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ABSTRACT

Roads constructed on expansive clays may be adversely affected by the behaviour of the
clay. Expansive clays suffer volume change due to changes in moisture content which
causes heaving, cracking and the break up of the road pavement. Stabilisation of these types
of soil 1s necessary to suppress swelling and increase the strength of the soil and thus
partially decrease the thickness of road pavement layers.

The use of by-product materials for stabilisation has environmental and economic benefits.
Ground granulated blastfurnace slag (GGBS), a by-product material in Egypt, and lime are
used 1n the current work to stabilise samples of a clay soil similar to a typical Egyptian clay
soil. This test soil comprises 80% River Aire soil and 20% calcium montmorillonite. The
main objectives of this research were to investigate the effect of GGBS, with and without
lime, on the engineering behaviour (plasticity characteristics, compaction, unconfined
compressive strength (UCS) and swelling potential) of the test soil and to identify the
reaction products of the stabilised materials to determine the mechanisms by which changes
In engineering properties are obtained.

In order to achieve these objectives, extensive laboratory investigations were carried out.
Various mixes (up to 10% GGBS by dry weight of the test soil and up to 30% replacement
by hydrated lime) were prepared and cured under two representative conditions {20°C with
90-100% relative humidity (CC1) and 35° C with 50-60% relative humidity (CC2)} for up
to 12 months. Compaction and plasticity were measured soon after mixing, the swelling
potential and UCS were measured after longer curing periods.

Four analytical techniques {X ray diffraction, scanning electron microscopy, differential
thermal analysis and nuclear magnetic resonance (NMR)} were used to identify the reaction
products of the clay fraction of the test soil mixed with various amount of GGBS and lime.
This pure clay test soil was used to ease identification of the reaction products.

The investigations showed that generally the engineering properties (UCS, swelling,
plasticity) improved with the addition of GGBS and with increasing curing period and
temperature, The addition of lime resulted in a dramatic improvement within the test ranges
covered in the programme. The maximum dry density, MDD, decreased and the optimum
moisture content, OMC, increased with increasing GGBS and lime content.

The major changes in the UCS and swelling behaviour are due to the formation of new
cementitious materials. The analytical investigation confirmed two major reactions when
GGBS and lime were added to the pure clay soil, hydration of GGBS activated by lime to
produce calcium aluminosilicate hydrate gel (C-A-S-H) and hydrotalcite type phase, and the
clay-lime reaction to produce calcium silicate hydrate (C-S-H), (C-A-H) and (C-A-S-H).
The NMR test results revealed that the aluminosilicate chain length (CL), the aluminium:
silicate (Al/Si) ratio and the amount of Si in the formed C-S-H significantly increased with
an increase in the curing temperature and period, which indicates a more stable and well
crystalline C-S-H.

The results indicate that the use of GGBS alone, or preferably with lime, could have a
significant effect on the behaviour of potentially swelling clays.

Recommendations for further studies include a study of the effect of cyclic loading on the
test soil. Also, site trials should be carried out to assess the suitability of using these
materials in the field
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LIST OF ABBREVIATIONS AND SYMBOLS

A Angstrom (107" m)

°C degree Celsius

CL Aluminosilicate Chain Length of C-S-H
c Centi (10 m)

d Lattice spacing

n Order of diffraction

DTA Differential Thermal Analysis

g Gramme

GGBS Ground Granulated Blastfurnace Slag
E4o Secant modulus

kg Kilogram

k Kilo (10°)

] Litre

m Milli (10)

mm Millimetre

1 Micro (10°°)

pm Micron or micrometer (10°)

N Newton

PPM Parts per million

t Time in seconds

AASHO American Association of State Highway Officials
ASTM American Society of Testing And Materials
BB1 Berk Bond Number 1

CBR California bearing ratio

CCl Curing Condition (20° C and 90-100 % relative humidity)
CC2 Curing Condition (35° C and 50-60 % relative humidity)
C-A-H Calcium aluminate hydrate

C-A-S-H Calcium aluminosilicate hydrate

C-S-H Calcium silicate hydrate

[p Inner Product

TGA Thermogravimetry Analysis

LL Liquid limit

L.O.1 Loss on Ignition

MAS Magic Angle Spinning

MDD Maximum Dry Density

NMR Nuclear Magnetic Resonance

Op Outer Product

OPC Ordinary Portland Cement

OMC Optimum Moisture Content

PL Plastic Limit

PI Plasticity Index

pH Log 10 (H" concentration)

SEM Scanning Electron Microscopy
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UCS
XRD
XRF

D

Temperature

Unconfined Compressive Strength
X ray Diffraction

X ray Fluorescence

Angle of internal friction

Angle of Diffraction

(Lambda) wavelength
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CHAPTER ONE
INTRODUCTION

1.1 GENERAL INTRODUCTION

Economic development of any country is controlled to a great extent by the highway
and airport networks. This is becoming particularly apparent in the developing
countries, where tremendous lengths of roads need to be constructed in order to
facilitate the development of agriculture, commerce and industry. The cost of any
road pavement project includes initial costs and subsequent maintenance costs. The
initial costs include many items such as land, accommodation works, bridges and
subways, drainage, pavement construction etc. The type and the thickness of the
pavement construction determines, a large percentage of the initial cost of any road
project. Therefore, the development and use of methods to decrease the cost of
pavement construction is very beneficial. It is essential to take into consideration the

conditions of the subgrade soil before designing the type and the thickness of the

pavement, as the subgrade carries the traffic loads as well as the pavement loads
(Bari, 1995).

The major function of the pavement is to reduce stresses in the subgrade so that there
is little or no deformation in the subgrade. Therefore, the more the subgrade 1s
resistant to deformation the thinner the pavement will be, thus reducing the

construction cost of the road.

Good quality subgrade soils are preferable for durable roads but are not always
available for highway construction. The highway engineer designing a road
pavement may be faced by weak or unsuitable subgrade. In this case the following
methods to overcome this problem can be considered. Firstly, improve the in-situ

materials by normal compaction methods and design for the modified properties.

Secondly, import suitable materials from the nearest convenient source and replace
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the site materials. Thirdly, improve the properties of the existing materials by

Incorporating some other materials; this process is known as “soil stabilisation”

(Ingles and Metcalf, 1972).

The most appropriate method will usually be determined by economic
considerations, for example it may be cheaper to stabilise a soil using relatively
expensive additives rather than excavate and dispose of unsuitable materials and

import and place suitable fill, as well as the properties of the subgrade.

1.2 SOIL STABILISATION

Soil stabilisation, in its general meaning, considers every physical, physico-chemical
and chemical method employed to make a soil suitable for its required engineering
purpose (Abdelkader, 1981). In its specific meaning in road engineering, soil
stabilisation 1s a regulated process to improve the soil by using additives in order to

use it as base or sub base courses and carry the expected traffic and pavement loads.

There are several methods by which soils can be stabilised. The three basic
techniques that have been successfully adopted in road construction are physical,
physico-chemical (bituminous), and chemical stabilisation. Physical stabilisation is
primarily concerned with the application of external energy. In some cases it is
called mechanical stabilisation. Physical -stabilisation with the incorporation of
another material to give a well-graded mixture may result in materials suitable for
use as pavement material. Physico-chemical stabilisation, which in the literature
generally means the addition of bitumen, is a process whereby an additive is
incorporated into the system. Bitumen acts as a cohesive agent in granular soil and in
cohesive soil it acts as a waterproofing agent. Chemical stabilisation involves the
addition of additives to the original soil to form new cementitious materials which
result in the soil having better engineering properties (less swelling, better plasticity

and workability and better strength). This process is primarily employed with fine
grained soils such as silt and clay (Abdelkader, 1981; Ahmed, 1988).

2




Chapter One: Introduction

Many chemical substances have been used to stabilise soils, €. g. lime, cement,
calcium chloride, sodium chloride, various silicate compounds, and, recently, ground

granulated blast furnace slag (GGBS) in South Africa and in the United Kingdom
(Higgins et al., 1998).

A particular problem in many areas of the world (e.g. U.S.A, India, and Egypt), is
where expansive clays form the subgrade. Expansive clays are those which suffer
volume and behaviour changes with changes of water content which results in the
break-up of road pavements and damage to light structures. Replacement of such
clays by other materials is generally expensive due to the high costs of excavation
and disposal of unsuitable materials and the import and placing suitable fill. This is a

particular problem in developing countries where construction costs are critical.

The typical cross section of an Egyptian road pavement is 200 to 300 mm of granular

base courses made of compacted well graded natural pit-run gravel or crushed stone,
covered by one or more layer of bituminous concrete courses (Abdelkader, 1981).
This pavement system 1s not generally suitable for subgrade of expansive clays due

to the need to import granular materials this compounding the problem of

construction on expansive soils.

The volume change of expansive clays, due to a change in their moisture content,
causes upward movement which is difficult to predict, resulting in heaving, cracking

and the break up of the road pavement which are founded on such soils (Mowafy et

al., 1990). Furthermore, most types of clay soils require a greater thickness of base
layer compared to those built on suitable and strong subgrade (sand and gravel) that
result 1n a very high increase in the initial and total expenditures of such projects.
To suppress swelling and reduce the volume change, to increase the strength of the

expansive clay soils and thus decrease the thickness of the sub-base or base layer,

stabilisation of these types of so1l is necessary.
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Lime and cement are the two common additives which have been employed in
stabilisation of Egyptian clayey subgrades to produce a base or sub base layer
instead of importing granular base course materials. Lime stabilisation is preferred to
cement stabilisation because lime is often cheaper than cement as it is produced
locally and lime can also improve the workability of clay. Lime stabilisation requires
adequate clay content and a relatively high curing temperature so it is also more
suitable than cement in tropical and sup-tropical countries. Furthermore, cement

hydration may be retarded by montmorillonite which is the predominant clay mineral

In expansive clays.

Although lime is widely used, cement is still very useful as a soil stabiliser when the
clay content 1s low and/or the temperature 1s not high enough. However, due to the
gradual depletion of conventional construction materials and shortages in cement
production, the need to develop an alternate binder to cement for use in soil
stabilisation has become necessary. Researchers have considered the use of some
by-product materials as alternative materials to cement and also to lime. The use of
by-products has environmental and economic benefits. These materials should
satisfy the engineering requirements (suppress swelling potential, improve plasticity

characteristics and enhance stress-strain behaviour) and be affordable.

Granulated blast furnace slag (GBS), which is produced as a by-product in the
manufacture of pig-iron, has been suggested as a binder (Higgins, 1998 a). This
material is produced in huge amounts by the Egyptian iron and steel company and it
is comparatively cheap. It is mainly used, after being ground to fine ground
granulated blastfurnace slag (GGBS), to produce blended cement. However, it has
not been used as a soil stabiliser agent in Egypt although it has been used in the U. K
and South Africa. GGBS on its own has only mild cementitious properties and it is
generally used in combination with Portland cement or hydrated lime (calcium

hydroxide) which provides the necessary alkali for activation (Richardson and

Groves, 1992; Higgins, 1998 a).
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This dissertation describes an investigates of the effect of GGBS alone, and GGBS
activated by lime as an alkali activator, on the engineering properties of a test soil
which represents similar Egyptian clayey soil in order to access its suitability for use
in Egypt. The predominant clay minerals in this test soil are montmorillonite,

kaolinite and small amounts of illite, chlorite and mica. The selection of these

materials and design of the test soil are described later in this dissertation.

1.3 STRUCTURE OF THE DISSERTATION

The structure and mineralogy of soils in general is described in chapter 2, with
emphasis on montmorillonite and kaolinite and clay-lime reactions. Slag stabilisation
and the effects of GGBS on the engineering properties of soils are outlined in
chapter 3, while in chapter 4 the scope, aims and objectives of this investigation are
presented. In chapter 5 the properties of materials used in the research are discussed
while chapter 6 contains a description of the test equipment, instrumentation and test
procedures. Chapters 7 and 8 report the results of the engineering and analytical tests

respectively, and these are discussed further in chapter 9. Chapter 10 contains the

conclusions drawn from the investigation, together with recommendations for further

research.

The starting point of the current work will be a review of the mineralogy and general
properties of clay soils, the problems of expansive soils, stabilisation of clay soils

using lime and the effect of the addition of lime on the engineering properties of clay

soils.



CHAPTER TWO
LITERATURE REVIEW

2.1 INTRODUCTION

The engineering properties of sub-grade soils including plasticity characteristics,
compaction properties, volume stability and strength may be enhanced by adding
materials such as lime, cement, sodium chloride and GGBS. The changes in
properties of the soils primarily depend upon the type and amount of binder, curing

conditions and time, organic matter content and the percentage of clay.

This chapter includes a literature review of the structure of soils and clay minerals,
especially montmorillonite and kaolinite, as they are the predominant clay minerals

in Egypt. The problems of expansive clay are also discussed together with soil
stabilisation 1n general. Special consideration 1s given to lime stabilisation, including
the general soil-lime reactions, effect of lime on compaction characteristics,
plasticity, volume stability and strength. The use of slag in the stabilisation of soils 1s

considered in chapter 3.

The changes which occur in clay soil when lime 1s added can be divided into two
categories, modification and stabilisation. During modification calcium 1ons are
adsorbed by clay particles in cation exchange reactions. This process starts
immediately and it changes the plasticity of the clay without the formation of any
new cementitious materials. In the stabilisation process calcium ions attack the clay
minerals due to chemical reactions between the clay minerals and calcium
‘hydroxide, and new materials are formed, mainly calcium silicate hydrate, calcium

aluminate hydrate and calcium aluminate silicate hydrate (Bell, 1996). The total lime

content required for modification (change in plasticity) is in the range 1-3% by dry
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weight of soil, while that required for both modification and stabilisation is in the
range 3-8% by dry weight depending primarily on the clay fraction of soil under
investigation and also on the type of the clay minerals (Ingles and Metcalf, 1972;
Bell, 1988 a; Diamond and Kinter, 1964). These aspects are considered in detail

below.

The structure of soils and clay minerals is critical in an understanding of the process

of soil stabilisation generally and clay-lime reaction in particular and this is

considered below.

2.2 THE COMPOSITION OF SOILS AND CLAY MINERALS

2.2.1 SOIL COMPOSITION

Soils consist of solids, water and air, and the forces of interaction between these
constituents and their spatial arrangements govern their behaviour to a large extent.
The most important phase of the structure is the solid phase because it governs the

plasticity characteristics, volume change due to moisture content changes and many

of the other engineering properties of soils. The solid phase may be composed of
coarse-grained particles and/or fine-grained particles. The civil engineer divides the
materials at the earth’s crust into two categories: (1) rock and (2) soils (Grim, 1968).
Terzaghi and Peck (1948) defined soil as “a natural aggregate of mineral grains that

can be separated by such gentle means as agitation in water”. The engineer considers
any natural loose material at the earth’s crust regardless of particle size distribution,

composition or organic matter as a soil.

2.2.2 CLAY MINERALS

2.2.2.1 Introduction

Clay minerals play an important role in industry and therefore, a tremendous amount
of research into clay systems has been carried out. Clays are used in many industrial

products and processes e.g. in the ceramics flooring industry and for building blocks
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(Mateos, 1964; Van Olphen, 1963). Moreover, they are of special interest to the
highway engineer and the civil engineer in general. The type of clay mineral present
in a soil is important as i1t governs many properties such as reactivity, plasticity and
volume stability. Other non-clay mineral materials may be present in clay soils.
These include quartz, calcite, dolomite, mica and feldspar. The presence of these

materials may be detected by particle size distribution analysis, as the non clay

minerals tend to occur as particles coarser than 2 pum (Grim, 1968).

Organic materials sometimes occur in clay soils and can be of many different forms.

They may be present as leaf matter or discrete particles of wood, as organic
molecules adsorbed on the surface of the clay mineral particles or adsorbed between
the silicate layers. Wood particles range from large chunks to particles of colloidal
size. These tiny-sized particles of wood may give a dark-grey or black colour to the
material. A very small amount of organic material present may have a very large
pigmenting effect, and organic matters can have a major effect on the behaviour of
soils (Kinuthia, 1997).

