + 26H,0+*> {Ca,[Al(OH)],.24H,0}(SO,);2H,0(V)

The formation of ettringite, sometimes coupled with later formation of gypsum, lowers the

concentration of Ca?* and [SO,]* in the pore solution.
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Ca’ + [SO,J* + 2H,0 «—> CaSO,2H,0 VI

If the observations reported by Mehta (1983) in systems involving cement hydration were
to happen in clay lime stabilisation (which is highly likely as the reactants in the systems -
lime, alumina, sulphate etc. and the environmental conditions are very similar), pore
solution of high alkalinity (high pH) would lead to formation of fine ettringite crystals
which would form in situ i.e. on or close to the clay particle surfaces. If water is available,
this ettringite formation would be accompanied by large expansions. Alternatively, and
especially at low pH, Al(OH), ions would move into the bulk pore solution and ettringite
may precipitate partially or completely in voids, giving rise to little or no expansion (Deng
Min ef al., 1994; Yan Fu et al, 1996; Glasser, 1996). Recent research in cement related
cases has shown that ettringite withdraws water from the pore solution, increasing the
concentration of OH' ions (and hence the alkalinity of the pore solution) (Shayan and
Ivanusec, 1996). This helps in maintaining the pH for further ettringite formation until all

the reactants are depleted.

Research has also shown that primary phases such as monosulphate may react with
carbon dioxide to form ettringite at the onset of carbonation (Kuzel, 1996). A review of

past literature does not have any detailed coverage of this mode of ettringite formation.
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3.4.2.3 The rate of ettringite formation

As mentioned above, much of the reported work regarding ettringite formation relates to
hydration of cement rather than lime-soil reaction. However because the basic chemistry is
the same in both systems, these observations are relevant to the current work. Thus, from
observations on C,A hydration by numerous researchers, formation of a cementitious gel
coating around clay particles during lime-clay-sulphate hydration is also likely to occur.
Mehta (1972) while working on the influence of lime and gypsum on the hydration of C;A
observed that the hydration of C,A was retarded in the presence of lime and or gypsum.

In the absence of gypsum, hydration was retarded by C,AH, formation coating C;A grains.
Later, Collepardi et al., (1978) worked further with gypsum and sodium sulphate on C;A
hydration and observed that hydration in the presence of gypsum was retarded by the
formation of ettringite crystals coating the grains. The formation of this coating restricts
sulphate ion bearing pore water access to the particles and hydration slows down. Such
views were also shared by Pachenko (1990), arguing further that the coating reduced the
rate of further ettringite formation. Mehta had earlier argued that the deposits of ettringite
around C,A grains were not dense enough to account for the retardation of the hydration,
explaining the retardation in terms of reduced C,A solubility in solution saturated with
sulphate ions. Arguments that a colloidal gel rather than ettringite crystals coating would
be the first to cover the grains would appear to be most appropriate because a gel

(especially as it is known to be rather impervious) would be most effective in reducing
grain access. It is reasoned that it is from this gel that fibrous material and ettringite
crystals precipitate. Pachenko suggested that the increasing volume of ettringite crystals
within this initial coating creates tensile stresses resulting in the development of

microfissures on the shell and renewed access to the grains. The rate of ettringite
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formation is subsequently observed to increase again. Wild er al, (1993) attributes the
reduced ettringite formation within the colloidal gel to increased fluid pressure due to
osmotic imbibition of water and not to ettringite growth. This membrane formation and
rupture process continues until all reactants are depleted or until further reaction is

terminated by development of stable crystalline phases.

The rate of ettringite formation is also affected by the addition of other various chemicals.
De Silva and Glasser (1992) found that the low solubility of CaSO, delayed the formation
of ettringite. This delay was accelerated by the presence of NaOH which further lowered
the solubility of CaSO,. Sodium hydroxide and alkalis in general inhibit the formation of
ettringite by shifting the equilibrium of the reaction represented by equation V to the left
(De Silva, 1992, Diamond, 1996). On the other hand, in the presence of extra gypsum, the
rapid dissolution of Na,SO, in water furnishes the necessary sulphate ions to promote

rapid ettringite formation.

There is little in the literature to confirm whether ettringite is formed in the presence of
sodium sulphate and gypsum, as in most reported cases there is no recorded expansion
(Sivapullaiah er al, 1987). Some researchers have however indicated that ettringite
formation indeed does take place (Li ef al., 1996). In his work on the effects of NaCl and
NaOH on laboratory soils prepared from commercial quality siliceous sand and clay, Lees
et al., (1982 and 1983) observed that sodium ions may "disturb" the aluminium bonding,
creating a situation where calcium ions may more easily unite with alumina and silica to

form new materials. The weakening of silica and aluminium bonding is facilitated by the
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formation of intermediate sodium silicate and sodium aluminate hydrates (Equation VIII)

(Lees et al., 1982 and 1983).

Ca(OH), + Na,X —» CaX +2NaOH Vil

Where X is sulphate, silicate, aluminate or hydroxide

This step is a cation exchange where Na" replaces Ca>* to form a Na-clay from a Ca-clay.

This leads to smaller particles (Deflocculation).

NaOH + SiO, (soil silica) =~ —> NSH Hydrated Na-
Silicates and VIII
NaOH +Al,0; (soil alumina)— NAH Aluminates

These hydrates later react with Ca’* ions to end with calcium-silicate and calcium-

aluminate hydrates, CSH and CAH respectively (Equation V).

NSH+Ca — CSH +N
or CNSH + N IX

NAH + Ca— CAH +N
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3.4.2.4 Nature of Ettringite

There are conflicting observations, theories and explanations of the nature and form of
ettringite which is produced in different chemical environments. This makes the
understanding of the undoubted influences of ettringite on the expansive behaviour of
ettringite containing systems very complex. In their study of the microstructure of C;A in

the presence of gypsum, numerous researchers (Mehta, 1972-83; Hampson and Bailey,

1983) observed that calcium-sulpho-aluminate hydrate (CA S H) phases appear to have a
structure that is strongly dependent upon chemical environment, particularly pH,
temperature and sulphate activity. This has been confirmed by recent research which has
shown that ettringite can form in two ways: long fine and needle-like crystals and/or short,
stubby ones (Shayan and Ivanusec, 1996), the character of crystallisation being influenced

by the environment i.e. the presence of lime or other alkalis, and reactive aggregates.

From observations on formation and expansion of ettringite in several reports, calcium
aluminate and calcium sulpho-aluminate hydrates precipitate from solution from a
pH~10.0 onwards (Mehta, 1972 and 83; Hampson and Bailey, 1983; Gabrisova et al,
1991; Deng Min et al, 1994; Shayan and Ivanusec, 1996). Below this pH level, only
gypsum and aluminium sulphate are the stable phases. The first hydrate to appear (at
pH~10.0) is hydrogarnet (3Ca0.Al,0;.6H,0 or C;AH,). Calcium sulpho-aluminate
precipitate (ettringite ¢, 43¢ 5H,,)) appears at a pH ~10.5-10.7 and on further increase in
pH, monosulphate (¢, 4 c5#,, ) appears at pH~11.6. The precipitate fibres get smaller and
more rounded with rising pH and beyond a pH of 12.5, the fibres start to disappear. At

higher pH~13.2, no fibres are generally observed.
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From the various reports on ettringite formation and growth mentioned, the characteristics
of freshly precipitated ettringite at low pH=11.5 are different from those at high pH~12.5
(say that found in a saturated lime solution). At the higher pH, the ettringite crystals are
fine needle-like and prismatic crystals (Deng Min ef al., 1994), and tend to form on the
aluminium bearing particle surfaces. In the absence of lime, (low pH), they tend to form as
large widely scattered crystals distributed through an extensive region in the bulk solution.
Mehta (1983), in agreement observed that ettringite formed in the presence of lime
consists of small sized crystals and that ettringite formed in the absence of lime is in larger
crystals (six times as big), but further observes that the former is almost colloidal in
texture and not formed of prismatic crystals. Collepardi et al.,, (1978) while working on
the influence of lime, gypsum and sodium sulphate on the hydration of C;A observed that
that the size and thickness of ettringite obtained by C;A hydration rapidly decreased in the
presence of lime from 0.3pm to 0.1pm.
In the presence of alkalies such as KOH and NaOH, it is possible to increase the pH
further to 13.2 or even 14 when Na,SO, is present (Li et al., 1996; Shayan and Ivanusec,
1996). Li et al, and Shayan and Ivanusec observed that this increase in pH further

reduces the size of ettringite and even dissolves it.

3.4.2.5 Properties of ettringite

General:- Ettringite is responsible for both beneficial and deleterious phenomena. In
Portland cement especially, beneficial factors include compression stresses in shrinkage-
compensation and self stressing concretes. Deleterious ones include heave, loss of
strength and cracking. There are conflicting theories as to whether ettringite is a primary,

secondary or even an unessential contributor to the process for retarding C;A hydration.
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Since sodium sulphate does not retard C;A hydration as calcium sulphate does and neither
ettringite nor monosulphate (¢,4c5#,,) are observed by DTG, DTA, or XRD, it then
follows that it is the formation of ettringite rather than simply the presence of sulphate in
solution which is involved in the retardation process. These observations should provide
important indicators of the types of mechanisms operating in the current work on clay-
lime-sulphate systems. Several factors are however important in determining the
properties of ettringite.

Temperature:-At low temperatures (below 15°C), and in the presence of carbon dioxide,
ettringite undergoes carbonation to form thaumasite (Mitchel, 1986; Edge and Taylor,
1971). Here, carbon dioxide reacts with water and forms carbonic acid which dissolves
calcite, if present in the clay, enabling carbonation of ettringite to thaumasite. This is an
iso-structural substitution of AI** by Si*" on the one hand and of SO, by CO;” on the
other, forming a complex calcium-silicate-hydroxide-sulphate-carbonate hydrate of the
formula c,s5cH,, or 2CaO[Si(OH)],2(SO,),CO;24H,0. At higher temperatures,
ettringite remains stable until a temperature of 50°C when its solubility rapidly increases
and at 100°C it becomes quite unstable and disappears (Grounds et al., 1996; Glasser,
1996; Odler and Yaoxin, 1996).

Sulphate ion concentration:- From observations of properties of ettringite in cement,
almost all the ettringite is eventually transformed to lower sulphate content monosulphate

at low sulphate concentrations. Little or none of the ettringite is present after 24 hours of
hydration in low sulphate containing systems (Mehta, 1983). The monosulphate also
disappears after some time. The sulphate is probably taken in by the C-S-H gel and also
retained in solid solution in C,AH,; (Odler and Yaoxin, 1996; Glasser, 1996). Kuzel,

(1996) observed that the conversion of ettringite to monosulphate takes place when the
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sulphate concentration falls below 2.35 mg/l. Also, the conversion must be under CO, free
conditions, less than 0.5%.
Alkalinity:- The solubility of ettringite has been observed to increase with the alkali

content of the pore fluid (Glasser, 1996, Diamond, 1996; Shayan and Ivanusec, 1996).

3.4.2.6 Ettringite and Swelling

It is generally agreed among scientists that expansion of lime-stabilised clays in the
presence of sulphates is the result of ettringite formation, though its role in expansion is
different as viewed by various scholars (Pachenko, 1990). In badly damaged lime-
stabilised pavement layers, 20-40% by volume of the total material has been observed to

consist of thaumasite (Mitchell, 1986).

Ettringite formation and the expansion mechanism has been explained by two theories;
crystal growth theory and swelling theory. In lime stabilised clay in the presence of
sulphates, expansion is believed to be partly caused by the growth of ettringite crystals
formed on the clay particle surfaces (Mitchell, 1986). Secondly, there is the osmotic
pressure that induces water intake, identified with pressures arising from concentration
differences of dissolved ions between the solid particles and the surrounding liquid phase
(Krahn and Fredlund, 1972). This forms a colloidal gel from which ettringite crystallises.
The gel has the ability of attracting large numbers of water molecules, causing inter-
particle repulsion, thus causing an overall expansion of the system. Although expansion
takes place during the ettringite formation stage, ettringite formation, or even its amount,
should not be considered to be a measure of the expansion magnitude. Heller and Ben-

Yair (1964) observed no direct correlation between the degree of expansion of cement
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upon sulphate attack and the amount of ettringite present. They also observed that
although theoretically, there should be 7-8% reduction in volume on completion of

ettringite formation, ettringite formation is often associated with expansion.

