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FABRIC AND STRENGTH OF CLAYS STABILIZED WITH LIME

MEHDI ARABI

ABSTRACT - Improvement in the mechanical properties of soil by lime 

(Ca(OH)2) results from the formation and development of cementitious phases. 

The newly formed phases interlock and bond the soil particles together 

increasing the strength of the soil and improving its durability.

In the present work the engineering properties including plasticity, 

density, compressive strength, porosity, permeability and frost heave 

resistance were investigated for cylindrical specimens of a Devonian Red-Marl 

containing various amounts of lime (2-14 wt%), cured for up to 24 weeks at 

different temperatures (25, 50 and 75°C) and in different environments 

(sealed, unsealed, air, nitrogen and carbon dioxide).

Mineralogical analysis of Red-Marl as well as montmorillonite, kaolinite 

and illite and also the reaction products of these materials with lime (10-20 

wt%) were investigated using X-ray diffraction (XRD), scanning electron 

microscopy (SEM), transmission electron microscopy with energy dispersive 

analysis (TEM/EDAX) and thermogravimetric analysis (TG). The Red-Marl was 

found to consist of illite/glauconite, quartz and feldspar with minor amounts 

of chlorite and haematite.

It was observed that curing temperature has a dramatic effect on the 

reaction between soil and lime and on the engineering properties of the cured 

soil-lime samples. At normal curing temperatures the plasticity index 

decreases markedly and the strength increases only marginally with increasing 

lime content and curing time. At elevated temperatures, the strength sharply 

increases in a moist environment whereas lack of sufficient moisture virtually 

stops any further reaction. It was observed that carbonation of lime does not 

contribute to any great extent to the increase in strength and should be 

minimized. The addition of a small amount of NaCl in conjunction with lime may 

accelerate the reaction slightly. It was observed that the nature of clay soil 

alters by adding lime and the cured materials show a greater durability with a 

significant improvement in properties such as pore structure, permeability, 

volume stability and frost resistance.

The analyses of the newly formed cementitious material shows it to consist 

of almost amorphous gel forming foil-like membranes and fine filaments which 

interconnect the soil particles. Morphological development and microstructural 

analyses of the gel suggest that it is formed as a result of the progressive 

breakdown of the original clay particles by reaction with lime.
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CHAPTER ONE 

HISTORICAL PERSPECTIVE

Before the discovery of Portland cement, the most effective 

and most popular cohesive material known to man was lime. This 

fact is evident from the widespread distribution of lime-based 

mortars and concrete found in very old structures.

It is thought that primitive tribes used to migrate from one 

region to another in search of better pastures and milder 

weather. These tribes, in order to prepare food, collected 

pieces of stone which might have included lime-stones, and set up 

a fireplace. The heated lime-stones decomposed to give 

quick-lime (calcium oxide). After rain, the quick-lime was 

converted to hydrated lime and in the presence of moisture, it 

was able to cement together the soils and the nearby stones. It 

seems that this was the first encounter of man with lime.

It is not possible to pinpoint the first use of lime in 

construction, but it can be presumed that the Greeks, Romans, 

Indians, Persians, Egyptians and Chinese were amongst the nations 

of the past who were familiar with lime and used it for 

construction purposes. At the present time, many examples of old 

lime-stabilized soil structures can be found in these countries. 

It is reported [1] that the Greeks became familiar with lime 

through the Persians and later passed it on to the Romans; there 

is evidence of lime-stabilized sub-bases in Roman roads. Very 

old lime mortars have been found in Iran and one example is the 

2500 year old Persepolis, as lime was one of the materials used



in that unique structure. As long ago as 200BC the Chinese used 

lime in the construction of the Great Wall. The use of lime in 

the construction of the pyramids of Shensi in the Tibetan- 

Mongolian plateau is one of the oldest examples ever found. 

These pyramids are larger and older than those in Egypt, but 

unfortunately less information about these pyramids is available 

although it is believed that they were constructed some 5000 

years ago [2].

The history of lime-stabilized soil in the present century 

can probably be divided into two stages, before and after the 

second world war. Before the war, the technology of building and 

road construction was far less advanced than it is today. 

Pre-war the use of lime in the developing countries, especially 

those in arid and semi-arid regions, was more popular owing to 

the ease of application and the relatively low cost. The result 

of using lime was found empirically to be quite satisfactory 

without requiring very much knowledge of the reaction, mechanisms 

and the engineering properties. After the second world war, as a 

result of progress in modern technology and the development of 

sophisticated analytical and laboratory methods, more detailed 

and basic information relating to the soil-lime water system was 

revealed and production of lime increased sharply. At the 

present time the use of lime in many hot climate countries is 

very popular because the soil-lime reaction is very sensitive to 

temperature. For example, in the U.S.A. the state of Texas is 

heavily involved in the development of lime utlisation for road 

construction.



In many developing countries lime can easily be produced in 

the towns and even in villages in the traditional manner. This 

locally produced lime is used without much machinery and 

equipment, the high cost of which is prohibitive for many 

countries. In fact, the construction of roads in these countries 

is very important for their communication system. The social 

consequences of the lack of adequate roads in many areas have 

received considerable attention recently. The disastrous results 

of famine in many African countries are to a great extent due to 

the absence of suitable roads.

The use of lime in the construction of roads in many desert 

areas has also received considerable attention from civil 

engineers. In 1976 the present author was responsible for the 

design and construction of a highway project which was intended 

to cross the Great Kavir in Iran. In addition to the usual 

method of road-construction, the use of lime was considered as an 

appropriate low-cost method. The current investigation of the 

strength development of lime-stabilized soil began in 1979 and 

was instigated in order to determine the optimum condition of 

lime content, moisture content and temperature required to 

achieve maximum compaction and strength with a view to utilising 

the results in the Kavir project. As it was not possible to 

transport large quantities of Kavir clay from Iran, a local soil 

from South Wales of almost similar composition was employed for 

the present research.



CHAPTER TWO 

GENERAL INTRODUCTION

In the present chapter a brief outline of the principles of 

soil formation, its properties and its mineralogy is presented.

2.1 SOIL FORMATION.

Soils are formed by the natural disintegration of rock as part 

of the weathering process; this weathering involves a series of 

complex physical and chemical changes in the rock. Although 

physical and chemical changes occur simultaneously in nature, it 

is more convenient to discuss the processes separately.

In physical weathering, in which the chemical composition 

remains unchanged, the larger pieces of rock decrease in size 

continuously in the natural crushing and grinding processes. The 

main factor involved in this disintegration is the action of 

water; additionally, there are the effects of glacial activity, 

temperature change, waves and organic action.

Chemical weathering is of greater importance and has been 

defined as the decomposition of rock by a chain of chemical 

reactions with the subsequent alteration of its minerals. In 

this process, in addition to water, there is an alteration of 

some minerals by oxidation, and by the action of carbon dioxide.

The reactions are very complex and the new structure produced 

is totally different from the structure of the minerals from 

which it was derived (e.g. Kaolinite from Orthoclase Feldspar). 

The rate of weathering is mainly dependent on the properties



of the parent rock, such as particle size, surface area, 

composition, permeability and also environmental characteristics, 

such as water table, temperature, wetting and drying, organic 

matter, topography etc.



2.2 SOIL PROPERTIES.

From a civil engineering point of view, understanding the soil 

properties is very important because most structures are built on 

soil and also the use of soil itself as a raw material makes a 

significant contribution to many construction materials (e.g. 

clay in bricks).

Generally, soil consists of inorganic solid particles, liquid, 

gas and often organic materials; usually the liquid is water and 

the gas is air. Knowledge of these three phases in soils and 

their interaction is very important and the engineering 

properties of a soil are dependent on these relationships. The 

sizes of the particles vary widely, ranging from submicron to 

several centimeters. The solid constituents are composed of 

several minerals. The solid minerals in soil are divided into 

two main groups:

(a) clay minerals

(b) non-clay minerals

It is generally accepted that soil particles of less than two 

microns in size are clay and those over two microns are non-clay, 

comprising silt, sand and gravel. However, category definition 

according to size is not always correct, as some clay minerals 

are over two microns and some non-clay minerals under this size. 

The particle-size distribution of a soil influences its chemical 

and physical properties and is always very important to civil 

engineers. It also influences the strength, compressibility and 

durability of soils. As the proportion of clay changes, 

different soils with different characteristics result. A 

schematic classification of soil with reference to the proportion 

of silt-sand-clay is given in Figure 2.1 [3].
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2.3 CLftY MINERALS.

For the geologist, the term clay implies:-

(i) a natural material with plastic properties, 

(ii) a material of very fine particle size 

(iii) crystalline fragments of minerals consisting 

mainly of hydrous aluminium silicates and 

occasionally hydrous magnesium silicates. 

A typical engineering definition [4] is:

A fine-textural soil, with grains colloidal in size, composed 

mainly of hydrated aluminium silicates containing various 

impurities. It is plastic and cohesive, shrinks when dry, 

expands when wet and gives up its water when compressed.

In general, however, clay can be briefly described as a 

material of very fine particle size (0-2 jjm) of a specific 

composition and mineralogy with a high cation exchange capacity. 

It is highly plastic and has a strong tendency for 

physico-chemical interaction when water is present. Clay 

minerals consist mainly of crystalline particles with a limited 

amount of amorphous material. The type and proportion of clay in 

a soil plays a significant part in the soil's characteristics and 

is a very sensitive constituent of the soil.

The basic structure of all silicates is the SiO, tetrahedral 

unit where the silicon with valency +4 is in the centre and four 

oxygen atoms of valency -2 or hydroxyls of valency -1 (if needed 

to give charge balance to the whole structure) are sited at the

corners of the tetrahedron. The tetrahedral unit has an
4- 

electrical charge deficiency (Si04 ) , this being satisfied

in, for example, orthosilicates such as Olivine by the presence



of positive cations (e.g. Mg ) elsewhere within the 

structure. The SiO, tetrahedra may, however, be linked 

together in the form of rings, chains, sheets and three 

dimensional frameworks by continuation of the silicon-oxygen 

bonding. The SiO, tetrahedra are nonnally linked only by their

corners (and possibly their edges) but never by their faces

4+ because the close approach of the Si cations would result in

too great a repulsive force being present [5]. In most clays, 

silica tetrahedra associate in a sheet structure in which three 

of four oxygens are linked to form a two dimensional sheet of

hexagonal nets (phyllosilicates) with a general composition of 
2_

Electrical charge balance in these sheets can 

be obtained by the replacement of two oxygens by two hydroxyls or 

by combination with other positively charged ions. In these 

structures the distance between the two oxygens is 0.255nm and 

the space available for the silicon ion is about 0.055nm and the 

thickness of the silicate sheet is 0.465nm [6]. In some minerals 

(for example the pyroxenes) silica tetrahedra are linked in 

chains. When the structure comprises a single chain only, two 

oxygens in any tetrahedral unit are linked to give a general 

composition of n(SiO, ) , and the structure nonnally has a 

fibrous appearance. When a double chain of silica tetrahedra are 

linked (in for example the amphiboles) a composition of 

ntSi.O^) results, with the minerals again exhibiting 

fibrous characteristics. The association of silica tetrahedral 

units in different silicates is clearly shown in Figure 2.2 [5]. 

In the clays the three basal oxygens of the SiO, tetrahedron 

form part of the hexagonal mesh pattern with the fourth oxygen
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atom directed normally to the sheet and forming part of an 

immediately adjacent octahedral sheet in which octahedra are 

linked by sharing edges. These octahedral units in clay minerals 

consist of aluminium, iron or magnesium ions surrounded by six 

oxygens or hydroxyls in octahedral coordination. When aluminium 

occupies the octahedral units and when two-thirds of the 

octahedral holes are filled (to give charge balance to the 

structure), this gives a dioctahedral sheet which is similar to 

the octahedral sheets found in the minerals gibbsite and bagetite 

which have a general composition of n(Al2 (OH)g). In the 

mineral brucite n(Mg3 (OH) 6 ), magnesium occupies all the 

octahedral units to balance the network of electrical charges, 

giving a trioctahedral sheet. In an octahedral unit, the 

distance from oxygen to oxygen is 0.26nm and hydroxyl to hydroxyl 

is about 0.294nm and the space available for cations is about 

O.OSlnm. Since the radius of aluminium ion is 0.055nm and the 

radius of magnesium ion is 0.065nm, both can easily be placed in 

the octahedral unit and the thickness of the octahedral sheet is 

0.505nm. It is noteworthy that the lime (Ca(OH) 2 ) which is 

used in the present work also consists of a hexagonal layer 

structure. The unit cell has dimensions of a = 0.3593nm and c = 

0.4909nm. Each Ca ion is in the centre of the octahedral 

unit which is surrounded by six oxygens on the corners. Each 

oxygen is tetrahedrally co-ordinated by three calcium and one 

hydrogen atom and the distance between two adjacent oxygens is 

0.3333nm.

In clays, a layer formed by combining an octahedral sheet with 

a tetrahedral sheet is termed a 1:1 layer, and that formed by



combining an octahedral sheet with two tetrahedral sheets (on

either side) is termed a 2:1 layer.

Clay minerals are classified according to:-

(1) layer thickness

(2) composition, (whether dioctahedral or trioctahedral 

and the ionic content of the layer)

(3) stacking order of layers and degree of order [5].

In the current project the clay minerals investigated are 

kaolinite, montmorillonite, illite and chlorite. All these clay 

minerals consist of 2, 3 or 4 sheets of 1:1, 2:1 and 2:1:1 layer 

silicates respectively, and they are represented (in terms of the 

above classification) in Table 2.1.

Particular clay minerals often show quite wide ranges of 

composition as a result of isomorphous substitution. This is 

when one type of ion substitutes for or replaces another type of 

ion within the mineral structure, whilst the crystal structure 

remains unchanged. This substitution is a very important factor 

in the structure of clay minerals. For example, in an ideal 

silica sheet, all tetradhedral units are filled by silicon and in 

an ideal gibbsite sheet only two out of three octahedral units 

are occupied by aluminium, and also in an ideal brucite sheet all 

the units are occupied by magnesium. However, some of the 

silicon in a tetrahedral sheet can be replaced by aluminium and 

in an octahedral sheet the substitution of aluminium by, for 

example, magnesium is also possible. in both cases, a net 

negative charge results from the above substitutions and the 

electrical charge is balanced by attracting other cations onto 

the surface or between the layers of the structure. These

10



cations are termed "exchangeable cations". The quantity of 

exchangeable cations is also termed "cation exchange capacity" 

which is usually expressed in milliequivalents per 100 grams of 

dry soil.
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Table 2.1: Schematic classification of clay minerals

Silicate bheel > ———— g ———
(tips up)

Octahedral sheet (

Gibbbile sheet I ~ G ~

Brucite sheet { B

TYPE CLAY MINERAL

1:1 Kaolinite 

2:1 Montmori 11 on ite

2:1 1 1 1 i te 

2:1:1 Chlorite

"V or ^— ® -X
(tips down) 

—— i (various cations in octahedral
—— * co-ordination)

(octahedral sheet cations are
1 mainly aluminium)

—— t (octahedral sheet cations are
—— * mainly magnesium)

BASIC STRUCTURE

r G •""! i/ ———— \ ———— \^ J U.72 nm
^J G L

X 6 \

) G 1 0.96 nm •*
6 V

\ * /
] G J

X 6 "^^

\ s X] G f 1 .00 nm
X s ^
^ 6 S

1 G f
x s V

| ——— B=G ——— ] 1 - 40 nm
/ S \

B
\ S /\

12



2.3.1 KROLINITE.

Kaolinite is one of the important clay minerals and is composed 

of a single silica tetrahedral sheet and a single alumina 

dioctahedral sheet, see Figure 2.3(a) [5]. The apical oxygens of 

the silica tetrahedra link with the octahedral sheet. In the 

atomic plane between two sheets, two-thirds of the atoms are 

oxygen which is shared with both silicon and aluminium and the 

remaining ions are hydroxyls which are located directly below the 

hexagonal net formed by the bases of silica tetrahedra. The 

structure formula is (OH)gSi 4Al 4O, 0 and the structural 

unit is charge balanced, see Figure 2.3(b). In a low pH 

environment, the edges of kaolinite are positively charged and 

turn to negative in a high pH environment. The bonding between 

the layers is sufficiently strong to prevent absorption of water 

between the layers, hence, swelling cannot normally take place. 

The theoretical composition of oxides in kaolinite is: SiCu 

46.54%, A12°3 39 - 5% and H2° 13.96%. Very limited 

substitution within the lattice of kaolinite is possible. These 

substitutions are iron and/or titanium for aluminium, and such 

substitutions are restricted to poor crystalline kaolinite [6]. 

The cation exchange capacity of these minerals is 3-15 

milliequivalent per 100 grams. The major cation exchange 

capacity in kaolinite is attributed to broken bonds around the 

edges of the silica-alumina units and by isomorphous 

substitution.
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2.3.2 MOmMORILLONITE.

Montmorillonite is composed of a dioctahedral sheet which is 

sandwiched between two silica tetrahedral sheets as shown in 

Figure 2.4(a) [5]. All the apices of the tetrahedra point 

towards the octahedral sheet and are common to both the 

tetrahedral and octahedral sheets. The remaining hydroxyl ions 

in the octahedral sheet locate in the hexagonal spaces formed by 

the bases of the silica tetrahedra. The theoretical composition 

of montmorillonite before substitution in the lattice is 

(OH) .SigAl.O^QjnH-O and the percentages of the oxide 

present in this composition are: SiO- 66.7%, Al^0} 28 - 3 % 

and H-O 5.0%. The theoretical charge distribution in the above 

composition is shown in Figure 2.4(b). The main substitutions 

take place in the octahedral sheet in which aluminium may be 

replaced by magnesium. In this substitution, the replacement 

occurs of one Mg + for one Al + or three Mg + for two 

Al because the aluminium sheet in montmor illonite is 

dioctahedral where aluminium and other cations occupy two-thirds 

of the octahedral units. A charge deficiency of about 0.66 per 

unit cell is a consequence of the above substitutions and 

corresponds to the substitution of one of every six aluminium in 

the octahedral sheet by one magnesium. The charge deficiency can 

be balanced by attracting other cations such as sodium, 

potassium, calcium and magnesium between the unit layers and on 

the surface. The composition of a unit cell of montmorillonite 

after substitution is (OH) 4Sig (Al 3 34 -M90 66*°20*
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Since different amounts of substitution in the structure may 

take place, a range of composition may be obtained and the above 

formula is not absolute. Different compositions of 

montmorillonite make the identification and classification of 

these minerals difficult. Bonding between the layers is 

van der Waals and, as already discussed, substitutions occur in 

the octahedral sheet which is in the centre of the unit cell; 

therefore, charge deficiency is not immediately adjacent to the 

surface of the unit and hence the magnitude of the forces of 

attraction between the layers is very low. Consequently, very 

weak bonding between the layers results. The consequence of the 

above weakness is that water and other polar molecules can enter 

between the layers causing expansion in the C direction. The 

amount of swelling depends on the relative humidity and the 

nature of the interlayer cation. The thickness of water layers 

between the silicate sheets depends on the nature of the 

exchangeable interlayer cations at a given water-vapour pressure 

[6]. Sodium montmorillonite under ordinary conditions has one 

molecular water layer, whereas calcium montmorillonite normally 

has two molecular layers between the silicate sheets. When a 

large quantity of water is introduced to montmorillonite carrying 

various exchangeable cations, the following results are obtained:

(a) sodium-montmorillonite continues to expand until 

complete dissociation of the layers occurs (above about 

4nm)

(b) calcium-montmorillonite shows considerable stability and 

expands in the C-axis direction to about 1.54nm, with no 

expansion beyond l.Snm being observed.
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(c) montmorillonite with potassium amd magnesium show only 

very limited expansion.

The swelling properties in these minerals is reversible, but 

when all interlayer polar molecules are removed and the structure 

has collapsed completely, re-expansion may occur but with 

difficulty. The specific surface of montmorillonite is extremely 

large. The primary surface is 50 to 120 m /g and the secondary 

surface after expansion is 700 to 840 m /g. Montmorillonite 

has a high cation exchange capacity, generally in the range of 

80-150 milliequivalent per 100 grams.

Bentonite which is a member of the montmorillonite group is a 

highly plastic and swelling clay and has wide applications in 

some industries and engineering works. It is a highly colloidal 

clay with a liquid limit of about 600. It is widely used as a 

back-fill material during construction to prevent water 

penetration and as drilling mud. However, serious problems can 

result from the presence of bentonite under the foundation and in 

the construction of roads, airfields etc; because of its high 

swelling properties. The most expansive montmorillonite is 

sodium-bentonite and is the type which is employed in the present 

work.

2.3.3 ILLITE.

Illite is the most common clay mineral found in soils. Illite, 

muscovite, biotite and glauconite are members of the mica-clay 

group. The basic structural unit consists of a 2:1 layer of two 

silica tetrahedral sheets between which is sandwiched a central 

dioctahedral sheet. A diagrammatic sketch of the structure of
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muscovite is given in Figure 2.5(a) [5], Isomorphous 

substitution in illite is largely in the silica tetrahedral 

sheet, where about one-sixth of the silicons are replaced by 

aluminium. In many well-crystallized micas such as muscovite, 

one quarter of silicon atoms are replaced by aluminiums; 

therefore, the silicon to aluminium ratio in muscovite is lower 

than in illite. Most illites and all muscovites have a 

dioctahedral sheet and in some illites, aluminium in the 

dioctahedral sheets is replaced by iron and magnesium. The 

charge deficiency resulting from substitution by aluminium in the 

silica sheet is -2 per unit cell for muscovite and -1.3 to -1.5 

for illite. The above deficiency is balanced by potassium ions 

between the layers, and there is relatively less potassium in 

illite than in muscovite. In illite the amount of K-0 is 

8-10%, whereas in muscovite it is about 12%. The diameter of a 

potassium ion is 0.133nm and easily fits into the space in the 

hexagonal bases which are formed by the silica tetrahedra and 

which have a diameter of 0.121nm. The replacement of some 

potassium ions by other cations such as Ca + , Mg + , H+ is 

possible. The presence of potassium ions between the layers of 

illite makes the interlayer bonding sufficiently strong and the 

basal spacing remains fixed at Inm. Unlike montmorillonite, 

illite is not an expansive clay.

The structure formula of muscovite is 

(OH) 4K2 (SigAl2 )Al 4020 and the theoretical composition 

is K20 11.8%, Si02 45.2%, Al203 38.5%, H20 4.5%. The 

charge distribution in muscovite is shown in Figure 2.5(b). 

Chemical analysis of illite shows not only less potassium but
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also more structural water per formula unit than muscovite. This 

water is probably located between occasional 2:1 layers either as 

water molecules or lenses of water trapped between layers.

Another mica group mineral which is very similar to illite is 

glauconite. In glauconite a large proportion of the aluminium in 

the octahedral sheet is replaced by Fe and Fe and Mg 

and up to two-thirds of the octahedral units are filled with 

these cations. The charge deficiency in glauconite resulting 

from substitution in both tetrahedral and octahedral sheets may 

be balanced by interlayer cations of K+ and Ca + and Na*. 

The particles of illite are usually very small, flaky and mixed 

with other clay and non-clay materials. The well crystallized

illite particles may have a hexagonal outline appearance. Illite 

has a specific surface of about 65-100 m /g and a cation 

exchange capacity of 10-40 milliequivalent per 100 grams.

2.3.4 CHLORITE.

Chlorite has a lattice structure of 2:1:1 layers and consists 

of alternate mica-like and brucite-like layers. There are two 

octahedral sheets in the structure of these minerals, one in the 

centre of a 2:1 mica-like layer and another one in the 

brucite-like layer which, in fact, consists of only one 

octahedral sheet. There are also two possible types of 

octahedral sheets:

(a) trioctahedral or dioctahedral in the 2:1 mica-like layer 

and trioctahedral in the brucite-like layer

(b) dioctahedral in both mica-like and brucite-like layers 

17].
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The central sheet of the mica-like layer consists of magnesium 

as a predominant cation with a general composition of 

(OH) .(SiAl)g(Mg,Fe)g)02Q. The general composition of the 

brucite-like layer is (Mg.Al)g(OH),-- The schematic diagram

of chlorite is given in Figure 2.6 [6]. Substitution of Al

4+ for Si in the silica tetrahedral sheets takes place and

charge deficiency resulting from these substitutions can be 

balanced by excess charges in the brucite sheet. The excess 

charge in the brucite sheet is obtained as a consequence of the 

substitution of Al + for Mg + . The bonding between the 

layers is similar to that found in kaolinite, the principal 

bonding being van der Waals bonding. Depending on the type and 

the amount of substitution within the brucite and mica-like 

layers, various chlorites can be found. In the mica-like layers, 

substitution within the silica tetrahedral sheet varies from 

about SiAl to S* A^ anc^ substitution within the

octahedral sheet from Mg,-Al to Mg.Al-. In the octahedral 

sheet, replacement of some Mg by Fe and Mn and the 

replacement of some Al by Fe or Cr may take place 

[6]. The cation exchange capacity of the chlorite is in the 

range of 10-40 milliequivalent per lOOg.

Basal spacing of non-expanding chlorite varies from about 1.41 

to 1.435nm as the layer charge decreases from 1.5 to 0.5 per unit 

cell. Some types of chlorite have swelling properties and are 

termed "swelling chlorite". Chlorite is generally mixed with 

other clay minerals and the main identification is by the 1.4nm 

basal spacing. The particles of this mineral are very small and 

have a platy morphology.
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2.4 NON-CLAY MINERALS.

The minerals in soils, other than the clay minerals are termed 

"non-clay minerals" and are composed of silt, sand and gravel. 

These materials are relatively more resistant to weathering and 

abrasion and usually have greater strength and higher durability 

[5]. From the electrical charge point of view, these minerals 

are inert. Although igneous rocks contain a wide variety of 

minerals, the number of major components is small consisting of 

feldspar, quartz, pyroxenes and amphiboles and micas. A typical 

composition would be:

feldspar (about 60%), pyroxene and amphibole (about 17%), quartz 

(about 12%), mica (4%) and other minerals about 8%.

In this section, the predominant minerals such as feldspar, 

quartz, iron compound and other important minerals are briefly 

discussed below.

2.4.1 FELDSPAR.

Feldspars are silicate minerals with a three-dimensional 

framework structure in which part of the silicon is replaced by 

aluminium. The charge deficiency as a consequence of this 

replacement is compensated by incorporating other cations such as 

Na+ , K+ , Ca or Ba . Since these cations are 

relatively large, their coordination number is also large to 

accommodate these cations in the structure. As a result, 

feldspar has an open structure with weak bonding between the 

units, and consequently can be broken down easily [5]. The 

structure of feldspar alters when it is exposed to weathering 

influences and, as a result, a number of important constituents
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of soils such as clay minerals and simple minerals, including 

quartz, calcite and gibbsite are produced. The above 

decomposition is also accompanied by the liberation of alkali 

cations [8]. The idealised composition of feldspar is 

MAlxSi 4_xOg. Feldspar containing potassium KAlSi 3Og is 

termed orthoclase or microline depending on its structure. 

Feldspar containing sodium NaAlSi,0R is termed albite (soda 

feldspar) and feldspar containing calcium CaAl-Si-Og is 

termed anorthite. Albite and anorthite minerals are mutually 

soluble and form a series of minerals known as plagioclase 

feldspars.

2.4.2. QURRTZ.

Quartz SiO- is the main component in most rocks. This 

mineral has a strong resistance to chemical weathering and is a 

common mineral in the soil fraction. The structure of quartz is 

based on a three dimensional frame-work of (SiO.) tetrahedra 

with oxygen common to all corners giving a highly stable 

structure. In the quartz structure there are no weakly-bonded 

ions and the mineral has a high degree of hardness and 

persistence. Quartz is normally a highly crystalline mineral 

giving very sharp X-ray diffraction patterns.

In comparison with MgO or Al^O,, quartz has a relatively 

open structure. The density of quartz is 2.65gcm whereas the

density of MgO is 3.59gcm~ and the density of A^2°3 1S 

3.96gcm~ . Quartz produces a sharp reversible endothermic

reaction at 573°C when heated. The reaction causes a change in 

the original structure. Quartz at a temperature lower than
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573°C is known as low quartz and at a temperature between 573 

and 867°C is also known as high quartz or £5 quartz. In the 

structure ofgquartz, two spiral tetrahedral chains wind around a 

hexagonal prism to produce a structure without cleavage planes 

[5].

2.4.3. IRON COMPOUNDS.

There are six iron oxides or hydroxides which may be found in 

rocks and soils. Some of these minerals such as magnetite 

Fe30, and haematite Fe2°3 exist in the original rock and 

are primary minerals.

These minerals are well crystallized. The second group (e.g. 

maghemite FeJ^^ is formed by weathering processes and is not 

as crystalline as the first group. Goethite and lepidocrocite 

are examples of crystalline hydrated iron oxides with the 

composition of FeO.OH. The amorphous minerals of the latter 

group contain limonite with a composition of Fe(OH)- ^2® 

which is a commonly occurring hydrated iron hydroxide [8].

2.4.4 OTHER MINERALS.

The non-clay minerals, other than those discussed earlier, are 

less important from an engineering point of view. The quantity 

of these minerals is low generally and they can be found only in 

some soils. Aluminium hydroxide Al(OH) 3 or gibbsite is often 

associated with hydrated ferric oxide gel as an amorphous 

mineral. Oxides of manganese MrKX, may be found in some soils 

where iron compounds are prominent. More important minerals are 

carbonates of calcium CaCO3 (calcite) and magnesium
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CaCO,,MgCO-, (dolomite). Other minerals such as sulphates 

(especially gypsum CaS04 .2H20), phosphates and sulphides may 

also be present in some soils.
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CHAPTER THREE 

SOIL-LIME STABILIZATION

3.1 INTRODUCTION.

As discussed in the previous chapter, soil consists of a 

mixture of several minerals and its engineering characteristics 

are mainly governed by its clay content; clay minerals also play 

a significant part in the lime stabilization process.

In civil engineering projects there are recognized procedures 

which may be adopted when unsuitable soil is present. These are: 

(i) the material can be accepted and an allowance made for its 

inadequacy by increasing the thickness of the foundation or 

by employing other expedients such as piling to transmit 

the loads into a more suitable underlying structure; 

(ii) removal of unsuitable soil and its replacement with better

quality material; 

(iii) improvement of the in situ properties of the soil [9],

This third category may be classified as soil stabilization, 

i.e. improving the strength and durability of the soil. This 

may be achieved by mechanical compaction or by bonding the soil 

particles together to waterproof and increase the strength of the 

soil. Other methods which fall into this category include 

thermal and electrical processes. The most common methods, 

however, are the bonding methods and these include the use of 

cement, lime, bitumen and chemical additives as bonding agents.

A review of the literature shows that stabilization may be 

defined as stabilizing the volume, increasing the strength and
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improving the durability of a soil. The relevant literature is 

discussed under two headings:

(a) how lime influences the engineering properties, 

including plasticity, strength, pore structure, 

permeability and frost resistance and the factors 

influencing these characteristics;

(b) pozzolanic activity.
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3.2 ENGINEERING CHARACTERISTICS.

When lime is added to wet clay soils two types of chemical 

reaction occur:

1. Lime alters the nature of the soil by cation exchange 

phenomena. In this case, calcium ions displace the sodium 

or hydrogen ions naturally present in the soil and this 

alters the nature of the adsorbed water layers. The 

electrical double layer of the colloidal soil particles may 

be depressed owing to an increase in the cation 

concentration or may expand owing to the high pH value of 

lime.

2. A pozzolanic or cementing action takes place with the lime 

reacting with the silica and alumina present in the soil to 

form natural cementing compounds of calcium, silicon, 

aluminium and water.

The first reaction occurs quite rapidly on the addition of lime 

and has the effect of improving the workability of the soil. The 

clay particles flocculate into larger aggregates, and the soil 

becomes more friable. The clay component disintegrates more 

readily and wet clay dries out more rapidly [2]. In general, it 

is assumed that the plasticity index will tend to decrease and 

the plastic limit to increase with the addition of lime. The 

second reaction is more complex and will be discussed in more 

detail in the next chapter. This reaction is attributed to the 

cementing action of calcium-containing aluminium-silicate 

hydrates. The rate of formation of these materials depends upon:

(a) the mineralogy and properties of the soil,

(b) the percentage of lime added;
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(c) the airing temperature;

(d) the curing period.

The method of mixing and the degree of compaction have a 

significant effect and sufficient moisture must be available to 

allow the reactions to take place. This reaction leads to an 

increase in the shrinkage limit and a decrease in the shrinkage 

ratio. As the reaction proceeds, the strength increases, 

durability improves, and in general there is an increase in the 

optimum moisture content and a reduction in the maximum dry 

density of the treated soil. At this stage, one would expect the 

plasticity characteristics of the stabilized soil to decrease as 

it cures.

3.2.1 PLASTICITY PROPERTIES.

Clare and Crutchley [10] contended that the influence of lime 

on the liquid limit of Kimmeridge clay was complex, but tending 

to be insignificant for low lime concentrations. The plastic 

limit, on the other hand, was found to increase with increasing 

lime concentration and curing time. Dawson [11] showed a similar 

tendency with a Texas clay of lower plasticity. Townsend [12], 

however, found that the liquid limits of four types of levee 

clays decreased by approximately 10% after the addition of lime 

but the plastic limit increased almost to the liquid limit. 

Arman and Munfakh [13] investigated the response of organic soils 

to stabilization and they noted a similar effect on the Atterberg 

limits for soils with relatively low organic contents (less than 

15%). However, they noted one interesting phenomenon: the 

plasticity decreased until a critical lime concentration (4%) was
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reached. At this level the plasticity started to increase 

again. This was attributed to the presence of excess lime. Lund 

and Ramsey 114], investigating the possibility of using lime to 

improve highly plastic clay subgrades, showed that the liquid 

limit decreased and the plastic limit increased by equal amounts 

with zero plasticity index at 6% lime content. With higher lime 

content the material became non-plastic as it cured.

Brand and Schoenberg [15] using quick-lime to stabilize loess 

found that as the lime content was increased to 6%, the liquid 

limit changed from 22.8 to 24% and the plastic limit from 18 to 

22% after 24 hours curing. Dumbleton [16] reported the effect of 

lime on the plasticity of clay soils. He observed an increase in 

the plastic limit of all soils when the lime content and the 

curing period were increased; however, the liquid limit showed 

rather a complex behaviour. Some soils showed an immediate 

increase in liquid limit when a small quantity of lime was added 

and generally the liquid limit increased with increasing lime 

content and curing period. The plasticity index of all soils 

reduced by adding lime. The influence of lime on the plasticity 

properties of different soils was also reported by the 

Transportation Research Board, U.S.A. [17]. Some soils became 

non-plastic by adding 3% lime and most of the soils showed 

similar properties when treated with 5% lime. Aly-Sabry and 

Parcher [18] reported both an increase and a decrease in the 

liquid limit of soils when treated with lime but in all cases 

plastic limit increased considerably; hence, a reduction in the 

plasticity index was observed. Reddy et al. [19] investigated 

the effect of lime on the plasticity of black cotton soil from
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India. 4% lime increased the liquid limit slightly whereas a 

considerable increase in the plastic limit was observed and the 

plasticity index reduced from 25.5 to 11. Akoto and Singh [20], 

however, reported a general decrease in the liquid limit of 

Kenyan soil when it was treated with lime and also an increase in 

the plastic limit was observed. As a result, the plasticity 

index decreased significantly when the lime content and the 

curing time were increased. Mateos [21] showed that for a 

Gumbotil soil the liquid limit tended to decrease with increasing 

lime concentration whilst the plastic limit increased to a 

maximum value at about 3% lime content. Hilt and Davidson [22] 

studied the effect of lime on the plasticity of several natural 

clays. They observed that the plastic limit of soils rich in 

kaolinite, illite-chlorite and montmorillonite increased with 

small amounts of lime and by further increase in the lime 

content, the plastic limit remained almost constant. However, 

compressive strength showed a small increase by the addition of a 

small amount of lime and also a considerable increase by further 

increase in the lime content. They therefore observed a 

relationship between the plastic limit and the lime-fixation in 

different clays. They also observed that the amount of 

lime-fixation is proportional to the type and the amount of two 

micron clay present in the soil. The relation of plastic limit 

and lime content are reproduced in Figure 3.1. The results show 

a pronounced increase in plasticity for montmorillonite. This 

was also accompanied by a decrease in liquid limit. In illitic 

soils, however, the increase in plastic limits is accompanied by 

a corresponding increase in liquid limit. Hence, the plasticity
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index is virtually unchanged. Kaolinitic soils respond to lime 

in the same way as montmorillonite with decreasing plasticity 

index as lime content increases. Similar trends are shown by Le 

Roux [23], Table 3.1, but in this case all the soils became 

virtually non-plastic after 90 days curing. Brandl [24] reports 

that as the amount of colloidal clay in a soil increases, the 

liquid limit is more likely to decrease by the addition of lime, 

and silts containing high calcium also show a decrease. The 

plastic limit of all soils shows an increase by lime addition. 

Increasing the curing time causes an increase in both liquid and 

plastic limits. The plasticity index of all soils is reduced by 

lime addition. Increasing the plastic limit of road material has 

a practical application in upgrading the material by improving 

its workability . Some previous workers reported only on the 

plastic limit of lime treated soils. Lockett and Moore [25] 

showed an increase in the plastic limit of 11 soils from the 

South East of U.S.A. when they were treated with 6% lime. The 

plastic limit of all soils increased from 2 to 20 per cent after 

lime treatments. Van Ganse [26] reported an increase in the 

plastic limit of 48 Belgian soils after the addition of 1-3% 

lime. An empirical relationship between the plastic limit 

increase, AWp, and the plasticity index of the untreated soil, Ip, 

was observed to be:

Aw s 0.251 
P P
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To summarise, therefore, when lime is added to clay soils:

(1) the plasticity is modified;

(2) the liquid limit may increase or decrease but the 

plastic limit exhibits a general increase in all 

cases;

(3) the presence of organic material in the soils (up to 

15%) does not appear to inhibit the reaction with 

lime;

(4) the reaction with lime seems to be controlled by the 

proportion and type of clay minerals present. The 

plasticity index of illite rich soils is not 

significantly influenced by lime as both the liquid 

and plastic limits tend to increase by equal amounts. 

Montmorillonite and kaolinite clay soils, on the other 

hand, exhibit a significant response; the liquid limit 

decreases and the plastic limit increases;

(5) no clear indication is given of how the Atterberg 

limits vary with lime under different curing 

conditions. Some workers, however, have shown that 

soils become non-plastic after prolonged curing times.

3.2.2 STRENGTH DEVELOPMENT AND INFLUENTIAL FACTORS.

Mechanical properties of cured soil-lime specimens including 

compression, tension, shear, California Bearing Ratios (C.B.R.), 

triaxial have been investigated by a number of workers. The 

unconfined compressive strength test is the most common and 

practicable test. To evaluate the compressive strength, the 

mixture of soil-lime-water should be moulded and should be cured
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under specified conditions [17]. Moulding this mixture, using a 

standard compaction method (e.g. standard Proctor) results in a 

dry density of compacted material rather lower than the dry 

density of compacted soil without lime. However this is not 

necessarily wholly due to less efficient packing of particles, as 

replacement of a proportion of the soil by lime reduces the 

average material density of the mixture generally due to the 

rather lower true density of lime (2.24gcm~ ). The amount of 

moisture normally added is the optimum level required to obtain 

maximum dry density [27]. However, Aly-Sabry and Parcher [18] in 

their study of engineering properties of soil-lime found that the 

cured specimens tend to show rather higher strength when the 

moisture content is slightly higher than the optimum level. 

Increasing the lime content in most soils causes an increase in 

the optimum moisture content and also a decrease in the maximum 

dry density [18,20,21,28,29,30]. Therefore, in order to 

introduce some degree of consistency between specimens when 

undertaking soil-lime research, specimens are often compacted to 

a constant compaction effort.