2.2.2.2 Definitions

Clays can be defined as “natural earthy, fine-grained materials which develop
plasticity when mixed with water”. Plasticity is a key characteristic of clays.
Generally, clays are composed of silica, alumina and water with small quantities of

iron and alkalies. There are, however, some materials called clays which do not

“satisfy all the clay specifications. Thus so-called “flint clays” have no plasticity

when mixed with water. They have the other characteristics of clay (Grim, 1953). In
civil engineering the maximum size of clay particles is defined as 2 pm. The
fundamental reason for placing the upper limit of the clay size fraction at 2 pm 1s
that the lower size limit of non-clay minerals is generally 2 um (Grim, 1953). The

clay fraction is the percentage of particles under 2 um diameter related to the whole

amount of soil.
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2.2.2.3 Structure of clay minerals

There are two main units which make up the atomic lattices of most clay minerals;
these are the tetrahedral silica unit and the octahedral unit of aluminium or
magnesium (Grim, 1968). The tetrahedral silicon unit consists of a silicon atom
equidistant from four oxygen atoms or hydroxyl ions if required to balance the
electrical charge on the structure. Silicate tetrahedral groups are normally arranged
to form a hexagonal network (Brown, 1984), which is repeated to form a sheet with
the typical composition S1404(OH)4, figure 2.1. The tetrahedra are arranged so that

all the points are aligned and their bases are in the same plane.

The other unit takes the form of an octahedral crystal in which an aluminium,
magnesium or iron atom occupies the centre of the structure enclosed by six
hydroxyls, figure 2.2. When aluminium is present only two thirds of the possible
cationic positions are filled to electro-charge balance the structure, and this form is
called the gibbsite with the formula Al (OH)s. When only magnesium is present all
the possible positions are filled. This gives the brucite structure and this clay mineral
may be described by the formula Mg3; (OH)g (Grim, 1968; Berman, 1963).

Most of the common clay minerals are composed of these two structural layers
stacked in various forms. The order in which these layers are stacked greatly
influences the physical and chemical characteristics of a clay mineral. Some clay

minerals are fibrous and consist of different structural units from those mentioned

above (Van Olphen, 1964 and Grim, 1953). This basic structural unit is composed of
silica tetrahedrons arranged in a double chain as shown in figure 2.3. The structure is

similar to that of the silica tetrahedrons sheet except that it is continuous in one

direction while in the other direction it is restricted to a width of about 11.5 A.
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Figure 2.1 Diagrammatic sketch showing (a) single silica tetrahedron unit and (b) the
sheet structure of the tetrahedrons arranged in a hexagonal network, Grim, 1962.

O and f:} = Hydroxyls . Aluminums, magnesiums, etc.

Figure 2.2 Diagrammatic sketch showing (a) single octahedral unit and (b) the sheet
structure of the octahedral units, Grim, 1962.

The common clay minerals encountered in engineering practice are montmorillonite,

kaolinite and illite (Grim, 1962). Also, the predominant clay types in Egypt are

montmorillonite and kaolinite with minor amount of illite, most of the literature is

related to these three types (Fayed, 1970; Fayed and Hassan, 1970; Wahdan and
Abdel-Aal, 1977; Naga et al., 1981).
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Figure 2.3 Diagrammatic sketch of double chains of silica tetrahedrons, as in the
amphibole structural type of clay minerals: (a) in perspective, (b) projected on the
plane of the base of the tetrahedrons, Grim, 1962.

A) Montomorillonite

Montmorillonites are formed from the weathering of volcanic ash under poor
drainage conditions. They have a high shrinkage and swelling potential which can be
several times their dry volume. Montomorillonite has a high liquid limit and high
activity (Young and Warkentin, 1966). It is a three-layer mineral; its basic structural

unit is a gibbsite sheet Al; (OH)s sandwiched between two silicate sheets, figure 2.4.

These units are stacked one above the other, The bonds between successive crystal
units are comparatively weak. The strength of the bonds is dependent upon the
exchangeable cations involved. Water molecules and other cations can enter between
the sheets causing them to move apart and the particles to expand and the mineral
may be split up into its unit layers. The particle size of montomorillonite is small. It

has a specific surface area of 800 m*/g and because of the considerable area of the

11
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charged surfaces, montmorillonite exhibits high plasticity, cohesion, swelling and

shrinkage characteristics depending upon the nature of the exchangeable cations

present.

The montmorillonite formula as listed by Grim (1968), is (OH)4SigAl4020.nH>0, and
the composition is approximately 66.7 % SiO,, 28.3 % ALO;, 5% H,0. In the
silicate tetrahedral sheet aluminium can partly replace the silicon, and magnesium
can replace aluminium. Iron, zinc, lithium, and oiher atoms can also replace
aluminium. This replacement is often referred to as isomorphous substitution which
is considered to be a prime factor which influences the “Cation E)ichange Capacity”,
see section 2.5 (Berman, 1963). Soils containing large proportions of
montmorillonite are poor foundation materials, because they have the tendency to

absorb large amounts of water and show a large volume change between the wet and

dry seasons (Mitchell, 1976).

B) Kaolinite

The structure of kaolinite is a single silicate tetrahedral sheet and a single alumina
octahedral sheet combined in a unit, figure 2.5. The kaolinite mineral is a stacking of
such layers with hydrogen bonding between the hydroxyls of the alumina sheet and
the oxygens of the silicate sheet (Grim, 1968). Due to this strong bond, the kaolinite
crystal typically consists of about 100 individual kaolinite layers stacked together

and these are difficult to dissociate (Elsekelly, 1987).

Kaolinite has the largest crystals of all the clay minerals and the smallest specific
area, (15m%/g). Penetration of water molecules and ijons between the layers is
difficult because of the strong hydrogen bonding. Therefore the lattice is considered
non-expanding, and because of this the surface area to which the water molecules

can be attracted is restricted to the outer face. Therefore, the plasticity of kaolinite 1s

very low compared to other type of silicate clays.

12
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Figure 2.4 Diagrammatic sketch of the structure of montmorillonite, Grim 1953

The structural formula of kaolinite 1s (OH)sS14A140;0. This mineral 1s often referred
to as having a 1:1 lattice. The theoretical composition of kaolinite, is approximately
46.54% Si3, 39.50% Al,03 and 13.96 % H,0, The interlayer distance of each unit
cell is 7.2A. Compared to other clay minerals, the degree of perfection of the crystal
is high and the amount of isomorphous substitution is low. In general kaolinite may
be considered to be a well- crystallised clay mineral with relatively little physico-

chemical activity (Ross and Kerr, 1932; Grim, 1962).

Kaolinite minerals are characterised by their relatively low liquid limit and activity
(Young and Warkentin, 1966; Dennon and More, 1986). The edges of the kaolmnite

rlates are positively charged in a low pH environment, and change to being
13
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negatively charged in a high pH environment. The superposition of the oxygen and
hydroxyl planes in adjacent units causes the units to be held together by hydrogen
bonding between the layers (Grim, 1962). This bond is strong and prevents water
absorption between the layers and consequently they are considered very stable from
an engineering point of view. Therefore, kaolinite does not have the same degree of

swelling, plasticity, cohesion, or shrinkage as montmorillonite.

ﬁ

\ Ungdalh”
\ @ ) ¢
o / 4 ©) Hydroxyls
N// . Aluminums

o= == =\~ /0 ® O Silicons

Figure 2.5 Diagrammatic sketch of the structure of kaolinite, Gruner, 1932, after
Grim, 1962.

C) Illite

The structure of illite is very similar to that of montmorillonite. The distinct
difference is that the individual layers are joined together by potassium ions, figure
2.6. This is a particularly stable system since the potassium ions are just small
enough to fit perfectly within the hexagonal space formed by the oxygen ions on the

surfaces of the silicate sheets. The specific surface, and consequently the surface

activity, are smaller than for montmorillonite. The activity of illite can be considered

intermediate between of kaolinite and montmorillonite (Grim, 1962).

14
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(U
O Oxygens, Hydroxyls, . Aluminum, O Potassium
O ond @ Silicons (one fourth reploced by aluminums)

Figure 2.6 Diagrammatic sketch of the structure of illite, Jackson and West 1930,
after Grim, 1962.

2.3 WATER ADSORPTION AT CLAY SURFACES

Clay particles in soils are almost always hydrated, i.e. surrounded by layers of water
molecules adsorbed onto the clay particles. When the behaviour of clay soils 1s

considered, these water molecules are considered as a part of the clay surface. This

water layer affects all soil properties including plasticity, compaction, strength and

water movement in soil (Yong and Warkentin, 1975; Gillot,1987; Abdi, 1992).

Clay soils may suffer volume changes due to moisture content changes which results
in swelling and shrinkage (Bell, 1983). The ability of clay to imbibe water leads to
swelling and when it becomes dry it shrinks. Gillot (1987) stated that this

phenomenon is influenced by many clay properties including specific surface area,
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cation exchange capacity, degree of consolidation, organic matter content and the
cementitious agents present. Cementitious agents can bond minerals together and
this leads to suppression of the swelling by a reduction in the surface area exposed to

moisture, and by increasing the strength of the materials which places an internal

constraint upon expansion.

2.4 CLAY PLASTICITY AND ACTIVITY

The plastic properties of soil materials are expressed in terms of plastic limit (PL),
liquid limit (LL) and plasticity index (PI) as proposed by Atterberg, (1911). Allen
(1942) defined these terms as follows: “Liquid limit is the moisture content
expressed as a percentage by weight of the oven dried soil at which the soil will just
begin to flow when jarred slightly. Plastic limit is the lowest moisture content
expressed as a percentage by weight of the oven dried soil at which the soil can be
rolled into threads 3 mm in diameter without breaking into pieces. Plasticity index is

the difference between the liquid and the plastic limits. It is the range of moisture

content in which a soil 1s plastic”.

The activity of a soil 1s the ratio of the plasticity index to the percentage clay fraction
(i.e. % less than 2 pm). Activity is a very useful value indicating the plasticity index
of the clay-size fraction of the soil. It also indicates the ability of clay soils to react
with chemical agents. The activity of montmorillonite ranges from about 0.5 to 7 and

of kaolinite from 0.01 to 0.41, depending on the clay fraction (Grim, 1962).

2.5 ION EXCHANGE

Ion exchange is the replacement of one 1on adsorbed on the clay lattice surface by
another. The physical properties of clays are dependent on the exchangeable ions.
Jon exchange 1s of great importance in the applied sciences where clay materials are
used. The plastic properties of the clay are very different depending on the type of

the exchangeable cation present.
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Grim (1962, 1968) showed that clay surface is usually negatively charged and this is
the cause for cation attraction to the particle surface. He found that the main sources

of the negative charge on the clay surface are:

1) Broken bonds around the edges of the silicate-aluminate units leaving
unbalanced charges which are balanced by adsorbed cations. The
number of broken bonds per unit mass and hence the exchange
capacity, increases as the particle size decreases.

2) Substitution within the lattice structure of trivalent aluminium A" for
quadrivalent silicon Si*" in the tetrahedral sheet and of lower valence
ions Mg®" for trivalent aluminium AI’* in the octahedral sheet result
in unbalanced charges within the clay structure of some of the clay

minerals. This charge imbalance may be balanced either by other

lattices (i.e. OH") for O* adsorption of positive cations. Thus, clay
particles have negatively charged surfaces and attract positively
charged cations (Abdi, 1992).

Exchangeable cations are positively charged ions from salts in the pore water which
are attached to the surface of clay particles to balance the excess negative charge.
Cation exchange occurs because one cation can be replaced by another of similar
valence, or by two of one- half the valence of the original one and so on (Yong and
Warkentin, 1975). For example, if clay containing sodium as the exchangeable
cations is washed with a solution of calcium chloride, each calcium ion will replace

two sodium ions and the sodium can be expelled in the solution. The reaction can be

represented as:

2 Na clay + Ca Cl; & Caclay +2 Na CI

Cations can be arranged in a series on the basis of their replacing power. The general

order of replacement of the adsorbed cation is : Li* <Na* <H *< K* <NH << Mg *
< Ca **<< Al*". At equal concentration any cation will tend to replace those to its
left in the series (Grim, 1968).

17
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The number of cations that are exchangeable is defined as the cation exchange
capacity and is usually expressed in milliequivalents of cations per 100 grams of
oven dry soil (meq/100g). The milliequivalent may be defined as one milligram of
hydrogen ions (H") or the amount of any other cation that will replace it on the clay
mineral surface. The cation exchange capacity should be measured at pH 7. At
higher pH more cations are adsorbed, perhaps because of increasing dissociation of
weakly bonded Si-OH" groups on exposed clay crystal edges. Below pH § the cation
exchange capacity is constant (Grim, 1962). Table 2.1 gives the cation exchange

capacity for the three common clay minerals.

It can be seen from table 2.1 that the large net negative charge carried by the
montmorillonite particles and its large specific surface area means that the cation

exchange capacity of montmorillonite is very high compared to that of kaolinite and

1llite.

Table 2.1 Values of cation exchange capacities, (Wu, 1976)

e oW

The characteristics of clay which are discussed above affect to different degrees the

expansive behaviour of clay soils. These characteristics, including the size and shape
of crystal particles, will depend on the expandability of the crystal lattice. The degree
of crystalinity governs the swelling behaviour of the clay (Grim, 1962) and hence the

“expandability”. The next section discusses the swelling behaviour of the

“expansive” clay in some detail.
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2.6 EXPANSIVE SOILS

2.6.1 INTRODUCTION AND DEFINITION

The volume change of some clayey soils due to change in their water content
represent one of the most serious problems in the field of foundation engineering.
Volume change may cause unpredictable movement of structures that are built on
such soils. Expansive soil can be defined as “a clay soil capable of undergoing a
large volume change, (shrinkage and swelling) when subject to variations iIn
moisture content. When the predominant clay mineral of the soil is of the swelling
lattice type, e.g. montmorillonite, the soil can be classified as an expansive soil
(Xidakis, 1979). Some types of illite are considered to be expansive while kaolinite
is considered an inexpansive lattice. Swelling potential refers to both the swelling

percent and the swelling pressure. Mowafy et al.,, (1990) defined the swelling

pressure as the external pressure required to consolidate a preswelled sample to its
initial void ratio. While Chen (1975) defined the swelling pressure for undisturbed
soil as * the pressure required to keep a volume of a soil constant at its natural dry

density”;-and for remoulded soils as “the pressure required to keep the volume of a

soil constant at maximum proctor density”.

The problem of expansive soil was not recognised by soil engineers until about

1940. Prior to 1940 the damages caused to various structures were attributed to poor

construction and /or the settlement of the foundation soils. In 1938 the scientists of
the U. S. Bureau of Reclamation first realised the role of expansive soils in damage

to buildings (Chen, 1975). Since then much research has been published on the
problems of expansive clay. However, in spite of the valuable effort and work of the
scientist and engineers, the processes involved the swelling and shrinkage of soils

still needs much clarification (Xidakis, 1979).
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2.6.2 PROPERTIES OF EXPANSIVE SOILS

a) Morphological and mineralogical properties

The colours of expansive soils vary; most of them are dark or black in colour.
However, others colours such as grey, light green or red have been observed in some

deposits; thus the colour is not a distinct characteristic of these soils (Lyon Assoc.,
1971).

The mineralogical compositions of the clay fraction of expansive soils include
predominantly montmorillonite. Kaolinite and illite may be present in minor
quantities (Fadl, 1971). Only expansive alluvial soils contain illite and only
expansive soils over volcanic rocks contain halloysite. Calcium and magnesium are

the principal exchangeable cations, generally with minor amounts of potassium and

sodium. Sodium may be the principal cation in some exceptional cases. Cation
exchange capacities are usually high (30 to 64.9 m eq /100 g clay), clay content is
also high (>20%) with a very low percent of coarse sand and gravel. Clays saturated

with sodium cations display a higher volume change than clays with calcium cations,
and they display a higher swelling pressure (Lyon Assoc., 1971). The pH of these
soils ranges from 6.30 to 9.20.