It is not certain whether ettringite formed in the voids causes expansion. Yan Fu et al,
(1996) working on the hydration of different calcium aluminate hydrates reports that the
magnitude of expansion is relatively small when the ettringite crystals grow too quickly in
the early stages because the structure is not well cemented. The ettringite then just fills in
voids during these stages of low strength. Numerous other authors share this view
(Glasser, 1996). Others are of the opinion that all ettringite forms produce expansion and
the difference between ettringite forms determine the magnitude of expansion (Mehta,
1983). Mehta and his co-workers found that ettringite formed in the presence of lime was
gel like, with a large surface area and unsatisfied negative charges. They confirmed that
the colloidal (or gel like) “ettringite” would imbibe large numbers of water molecules and
generate swelling pressure, leading to an overall expansion of the system. Other
researchers (Wild et al, 1993B) hold similar views on water absorption by a colloidal
layer. However, it may not be appropriate to classify this as ettringite because by
definition ettringite is a crystalline mineral of fixed composition. In view of recent
observations on research on delayed ettringite formation, some researchers are of the view
that the earlier theories put forward by Mehta about existence of amorphous ettringite
seem to have been overlooked, especially for ettringite formed in brief high temperatures
(Glasser, 1996). A range of other views also exist. Wang ef al,, (1996) suggested that
swelling forces upon ettringite formation are weak and do not contribute to much

expansion. Rossato ef al,, (1992) demonstrated that the effects of swelling pressure were
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apparently small, being exhausted by a small restraint of the order of 0 - 0.1 MPa. The
current work which will be discussed in Chapter 8 does not however seem to indicate this.
Glasser (1996), reports in his study on the role of sulphate, mineralogy and curing
temperature in delayed ettringite formation that there is no doubt that under some
circumstances, yet to be fully defined, ettringite formation can be expansive. He points out
that early work on restrained pressure generated from ettringite forming reactants showed
that the mechanical pressures exceeded 350 Mpa, much greater than the strengths of well-

made, well-cured concrete.

The detailed process of ettringite induced expansion is complex and although the
formation of ettringite is undoubtedly of importance in swell formation, other properties
of ettringite are also important. These include its stability under prevalent conditions and

the influence of other ions, such as chloride ions if present and other admixtures.

3.43 PROPERTY CHANGES IN LIME-STABILISED CLAYS IN THE

PRESENCE OF SULPHATES

3.4.3.1 Introduction

Expansive effects of sulphates in lime stabilised clay soils has been reported by Sherwood,
(1962); Mitchell, (1986); Sivapullaiah et al, (1987); Hunter, (1988); Strevens and
Littleton, (1989); Snedker and Temporal, (1990); Abdi (1992) and Wild et al., (1993,
1996). Similar effects of sulphates on industrial by-products such as pulverised fuel ash
(Pfa) when combined with lime have also been observed and have also been reported by

Wild ef al., (1990). There is little else reported on the influence of sulphates on other
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property changes such as compaction behaviour, and strength development. Abdi (1992)
reported on the strength development of lime-stabilised industrial kaolinite in the
presence of gypsum while Waswa et al., (1993) reported similar developments on a lime-

stabilised Kenyan lateritic soil (commonly known as Murram).

The engineering properties of lime stabilised materials are affected very significantly by
the presence of sulphates, which may be present either in the parent stabilisation material,
in the water used for mixing and/or in the ground water. In many cases these effects from
sulphates are due to the modified cation exchange and pozzolanic reactions as a result of
modified water solution chemistry. The effects will depend on the sulphate cation type as

well as the amount present.

3.4.3.1 Pore solution chemistry

The effects of the addition of a sulphate to the pore solution chemistry of clay-lime
systems will depend on the type and amount of sulphate. The addition of gypsum for
example would result in the addition of Ca®" cations as well as the introduction of SO,”
anions. With the addition of other sulphate types, the Ca® cations will remain those
provided by the added lime while new cations as well as SO, anions will be introduced.
The amount and solubility of the added sulphate will determine the number of the added
anions and cations. It is this new list of ions that will participate in the cation exchange

that ensues.
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3.4.3.2 Cation exchange

The addition of extra Ca®* cation by the addition of gypsum will lead to an increase in the
overall number of cations attracted to the clay particle surfaces. As for the addition of
other sulphate types, the cation exchange will depend on the position of the added cation
in the lyotropic series Li* < Na* < K* < Mg"* < Ca* < Ba* < AP* < H" (Cobbe, 1988;

Arabi and Wild, 1989), relative to the cations already present in the clay-lime system. The
latter will predominantly be Ca’>* from the lime and any other inter-layer cations such as
Na' and/or K'. The ensuing cation exchange will determine whether flocculation-
agglomeration or deflocculation-dispersion predominates. The divalent cations which
result in enhanced neutralisation of the repulsive negative charges on the clay particle
surfaces and a reduced electric double layer will lead to greater particle-particle attraction
and hence flocculation-agglomeration while the monovalent cations will lead to lesser
particle-particle attraction and an enlarged electric double layer and hence an inclination

towards deflocculation-dispersion.

3.4.3.2 Sulphates and consistency limits

The water retention properties of a clay soil-lime mixture after the cation exchange
process has occurred will determine the modified properties of liquid limit, plastic limit
and hence the plasticity index. A flocculated structure will accommodate more water in
the voids, raising both the liquid limit and the plastic limit as compared with a dispersed
structure. Numerous researchers have reported the effects of calcium ions in lime-
stabilised clays on the consistency limits (Sivapullaiah ef al,, 1987; Bell, 1988; Arabi and

Wild, 1989). The overall effects of the presence of other cations in the pore fluid will
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depend on whether the effects due to these cations support or counter those due to calcium
ions. Monovalent cations (because of their lower charge and larger hydro-sphere than
monovalent cations) would tend to counter the effects of calcium and cause deflocculation
while divalent cations (with similar properties to Ca cations) would tend to increase the
flocculation potential. However, the exact relationship between pore solution cations and
subsequent consistency limits (LL, PL and PI) depend on other factors as well such as the
clay mineral type. These limits cannot be merely quantified on the basis of presently
available research on cation exchange. For example, while calcium ions tend to lower the
liquid limit of montmorillonitic clays, the liquid limit of kaolinitic clays is increased. The
cation exchange capacity is therefore only a Very rough guide to the likely effects on the

complicated and sometimes unpredictable water retention properties of clay minerals.

3.4.3.3 Sulphates and compaction

Compaction is basically a physical-mechanical process, determined by the ease of particle
packing. On a micro level, cation exchange will influence the particle-particle separation,
with divalent cations leading to closer particle-particle spacing and the monovalent ones

leading to dispersion. On the macro scale, the bigger the floccs the more air is trapped
between the particles and there is reduced efficiency of packing leading to reduced

maximum dry density (MDD). On the other hand, in the dispersed condition, fewer floccs
will result in more particles in a given volume due to less entrained air voids and reduced
floce-floce friction. This leads to increased MDD. This closer particle to particle packing
also leads to less water spaces and to a lower optimum moisture content (OMC). In the
case of divalent cations, more water would be accommodated in the voids of a

flocculated structure, raising the OMC.
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3.4.3.4 Sulphates and strength

Alkali metal compounds at low concentrations produce substantial improvement in the
soaked compressive strength of cured soil-cement (Grim, 1968). Those alkali metal
compounds forming insoluble salts with calcium have been found to be the most
beneficial. Several researchers have worked on the effects of some of the commonly

encountered sulphates on both unstabilised and lime-stabilised clays viz.:-

Calcium Sulphate (Gypsum):- Several researchers have confirmed that gypsum addition
provides a considerable contribution to the strength of lime stabilised clay soils (Grim,
1960; Abdi, 1992; Waswa et al., 1993) This contribution is further enhanced by the
presence of NaOH. Lambe et al., (year of publication unknown) observed that alkaline
activators (such as NaOH) increase the amount of Ca(OH), reacted in a particular time.
The effect of NaOH on the strength is significant in the early stages, but is less so or

insignificant in the later stages.

The beneficial effects on strength development due to the presence of gypsum are however
marred by sulphate attack (ettringite formation) reported by Sherwood, (1962); Mitchell,
(1986); Sivapullaiah et al, (1987); Hunter, (1988); Strevens and Littleton, (1989);
Snedker and Temporal, (1990); Abdi (1992) and Wild et al., (1993 and 1996). This form
of attack will be discussed in greater detail in the next sub-section on sulphates and

swelling.

Magnesium Sulphate:- According to Bonen (1993), magnesium sulphate is among the

most damaging sulphates in soils. Sherwood (1962) reported dramatic reduction in
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strength of more than 50% in the presence of MgSO,, even at concentrations as low as
0.2wt.% SO,. These strength reductions were accompanied by big swells. Ettringite
formation is thought to be the cause of early strength development in sulphate containing
lime-stabilised systems. However ettringite is slow to form and even unstable in the
presence of magnesium sulphate. The sulphate ultimately causes the ettringite to
decompose to gypsum and hydrated alumina. The presence of magnesium sulphate leads
to severe decalcification of the C-S-H gel leading to surface deterioration with further
sulphate ingress and subsequently to the surface deposition of gypsum (Heller and Ben-

Yair, 1964) i.e.

3Ca0.28i0,aq + 3MgS0,.7H,0_,3CaS0,.2H,0 + 3Mg(OH), + SiO,gel (Heller and Ben Yair, 1964).X

The sulpflate attack is similar to that normally occurring in Ordinary Portland cement
when magnesium sulphate is present whereby gypsum, brucite (Mg(OH),) and a poorly
crystalline M-S-H gel, mainly serpentine (M,S,H,), are formed in addition to ettringite.
Decalcification (which is indicated by darkening of backscattered electron (BSE) images
of polished sections of pastes (Gollop and Taylor, 1996)) releases calcium ions,
facilitating easier deposition of gypsum. The gypsum formed may then react with more
aluminate in the soil to form ettringite, (especially when most of the MgSO, which attacks
ettringite has reacted), while the magnesium hydroxide (brucite) formed may react further
with silica to yield more magnesium silicate gel. This latter reaction is however slow as
the brucite is of low solubility and tends to form a hard surface coating on the C-S-H gel,

preventing it from further attack from MgSO,.
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In high concentrations of magnesium sulphate, two competing factors operate in the
sulphate attack process, viz. 1) the more efficient coating of the C-S-H surfaces by
precipitated magnesium hydroxide on the one hand and 2) the increased attack due to the
higher concentration of sulphate ions on the other. The microstructure of the material will
determine which is the dominant factor. The greater the porosity of the mix, the more
magnesium hydroxide is required for blocking all the channels. Therefore in well
compacted clay, it is expected that the magnesium hydroxide coating is rather effective,
due to reduced surface area of reacting surfaces. In this case, high magnesium sulphate
which facilitates the formation of the brucite coating more effectively is less deleterious
than at low concentrations. In porous materials, the brucite coating is ineffective and high

concentrations will be very deleterious.

Sodium Sulphate:- Sodium compounds, which form insoluble compounds with calcium,
have proved to be beneficial to strength development (Grim, 1960). The most beneficial
additives have been found to be sodium sulphate in addition to caustic soda, soda ash,
sodium sulphite, sodium metasilicate and sodium aluminate. Sherwood (1962) worked on
various lime-stabilised soils containing sodium sulphate. He observed that considerable
strength enhancement (more than 50%) occurred in some soils, while there was reduction
in others. Heller and Ben-Yair (1964) reported that hydrated calcium silicates are not
attacked by Na,SO, as is the case for magnesium sulphate. Early research work on the
Ca0-Al0;-SO,-Na,0-H,0 system by Dosch and Zur Strassen (1967) (as reported by Li ef
al., 1996) indicated that the deleterious effect on strength by Na,SO, is probably due to the
formation of expansive products (AFm/AFt) similar to those formed in the presence of

gypsum, More recently Li et al, (1996), reports the formation of hexagonal or pseudo-
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hexagonal layered structures similar to the AFm/AFt phases common in Ca0O-Al0;-
CaSO,-H,0 systems but different from the latter in the fact that the structures contain
sodium between the layers instead of calcium. Also, high concentrations of Na,SO, raise
the alkalinity to very high pH levels. At such pH levels (pH > 14 ), no Ca’ ions were
detected in the interstitial solution by Li et al.,, (1996) as Ca(OH), was almost insoluble.
Overall, research indicates that high concentrations of Na,SO, would lead to detrimental
effects (Li et al., 1996; Shayan and Ivanusec, 1996), attributed to the incorporation of Na

in the C-S-H and development of a more dispersed system.

In Portland Cement attack by sodium sulphate, deposits of calcite are commonly
identifiable by XRD with little or no gypsum formed. In other words, the formation of
CaCO, is preferred to that of CaSO, (gypsum) or Na,CO;. This suggests that the mode of
attack due to sodium sulphate is rather different form that due to the presence of
magnesium sulphate although in both cases, significant decalcification of the C-S-H gel
must take in order to release Ca’* ions. In both cases, the attack leads to subsequent
weak cementation leading to increased porosity and/or permeability and in turn, easy

ingress of CO, and other deleterious agents.

Potassium Sulphate:- The detrimental effects in strength due to the presence of potassium
compounds together with those of lithium have been found to be similar to those of
sodium compounds not only in cement (C;A) hydration (Shayan and Ivanusec, 1996) but
also in soils (Heller and Ben Yair, 1964). The potassium compounds have however been

found to be marginally less detrimental.
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3.4.3.5 Sulphate and swelling

The presence of sulphates in lime-stabilised clay causes swelling both during the curing
stages and during any subsequent inundation (Mitchell, 1986; Hunter, 1988; ; Barbour ef
al., 1989; Snedker and Temporal, 1990; Abdi, 1992). Mitchell and Hunter report very
large amounts of heave in excess of 100% leading to pavement failure in the Stewart
Avenue lime treated sub-base in Las Vegas, Nevada, USA. Snedker and Temporal also
report heave of at least 60% on the Banbury IV contract, part of the M40 Oxford to
Birmingham motorway. In the Las Vegas case, Mitchell and Hunter attributed the heave to
the expansive reaction between sulphates and the lime-stabilised sub-base material.
Snedker and Temporal attributed the heave on the M40 motorway to similar reactions. In
a closely related situation, Sherwood (1962), mentions a case in which the presence of
calcium sulphate in the soil resulted in the disintegration of a soil cement road base in
South Australia. No further reports or details on this road failure were available to the

author.