From an economical and technical point of view the amount of 

lime required for stabilization is also important. Eades and 

Grim [31] suggested an interesting quick test to evaluate the 

optimum amount of lime required for stabilization. This method 

is based on measuring the pH of soil-lime slurries (after 1 hour) 

with various percentages of lime. They observed that increasing 

the lime content results in increasing pH values up to a maximum 

of about 12.4 and that further increase in the lime content 

produces no further change in the pH values. The lime content
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corresponding to the maximum pH value is regarded as the optimum 

lime content required for stabilization of a soil. They also 

suggested that the pH test should be accompanied by compressive 

strength tests in which the rate of strength increase can be 

evaluated. The reliability of the pH quick test was confirmed by 

Alien et al. [32] and the method was recommended by Ballantine 

and Rossouw [ 2].

Lime fixation as proposed by Hilt and Davidson [22] has already 

been discussed. They suggest "lime-fixation" is the amount of 

lime which is required to bring the plastic limit to a maximum 

level and they found it to be about 2-4% lime for different 

soils. The additional lime is required beyond the lime fixation 

point in order to produce any significant strength development. 

Pietsch and Davidson [33] also made similar studies to define the 

lime fixation point for several Iowa soils. Chedda et al. [34] 

proposed a method to evaluate the amount of lime required for the 

stabilization of soils in the construction of road bases. They 

found that the volume of soil-lime slurries increases to a 

maximum as the amount of lime increases and further increase of 

lime in the slurries causes a decrease in the volume. The amount 

of lime corresponding to a maximum point is regarded as the 

optimum concentration of lime. They also found that the 

compressive strength and C.B.R. of different soils stabilized 

with the optimum concentration of lime are sufficient for them to 

serve as road bases and sub-bases. A method for determining the 

amount of lime required for stabilization of subgrades and road 

bases is recommended by McDowell [35]. His proposed chart is 

shown in Figure 3.2 and it can be seen that with prior knowledge
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of the plasticity index and the percentage passing a No. 40 

mesh-sieve, the percentage of lime required for stabilization of 

sub-grades and bases can be calculated. In addition to the above 

methods, there are also other procedures for evaluating the 

amount of lime necessary for stabilization of soils in the 

U.S.A., details of which are reported by the Transportation 

Research Board [11]. One of the most reliable methods to 

evaluate the amount of lime is the determination of the 

compressive strength of specimens containing various amounts of 

lime and cured under specified conditions. Mateos [21] suggested 

that the amount of lime generally needed for modification of a 

soil is 1-3% and for strength increase 2-8%. Increasing the lime 

content causes an increase in the strength of cured soil-lime 

specimens to a maximum level and further increase may decrease 

the strength [24,35,36].

The effects of various types of lime on soil stabilization have 

been reported by Wen-Hann Wang et al. [ 28 ], Andrews [ 37 ] and 

Andrews and O'Flaherty [38].

When the mixture of soil-lime-water is prepared for moulding, 

usually a long delay between mixing and compacting is not 

allowed. Townsend [12], Mitchell and Hooper [39] studied the 

effect of delay time on the strength of cured soil-lime 

specimens. They noticed that there is a general decrease in the 

strength as delay time increases. This effect is more pronounced 

in the highly reactive soils because some reaction takes place 

between the lime and the soil during the delay time and before 

compaction and causes a reduction in the ultimate strength. 

However, some soils show almost no decrease in the strength when
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delay time is increased to 80 hours [12]. Usually, the soil-lime 

mixture is allowed to mellow for one hour or longer which should 

be specified prior to the specimen preparation [17]. When 

compaction of soil-lime is completed, the curing environment has 

a significant effect on its strength. The process of reaction 

between soil and lime is generally very slow and a long curing 

period is always required to obtain satisfactory strength 

development [35]. Since a very long curing period is not always 

practicable, an increase in the reaction rate is desirable in 

order to reduce the curing period. The curing temperature is 

found to have a dramatic effect on the increase in strength of 

lime-stabilized soils [21,25,38,40,41,42]. Therefore Thompson 

[40] suggested increasing the curing temperature in order to 

accelerate the curing process and reduce the curing period. In 

his method, curing specimens at 120°F (49°C) for 48 hours is 

considered equivalent to curing the same specimen at room 

temperature, 75°F (24°C) for 28 days. Lockett and Moore [25] 

modified the above method and reported that the strength of the 

cured specimens at 49 C for 48 hours is an overestimate and 

curing at 41°C for 72 hours is closer to curing at 24°C for 

28 days. The strength of the cured soil-lime specimens always 

increases with increasing the curing period up to a maximum level 

and further increasing the curing period does not alter the 

strength. In addition to those influential factors, namely, 

percentage of lime, moisture content, curing period and curing 

temperature, mineralogy and soil properties also have a great 

effect on the strength of lime-stabilized soil. Thompson [43] 

studied the lime reactivity of Illinois soils. Lime reactivity
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has been defined as "ability of a soil to react with lime to 

achieve a strength increase" and can be evaluated from the 

difference between the compressive strength of the cured 

soil-lime specimens and the compressive strength of the natural 

soil. Owing to extreme variations in properties of soils, the 

following results are restricted to the selected Illinois soils:

(a) the soils of higher average montmorillonite + mixed-layer 

show more significant lime reactivity than the other 

groups;

(b) poorly-drained soils show higher lime reactivity than 

well-drained soils;

(c) all calcareous soils of unweathered parent materials are 

reactive;

(d) soils with pH greater than 7 may indicate good reactivity;

(e) cation exchange capacity and the presence of exchangeable 

cations (Ca, Mg, Na, K) are not significantly correlated 

with lime reactivity;

(f) soil's lime reactivity is not influenced significantly by 

such properties as plasticity index, liquid limit, clay 

content (<2 pm).

Further work by Moore and Jones [44] indicates that the lime 

reactivity of a soil does not appear to show any significant 

correlation with its surface area or with the extractable iron. 

However, other work suggests that the extractable silica is 

likely to have a positive effect. Ruff and Ho [42] studied the 

relationship between compressive strength and soluble silica and 

alumina in the system of soil-lime. They observed that an 

increase in the soluble silica and alumina in the soil is
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accompanied by a marked increase in the compressive strength of 

the cured soil-lime composite. Cabrera and Nwakanma [45] in 

their study of red tropical soil and lime found that the 

amorphous silica, alumina and possibly iron have a major 

influence on the reaction of red tropical soil with lime. 

Similar investigations were carried out by Queiroz de Carvalho 

[46]. He suggests that the reaction is related to the degree of 

crystallinity of the soil, the less crystalline the clay mineral, 

the greater the reaction. He also reported that the amorphous 

silica and alumina present in the soils play a significant part 

in the soil-lime reaction and that the behaviour of iron 

compounds in the soil-lime reaction is not fully understood. He 

reached the conclusion that there is no clear relationship 

between lime reactivity and clay particle size, compaction 

parameters, relative density, Atterberg limits and chemical 

elements. Harty and Thompson [47] reached the conclusion that 

there is not a single soil property to predict accurately the 

lime reactivity of soils and several soil properties must be 

taken into account. The absolute amount of silica or alumina 

involved in pozzolanic activity seems to be relatively small. 

The soil pH is generally found not to correlate with lime 

reactivity to any significant extent but may be a good indication 

for some soils, in other related work Takemoto and Uchikawa 

[48], in their extensive studies on the lime-pozzolana reaction, 

have shown that chemical composition, the amount of amorphous 

silica, the specific surface and the quantity of CaO of the 

material all show some correlation with the strength. Eades and 

Grim [49] studied the strength development of pure clays
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stabilized with lime. Their results show that the strength of 

kaolinite, illite, montmorillonite and some mixed-layer clays 

increases with increasing lime content, see Figure 3.3. 

Kaolinite shows higher strength for a given lime content (e.g. 

8%) than do illite and montmorillonite. Similar results also 

were found by Croft [50]. Lees et al. (30] studied the effect of 

the clay fraction on the strength of lime stabilized soils. The 

soils were synthesized from siliceous sand, kaolinite and a 

calcium montmorillonite and the proportion of clay in the mixture 

was 10-50%. Their results show the strength of 28 day cured 

specimens at 25°C containing kaolinite and 8% lime decreased as 

the proportion of kaolinite in the mixture was increased from 10 

to 50%. In contrast, the strength of cured specimens containing 

montmorillonite and 8% lime increased slightly when the 

proportion of montmorillonite was increased from 10 to 30%. 

According to their results, montmorillonite exhibits higher 

pozzolanic activity than kaolinite. Ambroise et al. [51] studied 

the effect of lime on the strength of calcined clays. Their 

results show that calcined pure kaolinite when reacted with lime 

for 28 days developed higher strength than do calcined 

montmorillonite and calcined illite.

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 and 

California Bearing Ratios (C.B.R.). Use of stabilized soil for 

road pavements (base, sub-base) requires evaluation of these 

parameters. Determination of direct tensile strength in cured 

soil-lime specimens is not a common practice. The main reason is
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that the tensile strength is relatively low, and very sensititive 

to the testing procedures, the adopted dimensions and shape of 

the specimens, and the presence of small flaws and inhomogenities 

in the specimens being tested. Compression tests are in general 

much less sensitive to these effects and therefore produce much 

more consistent results. For this reason strength evaluation in 

compression has been widely used for evaluation of stabilized 

material. Attempts have been made by workers to correlate the 

strength parameters of the cured soil-lime specimens. 

Undoubtedly, these parameters are interrelated; for example, 

increases in compressive strength are generally accompanied by 

increases in tensile strength, shear strength, C.B.R. and modulus 

of elasticity. It must be realized that the rate of increase in 

these parameters may not be the same and possibly some factors 

such as soil properties and mineralogy, the curing condition of 

the soil-lime specimens and the type of reaction are also 

influential and the results of a group of soils can not be a 

model for all soils. Thompson [52] and Brandl [24] in their 

studies of cured soil-lime specimens found that the tensile 

strength is about 0.10-0.15 of the compressive strength. Kennedy 

and Moore [53] reported a linear relationship between indirect 

tensile strength and unconfined compressive strength. The 

correlation was given as:

st- 3.61 + 16.5 o^ + 2.3 (C/100) -0.03 (C/100) 2 

where:

s, « predicted value of indirect tensile strength, psi 

a - measured value of unconfined compressive strength, ksi; and 

C - measured cohesiometer value, in g/in. of width 

corrected to a 3 in height.
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Shear strength and elastic properties of cured soil-lime 

specimens were studied by Thompson [52], Arman and Munfakh [13], 

Brandl [24] and Lees et al. [30]. All the results indicate that 

the cohesion C, follows a similar trend to that of compressive 

strength. The increase in the compressive strength is always 

accompanied by a corresponding increase in the cohesion C, and 

the internal friction angle <t>. Thompson [54] in his study of 

shear strength and elastic properties of lime-soil mixtures found 

the following relationships:

C (psi) = 9.3 + 0.292 qu (psi)

E (ksi) = 9.98 + 0.1235 qu (psi)

The cohesion, C, and modulus of elasticity, E, therefore, can be 

predicted from the compression test results. The first equation 

suggests that the cohesion, C, is around 30% of the compressive 

strength which is in some agreement with the results obtained by 

Brandl [24] and Lees et al. [30]. Hence, the cohesion, C, of a 

cured soil-lime specimen can be roughly estimated as 30% of its 

compressive strength.

The C.B.R. values of road materials are extensively used by 

road engineers and the minimum C.B.R. of materials is usually 

specified. The C.B.R. values of soil-lime specimens increase 

immediately up to about 10 times their original value and 

continue to increase at a relatively lower rate by a further 

increase in the lime content [2,17,20,21,26]. The increase in 

the curing time also increases the C.B.R. values.

To summarize the above literature relating to the strength 

development of lime-stabilized soils, the following major points 

should be noted:
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(1) To obtain maximum strength gain, the moisture content 

should be at (or slightly above) the level required to 

achieve maximum dry density.

(2) The pH quick test, the lime fixation method and volume 

change measurements which can be employed for the 

determination of the lime requirements for soil 

stabilization, indicate the amount of lime required for 

soil modification, rather than for strength development. A 

precise assessment of the quantity of lime required for 

strength increase can be obtained by evaluating the 

compressive strength of cured specimens with varying lime 

content.

(3) Delay time between mixing and compacting usually results in 

a decrease in strength and is mainly related to the degree 

of pozzolanic activity. In a reactive soil only a few 

hours are allowed whereas in a less reactive soil the delay 

time may be extended to a few days.

(4) The compressive strength of cured soil-lime specimens 

increases by increasing the lime content and the curing 

period. For a fixed curing period, the strength increases 

to a maximum with increasing lime content and then 

subsequently decreases. With a fixed lime content the 

strength increases with curing time until the ultimate 

strength is reached, beyond which no further changes 

occur. The rate of strength increase is dependent on soil 

reactivity and on curing temperature. Curing temperature 

has a dramatic effect on the strength development of 

lime-stabilized soil, and quite a small increase in
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temperature can result in very marked increases in the rate 

of strength development.

(5) Soil properties are the most important factor in soil-lime 

stabilization. There is not a single property which alone 

will indicate the degree of reactivity with lime, and 

several properties are normally required to give a 

satisfactory indication. With regard to the mineralogy of 

clays, there is not general agreement in the literature 

about lime reactivity of kaolinite and montmorillonite. 

Nevertheless, previous work tends to show that the 

kaolinitic soils exhibit a higher reactivity than the 

montmorillonitic soils, hence giving higher strength, and 

illitic soils show an even lower reactivity than the other 

clays. Poorly-drained soils generally show higher strength 

than the well-drained soils. The lime reactivity of a soil 

is greatly influenced by the extractable silica and 

extractable alumina present. The role of iron compounds is 

not yet clearly understood, but it seems that iron 

compounds retard the pozzolanic activity.

(6) In lime-stabilized soils not only does compressive strength 

increase but other mechanical properties such as tensile 

strength, shear strength and C.B.R. values also increase. 

The ratio of tensile strength to compressive strength is 

found to be about 0.10-0.15. Shear strength of soils is 

improved significantly by the addition of lime with both 

cohesion, C, and angle of internal friction, 4, , 

increasing. The cohesion, C, of the stablilized soil can 

be roughly estimated as 30% of the compressive strength.
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The C.B.R. values of soils are increased (up to 10 times 

their original values) when a small amount of lime is added and 

then continue to increase with increasing curing period and 

increasing curing temperature.
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3.3 DURABILITY.

The reaction between soil particles and lime and the formation 

and growth of cementitious products affect not only strength but 

also porosity and pore-size distribution which in turn affect 

permeability and frost resistance. Very little work appears to 

have been carried out on the effect of gel formation on porosity 

and pore size distribution in cured clay-lime systems. However, 

a considerable amount of such work has been carried out on other 

related cementitious systems which might be expected to behave in 

a similar manner.

3.3.1 PORE SIZE DISTRIBUTION.

Bye [55] reported a decrease in the cumulative pore volume in 

hardened cement paste and also a tendency to a smaller pore size 

as curing time increases. Similar results were reported by 

Bentur and Grinberg [56] in their investigation of pore-size 

distribution in cured cement-ash pastes. Takemoto and Uchikawa 

[48] in their studies of the pore structure of cement-pozzolana 

pastes found a decrease in the volume of capillary space and an 

increase in the gel pore space with increase in curing time. 

This suggests a gradual replacement of capillary pore space with 

fine gel pores owing to the formation of cementitious material. 

Odler and Robler [57] reached a similar conclusion, based on the 

results of an investigation of the total porosity and the pore 

size distribution in cement pastes of different w/c ratios, cured 

for various times at different temperatures. They found that as 

the curing period increases, the pore size population in the size 

range 100-lOOOnm decreases and this decrease is accompanied by an
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increase in the pore size population in the size range 10-100nm. 

This shift in the pore size population was also found to occur at 

an increasing rate with increasing temperature. They also found 

that the total porosity shows a marked decrease with increasing 

curing time. However, although total porosity also decreases as 

the curing temperature increases, at higher curing temperatures 

(>50 C) there is a marked increase in the total porosity. The 

effect of curing temperature on the porosity of cured cement 

pastes is also reported by Kumar and Roy [58]. They found (in 

agreement with Odlar and Robler) a slight increase in the 

porosity of a 28 day cured sample when the curing temperature was 

increased from 27°C to 60°C, whereas porosity decreased with 

an increase in curing time from 7 to 28 days. Traetteberg [59] 

was able to increase the total amount of gel formation in cement 

paste by adding silica dust. He found that by increasing 

pozzolanic activity in the paste in this way, the proportion of 

pores in the size range 5-50 nm increased significantly. 

Manmohan and Mehta [60] observed a similar effect with partial 

replacement of OPC by rice husk ash: the greater the ash content 

the greater the pore refinement. However, replacement of OPC by 

Pfa resulted in a coarsening of the structure and it was 

considered that in this case longer curing periods were required 

to achieve pore refinement. Jambor [61] found that increasing 

the volume of cementitious products in hardened pastes results in 

a decrease in average pore size and an increase in the strength. 

The highest strengths in the hardened pastes were found to be 

related to pores of average radius below 30nm, the smaller the 

average pore size, the higher the strength.
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Attempts have also been made by other workers to correlate the 

strength of hardened cement paste with its pore structure. 

Luping [62] and Kendall et al. [63] found that strength is not 

only related to the total porosity but is also strongly 

influenced by pore size and shape and by pore size distribution. 

It is, therefore, possible to produce specimens with identical 

total porosity but widely different values of strength, and also 

to produce specimens with the same strength but widely different 

values of total porosity. However, Takemoto and Uchikawa [48] 

found a linear relationship between the compressive strength and 

the total porosity of cured cement-pozzolana pastes and Robler 

and Odler [64] found a similar linear relationship for cement 

pastes of various w/c ratios cured for different times. 

According to Kendall et al. [63] this suggests that the size of 

the natural crack-like flaws present in their samples remained 

approximately constant with changing porosity.

In these studies on the pore characteristics of cured cement 

based materials the common hypotheses are:

1. A tendency for the proportion of larger pores 

(approximately r 100-lOOOnm) to decrease and the proportion 

of small pores (approximately l-100nm) to increase with an 

increase in the curing period and for this process to be 

accelerated by increasing the curing temperature.

2. A decrease in the total porosity as the curing period 

extends and an increase in the total porosity at temperatures 

in excess of 50°C. There is not, however,'general agreement 

in the literature concerning the relationship between the 

pore characteristics and strength. Nevertheless, it is clear

47



that strength is related not only to the total porosity but 

is also very strongly influenced by pore size and shape and 

by pore size distribution.

3. The pore sizes in cement gel range from about 1 to lOOnm 

with the peak in the pore size distribution occurring 

somewhere between 10 and 50nm.

3.3.2 PERMEABILITY.

At this stage it may also be expected that the permeability of 

cementitious-based materials will be strongly influenced by both 

porosity and pore size distribution. It must, however, be 

emphasised that only continuous pores which are accessible to 

liquids will make a contribution to permeability. Marsh et al. 

[65] in their study of the permeability of hardened cement pastes 

found that the permeability of the cement paste alone increases 

generally with curing time at 20°C, and much more rapidly with 

increasing temperature (up to 65 C). This observation does not 

appear to correlate with their pore size distribution data which 

show a refinement in pore structure with increased curing time 

and curing temperature (permeability values are in the region 

10-10 m/s). It is also in disagreement with the 

results of similar work by Nyame and Illston [66]. Strong 

correlation is, however, observed between permeability and pore 

size distribution when 30% of the cement paste is replaced by 

Pfa. In this case, permeability values decrease markedly with 

curing time, the rate increasing with increasing temperature and 

this is accompanied by an increasing refinement in the pore 

structure. The authors claim, however, that the refinement in
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the pore structure is not on its own sufficient to account for 

the dramatic decrease in permeability (10~ -10 m/s) and 

they, therefore, postulate a pore blockage mechanism resulting 

from the additional gel formed by reaction with the Pfa.

Attempts have been made by workers to correlate the 

permeability of the cemented material with pore volume and it is 

thought that permeability is largely related to pores of sizes 

above approximately 50 nm radius [67]. In general, it can be 

accepted that the flow is associated with the larger capillary 

pores and very small pores may not be permeated. Mehta et al. 

[68] and Goto et al. [69] claim that permeability is determined 

by the total pore volume of pores above a critical pore size, 

whereas Nyame and Illston claim that permeability depends on the 

primary continuous pore size which is the pore radius 

corresponding to the pressure at which a significant amount of 

mercury first intrudes into the pore space during mercury 

porosimetry measurements. Hughes [67] discusses the problems 

associated with the technique of mercury porosimetry and develops 

an equation (based on Poiseuille's formula) which contains a term 

to account for pore tortuosity and which also includes terms to 

account for the effect of both pore size and pore volume on 

permeability. This shows that permeability is proportional to:

I- v - r 2
^i pi i

where V . is the porosity which results from pores of radius 

r.. Therefore, if there is present in a material a wide range 

of pore sizes the small pores will make a negligible contribution 

to the flow, unless they account for very nearly the total



porosity of the sample. Thus, previous claims that permeability 

is determined by the total pore volume of pores above a critical 

pore size, or by the "primary continuous pore size" can both be 

accounted for by special cases of this particular relationship. 

All these studies clearly confirm that permeability is not only 

related to porosity but is greatly influenced by pore size, pore 

shape and pore size distribution.

The permeability of cement gel itself is clearly very small 

indeed and must be of the order of the minimum values of 

permeability obtained for a fully hydrated cement. Most workers 

obtain minimum values of the order of 10~ -10~ m/s which is 

the same as that reported by Bye [55] for C-S-H gel (~10 m/s).

As will be discussed in 4.1, the immediate reaction in moist 

soil-lime causes flocculation of fine particles, and at longer 

curing periods the formation and growth of cementitious materials 

gradually takes place between the particles and within the pores. 

Hence, the changes in permeability with curing time of soil-lime 

samples do not follow the same trends as those found for cured OPC

or OPC/Pfa pastes. Brandl [24] found that the permeability of a

 8  7 silty clay (PI = 12) increased from 4 x 10 to 3 x 10 cm/sec

by the addition of only 1 wt% lime. An increase in the 

permeability of a cohesive soil by lime was also reported by 

Yamanouchi et al. 170]. However, the permeability of cured 

soil-lime specimens tends to decrease by further increasing the 

lime content and also by increasing the curing period [24,71], 

El-Rawi et al. [72] in their study of the permeability of two 

stabilized clayey and granular soils with lime found an increase in 

the permeability of the clay-lime specimens owing to flocculation
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and a decrease in the permeability of the granular soil-lime owing 

to a reduction in voids ratio. They also found a decrease in the 

permeability of both soils as curing time was increased.

From the literature, the following conclusions may be drawn 

regarding the relationship between porosity and permeability in 

cementitious systems:

(1) Permeability is influenced by a number of different factors 

which include pore size, pore volume, pore isotropy and pore 

tortuosity.

(2) In cementitious systems the reduction in permeability 

results from the formation of cementitious gel which 

produces a change in pore size distribution towards much 

finer pore sizes as gel formation increases, and also a 

general reduction in total porosity.

(3) In such systems, where there is a wide distribution of pore 

sizes, the permeability is determined principally by the 

volume of the larger pores, the fine pores making a 

negligible contribution to the flow.

(4) The permeability of the gel itself is extremely small 

(~10~ -10~ m/s) as the gel pores are very fine ranging 

from 1-100 nm and typically peaking at between 10 and 50 nm.

(5) The addition of pozzolanic material (such as micro silica) 

to cement produces a dramatic reduction in permeability. 

This is thought to be the result of a pore blocking effect 

by the additional gel which is formed by reaction of the 

microsilica with calcium hydroxide.
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(6) In clay-lime systems permeability initially increases when 

lime is added, particularly for low concentrations of 

lime, but increase in curing time produces a fall in the 

permeability.

3.3.3 FROST RESISTANCE.

When the air temperature drops well below freezing point the 

frost action in some structures such as roads, airfields, etc., 

may cause serious damage. Therefore, investigation of the frost 

susceptibility of soils and road materials has been a matter of 

considerable interest to road engineers.

The frost heave which is a result of frost action may develop 

as a result of the following factors: (a) the availability of 

water, (b) permeability of the material. Frost resistance of the 

material can be studied by the following standard methods (1) 

cyclic freezing and thawing, (2) continuous freezing (heave). In 

the first method, the frost resistance is usually assessed by 

compressive strength tests for thawed specimens or other methods 

[73,74,75]. The compressive strength of the cured specimens 

tends to decrease by increasing the number of freeze-thaw cycles 

[32, 76-79], The loss of strength after freeze-thaw is 

attributed to heave, which develops during the freezing time, 

creates a tensile force and tends to disintegrate the particles. 

Hence, in both cyclic freeze-thaw and in continuous freezing 

heave plays a major role in determining the frost behaviour of 

soils or road materials. Croney and Jacobs [80] compared these 

two methods, and their results show that continuous freezing 

produces more realistic results. The heave of a frost-
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susceptible cohesive soil compacted to two different densities 

was investigated in a continuous freezing environment and also in 

a freeze-thaw environment. The heave against freezing time for 

the specimens in a continuous freezing environment showed a 

reasonable pattern and always a greater heave for the specimens 

of lower density, whereas, the heave developed in a cyclic 

freeze-thaw showed greater heave for the specimens of lower 

densities only up to 250 hours of testing as shown in Figure 

3.4. They also suggest that a maximum heave of 1/2 inch on 

compacted cylindrical specimens (4 inch diameter by 6 inch 

height) is acceptable for road materials. These specimens are 

subjected to a freezing environment at -17 C for 250 hours. 

The above method which is recommended by The Transport and Road 

Research Laboratory (TRRL 90) [80] has been widely recognized. 

Recently, this method was slightly modified and the freezing time 

reduced from 10 to 4 days [81]. Dempsey and Thompson [77] found 

that there is a linear relationship between length change and 

number of freeze-thaw cycles up to 12 cycles.

Although the exact mechanism of frost heave is not fully 

understood, a number of suggested mechanisms have been proposed 

[4,80,82]. When frost penetrates the material, a zero isotherm 

exists and below this level there is an unfrozen zone and above 

it a frozen zone. It is now clear that the frost heave in a 

porous material is not only a result of the expansion of pore 

water on freezing but is mainly a result of continuous migration 

of moisture from the unfrozen to the frozen zone [80]. Formation 

of ice lenses in the frozen zone is simultaneously accompanied by 

development of cavities immediately adjacent to the ice
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crystals. Hence, a negative pressure or suction in the frozen 

zone exists and causes a moisture migration upwards (from 

unfrozen to frozen zone) in order that equilibrium may be 

established (see Figure 3.5) [4]. This suction rapidly increases 

by decreasing the moisture content and a relationship between the 

suction and the temperature depression below 0°C exists as:

F = 4.095 + Iog10t [80]

This relationship is shown in Figure 3.6. Experimental work 

which was carried out by The Transport and Road Research 

Laboratory showed a linear temperature distribution with depth 

beneath a concrete pavement and in a freezing environment as 

shown in Figure 3.7 [80]. The relation between the soil suction 

and depth also shows a rapid increase in the suction just above 

the zero isotherm level. This suction gradient will tend to draw 

water from the unfrozen zone to form ice lenses and give rise to 

frost heave. The rate of the moisture migration from the 

unfrozen to the frozen zone is also dependent on the permeability 

of the unfrozen and frozen materials.

Townsend and Klym [83] found that the frost resistance of the 

cured soil-lime specimens is directly related to their tensile 

strength, although compressive strength may also indicate the 

frost resistance because of a general relationship between

tensile and compressive strength. Thompson [84] suggests that a

2 minimum compressive strength of 200 psi (1.4 N/mm ) is required

for the cured soil-lime specimens to restrict the heave at about 

2%. Brandl [24] found that the frost heave (7 days, -24°C) of 

a highly plastic clay (PI = 32.3) and a silty clay (PI = 15.5) 

increased with the addition of 1% lime but further increase in
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the lime content to 5% and also extending the curing period show 

a reduction in heave and, hence, an improvement in frost 

resistance. He also found that the compressive strength of the 

cured soil-lime specimens decreased after freeze-thaw and this 

effect is more pronounced in specimens cured for short periods, 

and also in less reactive soil.

Attempts have also been made to substitute the freeze-thaw 

durability tests by a more practical, economical and rapid test. 

Dempsey and Thompson [78] and Alien et al. [32] in their studies 

of frost resistance of cured soil-lime specimens found a linear 

relationship between compressive strength after vacuum saturation 

and the strength after the freeze-thaw cycles. They suggest that 

the vacuum saturation method is an alternative to evaluate the 

freeze-thaw durability.

During the heave process, the soil particles are displaced from 

their original positions and the structure of the material is 

modified, although the manner in which the structure is altered 

has not been fully explained. It is clear that porosity and mean 

pore radii increase [85] and clearly the particles will not 

reoccupy exactly their original positions when thawing is 

complete. Bernard et al. [86] found a reorientation of soil 

particles after thawing. They observed, surprisingly, an 

increase in the shear strength of the thawed specimens and they 

assumed that this increase is attributed to reorientation of the 

soil particles during the freeze-thaw process. 

From the literature it may be concluded that:
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(1) The frost heave in a porous material such as soil is 

mainly a result of continuous migration of moisture from 

the unfrozen to the frozen zone and the expansion of pore 

water on freezing has a minor effect. Therefore, 

permeability of the material is principally responsible 

for controlling heave.

(2) increasing the frost heave or the number of freeze-thaw 

cycles in a cured soil-lime composite is accompanied by a 

decrease in compressive strength after thaw. The greater 

the heave and the number of freeze-thaw cycles, the lower 

the compressive strength.

(3) Frost resistance of the cured soil-lime samples is 

directly related to their tensile strength, although

compressive strength also indicates the frost resistance.

2 A minimum compressive strength of 1.4 N/mm of these

samples is required to restrict the heave at about 2%.

(4) A small addition of lime (1%) to the soil, particularly in 

a short curing period, produces greater heave in a frost 

condition than the untreated soil. Further lime addition 

and longer curing periods are needed to restrict the frost 

heave.

56



CHAPTER FOUR 

POZZQLANIC ACTIVITY

The reactions of minerals with hydra ted lime in a moist 

environment and at ordinary temperature are known as pozzolanic 

reactions.

4.1 PAY-LIME REACTION.

The reaction of lime with clays is complex and not yet clearly 

understood. Extensive research in this field [22,31,49,50,87,88] 

indicates that by adding lime to wet clay an initial rapid 

reaction occurs within minutes or hours, and if sufficient lime 

is present in the mixture a slow reaction takes places over a 

long period, e.g. weeks, months or years. The initial rapid 

reaction produces particle agglomerates or floes and has a 

negligible effect on the compressive strength. The reaction 

generally produces an improvement in the plasticity 

characteristics of the clay, an increase in the required moisture 

content for maximum compaction, volume stability on drying and an 

increase in C.B.R. values [88]. In the long term, a series of 

chemical reactions between lime and the clay components takes 

place to form cementitious materials; the particles interlock and 

this leads to strength development in the composite. During this 

period, the formation of calcium carbonate is possible owing to 

partial carbonation of lime and this reduces the pozzolanic 

action and, therefore, the strength gains [2].
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There are several different hypotheses to explain the initial 

rapid reaction in clay-lime systems. These include surface 

adsorption, pH dependent cation exchange, and diffuse 

cementation. Before discussing these hypotheses, the ion 

exchange behaviour of clay minerals should be considered. Cation 

attraction by clay particles results from the unsaturated 

negative ions in the surface layers. A basal plane of a layered 

clay is theoretically in electrical balance, but the surface ions 

must be polarised because they are not fully screened. These 

surfaces consist mainly of the large negative ions of oxygen and 

hydroxyl units. Also, broken bonds around the edges of 

silica-alumina units and along cleavage planes produce 

unsatisfied charges which can be balanced by adsorbed cations.

In addition, substitution within the lattice structure (for 

example, aluminium for silicon in the tetrahedral sheet and 

magnesium for aluminium in the octahedral sheet) results in

charge deficiency which can be balanced either by other lattice
  2  

changes (for example, OH for O , or filling more than

two-thirds of the octahedral units) or frequently by adsorption 

of positive cations. As a consequence of these different 

factors, clay particles have negatively charged surfaces and when 

suspended in water attract positively charged cations. Thus, 

water in the immediate region of the particles will be rich in 

positively charged ions which counter-balance the negative 

charge at the surface. The counter ions are dispersed within a 

layer, with the cation concentration reducing exponentially with 

increasing distance from the surface until charge balance is 

reached within the liquid. This structured unit is termed the
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diffuse electrical double layer. The trend in the ability of 

different cations to be adsorbed is predicted by the series 

below:

H+>Al3+>Ba2"l">Ca2+>Mg2+>K+>Na+>Li+

Other than hydrogen the tendency for adsorption increases with 

increasing charge. This suggests that in general Ca + will 

more easily replace K+ and particularly Na+ which is adsorbed 

on clay particles. Most cations, because they are larger and 

more readily hydrated than hydrogen ions, possess a substantial 

hydration shell around them. Therefore, on cation substitution 

of hydrogen the thickness of the double layer increases, leading 

to dispersion and deflocculation. Increasing the concentration 

of the cations further leads to a compression of the double layer 

and at high concentrations coagulation occurs, the clay particles 

collecting into large floes with a large sedimentation volume.

The tendency for deflocculation to occur is greatest for 

monovalent cations of small size. As the valency of the cation 

increases, the number which can be attracted to the adsorbing 

surface will be reduced and, subsequently, there will be a 

smaller increase in the thickness of the double layer. Thus, the 

concentration required to produce coagulation and flocculation is 

reduced. It is suggested [6] that the cation exchange capacity 

in the clay minerals is largely related to the degree of 

substitution of ions in the octahedral sheet. The hydrogen of 

the exposed hydroxyls may itself be replaced by an exchangeable 

cation, although this substitution is mainly applicable to 

kaolinite and halloysite because of the exposure of the hydroxyl 

sheet on one side of the layer as previously shown in Figure 2.3.
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By the addition of calcium hydroxide to clay soils, both Ca 

and OH ions in the system increase and a sharp increase in the 

pH value results. Because of the negative charge on the clay 

particles, they attract calcium ions to balance the charge 

deficiency. The H* together with the presence of Na+ on clay 

particle surfaces creates a hydrophilic condition which is highly 

undesirable in civil engineering work and replacement of these 

ions by the calcium from lime causes an immediate reduction in 

hydrophilic properties. The addition of lime results in a 

decrease in the plasticity index and a marked improvement in 

workability owing to flocculation of the colloidal particles 

[2]. Croft [50] suggested that the rapid reaction and 

amelioration of soil treated with lime is largely related to the 

quantity of soluble silica and alumina present in the clay. The 

clay particles are rapidly surrounded by an amorphous product and 

a cementitious phase forms at the contact points. The slight 

strength development at an early stage is attributed to this 

reaction and not to base exchange phenomena. Eades and Grim [49] 

and Hilt and Davidson [22], however, support the theory that 

cation exchange processes do produce the initial rapid 

amelioration of the soil. On the other hand, Diamond and Kinter 

[88] suggest that surface adsorption of lime is a major factor in 

effecting the initial rapid changes. These authors claim that 

Ca(OH)~ is very rapidly physically adsorbed onto the clay 

particle surfaces in the early stages (initially this adsorption 

is reversible). The amount of Ca(OH) 2 immediately adsorbed (~3 

wt%) is roughly equivalent to a monolayer of Ca(OH)2 on the 

clay and corresponds approximately to the lime fixation point.

60



Flocculation of the clay particles then results. This is 

normally considered as being due to modification of the 

electrical double layer with increasing concentration of cations 

in solution, resulting in the close approach of particles, and 

thus allowing the weak attractive forces to take over. However, 

a subsequent reduction in electrolyte concentration does not 

produce deflocculation and dispersal of the system, and the 

floes, in fact, become more pronounced and more stable.

This is explained as being due to the formation of small 

amounts of calcium aluminate and calcium silicate hydrates at 

particle contacts within the floes. At this stage there is 

insufficient bonding between the floes themselves to give 

measurable strength increase in the overall clay mass. Brandl 

[24] has a similar opinion and suggests that coagulation and 

flocculation at an early stage are not solely a result of ion 

exchange processes as Eades and Grim [49] suggest. Stocker [89] 

suggests a diffusion process in which lime migrates into lumpy 

clay and causes an amelioration and pulverization. If a 

sufficient amount of lime is present in the system, the lime's 

mobility may lead to "diffuse cementation" which is a 

cementation process within the macro-volume of soil particles. 

These processes which result in the stabilization of a mass of 

clay have been recognized and have a practical application 

[90-94]. For example, injection of lime slurries into a clay 

mass to produce a deep lime stabilization is based on diffusion 

via solution. The rapid reaction of soil- lime-water led Eades 

and Grim [31] to establish the pH quick test in order to 

determine the amount of lime required for stabilization.
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Alternatively, Hilt and Davidson [22] suggested the "lime 

fixation" method which is the amount of lime required to bring 

the plastic limit to its maximum level. Additional lime beyond 

this level is required to produce a strength increase (see 

section 3.2.2). The changes in particle packing in going from a 

dispersed to a flocculated system have been discussed (for 

lime-silica) by Ottewill [95]. Figure 4.1 illustrates four 

different stages. These are: (a) stable dispersion in which the 

particles are close-packed, although a fluid layer separates the 

particles, (b) coagulation when the particles are in contact, (c) 

heterocoagulation whereby positively charged particles attract 

and link negatively charged particles, and finally, (d) 

flocculation where the particles are linked by the "C-S-H 

polymers" which form a bridging mechanism.

Following the initial rapid reaction in a clay-lime system and 

when excess lime is present, continued chemical reaction with 

lime occurs slowly. The clay constituents, mainly silica and 

alumina and possibly other cations, are involved in this 

reaction. As a result, there is the development and growth of 

the cementitious material within and between the clay particles. 

Thus strength increases, and a durable material is obtained. The 

reaction and the mechanism are complex. Two mechanisms are 

recognised which are: (a) a through solution mechanism and (b) a 

solid-state reaction mechanism. In the former it is thought that 

in high pH solutions, where the solubilities of silica and 

alumina are increased and that of calcium decreased (see Figure 

4.2) [95] , silicate and aluminate ions leave the clay particles 

and enter the lime saturated solution. At a critical
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concentration, precipitation of calcium silicate and aluminate 

hydrate phases occurs [46,50,96,97]. The latter solid state 

reaction involves the diffusion of calcium ions onto the active 

clay particle surfaces and into the clay layers where they react 

and combine with silicate and aluminate species to produce 

calcium silicate and aluminate hydrates.

Diamond and Kinter [88] claim that the continued slow 

adsorption of lime on the clay particle surfaces reflects the 

slow reaction of the clay particles. They suggest that the 

reaction products spall off the clay particle surfaces liberating 

fresh surfaces for further adsorption and reaction. They also 

suggest that at more prolonged periods slow restricted entry of 

lime into the interlayer spaces of the clay may also occur. The 

reaction products in a soil-lime system clearly consist of 

hydrated silicates and aluminates of calcium but the particular 

phases which form and the actual compositions of these phases in 

different soil-lime systems is often not well substantiated and 

frequently leads to conflicting reports. There are three major 

categories of compounds which form. 

These are:

(a) Calcium-silicate hydrates C-S-H

(b) Calcium-aluminate hydrates C-A-H

(c) Calcium-silicate-aluminate hydrates C-A-S-H

In addition, these are often accompanied by the formation of

some calcium carbonate.

Attempts to identify the reaction products formed during

clay-lime reaction have relied mainly on the use of X-ray
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diffraction methods which assume that the reaction products are 

crystalline. Early workers detected additional diffraction peaks 

only from calcium carbonate [98] but Eades and Grim [49] detected 

three or four very weak additional reflections which they 

generally attributed to a calcium silicate hydrate phase. They 

studied the reaction between lime and pure clay minerals. The 

samples were cured for up to two months at 60°C and contained 

up to 20 wt% lime. X-ray diffraction of lime treated kaolinite 

showed diffraction peaks at 0.509, 0.304, 0.280 and 0.180 nm. 