Some clays, such as the montmorillonites, swell when wet and shrink when dry.
After drying, soils high in montmorillonite are criss-crossed by wide, deep cracks
that allow rain to penetrate rapidly, see figure 2.7. Later, because of swelling,
montmorillonitic soil close up and become much more impervious than kaolinitic or
chloritic soils. Some swelling is due to the penetration of water between crystal
layers, resulting in expansion of individual particles. However, most of the swelling
results from water attracted to the colloids and to ions adsorbed by them. This
property 1Is responsible for the development and stability of soil structures. Sotls

rich in montmorillonite cover large areas, more than 350,000 km?, around the world

(Gradusov, 1974).
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Figure 2.7 A field scene showing the cracks that result when a soil high in
montmorillonitic clay dries out, Brady, 1990.

b) Engineering properties

Most of the literature on expansive clays comes from India and the United States;

with little from Africa and Australia. The engineering properties of expansive soils

according to Chen 1975 and the Lyon Association, 1971, are summarized in table
2.2.

From table 2.2, wide ranges of variability are observed in the engineering properties
of expansive soils reflecting the fact that these soils are collected from different

sources and areas with different characteristics and environmental conditions.
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Table 2.2 Engineering properties of the expansive clays, Lyon association, 1971;
Chen 19735

CBR reported after 4 days soaking period | <2

Effective Cohesion 2.5- 3.0 kN/m

2.6.3 DAMAGE CAUSED BY EXPANSIVE SOILS

Many problems associated with foundations on expansive soils have been reported
from all over the world. These problems include the heaving, cracking and break up
of pavements, building foundations and channel and reservoirs linings. The
foundations of light structures supported on the ground (e.g. highways) are more
affected by expansive soil problems than heavy or deep buried structures (Xidakis,
1979). The annual cost of structural damages in the U.S.A alone is about $2.3

billion, more than twice the damage from earthquakes, hurricanes and floods (Bruer,

1973).

Many researchers have investigated the effect of initial water content on the amount
of swelling and swelling pressure. They noticed that each particular expansive soil
has a certain initial water content at which no swelling phenomenon will occur, and
this is dependent to a certain degree on the salt concentration of the pore water.

They found that the percentage of swelling was inversely proportional to the salt

concentration in the pore solution.
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The area covered by expansive clays in the U. S. A is about 25% of its whole area.
Furthermore, expansive clays cover wide areas in many other countries outside the

U.S.A, for example in India, Africa and Egypt.

T'wo examples of the effects of differential settlement caused by expansive soil on
structures are given 1n figures 2.8 and 2.9. These structures which are located in the

north-eastern United States, are constructed on deep deposit of expansive soils

(Hunt, 1986).

Figure 2.8 Differential settlement apparent along wall of warehouse, Queens, New
York, 1960, (Hunt, 1986)
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Figure 2.9 Cracks and corner rupture in building shown in figure 2.8, (Hunt, 1986)
2.6.4 PERMISSIBLE SETTLEMENT FOR BUILDINGS

Differential heave and /or contraction of foundation soils are the main reasons for
structural damage to buildings or highways founded on expansive soils. Differential
heave or settlement of the soil surface is a function of many parameters such as the
thickness and mineralogy of the clay layer and the variation in moisture content
underneath the structure, etc. Variations in the water content of the soil under and
around the structures are due to changes in the environmental conditions e.g. the
depth and the frequency of rainfall, the rate of evaporation, mineralogy and depth of
ground (Xidakis, 1979). Changes in local conditions, such as breakage of water

pipes, leakage of sewer lines and poor drainage of surface water, also change the

water content around the structure (Gromko, 1974).

Differential settlement is the controlling factor in structural performance. Bjerrum
(1963) published the limiting angles of distortion for various conditions as given in

figure 2.10. It was suggested that cracking of panels, in frame building structures,

and columns and beams structures are likely to occur if & > 1/300 and & >1/150
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respectively, where 0 1s the angle of distortion (Hunt, 1986). Therefore, it is
recommended either to stabilise the expansive clay to reduce the differential
settlement or to design the structures built on such soils to sustain the additional

stresses caused by any extra settlement.

Angular distortion 871 (17100 = 1cm/10 m)
17100 17200 17300 17400 1/500 11600 1/700 17800 1/900 171000

Limit where difficulties with machinery
sansitive o settlements ore to be feared

Limit of danger for frames with diagonals
Safe limit for buildings where cracking [s not permissable

Limit where first crocking in pane! walls is to be expected

Limit where difficulties with overheod crones are to be expected
Limit where tiiting of high, rigid buildings might bacome visible

Considerabie cracking in ponel walls and brick walls
Safe limit for flexitie brick walls, h/1<1/4
Limit where structural damage of general bulidings is to be feared

Figure 2.10 Limiting angular distortion for structures, Bjerrum, 1963

2.6.5 IN-SITU HEAVE OF EXPANSIVE SOIL

Soil heave due to soil swelling, or settlement due to shrinkage, are equally common
in the field. However, heave 1s more dangerous to structures and roads than
contraction because brittle structures are more susceptible to damage from the
doming associated with heave than to dishing. Doming causes tensile stresses in the
upper parts of the structure. On the other hand, shrinkage may cause dishing,

resulting in tensile stresses in the foundations, which can better resist such stresses

(Xidakis, 1979).

Several techniques and laboratory tests have been developed to determine in-situ

heave, but it 1s difficult to obtain duplication of the field conditions in the laboratory.
The field behaviour of a soil and structure is affected by factors such as:

There is often a general upward movement beginning shortly after the construction
and generally finishing after about 5-6 years. This heave is mainly due to an

increase in moisture content underneath the covered area; it is a very slow process

and it does not depend on the environmental conditions.
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Local heaving which results from breakage of water and/or sewer pipes, watering of
gardens, causes severe damage in some cases because it is unpredictable. Cyclic
expansion-contraction phenomena are related to seasonal fluctuations of the soil

water content, around areas of the building or pavements (Kassiff et al., 1969; Chen,

1975).

Soil swelling is generally assumed to occur normal to the surface because lateral
swelling 1s generally inhibited by adjacent soil. However, because expansive soils
can suffer severe cracking and fissuring on drying, lateral swelling may be

considerable and may be greater than the swelling normal to the surface (Parcher and

Lu, 1965).

Gromko (1974) listed the main factors which might affect the in-situ movement of

an expansive soil. One of the important factors is time. Since highly expansive clays
tend to exhibit very low permeability, sufficient time i1s necessary for the swelling
process to be completed and the full swelling potential of the soil may not be
achieved during the design life of the building (30-40 years). Expansive soils with

lower swelling potentials but higher permeabilities may exhibit more in-situ

swelling during a single weather season than highly expansive clays.
2.6.6 TREATMENT OF EXPANSIVE SOILS

Treatment of expansive soils is not always easy and/or economic. Many researchers
have developed practical methods for construction on expansive soils and these can

be summarised as follows:

1. Realignment of the project, (e. g. a highway) to avoid the expansive soil
deposits, or excavating and backfilling (highways, building) wherever
possible.

2. Minimise the water content change in the expansive clays after construction.
One of the most common ways is to construct suitable drainage systems and
control the vegetation coverage.

3. Using an appropriate design of the structure on the expansive soils based on

the estimated average vertical heave for the environmental conditions.

T
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4,  Using one of the various methods of soil stabilisation. There are many ways
to control heave potential including control of compaction, i.e. compaction
at lower density and higher moisture content, and chemical stabilisation with
lime and cement. Lime stabilisation is recommended in the case of
expansive clays iIn preference to cement stabilisation because
montmorillonite may retard cement hydration and cement does not improve
the workability of the clay. Chemical stabilisation may not be possible if the
clay contains a high percentage of organic matter (Chen, 1975, Kassiff et al,
1969; Gromko, 1974; Lyon Assoc., 1971).

One of the most valuable pieces of research carried out on Egyptian swelling soils is
the work of Mowalfy et al., (1990). They developed three successful techniques for
the treatment of Egyptian expansive soils. They found a decrease in the magnitude of
swelling and swelling pressure with an increase in the initial water content. They

suggested compacting these soils in the field at high moisture content to suppress the

swelling potential. They also found that mixing coarse fractions of granular material
caused a substantial decrease in the swelling potential of the swelling soils, due to
the reduction in the clay fraction in soil mixtures. A higher proportion of sand
content, and corresponding lower clay content, results in larger capillary canals in
the soil pores and the corresponding reduction in soil suction. They observed a
substantial decrease in the swelling percent and swelling pressure with an increase

in the concentration of sodium chloride in the pore fluid. More detailed examples are

presented in section 2.9.3.

2.7 SOIL STABILISATION

2.7.1 INTRODUCTION

Many investigators have reported that soil properties can be altered by adding other
materials (Grim, 1968; Ingles and Metcalf, 1972; Arabi and Wild, 1989; Higgins et
al., 1998). The properties that can be affected include plasticity, strength and volume
change and the chemical agents used include lime, cement, sodium chloride, fly ash

and alkali-activated blast furnace slag. The modification of properties depends to a
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great extent on the type of clay minerals, the percentage clay fraction in the soil,
stabiliser type and percentage, temperature, moisture content, curing time and

conditions, and the organic content (Mitchell and Hooper, 1961).

Soil stabilisation is used to improve the mechanical properties of inferior soils in the
construction of civil engineering projects such as road pavements, sub-grades, sub-
bases, runways and shallow foundations. Therefore, the type of stabilisation chosen
in any project depends on both the properties of the soil involved and the nature of
the project (Mitchell and Hooper 1961; Abdi, 1992).

2.7.2 LIME STABILISATION

The use of lime in soil stabilisation precedes the beginning of clearly recorded
history. Probably the earliest work in modern times on the use of lime in road
construction is in 1925, when short experimental lengths of dirt road in the American
state of Missouri were treated with hydrated lime to reduce rutting during rain and .
snow (McDowell, 1966). In 1943, the U.S Corps of Engineers used hydrated lime to
reduce the plasticity of a soil used in the construction of a Texas airfield (Johnson,
1948). The sections treated with lime have shown good durability in spite of heavy
traffic, whereas sections constructed without lime failed and required extensive
repairs. Since that time, much research has been carried out to determine the ideal

method of using lime to stabilise soils, and the physical and chemical reactions

which may occur (Johnson, 1948).

\

At the end of the Second World War, the American road-building programme was
increased considerably. In Texas, in the U.S.A, the large-scale use of lime In
pavement construction programmes began, and Texas is still one of the largest users

of lime for this purpose (Dumbleton, 1962).

Johnson (1948) concluded that the addition of about 5% hydrated lime significantly
reduced the plasticity of cohesive soils and increased the strength of both fine and
coarse-grained soils, By 1951 the U. S. Army Corps of Engineers had prepared
specifications, based upon a study begun in 1946, for the construction of road bases

using soil stabilised with hydrated lime alone or in conjunction with cement. In

e
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1951, Galloway and Buchanan suggested that the effect of lime on soils was due to
an exchange of calcium 1ons for adsorbed cations on the clay particle surfaces. They
found that the reactivity of a soil toward hydrated lime increased as the plasticity

index and the cation exchange capacity of the soil increased.

Lime has been successfully employed in many countries outside the U.S.A,
particularly in warm countries because it needs a relatively high temperature to react
with the clay. In the United Kingdom, lime stabilisation was first used in the
construction of the A 38 in Worcestershire in 1951 (Brook- Bradley, 1952). In this
project, part of the sub-base was stabilised with hydrated lime.

Lime used in soil stabilisation may be in many forms such as quick lime CaO,
hydrated lime Ca (OH) ; and dolomitic lime. Quick lime is the direct product of the
calcination of limestone and it seems to be a more effective stabiliser than hydrated
lime as it has a high ability to absorb water. Lime stabilisation can be defined as the
“reaction between silica and alumina within the clay structure with lime and water to

form calcium silicate hydrate and calcium silicate aluminate hydrate gels which

subsequently crystallise to bind the structure together” (Rogers et al., 1997)

Generally between 1-3% by dry soil weight of hydrated lime is required to modify
soil, while 2-8% by dry soil weight is required for cementation to take place. Bell
(1988 a) suggested that 1% lime by dry weight of soil is required for stabilisation for

each 10% clay (< 2um). The exact amount of lime required should be determined by

further tests (Bell, 1988 a).

In summary, lime stabilisation has a long history all over the world especially in the
warm countries, as it needs a relatively high temperature to react with clay particles.
Lime stabilisation using quicklime is more effective than hydrated lime. Generally,
between 1- 3 % by dry soil weight of hydrated lime is adequate for modification of
clay soil, while, 2- 8 % by dry soil weight of hydrated lime is required for full

modification and stabilisation depending upon clay type, percentage of clay in the

soil, curing periods and conditions.
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2.7.3 LIME STABILISATION PROCESSES

Using lime in the stabilisation of clay soils not only increases the compressive
strength of such soils, but also modifies other physical and chemical properties
(Fessberg 1959; Brand and Schoenberg, 1959). When lime is added to a clayey soil,
lime attacks the clay mineral fraction of the soil and the engineering properties of the
soils are altered. These properties include the Atterberg limits of the soil (Wang er.
al, 1963; Jan and Walker, 1963; Andrews, 1966), the effective grain size
distribution, the moisture content, dry unit weight relationship, and the swelling and
shrinkage properties of the soil (Lund and Ramsey, 1959 ; Mitchell and Hooper,
1961), and the soil suction properties (Clare and Crutchley, 1957). This is discussed

further 1n section 2.9.

2.8 CLAY-LIME REACTIONS

2.8.1 INTRODUCTION

Little (1996) reported that practical reasons for the addition of lime to the soil are to
improve workability and compaction and reduce swelling and shrinking
characteristics by saturating the clay with calctum ions. However, the chemical
interaction of lime with clay must also be considered an important part of a

permanent improvement due to the formation of cementitous materials which

increases the strength of soil-lime mixtures. The reaction will be stronger in the case

of high silicate content in the soil.

The addition of lime to a clay soil in the presence of water, results in several types of
chemical reactions taking place simultaneously, which makes it difficult to separate

and analyse them. However, the most important reactions can be divided into four
groups; (a) cation exchange; (b) flocculation and agglomeration; (c) carbonation,

and (d) pozzolanic reactions, (Bell and Coulthard, 1990; Bari, 1995; Thompson,
1966 a).
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2.8.2 CATION EXCHANGE

In lime stabilisation cation exchange is a physico-chemical reaction whereby Ca®*
lons from the lime displace the sodium or magnesium ions naturally present in the

soil. The addition of lime to a soil creates a concentration of free Ca®' that will

replace dissimilar adsorbed cations on the colloidal surface of the clay (see section

2.5).

2.8.3 FLOCCULATION AND AGGLOMERATION

Flocculation where clay particles clump together into larger sized aggregates takes
place rapidly. This 1s thought to be caused by cation exchange. It has been suggested
that cation exchange and the resulting modification in the electrical double layer
alter the density of electrical charge around clay particles causing them to become
electrically attracted to each other (Hilt and Davidson, 1960; Eades and Grim, 1960).
Herzog and Mitchell (1961) suggested that flocculation was due to an increase in the
electrolyte concentration in the pore water and ion exchange. Flocculation produces

an apparent change in texture as a result of a larger sized aggregates and the soil

becomes more friable

Modification of a clay soil by the addition of lime will depend substantially upon
the dominant cation originally adsorbed in the double layer, and upon the type of
clay. For example, a sodium-based montmorillonite has a comparatively high cation
exchange capacity and will require a relatively high percentage addition of lime to
achieve calcium saturation and full flocculation. Hilt and Davidson (1960) suggested
the existence of a “lime fixation point”. This point represents the maximum
percentage of lime addition at which no further calcium cations may crowd onto the

clay particles, and above which any lime excess can not make any further

modification of the flocculation or the plasticity

Most researchers have reported that flocculation and agglomeration is largely
responsible for the initial material property changes. The pozzolanic reactions are
responsible for long term changes (Ingles and Metcalf, 1972; Wild et al., 1988).
Thompson (1966 a) found that flocculation and agglomeration are responsible for the

change in plasticity, shrinkage, and workability characteristics of the mixtures but
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Thompson (1968) found that cation exchange and flocculation and agglomeration

are not the basic lime-soil reactions responsible for the marked strength increases

noted for many lime- soil mixtures.