In all cases, reports in the literature suggest that the swelling may be caused by two

mechanisms.

e Firstly, there is swelling caused by changes in both suction and/or interparticle
electrostatic repulsive forces as a result of changes in pore solution chemistry. Salt
concentration gradients induce increases in osmotic suction causing imbibition of
water by the stabilised material thus resulting in swelling.

e Secondly, there is swelling caused by the formation and subsequent growth of
ettringite. This growth is increased on soaking when more water is available. Sources

of water that generally cause heave include permeable backfill, areas of poor surface
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drainage such as parking yards and construction joints (for example those occurring

between a concrete medium and an asphaltic pavement).

These two mechanisms may be part of the same overall process. From the current
available literature on the effects of sulphates on lime stabilised clays, it is not possible to
quote an acceptable level of sulphate in a bid to assess the expected swell, because each

system of reactants will have its own critical level.

3.4.3.6 Summary

It is apparent that short-term property changes of lime-stabilised clay soil (i.e. consistency
limits and compaction) are as a result of changes in pore solution chemistry and hence the
cation exchange process. These changes may be more significant on mellowing (a period
ranging from 24 - 72 hours (1 - 3 days) during which the wet material is left to mix with
water much more effectively), particularly if the material also contains sulphates. The
long-term changes (i.e. strength and volume stability) are determined by the much slower
pozzolanic activity. The presence of sulphates will affect the nature and rate of the
activity, thus having significant effect on strength and swelling behaviour, depending on
the sulphate type and concentration. The next chapter will look at the possibility of
stabilising clay soils using ground granulated blastfurnace slag (GGBS), with a view to
reducing or even eliminating the sulphate related swelling when clay soils are stabilised,
particularly with lime or lime bearing material. Inclusion of GGBS has been triggered by
the fact that it has been used in Portland Cement (PC) and PC-blends to combat sulphate
attack in concrete. It was therefore felt important to establish whether these beneficial

effects may be simulated in soil lime-stabilisation. Thus, the next chapter will review the
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chemical composition and properties of GGBS and its hydration in order to assess the
likely nature of clay-lime-GGBS and clay-lime-GGBS-sulphate reactions, and the possible

potential of GGBS in soil stabilisation.
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The use of GGBS is well established in many cement applications where it provides
enhanced durability, high resistance to chloride penetration, resistance to sulphate attack
and protection against alkali silica reaction (ASR). Its use in soil stabilisation is however
still a novel process in the U.K although it has been used in South Africa. The well
established sulphate resisting properties imparted to cements by blending them with
GGBS suggests that by blending lime with GGBS, the latter may impart similar sulphate
resisting properties to lime-stabilised clays (Wild et al, 1996). In both hydrated lime-
sulphate containing clay mixes and Portland cements, the phases present are similar -

ettringite, C-S-H, C-A-H and C-A-S-H gels. Since Portland cement hydration products
are practically the same as those of slag-Portland cement blends (Smolczyk, 1980;
Regourd, 1980), then it is likely that those of lime-slag-clay are similar or at least
comparable with those of cement/slag blends. A review of literature on the latter will
therefore form a strong basis for extrapolating the findings to establish the behaviour of

the former.

4.2 CHEMICAL COMPOSITION AND PROPERTIES OF

GGBS

Table 5.3-1 in Chapter 5 shows the chemical composition and physical properties of
GGBS and Portland cement from Civil and Marine Slag Cement Ltd., UK. From the
table, it can be seen that the chemical and physical properties of GGBS and Portland
cement are similar. Slag, used together with Portland cement, has been found to impart

distinct properties not normally found in Portland cement. Shao Dong Wang et al,
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(1995) has summarised the advantageous and disadvantageous properties of alkali-
activated slag cement and concrete. For example there are numerous reports on the heat
dissipation of GGBS-Portland cement blends (Smolczyk, 1980; Xuequan Wu et al.,
1990; Caijun Shi ef al., 1993; Shao Dong Wang ef al., 1995). Smolczyk observed that
slag hydrates much more slowly than PC and this gradual hydration makes GGBS-
Portland cement blends not only evolve less total heat but also reduce the rate at which

the heat is evolved.

The alumina content in slag increases the reactions with any available sulphate in the
system to form early ettringite using any available Ca® ions in the system. This reduces
the system’s sulphate content, thus minimising delayed sulphate attack. Also, the
reduced amount of free lime in hydrated GGBS-PC blends (Daimon, 1980) ensures less
ettringite formation. In addition, the reduced porosity and permeability of hydrated
GGBS-PC blends inhibits (see next paragraph) diffusion of aggressive agents into
GGBS concrete. Hence other forms of resistance such as resistance to chloride attack
and to alkali aggregate reaction (ASR) are also enhanced, making slag preferable for
marine applications such as injection grouts in marine environments and construction

of marine structures such as power stations and bridge piers (Regourd, 1980).

Due to the relatively high silica content in GGBS, there is proven enhanced C-S-H
formation relative to PC alone. This additional C-S-H occupies pore spaces, normally
occupied by calcium hydroxide and thus leads to reduced porosity and permeability of

slag hydrates (Bijen, 1996). The reduced porosity and permeability limits the volume of
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liquid in voids and this, together with the resultant stronger structure, provides

resistance to frost damage.

The use of slag introduces sulphides mainly of iron and manganese into GGBS-Portland
cement blends causing an early blue-green hue to appear on the surface (Kukko and
Mannonen, 1982; ACI Committee Report ACI 226.1R-87, 1995; Bijen, 1996). The
colour is a surface effect only and has no adverse effects, and it disappears as the
sulphides oxidise to sulphates upon exposure to the atmosphere. The interior of the mix
may however retain the colour for a considerable time, as observed in normal

compressive test specimens when broken.

43 SLAG HYDRATION

The effectiveness of slag hydration depends on chemical composition of the GGBS; alkali
concentration of the reacting system; glass content of the GGBS; fineness of the GGBS
and temperature during the early phases of the hydration process. The initial reaction
during slag hydration gives products which coat the slag grains, inhibiting further
hydration reactions (Daimon, 1980). Therefore, slag used on its own hardly shows any
hydration. Daimon studied the hydration of calcium alumino-silicate glass powders
(C,AS) and found that during their hydration, a low permeability coating low in calcium
and of approximate composition ASH, and 0.2um in thickness was formed on their
surfaces. This coating liberated AL,O; and SiO, on reaction with lime Ca(OH),. Similar
observations were made by Caijun Shi et al., (1993) on a Canadian slag of typical slag

composition. He hypothesised that when GGBS contacts water, the Si-O, Al-O, Ca-O
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and Mg-O bonds on the surface of the glassy slag break under the polarisation effect of
OH ions from water. Because the Ca-O and Mg-O bonds are much weaker than Si-O
and Al-O bonds, more Ca and Mg enter into water than Si and Al, and a Si-Al-rich layer
forms quickly on the surface of the slag. This layer may absorb some H" in the water,
resulting in an increase of OH or pH of the solution. However, this concentration of
OH still cannot break enough Si-O and Al-O bonds for the formation of significant
amount of C-S-H, C-A-H or C-A-S-H and M-A-H. This is confirmed by Caijun Shi et
al., who found that even at 150 days only a small amount of C-S-H forms. For this

reason therefore, utilisation of GGBS is based on its activation.

43.1 SLAG ACTIVATION

The rate of slag hydration can be influenced either chemically, mechanically or thermally
(Regourd, 1980). In the current work, activation is chemical activation by the added lime
and also sulphate. In chemical activation, an activator is required and/or an alkaline
medium. In the case of blended Portland cements, although minor amounts of alkalis are
released, the hydration of slag is mainly activated by the hydration product Ca(OH),
(Gjorv, 1989; Hakkinen, 1993; Bijen, 1996). Thus lime (Ca(OH),), may be added either as
an additive or released from Portland cement hydration. Daimon (1980) reports very low
optimum lime content requirement, of the order of 0.3wt.%, for activation of a slag
containing 10wt.% gypsum. He observed that higher amounts retarded the activation. A
similar retarding effect was applied by Douglas et al, (1991) when he used a small
quantity of hydrated lime (approximately 3wt.%) to retard the setting time of alkali

activated slag concretes. Another group of activators include sodium sulphate (Na,SO,),
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potassium aluminium sulphate (alum (KAISO,H,0)), gypsum (CaSO,.2H,0),

hemihydrate (CaSO,.5H,0), anhydrite (CaSO,) and phosphogypsum.

According to Xuequan Wu et al,, (1990), Na,SO, shows some of the best effects at early
age, while alum is the best at later age. Xuequan Wu ef al., concluded that the relatively
high activation by these activators is when they involve both alkali and sulphate
activation. Numerous researchers agree on the fact that calcium sulphate, despite being
used in accelerating the reaction of slag hydration, is not an activator but plays a special
role as a powerful reactant (Taylor, 1990; Daimon, 1980). A reactant participates
significantly in the reaction process while an activator creates a conducive environment for
the reaction process without necessarily playing a significant role in the reactions.
Sulphate activation using gypsum alone is extremely slow. Therefore, gypsum is normally
used in conjunction with another activator, usually NaOH (Xuequan Wu ef al,, 1990). The
acceleration of hydration reactions by gypsum is probably because the ettringite formed in

its presence provides a sink for the Ca** and AI(OH), ions released from the slag.
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4.3.1.1 Mechanism of activation

The activation of slag is a complex process involving structural disruption of slag with the
formation of hydration products. The slag hydration will therefore depend on the ease of
breakdown and dissolution of the glassy structure under the effect of OH™ and H,O. During
the activation process, the anions and cations play different independent roles. However,
researchers like Shao-Dong Wang et al., (1995) and Taylor (1990) are of the opinion that
the anions play a somewhat more dominant role. For example, a solution of Na,SO, may
cause both sulphate attack and alkali-silica reaction (ASR). Daimon (1980) and Talling
(1989) working on mechanism and kinetics of slag cement hydration and on alkali
activation of slag respectively observed that the alkali metal ions serve as catalysts of slag
hydrolization by the formation of a dispersed coagulation structure, and also as structure
forming agents in the subsequent stages of development and strengthening of hydrate
formations. Thus, as argued by Shao-Dong Wang et al., (1995), the catalytic role is a

process involving cationic exchange with Ca®* cations. i.e.

A-O + X5 2 A-O-Xoooeeccct s I

where X is a displaceable cation such as Na' or K" from the activator present and A is Ca,

Si or Al from the slag.

The alkaline activators thus accelerate the dissolution of Si and Al by breaking the Si-O,
Al-O as well as the Ca-O bonds in the slag glass through the formation of the intermediate
products (A-O-X) represented by equation I. Similar reactions involving breaking of Si-O,

Al-O and Ca-O bonds occur in lime stabilised clay as discussed in Chapter 3. The
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dissolution leads to increased ionic concentration consisting among others of [Si0,]*;
[AlO,J*; Ca* as well as the formation of intermediate X-S-H. The presence of OH™ ions
further facilitate the adsorption of Ca®* ions both from slag and/or any from lime and

Portland cement, displacing the displaceable cation (X). i.e.

-A-O0-X + OH ——» A-O-X-OH II

-A-O-X-OH + Ca* —— A-0-CaOH + X' 111

The cations released again in equation III restore the basicity of the liquid phase. The
products in this equation are precipitates of ldw—solubility hydrated silicates, aluminates
and alumino-silicates of calcium and sometimes of magnesium as well (i.e. C-S-H, C-A-
H, C-A-S-H and M-S-H). At the same time, in the alkaline environment provided by the

slag activator, the precipitation of a (secondary) calcium compound takes place. i.e.

Ca(OH), + XR + H,0—> XOH + CaR + 1 pH v

where X is a cation such as Na* or K* as previously defined and R is an anion such as OH,

SO*,, CO*, or SiO*,.

The XOH in the above equation helps in maintaining the pH, enabling further reaction to
take place. If SO, ions are also present, and if the pH is adequate (at least 11.7), the
concentrations of Ca®* and Al** ions are however reduced by the precipitation of ettringite.
When the pH reaches approximately 12, the stability of ettringite is greatly enhanced and

the hydration of slag is greatly accelerated (Xuequan Wu et al, 1990). Xuequan Wu
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observed that in order to maintain active hydration of slag, it is necessary to supply
sufficient OH ions, to create a high pH environment for breaking the slag glass network
and for stabilising ettringite, and also sufficient SO, as well as alumina to continue the
formation of ettringite. This may be achieved by adding certain kinds of activators

containing these species.