With the exception of the 0.509 diffraction peak which was not 

characterized, the other diffraction peaks were attributed to the 

formation of calcium-silicate hydrate. DTA of this sample showed 

a new endothermic peak between 300 and 400 C which was assumed 

to correlate with the hydrated calcium silicate found by X-ray 

diffraction. A weak endothermic peak between 700 and 800°C 

probably due to decomposition of CaCO, was also observed. The 

reaction products of cured illite, montmorillonite and a mixed 

layer (chlorite, illite and montmorillonite) clay with lime did 

not give any additional X-ray reflections and were therefore 

presumed to be poorly crystalline calcium silicate hydrate gel. 

DTA of the montmorillonite sample with 20 wt% lime cured for only 

72 hours at 60°C showed the structure of the mineral to be 

almost completely destroyed. A broad endothermic peak below 

300°C, a very small endotherm between 400-500°C and a sharp 

endotherm at 680°C followed by a very small endotherm between 

700 and 800°C were observed. These characteristics were not 

explained by the authors. They concluded that the reaction of 

lime with two layer clay minerals (e.g. kaolinite) is different
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from that with three layer clay minerals (e.g. illite, 

montmorillonite). Their X-ray results showed that the basal 

reflections of the lime treated kaolinite sample are not changed 

in sharpness whereas the results of cured montmorillite and cured 

illite samples showed substantial breakdown of the 

montmorillonite structure and a gradual destruction of the illite 

lattice. They concluded that in a lime treated kaolinite sample, 

the reaction takes place mainly around the edges of the kaolinite 

particles, whereas the reaction of three layer clay minerals 

begins by replacement of cations between the silicate sheets with 

Ca + . Eades et al. [99] also in their study of reaction 

products of lime stabilized soil, found calcium silicate hydrate 

and calcium carbonate (using X-ray diffraction). Microscopic 

examination (optical) of the cured samples showed formation of 

cementitious material around the larger particles such as quartz, 

feldspar, mica, etc. Diamond et al. [87] studied the reaction of 

clay minerals and lime under different conditions. The X-ray 

diffraction of kaolinite-lime reacted at 60°C for 55 days 

showed new diffraction peaks at 0.304, 0.278 and 0.179 nm which 

they attributed to C-S-H phase and at 0.512, 0.311 (and increased 

intensity of diffraction at 0.228 nm) which they attributed to 

C~AHfi . DTA of the cured kaolinite-lime sample showed, in 

addition to the main endotherm at 580°C corresponding to 

residual kaolinite, an endotherm at 200°C identified as due to 

dehydration of the calcium silicate hydrate phase and a 370°C 

endotherm attributed to the C3AHg phase. In the 

montmorillonite-lime samples cured under the same conditions, 

poorly crystallized C-S-H was again identified from peaks at
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0.306 and 0.274 nm but there was no evidence of formation of any 

Also DTA of the montmorillonite-20 wt% lime sample

cured at 60°C for 55 days, unusually, did not produce 

pronounced endothermic peaks. The reaction products from both 

these clay minerals reacted at 45°C for 60 days (in high lime 

concentration slurries) were identified as C-S-H gel and a 

hexagonal calcium aluminate hydrate with a basal spacing of 

0.76nm attributed to C.AH13 . The same reaction products were 

also observed when using illite, mica and pyrophyllite as the 

clay mineral component. C-S-H gel and C.AH,., were also 

produced when a kaolinite-lime composition was cured at 23°C 

and in this case DTA work showed no endotherm between 350 and 

390°C, confirming the absence of C3AH6' ^"^ reacti°n 

products showed evidence of dehydration endotherms in the region 

150-250°C which are mainly attributable to the loss of gel 

water from the C-S-H. The authors agree with Eades and Grim [49] 

that lime attacks kaolinite particles at their edges but that a 

certain amount of exfoliation also occurs. They disagree, 

however, that calcium ions penetrate the interlayer positions of 

the three layer (2:1) clays and they also disagree that the whole 

clay structure deteriorates without formation of substantial new 

crystalline phases. They confirm that new crystalline phases are 

produced and maintain that the residual unreacted clay component 

retains its crystallinity. They propose that decomposition of 

three layer clays occurs by attack at the particle edges by the 

lime, and that the hydrates are formed by a solution 

precipitation mechanism. Croft [50] in a similar study of the 

reaction between lime and clay minerals cured at 35-40°C for up
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to 8 weeks made observations closely resembling those of Diamond 

et al., but with some differences both in the range of phases 

observed and in the interpretation of the observed results. In 

the reaction of lime with kaolinite at 40°C Croft observed, in 

addition to C-S-H gel (0.307 and 0.28 nm), two alumina containing 

hydrates. These were a hexagonal calcium aluminate hydrate 

(0.785 nm) identified as C^AH.,, together with hydrogarnet 

(0.51 nm) C3ftSnH6_2n .

Reaction with montmorillonite produced C-S-H gel (0.306 nm and 

0.278 nm) together with partially dehydrated C.AH13 (0.785 

nm) and carbonate substituted C.AH.., (0.755 nm). Also, the 

diffraction peak of the (001) basal spacing of the residual 

montmorillonite showed a marked broadening and loss of 

intensity. Reaction with illite produced no calcium aluminate 

hydrates at all, only C-S-H gel, even after 8 weeks reaction. In 

this case the (001) basal reflection (0.98 nm) showed broadening 

and splitting, suggesting the formation of a random mixed layer 

structure. All reacted samples displayed a broad low temperature 

endotherm in the temperature region 150-250°C which was 

attributed to loss of molecular water from both C-S-H and 

C.AH..-,. Only the kaolinite reaction products displayed a 

strong endothermic reaction at about 350 C which was assigned 

to dehydration of hydrogarnet. Transmission electron micrographs 

of the kaolinite reaction product showed cubes and dodecahedra of 

hydrogarnet, hexagonal plates of C4AH13 , and also fibrous 

intergrowths, corrugated flakes, and furled tubes of C-S-H gel. 

The montmorillonite was considered to be the most reactive clay, 

the kaolinite slightly less reactive and the illite much less
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so. The high reactivity of montmorillonite was attributed to the 

rapid breakdown of the lattice. It was considered that the 

exposed octahedral layers in kaolinite readily react releasing 

high concentrations of soluble alumina, whereas the tightness of 

the mica structure precludes removal of alumina from the 

octahedral sheet in illite, any small amount released probably 

being incorporated in the C-S-H gel. The author claims that base 

exchange phenomena play no significant role in lime stabilization 

and that lime stabilization is mainly a result of the formation 

of crystalline reaction products. In addition to the phases 

mentioned above, Croft also reports the formation of Stratling's 

compound C~ASHR (0.62 nm), for kaolinite-lime compacts of low 

lime content, although the evidence for the presence of this 

phase is not well substantiated. Formation of Stratling's 

compound (C2ASHx ) together with C-S-H and probably C4AH13 

was also observed by Moh [100] in kaolinite-lime samples cured up 

to 64 days at ordinary temperatures. DTA of reacted products 

showed an endotherm at about 210°C which the author claims is 

due to dehydration of both C.AH,, and Stratling's compound. 

This peak increased in size with increasing curing time. Jambor 

[101] in a study (using X-ray diffraction) of the reaction 

products in a composite of lime-burnt kaolinite cured for 400 

days at 20°C, also claimed the formation of Stratling's 

compound, in addition to C-S-H-I. DTA of the cured sample 

showed an endothermic peak at about 140-170°C which was 

attributed to dehydration of the newly formed phases. Sloane 

[102] studied the early reaction product of kaolinite-lime 

samples (formed in solution) using electron microscopy and the
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reaction product was identified (by electron diffraction) as 

calcium-silicate-aluminate hydrate C2AS3H (Prehnite). After 

2 days tiny particles nucleated at kaolinite particle edges 

because of the favourable energy state produced by the broken 

bonds. These were found to grow epitaxially on the kaolinite 

(001) surface. There were also present a number of 

non-diffracting particles having the characteristic morphology of 

kaolinite particles. These particles, termed "silicate relics", 

were considered to be the remains of reacted or partly reacted 

kaolinite crystals. Ruff and Ho [42] reported the formation of 

both calcium aluminate hydrate and calcium silicate hydrate in 

the reaction products of lime-bentonite-water mixtures.

Using X-ray diffraction of a 56 day, 40°C cured sample they 

observed formation of C4AH together with C-S-H. They also 

suggested that in a clay-lime system the particular phases formed 

depends on both the curing time and curing temperature. In a 

similar study of cured lime-bentonite samples Ormsby and Kinter 

[103] found only formation of C-S-H gel by X-ray diffraction. 

Willoughby et al. [104] also reported only formation of C-S-H in 

a cured montmorillonite-lime sample. In the kaolinite-lime 

sample, they identified either hillebrandite (C-SH) or more 

probably a calcium aluminate hydrate phase. Le Roux [23] studied 

the reaction of lime with clay minerals including kaolinite, 

montmorillonite and a clay containing mixed layers of kaolinite 

and illite. From X-ray diffraction and electron microscopy 

studies, the formation of a large number of new phases was 

suggested, although identification of some phases was based on 

very limited data. The results of his X-ray study are presented 

in the following Table.
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Clay 
samples

mixed 
layer

kao- 
linite

mont- 
mori- 
llonite

Clay minerals
kaolinite 

%

30-35

95-100

0

montmori- 
llonite %

0*

0

>90

illite 
%

5-10

0

0

length of 
treatment 

days

90

150

150

% of 
lime

7

20

20

Formation of new 
phases

CSH, C-SH-,, C^AH,- 
C4AH13? cXf, 
CaC03

CSH, C-SH-, C,AHfi 
C4AH12' C*C03

CSH, C2SH2 , C^g 
CAM*11' C4AH12
CaCOj

* The remainder consists of non-clay minerals.

Vail and De Wett [105] reported the formation of hydrogarnet 

(C^AS H6_2 ) as well as C-S-H and an unidentified C-A-H 

phase in long term (up to 1024 days) reacted kaolinite -lime 

samples treated at 30 and 55°C. Lees et al. [106] in their 

study of the reaction of clay minerals with lime using X-ray 

diffraction analysis claimed that the following reactions occur: 

kaolinite-lime -> hydrogarnet (C3AnHg_2n ) + C4AH13 + C-S-HI 

montmorillonite-lime -> C-S-HI + C4AH13 (or CA HIO )

It is apparent from the literature that the manner in which 

lime interacts with clays is very complex and not fully 

understood, and that the products of the reactions which occur 

are not fully characterised. The following conclusions may, 

however, be drawn on the basis of the available data.
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(i) Immediately lime is added to clay in the presence of

moisture cation exchange occurs, and some evidence

suggests that a layer of calcium hydroxide is deposited

on the surfaces of the clay particles.

(ii) This modifies the electrical double layer and results

in coagulation and flocculation.

(iii) Chemical reaction at the surfaces and particularly at 

the edges of the clay particles produces stable floes 

by formation of small amounts of cementitious reaction 

product at particle contact points.

(iv) The slow continuous reaction results, over long curing

periods, in the formation, development and growth of

cementitious reaction products between particles.

(v) The actual reaction products formed vary depending upon

the type of clay, the temperature, the lime content and

length of curing. For the clays studied in the present

work the following principal points are relevant:-

(a) The Kaolinite-lime reaction produces at high

temperatures (>~50°C) C-S-H gel together with

hydrogarnet. The C-S-H gel is characterised by

X-ray diffraction peaks in the regions 0.304, 0.278

and 0.179 nm and an endotherm in the region

150-200°C due to loss of molecular water. The

hydrogarnet C3ASnH6-2n is characterised by

X-ray diffraction peaks in the regions 0.51, 0.31,

0.28, 0.23 nm and an endotherm in the region

350-400°C due to dehydroxylation. Because of
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the variability in composition of the hydrogarnet, the 

positions of the X-ray diffraction lines show some 

variability.

At low temperatures (<50°C) C-S-H gel is formed 

together with C4AHi3 which may be partially 

hydrated (0.785 nm) or carbonate substituted (0,755 

ran). Loss of water is characterised by dehydration 

endotherms at around 200°C for the latter compounds. 

Also at low temperatures and low lime contents, there 

is some evidence of formation of Stratling's compound 

C2ASH8 .

(b) The montmorillonite-lime reaction produces at high 

temperature (>~50°C) C-S-H gel; at low temperature 

«50°C), in addition to C-S-H gel, formation of 

C/.AH1 -, is also evident. X-ray diffraction of 

lime-treated montmorillonite samples, unlike the 

treated kaolinite samples, shows a marked broadening 

and a loss of intensity in the basal spacing. This 

suggests a substantial breakdown of the layers in the 

montmorillonite structure. DTA investigations show a 

broad endothermic band below 300°C corresponding to 

dehydration of C-S-H gel and C^AH^.

(c) The illite-lime reaction produces C-S-H gel at both 

high and low temperatures without, in general, strong 

evidence of the formation of any other phases. 

However, formation of a compound resembling C4AH13 

(0.76 nm) in addition to C-S-H gel in a lime-reacted 

illite at 45°C has been reported. Modification and
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breakdown of the illite lattice is also evident 

from the X-ray diffraction of lime-treated 

illite. DTA investigations show a broad

endothermic peak at about 150-250°C 

corresponding to dehdyration of C-S-H gel. It can

be seen that, with the exception of C-S-H phase 

which is common to all reaction products, positive 

evidence for the formation of some of the other 

phases reported is somewhat speculative. This is, 

however, not surprising because, as discussed 

earlier, the phases which are formed are very 

poorly crystalline. Therefore, X-ray diffraction 

has severe limitations in positively 

characterizing such phases. X-ray diffraction of 

C-S-H phase usually shows weak broad diffraction 

bands in the region at 0.26-0.31 nm and at about 

0.18 nm. Some of the other phases are often 

characterized by only one weak diffraction band, 

e.g. at about 0.8 nm for C^AH.., and at about 

0.51 for C3AHg and hydrogarnet. Differential 

thermal analyses of these composites always show a 

broad endothermic peak below 300 C corresponding 

to dehydration of the C-S-H gel formed in the 

system, and sometimes an endothermic peak between 

300 and 400°C which is attributed to dehydration 

of a phase containing relatively high aluminium, 

i.e. hydrogarnet or
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(vi) The cementitious reaction product C-S-H gel is formed by 

one of two suggested mechanisms, which are:-

(a) a solution precipitation mechanism whereby lime 

and siliceous material are slowly taken into 

solution and reprecipitated as fine fibrous and 

foil-like calcium silicate hydrate gel, as occurs 

in cement hydration and lime-silica reactions, 

or/and

(b) a general breakdown of the clay particles due to 

chemical attack by the lime, whereby calcium ions 

initially adsorbed on the clay particles' surface 

enter the clay structure by cation exchange. This 

process of substitution continues slowly with 

time, gradually breaking apart the structural 

layers of the clay, until there remain fine foils 

and filaments of calcium silicate hydrate gel. 

There appears to be some evidence for the 

occurrence of both these processes in lime-clay 

reactions.

The factor which appears to be common to all clay-lime-water 

systems is the formation of calcium silicate hydrate gel and it 

is this product which principally contributes to the strength 

increase, although the formation of, in some cases, calcium 

aluminate hydrates may also influence the strength development. 

There has, however, been very little investigation of the nature, 

composition and microstructure of the gels formed in 

clay-lime-water systems, although extensive studies have been 

carried out on gels formed in hydrated cement systems.
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4.2 THE NATURE OF CRLCIUM SILICATE HYDRRTE GEL (C-S-H GEL).

Calcium silicate hydrate gel or tobermorite gel, in addition to 

being formed in soil-lime systems, is also the most important 

constituent of hardened cement based materials such as Portland 

cement pastes or silica-lime composites. Most of the engineering 

properties of these composites are related to C-S-H gel formation 

and Brunauer's [107] explanation that the C-S-H gel is the heart 

of concrete is not exaggerated.

The C-S-H gel is almost amorphous or very poorly crystalline. 

Therefore, X-ray diffraction is a poor tool in characterizing the 

product. In conjunction with X-ray diffraction other techniques 

also need to be employed [102,108]. As already stated, X-ray 

diffraction of C-S-H gel generally shows a broad diffraction band 

in the region 0.26-0.31 nm and at around 0.18 nm, and no basal 

spacing is observed [109,110]. For cement cured at normal 

temperatures, the degree of crystallinity does not change even 

after several decades [108,111], although the degree of 

polymerisation within the gel does tend to increase with time 

[108]. The composition of C-S-H gel formed during cement 

hydration varies over quite a wide range and, therefore, the gel 

does not have a unique composition. Feldman and Ramachandran 

[112] give an estimated composition for C-S-H equilibrated to 11% 

RH as 3.28CaO:2Si02 :3.92H20. However, reported values of 

Ca/Si ratio (see Table 4.1) vary over the range 1.2-2.3 for gel 

produced in hydrated cement.
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TABLE 4.1 

From hydration of Portland Cement or CUS Ca/Si

Locher

Grutzech and Roy

Copeland and Kantro

Taylor

Stuck and Majumdar

Diamond

Goto et al.

Dent Glasser et al.

Odler and Dorr

Stewart and Bailey

Le Sueur et al.

Groves et al.

Mohan and Taylor

From lime-silica-water mixes

Card et al. 

Brunauer 

Traetteberg 

Sellevold et al. 

Wu and Young

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[111] <P-C2S) 

s

[125]

[107]

[ 59]

[126]

[127]

1.4-1.9

1.5-1.9

1.3-2.3

1.9

1.5-2.3

1.8-2.0

1.8-2.0

1.6

1.99

1.5-1.6

1.7

1.66-1.93

1.21-1.96

0.81-1.36

0.8-1.5

1.1

1.3

1.1-1.4
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in addition to the variation in Ca/Si ratio, the water content 

of the gel also varies. Odler and Dorr [121] in their study of 

the hydration of C,S found a linear relationship between the 

combined water in the gel and the degree of hydration. Their 

results show that the H-O/Ca ratio is dependent on the Ca/Si 

ratio. The H-0 ratio was found to be 0.82 and 0.86 when

in the C-S-H gel was determined by chemical extraction 

and by thermogravimetry, respectively. El-Hemaly et al. [128] 

and Brunauer [107] also reported that an increase in the Ca/Si 

ratio is accompanied by an increase in the H20/Si ratio. 

Taylor and Roy [108] suggested that the water content of the 

C-S-H phase partly comprises water molecules and partly hydroxyl 

ions and the respective amounts are not known. Because of the 

uncertainty of the combined water in the C-S-H, using this factor 

to measure the degree of reaction is not very reliable 

[108,129]. In a fully reacted and D-dried C-S-H sample the 

H-O/Ca is about 0.7. Daimon et el. [130] in their study of 

C-S-H found the H20/Si02 ratio to be 0.65-0.73. In 

lime-silica-water systems C-S-H gels of even lower Ca/Si ratios 

are reported (Table 4.1). Here also the general trend is 

observed [107,127,128] that as the Ca/Si ratio decreases not only 

does the H-O/Ca ratio decrease but the degree of polymerisation 

(and hence connectivity) of the silicate anion polyhedra 

increases. Understanding the nature of the silicate anions 

provides additional information about the C-S-H gel structure. 

The general technique employed is that of trimethylsilylation 

(TMS) and high performance liquid chroma tography (HPLC) [see 

108,109,120,128,129,131,132,133].
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Work by Mohan and Taylor [134] shows that in hydrated CUS 

pastes initially monomer units predominate and then dimer 

(Si_O7 ) and at very extended curing times polymer units 

containing up to 12 silicon atoms are the major anion species. 

Curing temperature as well as curing time is also found to 

increase the extent of polymerisation.

Currell et al. [129] in their study of hydration of Portland 

cement using the TMS technique concluded that at the initial 

stage of hydration the SiO, structural unit may be a chain 

up to 4 units long to form Si,0,, ~. Further hydration 

results in rings and cross linked silicate units and finally 

three dimensional silicate units are formed.

The morphology of C-S-H gel which has been studied by a number 

of investigators using SEM or TEM [36,110,124,125,131,135-138] 

can also give some indication of the internal structure of the 

gel. The C-S-H gel has a variable morphology and may consist of 

fibres or crumpled foils. Sometimes the fibres show a hollow 

tubular structure. In hydrated cement, the C-S-H gel tends to 

grow as foils and these foils begin to crumple as curing time 

increases and after a long period the foil morphology cannot be 

detected. Kalousek and Prebus [138] suggested the morphology of 

C-S-H is dependent on the Ca/Si ratio of the gel, whereas Groves 

et al. [124] in their study of the microanalysis of C3S paste 

found that C-S-H gel morphology is not related to the Ca/Si 

ratio.

The structure of C-S-H gel is clearly complex and the problem 

of elucidating the structure is further compounded by the fact 

that the gel is made up of ultra-fine particles formed in
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association with other phases such as Ca(OH) 2 . Hence, the use 

of analytical techniques is limited in characterizing such a very 

poorly crystalline structure [136]. The C-S-H gel formed in the 

hardened Portland cement pastes is usually mixed with Ca(OH)- 

which has a layered structure, and Birchall et al. [139] have 

suggested that the precipitation of C-S-H is dependent upon the 

formation of a Ca(OH) 2 lattice. "Thus it may be that the 

precipitation of C-S-H when silicate and Ca(OH) 2 solution are 

mixed is by deposition of silica on a preformed Ca(OH) 2 

lattice." Because of the few diffuse reflections and also the 

absence of the basal spacing in the X-ray diffraction pattern it 

is not possible to characterize fully the C-S-H gel structure 

from its X-ray pattern alone [109,131]. However, from the 

additional information on its characteristic morphology, its 

composition, and the degree of polymerisation of silicate anion 

tetrahedra within the structure, attempts have been made by some 

workers to hypothesize a structure for C-S-H gel on the basis of 

the known structure of Ca(OH) 2 . It is generally agreed that 

C-S-H gel has a layer structure consisting of a calcium layer in 

the centre and chains of silicate on both sides [107,108,131]. 

The structure of Ca(OH)- is illustrated in Figure 4.3 and it 

can be seen that the most prominent repeat distances in the Ca-0 

layer are 0.31 and 0.18 nm which are almost the same distances as 

those found in C-S-H gel [109,131]. A model of C-S-H gel is 

suggested by Grudemo [109] which is shown in Figure 4.4. In this 

model every second calcium from the main structure of Ca(OH>2 

is removed and by a distortion in the corresponding hydroxyl 

octahedron, two tetrahedral units are produced containing only
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one Si ion. The proposed structure, therefore, consists of a 

distorted Ca(OH) 2 lattice with some of the calcium atoms 

replaced by silicon. Such a structure is, however, unlikely in 

view of the observations from trimethylsilylation studies, 

showing the existence of silicate chains and cross linked 

silicate units. The possible combination of silicate chains and 

calcium hydroxide layers in the structure of C-S-H gel is 

illustrated in Figure 4.5 which is suggested by Taylor [131]. 

It can be seen that in a chain of CaOg octahedra the octahedra 

are shared by O-O edges and individual oxygen atoms are combined 

with: (a) Si2°7 groups, (b) Sis0!5 groups and (c) longer 

Si-O chains. Taylor [131] states that the most obvious 

interpretation of the weak X-ray bands at 0.18 and 0.30 nm is 

that they are hk reflections from layers similar to those in 

Ca(OH)- but possessing only short range order and distorted 

because many of their oxygen atoms are shared with silicate 

tetrahedra in a particular way. The absence of any X-ray powder 

spacing in the 0.9-1.5 nm region shows that there is no close 

approximation to a set of regularly spaced layers. Figure 4.6 

shows a suggested structure [108]. Ramachandran et al. [140] 

also suggest a similar model which shows (Figure 4.7) a number of 

different ways in which siloxane groups, water molecules and 

calcium ions may contribute to bonds across surfaces or in the 

interlayer positions of poorly crystallized C-S-H material.

Microstructural models of C-S-H gel including distribution of 

water in the gel pores have also been proposed by some workers 

[107,108,110,130,131,141]. Brunauer [107] suggested that the 

C-S-H gel consists of either two or three flat sheets prior to

80



rolling up into a fibre as shown in Figure 4.8. It can be seen 

that water enters the tubular fibres at X and also may enter 

between the fibres at Y. This hypothesis suggests a mechanism 

which leads to a swelling of the C-S-H gel structure. The pores 

which are formed within the fibres (tubular section) are called 

gel pores, and those between the fibres are capillary pores. A 

simple pore model for C-S-H gel is also suggested by Daimon et 

al. [130] which is illustrated in Figure 4.9. Two types of pores 

may exist: (a) a wider intergel pore which can be observed by SEM 

and (b) a smaller intragel pore consisting of an inter- 

crystallite and an intra- crystallite type. A similar 

microstructural model for C-S-H gel is also described by Taylor 

[131] and Rahman [141]. The latter suggests that the C-S-H 

microstructural model of hardened cement paste can be modified by 

including the macropores (often spherical) in the previously 

mentioned model (Figure 4.9).

In addition to C-S-H gel showing variability in composition as 

a result of varying Ca/Si ratios and H2Q/Ca ratios its 

composition is also found to be modified by isomorphous 

substitution. The isomorphous substitution of C-S-H gel has been 

extensively studied by Copeland et al. [137]. They found that 

substitution of silicon by aluminium, iron or sulphur is not more 

than one of these ions for every six silicons in the C-S-H gel 

structure. They found that as the Al/Si ratio increased both the 

Ca/Si ratio and the H2O/Si ratio showed a corresponding 

increase (see Table 4.2).
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Table 4.2

Composition of aluminium substituted gel [137]

Al/Si

Ca/Si

H20/Si

H20/Ca

0

1.37

1.09

0.796

0.02

1.34

1.10

0.820

0.04

1.36

1.19

0.875

0.12

1.46

1.31

0.897

0.16

1.50

1.39

0.927

They suggest that aluminium substitutes for both silicon and

calcium but mainly for silicon. When Al + substitutes for

4+ + Si , one H is needed to maintain the charge balance.

Hence, increasing the Al/Si ratio in C-S-H gel is accompanied by 

an increase in HjO/Si ratio. Iron also substitutes 

simultaneously for both silicon and calcium, (one Fe for one 

Si + and one Fe for one Ca + ) thus maintaining the charge 

balance. Therefore, there is a linear relationship between Fe/Si 

and H-O/Si ratios.

When sulphate is present, S "*" substitutes for Si + and the
2_ 

charge balance can be maintained by replacement of two 0 by

two OH~. Therefore, substitution of sulphate in C-S-H gel is 

accompanied by an increase in the Ca/Si ratio and also an 

increase in the H~0/Si ratio. All these substitutions may 

occur during or after the formation of C-S-H gel.
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Mitsuda and Taylor [142] also studied the substitution of 

Al + for Si + in C-S-H gels and in 1.1 nm tobermorite at 

elevated temperatures 90-120°C. The reaction product consisted 

of C-S-H gel of varying degrees of crystallinity up to highly 

crystalline tobermorites. Aluminium showed a marked effect on 

the degree of crystallisation of the tobermorite with the highest 

Al levels (Al/Si = 0.18) producing highly crystalline tobermorite 

after only 16 hours at 120°C. From the displacement of the Al 

K a peak the co-ordination of the Al in both the C-S-H gel and in 

crystalline tobermorite was taken to be 4.

In addition to substitution of aluminium and iron, C-S-H gels 

can also incorporate alkali metal cations such as sodium and 

potassium and also magnesium in their structure. For example, 

the mean composition of the C-S-H gel formed in a hydrated 

Portland cement given by Taylor [143] is:

"90.03 ^0.08 Si0.60 S0.03 Fe0.015 Ca °x Hy (Ca/Si 

«= 1.67).

Bhatty [144] has shown that the alkali retention of C-S-H gel is 

related to the Ca/Si mole ratio; the lower this is, the more 

alkali can be retained. Gels with much lower calcium content and 

much higher alkali content are often found in concretes as a 

result of reaction between alkali and natural aggregate. Regourd 

et al. [145] observed gel around aggregate particles with Ca/Si 

ratios ranging from 0.22 to 0.33 and K/Si ratios ranging from 

0.02 to 0.13. Similar results were also obtained by Oberholster 

[146] from analysis of the reaction products in concrete 

containing orthoquartzite aggregate, with Ca/Si ratios ranging 

from 0.15-0.26 and K/Si ratios from 0.10-0.16. In this case the
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reaction product consisted of platy rosette-like "crystals" and 

X-ray diffraction analysis suggested that the product was a 

crystalline calcium- potassium-silicate. Poole and Al-Dabbagh 

[147] observed alkali-silica gels of very varied composition and 

morphology growing on the surface of some flint aggregates which 

had been contained in cement tablets and stored in alkali 

solutions at various temperatures. Some of the products had very 

high potassium and sodium contents. Gels containing such high 

levels of potassium and sodium would, however, only be expected 

to form in circumstances where there are significant amounts of 

soluble sodium and potassium salts present.

The fact that C-S-H gels show such a wide range of composition 

suggests that their structural make up will also show a similar 

degree of variability. Although, as has been discussed, it is 

not possible to determine exactly the detailed gel structure, the 

structure of crystalline calcium silicate hydrates might be 

expected to provide a useful and informative guide.
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4.3 SEMI-CRYSTALLINE AND CRYSTALLINE PHASES.

The C-S-H gel formed in hardened cement paste, and in numerous 

siliceous materials which have reacted with lime, may lead to the 

formation of semi-crystalline or crystalline phases, particularly 

at elevated temperatures. In this section, the semi-crystalline 

(C-S-H(I), C-S-H(II) and the crystalline phases from the C-S-H 

group are briefly discussed as well as C4AH13 and C3AHg 

from the calcium aluminate hydrate group.

4.3.1 SEMI-CRYSTALLINE C-S-H.

Taylor and Roy [108] state that "the designation 'C-S-H' 

denotes any subcrystalline or amorphous calcium-silicate hydrate 

and includes a wide variety of phases, many of which probably 

differ markedly in structure both from the C-S-H of 

normally-cured cement pastes and from the tobermorite phases". 

They define C-S-H(I) as C-S-H with a relatively high degree of 

crystallinity and with a composition and structure approaching 

those of crystalline tobermorite. C-S-H(I) may be formed by 

reaction of lime with clays or pozzolana at temperatures <50 C 

[50,100,101,148,149] but it is more commonly observed as an 

intermediate phase in the formation of tobermorite under 

hydrothermal conditions. The Ca/Si ratio varies from 0.8 to 1.33 

[125,150].

The morphology of C-S-H(I) consists of crumpled or crinkled 

foils and also fibres [36,125]. These foils in some cases are 

rolled and may appear as honeycombs [108]. Thermogravimetrie 

analysis of C-S-H(I) synthesized from sodium silicate and calcium 

hydroxide shows a continuous weight loss below 300 C as shown
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in Figure 4.10 [148]. The weight loss observed in the 

temperature region 490-550°C corresponds to dehydroxylation of 

calcium hydroxide and that in the region 700-800°C is probaly 

due to decomposition of CaCO3 . The X-ray diffraction pattern 

shows in addition to peaks at 0.304, 0.280 and 0.180 nm a number 

of additional weak diffraction peaks including a diffuse basal 

spacing at 1.0 to 1.4 nm. This suggests that the"structure is 

more developed than that of C-S-H gel with some degree of 

ordering of the layers. The exact structure is not known but on 

the basis of the structure of crystalline tobermorite a model for 

C-S-H(I) has been reported [151]. This structure consists of 

octahedral Ca-O sheets sandwiched between a series of silica 

tetrahedra chains [108]. TMS studies of the formation of this 

phase show a change from monomer and dimer to polysilicate as the 

reaction proceeds and a decrease in the Ca/Si ratio. Taylor and 

Roy [108] also define a second semi-crystalline form of C-S-H, 

termed C-S-H(II), which is closely related to C-S-H(I) but which 

exhibits a basal spacing of about 1.0 nm and shows a greater 

number of diffraction peaks to that of C-S-H(I), suggesting a 

more well developed structure. The Ca/Si ratio is reported as 

1.5-2.0 [125] and an increase in the Ca/Si ratio is accompanied 

by an increase in H2Q/Si ratio [107]. The structure of 

C-S-H(II) is assumed to be analogous to jennite [108] (which has 

a layer structure containing mainly dimer Si2O7 units) but it 

contains more bound water than jennite particulary at low 

temperatures as shown in Figure 4.11. The morphology of 

C-S-H(II) is reported as fibrous or gel-like [108,125,138]. In 

the same manner that the C-S-H(II) structure is considered
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analogous to that of jennite, the C-S-H(I) structure is 

considered analogous to tobermorite.

4.3.2 TOBERMORITE.

Tobermorite is a rare well-crystalline calcium- silicate 

hydrate. It is a naturally occurring mineral and can also be 

synthesized by hydrothermal treatment of lime-silica and of other 

cementitious systems [108,151,152,153]. The mineral may also be 

formed from C-S-H gel, C-S-H(I) and C-S-H(II) during hydrothermal 

treatment. The properties and the structure of crystalline 

tobermorites have been investigated by many workers in the past 

because it was considered that this information would lead to a 

closer understanding of the structure of C-S-H gel. The basal 

spacing of crystalline tobermorite mineral ranges from 0.9 to 1.4 

nm for the different types, the major type being known as 1.1 nm 

tobermorite.The basal spacing of a 1.1 nm tobermorite may 

decrease to about 0.93 nm after heating at 300°C, and this is 

defined as normal behaviour [154]. If the basal spacing does not 

change on heating at 300°C then the behaviour is defined as 

anomalous. Thermal behaviour of 1.1 nm tobermorite was also 

studied by Kara and Inoue [155]. They found lattice parameters 

of 1.1 nm tobermorite are dependent on the initial Ca/Si ratios 

and the reaction time. The composition of 1.1 nm tobermorite is 

Cc Sc Hr [108].
D O D

Tobermorite has a layer structure [156] comprising corrugated 

sheets of calcium atoms linking together infinite Si^O/Ott)* 

zig-zag chains (on either side of each corrugated sheet) running 

parallel to the b axis. These layers are separated by additional
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Ca ions and H-O molecules. The additional Ca ions may or may 

not be present, giving a range of possible Ca/Si ratios from 1.0 

to 0.667. Hamid [156] also suggests the possibility of double 

chain tobermorite if one layer is shifted relative to its 

adjacent layer by b/2.
TQ

Wieker et al. [157] using solid state high resolution Si 

NMR spectroscopy of synthetic 1.4, 1.1 and 0.9 nm tobermorites, 

showed that the relative number of Si-O-Si bridges between the 

chains increases with decreasing Ca/Si ratio. They reported that 

tobermorites with a high Ca/Si ratio and hence a relatively low 

number of Si-O-Si bridges showed normal behaviour, whereas 

tobermorites with a low Ca/Si ratio and hence a large number of 

Si-O-Si bridges showed anomalous behaviour. Isomorphous 

substitution in tobermorite has also been studied by some workers 

[153,155,158-162]. Aluminium substitutes for silicon in 

tetrahedral coordination [158]. In the absence of alkali, the 

negative charge can be balanced by Ca + ions [161]. The basal 

spacing of tobermorite increases after aluminium substitution and 

this increase has a linear relationship with the level of 

substitution [153,155]. Mitsuda [152] and Diamond et al. [153] 

found that in tobermorite rich in aluminium about 16% of silicon 

was substituted by aluminium.

Owing to the fact that the X-ray diffraction peaks of C-S-H gel 

correspond with certain of the major diffraction peaks from 

tobermorite, and also that C-S-H gel appears to be an 

intermediate product in the formation of tobermorite from 

hydrothermal treatment of lime-silica compositions, it was 

considered by previous workers that the tobermorite structure

88



forms a suitable model for the much more disordered structure of 

C-S-H gel. However, the composition of C-S-H gel discussed in 

section 4.2 varies over a much broader range than does that of 

tobermorite. For example, the Ca/Si ratio of C-S-H gel formed in 

hardened cement is about double that of tobermorite. Therefore, 

the structure of C-S-H gel (as discussed in section 4.2) would 

itself be expected to show a wide degree of variability, 

depending upon both its composition and temperature, and to 

compare it directly with a particular crystalline structure such 

as tobermorite is somewhat misleading. However, the general 

trends observed in the crystalline calcium silicates of different

compositions should give a good indication of the degree of
4  

interconnectivity of the (SiCO tetrahedra in C-S-H gel.

There is clear evidence from a large number of sources that as 

the Ca/Si ratio of C-S-H gel decreases, there is a greater degree 

of polymerization of the silicate anion tetrahedra. A similar 

trend is also observed in the crystalline calcium silicate 

hydrates. Table 4.3 which gives structural data for the 

different calcium silicate hydrates clearly illustrates this 

trend.

4.3.3 CRYSTALLINE C-A-H PHASES.

Calcium aluminate hydrate phases which form during reaction of 

lime with alumino-silicates normally show a higher degree of 

crystallinity relative to the C-S-H phases [163]. As discussed 

in section 4.1, formation of certain C-A-H phases has been 

reported in soil-lime composites. C4AH13' C2AH8 and 

CAHin are all hexagonal and at an elevated temperature may be
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Table 4.3

Structural data for different 
calcium-silicate hydrate phases

Compound

Tricalcium 
silicate
hydrate

a-C2SH 
hydrate

Hille-
brandite

Afwillite

Foshagite

Suolunite

Xonotlite

Tober-
morite

Gyrolite

Truscottite

Z-phase

Okenite

Compos i- 
tion

C6S2H3

C2SH

C2SH

C3S2H3

C..S,H 4 3

CSH

C6S6H

CrSfH,.bob

C S H2

C7S12H3

CS2*2

C3S6H6

Constitutional 
Formula

Ca6 (Si2o7 )(OH) 6

Ca2 (Si04H)(OH)

Ca-(SiO,)(OH) 0
£ J ft

Ca3 (SiO4H) 22H20

Ca,.(SiO,),(OH),
4 J J £t

Ca2 (Si207H2 )H20

Ca6Si6017 (OH) 2

Ca5 (Si,018H2 )4H20

Ca8 (Si 4019 ) 3

(OH) 4 6H20

Ca7 (Si 40lfl )

(Si8Oig )(OH) 4 1H20

Ca(Si205 )2H20

3CaSi205 .6H20

Ca/Si 
ratio

3.00

2.00

2.00

1.50

1.33

1.00

1.00

0.83

0.67

0.58

0.5

0.5

Inter connect 
ivity of silica 
tetrahedra units

Si 207 dimer 
units

(Si04H) 3~ 
tetrahedral
units

(SiCOn
single chains

(Si04H) 3~ 
tetrahedral
units

(SiCs)n
single chains

(S20?H2 ) 4~ 

dimer units

douBle chains

(SiCOn single
chains with
evidence of
crosslinking
as Ca/Si
decreases

Probably
Si2Cv
sheets

Si2°5 
sheets

Si2°5 
sheets

sheets

References

164,165

166

167,168

169

167,168

170

167,168

156

171,168

171,172

171

167
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converted to CAH which is a stable phase [151,163]. There

are two forms of tetracalcium aluminate hydrate , a C.AH1 , 

with a basal spacing of 0.82 nm and B C.AH.,., with a basal 

spacing of 0.79 nm. Generally, these two phases occur together 

in reaction products. Later evidence, however, suggests that 

a C.AH- 3 is, in fact, a quaternary compound of composition 

C4A 1/2C02 .12H20. DTA of C4AH13 shows a strong 

endotherm at about 150°C and continues to about 350°C and 

also two small endotherms at 500 and 850°C. The loss of water 

with temperature hydrated calcium aluminates is given in Figure 

4.12.