2.8.4 CARBONATION

Carbonation is the reaction of lime with carbon dioxide from the atmosphere to form
calcium carbonate and/or magnesium carbonate, depending on the type of lime used
(Davidson and Handy, 1960). Although this reaction was originally believed by
some researchers to constitute the initial source of stability in soil-lime mixtures, it is
now recognised that the reaction products are only weakly cementitious. Goldberg

and Klein (1952), and Eades et al., (1962) observed the formation of calcium

carbonate when tested soil-lime mixtures cured in the open air. Also, Eades et al.,
confirmed the formation of calcium carbonate in field lime stabilisation which

consumed a considerable part of the available lime for pozzolanic reactions.

Carbonation consumes part of the lime and that affects the extent of the pozzolanic
reactions which are the most important reactions resulting in products of
cementitious agents (Eades and Grim, 1960; Thompson 1968). Therefore, it is
desirable that carbonation should be minimised during construction because
carbonation of free calcium reduces the free lime available for the pozzolanic
reaction and cation exchange (Herzog and Mitchell 1961; Eades et. al., 1962; Little,
1996). This precaution is of particular relevance to laboratory studies of the
remaining reaction mechanisms, implying that lime should be stored in an airtight
container. However, carbonation will ultimately occur, but it is not serious if it
occurs following a reasonable level of high—pH stabilisation (Little ef al., 1996). The
elevated level of pH causes silica and alumina from soil to be dissolved and the
principle cementitious products will be formed. Bagonza et al., (1987) observed in a
laboratory investigation that a carbon dioxide environment leads to carbonation in
lime stabilisation, and completely penetrated samples in less than three days and
prevented the principal cementious products (C-S-H, C-A-H and C-A-S-H) from

being formed as carbonation consumed the available lime.
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In contrast, Graves ef al., (1990) and Little ef al., (1994) demonstrated the structural
benefits of carbonation cementation on limestone bases in Florida and Texas. They

pointed out that although these bases had little clay content, they received structural

benefits from the lime. The strength that came from carbonation was adequate and

satisfied the project requirement.

In conclusions, carbonation 1s the reaction of lime with carbon dioxide from the
atmosphere to form calcium carbonate. This reaction consumes a considerable

amount of the available lime for the pozzolanic reactions and prevents formation of

the principal cementitious products.
2.8.5 THE POZZOLANIC REACTION

The reaction between lime, water, and the various sources of silica and alumina in
clay to form cementious materials 1s referred to as the soil-lime pozzolanic reaction.

The cementing agents formed are generally regarded as the major sources of the

strength increase in lime-soil mixtures. Possible sources of silica and alumina in
typical soils include clay minerals, quartz, feldspars, mica, and other similar silicate

or alumino-silicate minerals (Thompson, 1964; Eades, 1962).

The reaction products of clay-lime mixtures are very similar to those formed during
cement hydration. The reaction between clay particles in a so1l and lime increases
bonding between clay particles and hence increases the strength of the mixtures. This
increases with the length of the curing periods, and has been attributed to the

progressive dissolution of SiO; and Al,O;, as the reaction continues (Croft, 1964).

In clay-lime reactions the main reaction products formed are amorphous or poorly

crystalline calcium-silicate-hydrate (C-S-H), and calcium alumino-silicate hydrate

(C-S-A-H) and crystalline calcium aluminate hydrate (C-A-H) phase (Sloane, 1965;
Diamond and Kinter, 1966; Arabi and Wild, 1989).

Hilt and Davidson (1961) observed that the quantity of lime required to produce the

maximum change in the Atterberg limits of a clay soil was also the minimum
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quantity that was required to be added to the soil before any strength changes

occurred. This amount is the lime fixation point or the lime retention point.

Cabrera and Nwakanma (1979) studied the pozzolanic reactions and reaction
mechanisms of a red tropical soil and lime system. They found that lime is
consumed at a fast rate in the initial stages of the reaction, up to five to seven days.
The rate of consumption of lime slows after that. It is interesting to note that the
total consumption of lime between seven and twenty eight days represents about
eight per cent of the lime consumed during the initial seven days. They suggested
that the increase in strength of a soil- lime system beyond the first seven days cannot
be explained 1n terms of the predicted pozzolanic reaction products as only a small
amount of lime was consumed between seven and twenty eight days. It is suggested
that the increase in strength, with an increase in the curing period, shown by these
soils is mainly due to the changes in the structure of the cementitious products
formed during the pozzolanic reaction, i.e. hydration and increase in crystallinity of
the reaction products, without forming new products. It is unlikely that pozzolanic
reactions finish after only 7 days. However, the pozzolanic reaction and formation of
cementitious materials depend on many factors, curing conditions and periods, clay

type and content and moisture content at the mixing time.

The simplified equations of a typical soil- lime reaction are as follows:

Ca (OH); — Ca? +2 (OH)
Ca®*" + 2 (OH) + SiO; (Clay Silica) - C-S-H
Ca®" +2 (OH) + Al; O3 (Clay Alumina) — C-A-H

Many authors have identified the products which may be formed in the soil-lime
reaction process, in most instances by the use of X-ray diffraction (XRD) and
differential thermal analysis (DTA). It has been established that the exact long-term
cementious materials depend substantially upon the original clay mineral and upon

the reaction conditions.

e
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Eades and Grim (1960) studied, using XRD and differential thermal analysis (DTA),

the reaction products of pure clay kaolinite and hydrated lime mixtures cured at

140°F (60°C). They noticed that as the lime content and the curing time increased
kaolinite 1s attacked and crystalline calcium silicate hydrate forms. They suggested
that many different intermediate components might be formed before silica and lime
reach equilibrium. Eades and Grim (1960) also showed that the illite-lime reaction
gives the same calcium silicate hydrate as kaolinite. Unlike kaolinite and illite in
reaction, X-ray data for the montmorillonite reaction demonstrates that there is a
destruction of the mineral structure with little formation of new materials. However,
the compressive strength values for the treated montmorillonite seems to indicate

that there is a strength increase due to the formation of reaction products. The major

cementitious materials that are expected to form (C-S-H and C-S-A-H) are

amorphous which are not detected by the XRD.

In contrast to Eades and Grim, other authors mention the forming of calcium silicate
hydrate (C-S-H gel), together with crystalline calcium-aluminate hydrate phases
(C3AHg¢ and C4AH)3) and calcium alumino silicate hydrates (such as C,ASHjp)
(Croft, 1964, Sloane; 1965, Arabi and Wild, 1989; Abdi, 1992). Unlike kaolinite,
the triple layer clay minerals (illite and montmorillonite) completely deteriorate
without the formation of any new crystalline phase detected by X- ray diffraction.

The data obtained from the strength tests of montmorillonite-clay mixtures, however,
suggest the possible formation of non-crystalline calcium silicate hydrate gel that
might not be detected by XRD (Eades and Grim, 1960).

Hilt and Davidson (1960) studied the long-term reaction products formed in a

montmorillonite-lime mixture. They identified the formation of crystalline calcium
aluminate hydrate and C-S-H, at normal temperature. Like Hilt and Davidson, Glenn
and Handy (1963) identified the formation of calcium silicate hydrate and calcium
aluminate hydrate, (C4sAH;3) together with (C3AHg), in the montmorillonite lime
mixture. They also observed the formation of calcium silicate hydrate and calcium

aluminate hydrate in the kaolinite lime mixtures.
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Lees et al., (1983) also studied the reaction products in soil-lime and soil-lime-
sodium chloride mixtures by X- ray diffraction and scanning electron microscopy.
They used two main clay minerals, kaolinite and montmorillonite, and a variable
percentage of lime and sodium chloride. The formation of calcium aluminate hydrate
CsAH;3 and poorly crystallised C-S-H was confirmed in the case of kaolinite-lime
mixtures. The formation of calcium aluminate chloride hydrate and sodium calcium
silicate hydrate has been found using sodium chloride in conjunction with the lime.
For montmorillonite clay- lime treatment they demonstrated the formation of poorly
crystallised C-S-H and the calcium aluminate hydrates C4AH;3 or CAH;o. Treatment
with lime and sodium chloride resulted in the formation of sodium calcium chloride

silicate hydrate and calcium aluminate chloride hydrate.

Croft (1964) studied the mineralogical changes in pure clay-lime pastes cured at

40°C in compacted mixtures. From X-ray diffraction, differential thermal analysis,
and the chemical analysis of the clay-lime reaction, it was found that the action of
hydrated lime on various clays in pastes showed considerable attack on the mineral

structures. He found that the action of lime on kaolinite mixtures produced partially

hydrated calcium aluminate and calcium silicate hydrate in all samples.

Eades and Grim (1963) found that a considerable reaction occurred in quartz and

mica bearing soils with lime when examined under a petrographic microscope. The

quartz and mica particles developed fuzzy outlines and visible cementing gel. X-ray
diffraction showed the presence of calcium silicate hydrate as well as calcium

carbonate. These authors did not refer to the possibility that calcium aluminate

hydrate might also form.

Diamond et al., (1964) studied the reaction products formed in calcium hydroxide-
kaolinite and montmorillonite mixtures cured at 60 °C. They suggested that C-S-H
was formed in the case of kaolinite, and C-S-H with C3AHg formed with
montmorillonite. They suggested in montmorillonite clay, that alumina released by
the lime was partially incorporated in the C-S-H phase lattice. Diamond et al.,

(1964) also found that tobermorite gel and calcium aluminate hydrate products were
formed by the reaction of lime with mica and illite.

e
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Diamond and Kinter (1966) from a literature review conducted on the long term
reaction products of clay-lime mixtures, concluded that there are two main reaction
products; calcium silicate hydrate and calcium aluminate hydrate. The calcium

silicate hydrate may form 1n three different forms, C-S-H (gel), C-S-H (I) and C-S-H

(II), depending on the reaction conditions.

When mixtures of illite and montmorillonite clay and lime were used, the resulting
products were similar to those products formed using kaolinite. It might appear from
the study of Croft (1964) that the hydrated calcium aluminates were metastable in
the presence of carbon dioxide, because carbonated lime was observed. After curing,
the montmorillonite mixtures were characterised by poorly crystallised forms of
CsAH;3 and C-S-H. The reaction products for the mixed layered illite-

montmorillonite were similar. A weak pattern of C-S-H was observed for illite.

Diamond and Kinter (1975) found that lime reacts instantaneously with hydrous

alumina of a high surface area to generate a well-crystallised tetra calcium
aluminate hydrate, C4AH;s. Like Diamond and Kinter, Hilt and Davidson (1961),
identified a reaction product very similar to the structure of C4AH;3 when they
examined the kaolinite-lime mixture using X-ray diffraction. Diamond et al., (1964)

concluded that the reaction between lime and clay depends upon the reaction
conditions. At 60°C kaolinite and montmorillonite produced calcium silicate hydrate
C-S-H, and the kaolinite produced C;AHg; no crystalline calcium aluminate
compounds were formed for montmorillonite. At lower temperatures the products

from both clays were considered to be tobermorite gel, and the calcium aluminate

hydrate at d spacing of 7.6 A in the X-ray diffraction test.

Charles et al., (1982) studied the reaction products of lime-treated southeastern
United States soils. X-ray diffraction analysis, thermogravimetric analysis, and
scanning electron microscopy were carried out in this investigation on six soil series,
(Cecil, Chewacla, Eutaw, Sumter, Tatum, and Wilox). Six percent by dry weight of

high calcium hydrated lime was employed as a stabilising agent. The properties of

these six soils are 1llustrated in table 2.3.
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Samples were compacted in a Harvard miniature compaction mould in 3 layers by
using 25 blows/layer at the optimum moisture content (Ford, 1978). The compacted

samples were sealed with plastic wrap to prevent moisture loss and then cured at

49°C (120° F) for 48 hours.

They identified, using thermogravimetric analysis (TGA), the presence of calcium
alumina hydrate (C4AH;3) in the Cecil soil only, (C3AHs) in the Cecil and Eutaw

soils, and C-S-H (gel) 1n all types of soils except the Sumter. However, unknown

products were also noted from thermogravimetric analysis at 440°, 450°, and 460°C.

Table 2.3 Soil properties used by Charles et al., 1982

Plastic

Limit

Soil Family Natural Percentag

€ passing
No.200

Series pH

(Vo)

83

Ceclil Clayey, Kaolinite

Chewacla | Fine- loamy. 17 43

Eutaw Very fine, 37 99
Montmorillonitic

Sumter Fine-silty, carbonic 24 88

Tatum Clayey mixed 24 83

Wilcox Fine-montomorillonite 42 90

The montomorillonite contents in these soils were between 40% and 43 %. Charles

et al., (1982) found that the Cecil and Chewacla soils showed significant gains in
strength after lime treatment and curing. Although the Tatum soil did not have a
large increase in strength, the scanning electron micrographs suggest the formation

of cementitious materials.

Eades et al., (1962) identified, using XRD, the presence of calcium silicate hydrate
and calcium carbonate in a field investigation carried out in Virginia, U.S.A. The soil

had various clay components and the stabiliser was hydrated lime.
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-—_
Unlike most researchers, Goldberg and Klein (1952) found only the presence of

calcium carbonate when they studied the reaction products of the clay-lime mixture

using X- ray diffraction. Air curing of the clay-lime mixtures leads to significant
carbonation of the lime and the lime may be consumed before any pozzolanic

reaction take place between the lime and the clay minerals.

Marks and Halliburton (1972) using DTA, studied the effect of sodium chloride as

an additive in lime-soil stabilisation and they found a new peak at 880°C indicating a

mineral due to the addition of salt. They suggested two explanations. First, that
sodium chloride reacts with clay minerals, disturbing the aluminium bonding in the
clay and consequently calcium ions may more easily unite with aluminium and
silicate to form new minerals. Secondly, that an increase in the solubility of silicate

due to the presence of sodium chloride makes silicate available for reaction with

calcium at a greater rate than normal.

Clay-lime reactions can be summarised as a cation exchange process whereby Ca**
ions from the lime displace sodium or magnesium ions naturally present in the soil.
Flocculation and agglomeration, due to cation exchange, causes clay particles to
clump together into larger sized aggregates. Carbonation, which is the reaction of
lime with carbon dioxide from the atmosphere forms a weak cementitious product
(calcium carbonate). The disadvantage of carbonation is it consumes the lime
available for the pozzolanic reaction which is the main source of strength in clay-
lime reactions. The pozzolanic reactions between lime and clay produce semi-

crystalline calcium silicate hydrate, crystalline calcium aluminate hydrate and

calcium aluminate silicate hydrate. These are the basic products in soil lime reactions

and the main causes of enhanced soil characteristics, strength and volume stability.
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2.9 EFFECT OF LIME ON THE ENGINEERING BEHAVIOUR
OF SOIL

2.9.1 INTRODUCTION

As may be expected from the description of reactions described in the preceding
section, the addition of lime affects maﬁy of the engineering properties of soils.
These include the liquid limit (LL), plastic limit (PL), plasticity index (PI), optimum
moisture content (OMC), maximum dry density (MDD) and unconfined
compression strength (UCS).