From the above equations, cations play the role of intermediate structure forming
components which maintain and balance OH" anions before the formation of long term
hydrates. The presence of excess of a calcium salt such as gypsum would be
disadvantageous because it would decrease the alkalinity by the reversal of the vital
equation I which uses alkali cations to break the A - O bonds (Shao-Dong, 1995). Lime,
like gypsum, is not a simple activator but a main reactant as well. It activates slag by
raising the pH, facilitating the dissolution of Al,O, and SiO, from slag as well as providing
extra Ca* ions. The reactions that follow are similar to those represented by equations I -
III with the exception that there are no intermediate products (in the absence of other
anions besides OH’). Depending on the concentrations of both Ca* and SO, ions (if

present), the activation of slag may occur via the formation of ettringite.
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43.2 HYDRATION PRODUCTS: THEIR STRUCTURE AND PROPERTIES

4.3.2.1 Hydration Products

When Portland cement hydrates, the principal hydration products are calcium hydroxide
(CH) and calcium silicate gel (C-S-H). Those of the slag hydration are essentially similar
but the quantities of CH are in varying degrees lower than those which would be given by
the Portland cement (Regourd, 1980; Xuequan Wu et al., 1990; Gollop and Taylor, 1996).
Talling (1989), in his study of the effects of curing conditions on alkali activated slag,
also observed X-ray diffraction spacings (d-spacings) similar to those belonging to

C,AH,;, suggesting the formation of C-A-H as well.

In addition to CH, C-S-H and C-A-H, ettringite is also a principal hydration product in
Portland cement and also in slag-Portland cement blends, especially when high slag
contents (80 - 85%) are used as in super-sulphated cement which includes 10 - 15%
anhydrite and Ordinary Portland cement as an activator. The presence of Ca(OH), even in
small quantities creates a highly alkaline environment, suitable for AlL,O; and SiO,
dissolution. These are liberated from the slag and/or any other source in the reacting
system such as clay or Portland cement. In the presence of Ca(OH),, CaSO, reacts with

AL, to form ettringite.

GGBS, due to its high alumina and silica content, produces somewhat more complex
hydrates than OPC. By blending slag with GGBS-Portland cement, on hydration the

formation of Ca(OH), is reduced and a higher proportion of the main insoluble
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cementitious calcium silicate hydrates and calcium aluminate hydrates result (Xuequan

Wu et al., 1990).

When slag is activated by soda (NaOH), it gives C-S-H, C,AH,; and C,ASH;, the same
phases which are formed when lime reacts with metakaolin. When Ca(OH), is the
activating agent, as is commonly the case, C,ASH, does not form as it is unstable in the
presence of calcium hydroxide (Regourd, 1980). The C,AH,; and C,ASH, form hexagonal
plates which play the role of crystalline bridges between slag grains. Some sodium may
be bound by the hydration product, forming Na-substituted C-S-H or C-’N’-S-H (Shao
Dong Wang et al.,, 1995). In the presence of gypsum, and without alkali, the reactions lead
to formation of C-S-H, ettringite (C,A.3CaSO,.32H,0) and aluminium hydroxide
(AI(OH),) (Regourd, 1980). Under these conditions, Regourd detected ettringite only
after 15 days and lines of gypsum were still present at 28 days. Used with alkalis, Regourd
(1980) observed early products, C-S-H fibres and ettringite, from the second day, at which

time the gypsum was already consumed.

4.3.2.2 Structure and properties of hydration products

X-ray diffraction of hydrated alkali-activated slag (AAS) paste shows C-S-H of low
crystallinity (Talling, 1989). The microstructural features in the slag/activator paste consist
of a poorly crystallised hydrated layer, topo-chemically formed (i.e. on the grain surface)
(Daimon, 1980; Regourd, 1980; Richardson et al, 1994). This layer was referred to by
Regourd as a “pseudomorphic” layer. Richardson ef al., (1994) adopted a combination of
TEM and Si and Al NMR spectroscopy to study the hydration of a commercial

blastfurnace slag and a synthetic slag glass paste. He found that the outer
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“pseudomorphic” layer of hydrates could be classified into an outer product (Op), formed
in the pore water or solution-filled spaces, and an inner product (Ip) formed within the
boundaries of the original anhydrous grains (See Figure 4.3-1 (b) and (c)). The outer
product Op depends on the type and content of slag. It may contain C-S-H and/or AFm

type phase and may be Mg or Al rich as Mg or Al-hydroxide phases.

GGBS hydrates are generally found to be more gel-like, than the products of hydration of
Portland cement, and so add density to the cement paste (Smolczyk, 1980; Taylor, 1990;
ACI Committee Report ACI 226.1R-87, 1995). Therefore, the hydration products of
GGBS-Portland cement blends have a "pore-blocking" effect resulting in increased long
term hardening of the cement paste (See Figure 4.3-2). The blocking of pores leads to
higher strength and lower permeability (Macphee et al., 1989, Bijen, 1996) which besides
other improved binding and adsorptive effects, enhances resistance of GGBS concrete to

attack from sulphates.
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44 CLAY-LIME-SLAG REACTIONS

The introduction of slag into the lime-clay hydration reaction will undoubtedly modify the
lime-clay reaction products discussed in Chapter 3. The products include calcium silicate,
aluminate and alumino-silicate hydrates. Currently, an indication of the manner in which
these products may be modified by the introduction of slag can only be obtained from the
previous findings on activated slag systems as virtually no previous work has been carried
out on clay-lime-slag systems. The slag clearly provides additional alumina, calcia, silica

and magnesia to the system, depending on the type and amount of slag.

The strength of slag-lime-clay mixtures is likely to be governed by the same factors
observed in the slag-Portland cement blend hydration. These factors include properties of
the C-S-H gel such as its amount, porosity and permeability; fineness of all reactants
involved; temperature and curing time. The lime in the lime-clay mix will provide the
required alkaline environment for slag activation and hydration. The observed increases in
strength in GGBS-Portland cement blends are also likely to take place in slag-lime-clay
mixes since the slag will introduce extra and more freely available alumina and silica,
compared to the lime-clay system alone, enhancing the formation of the strength

contributing silicates and aluminates.
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4.4.1 PRESENCE OF SULPHATES

In the presence of sulphates in the soil, expansive reactions are likely to occur.
Researchers have observed that the presence of [SO,]” ions in either Portland cement,

GGBS or GGBS-Portland cement blends result in the formation of a potentially expansive
system mainly through the formation and subsequent growth of ettringite (Mehta, 1972;
Regourd, 1980; and others). According to Regourd (1980), in the presence of sulphate
ions, the first hydrates formed around the slag grains dissolve and a second layer of
hydrates of a rougher structure is formed which does not oppose the penetration of water.

This encourages further reactions including sulphate attack similar to that of PC.

Although high alumina content, is associated with early strength, attack is exacerbated if
the GGBS is high in ALO, (> 18wt.%) (Xuequan Wu et al,, 1990; Shao-Dong Wang et
al, 1995). In high alumina slag, more AlL,O, is liberated during hydration than in low
alumina slag resulting in the potential for a greater amount of the expansive product

ettringite to be formed. However, according to Gollop and Taylor (1996), materials made
with slag cements tend to soften and disintegrate as a result of sulphate attack rather than
expand, suggesting that decalcification tends to take place as opposed to expansive

ettringite formation.

Wild ef al., (1993 and 1996) have worked on clay-lime systems with and without the
presence of slag and/or gypsum. In lime-treated kaolinite clay in the presence of gypsum,
they proposed a swelling mechanism which involves an osmotic process associated with

initial nucleation and growth of ettringite crystals on the surface of clay particles. They
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also observed that clay-lime-slag-gypsum systems are likely also to be expansive as the
principal reactants - Ca(OH),, SiO,, Al,0,, SO,” and H,O are the same. However, Wild et
al. observed that the presence of slag in clay-lime-gypsum systems lowered the expansion
normally associated with ettringite formation in the system as reported in various case

studies (Mitchell, 1986; Hunter, 1988; Snedker and Temporal, 1990; Abdi, 1992).

4.4.1.1 Sulphate Resistance

One method widely employed to prevent sulphate expansion in Portland cement based
mortar and concrete and to prevent subsequent weakening due to decalcification of the
C-S-H gel, has been to replace the cement by ground granulated blastfurnace slag. A
similar method has been reported by Wild et al., (1996) (as mentioned earlier) for the
prevention of sulphate expansion in the case of clay-lime-gypsum systems by
incorporating ground granulated blastfurnace slag (GGBS). When slag blended Portland
cement paste is attacked by sulphates such as those of sodium and/or magnesium, the
changes have been found to be similar to those found in normal Portland cement but in
this case less gypsum is formed. The same kind of decalcification of the C-S-H gel by
sulphates is shown to take place but to a lesser degree (Gollop and Taylor, 1996). The use
of slag increases the consumption of lime, thus reducing the Ca’ ions available to form
gypsum and the expansive ettringite from the sulphate thereby increasing resistance to
sulphate attack. Resistance to attack is favoured by use of high proportions of slags low in
ALO,. Surprisingly, Gollop and Taylor also suggest that the gypsum content in Portland
cement blends may also be supplemented by additional calcium sulphate to enhance
durability. The thinking behind this suggestion is that increased content of calcium

sulphate in the blend will cause some of the aluminate to remain bound in ettringite from
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the very early stages of hydration and will therefore not be available to be “attacked” by
sulphates from external sources at a later stage. This effect has been demonstrated by
Gollop and Taylor (1996) for OPC-GGBS paste to which 5% gypsum was added. At
relatively low pH (which can occur in a system in the presence of slag), ettringite is
likely to form in relatively large crystals which are deposited in the material voids where
they cause little or no expansive effect (Mehta, 1973; Gollop and Taylor, 1996). The
hydration of the slag consumes more lime than it is producing (Lange and Mortel, 1995).

At high slag contents, little or no ettringite is formed (due to consumption of lime), further
increasing sulphate resistance. Therefore if lime in lime stabilised clay is progressively
replaced by slag (as was done in the reported case by Wild et al., (1996)), not only is the
free lime content decreasing due to the replacement but also due to the lime-slag reactions.
Thus as slag replacement levels increase there will be a systematic reduction in pH and

ettringite will become less stable relative to gypsum and swelling will reduce.

The formation of ettringite as in Portland cement hydration or as in lime-stabilised
clays in the presence of sulphates need not necessarily result in expansion and swelling.
For example, although the hydration of slag in the presence of calcium sulphate is
known, from work on super-sulphated cements (in which 80-85% of GGBS is blended
with 10-15% of anhydrite and Portland cement is included as an activator (Taylor,
1990)), to produce C-S-H gel and ettringite, expansion is not a problem. In this case, the
calcium sulphate is rapidly consumed (within a few days) and the slag particles provide
nucleation sites on which well developed ettringite crystals form. The manner in which

the ettringite forms is such that little expansion occurs.
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45 FUTURE OF GGBS

There are currently, several attempts to find new ways to utilise blastfurnace slag (Wild et

al., 1996; Higgins et al, 1997). With more research on its activation, the activated slag

composites Wwill give the construction industry new applications and formulations for

better performance and more economic construction.

Because the basic understanding of the properties of GGBS have already been established,

its future will more depend on how its economic activation and hydration patterns are

developed. Thus,

firstly, there is the problem of understanding the slag activity in detail. Similar slag
glass contents and chemical compositions have been found to possess different
reactivities. This is one of the most important problems in this field which must be
resolved. Therefore, detailed work should be performed on the structure of glass.
Activation of GGBS using natural minerals such as alum and other salts, mine wastes
and/or activation based on chemical industrial waste by-products such as sodium
sulphate may be an added economic advantage.

secondly there are other major concerns which include lower early strengths, longer
setting times and delayed swelling. The key to solving these problems lies in the
activation of the hydration of slag at the early stages.

thirdly, due to its slow hydration, a revised curing regime would have to be adopted,
especially for use in situations where good control of moisture is difficult such as in
highway construction. Otherwise, its use could lead to increased susceptibility to

reduced formation of hydrates especially at early stages. Also, due to the slow
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hydration, there would be the risk of carbonation and prolonged and/or delayed water

consumption leading to loss in moisture.

Notwithstanding all the shortcomings, use of slag is greatly favoured by environmental
considerations. Its use is therefore more likely to increase than decrease. Firstly, it is a by-
product, thereby conserving the use of primary mineral resources, and secondly there are
little or no energy considerations other than grinding and transportation as energy has
already been expended in the blast furnace. As slag incorporation in PC has been in
existence now for several decades, it would appear that there is a higher potential in its
future applications in clay - lime systems for use in highway pavement construction than

in any other foreseeable sector.

After reviewing clay soils in general and their possible stabilisation using lime and/or
GGBS, the remaining chapters will now focus on the achievement of the main objectives
outlined in Chapter 1. This focus will start in the next chapter with a detailed review of the

materials used in the investigations.
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by English China Clay (ECC International Ltd. U.K) under the trade name “Standard
Porcelain” while Smith used high grade commercially obtained kaolinite from Lewiston,

Montana, U.S.A.