It can be seen that 3 C,AH.. 3 loses about 6 molecules of its 

water at 200°C and about 3 molecules between 200 and 350°C 

[163]. The remaining water beyond 350°C can possibly be 

attributed to hydroxyl. C3AH6 or "hydrosrossular" is a 

stable phase between room temperature and 225°C and has a cubic 

morphology [163]. The formation of this phase has been reported 

in some clay-lime or pozzolana-lime systems at elevated 

temperatures, as discussed in section 4.1. This phase is the 

end-member of the hydrogarnet series (C^AHg-C-Ac ) in 

which the other end-member is. garnet [151]. The composition 

Ca3 [Al(OH)g] 2 suggests that all combined water exists as 

hydroxyls. DTA of this phase shows a strong endotherm at about 

350°C corresponding to dehydroxylation of Ca3 [Al(OH) 6 ) 2 

and confirmed by the thermogravimetric data given in Figure 4.12 

[163]. The major X-ray diffraction peaks for cubic hydrogarnet

Ca-,[Al(OH) c ]~ occur at d spacings of 0.516 and 0.230 nm 
3 b L —

(very strong), 0.204 nm (strong) and at 0.447, 0.337, 0.315, 

0.281, 0.168 nm (medium).
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4.4 THE AIM AND SCOPE OF THIS RESEARCH PROJECT.

The literature relevant to the present work has already been 

discussed. Clearly, the reaction between hydrated lime 

(Ca(OH)-) and clay soil at normal temperatures is slow and a 

long period is required to complete the reaction. The system is 

very sensitive to temperature and this factor has a dramatic 

effect on the reaction and hence on the strength development. At 

low lime contents (1-2 wt%), the workability and plasticity 

characteristics of the clay soil are improved and the materials 

tend to exhibit silty properties. Significant strength gain is 

not achieved at low lime content and relatively higher amounts of 

lime are required for this purpose. However, lime reactivity of 

a clay soil and an optimum amount of lime cannot be evaluated 

precisely without determining the strength of well cured 

lime-stabilized specimens. It should, therefore, be emphasied 

that previous investigations which have been based on very short 

curing times (hours or even a few days) at normal temperatures, 

or slightly above, are not adequate. The use of lime stabilized 

layers in the construction of roads, airfields and some other 

projects has been widely recognized. In these projects a 

relatively long time is required for completion, and during this 

period the reaction between soil and lime continues, so that by 

the completion date the lime-stabilized layer has a considerable 

bearing capacity.

In the present work, it is intended to investigate the strength 

development, plasticity characteristics and durability of lime- 

stabilized soil containing various amounts of lime, cured over a 

long period and over wide temperature ranges. Although some
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workers suggest an improvement in plasticity characteristics of 

clay soil with lime, there is no indication to show how the 

Atterberg limits vary with time or under different curing 

conditions.

Investigation on the durability of lime stabilized clay soil is 

far behind studies of its strength properties. Limited research 

into the permeability and frost heave of the cured soil-lime 

specimens has been carried out, but the results are 

inconclusive. There is not a clear perspective of porosity 

changes and pore size distribution in lime-stabilized clay soil 

during curing, and the relationship between pore structure and 

permeability has not previously been studied.

It has to be realized that the reaction between lime and soil 

particles is very complex and not fully understood and hence the 

reaction products are not fully characterized. This complexity 

has been recognized particularly in the reaction of a hydrating 

Portland cement, which has, and is being, extensively 

investigated in laboratories around the world by cement chemists 

or other researchers. However, investigation into the reaction 

products of the soil-lime is not as advanced as in Portland 

cement and this implies the extent of the complexity of the 

reaction products in a soil-lime composite.

The literature on the reaction between soil and lime provides 

evidence for the formation of a C-S-H gel, but other phases are 

not positvely characterized. The main analytical technique 

employed was X-ray diffraction and most workers agree that the 

reaction products are almost amorphous or very poorly 

crystalline. In some cases, on the basis of a very weak diffuse
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diffraction band, the formation of semi-crystalline or 

crystalline phases is assumed. However, there is no detailed 

analysis of the microstructural development of clay-lime 

composites during curing, nor detailed micro-analysis of the 

cementitious material. Clearly, several analytical techniques 

should be employed in the investigation of the reaction of 

clay-lime composites and such studies should lead to a clearer 

understanding of soil-lime systems and to solving some of the 

more complex problems.

The present research can be classified into three phases. In 

the first phase, the nature of the raw materials (soil and lime) 

and the development of the mechanical properties of lime 

stabilized soil are investigated. The engineering aspects cover 

the effect of the following factors on the mechanical properties 

of clay soil-lime:

(a) curing time

(b) curing temperature

(c) lime content

(d) moisture

Standard compacted specimens are prepared in the laboratory to 

pre-determined density and moisture level, using a range of lime 

contents (e.g. 2,6,10 and 14 wt%). These specimens are cured in 

a controlled environment over a period spanning 1 week up to 24 

weeks under a range of temperature conditions 25-75 C. Some 

specimens with a 10 wt% lime addition are cured at 75 C for up 

to two years in order to approach complete equilibrium. To 

investigate the effect of moisture on the strength, the specimens
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are cured in a sealed environment (to prevent moisture loss) and 

also in unsealed conditions. Corresponding relationships between 

strength and the above factors are investigated. The influence 

of gaseous environments, including nitrogen and carbon dioxide on 

the strength are studied. Furthermore, the influence of lime and 

curing conditions on the plasticity characteristics of the soil 

are investigated.

The second phase is based on the study of improvement in 

durability of lime-stabilized soil. These investigations 

include: density measurement, porosity and pore size distribution 

using mercury porosimetry, permeability and frost heave 

behaviour.

In the third phase, the fabric of lime stabilized soil and the 

formation of cementitious material in the system are studied. In 

this phase, analytical techniques including X-ray powder 

diffraction, thermal analysis (thermogravimetry) and scanning 

electron microscopy (SEM) are employed in order to determine the 

mechanism of hardening and strength development. Using SEM, the 

fabric and the formation of the cementitious phase and the 

interlocking of the particles in the soil-lime system are traced 

as the curing time proceeds. Transmission electron microscopy 

and EDAX (qualitative and quantitative analyser) are employed to 

investigate the microstructural analysis of some selected 

clay-lime composites.

An investigation is also carried out on a soil-lime dating back 

about 400 years, to provide a better understanding of the nature 

of the chemical reactions involved and the changes which may 

occur over very long time periods.
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CHAPTER FIVE

MATERIALS 

5.1 SOIL.

5.1.1. RED-MARL.

The Devonian Red-Marl was obtained from a particular location 

in South Wales, U.K. The Red-Marl was dried and crushed and 

particle size distribution determined using a combination of 

sieve analysis for the coarse fraction (>63jjm) and hydrometer 

method for the fine fraction «63 jjm) in compliance with BS1377 

(1975). The particle size gradation of this soil is represented 

graphically in Figure 5.1. The pH value of 6.4 and the 

specific gravity of 2.73 were determined using standard methods.

The major components of the soil (determined by X-ray powder 

diffraction analysis) are quartz, feldspar and a member of the 

mica group, illite. Minor components identified are chlorite and 

haematite. The soil analyses are discussed in section 7.1.2. 

This soil was used throughout the work for evaluation of 

engineering properties, fabric and analysis of the cementitious 

reaction products and their microstructural development. In 

order to increase the clay fraction in the soil and accelerate 

the pozzolanic activity when reacted by lime the Red-Marl was 

sieved with a 63 micron sieve and was poured into high glass 

cylinders containing distilled water. The cylinders were shaken 

frequently for one hour and were left for 5 days until all 

particles had settled. The additional water above the soil was
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suctioned off and then the cylinders were left at room 

temperature for several days. The upper part of the soil was 

taken for analysis. This material was crushed, oven dried at 

100°C and was sieved using a 63 micron sieve. This soil 

subsequently is termed "refined marl".
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5.2 OAY MINERALS.

5.2.1. MONTMORILLCNITE.

The roontmorillonite used was a Wyoming bentonite supplied by 

Steetley Minerals Limited. The specification given are as 

follows:

Originates from: Wyoming, South Dakota, U.S.A.

Chemical Analysis SiO, 
Ti°2
Ai263

Ca 
MgO
Na2° 
K.6
Loss at 105°C 
Loss at 1000°C 
(Al/Si = 0.384)

Trace Metals p.p.m.
Arsenic
Lead
Mercury
Chromium
Manganese
Nickel

Specific Gravity:

pH (5% suspension in distilled water)

Swelling volume mls/2 grms:

Liquid Limit:

Cation Exchange Capacity:
meqs.lOOgrms:

Bulk Density:

wt%
55.6
0.1

18.1
3.6
1.0
1.9
1.6
0.4

10.4
6.2

less than 3.5 
less than 45 
less than 0.5 
less than 100 
less than 100 
less than 100

2.5

9.3

25-30

600%(BS1377/75)

70(by ammonium 
ion exchange)

800-950 Kg/ m3 
loose to packed
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Particle size:
% passing mesh

dry powder wet dispersion
150 microns (100 BSS) 99.2 99.9 
75 microns (200 BSS) 85.3 98.5 
53 microns (300 BSS) 72.1 97.2

5.2.2. KAOLINITE.

The kaolinite used was a Cornish China Clay supplied by 

Steetley Minerals Limited. The specification is given as 

follows:

Chemical Analysis:

Si°2

A1203

Fe2°3

Ti02

CaO

MgO

K2°

Na2°

(Al/Si = 0.925)

Wt%

47.4

37.2

0.65

0.04

0.05

0.22

1.60

0.06

12.7Loss on ignition

Physical Properties:

Moisture Content 10.0 + 2.0%

pH (10% slurry) 5.0 + 0.5

particle size distribution

+300 BS mesh 0.03% max. 

above 10 microns 15.0% 

below 2 microns 45.0%
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5.2.3 ILLITE.

The illite used was "illite No. 36" from Morris-Illinois, 

U.S.A., supplied by Ward's Natural Science Establishment Inc., 

Rochester 3, New York. The material was obtained from the 

Geology Department of the University College of Swansea and the 

specification of the material is not available.

100



5.3 LIME.

Introduction.

Lime is calcium oxide (CaO), also known as quicklime or 

unslaked lime. In the production of lime, limestone must be 

heated up to around 1000°C where carbon dioxide is given off. 

Although the principal reaction product is calcium oxide, there 

are normally small levels of impurity present. These are:

insoluble matter < 1% 

magnesia, MgO < 4%

The result of heating the limestone is indicated in the usual 

way as: CaC03 heat>CaCM-CQ2 .

Calcium oxide is rarely used in the stabilization of soil. 

The application of lime in the form of calcium oxide is limited 

because it is harmful to the skin and can cause serious burns. 

Its general use is therefore not recommended except under special 

cirucmstances [2]. Quick-lime rapidly absorbs water to form high 

calcium hydrated lime or calcium hydroxide (Ca(OH)«). This
£*

product is also known as slaked lime. The problems associated 

with using quicklime are not present when hydrated lime is used. 

The hydrated lime, therefore, is a much more practical material 

when used for stabilization. However, the use of quicklime may 

be advantageous in certain circumstances. The reaction for 

conversion of quicklime to hydrated lime is given as:

CaO+H-0   > Ca(OH).,+275 calories/g / ^

and the heat of this exothermic reaction has been found to have 

some effect on increasing the strength of soil-lime composites 

[1]. The effect of temperature on the development of strength in
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soil-lime composites will be discussed later. Also, if the soil 

is initially very wet with a moisture content higher than the 

optimum level to obtain the maximum dry density, then the use of 

quicklime would be useful, since it reduces the moisture content 

of the wet soil.

Apart from calcium oxide, there are also other types of lime 

which are not widely available. These include dolomitic lime, 

magnesian lime and hydraulic lime. In the current work only 

hydrated lime in the form of calcium hydroxide was employed. Its 

characteristics were based on BS 890 (1972) [173]. It is 

produced by Imperial Chemical Industries (I.C.I.) commercially 

under the name "Limbux" Hydrated Lime. The properties specified 

by the manufacturers are as follows:-

Chemical Analysis

wt%

Calcium hydroxide Ca(OH) 2 96.79 

Calcium carbonate CaCO, 1.36 

Calcium sulphate CaSO. 0.06 

Magnesium oxide MgO 0.83 

Ferric oxide Fe2°3 °' 06 

Aluminium oxide ^2^3 0.10 

Silica Si02 0.46 

Excess moisture H20 0.34
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Grading Analysis

Normal aperture size (microns) % passing

500 100

355 99.99

250 99.98

180 99.93

125 99.74

90 99.59

63 94.71 

Other Properties

Specific surface 1300-1500 m2Ag

Bulk density 480 kg/m

Dehydroxylation at approximately 580°C
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CHAPTER SIX

EXPERIMENTAL TECHNIQUES AND PROCEDURES 

6.1 PREPARATIVE METHODS.

6.1.1 SPECIMEN PREPARATION.

The Red-Marl was oven dried (100°C) and was then mixed with 

2,6,10 and 14 wt% lime and all specimens were prepared with a 

constant density (~1.90g/cm ) using the British standard 1924 

(1975) [27]. The moisture content employed (12.5 wt%) was 

determined from compaction test (test 12, BS 1377 (1975)) [174] 

to obtain maximum dry density for the soil, see Figure 6.1. As 

discussed in section 3.2.2 with respect to compaction tests, 

increasing the lime content in the soil-lime mixtures is normally 

accompanied by two distinctive effects:

1 - decreasing the dry density

2 - increasing the moisture content

In the present work, the maximum dry density of the soil was 

taken as the standard and all compacted soil-lime mixtures were 

based on that standard dry density. The amounts of soil, lime 

and water were obtained from the following relationship:

M' = weight of specimen

M = weight of dry soil s

M, = weight of lime

M = weight of water W M
M' = -'+^*
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M 
w

Fractional moisture content = +M = W « (percent moisture
s

iii 
1 content in 100 W)

Ml 
Fractional lime content =

M

M' = M (l+L'+W'+L'W)
S

M, - L'M
J. S

Sufficient material was mixed to yield the appropriate weight of 

the specimen leaving 20wt% for moisture content determination. 

Two moisture content determinations were carried out for each 

mixture based on Test 1, BS 1377 (1975).

There are three basic mixing procedures which can be followed:

1. Mixing the dry soil and lime together, then adding the 

necessary amount of water, followed by a final mixing.

2. Preparation of a lime water slurry which is then added 

to the dry soil and mixed.

3. Adjusting the moisture content of the soil to the 

required level, adding the dry lime and mixing.

Of these three possible methods, the first method was chosen 

for the present work because the soil was already oven dried and 

mixing of the soil and lime could be carried out thoroughly. In 

accordance with the above, identical procedures were followed for 

addition of 2, 6, 10 and 14 wt% of lime to the Red-Marl. The 

mixture of soil and lime was worked with a spatula for three 

minutes so that no visible aggregates of lime were left on the 

inner side of the bucket or within the soil. The mixture was 

transferred to the bowl of a Kenwood Chef variable speed mixer 

and in order to ensure a homogeneous mixture the following mixing 

procedures were carried out:
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a. 2 minutes mixing with gear number 1

b. 1 minute blading by hand

c. as in (a)

d. as in (b)

e. addition of a pre-determined quantity of water

f. 4 minutes mixing with gear number 1

g. as in (b)

h. 4 minutes mixing with gear number 2

i. as in (b)

j. 4 minutes mixing with gear number 3

k. as in (b)

1. as in (j)

m. 2 minutes blading by hand.

The total time required for mixing and blading was 30 minutes. 

From each mixture two samples were taken for moisture content 

determination in accordance with Test 1, BS 1377 (1975) and the 

remaining mixture used to prepare a cylindrical specimen.

The mould used to compact the specimens was a standard 

cylindrical type, 50mm diameter and 100mm long in accordance with 

BS 1924 (1975). The inside of the mould was lubricated with oil 

for easy extrusion and the soil-lime-water mixture added in four 

layers, each layer being lightly compacted using a steel rod. 

The surface of each layer was scarified by a spatula to provide 

better and consistent bonding between the layers. The weight of 

mixture added was that required to give a constant dry density of 

1.9g/cm when fully compacted. The mould with two end caps was 

positioned in a press operated by a hydraulic jack, and the 

mixture was compressed until the caps touched the mould and a
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100mm long cylindrical specimen was obtained. A cylindrical 

perspex plunger was used to extrude the specimen from the mould. 

The specimens were weighed, and then sealed by wrapping in two 

layers of cling film and placed in sealed polythene boxes in 

order to prevent loss of moisture. In certain cases some 

specimens were left unsealed.

6.1.2 CURING EMVIRONMEMTS.

The specimens were cured under different controlled 

environments for various curing periods. For engineering 

properties evaluation, the curing periods chosen were: 1, 2, 3 or 

4, 6 or 8, 12 and 24 weeks. 

The curing environments employed were as follows:

1 Room condition, average temperature 20°C, unsealed 

specimens

2 constant temperature, 25 + 1°C, unsealed specimens

3 constant temperature, 25 + 1 C, sealed specimens

4 constant temperature, 50 + 1°C, unsealed specimens

5 constant temperature, 50 + 1°C, sealed specimens

6 constant temperature, 75 + 2°C, unsealed specimens

7 constant temperature, 75 + 2°C, sealed specimens

8 carbon dioxide and nitrogen environments, average 

temperature, 20°C, unsealed specimens

During the curing period, the weight of the sealed specimens 

was checked regularly and a gradual moisture loss was found with 

time, particularly at the higher curing temperature (e.g. at 

50°C approximately 0.5% per week). In order to prevent 

significant loss of moisture, these specimens were periodically
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placed in moist sand while unsealed to recover any loss of 

moisture and were wrapped again and returned to the curing 

chamber when their original weight had been achieved. The 

unsealed specimens were allowed to lose moisture freely to the 

environment and were not subsequently compensated for moisture 

loss. Although a curing temperature of 75°C is substantially 

above that which might be expected in practice (even in very hot 

climates) this temperature was employed in order to accelerate 

the curing process and achieve equilibrium more rapidly. Also 

some specimens were cured to advanced ages (up to 2 years) in 

order to establish full equilibrium conditions and complete 

chemical reaction. Although no special precautions were taken to 

prevent carbonation of the lime during curing, it was considered 

that the particular curing method employed would result in a 

negligible amount of carbonation during the curing process. 

However, in order to account for any carbonation effects, 

reference specimens were prepared by curing in a carbon dioxide 

environment and in a nitrogen (inert) environment. In the 

experimental system employed, two large triaxial cells were 

connected to nitrogen and carbon dioxide gas cylinders 

respectively and unsealed specimens were placed in the cell and

cured in a static atmosphere. The specimens were maintained at a

2 positive pressure of 1.2Kg/cm to inhibit diffusion of air into

the cell.
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6.2 PROPERTY EVALUATION.

6.2.1 UNOONFINED QQMPRESSIVE STRENGTH.

At the end of the curing period, the specimens were taken from 

the curing environments for determination of unconfined 

compressive strength. The specimens were weighed and the 

diameter and the height were measured at different points in 

order to allow for any variations in dimensions within a 

specimen. A fine sand paper was used gently on both ends of the 

cylindrical specimen to ensure perfectly flat end surfaces. An 

Instron testing machine, model 1251 was employed for compression 

tests. The test specimen was placed between two discs, the upper 

disc was self-levelling and could, therefore, compensate for 

non-level specimens, see Figure 6.2. Specimens were tested in 

compression at a uniform strain rate of Imm/min. A moisture 

content determination was carried out to determine the moisture 

content at the time of failure and representative samples were 

taken for X-ray, SEM, TEM and EDAX analysis and also for 

thermogravimetric analysis.

6.2.2. PLASTICITY CHARACTERISTICS.

Plasticity characteristics of the cured soil-lime specimens 

were studied by determination of the Atterberg limits. After the 

compressive strength tests (as in 6.2.1), the materials were 

crushed and pulverised and the liquid and the plastic limits were 

determined in accordance with BS 1377 (1975). For the liquid 

limit determination the method using the Casagrande apparatus was 

employed.
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6.2.3. DENSITY DETERMINATION.

The cured soil-lime specimens were crushed and pulverized and 

were oven dried at 110°C and kept in a desiccator containing 

soda lime to prevent carbonation. True material densities of the 

dried powders were determined using a displacement method in 

accordance with BS 1377 (1975), test 6(B).

6.2.4. MERCURY POROSIMETRY.

Measuring the porosity of materials such as cured cement, 

concrete, glass, plastic, leather and other materials has a wide 

application in science and industry. The most important methods 

are gas adsorption and mercury pressure penetration. In the 

present work a mercury porosimeter was employed to measure the 

pore size and pore size distribution of cured soil-lime samples. 

The principle is based on the theory that a liquid with a contact 

angle of more than 90° can enter into small pores when the 

surface tension of the liquid is overcome by applying a certain 

external pressure. The pressure required is proportional to the 

pore size, Figure 6.3 [175].

An equation has been established by Washburn [176] which gives 

the relationship between the absolute pressure required for a 

liquid to enter a pore of radius r, the surface tension of the 

liquid cr,the contact angle between the solid and the liquid 0 

and the pore radius r. This is:

2a cos0 ,.., r =       (.1;
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In the above equation, it is assumed that the pores are 

clyindrical. When mercury penetration is applied, the surface 

tension at 25°C is about 0.0048N/cm and the contact angle of 

mercury is about 140°, therefore the equation is:

75000 
r -     (2)

At pressure of about 9.81 N/cm2 , pores of r > 7.5xl03nm would 

be penetrated by mercury and pores for r < 7.5x10 run would 

remain empty. Increasing the pressure allows smaller and smaller 

pores to be filled and hence the range and distribution of 

different pore sizes may be determined.

However, there are limitations in determining the porosity by 

this method in terms of the following possible errors:

1. In the Wasnburn equation (1), a cylindrical shape for the 

pores is assumed, whilst in practice there are some pores 

with irregular shape and possibly some blocked pores 

which cannot be penetrated [55].

2. Drying and sample preparation are crucial because 

formation of the cementitious gel in a cured soil-lime 

composite is the result of a hydration process and the 

rapid loss of the interlayer and chemically bonded water 

can produce significant changes in the gel structure. 

Very slow drying has been recommended to prevent 

shrinkage, and this may be followed by final drying at 

about 110°C to remove any remaining free water, 

although some small loss of more strongly bonded water is
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likely at this temperature. Nevertheless, with careful 

specimen preparation and interpretation the mercury 

porosimetry method is a useful technique for providing 

information on the changes in pore structure in hydrating 

cementitious systems.

A mercury porosimeter model 70 Carlo Erbo was employed in the 

present work. The specification is as follows: 

Pressure range 0-19620 N/cm2 

Pore radius range 3.75-7500 (and larger) nm 

Dilatometer type SM3 capillary <t> 3mm

Sample holder <J> 10mm, h 50mm

A filling device and a pump which are separated from the main 

porosimeter were employed for vacuuming and deaerating the 

sample, and filling the glass dilatometer with mercury. This 

apparatus is equipped with a travelling microscope to measure the 

surface level of mercury in the dilatometer. The glass 

dilatometer consists of two parts, sample holder and capillary.

The capillary is removable and has a constant section area of

2 7.065mm .

Before measuring the pore volume and pore size distribution of 

a sample, the compressibility of the mercury was determined in 

order to eliminate this effect from the results. After vacuuming 

and filling up the dilatometer with only mercury, the changes of

the mercury level in the capillary were noted on increasing the

2 2 pressure from approximately 9.8lN/cm to 19620N/cm . About 1

gram of the dried sample (dried at room temperature and finally 

at 110°C) was then placed in a clean dilatometer which was 

positioned in the filling device. The dilatometer was evacuated
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(2xlO~ mmHg) and was then filled with mercury. As the pressure 

increased, the surface level of the mercury was recorded by 

reading the vernier. The recording was continued until 

atmospheric pressure was achieved. At this stage the volume of 

the pores and pore size distribution for which r > 7500nm was 

determined. For the determination of the volume fractions of 

pores with r <7500nm, the dilatometer was transferred to the main 

instrument. The pressure was automatically increased from 

atmospheric pressure to 19620N/cm and the displacement of the 

mercury level in the capillary was recorded. The results were 

plotted on a circular chart using polar coordinates (R , A ), where 

the radius Rp represents pressure and the angleAH represents the 

mercury level displacement; a typical result is given in Figure 

6.4. The pressure and the corresponding mercury volumes were 

tabulated, the volume data being corrected by the appropriate 

factor to account for the compression of the mercury. Hence, the 

actual volume of mercury penetraing pores above a particular size 

was determined for different applied pressures and the pore radii 

corresponding to these pressures were determined from equation 

(2). This enabled pore radius, pore volume and hence pore size 

distribution to be determined for the cured samples.

6.2.5 PERMEABILITY MEASUREMENTS.

The expression for the permeability of a material is given by 

Darcy's law which is q - KiA

q « rate of flow cm s

K - coefficient of permeability cms"

i « hydraulic gradient: head loss Ah (1000cm) over

specimen length L (~10cm)

A - cross sectional area of the specimen cm



The permeabilities of the cylindrical cured specimens were 

determined, using a triaxial cell and a constant head. The 

apparatus which was modified for this particular part of the 

work, is shown in Figure 6.5.

Two perspex caps, 50mm diameter and 15mm thick were made, so 

that the upper cap was perforated on the whole surface to allow 

the water to penetrate the specimens and the lower cap was 

perforated only around the centre to allow the water to drain 

out. The hollow ring and an "0" ring were fitted onto the base 

of the cell to prevent water penetration from the lower cap 

causing an error in the readings. The specimens were measured 

and weighed and the first two centimeters of the cylinder's 

surface were covered (at both ends) with waterproof tape in order 

to prevent the damage which might be caused by the "0" rings. 

Two layers of rubber membrane were used to cover the cylindrical 

surface of the specimen which was then immersed in distilled 

water for 48 hours with the water level about 5cm above the 

specimen. The purpose of immersion was to ensure complete 

saturation of the specimen before permeability tests commenced.

After immersion, both ends of the specimen were covered with 

Terram (fibrous fabric) before being placed between the two 

caps. In order to prevent any water penetration from the sides, 

three "0" rings were used to seal the caps and the membranes, as 

shown in Figure 6.5. In all cases, before starting the test the 

upper perforated cap was replaced by a blindcap and a trial run 

was carried out. This procedure was to establish that no water 

penetrated the sides of the specimen for the particular head 

pressures used. By trial and error it was found that a head
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pressure of iKg/cm was well within the safe range. When no 

penetration was observed for 15 minutes, the perforated cap was 

replaced and the actual test started. In some cases air bubbles 

became trapped between the lower cap and the specimen before 

readings commenced. When this occurred, the direction of water 

flow was changed by opening the drain tap on the cell and adding

water to the burette to remove the air bubbles. The system was

2 
then reset. Initally, specimens were kept under 2Kg/cm

pressure for 15 minutes to remove any air voids and to ensure 

complete penetration of all the pores. The measurements of flow, 

using the calibrated tube, were carried out at 5 or 10 minute 

intervals and each set of measurements was repeated four times. 

Also in each case measurements of flow rate were made for both 

downward and upward flow and the average value taken for 

determination of permeability. Values were found to vary within 

about 5%. Always the temperature of the test environment was 

recorded and on the basis of a standard curve a correction to the 

permeability values was made (see Figure 6.6.) to allow for 

changes in viscosity with temperature [177].

6.2.6 FROST HEAVE BEHAVIOUR.

The design of the freezing cabinet for evaluation of frost 

action was based on that developed by the Transport and Road 

Research Laboratory [80,81] as discussed in section 3.3.3. The 

plan and the section of the cabinet are shown in Figure 6.7. The 

cabinet box was made of plywood and lined with 5cm thick 

polystyrene panels. A thermostatically controlled water bath was 

fitted inside the cabinet. In practice, it was found that the
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fixed thermostat on the water bath did not function correctly at 

the low chamber temperatures, so this was replaced by an 

adjustable thermostat which was sited externally. It was then 

possible to maintain the water in the bath at a constant 

temperature throughout the tests. The temperature of the water 

was set to 4 + 0.5°C and the freezing temperature was kept 

constant at -10 + 1°C. A perforated copper tray was 

constructed to hold the specimens and this was covered with a 

layer of Terrain plus a 2cm thick layer of sand topped by a sheet 

of wiremesh. The tray was placed in the water bath and suspended 

in such a way that the water level was about 10mm above the sand 

surface. The specimens were weighed, their dimension measured 

and their cylindrical surface was covered with a layer of plastic 

sheet to prevent surface damage. Specimens were contained in 

cylindrical wire mesh holders of dimensions larger than the 

specimen but of diameter such that they formed an exact fit in 

cylindrical holes in a polystyrene block. A disc of Terram was 

present at the base of each holder to protect the specimen. The 

annulus between specimen and holder was tightly packed with glass 

wool, see Figure 6.8. The assembled specimens were seated in the 

expanded polystyrene block and were placed on a laboratory tray 

with their lower ends immersed to a depth of 15mm in distilled 

water and were left in this condition for 3 days to achieve total 

saturation.

Preliminary water absorption-time experiments (see Figure 6.9) 

were carried out initially on different specimens to determine 

the required conditions for total absorption and it was found 

that constant maximum weight was achieved for all specimens
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within 2 days. Thus the specimens were fully saturated with 

water before being subjected to freezing conditions. The 

expanded polystyrene block containing the saturated specimens was 

transferred to the freezing cabinet within the freezer chamber, 

with the specimens sitting on the immersed sand with their 

bottom 10mm's immersed in the water. (See Figure 6.8). The top 

surface of the specimens was levelled and the vertical distance 

between the specimens and a fixed reference level, sited outside 

the freezing chamber, was measured. This measurement was 

repeated at intervals of 1, 2, 4 and 7 days. The water level 

inside the water bath was kept constant by adding water at 4°C 

through an inlet hole at various periods during the test. This 

water level has an effect on the result of frost heave and as 

suggested by Burns [178] should be kept in constant position. 

After seven days the specimens were taken out of the freezing 

cabinet and removed from the specimen holders for further 

inspection and were photographed. In the present work the heave 

resulting from the frost action was determined in relation to 

specimen composition and curing condition.
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6.3 ANALYTICAL METHODS. 

Introduction.

The properties of soil are dependent on the quality and 

quantity of various mineral contents. The identification of all 

minerals is difficult because usually there are many mixed 

minerals and even specific minerals may show variation in 

properties and composition [179]. Knowledge of soil minerals and 

chemical composition is very important in understanding the 

engineering properties of a soil. The difficulties of soil 

analysis are related to (a) limitations of the available 

techniques, (b) complexity of soil structure [3].

Different techniques can be deployed for certain purposes. For 

example, X-ray diffraction is a useful method for the 

identification and structural analysis of crystalline minerals 

and can provide information on particle size. Electron 

microscopy is a powerful instrument for the surface and fabric 

examinations. Usually, depending on the nature of the work, 

several methods are required for complete characterization of a 

soil. The methods commonly used for soil characterization are: 

1. particle size analysis, 2. X-ray diffraction, 3. scanning and 

transmission electron microscopy, 4. infra-red analysis, 5. 

chemical analysis for the determination of both inorganic and 

organic components and of cation exchange capacity, 6. thermal 

analysis. Sample preparation for the soil analysis is also 

important, because the sample is a representative of the whole 

material and must be taken from a large quantity of often 

inconsistent material.
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6.3.1 X-RAY DIFFRACTION.

The identification of soil minerals by X-ray diffraction is the 

most widely used method. X-rays are electromagnetic waves of 

very low wavelengths from 0.001 to lOnm, which are produced when 

high speed electrons strike a target. The KB component of the 

X-rays is filtered out to give only the Ka component which 

consists of two wavelengths Ka. and Ka 2 , which are very close 

together and which are only resolved at high e angles. A single 

crystal monochromator can be employed to separate out the 

stronger Ka. component, as in the Hagg-Guinier focusing camera. 

Wavelengths range from 0.071nm (molybdenum Ka ) to 0.229nm 

(Chromium Ka ). These wavelengths are of the same order as the 

spacing between atomic planes in crystalline minerals which is 

about O.lnm. All crystals consist of symmetrical ordered 

arrangements of atoms which can be imagined as lying on different 

sets of parallel atomic planes. Since the wavelength of the 

radiation and distance between the atomic planes in a crystal are 

comparable, diffraction occurs when an X-ray beam strikes the 

atomic planes at a certain angle. This diffraction corresponds 

to a normal optical reflection in which the angle of incidence is 

equal to the angle of- reflection. By characterizing and 

measuring the reflections, crystals and their structure can be 

identified. The intensity of the reflections is largely 

dependent on the electron densities of the atoms packed on the 

planes.

When a parallel beam of X-rays of wavelength X strikes a 

crystal with parallel atomic planes of spacing d it may penetrate 

to a considerable depth before being absorbed.
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Constructive interference will take place when the path 

difference between the waves scattered from adjacent atomic 

planes is equal to an integral number of wavelengths. The angle 

at which this occurs is known as the Bragg angle 6 . In Figure 

6.10 if the rays reflect from A then the path difference between 

the two waves is zero. If the reflection takes places at C the 

difference in path lengths is BC+CD which is equal to nX 

(integral number of wavelengths). Therefore, BC+CD = nX 

= 2 d sin 6 which is Bragg's law. This equation can be applied 

to all atomic planes in crystals and forms the basis for the 

characterisation of crystals using the X-ray diffraction method. 

Parallel atomic planes are identified by a set of indices h k 1 

known as Miller indices. Each mineral will have a characteristic 

diffraction pattern which is different from that of all other 

minerals. This is because no two minerals are completely 

identical even if they have the same crystal structure. Usually, 

powder samples of soils are used for X-ray analysis because the 

soil particles are very small and suitable single crystals are 

normally not available.

In the present work two different X-ray systems were employed 

depending on requirements and availability. These were:- 

(i) A Hagg-Guinier focusing camera, using monochromatic 

Cr Ka radiation (wavelength 0.22897nm) and a curved crystal 

monochromator. The exposure time used was 10-16 hours. 

Specimens were prepared in a fine powder form and thoroughly 

mixed with about 10% of silicon powder which was used as an 

internal standard. The powder was evenly dispersed as a thin 

layer on X-ray transparent tape which was attached to a metal
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disc sample holder. The sample and the sample holder were 

placed in the camera. A vacuum pump was employed to evacuate 

the camera in order to reduce the air scatter. The 

measurements were carried out on the X-ray photograph and the 

d spacings were calculated using Bragg's law. 

(ii) A Philips diffractometer, FW1050 and generator PW1140 

were employed. Radiation used was Co K« (wavelength 

0.179026nm) at 35Kv, 25mA. An Fe filter was used to remove 

3 radiation and a PW1965 detector with a gas proportional 

counter (output is directly proportional to incident X-rays) 

was employed. The powder sample was placed in an aluminium 

holder and the rate of scan was 1° = 29 per minute. The 

diffraction peaks were recorded on a chart and the d spacings 

were calculated by reading the 20 angles from the chart and 

using Bragg's law.

6.3.2 SCANNING AND TRANSMISSION ELECTRON MICROSCOPY AND 

ENERGY DISPERSIVE X-RAY ANALYSIS.

Introduction.

In the electron microscope, an electron beam and magnetic and 

electrostatic lenses perform a similar function to that of 

visible light and glass lenses in the light microscope. A 

wavelength of the order of O.OOBnm for the electron beam gives 

great resolving power to an electron microscope, whereas visible 

light, which has a wavelength of 400-760nm, has relatively 

limited resolving power. With modern electron microscopes it is 

possible to obtain high resolution images, diffraction patterns 

and compositional analyses; hence, morphological studies and
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chemical analyses of samples can be carried out at the same 

time. In a scanning electron microscope, a beam of electrons is 

focussed to a fine point of the order of lOnm and scanned over 

the surface of the sample. The secondary electrons emitted are 

collected and amplified, and the topographic image is displayed 

on a fluorescent screen for viewing.

SEM may also be operated to give atomic number contrast images 

by monitoring the back scattered electrons instead of the 

secondary electrons. The magnification of the image is dependent 

on the ratio of the length of the scanned line on the VDU to that 

on the specimen. In SEM, examination of rough surfaces is 

possible, since the electron beam can be focussed to a 

considerable depth of field at the surface. Examination of 

non-conducting materials such as soil is accompanied by a serious 

loss of resolution because an electric charge builds up on the 

surface of these materials. This problem can be solved by 

coating the surface of the sample with a very thin conducting 

layer of metal such as evaporated gold or non-metal such as 

carbon. This layer is deposited on the surface of the sample in 

a vacuum chamber before examination. As already discussed, 

electron microscopy is based on bombardment of the sample surface 

with a narrow beam of high energy electrons. This high energy 

density at the point of impact causes a considerable rise in 

surface temperature and can result in local decomposition of the 

sample. Fortunately, under normal conditions most minerals are 

not seriously affected [4].

In the present work, a stereoscan microscope manufactured by the 

Cambridge Instrument Company, model S150, was employed for fabric
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and micrestructure investigations. A fragment of the specimen 

was taken and fixed with conductive adhesive to an aluminium disc 

specimen mount. The sample was dried very carefully, using 

vacuum drying in order not to destroy the existing soil 

structure. The sample was then coated with a thin layer of 

evaporated gold and the fracture surface was examined. The 

voltage was fixed at 30Kv for the surface topography and for 

qualitative analysis. A Link System energy dispersive analyser, 

model 860 was employed for the analysis.

In transmission electron microscopy, samples are prepared in 

the form of a very thin ("0.2 Pm) film. By focussing the 

electron beam on the sample, morphological, structural and 

chemical data from the individual particles can be obtained as 

the beam passes through. Using the TEM method much higher 

resolution is possible compared with SEM which has a resolution 

limit of about lOnm. Sample preparation is very important, and 

is probably the critical aspect of successful transmission 

electron microscopy. For examining soft materials such as clay 

soils, a modified technique was employed. This involved grinding 

the clay to a fine powder and suspending the particles in a 

methyl acetate colloidon solution. A drop of the suspension was 

placed on a TEM copper grid which had previously had a continuous 

carbon film deposit over it. Electron beam transparent particles 

were selected in the TEM for imaging and analysis.

When an electron beam passes through a thin sample it interacts 

with the solid atoms and can be scattered with (elastic) or 

without (inelastic) energy loss. Inelastic scattering is 

associated with the generation of (a) characteristic X-rays (b)
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secondary electrons (c) Auger electrons (d) back scattered 

electrons. Figure 6.11 shows schematically the interaction of an 

electron beam with a crystalline sample [180].

In TEM, there are two modes of image formation for 

morphological examination (a) the bright field image where the 

object appears as a dark object in a bright field, and (b) the 

dark field image where the object appears as a bright object in a 

dark field. In both cases the use of diffraction contrast is 

involved. In TEM, the diffraction image, which is the 

diffraction pattern of the crystalline sample, can be obtained. 

Electron diffraction is similar to X-ray diffraction where the 

electron beam has a similar function to the X-ray beam, and 

Bragg's law n\ - 2d sine applies. The diffraction pattern of a 

single crystal consists mainly of bright spots, whereas, fine 

crystalline samples give typical powder diffraction rings around 

the central spot, d spacings are obtained from the relation

LX 
hkl = -  -

"hkl

where L = effective distance (mm) from the specimen to

the photograph plate 

R = distance (mm between diffraction spot or ring

(hkl) to direct beam spot (000). 

LX = camera constant, in the present work 26.63. 

Figure 6.12 shows a schematic representation of the formation of 

dark field and bright field images and electron diffraction 

patterns [181]. In addition to the use of the imaging mode and
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the diffraction mode for determining the morphologies and 

structure types of the components of a particular sample more 

complete characterization can be obtained by employing energy 

dispersive X-ray analysis. The use of this technique with TEM 

has distinct advantages in terms of accuracy relative to SEM. 

This is because:

(i) areas of 0.1 Mm in diameter can be analysed with very 

limited electron beam spreading and the analysed volume 

depends mainly on the beam diameter, whereas in SEM it 

depends also on beam penetration,

(ii) a very simple relationship between X-ray intensities and 

elemental concentration exists because the absorption and 

fluorescent corrections associated with the X-ray 

microanalysis of bulk-sample can be neglected.