2.9.2 EFFECT OF LIME ON PLASTICITY CHARACTERISTICS

Usually there is a general increase in the plastic limit on the addition of lime

(Diamond and Kinter, 1964; Brandle, 1981; Sabry and Parcher, 1979; Akoto and
Singh, 1981). The amount of lime needed to cause changes in the plastic limit varies

from 1 to 4 % by dry soil weight, depending on the amount and type of clay minerals
present in the soil (Bell and Coulthard, 1990). Hilt and Davidson (1960) studied the

effect of adding lime on the plasticity of different types of soil. They pointed out that

the plastic limit generally increased for all types of soils. The largest increase in
plastic limit was obtained when montmorillonite was the principal clay mineral. The

plastic limit increase for illite 1s less than montomorillonite, and kaolinite showed the
smallest increase in plastic limit. Mateos (1964) showed that the minimum amount
of lime required to be added to montmorillonite clays for maximum increase in

plastic limit (PLyy;) 1s: PLy= (% 2 micron clay/35) + 1.25

However, the effect of adding lime on the liquid limit of soils is not so clear, and a
general trend is not apparent. Some investigators reported that the liquid limit
increases (Clare and Crutchley; 1957, Dawson, 1956; Croft, 1964, Akoto and Singh,

1981), while others reported that both increase and decrease can occur depending on

the soil under test (Diamond and Kinter, 1964, Lund and Ramsey, 1959).

The liquid limit of montmorillonite decreases very rapidly, while the plastic limit
increases. However, the liquid limit of kaolinite may remain constant after lime

treatment or increase (Rogers, 1988; Arabi and Wild, 1989). As a result of the
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decrease in montmorillonite liquid limit, and the increase in plastic limit, the

plasticity index falls rapidly. Kaolinite is rather variable and most researchers have
identified an increase in liquid limit on addition of lime (Abdi, 1992). Some

researchers have observed a decrease in liquid limit and plasticity index beyond 6%

of lime addition by dry soil weight.

Dumbleton (1962) reported an increase in liquid limit and plastic limit at low lime

content and gradual decrease in liquid limit and plastic limit with further increase

lime content. He concluded that plasticity is affected by clay type, lime addition and
time. Like Dumbleton, Abdelkader and Hamdani (1985) studied the effect of lime on
the stabilisation of two soil samples obtained from Damanhour, D soil and

Elfayoum, E soil, in Egypt. The clay fraction in both was mainly montmorillonite
with a minor amount of kaolinite. They found an increase in the liquid and plastic

limits with a decrease in the plasticity index for low lime content (see figure 2.11).

Sherwood et al., (1993) studied Lond::)n clay and found that the clay became easier
to compact and workability was improved after adding lime. They also concluded
that the liquid limit was altered with low lime contents, whereas the plastic limit
required greater lime addition to attain maximum change (see figure 2.12). They also

studied the effect of the curing period and found that different clays need different |

curing periods to achieve full modification.

Rogers et al., (1997) studied the effect of lime modification on four different clays.
They demonstrated that the liquid limit generally increases with low lime content.
However, the plastic limit requires greater lime addition to attain a significant
change. However, Clare and Crutchley (1957) found that the addition of 1 % lime
raised the liquid limit of the clay from 72 % to 88 %, but any further increase in lime

content reduced this value. They also found that increasing curing time reduces the

liquid limit of 1% lime mixes, while an increase in the liquid limit values was

observed after curing at higher lime content.

Anand et al., (1996) studied the behaviour of lime treated Louisiana silty clay soil,

in the U.S.A. They found that lime treatment resulted in an increase in plastic limit,
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and a decrease in liquid limit and plasticity index. Changing the curing time of the

)

system generally resulted in further changes.
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Figure 2.11 Effect of lime content on Atterberg limits, Abdelkader and Hamdani,
1985

The effect of curing time on the plasticity properties has been studied by many

researchers. Most observed further decreases in the plasticity index and further

increases in plastic imit with curing time (Akoto and Singh, 1981; Dumbleton,
1962). Wolfe and Allan (1964) reported a substantial increase in plasticity index for
a number of lime- soil mixtures when cured for 2 days compared with samples tested
immediately after the addition of lime. For longer curing periods (7 to 28 days) the
effect was reversed, and the plasticity index significantly decreased in most cases. It

is not usual to carry out Atterberg limit tests after such long curing periods as the
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new cementitious materials formed due to the pozzolanic reaction of lime with the
clay minerals may produce misleading results as the soil after curing is effectively a

different material.
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Figure 2.12 Effect of lime content on the plasticity properties of London clay,
Sherwood et al., 1993

Like Wolfe and Allan (1964), Arabi (1987) concluded that the effect of curing time
and curing temperature on the plasticity properties of a lime-stabilised illite soil
showed an increase in plasticity index with an increase in the curing period. He also
found that the curing temperature had a more significant effect on plasticity
properties compared to curing period. The curing temperature when determining the
liquid limit should be a standard cool place (BS 1377:1975 Test 2(A)).

Elsekelly (1987) studied the etfect of adding lime and sodium chloride on the
stabilization of an Egyptian clay. He concluded that the liquid limit and plasticity
index is dependent upon the clay content of the soil. The plasticity index decreases

with the addition of sodium chloride. Further decreases in plasticity index occurred

with a 2 % lime addition to the salt treated materials.
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Howeedy and Zedan (1991) studied the using of local flyash, which is produced
from burning wood coal, cotton and maize woods in Egyptian villages, alone or with
lime for the stabilisation of alluvial soil deposits of the Egyptian Delta. The soil and
flyash were taken at random from Banha city, Egypt. The hydrated lime is also
locally manufactured. Physical, chemical and mineralogical properties of soil, flyash

and lime are given in table 2.4 and 2.5.

Howeedy and Zedan (1991) observed a decrease in the plasticity index of the soil by
55% and 73% after the addition of 10% flyash and {(20% total binder (10% lime and
10% flyash)} respectively. The detailed effect of flyash and lime-flyash on the

Atterberg limits of the soil 1s shown in table 2.6.

Apart from the increase or the decrease of the liquid limit, the increase in plastic

limit is such that the plasticity index is usually reduced with the addition of lime.

Table 2.4 Physical properties of clayey soil and flyash, Howeedy and Zedan 1991

AASHO Classification A-7-5 (16)
Natural water content, % 7.25
Liquid limit, % 74
Plastic limit, % 34
Shrinkage limit, %
Plasiicity index, %

40
2.6
28

Specific gravity

Optimum water content %

Maximum dry density, pct

Organic content %
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Table 2.5 Chemical analyses of clayey soil, flyash'and lime, Howeedy and Zedan,

1991
Oxide content (%)
Mineral . .

Table 2.6 Atterberg limits for soil, flyash-soil and lime-flyash-soil mixture,
Howeedy and Zedan, 1991.

E O O N 0 2 K

74 72 |71 61 57T |56 |71 68 |65 |58 |22
34 35 |36 365 |38 |38 135 |36 (38 [40 [4]
40 37 35 [345 |18 18 [36 [32 (27 18 11

In conclusion, most of the researchers reported an increase in liquid and plastic limit

Atterberg

limits

at low lime content and gradual decrease in liquid and plastic limit with further
increase in lime content. Plasticity index decreases with an increase in lime content.

The plasticity is mainly affected by clay type and curing time.
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2.9.3 EFFECT OF LIME ON THE VOLUME STABILITY AND SWELLING
POTENTIAL OF CLAY SOILS

Lime reduces the volume changes that occur in clay soils due to change of moisture
content. Many investigators have studied the effect of adding lime on the shrinkage
limit. The shrinkage limit 1s the moisture content below which shrinkage no longer
occurs. It describes the limit between brittle and plastic states of a clay and is usually
distinguished by a colour change (Al-Rawi and Awad, 1981). Generally, an increase

in the shrinkage limit has been found after adding lime to a clay soil.

Wang and Handy (1966) observed that the addition of lime to a clay soil increased
its shrinkage limit Like Wang and Handy, Mateos (1964) showed that a small
quantity of lime, up to 4%, increased the shrinkage limit of clay soil and that quick
lime is more effective in reducing the shrinkage characteristics of a soil than
hydrated limes. Dumbleton (1962) also found that the lime was found more

effective than cement in reducing the shrinkage of London clay and silty clay.

With a small addition of lime to a clay soil, the higher the calcium oxide content in
the hydrated lime the more effective it is, but with about 8 % addition all limes cause
a similar increase in the shrinkage limit (Bell and Coulthard, 1990). Tests carried

out by the US Bureau of reclamation on clay soils indicated that the addition of 4 %

of lime increased the shrinkage limit from 7 to 26 %.

In contrast, Stocker (1972) found that the shrinkage limit decreases with addition of
lime. Abdelkader and Hamdani (1985) studied the effect of lime on the shrinkage
potential of two Egyptian clay samples. They found insignificant change in the
shrinkage potential of Damanhour soil, (D soil) while a 7 % drop was observed in

Elfayoum soil (E soil) at 4 % lime after three days of curing. Both Damanhour and

Elfayoum soils are mainly montmorillonite with a minor amount of kaolinite, see

figure 2.13. It can be concluded that the shrinkage limit depends primarily on the
clay type.

A reduction of swelling potential and swelling pressure are obtained after lime

stabilisation of clay. These modified characteristics are attributed to substitution of
_—-_.—___—_—_——-——l_-———————__——'——
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other cations by calcium. Two main factors are involved in the reduction of swelling,
decreased affinity for water of the calcium saturated clay and the formation of
cementitious materials which prevent expansion (Mitchell and Hooper, 1961; Ingles
and Metcalf, 1972). Mitchell and Hooper (1961) studied the influence of lime on the
swelling characteristics of California expansive clay. They reported that swelling
was reduced significantly after curing with lime. They found that the addition of 4%
hydrated lime to the expansive soil reduced the swelling from 17% to 3%. They also

observed that the addition of lime to such clay soil increased the shrinkage limit.

When clays are subjected to water they show intercrystalline swelling (Arabi and
Wild, 1989). Water 1s strongly adsorbed at the negatively charged particle surfaces.
Thus, an extensive adsorbed layer is formed due to the concentration gradient
between the bulk solution and the electrical double layer (consisting of water
molecules and exchangeable cations). The addition of lime modifies the electrical

double layer, reducing the thickness of the adsorbed water layer and thus reducing

the swelling capacity.

2.9.4 EFFECT OF LIME ON COMPACTION CHARACTERISTICS

The compaction characteristics of lime stabilised soils (i.e. maximum dry unit weight
and optimum moisture content) have been extensively studied. Many investigators
have stated that the addition of lime to a clay soil causes two major changes in their

compaction characteristics. Firstly, a decrease in maximum dry unit weight, and

secondly, an increase in the optimum moisture content (Andrews, 1966; Johnson,

1948: Lund and Ramsey, 1959). The reduction in maximum dry density and the
increase in optimum moisture content are principally attributed to flocculation and
agglomeration (Rogers, 1988; Cobbe, 1988). Also, the clay replacement with lime
contributes to the reduction tn maximum dry density because clay has a higher
density than lime (Abdi, 1992). Lu er al., (1957) concluded that the lime type affects
the degree to which the compaction characteristics of a soil are changed by lime

addition. They found that dolomitic lime decreases the maximum dry unit weight to

a lesser degree than hydrated lime.
Lees et al., (1982 a) studied the compaction characteristics of three types of soil

containing 10, 30, and 50% of clay and the rest of the compositions are sand. They

s
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found that at 30 % and 50 % clay content, the addition of lime results ina 5 % drop
In the maximum dry density. They pointed out an increase in the optimum moisture
content with the increase of lime content, see figure 2.14. However, they reported
that the addition of lime to 10% clay soil resulted in a noticeable increase in the
maximum dry density indicating that at this stage the added lime is readily

accommodated 1n the available voids of the granular fraction
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Figure 2.13 Effect of lime content on linear shrinkage, Abdelkader and Hamdani,
1985

Andrews and O’Flaherty (1968) concluded that the decrease in density was
dependent not only upon the lime percentage, but also on the clay content and the
clay minerals. Thus, the optimum moisture content increases with increasing clay

fraction as the specific surface area increases and thus needs more water for
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lubrication. Also, the maximum dry density decreases as a result of the difference in

density between soil and lime.
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Figure 2.14 Effect of clay type and content on maximum dry density and optimum
moisture content of lime treated soils, Lees et al., 1982 a
A= Maximum dry density, B= Optimum moisture content

In lime stabilised kaolinite soils, higher densities are obtained, than for other
expandable soils (i.e. montmorillonite). Croft (1964) reported that this was due to the
greater ability of expandable clays to adsorb water than kaolinite. The rapid
formation of cementitous products could cause the dry density reduction (Herzog

and Mitchell, 1963). Mitchell and Hooper (1961) also confirmed the effect of the
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formation of cementitous products on the maximum dry density. They reported that
the time delay between mixing and compaction could cause an increase in the
optimum moisture content and a decrease in the maximum dry density. These
changes in the compaction characteristics due to a time delay may be attributed to
flocculation, carbonation and the pozzolanic reaction. The cementitious particles
before compaction may provide greater resistance to particle rearrangement and
compaction, and will further reduce the maximum dry density. It was found that the
time interval between mixing and compaction could have a significant effect on the
properties of the treated soil. For example, 24 hours delay between mixing and

compaction led to a significant decrease in density and 30 % decrease in strength

compared to the samples compacted immediately after mixing.

Arabi (1987) found a continous decrease in the final strength of cured lime clay as
the time between mixing and compaction increased. The decrease in strength, it is
believed, is due to the decrease in the maximum dry density as the time between

mixing and compaction causes the pozzolanic reaction to start and then the

cementitious materials, which cause the mixture to be more difficult to compact, are

formed.

Mateos (1964) found that the addition of lime to montmorillonitic clay soils affects
the shape of the moisture- density compaction curve so that a well-defined maximum
density was not shown. He stated that the optimum moisture content for compaction

should be that giving maximum strength. Normally, the moisture content for the

maximum strength is located on the dry side of the compaction curve.

Abdelkader and Hamdani (1985) studied the effect of lime on the compaction
characteristics of two Egyptian'clay samples. They found significant changes in the
MDD and OMC, see figure 2.15. The E soil showed larger reduction in MDD and
smaller increase in OMC than did the D soil. Such behaviour is also typical of the
lime-soil mixtures; an increase in OMC results from the additional moisture needed
for hydration of calcium cations, and for immediate reaction with clay minerals. The

decrease in MDD can be the result of flocculation of the soil particles (Herrin and

Mitchell, 1961) or the formation of cementitious products in immediate reactions
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with the clay fraction (Diamond and Kinter, 1965). This causes resistance to

densification and thus lowers density result.
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Figure 2.15 Effect of lime content on compaction characteristics, Abdelkader and
Hamdani, 1985

Abdi and Wild (1993) studied the effect of lime percentage on the compaction

characteristics of kaolinite clay. The MDD decreased with an increase in the lime

content, while the OMC increased with an increase in the lime content, see figures

2.16 and 2.17.

Mohamed et al.,, (1991) studied the effect of adding lime and cement on the
compaction properties of three types of natural Egyptian soils (sand, sandy clay and
clay). These three types of soils were brought from sites near Alexandria, Egypt.
They found that both lime and cement caused a reduction in the maximum dry

density and an increase in the optimum moisture content in all types of soils. They
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found that these changes were attributed to the increase in fines content as a result of

the treatment process.

Maximum Dry Density (mg/m”)

Lime Content (%) Lime content (%)

Figure 2.16 Maximum dry density vs. lime  Figure 2.17 Optimum moisture content vs.
content for compacted kaolinite-lime- lime content for compacted kaolinite-lime-

mixes, Abdi and Wild, 1993 mixes, Abdi and Wild, 1993

Unlike other researchers, Jan and Walker (1963) suggested that when lime was
added to a soil, no significant reduction in maximum dry density is shown. However,
a slight decrease is shown in the optimum moisture content with the addition of lime,
with only one value contradicting this trend. The insignificant reduction in the
maximum dry density, is thought to be due to the sotl having a low clay content that

gives a limited flocculation and agglomeration in the mixture. Therefore, no

significant reduction in the maximum dry density 1s expected.