The principal advantages of kaolin for such studies include (1) its commercial availability,
(2) the material’s consistent microstructure for microfabric studies due to the relatively
large clay particle size (Rossato ef al., 1992) and (3) the extensive data available from tests
on kaolin soils. In the current study, industrial kaolinite, was used as a source of kaolinite.
It was supplied by ECC International Ltd. St. Austell, Corwall, UK., under the
commercial trade name "Standard Porcelain”, either as a white (china) clay with friable
lumps (or agglomerates), or as a white powder, both consisting of 84% kaolinite, 13%
mica, 1% feldspar and 2% other minerals. The lumpy clay was ground in the laboratory
and used for the initial Proctor tests (these involve large volumes of material) to establish,
approximately, the density and moisture content to be adopted for the preparation of
specimens for other tests. The powdery version of the Standard Porcelain was on the other
hand used for the more long-term and/or sensitive tests such as UCS, linear expansion and
swelling pressure, that did not require large quantities of material. Unless otherwise stated,
‘kaolinite’ in the text refers to the powdery version of Standard Porcelain. Table 5.1-1
shows the particle size distribution of “Standard Porcelain” while Table 5.1-2 shows the
chemical and mineralogical composition of the “as supplied” material from ECC
International Ltd. Table 5.1-3 on the other hand shows the engineering properties of both
the lumpy and the powdery Standard Porcelain, while Table A8-6 in Appendix 8 gives X-
ray diffraction data of a typical kaolinite - Kaolinite-1A (Aluminium Silicate Hydroxide

(AL,S1,04(OH),).
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Table 5.1-3 Engineering Properties of Standard Porcelain

Consistency Limits
Liquid limit (%) 61
Plastic Limit (%) 32
Plasticity Index 29
Others
Specific Gravity 2.57
Maximum Dry Density (MDD)(Mg/m’) |- 1.53
(Standard BS Compaction)
Optimum Moisture Content (%) 25
pH 4.6
Natural Moisture Content (%) 2.5

5.1.2 KIMMERIDGE CLAY

Some of the sulphate containing soils in the U.K include London Clay, Oxford Clay,
Kimmeridge Clay and Lower Lias Clay. Kimmeridge Clay was chosen for this study for
its proximity and recent use in the construction of the M40 Oxford - Birmingham
Motorway. It was obtained with the assistance and permission of Oxford City Council
from a site near Oxford. It occurred in two forms, one as a firm to stiff dark (or blue)
grey clay and/or as a yellow grey (or brown) silty clay. The material was sampled 1 -
3 metres below the ground level. Borehole logs from this site report Kimmeridge Clay

as occurring at depths between 0.5 - 9 metres below ground. The two types of clay
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minor phase) relevant, perhaps reducing the need for elaborate X-ray and/or electron
microscopy comparisons between the two clays and/or their reaction products. Thus, a
study using kaolinite for example might be expected to reflect the likely reactions in the
Kimmeridge Clay and vice versa. The sulphate content of the Kimmeridge Clay (also

determined by Frodingham Cement Company Ltd) is shown in Table 5.1-5 below.

Table 5.1-5 Sulphate content (wt.%) of Kimmeridge Clay

Total Sulphur 0.71 %
Sulphide (S?) 0.02 %

Water Soluble Sulphate (SO;) 1.41 %
Total Sulphate (SO;) 1.73 %*

* The total sulphate of 1.73 % SO3 translates to 3.72 wt.% gypsum (CaSO4.2H0).
This sulphate level is within the range of those used in the kaolinite study (2, 4, 6, and

8wt. % gypsum equivalent to 0.93, 1.86, 2.79 and 3.72 wt.% SO3 respectively).

5.2 LIME

Hydrated lime under the trade name "Limbux" was supplied by Buxton Lime Industries
Ltd. Buxton, Derbyshire, UK. Tables 5.2-1 and 5.2-2 show its physical properties and
chemical composition respectively, while Table 5.2-3 shows its grading. The X-ray
diffraction dafa for hydrated lime (Calcium hydroxide (Ca(OH),) and quick lime (Calcium

Oxide (Ca0)) are shown in Tables A8-7 in Appendix 8.
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Table 5.2-1 Physical properties of lime (Buxton Lime Industries Ltd.).

Trade (or Product) Name “Limbux” Hydrated Lime
Chemical name Hydrated lime or calcium hydroxide
Physical form Dry white powder
Melting/decomposition

temperature 580°C

Bulk density 480 kg/m’

Specific gravity 23

Specific surface 300 - 1500 m¥/kg

Particle size distribution 99% < 90n

Solubility in water 1.76 g/l sat. sol. at 10°C

pH 12.4 (aqueous solution approx. 2g/1)
Vapour pressure 0 at 20°C
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Table 5.2-2 Chemical composition of lime (Buxton Lime Industries Ltd.).

Compound Chemical Composition (%)
Formula
Main (and hazardous) Ingredient
Hydrated lime (Calcium Hydroxide) Ca(OH), 96.79
Others
Calcite (Calcium Carbonate) CaCoO, 1.36
Anhydrite (Calcium Sulphate) CaSO, 0.06
Magnesia MgO 0.83
Ferric Oxide Fe, 0O, 0.06
Alumina AlO, 0.10
Silica SiO, 0.46
Excess Moisture H,0 0.34

Table 5.2-3 Particle size distribution of lime (Buxton Lime Industries).

Size pm % Passing
500 100.00
355 99.99
250 99.98
180 99.93
125 99.74

90 99.59
63 94.71
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54 CHEMICALS

The major chemicals used in the study were of reagent grade with a purity of at least
97%. They were calcium sulphate dihydrate (CaSO,.2H,0), magnesium sulphate
(MgS0,), sodium sulphate (Na,SO,) and potassium sulphate (K,SO,), all from either
Aldrich Chemical Company, Gillingham, Dorset, England, U.K., or from Phillip
Harris and Sons Ltd., Scientific Centre, Pentwyn, Cardiff, South Wales, U.K,. Other
chemicals included silica gel, 'carbosob' and buffer solutions for pH meter

calibration, all obtained from either of the above companies.

This chapter has identified and characterised the materials used in this work. The
next chapter will look at the manner in which the various compositions of the two
clay soils, the lime, the GGBS and the chemicals reviewed in this chapter were
utilised. This will be achieved by focusing on the instrumentation and experimental

procedures adopted.
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The glass tank was seated on an aluminium base plate and covered by a similar top plate
fastened to the bottom plate by 6 No. steel bolts fitted with washers and nuts. On the top
plate, twelve Batty CL1 dial gauges capable of measuring displacements of up to a
maximum of 25 mm to the nearest 0.01 mm were fitted so as to enable a maximum of
twelve soil samples to be monitored simultaneously. The samples were supported by an

aluminium stand placed inside the glass tank.

6.1.2 SWELLING PRESSURE

6.1.2.1 Introduction

There is no standard method for arriving at the swelling pressure of soils (Sridharan et al.,
1986). From its definition (Chapter 2), it follows that swelling pressure may be
determined by any of three methods :-
0] Applying pressure to a soil sample such that neither swell nor
compression takes place when it is inundated.
(ii)  Holding a soil sample at its original volume by physical constraint and
measuring the force required to continue doing so when it is inundated.
(iii)  Allowing an inundated sample to swell and then recompress it back to its

original inundated volume.

The first two methods have been widely used by various researchers (Agarwal and
Sharma, 1973; Abdi, 1992 and others). In these methods, the consolidation test apparatus

(oedometer) may be used conventionally, and also in other ways, to determine the
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swelling pressure. In the conventional manner, a specimen of known initial thickness and
dry unit weight is allowed (on addition of water and under a seating pressure), to swell to
an equilibrium position. Subsequently, loads are added in convenient increments to
reverse the swell and the specimen is allowed to consolidate at each load. A plot is made
of the volume change (8V) at the end of each consolidation stage (from the original
volume at the equilibrium position) against the logarithm of the applied pressure (log P)
(i.e. 8V-log P curve). The swelling pressure is taken to be the applied pressure at zero

volume change (i.e. the intersection of the extrapolated 8V-log P curve and log P axis).

Another method of using the consolidation test apparatus involves continually controlling
the volume of an inundated specimen by the continual addition of loads such that there is
neither swell nor compression, and the specimen maintains its original volume.
Eventually, the swelling pressure shows no further increase and is thus given by the

ultimate applied load.

In yet another method, three or more identical specimens are placed in separate
oedometers at identical initial load settings. The loads on the dry specimens are then
increased to different loading levels and the systems allowed to reach equilibrium. Water
is then added to the cells and the specimens allowed to swell and/or compress under the
different loads, to produce different equilibrium void ratios. Interestingly, these
equilibrium void ratios vary linearly with load and all plot in a straight line (Sridharan ef
al., 1986). The intersection of this line with the line of zero volume increase represents the
load under which the sample would not undergo volume change on saturation. The

pressure equivalent of this load represents the swelling pressure.
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A number of researchers in the past have measured swelling pressure of soil samples using
essentially similar methods, which involve the use of an oedometer which confines the
soil and restrains its movement. This has been done using a proving ring for load
measurement, with or without fitting other attachments and without taking into account
the deformation of the proving ring (Agarwal and Sharma, 1973; Abdi, 1992). The minute
volume changes which take place during swell pressure measurements have in the past
caused some concern since swelling pressures are very sensitive to the deformation of the
soil sample (Escario, 1973). For this reason some researchers have taken special
precautions to compensate for the proving ring deformation (Agarwal and Sharma, 1973).
In all cases, the observed swelling pressure will depend on density, moisture condition,
confining pressure, soil type and the pore solution chemistry as already discussed in

Chapter 2.

One problem with all these tests is that they allow either small temporary or permanent
volume changes and these can, depending on their reversibility and the elastic properties
of the soil, provide stress relief and hence lead to reductions in the pressures finally
observed. In the current work therefore it was decided to develop a system in which these
effects would be either eliminated or greatly minimised. In this system the specimen was
totally confined, and the pressure measured using a none displacement transducer (see
Figure 6.1-2). Thus the only movement possible was the elastic distortion of the container
and this was considered to be extremely small as discussed later in the next section. The
use of membranes and diaphragms was avoided in order to avoid deformations that are
hard to assess. The transducer system was equipped with a transducer excitation and

conditioning (power supply)/visual display unit together with a multi-channel switch
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mechanism (8 channels) connected to the power supply/visual display unit to enable
monitoring of eight samples simultaneously (Figure 6.1-3). In summary, the system
generally consisted of three major units/parts:-

1) Restraining mould and housing frame.

2) Transducer.

3) Transducer conditioning/indicator unit

6.1.2.2 Housing Frame and Moulding

Cylindrical specimens were contained in thick walled cylinders of either perspex or brass
which provided restraint to any lateral expansion (Figures 6.1-2 and 6.1-3). Various
methods of restraining the sample were investigated in order to establish the system that
would result in maximum pressure, while at the same time provide adequate restraining
conditions (i.e. without lateral expansion). In ‘2}11 these cases, use of membranes as already
stated was avoided to avoid hard to account for deformations. The variations tested are
shown in Figure 6.1-4. They included :-

1) open ended 50 mm internal diameter, 100mm long perspex tube (5 mm thick walls),

2) perspex tube as in case 1) but closed at one end,

3) large diameter perspex tube (5 mm thick, 75 mm diameter, 100 mm long) open at one
end.

4) open ended brass tube (10 mm thick walls and 50 mm internal diameter).

In cases 1) and 2), three Jubilee clips were fastened around the perspex tubes with the

object of increasing the rigidity of the latter. The fastening was done with a Type 3 Black
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and Decker 9019 powered (3.6 V (DC), 180 RPM) screw driver. This ensured uniform
fastening on all clips. The jubilee clips were positioned at regular intervals 20mm apart.
The theory of thin walled cylinders was adopted to assess the degree of possible lateral
deformations for restraining conditions using brass or perspex. Figure 6.1-5 shows a
hollow cylinder with internal and external radii of a and b respectively. If we take a
small element within the cylinder wall at radius r, and consider a case where pressures P;
and P, are pressures applied at the inner and outer walls respectively (e.g. P; applied by the
soil sample and P, applied by lateral restraining conditions on the outer wall of the
cylinder such as jubilee clips), the theory of mechanics of thin walled cylinders gives the
displacement of such an element. The displaéement along the r-direction (u,) and the
radial and circumferential stresses (o, and o, respectively) are given by equations I, II

and III in Figure 6.1-5.

Figure 6.1-6 shows the variation of the radial displacement (u,) under various lateral
confining pressures (P,), using the dimensions of the brass and perspex cylinders used in
the current work, and at values of P; within the anticipated soil swelling pressure range.
The outer confining pressure (P,) is obviously equal to zero except in cases where some
restraint was provided by Jubilee clips. For analysis, Figure 6.1-6 uses five P, levels (P, =
0, 50, 100, 200 and 800 kN). In all cases, the displacements obtained were considered
negligible (the deformation being within + 0.04 mm). Since in practice the open ended
perspex cylinders showed higher swelling pressures than the other systems investigated
during trial pressure measurements (See Figure 6.1-4 (a)), and since these cylinders did
not show any significant deformations (Figure 6.1-6), they were adopted in all swelling

pressure measurements.
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In order to hold the sample together with the sample restraining perspex, and also to
restrain any vertical movement, a rigid steel and aluminium frame was used (see Figures
6.1-2 and 6.1-3). The frame consisted of two aluminium plates fastened with four steel
bolts. Water was introduced to the sample via six 5 mm diameter holes arranged on a
horizontal plane in a hexagonal pattern towards the lower end of the perspex cylinder,
10mm from the bottom plate. The resulting swelling pressure from the sample was

transmitted to the transducer via 2 loading discs and a ball bearing.