The relation between X-ray intensities and elemental 

concentration is given by the following equation:

CB " PB

where, C and CR are the weight fractions of the elements A 

and B; I. and I_ are measured characterized x-ray 

intensities; and P represents the individual correction factor 

for each element and depends on ionisation cross-section, 

fluorescent yield and detector efficiency for X-rays.

In the present work, TEM analsyses were carried out using a 

JEOL-JEM-100C microscope fitted with an EDAX 9100/60 energy 

dispersive X-ray analysis system. Morphologies of the thin 

samples were investigated using a bright field image, and
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compositions were analysed using EDAX. Electron diffraction was 

used in characterisation of phases and structures. The X-ray 

intensities were measured by integrating (electronically) the 

area under the relevant peak and substracting the background. 

These were then corrected automatically using the "Quant" program 

which corrects iteratively for background and overlap and gives 

the relative molar proportions of the different elements present 

within the area of the specimen bathed in the electron beam.

The accuracy of the technique and the validity of the 

correction factors used in the software were checked using 

samples of known and well characterized minerals which contained 

the same elements in similar proportions to those which were 

being analysed for in the cured soil-lime specimen studied. Two 

minerals analysed (Figure 6.13) were

Tanzanite Ca2Al 3Si 3O12 (OH)[Ca/Si = 0.67] and

Okenite Ca,SicO,.6H-0 [Ca/Si = 0.5].
ODD 2.

The cation compositions determined (Table 6.1) were found to be 

Ca, gAl2 94513 Q9 for Tanzanite giving a Ca/Si ratio of 

0.61 and Ca3 Q2Si 5 99 for okenite giving a Ca/Si ratio of 

0.50. The excellent agreement obtained between the 

experimentally determined compositions and the accepted 

compositions for these standard compounds indicates that the 

compositions obtained for the gel are reliable to within + 5%.

Precautions were also taken by careful choice of spot size and 

microscope operating conditions, to ensure that there was minimal 

beam damage to the gel during counting as this can affect 

observed Ca/Si ratios for C-S-H gels. Counting for different 

periods on the same spot area was found to give fully consistent
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TABLE 6.1

EDAX ANALYSES (ATOMIC PERCENT *) OF 

TANZANITE [Ca^Al-jSiJD.. ~(OH) ] 

AND OKENITE [Ca,Si cO 6H_0]
ODD f,

TANZANITE 

Ca Si Al Ca/Si Ca/Al

0.60 0.62
0.65 0.68
0.64 0.66
0.60 0.64
0.60 0.65
0.60 0.63

mean mean 
0.61 0.65

94Si3.09

23.4
24.9
24.5
23.6
23.7
23.5

mean
23.93

Mean

Ca

33.5
33.7
33.2
33.5
32.7
33.1
34.7
34.2
34.0
33.2
33.8
32.9
33.3

mean
33.52

38.8
38.4
38.5
39.4
39.7
39.1

mean
38.98

37.9
36.8
37.0
37.0
36.6
37.3

mean
37.10

cation composition Ca1 ,
J.   .

Si

66.5
66.2
66.8
66.5
67.3
66.9
65.3
65.8
66.0
66.8
66.2
67.1
66.7

mean
66.46

OKENITE

Ca/Si

0.504
0.509
0.497
0.504
0.486
0.495
0.531
0.520
0.515
0.497
0.511
0.490
0.499

mean
0.504

Mean cation composition Ca^ g2S*5 99

(*Values were obtained both from different samples 
and from different areas of the same sample)
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and reproducible results for the particular operating conditions 

chosen. The spot size of the electron beam was adjustable [in 

spot 4 (~0.1 ^jrn diameter) and spot 3 (~0.3 »m diameter) ] and the 

intensity could be further reduced by pushing in the condenser 

aperture to positions of 1, 2, 3, 4 or 5. Below is a typical 

example of data from a gel particle with a particularly low Ca/Si 

ratio, which was used to examine the effect of spot size and beam 

intensity on the variation of Ca/Si ratio with counting time. 

Spot 4 (Condenser Aperture Out)

Counting Time

Elements

Al

Si

Ca

Ca/Si

15

9.0

64.6

26.5

0.41

50

7.6

66.4

25.9

0.39

100

8.0

67.9

24.1

0.35

200

7.9

69.0

23.1

0.33

300 sec

7.9

69.8

22.3

0.32

It can be seen that on Spot 4 with the condenser aperture out 

(which produces a most intense electron beam) there is a 

progressive loss of Ca with time in the analyses. Therefore Spot 

3 which gave a less intense electron beam was employed. The 

following are typical examples of data using Spot 3. 

Spot 3 (Condenser Aperture 1)

100 200 sec

8.0 8.0
65.5 65.8
26.5 26.2
0.41 0.40

200 300 sec

8.0 8.1
66.0 66.0
26.0 25.9
0.39 0.39

Counting

Elements
Al
Si
Ca
Ca/Si

Spot

Counting
Elements
Al
Si
Ca
Ca/Si

Time 10

7.9
64.8
27.2
0.42

3 (Condenser

Time 10

8.0
65.8
26.2
0.40

25

7.8
65.1
27.1
0.42

Aperture

25

7.9
66.0
26.1
0.40

50

7.9
65.3
26.9
0.41

out)

100

8.0
65.7
26.3
0.40
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It can be seen that the analyses using Spot 3 showed remarkable 

consistency, hence all analyses in the present research were done 

using Spot 3 ( 0.3 ym diameter) with relatively short analysis 

times of around 50 seconds.

6.3.3 THERMAL ANALYSIS.

Introduction.

Thermal analysis is a reliable analytical technique which has 

been used to assist in the identification of clay minerals for 

several decades. The method is based on the investigation of 

physical or chemical changes in a sample when it is being heated 

or cooled. As the temperature gradually increases, then at 

different temperatures phase transformations and chemical 

reactions take place which involve heat energy loss (exothermic) 

or gain (endothermic) and in some cases weight changes. Methods 

which are designed to measure thermal energy changes such as 

differential thermal analysis (DTA) and differential scanning 

calorimetry (DSC) are well developed and have extensive 

application in clay mineralogy and in many other fields [182].

In the present work, the thermoanalytical technique used was 

therraogravimetry which is based on measuring the weight changes 

of a specimen as its temperature is increased. In 

thermogravimetric analysis, specimen temperature is increased 

from 20 to 1000°C at a controlled rate and the precise weight 

of the sample is continuously monitored using an automatic

balance.

A Perkin-Elmer thermal analyser (model TGS-2) was employed. 

The instrument comprises three main parts: furnace, balance and
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recorder which are connected to a computer and all work 

automatically. The sample was heated in the furnace under a dry 

C02 free, nitrogen atmosphere. Drying, and absorption of CO- 

from nitrogen were achieved by passing the nitrogen over 

respectively a drying agent (silica gel) and carbosorb before it 

entered the furnace. The heating rate was kept constant at 

20°C/min for all tests. The balance is very precise with the 

capacity to measure 0.0001 milligram. The temperatures and 

weight changes are recorded simultaneously on a chart and two 

separate curves are produced, thermogravimetric (TG) and 

derivative thermogravimetric (DTG). The TG curve expresses the 

dependence of the weight change on temperature while the DTG 

curve expresses the rate of change in weight during the 

temperature increase. The TG curve continues to increase in case 

of weight losses, whereas the DTG curve exhibits individual peaks 

for particular reactions and returns to zero baseline when the 

reaction is completed. From these curves considerable 

information with respect to physical and chemical changes in the 

sample can be obtained. The sensitivity used for the TG was 20% 

weight loss of the soil-lime samples for the chart full scale, 

and sensitivity for the DTG was O.lmg/tnin.

To characterize the reactions from the DTG curve, previous 

knowledge of the chemical compositions of the individual phases 

present, and the transformations which they undergo on heating is 

required. For example, in clay with which the present work is 

concerned, there are a number of changes which may be reflected 

in the thermogravimetric curves. These are:-
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(a) Dehydration:

(i) Pore water is usually lost at a temperature range 

from below 100° up to about 120-130°C.

(ii) Adsorbed water on the surfaces and absorbed water 

between the layered structures of the clay 

minerals owing to hydrogen bonding. This water is 

usually lost at temperatures up to 250-300°C.

(b) Dehydroxylation

Breakdown of hydrates and hydroxides, mainly 

dehydroxylation of OH ions in the lattice structure of 

the clay minerals at temperatures in the range 

250-800°C.

(c) Decomposition of carbonates such as calcite owing to 

loss of CCU in the temperature range 650-800°C.

(d) Changes of state which associate with changes in weight 

such as evaporation of salts such as NaCl at about 

850°C.

In addition to the peak temperature of the DTG peak, peak size 

and shape are also important for investigation of phase 

transformation and reaction. The peak temperature of the DTG is 

influenced by:

(a) initial weight of the sample

(b) rate of temperature rise

(c) size of the particles in the sample

(d) furnace atmosphere.

To ensure consistency and reproducibility of peak temperatures, 

about 10-11 milligrams of finely powdered sample was used and, as 

already discussed, the heating rate, furnace atmosphere and all
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sensitivity settings for TG and DTG were kept constant. To 

ensure reproducibility of the sampling technique and to check 

that each sample was representative of the whole, a number of 

samples were taken from the same batch in the initial stages. 

Subsequently, periodic checks were made for consistency during 

the thermogravimetric work. The accuracy of the technique was 

checked by thermogravimetric analysis of hydrated lime 

(Ca(OH)~) and pure calcium carbonate (CaC03 ). The results 

are given in Table 6.2 and the thermogravimetric traces are 

presented in Figure 7.2.

Table 6.2 
Thermogravimetric analysis of Ca(OH) 2 and CaCCU

Raw 

Material

Lime

Calcium 
Carbonate

Theoretical weight 
loss wt%

CaC03

0

44.0

Ca(OH) 2

24.3

0

Observed Weight loss wt%

CaC03

2.0

44.0

Ca(OH) 2

23.0

0

Total equivalent 
to Ca(OH) 2

24.1

-

Percentage 
Accuracy

99.1 

100

The results show that there is an excellent agreement between 

theoretical weight loss and observed weight loss and indicates the 

technique is reliable to within + 1%.
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CHAPTER SEVEN 

RESULTS

7.1 ANALYSIS OF RAW MATERIALS. 

7.1.1 LIME.

X-ray powder diffraction data for the lime used are given in 

Table 7.1. It can be seen that the lime consists mainly of 

calcium hydroxide together with a small amount of calcium 

carbonate. Any other impure crystalline phases which are 

commonly formed in lime (such as magnesia and silica) were not 

identified, and if present are in very low concentrations (less 

than approximately 1%). Figure 7.1 shows that the lime consists 

of aggregates of very small particles (1-2 pm) together with 

larger particles (10-20 pm) some of which show a platy 

appearance indicative of the layer structure of Ca(OH)-,.
tt

Typical results for the thermogravimetric analysis of the lime 

are presented in Figure 7.2 (a). As expected, a large peak is 

observed at 480-500 C corresponding to dehydroxylation of 

Ca(OH)~ together with a very small peak at about 650 C 

resulting from CaCO, decomposition. Figure 7.2(b) also shows 

the thermogravimetric analysis for pure CaCO, for reference 

purposes. The results of the theoretical weight losses compared 

with observed values for these two compounds have already been 

given in Table 6.2. Results obtained from various batches of 

lime at different periods during the work showed that the degree 

of carbonation of the lime used varied from 2.7 to 5.7 wt%. This 

was taken account of in future calculations of the amount of lime 

reacted during curing.
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Table 7.1

X-ray powder diffraction analysis of lime (calcium hydroxide)

d(nm)

0.497

0.313

0.306

0.264

0.251

0.229

0.210

0.193

0.192

0.187

0.180

0.169

0.160

0.145

Intensity

m

vw

w

s

vw

vw

vw

w

vw

vw

m

w-vw

vw

vw

Compound

1

1

c

1

c

c

c

1

c

c

1
1

c

1

Key: s - strong, m - medium, w - weak, vw - very weak, 
1 - Ca(OH) 2 and c - CaC03

134



7.1.2 RED MARL.

X-ray powder diffraction data are given in Table 7.2. it can 

be seen that the red marl consists of illite, together with 

quartz, feldspar, chlorite and haematite. The thermogravimetric 

analysis is given in Figure 7.3. The DTG trace shows two main 

distinctive features. These are (a) a medium-sized low 

temperature peak at 100-150°C and (b) a medium-sized 

dehydroxylation peak at about 550-600°C, which is very broad, 

beginning at about 400°C and continuing up to about 900°C. 

Also very small peaks at about 170°C, 300-350°C and at 700°C 

appear on the DTG trace.

An initial interpretation of the thermogravimetric results of 

the red marl may be achieved by comparing the results with 

previously reported data on dehydration of clay micas carried out 

by Mackenzie [182] (see Figure 7.4). It can be seen that the TG of 

red marl is very similar to the TG curve of glauconite, curve F 

Figure 7.4.

Distinct similarities are as follows:

(a) about 2 wt% loss below 350°C

(b) a very small weight loss at about 350°C

(c) main weight loss at about 500-600°C

(d) total weight loss about 6 wt%.

The weight loss below 350°C corresponds to the loss of 

hygroscopic and absorbed water. A very small weight loss at about 

350°C is probably attributable to the dehydration of very poorly 

crystallized material. The main weight loss at about 500-600°C 

corresponds to dehydroxylation of the clay structure.
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Table 7.2

X-ray powder diffraction analysis of soil (Red-Marl)

d(nm)

1.420
0.999
0.707
0.639
0.498
0.472
0.447
0.426
0.412
0.403
0.389
0.387
0.376
0.373
0.367
0.352
0.334
0.321
0.318
0.317
0.299
0.297
0.293
0.286

0.279

Intensity

vw
w
w
ww
vw
vw
m
s
ww
vw
ww
ww
ww
vw
vw
vw
vs
w
vw
vw
vw
ww
ww
vw

ww

Minerals

Chl
11
Chl
Fel
11
Chl
11
Qu
11
Fel
Fel
Fel-Il
Fel
Fel
Ha-Fel
Fel-Chl
Qu-Il
Fel-Il
Fel
Fel
Fel
11
Fel
Il-Chl
Fel
11

d(nm)

0.270
0.264
0.260
0.256
0.252
0.246
0.238
0.232
0.228
0.224
0.220
0.219
0.215
0.213
0.198
0.184
0.181
0.180
0.169
0.167
0.166
0.154
0.150
0.145

0.137

Intensity

w
ww
vw
w
vw
w
vw
ww
w
vw
ww
ww
ww
w
w
ww
m
ww
vw
w
vw
m
w
w

m

Minerals

Ha
Fel
Chl
Il-Fel
Ha-Chl
Qu-Il-Ch
Il-Chl
Qu
Qu
Qu-Il
Ha
11
11
Qu
Qu-Il
Ha
Qu
Qu
Ha
Qu
Qu
Qu
11
Qu

Qu

Key. w - weak, vw - very weak, m 
Chl - Chlorite, 11 - Illite, Fel 
Ha - Haematite

medium, vs - very strong, 
Feldspar, Qu - Quartz,
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The broadening of this peak may, perhaps, be accounted for by 

the larger amount of magnesium and the presence of iron [182]. 

Illite similarly shows a marked loss in weight due to 

dehydroxylation in the temperature region 400-600°C and its 

presence, along with glauconite, would also be expected. It is 

not possible from the DTG data to confirm positively the presence 

of chlorite although the X-ray data clearly show it to be 

present.

Scanning electron micrographs are given in Figure 7.5. It 

can be seen that a large proportion of the soil consists of 

plate-like particles of typical clay mica morphology [3, 181]. As 

the X-ray and thermogravimetric results show the minerals illite 

and/or glauconite to be a major component of the clay fraction of 

the soil, these plate-like particles are considered to consist 

predominantly of these two related minerals. The overall cation 

distribution determined from SEM and EDAX is as follows:

Mg Al Si Ca K Fe Ti Na

atomic percent 2.8 9.8 78.4 0.6 4.7 3.2 0.6 not detectable

Al/Si =0.13

Figure 7.6 shows EDAX analysis of soil particles examined by 

transmission electron microscopy. The clay mica particles 

themselves are variable in composition. Some particles are 

clearly illite containing the cations, aluminium, silicon and 

potassium, a low level of iron and calcium. Other particles 

contain, in addition, significant amounts of magnesium and in
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some cases a much greater iron content, and are more closely 

allied to glauconite, which is a dioctahedral illite with a 

relatively high iron and magnesium content, see Figure 7.7. A 

number of particles contain little or no potassium and 

substantial levels of magnesium and are clearly chlorite 

particles, see Figure 7.6. Many of the particles also contain a 

low level of calcium. The feldspar appears to be completely 

albite and contains no potassium or calcium. Table 7.3 gives the 

typical composition of these minerals for reference.

The proportion of magnesium-containing clay mineral in the soil 

is significantly less than the potassium-containing clay minerals 

as indicated by the overall EDAX analysis of the soil. However, 

from the analyses of individual particles it is not possible to 

identify all the clay mineral particles present as either illite/ 

glauconite or chlorite and some intermediate or possibly mixed 

layer minerals may also be present.
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7.1.3 CLAY MINERALS.

Kaolinite - the X-ray powder diffraction data for kaolinite 

are given in Table 7.4 It can be seen that in addition to the 

kaolinite, small quantities of mica or a micaceous mineral and 

feldspar are also present. Figure 7.8 shows an SEM micrograph of 

this material in which the hexagonal plates of well crystalline 

kaolinite are clearly observed. Figure 7.9 shows TEM and EDAX 

analysis and the electron diffraction pattern of kaolinite.

Crystals of kaolinite showing basal cleavage are clearly 

observed. The cation composition of the foreground crystal 

(given by EDAX analysis) is Alg qgSi-, OQ indicating an ideal 

crystalline kaolinite mineral. The electron diffraction pattern 

taken with the beam perpendicular to these cleavage planes 

clearly shows the pseudo hexagonal nature of the crystals in the 

a b plane and measurements of d spacings positively confirm it to 

be a kaolinite crystal.

Thermogravimetric analysis of the kaolinite is given in 

Figure 7.10. The DTG trace shows no weight loss at low 

temperatures, indicating an absence of interlayer water and a 

large peak at about 580°C, corresponding to the dehydroxylation 

of kaolinite. The TG trace shows the weight loss to begin at 

about 350°C and end at about 800°C giving a total weight loss 

of 10.6 wt% which is somewhat less than the calculated ideal 

value of 13.95 wt%. This, however, is to be expected as the 

kaolinite contains impurities including feldspar which itself 

contains no water.
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Table 7.4

X-ray powder diffraction of Kaolinite

d(nm)

0.983

0.707

0.498

0.443

0.433

0.415

0.382

0.371

0.355

0.345

0.332

0.322

0.318

0.310

0.297

0.286

0.278

Intensity

w

vs

vw

m

m

m

w

vw

vs

vw

m

vw

vw

vw

w

vw

vw

Minerals

Mi

Kao

Mi

Kao-Mi

Kao

Kao

Kao

Kao

Kao

Mi

Kao-Mi

Fel

Fel

Kao

Mi

Mi

Mi

d(nm)

0.275

0.254

0.252

0.248

0.237

0.224

0.228

0.218

0.214

0.213

0.198

0.193

0.189

0.183

0.178

0.166

Intensity

vw

m

w

m

w

m

w

vw

vw

vw

w

vw

vw

vw

vw

m

Minerals

Kao

Kao-Mi

Kao

Kao

Kao-Mi

Kao-Mi

Kao

Kao-Mi

Mi

Kao

Kao

Kao

Kao

Kao

Kao

Kao

Key: vs - very strong, m - medium, w - weak, vw - very weak, 

Mi - Mica, Kao - Kaolinite, and Fel - Feldspar
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Montmorillonite - the X-ray powder diffraction pattern of 

montmorillonite is given in Table 7.5. The material consists 

mainly of montmorillonite together with some quartz and 

feldspar. The basal spacing of 1.237nm, corresponds to a single 

interlamellar water layer containing exchangeable cations. 

According to Grim [6], the d spacing of dQ01 = 1.24nm is for 

montmorillonite containing interlayer cations of H30+ , Li"1", 

Na and K . From TEM, EDAX analyses of the cured 

montmorillonite-lime composites, the presence of Na, Mg, Al, Si, 

Ca, Fe were identified. It has to be emphasized that this 

material also shows extreme swelling properties. Hence, with 

regard to this information the present montmorillonite is more 

likely to be a sodium type. The SEM micrograph, Figure 7.11, 

shows typical montmorillonite morphology and the results of 

thermogravimetric analysis are given in Figure 7.12. The DTG 

trace shows a large peak at about 100 C corresponding to loss 

of absorbed water mainly interlayer together with the free and 

adsorbed water. The medium unsymmetrical peak at 750°C 

represents dehydroxylation which begins at about 400°C and ends 

at about 800°C. The TG shows that the weight loss at low 

temperature (5 wt%) is considerably greater than in illite (2 

wt%) and Kaolinite (0%) and is typical of the smectite group of 

minerals which have the characteristic property of high water 

absorption and swelling.

Illite - as can be seen from the X-ray data (Table 7.6 and

7.2), SEM micrographs (Figure 7.14 and 7.5) and thermogravimetric

data (Figure 7.13 and 7.3), the characteristics of illite are the
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same as those for red marl with the exception of:

(a) feldspar and haematite were not identified in the X-ray 

diffraction data from illite,,

(b) total weight loss from the TG trace was found to be 

about 10 wt% (6 wt% for red marl).

The TG trace and total weight loss of this sample is also similar 

to dehydration of a typical illite, see Figure 7.4.
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Table 7.5

X-ray powder diffraction of Montmorillonite

d(nm)

1.237

0.618

0.443

0.425

0.402

0.372

0.333

0.320

0.316

0.310

0.296

0.255

0.253

0.248

0.245

0.228

0.223

0.181

Intensity

vs

vw

s

w

vw

vw

m

vw

vw

w

vw

w

w

w

w

vw

vw

vw

Minerals

Mont *

Mont *

Mont

Qu

Fel

Fel

Qu

Fel

Fel

Fel-Mont *

Fel

Mont

Fel-Mont

Fel-Mont

Qu

Qu

Mont

Qu

Key: vs - very strong, s - strong, m - medium, 

w _ weak, vw - very weak, Mont - Montmorillonite, 

QU - Quartz, Fel - Feldspar and * - Hydrates of 

Sodium Montmorillonite
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Table 7.6

X-ray powder diffraction of Illite

d(nm)

0.990

0.711

0.496

0.472

0.445

0.423

0.408

0.383

0.371

0.357

0.348

0.333

0.318

0.311

0.299

Intensity

w

vw

vw

vw

m

m

vw

vw

vw

vw

vw

vs

vw

vw

vw

Minerals

111

Chl

111

Chl

111

Qu

111

111

111

Chl

111

Qu-Ill

111

111

111

d(nm)

0.285

0.255

0.245

0.237

0.228

0.223

0.213

0.199

0.198

0.182

0.167

0.166

0.164

0.154

0.150

Intensity

vw

m

w

vw

w

vw

w

vw

w

w

vw

vw

vw

w

w

Minerals

111

111

Qu-Ill

111

Qu

Qu-Ill

Qu-Ill

Qu

111

Qu

Qu

111

Qu

Qu

111

Key: vs - very strong, m - medium, w - weak, vw - very weak, 

111 - Illite, Chl - Chlorite and Qu - Quartz
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7.2 WORKABILITY AND PLASTICITY CHARACTERISTICS OF THE

CURED SOIL-LIME SAMPLES.

The red marl used was found to be not a highly plastic soil 

but when mixed with water at the optimum level to obtain maximum 

dry density it showed some traces of sticking to the container 

and other apparatus. The fine particles stuck together and 

larger particles were produced. When 2% lime was introduced to 

the mixture an immediate effect on the break-up of the larger 

particles was observed. It was found that the particles became 

more friable, and the compaction was found to be easier. It 

might be said that the mixture of soil-lime water behaves as 

granular material such as silt and sand, even though it does not 

have the same properties. The visible effect on friability was 

found more influential when the mixture was left for 24 hours. 

This could have considerable advantages when cohesive soils are 

involved and plant mobility and efficiency can be greatly 

improved.

The effect of lime on the plasticity of the red marl was also 

investigated. The liquid and plastic limits of soil samples 

containing different percentages of lime and cured at different 

temperatures for various periods of time are shown in Figures 

7.15 and 7.16. It was observed that the curing temperature had a 

significant effect on the mechanical properties of the 

soil-lime. The liquid and plastic limits increased with 

increasing lime content. The rate of increase of the plastic 

limit was observed to be significantly higher than the rate of 

increase in the liquid limit. However, both the liquid and 

plastic limits decreased with the increase in curing time but in
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this case the rate of decrease in the liquid limit was found to 

be higher than the corresponding decrease in the value of the 

plastic limit. The plastic limit (immediately after mixing) 

increased significantly with the lime content (21% to 31%) but 

the liquid limit increased significantly up to 2% lime content 

(32-39%) but increased only slightly thereafter (39-43%).

The most significant effect, however, was due to the curing 

temperature. The liquid limit decreased and the plastic limit 

increased as the curing temperature was raised. In fact, all 

samples with a lime content of 6% or more became non-plastic 

after curing for six weeks at 50°C. Apart from the Atterberg 

limits determined immediately after mixing, it was observed from 

Figure 7.17, that the plasticity index decreased by increasing:

(1) lime content

(2) curing period

(3) curing temperature

The improvement in plasticity of the cured samples under 

different curing conditions is shown on the plasticity chart 

given in Figure 7.18 It was observed that a decrease in the 

plasticity of the lime-stabilized red marl occurred when cured at 

25 and 50°C. This corresponded to the crossing of the A-line 

to the so-called silty region for most cured samples. The 

exceptions were the specimens with 2% lime and cured for 1-24 

weeks at 25°C. The effect of the curing period was observed to 

cause a shift towards zero plasticity and, hence, a lower degree 

of compressibility. This was almost parallel to the A-line. 

When the curing temperature was increased from 25°C to 50°C 

all the points on the plasticity chart crossed the A-line as 

shown in Figure 7.18.
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Raising the curing temperature also caused a shift towards 

zero plasticity and lower compressibility. The effects of lime 

content, the curing period and curing temperature are analogous 

to the curvilinear axes sketched in Figure 7.19. The effect of 

increasing the lime content is typified by the L-line whereas the 

increase in curing time and temperature will have the effect of 

shifting the L-line in the direction of the C and T lines 

respectively.
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7.3 FACTORS INFLUENCING STRENGTH DEVELOPMENT.

7.3.1. LIME CONTENT, CURING PERIOD AND CURING ENVIRONMENT.

The results of compressive strength against curing time for 

compacted specimens of red marl-lime cured at 25, 50 and 75°C 

with different lime additions (2, 6, 10 and 14 wt%) and at a 

constant moisture content are illustrated in Figures 7.20-7.22. 

Comparison of these figures shows a marked increase in the rate 

of strength development with increasing curing temperature. 

Variation in compressive strength with lime content for the 24 

week cured specimens at different temperatures is illustrated in 

Figure 7.23. At low lime contents the composites are approaching 

their ultimate strength after 24 weeks but for the higher lime 

contents strength is still continuing to develop at quite 

advanced ages. At 25°C, where strength development is 

extremely slow/ the strength is negligible at all lime contents 

even after 24 weeks curing. In the case of the 50°C and 75°C 

cured specimens, greater strength increases are achieved by 

further increasing the lime content. This is illustrated by 

Figure 7.24 which shows a plot of compressive strength against 

lime content for specimens cured for 12 weeks at 50°C with lime 

content up to 50 wt%. From this graph the most economic lime 

content to give the highest strength gain can be simply

estimated. For the present soil, the optimum lime content was
2 found to be approximately 8 wt% to give about 9N/mm

compressive strength.

As discussed in 3.2.2 a pH method test to determine the lime 

requirement for lime stabilization was suggested by Eades and 

Grim [31]. On the basis of this method the slurries of red
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marl-lime were prepared and the pH values were determined after 

one hour at room temperature. Figure 7.25 shows a relationship 

between the lime content and the pH values. It can be seen that 

the pH of the slurries increased as the amount of lime was 

increased up to 7 wt% and further increase in the lime content 

did not change the pH value. According to the pH quick test, 

only 7 wt% lime is required for stabilization of red marl. 

However, as Eades and Grim have suggested, strength tests are 

always required to show the exact relationship between the lime 

content and the strength development.

The importance of maintaining a constant moisture environment 

during curing in order to achieve significant reaction and 

strength development is apparent from the results obtained for 

specimens cured in a non-sealed environment. Figures 7.26-7.29 

show the variation in compressive strength with age for specimens 

of different lime contents cured in a non-sealed environment at 

temperatures of respectively 20°, 25°, 50° and 75°C. For 

all specimens, compressive strengths are greater for the higher 

lime contents, and at all curing temperatures studied there is an 

initial rapid strength increase followed by a levelling off in 

strength.

However, the rate of this initial strength increase is much 

greater at the higher curing temperatures. Also for a given lime 

content the strength attained at a given age is greater at the 

higher curing temperature. A significant point to note regarding 

the development of strength with age is the variation in the rate 

of strength development with curing temperature at ages beyond 

the initial rapid strength increase (i.e. at ages beyond about 2
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or 3 weeks). For a particular curing temperature, the rate of 

increase in strength with time in this region is a constant. 

This constant increases with curing temperature to a maximum at 

between room temperature (~20°C) and 50°C, beyond which it 

rapidly falls off and at 75°C is very nearly zero (see Table 

7.7). There is clearly a factor in addition to temperature which 

is influencing the reaction between the lime and the soil, and 

hence the strength development. This additional factor is 

undoubtedly moisture content, which reaches an equilibrium value 

for each temperature (see Figure 7.30) after the first few weeks 

of curing, this equilibrium value being very much smaller at the 

higher curing temperatures. Hence, as the curing temperature 

increases, the reaction rate increses but the equilibrium 

moisture content decreases. When the equilibrium moisture 

content falls below the critical value required to maintain 

reaction between the lime and the soil (which relies on diffusion 

via solution) the reaction is curtailed and the rate of increase 

in strength with age approaches zero.

Table 7.7
_2 

Rate of strength increase (Mtnm .per week) at ages between 3-24 weeks

Curing Temperature °C

20

25

50

75

Lime content wt%
2

0.014

0.038

0

0

6

0.019

0.048

0

0

10

0.019

0.057

0

0

14

0.019

0.086

0

0

Equilibrium 
Moisture 
Content

"5%

2.5%

0.75%

0.25%
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The moisture content not only influences strength development 

by its influence on the chemical reaction between the soil and 

the lime but also has a direct effect on the strength values 

obtained. This is illustrated by Figure 7.31 which shows a plot 

of the compressive strength of compacted soil cylinders (without 

lime additions) against moisture content. The intrinsic strength 

of the marl itself without the presence of a cementitious bonding 

phase, therefore, shows a continuous decrease with increasing 

moisture content and this factor must be taken into account when 

comparing the strength of specimens cured at different 

temperatures and, hence, possessing different moisture contents. 

Table 7.7 gives information with respect to the moisture content 

and strength increase in the cured soil-lime specimen. It can be 

seen that the moisture content required to allow the reaction 

between soil and lime to take place is 2.5 wt% (for the red 

marl-lime specimen); when the moisture content decreases from 

this level to 0.75 wt%, no strength increase is observed. As 

already discussed, the compressive strength of the unsealed cured 

specimens is thought to be a result of two factors (a) formation 

of cementitious material (b) moisture loss. From Figure 7.31 

which shows the intrinsic strength of compacted soil at different 

moisture contents, and Figure 7.30 which shows the moisture 

content at different curing periods, and also from the Figures 

7.26-7.29, it is possible to calculate the strength development 

attributable to both the formation of cementitious material and 

to moisture loss, in the 20, 25, 50 and 75°C unsealed 

environments. Table 7.8 gives the results for the specimens 

cured for 4 weeks where the moisture content reached an

152



equilibrium at this curing period. It can be seen that at low 

lime content (2 wt%), negligible or nearly zero cementitious 

material is formed; hence the strength is due to the intrinsic 

strength of compacted soil. At the higher lime contents, 

however, the compressive strength which results from the 

formation of cementitious material increases both with the lime 

content and the curing temperature. Comparison of Figures 7.20 

and 7.27 shows that after 4 weeks at 25°C although the material 

in the unsealed environment has reached its equilibrium moisture 

content (Figure 7.30), its strength continues to increase at a 

rather greater rate than that of the material in a sealed 

environment. There is, therefore, a third factor influencing the 

strength development. This factor in addition to moisture 

content and temperature, which has been claimed [183] to have an 

effect on strength development during curing, is carbonation.

7.3.2 CARBONATION.

The degree of carbonation of the lime during curing in a 

sealed environment was determined by thermogravimetric analysis 

(see section 7.1.1) and was found to be relatively small (between 

2.7-5.7 wt%). The results of the current experiment were 

obtained in order to determine whether this small amount of 

carbonation would make any measurable contribution to the 

strength of the cured specimens. Figure 7.32 shows the variation 

in compressive strength with age for specimens of various lime 

contents cured in a nitrogen environment and Figure 7.33 shows 

the same results for similar specimens cured in a 100% carbon 

dioxide environment. In the nitrogen environment (Figure 7.32)
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the strength development was found to be rather less than in an 

unsealed air environment (Figure 7.26) which is attributed to the 

smaller loss of moisture during curing in nitrogen. Figure 7.34 

shows variation in moisture content with curing period for 

specimens cured in both nitrogen and carbon dioxide 

environments. The moisture loss is much higher in an unsealed 

air environment (Figure 7.30) and beyond 8 weeks curing at 

~20 C the moisture content has levelled off at about 5% whereas 

in a nitrogen environment it is still greater than 9% after 24 

weeks.

The specimens in a CO2 environment displayed water 

secretion during the course of curing due to reaction of CO^ 

with lime and formation of calcium carbonate. Therefore, the 

excess water in the cell which was produced in the CO^ 

environment (see section 6.1.2) had to be drained frequently. 

The dry weight of the specimens was also determined by weighing 

the speciments and determining the moisture content in accordance 

with BS 1377 (1975) and using a 110°C oven.
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TABLE 7.8

Strength development in the 4 week cured specimens

2 in the unsealed environments (N/mm )

Sources of strength 
gain

Soil-Lime, 
cured at 20°C

Intrinsic strength 
of compacted soil

Resulting from 
pozzolanic activity

Soil-lime, 
cured at 25°C

Intrinsic strength 
of compacted soil

Resulting from 
pozzolanic activity

Soil-Lime, 
cured at 50°C

Intrinsic strength 
of compacted soil

Resulting from 
pozzolanic activity

Soil-Lime 
cured at 75 C

Intrinsic strength 
of compacted soil

Resulting from 
pozzolanic activity

Lime

2

1.3

1.3

0

2.1

2.0

0.1

2.9

2.8

0.1

3.3

3.2

0.1

Content

6

1.9

1.3

0.6

3.0

2.0

1.0

4.0

2.8

1.2

4.8

3.2

1.6

wt%

10

2.3

1.3

1.0

3.9

2.0

1.9

4.9

2.8

2.1

5.6

3.2

2.4

14

2.8

1.3

1.5

4.7

2.0

2.7

6.0

2.8

3.2

6.6

3.2

3.4

Equilibrium 
Moisture 
Content

~ 5%

2.5%

0.75%

0.25%

Notes: 1. Strength gain resulting from pozzolanic activity 
might be attributed partly to carbonation.

2. Strength increase owing to increase in the lime 
content may be related partly to the degree of 
compaction.
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As expected a gradual increase was observed in the dry weight 

of the specimens during the curing period. As more lime was used 

the weight correspondingly increased. The dry weight of the 

cured specimens increased sharply in the first two weeks and then 

levelled off for longer curing times (see Figure 7.35). This 

initial rapid rate of carbonation corresponds with the initial 

rapid strength gain (Figure 7.33) for the carbonated specimens. 

However, the strength developed in both nitrogen and carbon 

dioxide environments will contain a component due to moisture 

loss. Both specimens have lost moisture during curing (Figure 

7.34). However, in the case of the specimen cured in a CO- 

environment the weight of the specimen has increased due to 

carbonation,and the moisture content in this case is based on its 

new increased weight and not its original weight. Therefore, the 

actual loss in moisture for this specimen will be rather less 

than that indicated by Figure 7.34. A calculation of the 

magnitude of the contribution to the strength from these 

different effects (pozzolanic activity, carbonation and moisture 

loss) for the specimens containing 14 wt% lime, cured for 12 

weeks in nitrogen and carbon dioxide environments is given in 

Table 7.9. It is assumed that for the carbonated specimens there 

is negligible pozzolanic activity, as 97% of the available lime 

is carbonated. Although the strength gain due to carbonation 

(for specimens cured in CO-) is more than double that due to 

pozzolanic activity (for specimens cured in N^) the comparison 

does not account for the fact that 97% of the original lime in 

the former specimen was carbonated, whereas only a small amount 

of the lime (~18%) in the latter specimen had been consumed by
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pozzolanic activity and most of it (~54%) still remained as free 

lime and about 28% of the original lime was found to be 

carbonated. Hence there is potential in the latter specimen for 

further pozzolanic activity to develop higher strength. On the 

other hand, the specimen cured in a carbon dioxide environment 

has already reached its ultimate strength because all the lime 

(up to 97%, see Figure 7.35) was found to be carbonated and no 

further reaction is expected. Therefore, as more carbon dioxide 

is absorbed by lime, less lime is left for the development of 

cementitious material. As a result, carbonation which is a 

deteriorating factor in the process of the soil-lime system 

should be minimized. However if, as in the present work, only a 

small percentage of any added lime becomes carbonated, the effect 

on strength development will clearly be negligible.

It is of interest to compare the strength development in the 

nitrogen environment (Figure 7.32) and in the 20 C unsealed 

environment (Figure 7.26). Data in Table 7.9 show that the 

strength gains for specimens containing 14 wt% lime, cured for 12 

weeks at ~20°C in these two environments are almost the same, 

confirming the similarity of reaction in the soil-lime composites 

cured at 20°C in an unsealed air and nitrogen environment.

7.3.3 DEIAY TIME BETWEEN MIXING AND COMPACTING.

As mentioned in section 6.1.1 the moulding of the specimens 

was carried out immediately after the preparation of the 

mixture. The effect of a delay between mixing and compacting 

(moulding) on the strength was also investigated. In these tests 

a series of mixtures of soil, 6 wt% lime, and water, was prepared
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Table 7.9

Strength gains resulting from the pozzolanic
activity and carbonation effects in the 12 week cured

specimens with 14 wt% lime.

Sources of strength gain

Soil-lime cured in a carbon-
dioxide environment

Intrinsic strength 
of compacted soil

Strength gain

Soil-lime cured in a nitrogen 
environment

Intrinsic strength 
of compacted soil

Strength gain

Soil-lime cured in a ~20°C 
unsealed environment

Intrinsic strength 
of compacted soil

Strength gain

Strength 

Nmm

4.2

0.7

3.5

2.0

0.6

1.4

2.9

1.4

1.5

Moisture 
content wt%

8.6

9.9

4.9
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as in 6.1.1. Each mixture was kept sealed individually inside 

two plastic bags to prevent moisture evaporation and these were 

held at 25, 50 and 75°C for 0, 3, 7, 14 and 28 days. After 

these delays, any loss of moisture was compensated by adding 

extra water (to return the moisture content to 12.5 wt%) and 

moulding of the mixture was carried out as normal. The specimens 

were then cured for 12 weeks at the temperatures at which they 

had previously been held.