Elsckelly (1987) studied the effect of adding lime and salt on the compaction
characteristics of an artificial test soil similar to the Egyptian clayey soil. He
concluded that the addition of 2 % lime to salt-soil mixtures resulted in a decrease in

the maximum dry density and an increase in the optimum moisture content.

In summary, the addition of lime to clayey soils decreases the MDD, and increases
the OMC with an increase in the lime content. The decrease in the MDD is a result
of flocculation of the clay particles while the increase in the OMC, is thought to be a

result of the additional moisture needed for the hydration of calcium cations,

flocculation and for the formation of cementitious products due to an immediate

reaction with the clay fraction
S
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2.9.5 EFFECT OF LIME ON STRENGTH CHARACTERISTICS OF CLAY
SOILS

The strength of lime-treated soil mixtures has been extensively studied. It has been
found that the strength increases and that the gain is influenced by several factors
such as clay type, lime type and content, curing period and conditions and the time

elapsed between mixing and compaction and chemical additives (Ingles and Metcalf,

1972; Bell and Coulthard, 1990).

1) Type of clay

The type of clay mineral present in a soil has been found to have an important effect
on the strength properties as each type of clay has different mineralogy which affects
the reaction products. All types of clay minerals are attacked by lime, those having
three layer (montmorillonite) are more effective than two-layer clay minerals

(kaolinite). For example, the reaction of lime with montmorillonite is quicker than

kaolinite clays, although the final strength achieved is greater in kaolinite clays

(Bell, 1988 a).

However, Mateos (1964) pointed out that montmorillonite and kaolinite clays

achieve higher strength development when mixed with lime than illite or chlorites.
Croft (1964) and Croft and Nettleton (1964) confirmed that the clay mineralogy has
a major effect on the ultimate strength. Eades and Grim (1960) studied the strength
development of lime curing on pure clay minerals. They found an increase in
strength for kaolinite, illite, and montmorillonite with increasing lime content. They
also pointed out that kaolinite produces a greater strength increase than does either
illite or montmorillonite. Bell and Tyrer (1987) reported that although the initial
strength of the expansive clays is rapidly increased the final strength achieved is
greatest for kaolinite clay. Many other investigators confirmed that montmorillonite

and kaolinite react better with lime than illite and chlorite clay soils (Thompson and

Harty, 1973; Hilt and Davidson, 1960; Bell, 1996).

In contrast, Lees et al., (1982 a) studied the effect of lime on the strength of artificial

soils composed of sand, kaolinite and a calcium based montmorillonite. Lime

treatment increases the UCS of both types of sandy clay soils investigated.
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Montmorillonitic soil achieved a higher strength gain than kaolinite. In general, the
majority of the strength increase due to lime addition is obtained at 2% lime content
for the kaolinitic and 8% for the montmorillonitic soil (see figure 2.18). Lime
treatment also significantly increased the elastic modulus of montmorillonitic soils,
With 4% lime and after 28 days of curing, values of the elastic modulus for
specimens with 10, 30, and 50% 'of montmorillonite clay reached 32.0, 49.0, and
41.5 MN/m’ respectively (an increase of 237, 145 and 232% over corresponding
values before treatment). Little or no further increase in the elastic modulus occurred
for lime contents higher than 2%; modulus values at this level (2% of lime) reached
15.5 and 14.1 MN/m?* for specimens with 30 and 50% clay respectively (an increase

of 101 and 182% over corresponding values before treatment).

Ahmed (1988) found that addition of lime to soil improves its strength. He also
observed that lime 1s only active in soils containing an appreciable amount of clay.

In contrast, in some cases, only a small amount of clay is needed in a soil for
reaction with lime to be effective as the amount of silicate or alumina required to

sustain a pozzolanic reaction in soils is relatively small (Bell and Coulthard, 1990).

Grim (1968) reported that organic matter has a high cation exchange capacity which
directly affects the pozzolanic reaction. Arman and Munfakh (1972) reported that

previous researchers explained that when lime 1s added to a soil that contains organic
matter, some of the Ca®" ions are used to satisfy the exchange capacity of the organic
matter thus reducing the number of calcium ions available for the pozzolanic
reaction. In their investigation they did not show any retardation of the pozzolanic
reaction. In contrast (Sherwood, 1962; Rogers, 1988) observed that soil containing
organic matter does not react sufficiently with either lime or cement as organic
matter retards the normal reaction between lime and soil by decreasing the pH of the
soil. Sherwood (1962) suggested that the type, rather than the total amount of

organic matter is the critical factor retarding the reaction.

'K,o contains 10% kaolinite and 90% building sand.

M, contains 10% montmorillonite and 90% building sand.

.
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Figure 2.18 Effect of clay type and content on unconfined compressive strength of
lime treated soils, Lees ef al., 1982 a

2) Type of lime
Quicklime is the most frequently used lime product for lime stabilisation in Europe.

However, hydrated lime is used more often than quicklime in the United States.

Generally, quicklime seems to be a more effective stabiliser than hydrated lime

(Bell, 1988 a). Ingles and Metcalf (1972) found that montmorillonite clays produce

lower strength when mixed with dolomite limes rather than with high calcium limes.
Kaolinite clays achieved the greatest strength when mixed with semi-hydraulic lime,

and the lowest strength with high calcium limes (Bell and Coulthard, 1990). Wang et
al., (1963) studied the effect of lime type on clayey soil strength. Dolomitic
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monohydrate lime was found to be more effective in increasing soil strength on
curing followed by high calcium hydraulic and high calcium hydrated limes
respectively. For low addition levels (up to about 5%) and for curing periods of 28

days or more, some of the limes were as effective as cement in improving the

strength of the soil tested.

3) Lime content

Generally, lime addition to clayey soil increases its strength to a certain limit, and
the addition of excess lime tends to decrease strength (Bell, 1996). The optimum
lime content tends to range between 4 % and 8% with higher replacement values
required in soils with higher clay fractions, see figures 2.19 and 2.20. Lime fixation,
as proposed by Hilt and Davidson (1960), is between 2 and 4% lime. However,
additional lime is required beyond the lime fixation point to produce a significant

strength development due to the pozzolanic reaction. For economic reasons it is

necessary to use the minimum amount of lime which achieves the required strength.
To determine the appropriate amount of lime required for lime stabilisation, the pH

quick test is widely used. This method is based on measuring the pH of soil-lime
solutions containing different amounts of lime after 1 hour of reaction at room
temperature. When lime is added to a soil the pH of the soil-lime mixture increases

to a maximum of 12.4, (the pH of lime-saturated water). Any further increase in the
lime content does not increase the pH value above this value. The optimum lime
content for that particular soil is the amount required to achieve the pH value of 12.4
(Allan et al., 1977). It 1s recommended to use only the optimum amount of lime to
achieve the required strength for the project under study. It 1s believed that the

optimum value of lime, which achieves the pH value of 12.4, varies from 4% to 8%

by dry weight of soil.

However, Rosen and Marks (1974) pointed out that sometimes the lime content
required to produce the desired strength is greater than that needed to obtain the
maximum pH value. Therefore, it has been suggested that the most reliable method
to evaluate the required amount of lime is to use the pH test to estimate the
approximate lime content, and then prepare samples with a range of lime around this

approximate level and test them. Abdelkader and Hamdani (1985) concluded that the
56



Chapter Two. Literature Review

unconfined compression strength increased from 200 kPa before treatment to 1240
and 2067 kPa after 28 days curing for 4% and 8% lime content for the E and D soils
(section 2.9.3) respectively, see figure 2.21. Sodium chloride was added with the
lime to both soils and a further increase in strength of about 276 kPa was produced

in D soil. The use of salt 1s therefore recommended for lime stabilisation of the

Damanhour soil but not for the Elfayoum soil.
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Figure.2.19 Unconfined compressive Figure 2.20 Unconfined compressive
strength of montmonllonite with various strength of kaolinite with various
2 additions of lime, Bell, 1966 additions of lime, Bell, 1996

Howeedy and Zedan (1991) also studied the effect of the lime and flyash on the UCS
of Egyptian soil. Table 2.7 and 2.8 summarise the effect of flyash and lime-flyash on

the unconfined strength of soil.

Howeedy and Zedan (1991) defined reactivity as “the difference between maximum

unconfined compressive strength of the stabilised material and that of the raw soils”.

In conclusion, they found that the strength of the soil increased with an increase in

the amount of flyash and curing time. The addition of 10% flyash increased the
strength of soil 23% and 123% after 7 and 14 days curing time, respectively. Also,
the strength of the soil increased with an increase in the percentage of lime-flyash

and curing time. The addition of 6% lime and 6% flyash increased the strength of the

soil mixture 153% and 353% after 7 and 14 days curing time, respectively.
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Figure 2.21 Effect of sodium chloride on the UCS of the lime treated soils,
Abdelkader and Hamdani, 1985

Table 2.7 Unconfined compressive strength test results for soil and flyash-soil
mixture, Howeedy and Zedan, 1991

Unconfined compressive strength, psi
7 days curing 14 days curing

Percentage of flyash

Soil
Soil + 4% flyash
Soil + 6% flyash
Soil + 10% flyash
Soil + 15% flyash

Flyash reactivity, psi 52.66
Percentage of reactivity 123%
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Table 2.8 Unconfined compressive strength test results for soil and lime-flyash-soil
mixture, Howeedy and Zedan, 1991

Unconfined compressive strength, psi
7 days curing 14 days curing

Percentage of flyash

Soil
Soil + 2: 2 lime: flyash ratio
Soil + 4:4 lime: flyash ratio
So1l + 6:6 lime: flyash ratio

Soil + 8:8 lime: flyash ratio

Soil + 10:10 lime: flyash ratio

Flyash reactivity, psi 65.66 151.30
Percentage of reactivity 153% 353%

4) Curing conditions

Curing conditions (i.e. temperature, time and relative humidity) are of great
importance in influencing strength increase and the final strength of soil mixtures.
Laguros et al., (1956) pointed out that the pozzolanic reaction rate increases with
increasing temperature. Higher curing temperatures accelerate the reaction and result
in higher early strength gain (Bell, 1988 a and b; Bell, 1996). This has been
confirmed by many researchers including Marks and Halliburton (1972); Al-Rawi,

(1981); Wild et al., (1987). Mateos (1964) found that clay specimens cured at 35°C
produced twice the strength of those cured at 25°C however, Thompson (1970)

reported that no pozzolanic reaction can take place below 4°C because this low

temperature retards the strength development.

Sabry and Parcher (1979) studied the effect of curing conditions on the unconfined
compressive strength of clay soils. They reported that soils compacted at a moisture
content above the optimum attain a higher strength after a short curing period than
ihat obtained with lower compaction moisture contents. They suggested that the
strength increase is due to the more uniform diffusion of lime and a more
homogenous curing environment. They found also that the strength of soil can be

improved by adding water after compaction and that the organic content, which was
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less than 1.5%, did not affect the soil lime reaction. It is unlikely that adding water
after compaction would have a significant increase in strength as this water will not

be distributed uniformly throughout the mixture and thus its effect on the pozzolanic

reaction may be limited.

Anand et al., (1996) tested Louisiana silty clay soil as a sub-grade for unconfined
compression and the California bearing ratto (CBR) at five different moisture

contents and dry density levels. They found that lime treatment increased the UCS,

which was found to be directly proportional to the curing period.

Drake and Halliburton (1970) studied the effect of elevated curing temperature and
reduced curing time on the curing of 2 cohesive Oklahoma soils. These 2 soils were
treated with lime for 28 days at 80° F (26.6° C) and 100 % humidity. They found
that 30-72 hours curing at 105°F (40°C) achieved the equivalent strength of 28 day

old samples. Comparison of DTA data for the accelerated-cured and moist room
cured samples indicated that both types of curing produced similar mineralogical
products. The only concern about the accelerating of the curing process, it is thought,
is that the pore water suction might increase, 1f the specimens are not entirely sealed,
at the very high curing temperature. It is not recommended to use any acceleration

for curing except in some special circumstances for the above reason and also due

the difficulty of applying such a high temperature in the field.

Stabilised soils can be used as sub-grades, sub-bases or bases, so the UCS and CBR

should be evaluated as appropriate. The soaking condition is considered to be one of
the worst conditions to which a stabilised soil may be subjected. Stabilised soils,

subjected to soaking for 24 hours prior to testing for compression strength lose
strength. This strength loss is between 10 and 60% (Andrew, 1966). Al-Rawi and
Awad (1981) found that increased curing temperatures produced a significant

reduction in the loss in the UCS due to soaking. This confirms the suggestion above
that the pore water suction affects the strength. When a sample is subjected to

soaking it loses a great part of the strength increase due to suction.
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5) Time elapsed between mixing and compaction

Mitchell and Hooper (1961) studied the effect of the time elapsed between mixing
and compaction on the final soil strength. They reported that a delay of 24 hours
between mixing and compaction led to as much as a 30% decrease in the as-cured
strength compared to the values for samples compacted immediately after mixing.

All samples were cured for 215 days in a moist atmosphere prior to testing.

Holt and Freer-Herwish (1998) studied the effect of mellowing period on the
compaction characteristics of London and Oxford clays mixed with lime. They

observed a further increase in the OMC and a further decrease in the MDD with

increasing the mellowing duration.

6) Effect of additives

Lees et al., (1982 b) studied the effect of adding sodium chloride on the strength of
lime-soil mixes. They used the same soil mixture as reported in their previous paper
(Lees et al., 1982 a). They reported that an addition of sodium chloride to lime soil
mixtures did not accelerate the development of the UCS of lime-kaolinite soil
mixtures. The increase in UCS of kaolinite lime mixtures after 28 days curing is
higher than that of montmorillonite lime mixtures. These strength gains were
considerable, for soil with medium to high clay content, to between 100 and 300%
increase in the UCS over that of untreated soils or treated with lime only. In most
cases the maximum UCS gain is obtained with 1% of sodium chloride, see figures
2.22 and 2.23. They suggested that the strength increase was attributed to the
formation of new materials. Abdelkader (1981) identified, using scanning electron
microscopy and X-ray diffraction, that cementitious materials were formed when

adding only lime and these were different from those formed when adding sodium

chloride and lime.

S
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Figure 2.22 Effect of sodium chloride on unconfined compressive strength of lime
treated Kaolinitic soils, after Lees ef al., 1982a

Davidson et al., (1960) studied the use of chemical additives to improve the lime
stabilisation of montmorillonite soils. Three Iowa soils ranging in clay content from

35 to 74% were studied in combination with varying amounts of lime and three

inorganic components, sodium phosphate, sodium carbonate and sodium hydroxide.

Sodium hydroxide was found to be a suitable agent to accelerate the hardening
mechanism. The optimum sodium hydroxide content is about 1 to 2% depending on

the dry weight of the soil component. Sodium carbonate and sodium phosphate are

not as effective as sodium hydroxide for improving lime stabilisation of

montmorillonitic clay soil.
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Figure 2.23 Effect of sodium chloride on unconfined compressive strength of lime
treated montmorillonitic soils, after Lees et al., 1982 a

The addition of lime also produces other effects on soil properties apart from that on
the UCS. Elsekelly (1987) observed an increase in the UCS in all specimens at
optimum moisture content (OMC) in clay- lime- sodium chloride mixtures. Also,

the addition of lime to clay soils not only increases the compressive strength but also
improves other mechanical properties such as tensile strength, shear strength,
permeability and CBR (Brandl, 1981, Arabi, 1987; Goldberg and Klein, 1952; Jan

and Walker, 1963).