6.1.2.3 Transducers: Selection and Specification

Transducer selection and specification was dictated by the swelling pressure initially
anticipated. Agarwal and Sharma (1973), reported that when unstabilised clay soil is
confined, particular soil types can exhibit considerable pressures of the order of 1000
KN/m%. Abdi (1992), recorded a maximum swell pressure of 270 kN/m’ on soil samples
containing 6wt.% lime and 6wt.% gypsum. Considering that these samples were not fully
restrained, it is not unreasonable, therefore, to anticipate higher swelling pressures similar
to those recorded by Agarwal, when fully restrained stabilised soils are subjected to high
levels of sulphate. Based on these facts, two Type 0234 trial soil stress compression
pressure cells in the range 0 — 200 psi (0 — 1379 kN/m?) were purchased from Kulite
Sensors Ltd., Basingstoke, Hampshire, UK. Unfortunately, the transducer pressure
sensitive area turned out to be only 25 mm in diameter (approximately half the sample
diameter (51 mm), resulting in transducer pressure range reduction by a factor of 4.16. The
transducers could only measure sample pressures of up to a maximum of 331 KN/m?

(approximately 1/4 of the maximum range). The original transducers were therefore found
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unsuitable for the highly expansive systems, and transducers in the range 0 - 800 psi
(capable of measuring maximum pressures from soil specimens of 1326 kN/m?) were
purchased. These transducers were, after laboratory re-calibration, found to be in the
range 0 - 400 psi, capable of measuring up to maximum pressures of 663 kN/m’ only. As
these pressures were also soon exceeded, the transducers were returned to Kulite in
exchange for others in the range 0 - 1000 psi (maximum specimen pressure of 1657
kN/m?). Unfortunately these were also short-lived, (due to lack of robustness and rigidity),
although they managed to give an indication of maximum swelling pressures encountered

in the clay-lime-sulphate system under test as reported in Chapter 7.

The transducers required an activation direct current (DC) with a voltage in the range 7.5
- 10V in order to supply a maximum full scale output of 100 mV + 1% at 20°C. They were
suitable for use within the temperature range -15°C to 50°C. Being fluid filled, the
diaphragm was supposed to exhibit virtually zero deflection under load. The basic sensing
element was a silicon pressure transducer of, supposedly, high robustness and high output.

The full properties of Type 0234 soil cells are given in Table 6.1-1.

6.1.2.4 Transducer Conditioning/Output Unit

In order to satisfy the power requirements of the soil cells, an EIRELEC 6000 Series strain
gauge indicator/millivolt indicator unit was also purchased from Kulite Sensors Ltd. The
unit was designed to operate on a 240 V power supply although this could be re-selected
to 120 V if needed via a voltage selector located at the built-in transformer. The unit had a

built-in 1.3 - 10 V DC excitation voltage supplied at 120 milliamps and was used to excite
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the transducers at a setting of 10 Volts (DC). Transducer connections were wired directly
to 5-pin plugs via the 4-core shielded cables supplied with the transducers. The 5-pin
plugs were compatible with any of the eight 5-pin sockets on an 8-switch box unit which
was also fitted with a rotary channel selector. With this switch mechanism, the EIRELEC
Series 6000 indicator/millivolt unit could power eight transducers. The extension cables in
all cases were kept below a recommended 5 metre length in order to avoid gain errors.
Figure 6.1-3 shows the arrangement for one soil sample (the entire arrangement can
handle eight samples simultaneously), which includes the holder frame, transducer,
indicator unit, and switch mechanism. Also indicated are possible future extensions
including automatic data logging equipment and/or a PC for data access and/or

manipulation.

Table 6.1-1 - Characteristics of Kulite Soil Pressure Cell Type 0234 (Kulite Bulletin:

KG-1000)
Model Type 0234 Soil Pressure Cell
Range (Psi)
15t Batch 0 -200
2nd Batch 0- 800
3rd Batch 0 - 1000
Overpressure 2 Times Rated Pressure Range
Operational Mode Compression

Pressure Media
Rated Electrical Excitation
Maximum Electrical Excitation
Input Impedance
Output Impedance
Full Scale Output
Resolution
Operating Temperature
Compensated Temperature Range
Humidity
Insulation Resistance
Case Material
Electrical Connection

Weight
Sensing Principle

Any Liquid, Solid (or some gases)
7.5V (DC) (Normal)
12V (DC) (Maximum)
750 Ohms (Normal)
350 Ohms (Normal)
100 mV (Normal) + 1% at 200C
Infinite
-159C to 500C
0°C to 300C
100% Relative Humidity
100 Megohms @ 50V (DC)
Stainless Steel

4 conductor shielded polyurethane cable

assembly in lengths up to 5 metres.
250g
4 Arm Strain Gauge Bridge
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6.1.2.5 Transducer Calibration and Performance

In order to confirm the manufacturers transducer ratings, a local calibration was carried
out. Here, known loads were applied to the soil pressure cells and transducer output (in
millivolts) recorded from the EIRELEC Series 6000 power supply/output unit. A linear
relationship exists between applied load (kN) and transducer output in mV as shown in
Figure 6.1-7(a). From the applied load, the equivalent pressure on a 51 mm diameter
sample could also be calculated (Figure 6.1-7 (b)). Using these calibrations, any
subsequent transducer output (mV) was easily converted to the equivalent soil sample

swell pressure.

6.1.2.6 System Operation

When exposed to water, the samples would tend fo swell and the resulting pressure was
transmitted to the transducer via a brass loading disc resting on the sample. Irrespective of
the angle of contact between the contact loading disc and the sample, a uni-axial load
would be transmitted to the transducer via the loading ball bearing separating the two
brass discs. This uni-axial load would be distributed over the transducer sensitive area of
25 mm diameter and the pressure was read directly in millivolts from the visual display.
The swelling pressure was determined from the transducer calibration (Figure 6.1-7). The
calibration was obtained by carefully loading the transducers using an M30K JJ
Instruments testing machine and recording the applied load (in kN) and the transducer
output (in mV) from the indicator unit (Figure 6.1-7(a)). The extra loading due to discs 1
and 2 together with the ball bearing (see Figure 6.1-2), whose total weight of 193 g

contributed to an excess pressure of 0.95 kN/m’, was added to the applied load and by
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dividing the total applied load by the area of the sample, the pressure on the soil sample

would be obtained, hence the callibration chart in Figure 6.1-7(b).

Eight separate specimens could be monitored simultaneously and the system is
expandable to incorporate data logging and/or other computer peripherals. It was
deliberately made simple to reduce functional errors but to be highly sensitive to pressure
changes, depending on the individual transducer sensitivity. The sensitivity and accuracy
of the transducers reduced with increasing transducer range. The system was specifically
designed to measure swelling pressures for samples of dimensions 50 mm in diameter and
100 mm in length and would mainly be suitable for remoulded samples. For undisturbed
samples taken from the field, the same frame may be used together with conventional 50 -
54 mm in-situ soil samplers. A modified frame may be adopted for other sizes of
undisturbed samples. More threads may also be incorporated on all the four bolts. All tests
were conducted at a constant temperature, in a temperature controlled West 2000

environmental chamber, to avoid variations in pressure due to temperature variations.
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o |~

Where:-

E = Young’s modulus of restraining cylinder material
(*3.3 kN/mm? for perspex and =101 kN/m? for brass)

v = Cylinder material Poisson’s ratio (* 0.35 for both
brass and perspex)

Figure 6.1-5 - Thin walled cylinder theory
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Figure 6.1-6-Radial displacement vs. Inner pressure of stressed perspex and brass
moulds at various inner and outer pressures Pi and Po
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Figure 6.1-7 - (a) Applied Load (kN) vs. Transducer reading (mV)
(b) Pressure on 51 mm Diameter soil sample (kN/m”2) vs.
Transducer reading (mV).
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6.2 EXPERIMENTAL PROCEDURE.

6.2.1 CONSISTENCY LIMITS

6.2.1.1 Liquid Limit

The consistency limits tests were carried out in accordance with BS 1377 (1990) Part 2 -
Classification tests (Tests 4(LL) and 5 (PL)). For materials that were either fine or water
soluble (such as lime, kaolinite and the various sulphates), no sieving was done. In the
case of Kimmeridge Clay, the material was first air dried for several days, ground, and
then sieved through a 425 um sieve as required by BS 1377 (1990). Normally, the
consistency tests were performed in accordance with BS1377 (1990) (British Standard
Methods of test for soils for civil engineering purposes) and without any mellowing period
(a period ranging from 24 - 72 hrs (1 - 3 days) during which the wet material is left to mix
with the water much more effectively) being allowed, the test being done within five hours
of initial water addition. It should be noted that mellowing is not a universal procedure and
is mainly practiced in the United Kingdom. However when it became apparent that field
trials, which were to be conducted in accordance with the British practice of mellowing
were likely using gypsum as the sulphate, it was found inevitable to study the effects of
mellowing. Thus, mellowing tests were only coﬁducted in the kaolinite - lime - GGBS and
Kimmeridge Clay - lime - GGBS systems using gypsum and in accordance with BS 1924
(British Standard Methods of test for lime stabilised soils for civil engineering purposes).
The mixed material was placed in sealed polythene bags and kept in an environmental

chamber for 3 days (72 hours) at 30°C and 100% relative humidity.
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During testing, a small amount of water was first added to the dry soil and the material
thoroughly mixed into a fairly hard plastic mass. A small amount of this material,
approximately 100 g was set aside for the determination of the plasticity index later. Some
of the remaining material was then used to fill a brass cup (56 mm in diameter and 41
mm deep) in accordance with BS 1377 (1990). A metal cone (of angle 30 + 1° and 35
mm in height) was allowed to penetrate into the material’s surface for 5 seconds
(automatically timed by an attached electrical timing device). After 5 seconds, the
penetration of the cone was automatically stopped by a locking mechanism incorporated
in the penetration apparatus and the penetration of the cone determined by a scale and dial
pointer attached to the cone. The penetration was recorded and a small amount of material
taken within the zone of penetration, for moisture content determination. The moisture
content was determined in accordance with BS 1377 (1990) using the oven drying
method. After removal of material for the determination of the moisture content, the
residual material in the cup was mixed with the rest of the sample and more water added.
Further penetration tests, together with their corresponding moisture contents, were
performed so as to obtain at least five set of points in the penetration range 5 - 30 mm. The
liquid limit was taken as the moisture content corresponding to a penetration of 20 mm,

from a graph of penetration (in millimetres) against moisture content (%o).
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6.2.1.2 Plastic Limit

In order to determine the plastic limit, material set aside after initial mixing during liquid
limit determination was gently rolled on a flat plastic plate into rods and rolling continued
until the rods crumbled when they were of approximate diameter of 3 mm. Rods thinner
than this would indicate a mix wetter than the plastic limit while crumbling at thicker
diameters normally indicates drier conditions. When the desired crumbling occurred, a
few crumbs were taken for moisture content determination. This moisture content (at

which the clay crumbles into rods of 3 mm in diameter) is defined as the plastic limit of
the material. From the liquid limit and the plastic limit, the plasticity index of the material

was obtained as the difference between the two limits.

6.2.2 INITIAL CONSUMPTION OF LIME (ICL)

Clay portions weighing 20.0g were placed in six conical shaped flasks fitted with corks.
To five of these flasks, 2, 3, 4, 5, and 6wt.% of calcium hydroxide (expressed as a
percentage of the weight of the clay) was added. To the sixth flask, no lime was added
and to a seventh flask only 20.0g of lime were added. 100 ml of de-ionised water was
added to all the seven flasks and each shaken manually for 30 seconds every 10 minutes
for one hour. The pH of each of the solutions was then determined using both an
analogue 7020 Electronics Instruments Ltd. pH meter and also using a digital 3020

Jenway pH meter, fitted with a 4025 Jenway clock and printer device.
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BS 1924 recommends a temperature of 25°C for pH determination and reporting, and
suggests a pH temperature correction viz.:

pH,; = pH; + 0.03(T - 25)
where pH,; = pH at 25°C

pH; = pH at the prevailing temperature.

T = Prevailing temperature (°C).

The above temperature correction was applied to all pH readings taken at a prevailing
temperature of 22°C. A further calibration was done based on the pH value of 12.4 (pH

of pure lime solution).

6.2.3 COMPACTION

Compaction tests were used to determine the maximum dry density (MDD) and the
optimum moisture content (OMC) of various systems containing combinations of clay,
lime, sulphates and GGBS. The maximum dry density and optimum moisture content
were later used for the preparation of samples for unconfined compressive strength (UCS)
determination, linear expansion, weight gain upon soaking and swelling pressure
measurements. Mixing of the dry materials and of the dry materials with water was done
using a Model SE-401 Hobart 40 Qt mixer. British Standard (BS) 1377 (1990)
compaction (Proctor) test procedure was used for compaction. In this test compaction was
achieved by dynamic compaction using an automatic Proctor/CBR compaction machine.
The material was compacted in three equal layers in a mould of dimensions 105 + 0.5 mm

in diameter and 115.5 + 1 mm in height, each layer being subjected to 27 blows using a
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2.5 kg rammer. After weighing the mould together with compacted materials a small
amount of material was taken for moisture content determination. A five point dry density-
moisture content curve was used to determine the maximum dry density and optimum

moisture content.