After curing in sealed environments, the unconfined 

compressive strength was determined as in 6.2.1. Figure 7.36 

shows an example of the effect on strength of delay time between 

mixing and compacting, for a soil-6 wt% lime specimen, at 

different curing temperatures. As expected, at 25°C even 28 

days delay has no effect on the 12 week strength because in this 

environment the reaction between soil and lime is extremely 

slow. At 50°C the 12 week strength decreases slowly as the 

delay time increases. However, at 75°C there is a marked 

decrease in the 12 week strength with increasing delay time and 

the rate of decrease in strength with delay time is very rapid at 

short delay times. This suggests that at 75°C with 6 wt% lime 

the major part of the cementitious reaction product is formed 

within the first 14 days, and that beyond 28 days formation of 

any new product which contributes to the strength is relatively 

small. This is confirmed by Figure 7.22 which shows that for the 

6 wt% lime specimen, 60% of the 24 week strength has been 

achieved within 28 days. Thus at ambient temperatures of around 

20°C a few days delay between mixing and compacting is 

insignificant but in a hot climate the delay should be minimized 

to prevent strength reduction.
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7.3.4 SOIL PARTICLE SIZE.

In order to investigate the effect of particle size of the 

soil on strength, the red marl was separated into the following 

particle size fractions using standard sieves, <600 pm, <425pm, 

<150 jj m, <63 fjm. Soil of each sieve fraction was mixed with 6 

wt% lime compacted using the normal method and cured at 50°C in 

a sealed environment for 12 weeks. Figure 7.37 is a plot of 

compressive strength against particle size fraction and shows 

that as the size of the soil particles decreases the strength for 

a particular curing time increases. This suggests that the amount 

of cementitious product formed in the early stages is reaction 

controlled. Decreasing the particle size increases the specific 

surface and hence allows more reaction to occur at the particle 

surfaces.

7.3.5 SALT ADDITION.

In view of the soluble salt content of Kavir clay (see 

Appendices), one percent salt (sodium chloride) was added to some 

red marl specimens in order to determine whether the presence of 

salt in clay lime systems has any effect on strength 

development. The procedure adopted was identical to that in 

6.1.1. The results of compressive strength against curing period 

for specimens cured at 25, 50 and 75°C temperatures with 2, 6 

and 10 wt% lime are illustrated in Figures 7.38-7.40 and should 

be compared with the results from the equivalent salt free 

specimens in Figures 7.20-7.22. Comparison with Figures 

7.20-7.22 shows that at 25°C where strength development is very 

slow the presence of salt produces a marked increase in the rate
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of strength development and hence in the reaction rate, whereas 

at 50°C and 75°C where reaction rates are very much greater 

the effect of the addition of salt is negligible, producing only 

a marginal strength gain.
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7.4 DURABILITY. 

7.4.1 DENSITY.

Table 7.10 shows the mean solid densities of cured soil lime 

specimens. There is a general tendency for the mean solid 

density to decrease with increasing lime content, resulting from 

the rather lower density of lime (2.24g cm ) relative to the 

soil (2.73g cm ). However, it is significant to note that 

within the limits of error there is no change in mean solid 

density with either curing time or curing temperature, suggesting 

that the density of the reaction product is intermediate between 

that for lime and that for soil. This would be in general 

agreement with reports of the densities of calcium silicate 

hydrate gels which are in the range 2.15-2.65g cm" [184]. As 

it was necessary to dry the samples (110°C for 24 hours) before 

the density measurement, the cementitious gel phase would almost 

certainly lose a proportion of its gel water. Also the technique 

used (BS 1377, (1975), test 6(B)) is not sufficiently sensitive 

to give density values of the accuracy required to produce a 

realistic estimate of the changes in porosity during curing as 

the cementitious gel forms and develops. The porosities and pore 

size distributions for the cured specimens were determined using 

mercury porosimetry, the results of which are given in the next 

section.
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Table 7.10

True density of cured soil-lime specimens

Lime 
Content 
wt%

0

2

2

6

6

6

6

6

6

10

10

10

10

10

10

Curing 
Period 
week

0

1

24

1

24

1

24

1

24

1

24

1

24

1

24

Curing 
Temperature

75

75

25

25

50

50

75

75

25

25

50

50

75

75

True density 
g.cm 

+ 0.01

2.73

2.72

2.71

2.68

2.70

2.70

2.69

2.69

2.70

2.68

2.69

2.67

2.67

2.68

2.69
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7.4.2 MERCURY POBOSIMETRY.

Figures 7.41-7.46 show pore size distribution curves for 

specimens with various lime contents cured at 25 and 75°C for 1 

and 24 weeks. The graphs show the percentage of the total pore 

volume resulting from pores below a particular pore size, against 

pore size. These results indicate a number of marked trends 

which are:

(a) curves of cumulative pore volume (%) against pore 

radius, for materials with short curing times (A), 

always lie below those for equivalent materials with 

long curing times (B) (Figures 7.41-7.44). This 

confirms that there is a general refinement of the pore 

structure as curing time increases. Higher curing 

temperature (see Figure 7.45) and increased lime 

content (see Figure 7.46) also have a similar effect on 

refinement of pore sizes.

(b) As the curing time increases (Figures 7.41-7.44), and 

at higher temperatures (Figure 7,45), and for increased 

lime contents (Figure 7.46) there is a clear trend 

towards the development of two distinct pore size 

populations, the major one in the region around 4-40 run 

and a secondary one in the region around 400-4000 run, 

with a relatively small proportion of pores in the 

region 40-400 nm and virtually a complete absence of 

pores of size exceeding 4000 nm. This is clear from 

the data presented in Table 7.11.
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At the extended curing times (24 weeks) and high curing 

temperatures (75°C), it can reasonably be assumed from the 

evidence of strength data (see Figure 7.22) that reaction is 

almost complete and that all major microstructural changes have 

occurred. Thus specimens with increasing lime content cured 

under these conditions will contain increasing amounts of 

cementitious reaction product at an advanced stage of development 

in terms of morphology and microstructure. Hence, the formation 

of increasing amounts of cementitious reaction product results in 

a marked increase in the proportion of micropores (4-40 nm) 

within the cured sample. However, although the results for the 

total porosity of the cured specimens show a decrease in total 

porosity with increase in lime content (see Figure 7.47) this 

cannot be considered as being solely as a result of the formation 

of increased amounts of cementitious reaction product. As 

discussed earlier, cylindrical specimens were pressed to an 

initial constant density prior to curing, and as the average soil 

material density (2.73g cm" ) is rather greater than that of 

the hydrated lime (2.24g cm" ) the porosity of the specimens in 

their green state would be expected to show a small decrease with 

increasing lime content. Thus comparing porosities of specimens 

of different lime content can be misleading. A more appropriate 

comparison is of the porosities of specimens with the same lime 

content but with different curing times (see Figure 7.47). in 

this case, although with increased curing times (and hence 

formation of increased amounts of cementitious material) the 

proportion of micropores is significantly increased, the total 

porosity actually showing a slight increase. This trend is
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consistent at all lime contents and at different curing 

temperatures. Therefore, the results suggest that formation of 

cementitious material has a relatively small effect on total 

porosity, probably resulting in a slight increase, but has a 

marked effect on pore size and pore size distribution. These 

changes in porosity and pore size distribution are reflected in 

changes in the permeability of the cured specimens.

7.4.3 PERMEABILITY.

The coefficients of permeability were found to decrease 

uniformly (above 2% lime addition) with increase in lime content 

at all three curing temperatures (25, 50 and 75°C) as shown in 

Figures 7.48-7.50. The results are consistent with the observed 

decrease in porosity with lime content previously discussed (e.g. 

for 75°C see Figure 7.47). It is, however, significant that 

the total volume porosity is greater at the longer curing times 

than at the shorter curing times. Variation in permeability with 

lime content at 25°C (see Figure 7.48) reflects the changes in 

volume porosity, the higher the total pore volume, the higher the 

permeability (see Table 7.11). However, at the higher curing 

temperature of 50°C where increased amounts of cementitious 

material are being formed, permeabilities at the longer curing 

times drop below those for the shorter curing times (see Figure

7.49), and the effect is further enhanced at 75°C (see Figure

7.50). Figure 7.51 shows the relationship between permeability 

and curing temperature for the 24 week cured specimens containing 

various amounts of lime. It can be seen that there is a tendency 

for permeability to decrease by increasing the curing

167



temperature, although it shows a pronounced decrease by 

increasing the lime content. The decrease in permeability with 

increased curing time is accompanied by a slight increase in 

porosity, a marked increase in the population of micropores 

present (4-40 nm), a general decrease in the proportion of very 

large pores present (4000 nm), and a marked increase in both 

strength and formation of cementitious material. This suggests a 

mechanism by which microporous cementitious material forms and 

develops and grows into the larger pores, shifting the pore size 

distribution towards finer pore sizes, and completely blocking up 

some of the larger pores.

From Hughes's work [67] it would be expected that where there 

are present two pore size populations of widely differing pore 

sizes the permeability would depend upon the volume per cent 

porosity due to the pore size population with the larger pore 

sizes. In the present work, therefore, the pore size population 

with pore sizes below about 40 nm will not make any significant 

contribution to permeability, the predominant contribution coming 

from the pore size population with pore sizes greatly in excess 

of 40 nm. Figure 7.52 which is a plot of the volume per cent 

porosity for pores of sizes in excess of 40 nm against 

permeability, for the cured soil-lime specimens, clearly supports 

this hypothesis. The only point which does not lie close to the 

curve is for a specimen cured for 1 week at 25°C. For such a 

short curing time and a low curing temperature negligible 

pozzolanic activity will have taken place and an interconnected 

three-dimensional rigid network will not have developed. The 

behaviour of this material cannot, therefore, be compared
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reliably with that of the other cured materials.

7.4.4 FROST ACTION.

In these studies, the cured specimens were subjected to a 

freezing environment for one week, to determine the heave due to 

frost action as discussed in 6.2.6. A typical result for the 

water absorption of the cured specimen prior to the frost heave 

tests is given in Figure 6.9. It can be seen that specimens 

cured at 50°C for 12 weeks and containing 2, 6 and 10 wt% lime 

reached saturation after about 20 hours. Therefore, at least 48 

hours water absorption for all specimens, before applying the 

freezing condition was found to be adequate. Figures 7.51, 7.54 

and 7.55 show the relationship between frost heave and curing 

time for specimens of various lime contents cured at 25, 50 and 

75°C respectively. At the 25°C curing temperature (Figure 

7.53) the amount of heave produced falls off steadily with 

curing time at the high lime contents, and after 24 weeks curing, 

specimens with greater than 6 wt% lime are fully frost 

resistant. For the 2 wt% lime specimens, however, increased 

curing time produces a relatively small improvement in frost 

heave behaviour. At the increased curing temperatures (Figures 

7.54 and 7.55) the amount of frost heave decreases dramatically 

with increase in specimen curing time even with specimens 

containing only 2 wt% lime, and specimens containing 10 wt% lime 

cured at 75°C are fully frost resistant after only one week's 

curing. The amount of frost heave experienced by a solid is 

related in a complex manner to the tensile strength, permeability 

and porosity of that solid and to the freezing conditions. There
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is also a relationship between the tensile strength and the 

compressive strength, and compressive strength increase is 

accompanied by increase in tensile strength.

For the specimens used in the current studies, the variation 

in both porosity and permeability is relatively small, which 

means that there is also very little variation in the water 

absorption characteristics (see Figure 6.9). However, there is a 

wide variation in compressive strength between specimens, 

depending on lime content, curing temperature and curing time 

(Figures 7.20, 7.21 and 7.22) and it is only at the low (25°C) 

curing temperatures (where strength shows a greatly reduced 

sensitivity to both lime content and curing time) that very large 

amounts of heave are observed, even with the high lime contents. 

At these low curing temperatures both porosity and permeability 

(Table 7.11 and Figure 7.48) increase slightly with curing time.

Hence the very marginal strength increase for the 2 wt% lime 

specimen with increased curing time (Figure 7.20) is just 

sufficient to produce a marginal improvement in frost heave 

performance (Figure 7.53), as curing time increases. For 

specimens of higher lime content (6 and 10 wt%) which show 

reduced permeabilities (Figure 7.48) and higher strengths (Figure 

7.20) the rather higher rates of strength increase with curing 

time are sufficient to produce marked improvement in frost heave 

performance (Figure 7.53) as curing time increases. At higher 

curing temperatures (50° and 75°C) permeabilities tend to be 

lower (Figure 7.51) and strengths substantially higher (Figure 

7.23). Thus frost heave resistance shows a marked improvement 

(Figures 7.54 and 7.55) for specimens cured at these higher
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temperatures. This is particularly valid for the 6 wt% and 10 

wt% lime addition specimens, whereas for 2 wt% lime the strength 

of specimens even after 24 weeks curing at 75°C (Figure 7.22) 

is still very low. Therefore, the low lime content specimens 

never achieve complete frost resistance even after long curing 

periods at high temperatures.

Figures 7.56 and 7.57 show the change in frost heave with 

lime content at different curing times and at curing temperatures 

of respectively 25°C and 50°C. Lime content is the most 

sensitive of the parameters affecting permeability (Figures 7.48, 

7.49 and 7.50), porosity (Figure 7.47) and strength (Figures 7.23 

and 7.24) and it therefore has a significant effect on frost 

heave behaviour. in particular, there is a distinct increase in 

the amount of heave observed for specimens with small lime 

additions (2 wt%) compared with the soil alone, even though 

strengths are clearly above those for a lime free soil cylinder 

(Figures 7.20 and 7.21). However, the addition of small amounts 

of lime leads to marked increases in both permeability (Figures 

7.48 - 7.50) and porosity (Table 7.11) and the small increase in 

strength at the low lime contents is not sufficient to offset the 

effects of these permeability and porosity increases on the frost 

heave performance. With increased lime content the amount by 

which the permeability and porosity increase above that for the 

lime free soil becomes much less and, particularly at higher 

curing temperatures, strengths are greatly increased. Thus the 

extent of frost heave that specimens exhibit, particuarly at the 

higher curing temperatures, is greatly reduced, such that 

specimens with high lime contents cured at high temperatures are
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fully frost resistant after very short curing times.

To summarise, therefore, the results of frost heave 

measurements indicate that:

1. Specimens with 2 wt% lime are susceptible to frost 

action regardless of curing time (up to 24 weeks) and 

curing temperature (up to 75°C).

2. Specimens with 6 and 10 wt% lime are resistant in 

freezing conditions if they are cured for at least 24 

weeks at 25°C, or 6 weeks at 50°C, or for more than 

one week at 75°C, prior to being exposed to the 

freezing environment.

3. The susceptibility of soil-lime specimens to frost 

heave is intimately related to their relative 

strengths, permeabilities and porosities. Decrease in 

strength and increase in permeability and porosity will 

render specimens more susceptible to frost heave and 

hence less frost resistance.

VISUAL OBSERVATIONS.

During freezing conditions, ice lenses developed continuously 

because of the suction pressure and capillary migration of 

water. Unfrozen water present in the lower part of the specimen 

migrated toward the freezing zone, leading to continuous 

formation of ice lenses. The formation of these ice lenses was 

clearly observed and it was also noticed that the gaps between 

the lenses increased in size if the specimen, which was subjected 

to freezing tests, contained more lime. For example, the 

specimen without lime produced relatively fine ice lenses, whilst
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the specimens with 2, 6 and 10 wt% lime showed larger gaps, 

(depending on the amount of lime) see Figure 7.58. The 

concentration of the ice lenses decreased gradually from the 

unfrozen to the frozen zone and some of the specimens exhibited 

only one or two cracks whilst some retained their initial shape 

and dimensions without any changes. The zero isotherm was 

observed at the level of 40-45mm.
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7.5 ANALYSIS OF THE CURED SOIL-LIME SAMPLES.

It is quite clear, from the results discussed in the previous 

sections 7.3 and 7.4 on the respective strength development and 

durability studies, that these properties are intimately related 

to formation, growth and development of the cementitious reaction 

products formed by reaction between the lime and certain 

components of the soil. However, thus far, the nature and 

characteristics of those reaction products are unknown. The 

present section reports the results of X-ray, TG, SEM, TEM and 

EDAX analyses on those reaction products with a view to achieving 

a more fundamental understanding of the complex processes 

involved in the development of the physical properties of cured 

soil-lime composites.

7.5.1 LOW TEMPERRJURE CURING.

It has already been discussed in section 7.3 that the 

specimens of lime-red marl cured at room temperature (20 C) and 

at 25°C show negligible strength development. It is therefore 

not surprising that even after 24 weeks curing in a moist 

environment no evidence for the formation of new cementitious 

materials was observed using SEM, X-ray powder diffraction and 

thermogravimetric analysis. Thus the formation of new material 

may be considered very small (if any) and outside the limits of 

detection of the techniques employed. X-ray powder diffraction 

analysis of the specimens cured in a C02 environment showed, as 

expected, only the formation of calcium carbonate. Clearly, any 

attempt at investigation of the reaction between soil and lime in
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these curing environments is pointless. Therefore, all 

subsequent analytical investigations were carried out on 

specimens which had been cured at the higher temperatures of 50

and 75°C.

7.5.2 ANALYSIS OF THE 50°gjRED RED MRRL SAMPLES.

Figure 7.59 shows an example of DTG and TG traces of 

soil-lime samples containing 6, 10 and 14 wt% lime, cured in a 

moist environment for 24 weeks at 50°C. Table 7.12 gives mass 

balance data obtained from TG traces for soil-lime samples 

containing 2, 6, 10 and 14 wt% lime, cured in a moist environment 

for various times (3, 8, 12 and 24 weeks) at 50°C. The results 

show that the initial free lime is being used up gradually as 

the curing time is increased. This is apparent from a general 

decrease in the observed weight loss corresponding to the 

dehydroxylation of calcium hydroxide at about 400 to 500°C (see 

column H). As the amount of lime used up during curing 

increases, there is a corresponding increase in two additionally 

observed weight losses on TG and DTG traces at 100 to 250 C 

(column E) and at 650 to 800°C (column L). This is clearly 

shown in the examples of Figure 7.59. The former of these is 

equivalent to that found in the thermal analysis of calcium - 

silicate hydrate [50, 185] and calcium-aluminate hydrate [50, 

163] and corresponds to the loss of water from the hydrates. The 

latter results from the decomposition of calcium carbonate, the 

majority of which is formed during the curing period as a result 

of partial carbonation of lime. The amount of carbonate 

occurring tends to be very erratic and although it generally
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increases with increasing lime content, there is no observed 

systematic variation with curing time. It is, however, likely 

that some carbonation of residual free lime occurred in the 

period between compression testing and thermogravimetric analysis 

as no special precautions were taken to prevent further 

carbonation in this period. A third source of carbonate 

contamination is in the soil itself which shows minor traces, 

detectable by both EDAX and DTG but not detectable by X-ray 

powder diffraction analysis. This was also taken into account in 

the mass balance calculation (column J). It was therefore 

possible from mass balance considerations to determine for the 

cured samples the proportion of lime that was unaccounted for, 

either as residual Ca(OH) 2 or CaCO,. Clearly this lime, 

termed "consumed lime" (column O) has reacted with some component 

of the soil. Figure 7.60 shows a plot of the wt% of "consumed 

lime" against the wt% loss (during TG analysis) in the 

temperature region 100-250°C. The relationship is that which 

would be expected if the "consumed lime" is being used up in 

forming cementitious calcium silicate hydrates or calcium 

aluminate hydrates which subsequently lose the major part of 

their gel water in this temperature region. Taylor [143] has 

shown for cement pastes that although gel water from the 

cementitious phases is lost over a wide range of temperatures the 

major part of it (>60%) is evolved in the temperature region 

100-250°C. The strength of the cured samples might also be 

expected to show a close correlation with the proportion of any 

cementitious product in the system. Figure 7.61, which shows a 

plot of compressive strength against the weight per cent of
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"consumed lime", for specimens cured at 50°C for various times, 

clearly supports this hypothesis.

In order to identify and characterise the cementitious 

products, SEM and X-ray analyses were carried out on the high 

lime content (14 wt%) long curing time (24 weeks) specimens. 

X-ray powder diffraction of the 24 week 50°C cured specimens 

with 14 wt% lime show (Table 7.13) only two very weak broad 

diffuse diffraction lines at 0.275 nm and 0.304 run in addition to 

the diffraction pattern from the raw materials. These two new 

reflections may be attributed to C-S-H gel (see section 4.2) 

which usually gives reflections at 0.26-0.31 and 0.18 nm and in 

the present work it can be seen that reflection at 0.18 nm 

overlaps with a reflection of quartz. The 0.304 nm is also the 

strongest reflection of calcium carbonate and there may also be a 

small contribution due to calcium carbonate contamination. 

Clearly, the new phase or phases are very poorly crystalline and 

on the basis of these two very weak reflections, the cementitious 

phases cannot be characterised positively.

The SEM micrograph, Figure 7.62, shows a general alteration 

in morphology when compared with the SEM of red marl (Figure 7.5) 

and some evidence of interlocking of particles is observed. 

However, it is still very difficult to identify positively, and 

characterise the reaction products.
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Table 7.13

X-ray diffraction analysis of lime stabilized red marl 

(14% lime, 24 week cured at 50°C)

d(nm)

1.425

0.998

0.708

0.490

0.447

0.425

0.403

0.388

0.377

0.366

0.350

0.334

0.321

0.318

0.313

0.304

0.299

0.293

0.286

0.275

Intensity

ww

vw

vw

vw

w

s

vw

vw

vw

vw

vw

vs

w

w

s

vw

ww

vw

vw

vw

Minerals

Chl

111

Chl

Ca(OH) 2

111

Qu

Fel

Fel

Fel

Ha-Fel

Fel-Chl

Qu-Ill

Fel-Ill

Fel

*

C-S-H, 
Calcite
Fel

Fel

Ill-Chl

C-S-H

d(nm)

0.270

0.264

0.259

0.256

0.252

0.246

0.238

0.228

0.223

0.221

0.213

0.198

0.192

0.189

0.181

0.180

0.169

0.167

0.166

0.164

Intensity

vw

vw

vw

vw

w

m

vw

m

w

vw

m

m

vs

ww

s

vw

ww

m-w

w

vs

Minerals

Ha

Ca(OH),

Chl

Ill-Pel

Ha-Chl

Qu-Ill-Chl

Ill-Chl

Qu

Qu-Ill

Ha

Qu

Qy-Ill

*

Chl

Qu

Qu-Ca(OH) 2

Ha

Qu

Qu

*

Key: w - weak, vw - very weak, m- medium, s - strong, 
vs - very strong, Chl - Chlorite, 111- Illite, 
Fel - Feldspar, Qu - Quartz, Ha - Haematite, 
C-s-H - calcium-silicate hydrate, * - standard.
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7.5.3 ANALYSIS OF THE 75°C CURED RED MARL SAMPLES.

Higher curing temperatures (75°C) were employed in order to 

promote growth and crystallization of any amorphous reaction 

product which may be forming, and to produce a sufficient amount 

of well developed material for analysis.

For these specimens 10% lime content was used and the curing 

periods were increased up to two years. Previous studies on the 

strength development of the cured soil-lime specimens (see 

Figures 7.20-7.22) show that the strength is very much related to 

the curing temperature, lime content and the curing periods. 

Therefore, increasing these three factors is likely to influence 

the amount of the cementitious material formed and also the 

degree of crystallization of these new phases. Even at these 

high curing temperatures, however, the X-ray results give 

inconclusive evidence with respect to the formation of new 

crystalline phases. After one and a half years curing of a 

10 wt% lime-soil compact at 75°C, the only additional 

reflections positively observed (Figure 7.63) are a very weak 

reflection at 0.304 nm, which is the strongest reflection of 

calcite, plus two equally weak diffuse reflections at about 0.308 

nm and 0.275 nm, The 0.308 nm and 0.275 nm reflections can be 

attributed to C-S-H gel and also a number of calcium-silicate 

hydrate phases and calcium-silicate aluminate hydrate phases and 

attempts to make any positive identification on such limited data 

would be pointless.

Clearly, any phase which is being formed is very poorly 

crystalline. It is, however, significant that gels prepared by 

reacting lime with silica have been shown by Card, Howison and
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Taylor [125] to give diffuse electron powder diffraction rings in 

this region (0.305, 0.280 and 0.183 ran) and, as already 

discussed, the 0.18 nm diffraction line overlaps with a 

diffraction line of quartz. As might be expected the X-ray data 

show a slight weakening of the illite reflections, relative to 

those of quartz, as the lime content increases. Table 7.14 shows 

the relative peak heights of the (100) reflection of quartz 

(0.426 nm) with the composite (020)/(110) reflection of illite 

(0.445 nm), which for the soil is 0.306 and for soil-10 wt% lime 

sample (cured at 75°C for one and a half years) is 0.328, 

confirming that illite is being consumed rather more rapidly by 

reaction with lime than is quartz. In this case scanning 

electron microscopy produced positive evidence of the formation 

and growth of a new cementitious phase or phases.

Table 7.14

Intensity ratio soil soil - 10 w/o lime
I.,,.,. J ,. 0.328 0.306 illite/ quartz

Iillite (020, 110) d = 0.445 nm

(100) d =0.426 nm

Figure 7.64 shows the microstructure of a one-day, 

75°C cured sample of soil-10 wt% lime. Compared with the 

untreated soil micrograph (see Figure 7.5) it can be seen that 

after one day's curing at 75°C the particles take on a more
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rounded shape and lose their sharp jagged boundaries and also 

very fine collodial size particles tend to disappear. These 

changes suggest that weak bonded material around the edges of the 

soil particle as well as very fine particles are attacked by lime 

in a very short period. At this stage no growth of new material 

is observed and this suggests that the material is going into 

solution. Figure 7.65 shows the microstructure of a sample cured 

for three weeks, and here there is a marked change in morphology 

with clear evidence of the development of new material both at 

the edges and at the surface of the original soil particles. 

Figure 7.66 shows the microstructure of this new product at a 

curing time of 6 weeks. At this stage the new material consists 

of an interlocking network of fine plate-like particles. After 

three weeks' curing there is insufficient material to form 

bridges between adjacent soil particles, but after six weeks' 

curing the interlocking network of plate-like particles has grown 

into the interstices to form a continuous network. The form of 

the microstructure is clearly analogous to that produced in 

hydrated cement paste [118, 186] and this is illustrated in 

Figure 7.67. Also by six weeks the plate-like particles have 

increased considerably in size and are 2-4 ^m across. 

Quantitative EDAX analysis of these platelets using the SEM is 

given in Figure 7.68. It can be seen that these particles 

contain not only aluminium, silicon and calcium but also 

appreciable amounts of potassium and magnesium. It is 

significant to note that, with the exception of Ca, this 

particular combination of elements is the same as that in the 

clay fraction of the soil (see Figure 7.7). This suggests a
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reaction through a diffusion process in which calcium ions enter 

the clay structure and subsequently a gradual exfoliation and 

breakdown of the clay layers results. Figure 7.69 shows a 

fracture surface for a 12 week cured specimen and the 

inter-locking network of plate-like particles has now developed 

into a dense mat of material. The new particles tend to be more 

fibrous and of a less well defined shape than the particles of 

the cementitious phase in Figure 7.66 which quite clearly form a 

network of interlocking plates. Figures 7.70-7.73 show the SEM 

microstructures of a cured sample at more prolonged curing times 

(6, 12, 18 and 24 months). At these extended curing times fine 

foils and filaments have replaced the platelets and fibres as the 

predominant form of the microstructure. A more detailed picture 

of the structure and composition of this material is revealed by 

TEM and EDAX analysis. This shows that the newly formed 

cementitious material has a range of composition. With respect 

to the cation compositions, the newly formed calcium containing 

cementitious products can conveniently be divided into two main 

groups in terms of their Ca/Si and Al/Si ratios.

These are:

Group I: Ca/Si ratio of 0.4-1.25 and Al/Si ratio of 

0.1-0.2

The majority of the calcium-containing material in the 

specimens cured for long curing times was found to fall within 

this group, with Ca/Si ratio of about 0.5. Microstructures 

consist of crumpled sheets or foils as illustrated in Figure 7.74
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and have a fibrous appearance when broken. Often the sheets 

appear to be partially made up from a series of parallel fibres 

or laths criss-crossing each other in the plane of the sheet. 

Figures 7.75 shows a typical TEM micrograph of the material 

together with its associated EDAX output. Table 7.15 shows a 

series of cation compositions for different particles of this 

group present in a one year, 75°C cured soil-10 wt% lime 

specimen. The product has a mean composition given by 

Ca, QQ Alp Q. Si- Ofi . The reliability of the technique has 

been discussed in 6.3.2 and it is of interest to note that the 

relative proportion of Ca to Si in this material is the same as 

in the mineral okenite. This is clearly illustrated by 

comparison of Figure 7.75(b) with Figure 6.13(b). Figure 7.76 

shows another particle of this material together with its 

associated electron diffraction pattern. The material is near to 

being completely amorphous showing only one very broad and 

diffuse powder diffraction ring, giving a d spacing of 0.293 + 

0.01 nm.

There is no doubt from the composition, the micrestructure 

and the previous thermogravimetric work, that this material is an 

amorphous (or semi-amorphous) calcium silicate hydrate (C-S-H) 

gel which contains a small amount of aluminium. The compositions 

given in Table 7.15 are all from (calcium containing) particles 

of material which have been cured for one year, and it is 

apparent that these particles have generally low values of Al/Si 

and Ca/Si ratios and contain only negligible traces of other 

cations such as K, Mg and Fe.
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Table 7.15

Results of EDAX analyses of amorphous gel phase formed 

in a soil-10 wt% lime composite, cured for one year at 75°C

Composition (total of 10 analyses) Ca/Si Al/Si

Ca3.00 M0.65 Si6.35 °' 47 0 ' 10

Ca2.B3^Q.81 Si6.30 °' 45 °' 14

Ca3.34 ^0.81 Si5.86 °' 57 °' 14

Ca3.05 M0.91 Si6.05 °- 5° °' 15

Ca3.04 M1.24 Si5.72 °' 53 °' 22

Ca2.85 ^0.98 Si6.17 °' 46 °' 16

Ca2.87 M1.13 Si6.00 °- 48 °- 19

Mean 

Ca3.00 M0.94 Si6.06 0 ' 50
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Another example of typical TEM and EDAX analysis of 

cementitious material in this group which has a relatively higher 

Ca/Si ratio is given in Figure 7.77. It can be seen that the 

material has a foil-like appearance and fibrous features at the 

borders. The cation composition of this particular example is 

given as Ca^ QQ Si., -Q Alg JQ- This material has a 

composition in the range quoted [125, 150] for C-S-H(I) which has 

a composition of Ca^ g- 5 Si. QQ and which can take into 

solid solution [143] small amounts of aluminium and other 

cations. The particle at the top centre of this TEM micrograph 

gave only a Ca peak on EDAX analysis and is almost certainly 

calcium carbonate.

There are, however, examples of calcium-containing material 

which in comparison with compositions in group I, have relatively 

higher Al/Si ratios, and particularly in this case the material 

tends to show measureable amounts of other cations (see Figure

7.78). Also the microstructure tends to be less well defined and 

very heterogeneous. The proportion of such material appears to 

be greater at the shorter curing times (see Table 7.16 and Figure

7.79), although a very large number of analyses of a considerable 

number of different regions of reacted material would be required 

in order to confirm the statistical significance of this 

observation.

The compositions have been arbitrarily divided into group II.

Group II: Ca/Si ratio of 0.4-1.3 and Al/Si ratio of 0.4-0.8. 

Figure 7.78 shows a typical TEM and EDAX analysis of the 

cementitious material in this group. It consists of very fine 

particles which are generally interlocked. The electron
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Table 7.16

Result of EDAX analyses of amorphous material 

formed in a 75°C cured red marl - 10 wt% samples

Composition Ca/Si Al/Si curing 
period

CaO. 62Si l. 00^0.42K0.06FeO. 0.62 0.42 6 weeks

l0.40Si!.00Al0.67Mg0.12K0.13Fe0.08 0.40 0.67 6 weeks

Ca0.37Si1.00Al0.67Mg0.15K0.13Fe0.27 0.37 0.67 6 weeks

CaO. 53Si l. 00^0.45MgO. 16K0.11F60.60 0.53 0.45 6 weeks

CaO. 42Sil. 00^0.61MgO. 16K0.07FeO. 09 0.42 0.61 24 weeks

CaO. 60Sil. 00^0.56MgO. 13K0.09FeO. 08 0.60 0.56 24 weeks

CaO. 62Sil. 00^0.71MgO. 12K0.09FeO. 0.62 0.71 1 year
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diffraction pattern (not shown) showed the material to be very 

poorly crystalline. The cation composition at point x is

CaO. 62Sil. 00^0.71MgO. 12K0.09FeO. 11

Comparison between the EDAX analysis of this material (Figure

7.78 and the EDAX analysis of glauconite (Figure 7.7(b)) shows 

that, with the exception of Ca, the compositions are almost the 

same.

This suggests that such material consists of broken down remnants 

of glauconite particles, enveloped in a network of C-S-H gel. As 

already discussed, similar conclusions were reached (see page 

182) for the cementitious materials formed in a six week, 75°C 

cured sample (Figure 7.68).

Another example of TEM micrograph along with EDAX analysis 

from a particular area which also falls in group II is shown in 

Figure 7.79. This material has a very heterogeneous appearance 

and consists of clay particle relics enveloped in C-S-H gel. The 

cation composition of this material is

Ca0.75 Si1.00 M0.64 Fe0.45 K0.07' 

During the course of TEM and EDAX analysis of this specimen,

group I type material was also identified on the border of a 

particle, which was presumed to be quartz, as the central region 

of the particle gave mainly silicon on EDAX analysis. Figure 

7.80 shows the TEM and EDAX analyses of this particle and it can 

be seen that the main particle, in the centre, consists mainly of 

silicon together with small amounts of aluminium, potassium and 

calcium. Formation and growth of the foil like cementitious 

material is clearly observed on the borders. The cation 

composition at point B is:
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Ca0.90Si2.00Al0.28 ^ at P°int C is:

Ca1.08 Si2.00 M0.42' 

Group I material is clearly a calcium silicate hydrate gel

containing a small amount of aluminium and with a wide range 

Ca/Si ratio. The material in this group with a high Ca/Si ratio 

is similar to the type of gel which is observed [59,107,125-127] 

in lime silica systems. These gels have a foil like and fibrous 

appearance. The distinct possibility arises that the particles 

of gel examined are not homogeneous and consist, on a very fine 

scale, of more than one amorphous phase. Although it is not 

possible at this stage to discount fully this suggestion, it is 

considered to be unlikely because:

(a) The gel has a distinctly fibrous appearance which is 

entirely different from the morphology of the soil 

minerals and hence must be newly formed.

(b) The aluminium levels present in these gels are consistent 

with the levels of aluminium substitution reported for 

both crystalline tobermorite and C-S-H gels.

Group II material is characterised by a much higher aluminium 

content together with significant amounts of both iron and 

potassium. There is also less evidence of the fibrous and foil 

like group I material. The composition and appearance of the 

group II material suggest that it consists of partially reacted 

residual clay particles which have taken in calcium by cation 

exchange and have undergone reaction and gel formation but which 

have not been fully broken down. Therefore, clay particle relics 

are still present interconnected and coated with calcium silicate 

hydrate gel.
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One of the major problems of studying the reaction of lime 

with a soil of this nature is the complexity of the system in 

terms of the number of different components, most of which will 

show some reaction with lime, however small. There is evidence 

from the X-ray work that the clay fraction is the most active 

component of the soil and it was considered that the study of 

refined marl which contained higher clay fraction and also a 

limited study of the reaction of lime with "pure" clays would 

provide a better understanding of the reaction processes taking 

place. The lime content of subsequent specimens was also 

increased to 20 wt% in order to increase the amount of 

cementitious material formed, although it must be accepted that a 

change in composition may affect the nature of the reaction 

products formed.
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7.5.4 ANALYSIS OF THE CURED REFINED MARL-LIME COMPOSITES.

In order to produce more cementitious material in the red 

marl-lime composite, in addition to increasing the lime content 

(20 wt%), the proportion of clay content was increased as 

discussed in section 5.1.2.

The X-ray diffractometer of a 24 week, cured at 75°C, 

refined marl-20 wt% lime sample showed additional diffuse and 

broad X-ray reflections at 0.305 nm and 0.275 run, suggesting 

formation of C-S-H gel and possibly other phases. The X-ray 

result was found to be similar to that obtained from the X-ray of 

red marl-10 wt% lime sample cured for one and a half years at 

75°C (Figure 7.63).

Scanning electron microscopy of the 12 week cured refined 

marl is given in Figure 7.81. Figure 7.81(a) shows the 

morphology of the new material which is forming, which again 

consists (as in the previous section) of agglomerations of small 

plates resulting from exfoliation and breakdown of the clay 

layers, Figure 7.81(b) showing the more detailed morphology of 

the plates. It can be seen that the material has developed into 

a dense mat of these small plates.

In order to investigate the degree of reaction between 

refined marl and lime during curing, thermogravimetric analyses 

were carried out on the cured samples. Figures 7.82 and 7.83 

show DTG and TG traces for the refined marl containing 20 wt% 

lime, cured for 1 day, 1, 3, 6, 12 and 24 weeks at 75°C. Table 

7.17 gives mass balance calculation of these cured samples. It 

can be seen that the initial free lime is gradually used up as 

the curing time is increased. As discussed in section 7.5.2,
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this was determined by the calculation of weight loss 

corresponding to the dehydroxylation of calcium hydroxide mainly 

at about 400-500°C (see column H). The question may be raised 

that in this temperature region there is also an additional 

weight loss due to partial dehydration of C-S-H gel water which 

is reported by Taylor [143]. Although C-S-H gel water formed in 

cured cement pastes is lost over a wide range from 100 to 

950°C, a very small part (about 6%) is evolved in the 

temperature region 400-500°C. Therefore, the values of calcium 

hydroxide determined by the thermogravimetric method are not 

seriously affected. The decrease in this observed weight loss is 

accompanied by a corresponding increase in two additional 

observed weight losses in the temperature regions 100-250°C 

(column D) and 250-400°C (column E). These weight losses 

correspond to dehydration of the gel water combined with the 

cementitious material. The former weight loss which is 

significantly greater than the latter corresponds to dehydration 

of the gel water combined with C-S-H gel. A small weight loss in 

the temperature region 250-400°C is also related to dehydration 

of the gel water and according to El-Hemaly, et al. [128], C-S-H 

loses its water molecules up to about 300 C and the weight loss 

above 300 C may be related to loss of hydroxyls.

A very small and consistent weight loss at about 650-800 C 

results from the decomposition of calcium carbonate, the majority 

of which is formed during the mixing preparation as a result of 

partial carbonation of the lime. In these cured samples 

precautions were taken to prevent lime carbonation during the 

curing period. The procedure was in fact successful and the
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amount of calcium carbonate formed during the curing period 

(column L) was found to be very low and consistent. The 

carbonate contamination of refined marl itself which shows minor 

traces was taken into account in the mass balance calculations 

(column J). It was therefore possible from mass balance 

consideration to determine for the cured samples the proportion 

of consumed lime (column N). Subsequently the wt% of the 

consumed lime (column O) and wt% of the reacted lime (column R) 

which was used up during curing were calculated.

Figure 7.84 shows a plot of reacted lime against the curing 

period. It can be seen that the reacted lime in the refined marl 

sample increases sharply in one week, then continues to increase 

up to 12 weeks at a lower rate and beyond 12 weeks is 

insignificant. The percentage of the reacted lime during the 

above curing period is found to be at least 85%. Therefore, it 

may be suggested that a 12 week curing at 75°C in a sealed 

environment can be accepted as a curing method to achieve the 

substantial reaction product in the soil-lime composites. This 

curing procedure was also employed to investigate the clay 

mineral-lime reactions which will be discussed in the next 

section.