Mohamed et al., (1991) studied the effect of adding lime and cement on the

California bearing ratio test (CBR) of the Egyptian soils. They observed an increase
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in the 5 mm penetration CBR values with an increase in both lime and cement
content. They found also that cement is an effective stabilizer for both sand and
sandy clay soils and gives high CBR values at low cement content (2%). Also, the
maximum CBR value of the clay treated with lime was obtained at the optimum
compaction moisture content, whereas cement treatment shows a higher CBR value

at a moisture content 2% lower than the optimum compaction value.

2.10 SUMMARY

This chapter presents a detailed literature review on the structure of soil and clay
minerals, with special reference to montomorillonite, kaolinite and illite. Expansive
soils are discussed, including damages caused by expansive soils, properties of
expansive soils and some suggested methods of treatment for the expansive soils are
also discussed . Lime stabilisation including soil lime reactions and the reaction
products are discussed in detail. The effect of lime on the engineering properties of
soil including the plasticity characteristics, volume stability, compaction, and
strength are discussed 1n detail. Effects of type of clay, type of lime, lime content,
curing conditions, time elapsed between mixing and comi)action, and the effect of
other additives in conjunction with lime, on the strength properties are discussed.

The addition of lime to the clayey soil increases the strength, decreases the volume

change and alters the plasticity characteristics.

In the next chapter soil stabilisation using ground granulated blastfurnace slag

(GGBS) will be discussed. Reactions of soil- GGBS-lime systems and the effect of
GGBS activated by lime on the properties of clayey soil will be presented.



CHAPTER THREE
REVIEW OF SLAG STABILISATION

3.1 INTRODUCTION

Blast furnace slag is. produced as a by-product during the manufacture of iron in a
blast furnace. It results from the fusion of a limestone flux with ash from coke and

the siliceous and aluminous residue remaining after the reduction and separation of
the iron from the ore. Iron blast furnace slag, consists essentially of silicates and

alumino-silicates of lime and other bases (Lee, 1974). Molten blast furnace slag has

a temperature of 1300-1600°C and is chilled very rapidly to prevent crystallisation.
The granulated material thus produced 1s known as granulated blast furnace slag. It

is a latent hydraulic product that can be activated with lime, alkalis, and Portland

cement to give hydraulic properties (Gupta and Sechra, 1989). The latent hydraulic
properties of blast furnace slag were discovered in Germany 1n 1862 (Bijen, 1996).

Now shortage in cement production has resulted in the need to develop alternative

binders to cement for soil stabilisation.

Ground granulated blast furnace slag, GGBS, can be incorporated in cementitious
materials to modify and improve certain properties (Nixon and Gaze, 1981), to
conserve non-renewable natural resources and to utilise industrial by-products. The
possibility of recycling or processing materials to use as partial replacements for

cement in concrete, or to stabilise soils, has great economic benefits in all areas of

the construction industry (Wild and Tasong, 1999).

Blast furnace slag has a glassy, disordered, crystalline structure which can be seen by
microscopic examination which is responsible for producing a cementing etfect.
GGBS is cementitious on its own. It is a hydraulic material and therefore requires no
additives for hydration and hardening to take place other than water if hydrated at

elevated temperature and for a long time (Song et al., 2000; Data sheet of North East
_______———__——————_"——_———_———_—_—
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Slag Cement Ltd. Nov. 1997 and others). Higgins (1998) observed that GGBS on its
own has only mild cementitious properties and in conventional concrete it 1s used in
combination with Portland cement whose alkalinity provides the catalyst to activate

the cementitious properties of the GGBS. He also reported that lime (calcium

hydroxide) could provide the necessary alkali for activation.

The use of GGBS is well established in many applications where it provides good
durability, high resistance to chloride penetration, resistance to sulphate attack and
protection against alkali silica reaction (ASR). GGBS has also been used for many
years in road bases (Lee, 1974). Its use in soil stabilisation is, however, still a novel
process in the U. K, although it has been used in South Africa (Wild et al., 1998).

GGBS has also never been used in soil stabilisation in Egypt.

Blending cement with GGBS produces well-established sulphate-resisting properties
in concretes. Therefore it is suggested that GGBS may produce similar sulphate-
resisting properties in lime-stabilised clays (Wild et al., 1996). The reaction products
are similar in both hydrated lime with clay minerals and Portland cements, which are

mainly C-S-H, C-A-H and C-A-S-H gels (these phases are defined 1n section 2.8.5).
Since Portland cement hydration products are similar to those of GGBS-Portland

cement, then it is possible that those of lime-GGBS-clay are comparable with those
of cement /GGBS blends. A review of literature on lime-GGBS-clay mixtures will

therefore help in understanding and extrapolating the results to establish the

behaviour of lime-GGBS-clay blends (Regourd, 1980; Smolczyk, 1980; Kinuthia,
1997).

3.2 PROCESSING OF BLASTFURNACE SLAG

Processing refers here to the cooling method to which the molten slag is subjected.
Three different cooling methods have been used to cool the slag, and the method of

cooling determines the physical and chemical properties of the resulting slag

material, see figure 3.1 (Lee, 1974).
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AIR-COOLED SLAG

In this method the molten slag 1s slowly solidified by leaving it in air. Usually, the

molten slag collected from the furnace is taken to an open-air area where it is
allowed to cool down. This produces the highest density of the three types which can

be used in road construction after crushing and grading. This slag is used as a road

stone or as concrete aggregate.

FOAMED OR EXPANDED SLAG

In this method the liquid slag is exposed to water, at low water/slag volume ratio,

which leads to expansion and the formation of a lightweight material. This material

-is used mainly in concrete blocks and for in-situ lightweight concrete.

RAPID COOLED OR GRANULATED SLAG

This method involves cooling the molten slag at high water/slag volumes using high-
pressure water jets. The excess water causes the slag to cool rapidly. This method of

cooling produces a granular product. Granulated slag has marked hydraulic-setting

properties when ground to a powder and mixed with an alkali agent such as lime.

This material is normally mixed with ordinary Portland cement (OPC) to produce

Portland blastfurnace cement and super-sulphated cement.

3.3 COMPOSITION AND PROPERTIES OF GGBS

3.3.1 CHEMICAL COMPOSITION

The chemical composition of blastfurnace slag varies depending upon the nature of

the ore, the limestone flux and the blastfurnace conditions. The major oxide

components of slag are calcium, magnesium (basic oxides), silica and alumina

(acidic oxides). Sulphur is also present and small quantities of compounds of iron
and manganese (Lee, 1974). However, the rapid quenching in water to produce
granulated slag results in the formation of a slag glass consisting of a disordered

network of calcium, silicon and aluminium ions bonded with oxygen. Minor
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components such as sodium, potassium and titanium are also integral parts of this

structure (Haynes, 1985). Table 5.5 in chapter 5 shows the chemical composition of

GGBS from the Appleby group Ltd., U. K and an Egyptian slag.

-
My
v o4

Figure 3.1 Three forms of blastfurnace slag: (a) air-cooled; (b) foamed (or
expanded); (c) granulated, Lee, 1974

Portland cement and GGBS are broadly similar in chemical and physical properties.
GGBS, used with Portland cement, has been found to produce new properties not

normally found in Portland cement. Due to the relatively high silica content In
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GGBS compared to Portland cement, there is enhanced C-S-H formation compared
to using Portland cement alone. This enhanced C-S-H occuples pore spaces,
normally occupied by calctum hydroxide in the hydration of Portland cement, which
leads to reduced porosity and permeability of GGBS hydrates compared to cement
hydrates (Bijen, 1996, Kinuthia 1997). The reduced porosity and permeability

reduce the volume of voids and this, together with the resultant stronger structure,

provide resistance to frost damage.

Granulated blast furnace slag has a low reactive potential. Its hydraulic reactivity
depends on chemical composition, glass phase content, particle size distribution and
surface morphology (ACI, 1989). Activators such as alkalis and sulphates, which are

released during the hydration of Portland cement, are able to react with and

breakdown the glassy structure resulting in the formation of cementitious calcium

silicates and aluminate hydrates.

Various hydraulic parameters have been proposed to relate composition to reactivity;
most of these imply an increase in reactivity with increasing CaO, MgO or Al,O;
and a decrease with increasing Si0,. However, BS 6699, British Standard
specifications for GGBS for Use with Portland cement (1986), contains a

requirement that the (CaO + MgO + Al O3)/ SiO; should be greater than 1. In
addition, as the CaO/ SiO; ratio increases, the rate of reactivity of the GGBS also

increases up to a limiting point when increasing the CaO content makes granulation

to a glass difficult. For optimum hydraulicity the CaO/ SiO ratio would need to be

around 1.5. In most applications activation of GGBS is required

3.3.2 PHYSICAL PROPERTIES

Although granulated blastfurnace slag has been used to produce blended cement for

a long time, other slags such as that air-cooled are not used (Yamamoto and Makita,
1986). When air-cooled blastfurnace slag is crushed, its physical properties make it
suitable as an aggregate. It breaks to give a good cubical shape; it has a rough
surface giving good frictional properties and a good hire fire resistance. It has
relatively high water absorption, due to its high porosity (Lee, 1974). Recent studies
carried out by Mostafa et al., (2001 a, b) confirmed that the air-cooled slag exhibited

e
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significant reactivity at room temperature. They suggested that air-cooled slag may
be used in the production of low strength building units, or may be used with the

granulated slag in the production of blended cement.

3.4 SLAG ACTIVATION

GGBS can be activated in different ways but the most common is chemical
activation. In chemical activation, an activator is required and/or an alkali medium.
Many activators have been suggested to activate GGBS. The most commonly used
activators are calcium hydroxide, calcium sulphate, ordinary Portland cement,
sodium hydroxide, sodium carbonate and sodium sulphate (Gjorv, 1989). Wu et al.,

(1990) suggested that sodium hydroxide, sodium sulphate and potassium aluminium
sulphate can be used as activators for GGBS and can help in breaking the S1-O and
Al-O bonds. Wild and Tasong (1999) employed lime as an activator in their study in
the influence of GGBS in the sulphate resistance of lime-stabilised kaolinite. They
observed that the optimum lime/GGBS ratio is 1:5 to activate the GGBS, and to
prevent attack caused by excess sulphate solution. Wild and Tasong, also observed
that the lime activated GGBS hydration reaction is quicker than the pozzolanic

reaction of lime with clay. Due to its high alumina and silica content, the main

reaction products of GGBS activated by lime are C-A-S-H gel and hydrotalcite- type

phases containing magnesium.

Portland cement is one of the most commonly used activators. The reaction of
GGBS with Portland cement and water is a complex process. Water hydration of
Portland cement produces mainly calcium hydroxide Ca(OH); and C-S-H gel. In the
hydration of blended Portland cement, although minor amounts of alkalis are
released, GGBS is mainly activated by the hydration product Ca(OH), (Hakkinen,
1993; Bijen, 1996). Thus lime in the form of Ca(OH);, may be added either as an
additive or released from Portland cement hydration. GGBS, due to its high alumina
and silica content, produces slightly different hydrates from those formed when
using ordinary Portland cement. The main reaction products of GGBS hydration are

calcium silicate hydrate, calcium aluminate hydrate and a small amount of calcium

hydroxide (Higgins et al., 1998).

S ————————
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Many investigators have reported that the required amount of lime to activate GGBS
is low and that higher amounts retarded the activation of alkali activated cement

(AAS), (Daimon, 1980). Douglas et al., (1991) observed that 3 % by weight of
hydrated lime can retard the setting time of alkali activated GGBS concrete. The

GGBS hydraulic reactions are slower than the hydration of Portland cement and
have a “pore-blocking” effect which leads to a greater ultimate strength and lower
permeability (Maphee et al., 1989). This together with the reduced Ca (OH); and

other improved binding and absorptive effects, enhances the resistance of GGBS

concrete to sulphate attack.

Calcium sulphate 1s not only a successful activator but also plays an important role

as a reactant (Taylor, 1990; Daimon, 1980). A reactant participates significantly in

the reaction process while an activator creates an appropriate environment for the
reaction process without necessarily playing a significant role in the reaction. To

understand how the addition of GGBS alters the soil properties, GGBS hydration

should be studied in some detail.

3.5 SLAG HYDRATION

Many authors have explained the clay-lime reaction system as the principal reaction
in clayey soil stabilisation. They observed that the main reaction products in clay
lime reaction in general are calcium silicate hydrate (C-S-H) with a low Ca/Si ratio,
crystalline calcium aluminate phases such as C;AHg and C4AH;3 and calcium silicate
aluminate C-A-S-H phases (C,ASHs), (Croft 1964; Diamond et al., 1964; Wild et

al., 1989). In cement terminology, the following abbreviations are used: C: CaO; A:

A]203; S: SiOz; H: HzO.

The addition of GGBS to a clay-lime system modifies the clay-lime reaction
products. GGBS provides additional alumina, calcium, silica and magnesia to the

mixtures depending on the type and amount of GGBS replacement, (Regourd, 1980;
Smolczyk, 1980). Since the principal reactants introduced by GGBS are also present

in the clay-lime system, the reaction products of clay-lime-GGBS system are

relatively similar to those of clay-lime system.

e —
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The effectiveness of GGBS hydration depends primarily on many factors. These are
the chemical composition of the GGBS; alkali concentration of the reacting system,
fineness of the GGBS, glass content of the GGBS, and temperature (Kinuthia, 1997).
Caijun and Day (1993) studied the hydration of Canadian GGBS and they found that
when GGBS is in contact with water, a Si-Al-O rich layer forms on the GGBS
particle surfaces. This layer may absorb H' resulting in an increase in OH" and pH of
the solution but this 1s insufficient to break the Si-O and Al-O bonds to allow
formation of the C-S-H, C-A-H and C-A-S-H components. The initial reaction
during GGBS hydration produces coatings of aluminosilicate on the surface of
GGBS grains within a few minutes of exposure to water and these layers are
impermeable to water, inhibiting further hydration reactions (Daimon, 1980).
Therefore, GGBS used on its own shows little hydration. Caijun et al., (1993) for
example, found only a small amount of C-S-H was formed after 150 days of moist
curing. To understand how the GGBS stabilises soil, the hydration products are

discussed in some details in the next section.

3.6 HYDRATION PRODUCTS

GGBS hydration products using an alkali are mainly calcium silicate hydrate and
hydrotalcite type phase containing magnesium (Tasong et al.,, 1999; Wild et al.,
1998). Song et al., (2000) reported the formation of the hydrotalcite type phase in
higher pH pastes along with C-S-H. They also observed that the pH of the mixing
solution may affect the nature of C-S-H and its Ca/Si ratio. Also, the solubility of Si
increases with pH while that of Ca decreases, pastes with a higher pH pore solution
have C-S-H with a lower Ca/Si ratio. Talling (1989) using XRD, studied lime alkal
activated GGBS. He identified the presence of C4AH;3. Ettringite (C3A.3CaSO0s.
32H,0) is also a principal hydration product in Portland cement and in GGBS-
Portland cement blends. The formation of Ca(OH), during OPC hydration produces

an alkaline environment suitable for dissolution of ALQOj; and SiQO,. These are
liberated from the GGBS and/or any other source in the reacting system such as clay

or Portland cement. In the presence of Ca(OH),, CaSOy reacts with Al;Os3 to form
ettringite (C3A.3CaS0O;. 32H,0).
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When sodium hydroxide (Na OH) 1s used to activate GGBS, the principal reaction
products are C-S-H, C4AH;3; and C,ASHjs. Regourd (1980) stated that C;ASHg does
not form when Ca(OH), 1s the activator, as it is unstable in the presence of calcium
hydroxide. In the presence of gypsum, and without alkali, Regourd (1980) identified
the formation of C-S-H, ettringite (C3A.3CaS04. 32H,0) and aluminium hydroxide
Al (OH);. Regourd also observed the presence of ettringite and gypsum after 28 days
in the absence of alkali. However, Regourd detected the presence of C-S-H and
ettringite only while gypsum was consumed in the presence of alkali. Song et al,
(2000), in their study on GGBS hydration activated by Na (OH) observed the
formation of C-S-H gel, énd, in a high pH environment, a hydrotalcite like phase

containing magnesium at later stages of hydration.