The first series of compaction tests was to determine the compaction properties of the
basic raw materials - both unstabilised kaolinite and Kimmeridge Clay. Secondly, tests
were carried out to determine the proctor compaction properties of the two clays upon
stabilisation with varying amounts of lime. From these compaction tests using the
stabilised clay soils, the maximum dry density and optimum moisture contents obtained at
the initial lime consumption level (ICL) were used as the control compaction values.

Mixes containing these lime levels were also taken as control in subsequent works such as
tests for unconfined compression strengths and for linear expansion. Thirdly, compaction
tests were performed using the kaolinite-6wt.% lime (control mix) with varying amounts
of the sulphates - calcium sulphate (CaSO,), magnesium sulphate (MgSO,), sodium
sulphate (Na,SO,) and potassium sulphate (K,SO,) (i.. 0.93, 1.86, 2.79 and 3.72% SO,)
in order to establish the effects of various amounts of sulphates on the proctor compaction
parameters. The last series of compaction tests were performed with lime-stabilised
control mixes for the kaolinite and Kimmeridge Clays containing varying amounts of
GGBS. For the case of kaolinite, kaolinite - 6wt.% lime mixes were compacted in the
absence of and containing 6wt.% gypsum (2.79% SO;) and with the lime gradually
substituted with GGBS. For the Kimmeridge Clay, Swt.% lime was gradually substituted

with GGBS. No gypsum was added as the clay naturally contained 1.73% SO, (in the

form of approximately 4% selenite (gypsum) crystals).
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6.24 SAMPLE PREPARATION

For the purpose of sample preparation, it was found necessary to establish a target dry
density and moisture content values so that density would be maintained for all samples
and for all sulphate types and contents used. In the kaolinite - lime - sulphate system, the
lowest observed MDD was 1.378 Mg/m® using MgSO, and the highest was 1.490 Mg/m’
for the control mix (using 6wt.% lime). With these two extremes, a mean MDD value of
1.41 Mg/m® was adopted for all mixes. Likewise for OMC, the lowest recorded was 24.8
% using the control mix while the highest was 30 % using 6% magnesium sulphate. A
mean value of 27% was adopted for all mixes. Similarly for the kaolinite - lime - GGBS -
gypsum and Kimmeridge Clay - lime - GGBS systems, a mean dry density value of 1.41
Mg/m’ for both systems and mean moisture content values of 30 and 24% were adopted

respectively.

Using these mean values, dry materials, enough to produce three compacted cylindrical
test samples of dimensions 50mm diameter and 100mm length, were thoroughly mixed in
a variable speed Kenwood Chef mixer for 2 minutes before slowly adding the calculated
amount of water. Intermittent hand mixing with palette knives was necessary to achieve a
homogeneous mix. A steel mould fitted with a collar, so as to accommodate all the
material required for one sample, was used to compress the cylinders to the prescribed dry
density and moisture content. The pre-fabricated mould ensured that the material was not
over compressed. Compaction was achieved using a hydraulic jack and a mould ensuring
no further compaction was subjected to the soil once the desired volume had been

attained. The densities would therefore be the same as would be obtained using the
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standard proctor test since the dry density and moisture content remain constant. The
cylinders were extruded using a steel plunger, trimmed, cleaned of releasing oil, weighed,
measured and wrapped in several runs of cling film. The cylinders were labelled and
placed in polythene bags before being placed on a platform in sealed plastic containers.
Water was always maintained below the platform to ensure that there was no evaporation
from the samples. The plastic containers were then placed in an environmental chamber
capable of maintaining temperatures to + 1°C and humidity to + 2% relative humidity. The
samples were moist cured for various curing periods ranging from 1 to 20 weeks at 30°C
and 100% relative humidity. Appendix 1 shows the material quantities using mean values
of MDD, OMC and known mould (hence sample) volume. Samples were therefore
expected, within experimental error, to be of the same density, volume and moisture

content for all the material compositions in a given system.

6.2.5 UNCONFINED COMPRESSIVE STRENGTH (UCS)

At the end of the prescribed moist curing periods, samples were removed from the
environmental chamber. Any surface moisture on the cylinders was removed with paper
tissue, prior to their being weighed. In most cases, two cylinders per mix proportion were
subjected to unconfined compressive strength (UCS) tests. A third test was sometimes
necessary especially when the strength variation in the first two tests differed by more than
10% of the mean strength. Before testing, the end surfaces of samples to be tested were
gently abraded to ensure a flat surface and good contact with the testing rig platens. A
special self-levelling device was used to ensure a uniaxial load application. An M30K JJ

Instruments testing machine capable of loading up to 30 kN was used to apply the load at
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a compression rate of Imm/min. After testing, a small quantity of material was taken from
the interior of the tested sample for moisture content determination to establish the

moisture condition at the end of each curing period.

6.2.6 LINEAR EXPANSION

Samples to be tested for linear expansion were placed on a platform in a glass tank and
covered with a lid fitted with dial gauges and containing some water below the platform.
(see Figure 6.1-1). This process which was termed moist curing was done as soon as the
samples were fabricated. After moist curing for 7 days, the cylindrical samples were
partially immersed in water to a depth of 10 mm above their base by simply increasing the
water level in the tank with a siphon to ensure that disturbing the specimens was kept to a
minimum. This process was termed soaking. During both moist curing and soaking, the
tank was contained in an environmental chamber where conditions were maintained at
30°C and 100 % relative humidity. Axial linear expansion during moist curing and during
soaking was monitored on a daily basis until no further significant expansion occurred.
The samples were unrestrained other than the thin layer of cling film around them. Both
the moist curing and the soaking environments were sealed systems in order to reduce the
availability of carbon dioxide that would otherwise cause carbonation of the lime. Clearly
excessive carbonation of the lime would reduce the amount of lime available for

pozzolanic reaction and is therefore undesirable.
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6.2.7 SWELLING PRESSURE MEASUREMENTS

Samples used in the determination of swelling pressure were prepared in the same manner
as those used for UCS, those for linear expansion and those for weight gain upon soaking.
The samples were placed in open ended perspex tubes and both sample and perspex were
placed at the bottom plate of the sample holding frame (Figures 6.1-2 and 6.1-3). The
brass loading plates and the ball bearing were placed in position, the transducers were put
in place and the top plate was fastened down using the four steel bolts. The entire
arrangement was placed in two layers of polythene bags in the environmental chamber to
avoid evaporation and a small amount of water placed at the bottom of the sample frame
to maintain a relative humidity of close to 100%. The bags were then sealed and the
transducer lead wires coming out from the bags were fed through a hole at the side of the
environmental chamber and connected to the monitoring system. The samples were
allowed to cure at 30°C for 7 days while monitoring the swelling pressure that developed
under the restraint. Readings were taken on a daily basis and on the seventh day the
samples were flooded to cover the holes on the perspex and readings were continuously
taken until no further swelling occurred, taking care not to exceed the transducer loading
limit. Once the maximum swelling was attained (or the transducer limit approached), the

assembly was dismantled and the procedure repeated for other mixes.
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6.2.8 ANALYTICAL TECHNIQUES.

6.2.8.1 Introduction

In the study of materials, it is frequently necessary to observe, analyse and explain
phenomena occurring on a micrometre or sub-micrometre scale. Various analytical
methods are now available for identification, qualitative, quantitative and micro-structural
(morphological) studies of organic and inorganic materials. In the current work, X-ray
powder diffraction and scanning electron microscopy were used to provide some
indication of the principal reaction products. The following sections give a brief
description of the underlying theory and outline the type of instrumentation used. The
scope of the current work dictates that only an overview of the main practical aspects

need be included.

6.2.8.2 X-ray diffraction

Analytical methods using X-rays belong to a wider range of analytical techniques referred
to as spectroscopic analysis. Spectroscopy is the study of transitions of a system (usually
an atom or a molecule) between its states of defined energy (Howath, 1973). Most
microstructural analysis procedures involve the production of electrons (electron
microanalysis), their acceleration to high speed so as to impinge on a small specimen on
the electron beam’s pathway and the study of the properties of the spectrum of electrons
backscattered by, or transmitted through, the specimen. When a static or dynamic finely
focused electron beam is aimed at the surface of a specimen, a wide range (or spectrum) of

electrons and other emissions is released due to variations in energy states. There is a
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wide range of energy states and various types of spectroscopy exploit any one of these
energy states. The properties of the spectrum released when electrons impinge on a
specimen bear large amounts of qualitative and quantitative information on the specimen.
This whole range of information possessed by this electron spectrum may be used in
different methods to obtain composition, surface topography and crystallography details of
the specimen. The spectrum may be made of characteristic X-rays, backscatterred

electrons, auger electrons, secondary electrons and photons (See Figure 6.2-1).

When the electron beam is static, the area of beam focus is studied (or probed). Methods
using this technique are referred to as electron probe micro-analysis (EPMA) and form a
good quantitative technique (Bland er al, 1991). When the beam is swept (or scanned)
across the specimen, the properties of the electron spectrum bear the properties of the
region of specimen scanned. These properties vary as a result of differences in surface
topography as the electron beam is swept across the specimen. This method of probing is
referred to as scanning electron microscopy (SEM). When thin sections of material are
used, it is possible, using transmitted electron microscopy (TEM), to measure the energy
loss when the electrons are transmitted through the section. These transmitted electrons

bear characteristic specimen details.

In the current work, only X-ray and SEM methods were used for the observation and
characterisation of clay and other minerals as well as for pozzolanic and other reaction
products. X-ray Diffraction (XRD) methods were used in the kaolinite - lime - sulphate
system (using the sulphates of calcium, magnesium, sodium and potassium) and also in

the kaolinite - lime - GGBS - gypsum system. Scanning electron microscopy (SEM)
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methods were used in the latter system only. The results of these analyses are reported in

Chapter 7.

The use of X-rays in the identification of clay minerals started in the early 1930's with
work by Pauling, Ross, Kerr ef al., Their use is based on the fact that each crystalline
substance has its own characteristic atomic structure which diffracts X-rays in a
characteristic pattern (Barr et al, 1995). Recognition of this pattern establishes the
diffracting substance. Used in materials science, the method is useful for the confirmation
and/or identification of crystalline products. Complete absence of diffraction lines indicate
amorphous substances. The method may be used for phase identification and to give a

quantitative indication of phase content.

X-ray diffraction may be represented by Bragg’s law represented by equation I. From

Figure 6.2-2, a beam of X-rays is assumed to be reflected from parallel crystal planes
spaced d units apart. Considering rays 1 and 2, ray 2 will travel an additional path of
length ABC. From A ABD, AB = d.Sinf. Where d is the interplaner spacing of the
crystal (d-spacing) and 0 the angle of incidence of the X-ray on the crystal. Consequently,
length ABC = 2d.Sin®. Since the distance between the two rays AD = DC = AB = f(A) say

AB = n\ where n is an integer (1, 2, 3, etc.), and A the X-ray wavelength, then

nA = 2dsin® (Bragg’s law).

There are certain advantages in using X-ray analysis over many other procedures. Firstly,

only small amounts of the substance are required. Secondly the test is non-destructive. The
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X-ray method is however limited in application because it is inapplicable to amorphous
and glassy substances. Also, structural similarities between many clay minerals, such as
cases where the aluminium in the clays is replaced by magnesium and/or iron or where
the silicon in the tetrahedral layers is replaced by aluminium, are difficult to distinguish by
this method. Saponite, for example, is the clay mineral (with an expanding lattice) formed
when there is total replacement of aluminium with magnesium while nontrorite is a similar
replacement but with iron. The American society for testing of materials (ASTM) have
produced an index method which helps in arriving at identifications using d-spacings.
More recently however, computer packages are available to do the same, making the

identification of substances (and hence use of X-rays) much easier and quicker.

In the current work, XRD analysis was conducted on both the kaolinite-6wt.%lime-
sulphate system using four sulphates - gypsum, magnesium sulphate, sodium sulphate
and potassium sulphates, as well as on the kaolinite - lime - GGBS - gypsum system.
Work on the kaolinite - lime - sulphate system was conducted (on 26 samples) at the R
and D Centre of English China Clays (ECC) International, St Austell, Cornwall,
England, using a Philips PW 1825 X-ray generator and CuKa radiation. The X-ray tube
detector (a PW 1050 vertical goniometer) was fitted with a diffracted-beam graphite
monochromator together with an automatic sample changer to enable a continuous scan

at 90 sec/degree.

XRD work on the kaolinite-lime-GGBS-gypsum system was carried out at the
Department of Mechanical, Materials and Manufacturing Engineering, University of

Newcastle, Newcastle upon Tyne, UK. using a Phillips diffractometer PW1965 and
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generator PW1730, a graphite monochromator and CuKa radiation of wavelength (&) of
1.54179A. The 1 and 4 weeks moist curing periods of specimens used for XRD work
were selected to coincide with the curing periods used for the determination of the
unconfined compression strength. The work was aimed at establishing the influence of
ground granulated blastfurnace slag (GGBS) either as additional to, or as a substitute for
the lime present in the system. Specifically, it was aimed at establishing the reasons
behind the observed lowering (and sometimes total elimination) of swelling potential
with no adverse effects on strength. The work was done with the GGBS progressively
substituting the 6wt.% lime and with the gypsum fixed at either 0 or 6wt.%. As this
was not a major component of the overall research, samples were cured up to a

maximum of 4 weeks only.