Table 7.18 shows a series of cation compositions obtained 

from TEM and EDAX analyses of different particles in the cured 

samples. These cation compositions show that they occur over a 

wide range with Ca/Si and Al/Si ratios and can be divided into 

the following groups:

(a) Ca/Si ratio of 0.34-1.20 and Al/Si ratio of 0.10-0.20

(b) Ca/Si ratio of 0.4-1.30 and Al/Si ratio of 0.30-0.70
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Table 7.18

Results of EDAX analyses of amorphous phases formed 

in a 24 week cured sample of refined marl-20 wt% lime at 75°C.

Composition Ca/Si Al/Si K/Si

^o.^i.otPi.igKo.os l ' ig °- 12 °- 05
Mo.i8sH.ooCao.83Ko.o5Feo.o3 °- 83 °- 18 °- 05
Al0.19Si1.00Ca0.34 °' 34 °' 18 °' 00

Al0.2Si1.00Ca0.93K0.04 °' 93 0 ' 20 °' 04

Al0.24Si 1.00Ca0.35K0.04Fe0.15 °' 35 °' 24 0 ' 04

M0.25Si1.00Ca1.27K0.10Fe0.14 l ' 21 °' 25 °- 10

Al0.32Si 1.00Ca0.85K0.07Fe0.05 °' 85 °' 32 0 ' 07

M9o.l5Al0.35Si1.00Ca0.83K0.09Fe0.3 °' 83 °' 35 °'°9

M^0.09Al0.37Si 1.00Ca0.48K0.05Fe0.04 °' 48 °' 37 °' 05

"50.14^0.43Si l. 00^0.36^.10^0.06 °' 36 °' 43 °- 10

^0.10^0.56Si l. 00^0.40^.11^0.05 0 ' 4° °' 56 °- n

^0.13Al0.60Si1.00Ca0.82K0.11Fe0.08 °' 82 0 ' 6 ° °-n

M90 .32Al0.64Si1.00Ca0.47K0.16Fe0.44 °' 47 °' 64 °- 16
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These compositions are similar to those found by TEM, EDAX 

analyses of the cured red marl-10 wt% lime, cured at 75°C which 

have already been discussed. Figure 7.85 shows a typical TEM, 

EDAX and electron diffraction pattern of a 6 week cured sample 

with a composition of

"90.24 M0.67 Si1.00 Ca0.34 K0.10 Fe0.15 ** ifc can 

be seen that the material consists of very small platy

particles. The electron diffraction pattern shows a diffuse 

ring, giving a d spacing of 0.280 +0.01 nm.

At this stage it is not possible to ascertain whether this 

material comprises only one amorphous phase of variable 

composition and representing an intermediate stage in the 

reaction of the lime with the clay particles, or whether it is a 

mixture, on a very fine scale, of a number of different amorphous 

phases. Figure 7.86 shows a typical TEM and EDAX analysis and 

electron diffraction pattern of fibrous gel formed in a 24 week 

cured refined marl. The cations composition given by EDAX 

analysis at different points in the gel particle is as follows:

Ca0.36 Si1.00 M0.16 K0.03 at P°int A

Ca0.65 Si1.00 ^0.14 K0.03 at P°int B

Ca0.89 Si1.00 M0.14 at P°int C

The electron diffraction at point A shows a broad and diffuse 

diffraction ring, giving a d spacing of 0.287 +0.01 nm. It can 

be seen that the Ca/Si ratios change considerably, whilst Al/Si 

ratios are relatively very low and the aluminium levels are 

consistent with the levels of aluminium substitution reported for
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calcium-silicate hydrates. Also the proportion of other cations 

present such as potassium is very small. Material of this form 

and composition is never present in a sample which has been cured 

for short periods.
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7.6 ANALYSIS OF THE CURED PAY MINERAL-LIME COMPOSITES. 

7.6.1 MONTMORILLONITE.

Part of the X-ray powder diffraction pattern of a 

montmorillonite-20 wt% lime sample cured for 12 weeks at 75°C 

is given in Figure 7.87. In addition to the basic 

montmorillonite pattern, diffuse and broad diffraction lines were 

observed at 0.303, 0.284 and 0.277 nm plus very very weak 

reflections at 0.265 nm and 0.180 nm. The reflections at 0.303, 

0.284-0.277 nm and 0.180 nm indicate the formation of C-S-H gel 

and the 0.265 nm reflection is probably diffraction from the 

residual lime in the sample. There may also be a very minor 

contribution from the strongest reflection of calcite at around 

0.303 nm, although particular precautions were taken in the case 

of the clay-lime samples to exclude carbon dioxide from the 

curing environment.

Figure 7.88 shows TG and DTG traces of the cured 

montmorillonite sample compared with untreated montmorillonite. 

There is a continuous increase in the weight loss relative to the 

montmorillonite alone, at temperatures from 100 to about 

600°C. Although most of this weight loss is due to dehydration 

of the cementitious reaction product, there will also be minor 

contributions from dehydroxylation of residual lime in the sample 

at 450-500°C. The mass balance calculation for the cured 

montmorillonite-lime sample is given in Table 7.19 and will be 

discussed later.

Figures 7.89 and 7.90 show examples of TEM and EDAX analyses 

of the calcium containing product of the cured montmorillonite 

sample. It can be seen that the newly formed cementitious
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material has a fibrous and foil like appearance similar to that 

previously encountered with the cured red marl. Typical examples 

of the cation compositions (for the major elements) given by EDAX 

analysis are ^.ev^LOO^O 33 ^^^ 7 - 89 > and 

Ca0.34Si1.00AlO 39 (Figure 7.90). It is significant that 

the reaction products contain small concentrations of other 

cations, particularly sodium which is characteristic of 

bentonite. The electron diffraction pattern of the former 

material shows a diffuse and broad ring, giving a d spacing of 

0.287 + 0.01 run which is characteristic of the calcium silicate 

hydrate gels reported in section 7.5.3. The latter product 

contains relatively lower amounts of calcium and has a 

particularly low Ca/Si ratio. Both analyses also show 

consistently higher Al/Si ratios than the group I materials 

previously observed for the gel formed in the cured lime-red marl 

(see section 7.5.3 and 7.5.4). These Al/Si ratios are also a 

little less than those of montmorillonite itself which range from 

0.5 in an ideal sample to 0.42 in the highly substituted form. 

7.6.2 KfiOLINITE.

Figure 7.91 shows part of the X-ray powder diffraction 

pattern of a kaolinite - 20 wt% lime specimen cured for 12 weeks 

in a moist environment at 75°C. The additional reflections 

observed after curing are weak and broad reflections, at 0.277, 

0.302 and 0.503 nm. The products which are being formed are very 

poorly crystalline and these diffuse bands at around 0.3 nm and 

0.28 nm again indicate formation of calcium silicate hydrate gel 

although there is also an additional diffuse reflection at 0.503 

nm which is not attributable to the C-S-H gel. As discussed in
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section 4.1, the diffraction at about 0.510 run from the X-ray of 

a cured kaolinite-lime composite has been reported by some 

workers [50, 105] and with respect to this reflection, the 

formation of hydrogarnet is indicated. The strong d spacings of 

the latter phase are 0.506-0.512 nm, 0.307 run, 0.275 ran, 

0.234-0.246 nm and 0.230-0.233 nm. With the exception of the 

reflections at 0.506 nm, 0.307 nm and 0.275 nm the other 

reflections of this phase overlap with the reflections of the 

residual kaolinite.

Figure 7.92 shows TG and DTG traces of the cured kaolinite 

sample, and Table 7.19 gives the results of mass balance 

calculations. Although weight loss is continuous in the region 

0-500 C (which for pure uncured kaolinite shows no weight loss) 

there are two well defined regions of rapid weight loss of water 

in the temperature regions 100-250°C and 250-430°C. This is 

in contrast to montmorillonite which shows considerable weight 

loss in the 100-250°C region and small weight loss in the 

250-430 C region. According to previous reports (see page 175) 

the weight loss in the 100-250°C region corresponds to the loss 

of water from the newly formed calcium silicate hydrates and the 

weight loss in the temperature region 250-430°C corresponds to 

dehydration of hydrogarnet phase or C-AH, as discussed in 

section 4.1. The major weight loss in the temperature region 

500-650°C corresponds to dehydroxylation of kaolinite and the 

weight loss at 650-800°C is a result of decomposition of the 

calcium carbonate present in the sample. The latter was not 

observed for montmorillonite because of the higher 

dehydroxylation temperature.
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Figures 7.93-7.95 show examples of TEM and EDAX analyses of 

the calcium-containing product of a kaolinite-20 wt% lime sample 

cured at 75°C for 12 weeks. The compositions found are:

The electron diffraction pattern [Figure 7.93(b)] shows a diffuse 

ring giving d spacing of 0.287 + 0.01 nm similar to that 

previously obtained for both the red marl and the 

montmorillonite. The calcium-containing particles again have a 

general gel morphology with foil like sheets some of which are 

criss-crossed with fibrous material. Comparing the analysis of 

the untreated kaolinite (see Figure 7.9) and the kaolinite-20 wt% 

lime sample cured for 12 weeks, there are a number of points 

which should be noted:

(a) The original kaolinite particles are highly crystalline 

giving sharp electron diffraction spots, whereas the 

resultant calcium-containing particles after reaction 

with lime are very poorly crystalline giving only a very 

broad and diffuse ring.

(b) The comparison of the particles containing calcium shows 

a range of Ca/Si ratio from 0.2-0.85, but an 

approximately constant Al/Si ratio of between 0.83 and 

0.86, the latter being rather less than that observed in 

the original kaolinite particles (0.98).
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(c) X-ray powder diffraction of the cured kaolinite shows 

weak diffuse diffraction lines at 0.302 nm and 0.277 nm 

which are characteristic of calcium silicate hydrate 

gels, plus an additional diffuse diffraction line of 

0.503 nm.

(d) The reacted material shows continuous loss of water up to 

at least 500°C, with two clear regions of rapid loss at 

about 120°C and about 350°C.

(e) The microstructure of the reacted material shows thin 

foil like sheets similar in morphology to calcium 

silicate hydrate gels previously discussed.

7.6.3 ILLITE.

Figure 7.96 shows part of the X-ray powder diffraction 

pattern of an illite - 20 wt% lime specimen cured for 12 weeks in 

a moist environment at 75°C. The additional diffuse and broad 

reflections are again present at 0.277, 0.286 and 0.304 nm. As 

discussed previously, these reflections indicate the formation of 

calcium silicate hydrate gel and formation of calcite is also 

possible.

Figure 7.97 shows the thermogravimetric analysis of the cured 

illite sample and the mass balance calculations are given in 

Table 7.19. Comparison between DTG, TG traces of cured illite 

(Figure 7.97) and DTG, TG traces of cured red marl (Figure 7.59) 

shows remarkable similarities because illite is also predominant 

clay in the red marl. Hence, similar results to that of red marl 

(see section 7.5.2) are obtained from DTG and TG traces of cured 

illite.
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Figure 7.98 shows a scanning electron micrograph of a cured 

illite sample and a general morphology of the gel is observed. 

Comparing Figure 7.98(b) of the cured illite with Figures 7.81(b) 

and 7.69(b) of the cured marl, in which all samples were cured 

for 12 weeks at 75 C indicates a similar morphology, although 

the latter contained only 10 wt% lime. Table 7.20 shows a series 

of the major compositions of different regions of gel formed in 

an illite-20 wt% lime sample, cured for 12 weeks at 75°C. 

These were obtained from TEM-EDAX analyses and a typical result 

is shown in Figure 7.99.

The gel has a Ca/Si ratio of 0.96-1.76 and Al/Si ratio of 

0.1-0.18. There is no doubt from the composition analyses that 

the newly formed material in an illite - 20 wt% lime sample cured 

for 12 weeks at 75 C is a calcium silicate hydrate gel. 

However, unlike the gels formed in the montmorillonite-lime and 

kaolinite-lime systems, the mean Al/Si ratio of the gel (0.14) is 

very much less than that of the original clay particles, which 

for illite is aboout 0.8-1.20.
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Table 7.20

Results of the TEM-EDAX analysis of fibrous gel formed 

in an illite - 20 wt% lime sample cured for 12 weeks at 75°C

Major Cations

Al Si Ca Ca/Si Al/Si

5.6

7.9

3.8

3.4

5.5

5.5

7.0

7.0

6.0

36.6

44.1

38.2

35.0

45.5

43.4

46.8

47.4

40.2

57.8

48.0

57.9

61.7

48.9

50.9

46.1

45.6

53.8

1.58

1.09

1.51

1.76

1.07

1.17

0.98

0.96

1.34

0.15

0.18

0.10

0.10

0.12

0.13

0.15

0.15

0.15

^0.57 Si 4.20 Ca5.23

Mean
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7.6.4 COMMPTTS ON CLRY-LIME REACTIONS.

The analytical work for the cured clay-lime composites given 

in the previous sections has produced significant information 

regarding the morphology, thermal characteristics and composition 

of the newly formed material in these systems. The most relevant 

observations may be summarised as follows:

The neat amorphous calcium-containing reaction products of the 

clay-lime reaction are calcium alumino-silicate hydrate gels. 

The gel formed from kaolin-lime has the highest Al/Si ratio 

(0.85) which is rather less than that of the original kaolinite 

particles (0.98). The gel formed from montmorillonite-lime has 

an Al/Si ratio of about 0.36 which is significantly less than 

that for a typical montmorillonite clay (0.42-0.50). However, 

unlike the gels formed in the montmorillonite-lime and 

kaolinite-lime systems the mean Al/Si ratio of the gel (0.14) in 

the cured illite sample is very much less than that of the 

original clay particles, which for illite is about 0.8-1.20.

However, the majority of the gel formed in these cured 

samples have Al/Si ratios approaching the Al/Si ratios of their 

raw materials. Typical examples are:

Al/Si of gel Al/Si of raw
material

1 Red marl-10 wt% lime,
cured at 75°C for 1 year 0.16 0.13

2 Refined marl-20wt% lime 
cured at 75°C for 24 
weeks 0.15 0.30

3 Montmorillonite-20 wt% lime
cured at 75°C for 12 weeks 0.36 0.384

4 Kaolinite-20 wt% lime
cured at 75 C for 12 weeks 0.85 0.925

5 Illite-20 wt% lime
cured at 75°C for 12 weeks 0.14 0.39
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All the products show loss of water in the temperature region 

100-440°C due to dehydration but the temperature regions over 

which most of the water is lost differs for the different gels. 

Although all the products lose a substantial amount of water in 

the 100-300 C region, the proportion of water lost above about 

300°C is greater for kaolinite and least for illite and it is 

significant that this is in direct relation to the Al/Si ratio of 

the gel. The weight loss in the 100-300°C region corresponds 

to dehydration of C-S-H gel and the weight loss in the 

300-440°C region may be attributed to dehydration of the 

hydrogarnet phase.

The morphology of the reaction product tends to be similar 

for all the different clays (see Figures 7.76, 7.90 and 7.93) 

consisting of fibrous and foil like membranes although there is 

possibly a tendency towards less fibrous and more foil like 

morphology with increasing Al/Si ratio.

The reaction products in all cases are almost completely 

amorphous, normally giving only one diffuse electron diffraction 

ring at a d spacing of around 0.3 nm. X-ray powder diffraction 

analysis of reacted material gives broad weak diffuse 

diffraction peaks at around 0.303 nm and 0.277 nm for all 

products, and, in addition, montmorillonite and illite give a 

weak diffuse band at about 0.285 nm and kaolinite at 0.503 nm.

The mass balance calculations also reveal that more reaction 

has taken place for the kaolinite sample (in which at least 

92.02% of lime had reacted during 12 weeks curing at 75°C) than 

for the other two samples. Under the same conditions the lime 

consumption of montmorillonite and illite are at least 86.23% and
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83.43% respectively. These results indicate that in this group 

of clay minerals the lime reactivity follows the following 

sequence:

Kaolinite > montmorillonite > illite

TEM-EDAX analyses provide evidence of the gradual breaking 

apart of the kaolinite particles. This is indicated by the fact 

that the calcium-containing particles of gel have Al/Si ratios 

only slightly less than the parent clay particles themselves but 

are, however, (unlike clay particles) amorphous, and they show a 

morphology consisting of foil like sheets. The gel could of 

course be formed by silicon and aluminium going into solution 

together with the calcium and reprecipitating as calcium silicate 

aluminate hydrate gel, but in this case one would have expected 

formation of hydrogarnet together with C-S-H gel containing 

typical levels (Al/Si ; 0.16) of aluminium substitution.

Although there is some evidence from X-ray powder diffraction 

in support of the formation of a limited amount of hydrogarnet, 

no hydrogarnet crystals are observed in TEM studies and the gel 

formed is a calcium silicate aluminate hydrate gel with very high 

aluminium levels. The weight loss observed in the DTG traces in 

the temperature region 250-440°C is, therefore, due to loss of 

hydroxyl associated with the aluminium (and calcium) rather than 

from dehydration of hydrogarnet.

In the case of the illite reaction, the gel formed exhibits 

minimal weight loss in the region 300-440°C and contains 

relatively small levels of aluminium (Al/Si ; 0.14) even though 

the original clay possessed very high aluminium levels (Al/Si; 

about 0.8-1.20). As there is very small weight loss in the
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region 300-440°C, formation of hydrogarnet in the cured illite 

sample is negligible. There is also no evidence from the X-ray 

powder diffraction results (or from the thermogravimetric work) 

of the formation of any calcium aluminate hydrate phases. 

Therefore, unless the aluminium released from the clay is present 

as amorphous Al(OH) 3 (which is highly unlikely in the current 

reaction environment) it must all be incorporated in the gel, 

which means that the gel must receive silica from a source other 

than the illite. This is quite possible because the illite used 

was not very pure and contained (see Table 7.6) high levels of 

quartz.

The montmorillonite-1ime reaction product falls between that 

of illite and kaolinite in terms of aluminium content with Al/Si 

ratio of 0.36 which is significantly less than for pure 

montmorillonite (0.42-0.50). However, the montmorillonite used 

was also contaminated with quartz (see Table 7.5) and the overall 

Al/Si ratio of the material used (see 5.2.1) was 0.38. 

Therefore, in this case also the Al/Si ratio of the gel is 

determined not solely by the Al/Si ratio of the pure clay 

fraction, although the clay supplies the aluminium, but by the 

overall Al/Si ratio of the system including the silica containing 

impurities.
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CHAPTER EIGHT

DISCUSSION

8.1 GENERAL.

In the preceding chapters the engineering properties and also 

the reactions of a lime-stabilized red marl have been discussed. 

All this information was obtained from only one source material 

and, therefore, the results of these investigations should be 

inter-related, as the engineering properties of a cured soil-lime 

specimen must have a direct link with the nature, distribution 

and quantity of the reaction product formed.

Owing to the significant effect of the curing temperature on 

the reaction between soil and lime, and consequently on the 

engineering properties of the cured sample, it is more convenient 

to discuss the properties of material cured at normal 

temperatures and at elevated temperatures in separate sections.

8.2 CURING AT NORMAL TEMPERATURES.

When lime is added to the red marl, the soil becomes less 

sticky and more friable (see page 146) giving easier compaction. 

The soil continues to improve as the curing time proceeds. At 

the 25°C curing temperature both the liquid limit and the 

plastic limit of red marl increase with increased lime addition, 

but the rate of increase in the plastic limit is significantly 

higher than the rate of increase in the liquid limit (see Figures 

7.15, 7.16). However, increasing the curing time results in a 

decrease in these limits and in this case the rate of decrease in
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the liquid limit is higher than the corresponding decrease in the 

plastic limit. This phenomenon alters the plasticity 

characteristics of the soil, resulting in a decreasing plasticity 

index with increasing curing time and also with increasing lime 

content (see Figure 7.17). In the latter case, the plasticity 

index decreases with increasing lime content up to about 10 wt% 

lime addition, beyond which it levels off.

At these low curing temperatures the strength increases only 

marginally with lime content (see Figure 7.20) even over long 

curing periods. It has already been established (see sections 

3.2.2 and 7.4.1) that the increase in strength with lime content 

at these curing temperatures is in part a result of an increase 

in the degree of compaction leading to lower porosity, rather 

than entirely due to chemical reaction. Slight improvement in 

the strength at these low curing temperatures is achieved by the 

addition of a small percentage of sodium chloride (1-2 wt%) to 

the soil-lime mixture (see Figure 7.38). It appears that salt 

addition to the soil-lime can accelerate the reaction and, 

therefore, stabilization of saline soils by lime may result in 

significant strength improvements in the early stages of curing.

Delay between mixing and compacting in this environment may 

be allowed because the rate of reaction is extremely slow and 

even long delay periods are insignificant. For example, a delay 

of up to 28 days between the mixing and compacting of red 

marl-lime specimens is found to have no subsequent effect on any 

strength development (see Figure 7.36). At these curing 

temperatures (20-25°C) where the degree of reaction between 

soil and lime is very low, most of the soil particles remain
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intact and the strength as with untreated soil is very much 

influenced by the level of moisture (see Table 7.8). Also, owing 

to the presence of residual lime in the specimen, where the lime 

is not being consumed by pozzolanic activity, carbonation may 

contribute significantly to the strength attained over long 

curing periods (compare Figures 7.32 and 7.33). However, the 

absolute value of strength which may be attained as a result of 

carbonation is small even at the higher lime contents (see Figure 

7.27).

Mercury porosimetry analyses of the cured specimens at 25 C 

show that with the addition of 2 wt% lime to the soil, the total 

porosity increases but with further increase in lime content the 

total porosity subsequently decreases (see Table 7.11). In 

addition, there is a general trend for porosity to increase with 

curing time. There also appears to be very little change in pore 

size distribution at a low curing temperature (see Figure 7.41). 

However, limited porosity data were obtained at low curing 

temperatures and the drying method used may have produced some 

shrinkage and will be discussed later.

Permeability of the cured specimens at 25°C initially 

increases with lime content at low levels of lime and then 

decreases with further increase in lime content (see Figure 

7.48). Permeability also increases with curing time at a low 

curing temperature. It can be seen that the permeability values 

of the cured specimens in this environment follow a similar trend 

to their total porosities (see Table 7.11).

Frost heave of the cured specimens markedly increases at low 

levels of lime and then decreases as the lime content increases
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(see Figure 7.53). Curing time has little effect on heave for 

low levels of lime (2 wt%) but heave significantly reduces with 

increasing the curing time at the higher lime levels. For 

example, a specimen with 10 wt% lime, cured for 12 weeks or 

longer shows a greater frost resistance than a lime-free 

specimen.

X-ray diffraction analysis of the soil-lime samples cured at 

25°C produced no evidence for formation of any reaction product 

and SEM studies and thermogravimetric analysis did not produce 

positive evidence for the formation of new products.

It is quite clear from the observations made above that a 

negligible amount of cementitious reaction product is formed at 

these low curing temperatures. This is in agreement with the 

conclusions relating to the previous work (see section 4.1). The 

soil does undergo changes when lime is added and these changes 

continue to occur with increasing time although at a decreasing 

rate. These changes are reflected in the plasticity 

characteristics of the soil, in its porosity and permeability and 

in its resistance to frost heave. The general consensus of 

previous authors (see section 4.1) is that immediately the lime 

is added to clay soil, cation exchange occurs and calcium ions 

(and possibly a layer of calcium hydroxide) are deposited on the 

surface of the clay particles and this results in coagulation and 

flocculation. Subsequently, formation of limited amounts of 

cementitious gel, particularly at particle edges, leads to 

stability of the floes. The current work would certainly support 

this proposed mechanism.

Flocculation for small lime additions reduces the plasticity 

index and produces a coarser, more open network, producing an
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increase in porosity and permeability and a greater 

susceptibility to frost heave. At higher lime contents the 

compaction properties are improved, leading to reduced porosity 

and permeability and improved frost heave behaviour. The 

diffusion of calcium ions between the layers of the clay 

structure allows the process of flocculation and coarsening of 

the structure to continue slowly over a long period of time, 

leading to an increase in both porosity and permeability with 

curing time and further reduction in the plasticity index.

However, frost reistance, particularly at the higher lime 

contents, does improve with curing time. This improvement is due 

to the small increase in strength which occurs as curing time 

proceeds.

The small increase in strength is brought about by very 

limited formation of cementitious reaction product, the amount 

formed being too small to detect with the analytical techniques 

used in the present work. Because of the very low pozzolanic 

activity in the soil-lime system at low curing temperatures, the 

lime will slowly carbonate unless all carbon dioxide can be 

excluded from the environment and, therefore, the small amount of 

strength developed will include a contribution due to carbonation 

which could be significant at these low curing temperatures. 

With increased curing temperature pozzolanic activity proceeds at 

an increasing rate and the effect of carbonation on strength 

becomes negligible.
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8.3 CURING AT ELEVATED TEMPERATURES.

As already discussed, curing temperature has a dramatic 

effect on the amount of reaction product and hence, on the 

mechanical properties of the cured soil-lime composites. At 

elevated temperatures, similar to low curing temperatures, the 

liquid limit and the plastic limit of the cured red marl samples 

increase with increasing lime content. Comparison of the results 

(see Figures 7.15, 7.16) shows that for a given curing period at 

elevated temperatures the liquid limit is lower and the plastic 

limit is generally higher than those at low curing temperatures 

and, therefore, a greater decrease in the plasticity index is 

achieved (see Figure 7.17). Also all samples with > 6 wt% lime, 

cured at 50°C for 6 weeks become completely non-plastic. The 

plasticity chart produced additional information relating to the 

lime stabilization processes. It shows (see Figure 7.18) a 

transformation in the nature of the soil corresponding to the 

crossing of the A-line from the clayey region to the so-called 

silty region and a trend towards zero plasticity and lower 

compressibility as curing time increases; this transformation 

process is greatly accelerated at elevated temperatures (see 

Figure 7.19).

At elevated temperatures in a sealed environment (to prevent 

moisture loss) substantial increases in the strengths of the 

cured specimens are observed (see Figures 7.21, 7.22) with 

increasing lime content and curing period. At 50°C the optimum 

lime content to give maximum strength gain for 12 week cured 

specimens is found to be about 8% (see Figure 7.24). This seems 

an appropriate and realistic method to assess the optimum amount
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of lime required for stabilization of soil. The assessment of 

the optimum amount of lime by the pH quick test as Eades and Grim 

suggest (see pages 33, 34) should be accompanied by compressive 

strength tests in which the rate of strength increase can be 

evaluated. Curing the specimens at elevated temperatures in an 

unsealed environment shows (see Figures 7.28, 7.29) a rapid 

increase in the strength, a substantial part of this increase 

being due to moisture loss from the specimen. The strength then 

levels off although most of the lime is unreacted, clearly 

demonstrating that lack of sufficient moisture (see Figure 7.30) 

in a soil-lime composite prevents continued reaction from 

occurring and, hence, after the initial small strength gain, no 

change in the mechanical properties can be expected. There is, 

therefore, a critical moisture level below which the reaction 

between soil and lime virtually stops, and a moisture content 

higher than this critical level must be maintained in order to 

continue the pozzolanic activity. In the present work, the 

critical moisture level for the cured red marl-lime specimens is 

found to be about 2.5% (see Table 7.7).

The delay time between mixing and compacting at elevated 

temperatures has to be taken into serious consideration because 

the delay time causes a substantial decrease in the ultimate 

strength development (see Figure 7.36). At a low curing 

temperature, as previously discussed, the delay time of several 

days does not produce any significant change in the strength, 

whereas at elevated temperatures where the rate of reaction is 

more rapid, this factor plays an important role and can reduce 

the strength substantially. Therefore, at elevated temperatures,
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the delay time should be minimized.

The formation and rapid growth of the cementitious material 

leads to a general refinement of the pore structure of the cured 

samples with an increase in the proportion of micropores in the 

size range 4-40 nm which is discussed in section 7.4.2. 

Comparison of the porosities and pore size distributions of the 

specimens cured with the same lime content at elevated 

temperature shows (Figures 7.43, 7.44) that the proportion of 

micropores increases with increasing the curing time, and, in 

fact, the total porosity also shows a slight increase (see Table 

7.11). It should be emphasized that total porosity of the soil 

increases by the addition of 2 wt% lime as a result of 

flocculation. However, as lime has a lower density than the soil 

and therefore a greater volume per unit mass, further increase in 

the lime content produces a reduction in total porosity. A point 

which also must be considered is that during curing of a 

soil-lime specimen expansion may occur as a result of the 

formation and growth of cementitious products, causing a slight 

increase in the total porosity. This is, however, unlikely 

because the available data indicate that the cylindrical specimen 

cured with 10 wt% lime for 24 weeks at 75°C in a moist and 

sealed environment (containing about 12% moisture) shows a 

negligible increase in the volume, about 0.1% in comparison with 

the volume of the same specimen but cured at 25 C. 

Additionally, the specimen with 10 wt% lime cured for 12 weeks in 

a sealed environment at 50°C and then completely dried at 

110°C for 24 hours, shows a very small decrease in the volume, 

about 0.15% in comparison with the volume of a similar specimen
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cured for only 1 week in a sealed environment at 50°C and then 

completely dried. However, the formation of the cementitious 

material in the specimens cured at elevated temperatures and for 

a longer period is substantially higher than in those cured at a 

lower temperature and for a shorter period. Clearly, this 

confirms that the increase in the total porosity for the specimen 

cured at elevated temperatures arises from an increase in the 

cementitious product and not from an expansion. It should also 

be realized that the moist cured specimens (containing 12.5% 

moisture) show a decrease of about 0.4% in the volume after 

complete drying. However, the volume of the specimens show a 

slight increase when the lime content was increased up to 50 wt% 

and is entirely due to the changes in compaction characteristics 

of the initially compacted soil-lime cylinders (see section 

3.2.2).

At elevated curing temperatures, similar to low curing 

temperatures, the addition of a small amount of lime (2 wt%) 

results in a sharp increase in permeability relative to the 

lime-free clay soil of the same moisture content, compacted to 

the same initial density. This increase in permeability, which 

is independent of the formation of a significant amount of 

cementitious material, is a result of the flocculation of soil 

particles which produces a coarsening of the pore structure (see 

Table 7.11) and an opening up of the capillary channels. 

Subsequent increase in lime content leads to a decrease in 

permeability (see Figures 7.49, 7.50). At elevated curing 

temperatures when curing time increases permeability values show 

a different trend from those cured at a low temperature. At a
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low curing temperature permeability increases with curing time, 

whereas at elevated curing temperatures permeability decreases as 

the curing time increases. This is because in the former curing 

environment there is very limited formation of cementitious 

material and both permeability and porosity increase with curing 

time, indicating a continued coarsening of the pore structure 

with age. At elevated curing temperatures and particularly for 

high lime contents and long curing times, there is a substantial 

increase in cementitious product, hence a decrease in 

permeability. Although permeability decreases by increasing the 

curing temperature, total porosity shows an increase and this 

suggests that the permeability and total porosity do not 

correlate directly and it is found that the predominant 

contribution to permeability results from the pore size 

population with pore sizes greatly in excess of 40 ran, (see 

Figure 7.52). It should be realized, however, that this 

relationship between permeability and pore volume for pores with 

sizes greater than 40 nm is not fully consistent with the data 

obtained for the lime free compacted soil, or for soil-lime 

composites cured at a low temperature for a short time. It has 

already been established that soil-lime composites show 

negligible expansion during curing and that for those samples, 

which contain a fixed amount of water (about 12 wt%), shrinkage 

after complete drying is also negligible. However, an expansion 

of about 16% in the volume of a cylindrical specimen of soil 

alone is observed after full saturation whereas the expansion for 

any short period cured soil-lime specimen containing more than 2% 

lime is less than 3% and even lower (^l%)for the long cured
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specimens of high lime content. The following are examples of 

some of the available data:

Lime Curing Curing

Content Period Temperature

wt% week C°

0

2 1 75

6 1 50

10 6 25

10 24 25

10 1 75

10 24 75

Dimensions (mm)

Unsaturated

Diameter Height

50.65 102.70

50.75 102.50

51.00 102.80

50.95 102.60

50.95 102.90

50.90 102.75

51.00 102.80

S aturated

Diameter Height

53.10 107.95

51.60 105.00

51.40 103.80

51.15 103.40

51.10 103.30

50.90 102.85

51.00 102.85

Volume

Increase

%

15.5

5.9

2.6

1.6

1.0

0.1

0.05

This might be expected: as discussed in section 2.3, clay 
particles are normally negatively charged and have a tendency to 
adsorb water molecules on the surface and possibly between the 

structural layers and these water molecules are usually strongly 
held. This swelling behaviour influences hydraulic conductivity 
which in turn influences moisture migration and permeability. 

The magnitude of these changes depends upon the nature of clay 
minerals. In illite, swelling due to water penetration between 

the layers of the clay structure is not significant (see page 17) 
because the bonding between the layers is strong, hence, water 

and other liquids are normally unable to penetrate between the 

layers; this also applies to red marl in which the major clay 

constituent is illite (see Table 7.2). It would appear that the
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expansion observed in a saturated soil cylinder is mainly due to 

surface water adsorption and this is the factor which 

differentiates its permeability characteristics from those of 

cured soil-lime. Because this immobilized water layer on the 

surface of the clay particles reduces the diameter of 

capillaries, there is a reduction in the permeability. This 

swelling behaviour greatly increases if water molecules or other 

liquids can penetrate between the structural layers of the clay 

(e.g. montmorillonite) and create additional swelling. When lime 

is added to a wet clay, the thickness of the adsorbed water layer 

decreases considerably and this behaviour continues as the curing 

time proceeds. One of the advantages of stabilization of clays 

by lime is the reduction of the hydrophilic characteristics of 

the clays (see page 60) and the present work confirms this 

hypothesis.

The discussion on the porosity and permeability of the soil, 

and also cured soil-lime samples, tends to suggest that the 

porosities are not seriously affected by the drying method 

employed (gradual decreasing of moisture content from a level of 

about 12% to a completely dry state) and the low value of 

permeability of the red marl cylinder in comparison with that of 

the cured soil-lime is mainly a result of water adsorption on the 

surface of clay particles which reduces its permeability. 

Therefore, soil alone, or soil-lime composites which have been 

cured for short periods at low temperatures, form an entirely 

different class of material with different characteristics 

relative to soil-lime which has been cured for long periods at 

high temperatures. Thus, differences are particularly evident
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from the plasticity data discussed previously (see section 7.2). 

Hence, a linear relationship between permeability of the cured 

soil-lime specimens and their corresponding volume of pores with 

sizes greater than 40 nm (see Figure 7.52) is not applicable to 

the soil alone compacted with the same density (or for soil-lime 

samples cured for short times at a low temperature) because the 

effective pore size in the soil specimen reduces considerably 

after saturation.

At higher curing temperatures, where the rate of reaction 

between soil and lime substantially increases, the soil particles 

become interlocked and compressive strength as well as tensile 

strength increase significantly and the well-cured specimens 

exhibit considerable frost resistance which is measured by frost 

heave (see Figures 7.54, 7.55). This resistance increases by 

increasing the lime content, curing period and curing 

temperature. Specimens cured with 6 and 10 wt% lime at 50°C 

are found to be completely frost resistant after 6 and 12 weeks 

curing respectively. Specimens with 10 wt% lime cured at 75 C 

for 1 week (see Figure 7.55) are fully frost resistant but 

specimens with 2 wt% lime cured in these environments are frost 

susceptible and complete frost resistance cannot be achieved even 

after long curing periods at elevated temperatures.

8.3.1 SOIL-LIME REACTION AT ELEVATED TEMPERATURES.

X-ray powder diffraction of soil-14 wt% lime specimens cured 

for 24 weeks at 50°C showed only two additional very weak broad 

diffuse diffraction lines at 0.275 nm and 0.304 nm (see Table 

7.13). These reflections were attributed to C-S-H gel although
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the 0.304 reflection which also coincides with the strongest 

reflection of calcium carbonate may have included a contribution 

from that phase. The SEM micrograph of this cured sample (Figure 

7.62) showed a general alteration in morphology and formation of 

membranes which interconnect the soil particles in contrast to 

the microstructure of red marl alone (see Figure 7.5). Although 

X-ray and SEM analyses of the soil-14 wt% lime composite cured 

for 24 weeks at 50°C showed some evidence of C-S-H gel 

formation it was not possible to identify positively the reaction 

product using these techniques.

However, thermogravimetric analyses of the cured samples at 

50°C provided significant information regarding the lime 

consumption, the amount of gel water combined with the 

cementitious material, and also the presence of small traces of 

calcium carbonate. As the gel forms and develops during curing 

there is a decrease in the weight loss at about 400 to 550°C on 

TG corresponding to dehydroxylation of free lime in the sample 

and this is accompanied by an increase in two additionally 

observed weight losses at 100-250°C and at 650-800°C (see 

Figure 7.59). The former of these corresponds to dehydration of 

gel and the latter results from the decomposition of calcium 

carbonate. Mass balance data which are determined (see Table 

7.12) from TG traces of the cured specimens made it possible to 

establish a relationship between the consumed lime, gel water and 

the strength. As might be expected there is a linear 

relationship between consumed lime and gel water (see Figure 

7.60). It was also observed that the strength of the cylindrical 

cured specimens is directly related to the proportion of the
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cementitious product formed (see Figure 7.61).

Curing at 75°C was found to be more successful in promoting 

growth of reaction product and producing well developed material 

for analysis. Even so the X-ray powder diffraction of a soil- 

10 wt% lime sample cured for 1.5 years at 75 C (see Figure 

7.63) did not produce any additional information to that already 

obtained for a 24 week cured sample at 50°C (Table 7.13). This 

therefore confirms that the phase or phases which are being 

formed in the cured soil-lime system are very poorly crystalline 

and that X-ray diffraction techniques alone are not capable of 

fully characterising them. It therefore makes previous reports 

by the workers of positive identification of cementitious phases, 

using only X-ray diffraction (see section 4.1 e.g. [23, 42, 101, 

106]) rather questionable. However, SEM investigations of 

soil-10 wt% lime cured from 1 day up to 2 years at 75°C showed 

clear evidence for the formation and development of cementitious 

material. After 1 day colloidal particles as well as the sharp 

jagged edges of the clay particles are attacked and the clay 

particles exhibit much more rounded shapes (see Figure 7.64 in 

comparison with Figure 7.5 for the untreated soil). After 3 and 

6 weeks (Figures 7.65, 7.66) there is positive evidence of the 

formation of cementitious product and considerable attack at 

particle edges is observed. A notable aspect of these 

micrographs is the clear evidence of exfoliation and subsequently 

the breakdown of the clay layers to form platelets. The EDAX 

analyses of these platelets (see Figure 7.68) show varying 

calcium levels but contain the same elements as those found in 

some of the original clay particles (Figure 7.7(b)). As the
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curing time extends to 2 years very fine membranes are evident 

with filaments radiating from their edges, connecting adjacent 

membrane material (see Figures 7.69-7.73).

TEM-EDftX analyses of the red mar1-10 wt% lime composites 

cured at 75°C produced significant information regarding the 

morphology and composition of the newly formed material. The 

fibrous membranes (see Figures 7.74-7.76) show a weak diffuse 

electron diffraction ring at about 0.3 nm with a composition 

giving Ca/Si = 0.5 and Al/Si =0.16 (see Table 7.18). Clearly, 

this is a C-S-H gel with a high level of Al substitution which 

sometimes shows higher Ca/Si ratios up to about 1.0 with Al/Si 

ratios ranging between 0.1 to 0.22. The average value of 0.16 

is, within error, the same as that for the soil as a whole 0.13. 

There are, however, some examples of calcium-containing material 

which has relatively higher Al/Si ratios and in particular this 

material tends to show measureable amounts of other cations (see 

Figures 7.78, 7.79). This material has a very heterogeneous 

appearance and consists of clay particle relics enveloped in 

C-S-H gel.