The microstructural features in the GGBS/activator mixture comprise of a poorly
crystallised hydrated layer on the grain surface (Daimon, 1980; Richardson et al.,
1994). The hydration products of GGBS are found to be more crystalline than the

hydration products of Portland cement, and so add density to the cement paste

(Taylor, 1990; Smolczyk, 1980).

3.6.1 HYDRATION MECHANISM OF PORTLAND CEMENT-GGBS
MIXTURE

When water is added to a GGBS cement mixture, the hydration process can be

summarised as follow (North East GGBS Cement Ltd, 1997):

e Water begins to combine with Portland cement and calcium silicate hydrate
begins to form.
¢ The other reaction products of Portland cement are calcium hydroxide and

~ later sodium and potassium hydroxides.

e These alkalis activate the GGBS which reacts with the water to produce

hydrates similar to those produced by the Portland cement hydration.

e The excess silicates and aluminates from the GGBS hydration combine with

the calcium hydroxide in a pozzolanic reaction,
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The above sequence is in chronological order. The first stage starts immediately and
stage four takes much longer. Therefore, the strength development of Portland

cement/ GGBS is slower than Portland cement alone.

3.6.2 MICROSTRUCTURE OF PORTLAND CEMENT-GGBS SYSTEM

Calcium silicate hydrate (C-S-H) is the principal binding phase in hardened ordinary
Portland cement (OPC) pastes, and in all pastes containing OPC that has been
partially replaced by GGBS. In GGBS/OPC blends the C-S-H is present in * inner
product” (Ip) within the space originally occupied by either slag or Portland cement
grains, or as “outer product” (Op) in the originally water-filled spaces. The
composition of the blend governs the morphology and composition of the Op C-S-H
and the Ip C-S-H (Richardson and Grooves, 1992; Richardson et al., 1993). Ip and
Op C-S-H are morphologically distinct from one another. Ip normally has a dense
homogenous morphology with only very fine porosity. Ip with a fine dense
morphology is shown in the bottom left of figure 3.2. The morphology of Op C-S-H
varies with chemical composition: at high Ca/Si ratio it has fibrillar morphology, and
it changes to foil —like with a reduction in Ca/Si ratio. The top right of figure 3.2
shows the foil like morphology of Op C-S-H; this morphology is responsible for the
improved durability of high slag cement systems (Richardson, 2000; Richardson and

Cabrera, 2000).
3.6.3 NANOSTRUCTURE OF C-S-H

Solid state ©Si MAS NMR (magic angle spinning nuclear magnetic resonance)

provides quantitative information on the fraction of silicon present in different

tetrahedral environments, Q" where n denotes the connectivity of the silicate
tetrahedron (0 < n<4). Thus Q°represents isolated tetrahedra, Q' denotes chain end

group tetrahedra, Q* middle groups, Q* branching sites, and Q* cross-linking sites

in the three dimensional framework. This terminology is illustrated in figure 3.3
which shows schematic representations of pentameric silicate chains (Richardson et

al., 1993; Richardson, 2000). An average chain length of the aluminosilicate of the

C-S-H can be calculated from the 2 Si single pulse data from equation 3.1
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Figure 3.2 Transmission electron micrograph showing a region of slag derived Ip
(bottom left) with fine dense morphology and foil- like Op C-S-H 1n a 90% slag 10%

C;S blend hydrated forl8 months at 20 °C, Richardson and Cabrera 2000
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In cement- slag blends, C-S-H also contains aluminium. The Al/Ca ratio varies with

Si/Ca ratio according to equation 3.2 (Richardson and Groves, 1993; Richardson and

Groves, 1997) and this affects the NMR spectra.

Si/Ca = 0.4277 + (2.366xAl/Ca) (3.2)

The Al/Si ratio can be calculated from equation 3.3 and the average chain lengths

using equation 3.4.
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L= 2 (3.4)
0 )
0"+ 0*(04]) + %QZ (14])

Figure 3.4 illustrates single pulse > Si NMR spectra for three SM KOH- activated
slag specimens hydrated for 7 days at 20° C, with high, medium and low aluminium
content. Three major peaks were formed, at ~ -79 ppm, ~-82 ppm and ~-85 ppm,
these peaks being attributed to @', Q*(1Al) and Q*respectively. The peak formed at

~82 ppm is prominent with high Al/Si ratio, and it becomes less prominent with
reducing Al/Si ratio. Results of the deconvolution of the spectra reveals that with
decreasing Al/Si ratio of slag, a marked decrease in Al/Si1 of C-S-H, chain length and
hydration degree were observed (Richardson, 1999). Increasing silicate chain length

leads to a more crystalline and more homogenous C-S-H product. The reaction of

GGBS activated by alkali with clay is slightly different and the next section explains

this reaction in some detail.
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Figure 3.3 (a) Schematic representation of a pentameric chain for the structure of C-
S-H. O'and Q? units are identified; the middle Q° unit is the bridging tetrahedron
(b) Same as (a) but with Al substituted for Si in the bridging site. (c) Same as (a) but
with Al substituted for Si in a non-bridging Q°* site, Richardson et al., 1993
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(a)
60 70 -80 -90 -100 60 70 -80 -90 -100
ppm ppm
(b)
60 70 80 90 -100 60 -70 80 -90 -100
ppm
(c)
.60 70 -80 <80 -100
ppm

Figure 3.4 Single pulse 2Si NMR spectra (left) and fits (right) for three SM KOH-

activated slag (hydrated or 7 days at 20° C, with S/S =0.4) with (a) high Al content,
(b) intermediate Al content, and (c) low Al content, Richardson, 1999
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3.7 CLAY-LIME-GGBS REACTIONS

Clay-lime reactions and the hydration of GGBS activated by lime were explained in
some detail. The clay-lime-GGBS reaction is different from the clay- lime reaction.
Indeed there are two competing reactions rather than one. The first reaction is the
hydration of GGBS activated by lime to produce C-A-S-H gel and hydrotalcite type
phases containing magnesium (Meng et al., 1998). This reaction is also known to
consume lime. The second reaction is the clay- lime reaction to produce C-A-S-H
and calcium aluminates and alumino- silicates. In contrast to the pozzolanic reaction
of clay with lime, which is slow, the slag hydration, activated by lime, is much
quicker (Tasong and Wild, 1999). The strength of clay-lime-GGBS mixtures is
governed by the same factors observed in GGBS-OPC blend hydration. These
factors include properties of the C-S-H gel such as its amount, porosity, permeability
and structure. The lime in the lime-clay mix supplies the required alkaline

environment for GGBS activation and hydration.

Wild et al., (1999) suggested that the total binder content (GGBS and lime) would be
determined by the required engineering properties. They also recommended that the
lime content should be partially replaced with 60 to 80% GGBS to reduce sulphate
expansion. Wild et al., (1999) reported that lime replacement by GGBS enhances
strength and using a GGBS-lime system instead of lime only leads to a reduction in
total binder content. However, the degree of replacement should not exceed a certain

percentage to keep a minimum lime content sufficient to fully activate the GGBS.

Therefore, preliminary strength and swelling tests must first be conducted in order to

establish an appropriate lime-GGBS content.

Sulphate may be present in clay soils in.significant percentages. Clay-lime-GGBS
reactions are slightly different in the presence of sulphate. The next section describes

in some detail the effect of sulphate on clays and on the clay-lime-GGBS reactions.
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3.8 EFFECT OF SULPHATE ON THE SWELLING BEHAVIOUR
OF CLAYS

Serious problems of swelling and heave have been observed where sulphates are
present in lime stabilised clayey soil and this swelling is associated with ettringite
formation. Mitchell (1986) studied the fatlure of lime-stabilised pavement bases. He
reported large amounts of heave leading to pavement failure in the Stewart Avenue
lime-stabilised sub-base in Las Vegas, U.S.A. Mitchell noted that the first signs of
the pavement failure occurred two and a half years after the project completion. He
observed that the density of the lime stabilised soil in the failed sections was lower
than that of the undamaged sections. He also observed that the moisture contents of
the damaged sections were higher than those of the undamaged sections. Large
amounts of ettringite (C3A.3CaS04.32H,0) and thaumasite
(CaSiO3.CaC03.CaSO4.15H20) were found in both the failed and un-failed sections.
The swelling and failure were attributed to the expansion due to the formation of

ettringite and thaumasite which, when exposed to water, produced swell greatly in

excess of that exhibited by the untreated soil.

Hunter (1988) studied the same damaged sections. He observed that the areas of

serious damage were found near to a source of water. It was concluded that the

availability of pore-water is the most important factor in heave.

Snedker and Temporal (1990) reported 60% heaving on the Banbury section of the
M40 motorway between Oxford and Birmingham in the U. K. It was suggested that

the lime-stabilised sections of the motorway were subjected to sulphate attack and

ettringite was formed.

In the kaolinite-lime- gypsum system where expansion has been shown to be related
to ettringite formation, expansion increases with an increase in sulphate content and
also increases linearly with water absorption (Abdi and Wild, 1993). Tasong ef al.,
(1999) also reported severe disruption when lime-kaolinite mixtures were exposed to

sodium sulphate (Na,SOg4) solution and this disruption is associated with the

formation of ettringite. They found also that the progressive replacement of lime by

- . —
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GGBS resulted in a progressive modification of the microstructure, with respect to

ettringite morphology.

Regourd (1980) reported that in the presence of sulphate ions, the first hydrates
formed around the GGBS grains dissolve and a second layer of hydrates of a coarser
structure form which does not prevent the penetration of water. This encourages

further reactions including sulphate attack. In the U. K, gypsum is abundant in some

soils such as Oxford clay and Kimmeridge clay.

The formation of ettringite in systems containing GGBS does not necessarily result
in expansion and swelling. For example, in super-sulphated cement 80-85% of
GGBS i1s blended with 10-15% of calcium sulphate and about 10% ordinary Portland
cement as an activator. Although ettringite is the principal hydration product and a
substantial amount of sulphate is present in the mixture, the cement has no tendency

to expand. Calcium sulphate 1s consumed rapidly and the GGBS particles form

nucleation sites on which well developed ettringite crystal form. The ettringite forms
by a manner such that little expansion occurs. It is also highly resistance to attack by
external sulphate. The well established sulphate resisting properties imparted to
cement by blending with GGBS suggests that blending lime with GGBS might
impart simtilar sulphate-resisting properties to lime-stabilised clay. In both sulphate

containing lime stabilised clays and hydrated Portland cements, similar phases are

present i.e C-S-H and C-A-S-H gels, Ca(OH); and ettringite (Taylor, 1990; Kinuthia
1997).

The engineering properties of lime stabilised clay are affected significantly by the
presence of sulphates, which may occur either in the raw stabilisation materials, in

the water used for mixing and/or in the ground water. Mitchell (1986) suggested that
the change in soil properties is due to the modified cation exchange process and
pozzolanic reactions due to the presence of sulphate. This effect depends on the

sulphate concentration, the metal cation, the amount of lime added and the curing

conditions.

Additional Ca?* cations and SO4* anions would result from the presence of gypsum

in lime stabilised clay soil. The extra Ca** cations lead to an increase in the overall
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number of cations attracted to the clay particle surfaces. Sulphate also affects the
nature and type of reaction products formed in the lime stabilised soil. In the absence
of sulphate, calcium silicate hydrate gel C-S-H with crystalline or semi-crystalline
calcium aluminate hydrate (C4AH,3) and calcium alumino silicate hydrate.(C,ASHjg)

are formed after the dissolution of silica and alumina from the clay (Mitchell , 1986;

Arabi and Wild, 1986).

In the presence of sulphate, the reaction product will be modified and a layer of

colloidal product consisting of a complex calcium-sulpho-aluminate-silicate hydrate

(C-A-S-E-H) will be formed on the kaolinite plates (Wild et al., 1993). Other
products can be formed due to the formation of regions rich in sulphate and poor in

silica developing within this colloidal layer and a high sulphate product low in silica

is formed on the surface of the solid clay particles as ettringite (C3A3C S Hj,). The

colloidal gel of ettringite has the ability to attract many water molecules, causing
inter-particles repulsion and an overall expansion of the system. When water is

present, ettringite will cause significant expansion. Mitchell (1986) reported the

formation of thaumasite in lime clay stabilised clay.

In the absence of calcium sulphate, increasing the GGBS to lime ratio but keeping
the total GGBS and lime constant results in a significant increase in strength. This
indicate that the GGBS hydration reaction activated by lime is faster than the normal
clay-lime reaction. Wild et al., (1998) also observed an increase in strength by

partially substituting lime with GGBS in a lime stabilised clay in the presence of

gypsum particularly in the first few weeks of curing.
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3.9 EFFECT OF GROUND GRANULATED BLAST FURNACE
SLAG ON THE ENGINEERING BEHAVIOUR OF SOIL

3.9.1 INTRODUCTION

As may be concluded from the preceding sections, GGBS activated by lime affects
many of the engineering properties of soils. In the next section the effects of GGBS
activated by lime on the liquid limit (LL), plastic limit (PL), plasticity index (PI),
optimum moisture content (OMC), maximum dry density (MDD), volume stability

and swelling potential and unconfined compressive strength (UCS) will be discussed

in some detail.

3.9.2 EFFECT OF GGBS ON THE CONSISTENCY CHARACTERISTICS

GGBS addition to the clay soils generally alters the consistency characteristics of the
clayey soil. Akinmusuru (1991) studied the effect of adding granulated blast furnace

slag on the consistency, compaction characteristics and strength of Lateritic soil. The

granulated blastfurnace slag content varied from 0% to 15% by dry soil weight. He

observed a decrease in both the liquid and plastic limits and an increase in

plasticity index with increasing GGBS addition.

Wild et al., (1996) studied the effect of adding lime, and GGBS activated by lime on
kaolinite clay. They observed that addition of small amounts of lime to kaolinite
produces a marked increase in the plastic limit. The liquid limit may increase or
decrease but in such a way that there is an increase in the plasticity index with
increasing lime percentage. The addition of GGBS and lime to kaolinite alters the
Atterberg limits giving a small reduction in the liquid limit and a marked decrease in
plastic limit, thus producing an increase in plasticity index with a decrease in lime/
GGBS ratio. Wild et al., (1996) also observed that these trends were maintained

when gypsum was present in Kaolinite, but gypsum has the ability to produce slightly

higher liquid limits and plasticity indexes, figure 3.5.
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Figure 3.5 Changes in (a) liquid limit, (b) plastic limit and (c¢) plasticity index with
composition, kaolinite-10 wt % (GGBS/lime) mixes with and without 4% gypsum ,
Wild et al., 1996.

3.9.3 EFFECT OF GGBS ON THE VOLUME STABILITY AND SWELLING
POTENTIAL OF SOILS

Higgins et al., (1998) in a site trial investigated the effect of using GGBS and lime
on the swelling characteristics of kaolinite and Kimmeridge clay. This trial showed
that GGBS was completely successful in reducing swelling caused by sulphate.
Higgins and Kennedy (1999) also carried out a full site trial using GGBS and lime
on a temporary diversion to carry the A421 Tingewick bypass traffic. This site
contained a sulphate—containing boulder clay. They used GGBS activated by lime in
particular sections and lime and cement in other sections. They found that the
temporary diversion performed well over a year. They did not observe any swelling
problems in the sections which were treated with GGBS activated by lime while

observing indications of expansion at the section which was treated with lime and

cement without using GGBS.

Higgins et al., (1998) studied the effect of GGBS on the strength and swelling
properties of lime-stabilised kaolinite in the presence of sulphate. They found that
kaolinite clay containing gypsum and stabilised with lime produced large expansion

when exposed to water. The addition of GGBS to the clay-lime-gypsum system
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results in a great reduction in expansion. Higgins et al., (1998) concluded that the
laboratory investigation and a full-scale trial demonstrated that lime/GGBS
combinations can be s