6.2.8.3 Scanning electron microscopy (SEM).

Electron microscopy is also a powerful tool for materials analysis and can complement
XRD. While X-rays can only confirm and/or identify the presence of crystalline
substances, scanning electron microscopy can be used to examine the micro-structure of
specimens and to determine particle crystallinity. The method may also be used to
characterise as well as (sometimes) identify (though difficult) particular phases and their
shape and form. SEM has the advantage of giving 3-dimensional images with superior

depth of focus and resolution capabilities as compared to optical micrographs.

SEM mainly uses the secondary electrons released from the specimen. In this method
fragments of a specimen are fixed onto sample holders using a conductive adhesive. They

are then vacuum dried and coated with another compound, in the current work evaporated
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gold (= 10 - 20 nm thick). Electrons are then generated and accelerated using a potential
of 40 - 100 kV in steps of say 20 kV and the electron beam focused onto the specimen.
The beam of electrons generally penetrate some distance into the specimen before
undergoing a sufficient number of elastic scatterings to reverse the direction of travel and
lead to backscattering. A significant fraction of the beam electrons hich strike a target
subsequently escape. Those electrons that have been backscattered lose varying amounts
of energy depending on their penetration into the specimen. Backscattered electrons
provide useful data which is converted into an image in SEM technology. To obtain
information about the region of sample near the beam impact area, it is advantageous to
select those backscattered electrons which have not lost much energy. These electrons
have not penetrated deeply enough into the sample to lose much energy and they give

clear SEM images.

6.2.8.4 Electron microanalysis equipment

Figure 6.2-3 shows a very simplified typical modern electron microanalysis system. For
the purpose of description, the equipment may be viewed as consisting of three main parts.
These parts are, of course, normally intricate and broadly overlapping. They are :-

e the electron gun,

¢ the lens system, and

e the sample holder and spectrum monitoring system.

The electron gun consists of a filament lamp which is normally electrically heated to
release electrons. The electron beam is focused by a series of symmetrically placed lenses

to the final spot size of 5 - 200 nm. The specimen holder is a chamber where the sample
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under study is placed such that it lies in the path of the electron beam. The electron beam
normally impacts the stationary sample at a single location, and hence the specimen
interaction volume is fixed. The beam impact, as already discussed, produces detectable
signals ranging from backscattered electrons, secondary electrons, absorbed electrons and
X-rays. To measure the magnitude of this varied mix of signals, suitable detectors are
conveniently placed (see Figures 6.2-3 and 6.2-4). In this way all, or at least the desired,
signals can then be tapped off from the scattered, absorbed or transmitted electrons. In
order to study more than a single specimen location, the electron beam must be moved
from place to place by means of a scanning system. This scanning is usually accomplished
by electromagnetic scan coils that mobilise the electron beam in a set X-Y grid system. In
the current work, the SEM was used to examine the microstructure of lime stabilised
material in an attempt to identify the effect that replacement of lime by GGBS in the
kaolinite - lime - GGBS - gypsum system has on the microstructure and in particular on
ettringite formation. The work was conducted at the University of Glamorgan using a
Cambridge Instruments Stereoscan (Model S240) operating at a voltage of 25 kV. The
examination was performed on specimens obtained from samples which were moist
cured for 1 week and then vacuum dried before being given a coating of evaporated gold

~ 10-20nm thick.

The next two chapters will now report on the results obtained using the instrumentation
and experimental procedures prescribed in this chapter. Chapter 7 will report on the
consistency limits, compaction and strength development, while Chapter 8 will report
on the linear expansion, swelling pressure generation, phase analysis and

microstructure.
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Upon addition of small amounts of lime (of the order of 2wt.%), the pH rose sharply
from 4.83 (the pH of pure kaolinite) to 12.11. Further addition of lime resulted in
relatively smaller increases in pH. At 6wt.% lime addition, the pH of the kaolinite - lime
solution was 12.39, approximately equal to 12.40, the pH observed for pure lime

solution.

As the pH of the kaolinite - lime system at 6wt.% lime content was approximately
equal to that of pure lime solution, 6wt.% would be the initial consumption of lime
required for full modification of the kaolinite used. This initial lime requirement was
also indicated by plastic limit tests where the rise in plasticity limit suggested a turning
point between 3 and 6wt.% lime addition (Figure 7.1-2). It is worth noting however
that the bulk of the changes in pH (~ 96%) occurred with the addition of only 2% lime
(Ca(OH),). Thus 6wt.% lime was selected as the minimum required hydrated lime
content to provide modification and minimal stabilization of this particular kaolinite
clay. This is equivalent to 4.5wt.% non-hydrated lime (CaO). Similar work on
Kimmeridge Clay suggested a minimum lime requirement of Swt.% (Table A3-1 in
Appendix 3). These minimum hydrated lime contents were used both for the
investigation of the effects of the presence of various metal sulphates on the
stabilization of the clays, and for the investigation of the effects on clay stabilization of
partial and/or total replacement of lime with GGBS. These effects included effects on
compaction, swelling and strength properties as well as the nature of the reaction

mechanisms.
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7.1.2 EFFECTS OF LIME ON ATTERBERG LIMITS OF KAOLINITE AND

KIMMERIDGE CLAY

Figure 7.1-3 illustrates the changes in liquid limit, plastic limit and plasticity index of
unmellowed kaolinite - lime and mellowed Kimmeridge Clay - lime mixes when various
amounts of hydrated lime were added. Data were only obtained for Kimmeridge Clay up
to 6wt.% lime addition whereas data for kaolinite were obtained for lime additions of up to

20wt.%.

The liquid limit of “pure” kaolinite increased sharply from 61 % to 72 % with the
addition of 3 wt.% lime. Beyond this lime content, the liquid limit remained more or less
at this level even at high additions of lime of the order of 14 wt. % where a liquid limit of
73 % was observed, subsequently dropping gradually to 71% at 20wt.% lime addition.

The plastic limit increased from 32% for "pure" kaolinite to a stable level of 41% between
6wt.% and 14wt.% lime content, before increasing further to 44% at 20 wt.% lime
addition. The liquid limit and plastic limit results resulted in an increase in plasticity
index from 29% for "pure" kaolinite to a maximum of 33% at 3wt.% lime. This level of
plasticity index was more or less maintained up to 14 wt.% lime addition, before dropping
to 27% at 20wt.% lime addition. The stabilization of the plastic limit at 6% lime content,
indicated that the initial lime consumption requirement had been satisfied. Generally,
between 1-3wt.% lime is needed for modifying soil properties and 2-8wt.% lime for
stabilization, depending on clay type and clay content. The apparently high lime content

of above 6wt.% required to reduce the PI is attributed to the fact that the kaolinite used
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was at least 70% clay fraction. Normally, a minimum of 10% clay fraction is required

in order that the soil can be effectively modified.

From the experience gained from the work on “pure” kaolinite and the data obtained on
the initial consumption of lime on Kimmeridge Clay, it was decided to restrict Atterberg
limits work on this clay to a narrower lime addition range of 0 - 6 wt.% (Figure 7.1-3).
Over this range, both the liquid limit and the plastic limit showed a general increase with
increase in lime, with a slight drop at 5 wt.% lime addition in both cases. The plastic
limit had a higher rate of increase than the liquid limit, resulting in a generally reducing

plasticity index with increasing lime content.

7.1.3 EFFECTS OF SULPHATES ON CONSISTENCY LIMITS OF LIME-

STABILISED KAOLINITE

Figure 7.1-4 illustrates the changes in liquid limit, plastic limit and plasticity index of
unmellowed kaolinite - 6wt.% lime mixes when varying amounts of different sulphate
types were added. Although sulphates were added in the form of metal salts (i.e.
CaS0,.2H,0, MgS0,, Na,S0, and K,SO,), the sulphate content is reported as wt.% SO,
(expressed as a percentage of the kaolinite (see Appendix 2)) rather than wt.% of the metal
salt so that sulphate values are equivalent and are independent of the type of metal salt
used. Also studies with the full range of sulphates were only carried out on “pure”
kaolinite and work on Kimmeridge Clay was restricted to calcium sulphate because this

was a natural contaminant of the clay, not an artificially added component.
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The addition of gypsum lowered the liquid limit of the kaolinite - 6 wt.% lime mix. On
the other hand, the plastic limit decreased slightly and then increased, resulting in a
gradual decrease in plasticity index from 32 % to 22 % as the gypsum content increased

from 0-2.79wt.% SO, (Figure 7.1-4 (a)).

The effects of the addition of magnesium sulphate were similar to those of the addition of
equivalent amounts of gypsum, lowering the liquid limit by a rather similar magnitude by
the addition of equivalent amounts of magnesium sulphate. Also, the plastic limit
systematically increased, resulting in a gradual decrease in the plasticity index by a
marginally higher magnitude than for the case of gypsum additions (from 32 % to 20 %

by the addition of 2.79 wt.% SO, equivalent).

The addition of a small amount of sodium sulphate (0.93 wt.% SO, equivalent)
significantly lowered the liquid limit of the lime-treated kaolinite from 73 % to 59 %.
Further sulphate additions had no further effect on the liquid limit. The plastic limit
behaved in a similar manner, but dropping less sharply but significantly from 41 % to 33
% by the addition of a similar amount of sodium sulphate and remaining at this level on
further sulphate addition. Thus, the plasticity index also fell by the addition of small

quantities of sulphate and stayed relatively unaffected by further sulphate additions.

The effects of the addition of potassium sulphate were similar to those of the addition of
equivalent amounts of sodium sulphate, lowering the liquid limit suddenly from 73 % in
the absence of any sulphate to 61 % by the addition of the equivalent of 0.93 wt.% SO,.

There was, however, a slight increase in liquid limit by further sulphate addition. The
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plastic limit decreased by the same magnitude as for sodium sulphate addition. The slight
increase in liquid limit imparted a stabilising effect on the decrease in the plasticity index
which after the initial drop by the addition of 0.93 wt.% SO, potassium sulphate increased
gently by further sulphate addition. The main feature of the four set of curves in Figure
7.1-4 is the marked similarity in behaviour between the two divalent metal sulphates and

between the two monovalent metal sulphates.

7.1.2.1 Comparative effects of different sulphate types

Figure 7.1-5 emphasizes the effects that different metal cations have on the three Atterberg
limits, when added as metal sulphates. Increases in sulphate content generally lowered the

liquid limit, the magnitude of decrease increasing in the order:

CaSO, < MgS0, <K,;SO, < Na,SO,,

the sulphate to the left decreasing the liquid limit by a smaller magnitude than the one to
the right. It should be noted that the cation order (i.e. Ca < Mg < K < Na) is the same as
that in the lyotropic series (see section 3.2.2). The sulphates containing Ca’* and Mg
cations displayed similar liquid limit trends as did those containing Na” and K" although
the trends were different in each case. Ca®* and Mg® cation containing sulphates produced
a continuous reduction in liquid limit with increasing sulphate content while the Na" and
K" cation containing sulphates produced a much steeper initial fall but with no further
significant drop beyond 0.93% SO, content. Indeed, K™ containing sulphates displayed an

increasing liquid limit beyond this sulphate level.
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The two groups of sulphates (containing monovalent and divalent metals) also showed
pairing trends with respect to their effects on the plastic limit. Ca® and Mg’ cation
containing sulphates recorded little or no drop in plastic limit at low sulphate contents but
showed significant increases at high sulphate contents. In contrast, Na" and K" cations
containing sulphates exhibited sharp decreases in plastic limit at low sulphate levels and

subsequently showed only small increases in plastic limit at higher sulphate levels.

The resulting changes in both liquid limit and plastic limit resulted in decreased plasticity
with increasing sulphate content in all cases. Ca’* and Mg®* cations containing sulphates
recorded substantial decreases in plasticity over the entire sulphate range. Increasing the
SO, content from Owt.% to 2.79wt.% reduced the plasticity index by approximately a third
in both cases. Na* and K" cations containing sulphates reduced the plasticity by greater
amounts than did Ca** and Mg”" sulphates at low sulphate levels, but at higher sulphate
levels the plasticity index either increased (K) or showed little change (Na”). Thus up to
about 0.93% SO, content, the effect of the cation in reducing plasticity index was in the

order:

Ca®* <Mg™ <K* <Na", where sodium caused the largest

reduction, but at high SO, contents (3%) the order was

K' <Na' <Ca*<Mg"*
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A comparison of Figures 7.1-4 (c) and 7.1-4 (d) indicated that the difference in plasticity
reduction by the two sulphates of sodium and potassium was due to the fact that although
both Na* and K* cation containing sulphates had comparable effects on plastic limit
reduction, Na* cation containing sulphates reduced the liquid limit by a bigger margin
from 73% without sulphate to 59% with sulphate, as compared to from 73% to 61% for K*

cations containing sulphates.

In summary, the sulphates of calcium and magnesium produced a decrease in liquid
limit and a gradual increase in plastic limit, resulting in a declining plasticity index. The
sulphates of sodium and potassium lowered the plastic limit from 41% to a stable level
at about 34%. This stability in plastic limit imparted a similar stability on the plasticity
index, which was lowered from 32% to a stable level of 28% for potassium sulphate and

of 24% for sodium sulphate.

161



pH

Chapter 7 - Consistency Limits

13

A g

12

11

10 -

Lime Content (%)
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