In order to increase further the amount of reaction product, 

the clay fraction of the soil was increased by refining the red 

marl (see page 96) and also the amount of added lime was 

increased to 20 wt%. X-ray powder diffraction of the refined 

marl sample cured for 24 weeks at 75°C showed similar results 

to that for red marl-10 wt% lime samples cured for 1.5 years at 

75°C (Figure 7.63). The SEM studies of this sample (Figure 

7.81) also showed similar morphology to that observed in the 

cured red marl samples (Figure 7.69).
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TEM-EDAX analyses of fibrous gel formed in the cured refined 

marl composite gave Ca/Si ratios of 0.34-1.20 and Al/Si ratios of 

0.10-0.20 confirming, as before, the formation of aluminium 

substituted C-S-H gel (a typical example is shown in Figure 

7.86). Again there was calcium-containing material present with 

Ca/Si ratios of 0.4-1.30 and relatively higher Al/Si ratios of 

0.3-0.7 and significant levels of impurity cations, consisting of 

an intimate association of gel reaction product and clay particle 

relics.
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8.4 CLAY-LIME REACTIONS.

Owing to the complexity of soil-lime systems where the soil 

contains a large number of different components, the 

investigation was extended to include a study of the reaction of 

lime with the main group of clay minerals including 

montmorillonite, kaolinite and illite. In doing this it was 

hoped to obtain a better understanding of lime-clay reaction 

processes and the nature of the cementitious reaction products. 

All these samples were cured with 20 wt% lime for 12 weeks at 

75°C in a sealed environment and precautions were taken to 

prevent carbonation of lime during curing. X-ray diffraction 

results for the cured clay minerals are given in the following 

table:

Clay mineral

Montmorillonite

Kaolinite

Illite

Impurities in the 
raw material

quartz, feldspar

mica, feldspar

chlorite, quartz

Additional reflections 
after curing

0.303, 0.284, 0.277 nm 
(C-S-H gel) 
0.265 nm (residual lime)

0.302, 0.277 nm 
(C-S-H gel) 
0.503 nm 
(phase containing high Al)

0.304, 0.286, 0.277 nm 
(C-S-H gel)

X-ray results of the cured clay mineral samples always gave 

weak, diffuse broad reflections in the region around 0.3 nm, 0.28 nm 

typical of C-S-H gel.

Thermogravimetric results of the cured clay mineral samples 

produced additional information in terms of lime reactivity, extent 

of reaction and the amount and the nature (molecular and hydroxyl) 

of gel water combined with the cementi.tious material formed in these
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samples (see Figures 7.88, 7.92, 7.97 and Table 7.19). The mass 

balance data indicate that lime reactivity of these clay minerals 

follows the sequence:

Kaolinite > Montmorillonite > Illite

As discussed in Chapter 4.1, there is no general agreement by 

previous authors regarding the relative degree of lime reactivity 

for different clay minerals. Croft [50] claimed that 

montmorillonite shows higher lime reactivity than kaolinite, whereas 

the study by Eades and Grim [49] tends to suggest the opposite, but 

there is a general agreement that the lime reactivity of illite is 

lower than both kaolinite and montmorillonite.

Thermogravimetric analyses of the cured clay minerals also 

showed weight loss peaks in two different temperature regions 

corresponding to loss of water from the gel. Loss attributed to 

molecular water occurs between about 100-300°C and loss attributed 

to hydroxyl water between about 300-440°C. The results are given 

in the table below:

Cured clay 
mineral

Montmorillonite

Kaolinite

Illite

Gel water 
low temperature 
100-300°C %

6.83

2.09

3.09

Gel water 
high temperature 
300-440°C %

1.56

3.56

0.57

Consumed lime 
%

17.30

18.4

16.7

On this basis, combined water in the gel formed in the cured 

clay minerals derived from the mass balance data, can be 

separated into water molecules per mole of CaO and hydroxyl
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molecules per mole of CaO. The results are as follows:

Cured samples with 20% lime at 75°C for 12 weeks 

Montmorillonite [1.63 H20 + 0.40(OH)]/CaO 

Kaolinite [0.46 H20 + 0.84{OH)]/CaO 

Illite [0.76 H70 -I- 0.15(OH) ]/CaO

It is noticeable that the amount of gel water present as 

molecules or hydroxyls combined with the cementitious product 

formed in the cured kaolinite sample is rather different from 

those formed in the cured montmorillonite and illite samples. 

These two latter show a similar trend whereas gel water in the 

cured kaolinite sample consists of higher OH and lower H~0 

which suggests that the reaction of lime with 2:1 layer clay 

minerals (montmorillonite and illite) is rather different from 

the reaction of lime with 1:1 layer clay such as kaolinite. In 

the C-S-H gel phase, the major part of the gel water consists of 

molecules, although it may also contain a minor amount of 

hydroxyls. Taylor [143] has shown that the gel water combined 

with C-S-H phase formed in a cement paste is lost over a wide 

range of temperatures and the major part of it (60%) is evolved 

in the temperature region 100-250°c. Taylor and Roy [108] 

recognized that the gel water combined with C-S-H partly 

comprises water molecules and partly hydroxyl ions. As El-Hemaly 

et al. [128] state "As an approximation, probably not fully 

justified, we will assume that water lost below a certain 

temperature occurs as molecules and that lost above this 

temperature as hydroxyl" and they claim that for C-S-H with a 

Ca/Si ratio of 0.8 dehydroxylation begins at about 350°C.
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However, James and Subba Rao [148] show that the combined water 

with C-S-H(I) is completely evolved in the temperature region 

100-250°C. All these studies tend to confirm that the gel 

products formed in the cured montmorillonite and illite samples 

consist mainly of C-S-H gel. However, rather higher OH ions 

found in the gel formed in the cured kaolinite sample is 

attributed to a calcium-containing phase of higher aluminium 

which gives an additional X-ray diffraction peak at 0.503 nm. 

The higher lime reactivity of the cured kaolinite may be related 

to the formation of this phase which means not only exposed 

silica around the edges or between the clay layers react with 

lime but exposed alumina also make a considerable contribution to 

the reaction product. This is in agreement with the study of 

Tenoutasse and Marion [189] on the hydration of C3S in which 

they found a refinement in the pore structure of C-S-H when C^A 

was added.

Thermogravimetric analysis of the cured kaolinite (see Figure 

7.92) showed a general decrease in the size of the 

dehydroxylation peak (at about 580°C) after curing whereas 

cured montmorillonite and illite samples did not exhibit similar 

changes. This decrease in size of the dehydroxylation peak for 

the cured kaolinite sample was also accompanied by an increase in 

the weight loss peak at about 350°C (corresponding to combined 

OH ions within the gel as previously discussed). This suggests 

that as the reaction proceeds, hydroxyls associated with the 1:1 

kaolinite layers are removed by attack of the dioctahedral 

alumina sheet by the lime and the released hydrated alumina 

species are incorporated within the developing cementitious gel
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product which exhibits a new peak at 350 C corresponding to 

dehydroxylation of the gel water. This is not observed to any 

great degree with the cured montmorillonite and illite samples 

because in these minerals the dioctahedral alumina sheet is 

sandwiched between two silica sheets and it is well protected.

TEM-EDAX analyses of the gel formed in the cured clay 

minerals containing 20 wt% lime and cured for 12 weeks at 75°C 

show compositions with a wide range of Ca/Si ratios but with a 

narrow range of Al/Si ratios. The results are presented in the 

following table:

Raw material

Montmorillonite

Kaolinite

Illite

Ca/Si of gel

0.34-0.67

0.2-0.86

(0.96-1.76) 
mean 1.27

Al/Si of gel

0.39-0.33

0.83-0.86

(0.10-0.18) 
mean 0.14

Al/Si in the 
raw material

0.38

0.93

0.39

Electron diffraction of these gels gave one and occasionally 

two diffuse diffraction rings in the range 0.27-0.31 nm which is 

in general agreement with the X-ray observations. The 

composition of the gels formed in the cured clay minerals tends 

to suggest that the gels form from the main elements present in 

the raw material but that the aluminium content of the gel is 

controlled both by the relative amount of Al present in the clay 

and also its availability. There is also a very significant 

correlation between the Al/Si ratios of the gels formed from the 

different clay minerals and the OH/CaO ratio determined from the 

thermogravimetric data. This correlation is as follows:
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Al/Si of gel OH/CaO

Montmorillonite 0.33-0.39 0.40

Kaolinite 0.83-0.86 0.84

Illite 0.14 0.15

This provides positive evidence that the gels formed in 

clay-lime systems are calcium alumino-silicate hydrate gels in 

which substitution of calcium by aluminium (Al "*" for Ca + ) 

leads to the incorporation of increased hydroxyl (OH) into the 

gel structure. Thus at one extreme there is C-S-H gel with no Al 

substitution and minimal hydroxyl content and with most of the 

water being held as molecular water. At the other extreme, there 

is C-A-S-H gel with a high level of Al substitution and a 

substantial hydroxyl content with molecular water forming only a 

minor proportion of the total water content. The analyses of the 

cured red marl-lime and clay mineral-lime composites show no 

positive evidence of formation of any calcium aluminate hydrate 

phases (C3AHg,CJ\H,O or any other semi crystalline or 

crystalline C-S-H phases (C-S-H(I), C2SH, C2SH2 ). 

Formation of these phases in soil-lime systems have been reported 

by some workers (see section 4.1) at, or slightly above, normal 

temperatures. According to the results of the present study the 

formation of these phases is either very limited or does not 

occur at all.
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8.5 MECHANISM OF REACTION.

Initially, lime is added to a clay soil, cation exchange 

occurs as discussed in the previous sections and calcium ions 

deposit on the exposed surfaces of clay particles. The very 

finely divided siliceous material as well as the jagged edges of 

the clay particles go into solution. At this stage a reaction 

between hydroxyl ions, calcium ions and the adjacent silica and 

alumina sheets commences, both on the surface and particularly at 

the edges of the clay particles. As the curing time proceeds and 

if a sufficient amount of lime is still present in the system, a 

slow reaction between clay particles and lime takes place, not 

only by a surface reaction but by a slow diffusion process. 

Calcium ions cannot diffuse into the tetrahedral unit because of 

the unfavourable relative atomic size factor (i.e. the available 

space in this unit about 0.055 nm which is too small to 

accommodate calcium ions ( r = 0.099 nm)). However, this 

diffusion may take place either within the octahedral unit or 

between the clay layers. The extent of this diffusion is 

dependent on the mineralogy of the clay, curing temperatures and 

curing period. Calcium ions diffuse between the clay layers 

along cleavage planes and at disordered regions substituting for 

the interlayer cations such as potassium (in illite) and 

producing exfoliation of the layers. Because of the very weak 

bonding between the layer structure of montmorillonite (see page 

15), calcium diffusion would be expected to occur rapidly between 

the layers. With kaolinite which does not easily absorb water 

between the layers (see Figure 7.10) because of the stronger 

interlayer bonding, attack of the surface exposed alumina sheets
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would be expected to play a more predominant role in the 

reaction.

After calcium diffusion between the clay layers, the 

silica-rich surfaces between the 2:1 clay layers (e.g. 

montmorillonite and illite) and silica-alumina surfaces between 

1:1 clay layers such as kaolinite would be expected to provide 

active sites for the deposition of calcium firstly by cation 

exchange and subsequently by nucleation and deposition of further 

layers of Ca(OH) 2 - The fact that a layer of Ca(OH) 2 is too 

large (see Figure 8.1) to fit exactly onto an Si 20c 

tetrahedral sheet (b = 0.905 nm) will result in distortion of 

either or both of the sheets in order to accommodate the size 

difference. It is noteworthy that the corresponding gibbsite 

octahedral layer (b = 0.864 nm) is too small to fit exactly onto 

a (Si^Or) tetrahedral sheet (see Figure 8.2). However, a 

combination of both Al and Ca in the octahedral sheet would 

reduce the amount of distortion required and provide a more 

satisfactory fit.

Exfoliation and breakdown of the clay layers which has 

already been discussed were clearly observed in the SEM studies 

of the cured lime-red marl (see Figures 8.3 (a) and (b)). 

Comparison of EDAX analyses of the platelets (Figure 7.68) and 

the EDAX analysis of the exfoliated layer (Figure 8.4) confirm 

that calcium ions have diffused into the illite structure. These 

platelets are an intermediate stage in the reaction process 

rather than representing the ultimate reaction product. 

Breakdown of the clay layers and development of the platelets 

results in a significant increase in the areas of the exposed
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edges. These edges provide very reactive sites where aluminate 

and silicate species will go into solution.

In illite which is a 2:1 clay in which the Al-(O,OH) 

octahedral sheet is sandwiched between two Si-,0,- tetrahedral
£. O

sheets (see Figure 8.5) and is, therefore, "well protected" the 

aluminate species will derive from the edges of the clay 

particles where the sheet is exposed. As the aluminate species 

go into solution from the layer edges, this will allow calcium 

ions to penetrate the underside of Si-05 sheets which 

themselves will "unpeel" and break away. It should be realized 

that the actual rupture of the Si-0 bonds and also probably the 

Al-O bonds is due to attack not by the cation itself, e.g. Na+ 

or by Ca (from lime in the present work) but by the hydroxyl 

ion OH~ [190, 191] e.g.

- Si - 0 - Si - +20H+Ca2+ 
/ \

—> - Si - O - Ca2+ - 0 - Si - + H-O 
/ \ *

The relative concentrations of Si and Al in solution is 

controlled by the total amounts of soluble silica and alumina 

present in the soil and for silica this will include quartz (see 

Figure 7.80) and possibly feldspar in addition to the clay 

minerals. Gel will nucleate on the surface of the clay particles 

and will have an Al/Si ratio which reflects the relative 

proportion of silica and alumina in solution. The continuation 

of this process causes the morphology of platelets to be slowly 

replaced by very fine membranes and filaments. The Ca/Si ratio 

of the gel formed tends to be determined not only by the relative
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concentration of Ca and Si in solution but also by the degree of 

polymerization of the silicate anion tetrahedra. This is because 

the greater degree of polymerization of the silicate anions 

results in a smaller number of negative charges (per silicon) 

and, hence, a smaller number of positive cations are required to 

neutralise these negative charges. As the clay itself initially 

consists of highly polymerized silicate anion sheets, then the 

gel which is forming from and nucleating on these sheets would be 

expected to possess a highly polymerized structure and, 

therefore, may exhibit (as observed in the present work) 

unusually low values of Ca/Si ratio (about 0.5 observed in a one 

year cured sample at 75°C). These are unusual because the gel 

formed in hydrated Portland cement pastes is always lime rich 

with Ca/Si of about 1.7. The values in excess of 1.7 are the 

result of intimate association between gel and fine Ca(OU)~ 

crystals, or gel and cement grains. If additional silica is 

artificially introduced into the paste the composition of the gel 

passes from a three phase C-S-H, CH, H region into a two phase 

C-S-H, H region, during which the Ca/Si ratio of the gel 

decreases to a minimum value (when excess silica is present) of 

between 0.8 and 0.9. The diagram representing phase development 

in the system CaO-SiCu-H-O which has been studied by Glasser 

and Marr [192] is given in Figure 8.6. In the present work where 

finely divided siliceous material is in excess relative to lime, 

a Ca/Si ratio of about 0.8 would be expected for the fully 

developed gel. The fact that gels are obtained, which in general 

have much lower Ca/Si ratios than this, suggests an even higher 

degree of polymerization of the silicate anion species is
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achieved than that obtained in lime-silica-water systems. It is 

suggested that this is a result of the gel nucleating on and 

forming from broken down relics of the original clay particles, 

although there is insufficient data to substantiate fully this 

suggestion at this stage.
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CHAPTER NINE

CONCLUSION

A Devonian Red-Marl consisting of illite together with 

quartz, feldspar, chlorite and haematite was treated with calcium 

hydroxide and the engineering properties of the lime-stabilized 

soil were evaluated.

An improvement in the workability of the soil was observed 

when lime was added to the wet soil. The liquid limit and plastic 

limit increased and resulted in a decrease in the plasticity 

index. The amount of lime required for this improvement is 

considerably lower than the optimum value (7-8 wt%) for 

stabilization of this material Casagrande's chart provided a 

clear perspective of the plasticity behaviour of a soil-lime 

composite during curing. It was observed that when the soil-lime 

mixture is compacted, and cured at a fairly high temperature, the 

Atterberg limits decrease in value and the soil falls below the 

A-line and also many of the samples were found to be non- 

plastic. The plasticity chart showed that the effect of 

increasing both the curing temperature and curing period is 

greater than the effect of increasing the lime content. 

Consequently, whenever any improvement in the plasticity is 

considered, liming should be selected to coincide with warmer or 

summer conditions.

238



Unconfined compressive strength of the soil-lime composites 

increases slightly at normal temperature and a very long period 

of time is needed to achieve even very moderate strength gains. 

For a fixed curing time and at a temperature above normal, the 

strength increases with lime content up to an optimum level of 

lime, above which the rate of gain in strength with lime content 

begins to fall. Therefore, evaluation of the optimum level of 

lime for soil stabilization is very important. This should be 

determined by the pH quick test to give a preliminary value and 

subsequently by compressive strength tests of the soil specimens 

cured with various amounts of lime to give a more precise value. 

In order to shorten the curing period and to achieve a more 

reliable value for optimum level of lime, the curing temperature 

should be selected at a relatively higher than normal temperature 

e.g. 50°C which in the present work is found to be an 

appropriate curing temperature.

The strength continues to increase as the curing time extends 

and on approaching the ultimate level no further increase can be 

expected. At elevated temperatures, the strength sharply 

increases and continues to increase in a moist environment until 

the free lime in the system is completely consumed. It is 

confirmed that the curing temperature has a dramatic effect on 

the reaction and on the mechanical properties of soil-lime 

composites. This confirms that in hot areas e.g. tropical and 

sub-tropical regions, the rate of pozzolanic activity increases 

and hence accelerates the improvement in soil conditions.
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Moisture plays a very important role in the stabilization of 

clay soil by lime and, in fact, it is part of the structure of 

the reaction product in the system. Hence, the pozzolanic 

activity virtually stops in a dry material. The mixture of soil- 

lime should be compacted with the optimum moisture content in 

order to obtain maximum dry density, and during curing either 

sealing or continuous moisturising is required. This leads to an 

increase in the formation and growth of cementitious material.

The ambient temperature has a significant effect on selecting 

an appropriate delay time between mixing and compacting. In a 

hot climate, owing to the rapid formation of cementitious 

products prior to compaction, the delay time should be shortened, 

whereas at low temperatures, the delay time may be extended to 

several days and the ultimate strength is not seriously affected.

Carbonation of lime during mixing and curing is inevitable, 

particularly in the construction of lime-stabilized layers in 

highways and airfields. This reaction reduces the amount of free 

lime in the system and, hence, less lime remains for further 

reaction and formation of cementitious products. Attempts should 

therefore be made to minimize the degree of carbonation by 

avoiding any long term exposure of free lime and by mixing and 

compacting the soil and lime within a short period.

As the major reactive component in soil is the clay fraction, 

stabilization will only be effective for soils with moderate to 

high clay fraction. In the present work, when the proportion of 

clay in the soil was increased by a gradual reduction of the 

non-clay particles, the strength development of lime-stabilized 

soil showed an increase, confirming that the higher the
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proportion of the clay fraction the greater the strength.

The addition of other additives such a NaCl (salt) in 

conjunction with lime may accelerate the reaction. The addition 

of 1 wt% NaCl to the soil containing various amounts of lime 

showed a relatively marked improvement in the strength when 

curing proceeded at normal temperature, whereas at an elevated 

temperature where reaction of soil-lime is at a greater rate, the 

effect of the addition of salt is negligible, producing only a 

marginal strength gain. However, further work is required in 

this area to determine the most effective combination of 

soil-lime and salt. Measurement of compressive strength alone is 

not sufficient on its own to assess the performance of the 

soil-lime as an engineering material over very extended time 

periods. Hence, the durability of these materials should also be 

evaluated.

The development and growth of the cementitious product formed 

in a soil-lime composite during curing leads not only to 

reduction in the plasticity index and an increase in the strength 

but also to a marked improvement in durability. It was observed 

that the characteristics of soil gradually alter by adding lime 

and that, also, there is a distinct difference in the nature of 

the cured material, depending on whether it is cured at low 

«50°C) or high (>50°C) temperature and subsequently, a 

cement based material is obtained which exhibits different 

properties in comparison with those of the raw materials. It was 

found that the volume of specimens where large amounts of 

cementitious product were formed during curing did not change
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significantly (0.1-0.05%) after full saturation because of the 

presence of a rigid, dimensionally stable, interconnected 

framework, whereas lime free soil specimens compacted to the same 

density showed a very considerable volume expansion on 

saturation. Two orders of magnitude change in the volume of the 

specimens after saturation were observed:

i) high volume changes in soil alone (~16%) to low volume 

changes (1-3%) in the cured soil-lime specimens of 

higher lime content (>2%)in which the cation exchange 

appears to be completed and a relatively small amount of 

the cementitious product has been formed,

ii) very low volume changes (~0.1%) in the cured soil-lime 

specimens where larger amounts of the cementitious 

product are formed.

Therefore, lime-stabilized soil is less susceptible to 

weathering and erosion.

The formation of the cementitious products in the system of 

soil-lime results in a general refinement of the pore structure 

and also a general decrease in the permeability as the lime 

content increases. These behaviour patterns are more pronounced 

at elevated temperatures. However, the permeability of all cured 

soil-lime specimens showed a greater value than the permeability 

of the soil alone (compacted to the same density), due to the 

effect which water adsorption of the clay particles has on the 

capillary pores structure of the clay soil. This implies that 

the permeability of clay soils generally increases by lime 

addition.
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These changes in the pore structure and permeability appear 

to reflect the changes in frost heave behaviour. It was observed 

that the improvement in frost resistance with curing time is due 

predominantly to the development of interparticle bonding; hence, 

this improvement is not particularly a function of changes in 

porosity and permeability. This interparticle bonding restricts 

ice segregation by exerting a pressure on the ice phase as it 

tries to expand. Thus the major factor involved in achieving 

improved .frost resistance of cured soil-lime specimens is the 

development of inter-particle bonding and strength, the small 

changes in permeability and porosity during curing having 

negligible effect on frost heave behaviour. This is in contrast 

to unbonded materials where frost resistance is dictated mainly 

by the permeability of the material.

Therefore, whenever an improvement in the frost resistance of 

road material such as sub-grade or sub-base is required, 

lime-stabilization should be considered as an appropriate 

solution, particularly if the work can be carried out in warm 

conditions.

Undoubtedly, the most significant improvements in the 

mechanical properties and durability of the soil-lime composites 

are a result of the formation and growth of a newly formed 

cementitious product. The analysis of this product confirms that 

it is almost amorphous and X-ray diffraction techniques alone are 

not capable of completely characterizing it. The product has a 

very characteristic morphology consisting of a matrix of 

plate-like particles, foil- like membranes and fine filaments 

which interconnect the particles, and although it exhibits a wide
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range of composition it consists basically of a calcium aluminate 

silicate hydrate gel.

Further work is required to be carried out, in order to reach 

a better understanding of the clay-lime system and its economical 

application in civil engineering projects. The major problem 

arises because soils consist of several minerals and the present 

work has confirmed that the clay fraction is the most reactive 

component, although other minerals, to some extent, contribute to 

the reaction; further research should be undertaken to ascertain 

the degree of reactivity of these minerals. An additional and 

extensive research programme should involve pure clay minerals 

including montmorillonite, kaolinite, illite and possibly mixed 

layer and other common minerals. Engineering properties 

including plasticity characteristics, compressive strength, 

indirect tensile strength, shear strength, C.B.R. values as well 

as deep stabilization by lime injection or lime deposition 

should be evaluated on the pure clay mineral-lime specimens cured 

at different temperatures in a moist environment and precautions 

should be taken to prevent carbonation. The optimum amount of 

lime required for stabilization of these minerals should be 

determined.

In order that a better understanding can be gained regarding 

the reaction of different clay minerals with lime in relation to 

their engineering properties thorough analyses of cured samples 

should be carried out.

In addition to the analytical techniques employed in the 

present work, such methods as trimethylsilylation, quantitative 

X-ray analysis of the unreacted material in the system and an
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extensive qualitative and quantitative TEM-EBAX analysis should 

be employed to analyse the cured samples.

The reaction products and the mechanisms of reaction have 

been a matter of interest for several decades and, unfortunately, 

lack of full cooperation between mineralogists, soil scientists, 

metallurgists and soil mechanics experts and the subsequent 

employment of a combination of approriate sophisticated 

techniques, have left many questions in this area unanswered. As 

a consequence, it is not known how to accelerate the reaction in 

soil-lime in a mild or cold environment where the rate of 

reaction is very slow. It appears that by using additives such 

as salt or gypsum or other available and cheap substances 

(possibly some by-products of the chemical industries) in 

conjunction with lime, the reaction can be accelerated at low 

curing temperatures. In this case, durability of the cured 

samples in the long term should also be investigated.

As a result of continuous new developments and expansion of 

cities and the contemporary emphasis on protection of the 

environment, the sources of selected materials are becoming more 

limited. There is also a lack of suitable materials in some 

areas and great expenditure inconvenience are being experienced 

in transporting such material to sites.

The construction of roads, highways and airfields will, 

therefore, become more costly and the stabilization of materials 

in situ should be given serious consideration as being more 

economical as well as more practical.
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Microstructural development in cured soil-lime 
composites
M. ARABI, S. WILD
Department of Civil Engineering and Building, The Polytechnic of Wales, Pontypridd,
Mid-Glamorgan CF37 1DF, UK

The bond which develops during curing between soil particles in the presence of lime and 
moisture is a result of the growth and the development of a newly formed cementitious phase 
(or phases). For the particular soil studied, appreciable reaction occurs between soil particles 
and lime only at elevated temperature, in a moist environment. The growth and development 
of the new phase is accompanied by an increase in compressive strength of the soil-lime 
composites. Scanning electron microscopy (SEM) studies show the phase to consist of an 
interlocking network of fine platelets and fibres, and although no direct determination of com 
position was possible, evidence from X-ray analysis and thermal analysis shows that the new 
phase is poorly crystalline and probably consists of a hydrate of calcium silicate or calcium 
aluminate.

1. Introduction
The use of lime in the stabilization of normally unsuit 
able soil, for roads, airfields, and other hard-wearing 
surfaces and also its use in upgrading existing material 
for building foundations and for building com 
ponents, has been widely reported. The purpose of the 
present study is to achieve a better understanding of 
the mechanism of the soil-lime reaction and of the 
development of microstructure and strength in cured 
soil-lime composites at elevated temperature. This 
should lead to a wider and more effective use of the 
technique, particularly in areas of the world with high 
ambient temperatures. The physico-chemical changes 
in soil particles on reaction with lime, and the forma 
tion of new phases in such systems, is very complex 
and is not very well understood. However, there is 
quite clearly substantial evidence in the literature to 
indicate that the reaction of lime with clays and other 
finely divided alumino-silicates, results in the forma 
tion of calcium silicate hydrates and calcium alumi 
nate hydrates, and that this is normally accompanied 
by the formation of some calcium carbonate due to 
the presence of atmospheric carbon dioxide. The 
hydrates formed are generally amorphous or poorly 
crystalline, although X-ray diffraction work has 
shown the formation of crystalline hydrate phases in 
some cases [1-8].

However, the characterization of these phases is 
normally based on very limited X-ray data and is often 
not well substantiated. The reactions between 
hydrated lime and different clays from the main 
groups such as kaolinite, montmorillonite and illite 
have been studied by a number of workers [1-7]. 
Investigations have also been made of the reaction of 
lime with other pozzolanic material such as pfa and 
amorphous silica [8]. Under various conditions, the 
formation of a whole range of poorly crystalline cal 
cium silicate hydrate and calcium aluminate hydrate

0022-2461/86 $03.00 + .12 (r) 1986 Chapman and Hall Ltd.

phases has been reported [1-8]. In some cases the 
formation of specific calcium aluminium silicate 
hydrate (CASH) phases has also been observed. For 
examples, the initial reaction products from pure 
kaolinite reacted with lime in solution results in the 
formation of crystalline calcium aluminium silicate 
hydrate [Ca2 Al 2 Sl 3O 10 (OH)2 ] together with non- 
crystalline particles [2]. When burnt (650° C for 2h) 
kaolin is reacted with lime at 20° C for 400 days, CSHI 
and Stratling's compound (C2 ASHn ) are observed [8]. 
Also the formation of hydrogarnets (C 3 ASn H6 _ 2,,) in 
soil-lime-water systems has been reported by Croft 
[4], Vail and Wet [6] and Lees et al. [7].

Because all of these different phases are made up 
from a relatively small group of elements which are 
common to most of them, and also certain of the 
elements i.e. aluminium and silicon have markedly 
similar characteristics, then interatomic distances will 
be similar within the structures of the different phases 
and the phases themselves will possess similar struc 
tural features. Therefore some of the major inter 
atomic spacings will be common to a number of these 
structures. For example, the strongest X-ray reflection 
in gehlenite hydrate C2 ASH 8 (0.287nm) is also one of 
the strongest reflections in CA AH B (0.286nm) and in 
C2 AH8 (0.286nm). A second prominent reflection at 
0.166nm is also common to these three phases. Simi 
larly prominent reflections at about 0.31, 0.28 and 
0.183nm are common to a number of calcium silicate 
hydrates such as CSHI, CSHII and tobermorite. Also 
many of these compounds are produced in extremely 
finely divided states. This results in very diffuse 
X-ray reflections which disappear altogether in 
the directions where crystallite dimensions became 
very small. Therefore it can be very misleading to 
characterize phases in these systems, solely on the 
basis of a small number of diffuse weak X-ray 
reflections.
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2. Materials and experimental methods
2.1. Materials
The soil used (Red Marl) was obtained from a par 
ticular location in South Wales. X-ray powder diffrac 
tion and scanning electron microscopy were employed 
for identification of the soil minerals. The major com 
ponents of the soil are quartz, feldspar and a member 
of the mica group illite. Minor components identified 
are chlorite and haematite. The lime used was a 
hydra ted lime and its characteristics were based on BS 
890 (1972). The soil was dried to constant weight at 
lOO'C to remove any free moisture prior to mixing 
with lime.

2.2. Experimental methods
Specimens of soil-lime containing various concen 
trations of lime (2, 6, 10 and 14%) were mixed with 
"fixed" quantities of water and were compacted into 
cylinders (100mm long, 50mm diameter) of a con 
stant density. All the specimens were prepared to BS 
1924 (1975) specifications and were cured in a moist 
environment at various temperatures (25, 50 and 
75° C) and for different times (3, 6, 12 and 24 weeks). 
The moist environment was maintained by wrapping 
the specimens in two layers of cling-film and sealing in 
polythene boxes. For the long curing times any water 
loss was made up by holding the specimens in moist 
sand at periodic intervals until their original weight 
was achieved and then continuing with the curing 
process. Thus the original moisture content of the 
specimens was maintained constant during the curing 
process. Initially three and sometimes four specimens 
were made up for each test. However, in view of the 
consistency of the results achieved for these initial 
specimens the number of specimens was reduced to 
two per test throughout the work. After measuring
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Figure I Thermogravimetric results for soil and cured soil-lime 
samples, cured for 24 weeks at 50'C. (a) soil, (b) soil and 6wt% 
lime; (c) soil and I0wt% lime; (d) soil and I4wt% lime.

unconfined compressive strength, samples were taken 
for SEM investigations, X-ray analysis and thermo- 
gravimetric analysis. A Cambridge SI50 SEM was 
employed for the microstructural investigations. 
Fragments of the specimens were taken and the free 
water in the samples was removed by vacuum drying. 
The samples were covered with a thin layer of 
evaporated gold and the fracture surface was exam 
ined in the SEM. X-ray diffraction analysis was car 
ried out using a Hagg-Guinier focusing camera 
employing monochromatic CrKot radiation, and a 
Perkin-Elmer thermal analyser (model TGS-2) was 
employed for the thermogravimetric analysis.

About 10 to 11 mg of finely powdered sample was 
used for thermogravimetric analysis. To ensure 
reproducibility of the sampling technique and to 
check that each sample was representative of the 
whole, a number of samples were taken from the same 
batch in the initial stages. Subsequently periodic 
checks were made for consistency during the thermo 
gravimetric work. The heating rate was 20°Cmin~' 
and the sensitivity used for the DTG was 
0.1 mgmin~'. All tests were carried out in a dry, CO2 
free, nitrogen atmosphere.

3. Results
3.1. Soil analysis
X-ray powder diffraction data are given in Table I and 
TG and DTG traces of the soil are presented in 
Fig. 1. Fig. 2 shows a scanning electron micrograph 
of the soil particles. It can be seen in Table I, that the 
soil consists of illite, together with quartz, feldspar, 
chlorite and haematite. The DTG results are charac 
teristic of illite (see [10, 11]) which shows two main 
distinctive features. These are: (a) a medium-sized low 
temperature peak at 100 to 150° C; and (b) a medium- 
sized dehydroxylation peak at about 550 to 600° C, 
which is very broad, beginning at about 400° C and 
continuing up to about 900° C. 
These peaks are clearly visible in Fig. 1.

Scanning electron micrographs of the soil particles 
show that a large proportion of the soil consists of 
plate-like particles of typical illite morphology (see 
[12, 13]). As the X-ray and thermogravimetric results 
show illite to be a major component of the clay

Figure 2 Scanning electron micrograph of the soil, x 3500.
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Figure 4 Plot of the wt % "consumed lime" against the wt % loss of 
"gel water" in the temperature region 100 to 250° C.

"consumed lime" (column O) has reacted with some 
component of the soil. Fig. 4 shows a plot of the wt % 
of "consumed lime" against the wt % loss (during TG 
analysis) in the temperature region 100 to 250° C. The 
relationship is that which would be expected if the 
"consumed lime" is being used up in forming cemen- 
titious calcium silicate hydrates or calcium aluminate 
hydrates which subsequently lose the major part of 
their gel water in this temperature region. Taylor [15] 
has shown for cement pastes that although gel water 
from the cementitious phases is lost over a wide range 
of temperature the major part of it (60%) is evolved in 
the temperature region 100 to 250° C. The strength of 
the cured samples might also be expected to be directly 
related to the proportion of any cementitious products 
in the system. Fig. 5, which shows a plot of com- 
pressive strength against the weight per cent of "con 
sumed lime", for specimens cured at 50° C for various 
times, clearly supports this hypothesis. X-ray powder 
diffraction analysis, however, gives no strong evidence
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Figure 6 Scanning electron micrograph of the fracture surface of a 
I day (75" C) cured soil-10 wt % lime sample, x 3500.

for the formation of additional crystalline reaction 
products. In order to promote growth and crystalliz 
ation of any amorphous reaction products which may 
be forming, curing temperature were increased to 
75° C. This resulted in the appearance in the X-ray 
diffraction pattern of two additional very weak dif 
fraction peaks with d spacing of 0.307 nm, which cor 
responds to the strongest diffraction peak for CSH gel, 
and 0.303 nm which corresponds to the strongest dif 
fraction peak for calcite. This information alone, as 
previously indicated, is insufficient evidence to posi 
tively confirm the formation of cementitious calcium 
silicate hydrate phases. However, scanning electron 
microscopy did produce positive evidence of the 
formation and growth of a new cementitious phase or 
phases. Fig. 6 shows the microstructure of a 1 day 
cured sample of soil-10wt% lime, which when com 
pared with the untreated soil micrograph of Fig. 2 
shows very little evidence of any growth. Fig. 7, how 
ever, shows the microstructure of samples cured for 3 
weeks and here, there is a marked change in mor 
phology with clear evidence of the development of 
new material both at the edges and at the surface of 
the original soil particles. Fig. 8 shows the microstruc 
ture of this new product at a curing time of 6 weeks.

Figure 5 Plot of unconfined compressive strength against wt % 
"consumed lime" for soil-lime specimens cured at 50" C for various 
times.

Figure 7 Scanning electron micrograph of the fracture surface of a 
3 week (75" C) cured soil 10 wt % lime sample, x 3500.
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Figure 8 Scanning electron micrograph of the fracture surface of a 
6week (75"C) cured soil-10wt% lime sample, x 3500.

At this stage, the new phase consists of an interlocking 
network of fine plate-like particles. After curing for 3 
weeks, there is insufficient material to form bridges 
between adjacent soil particles, but after curing for 6 
weeks the interlocking network of plate-like particles 
has grown into the interstices to form a continuous 
network. Also by 6 weeks the plate-like particles have 
increased considerably in size and are 2 to 4 /^m across. 
For even longer curing times a much denser material 
is produced. Fig. 9 shows a fracture surface for a 
specimen cured for 12 weeks and the interlocking 
network of plate-like particles has now developed into 
a dense mat of material. The form of the microstruc- 
ture is clearly analogous to that produced in hydrated 
cement paste (see [16, 17]). The composition of these 
newly formed plates is at present unknown. As men 
tioned above the X-ray powder diffraction results 
from samples cured for 24 weeks indicate no signifi 
cant formation of new crystalline phases, although the 
SEM observations clearly depict formation of new 
material on a large scale which confirms that, the 
newly formed material is very poorly crystalline.

4. Conclusions
It has been shown that the clay component (illite) of

Figure 9 Scanning electron micrograph of the fracture surface of 
12 week (15' C) cured soil-10 wt % lime sample, x 3500.

a particular soil, reacts with hydrated lime under 
favourable curing conditions to produce a new cemen- 
titious phase. This is confirmed by microstructural 
examination of fracture surfaces which show very 
limited evidence for the formation of a cementitious 
product at low temperatures but clear evidence of 
massive formation of cementitious product at the high 
curing temperature. Electron micrographs taken at an 
early stage of curing (1 day) show a modification in 
particle shape which results from initial dissolution of 
material. Specimens cured in moist conditions at 
elevated temperatures (75° C), and at various curing 
times (3, 6 and 12 weeks), show the formation, growth 
and development of this new phase. The phase grows 
on the surface and the edges of the illite particles. It 
has a very characteristic morphology consisting of a 
matrix of interlocking fibres and platelets. There are 
also marked similarities between this phase and the 
C-S-H phase found in cured ordinary Portland 
cement. The scanning electron micrographs show how 
this new phase develops to fill up the pores and link 
the soil particles together as the curing time is 
increased. X-ray evidence confirms that the new phase 
is very poorly crystalline, and, therefore complete 
characterization is not possible using this technique. 
However, thermogravimetric analysis together with 
measurements of compressive strength show that:

1. a proportion (termed "consumed lime") of the 
initial added lime is unaccounted for as either calcium 
carbonate or residual calcium hydroxide in cured sam 
ples;

2. there is a significant loss of water from cured 
samples in the temperature region 100 to 250° C. This 
behaviour is similar to that of cured Portland cement 
where gel water is lost from the C-S-H and C-A-H 
phases in this temperature region;

3. the weight per cent of "consumed lime" present 
is proportional to the weight per cent of water lost in 
this temperature region;

4. the compressive strength of cured soil-lime com 
pacts is also proportional to the weight per cent of 
"consumed lime" present in the system.

These observations clearly indicate that, a new 
calcium-containing hydrate is being formed which is 
similar to the calcium-containing hydrates formed on 
hydration of Portland cement. Further work involving 
transmission electron microscopy and energy disper 
sive analysis is in progress in order to confirm this 
hypothesis and obtain a positive composition for this 
phase. Additional curing programmes are also being 
carried out aimed at eliminating the problems of car 
bonate contamination and of increasing the volume 
fraction of cementitious phase being formed.
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SOIL-LIME REACTION AND
MICROSTRUCTURAL DEVELOPMENT AT

ELEVATED TEMPERATURES
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Department of Physics, Warwick University, Coventry CV4 7AL

(Received 1 July 1985; revised3 February 1986)

ABSTRACT: Mineralogical analysis of Devonian Red Marl using XRD, TEM, SEM and 
ED AX showed that it consisted of illite, quartz, and feldspar with minor amounts of chlorite and 
hematite. Physico-chemical changes in the soil minerals on reaction with lime (calcium 
hydroxide) from one day up to two years were investigated by these techniques to gain 
information on the soil-lime reaction mechanism. Significant reaction of the soil minerals and 
lime was found to occur only at elevated temperatures (50-75 °C) in a moist environment. At 
these temperatures, formation, growth and development of fibrous and foil like cementitious 
material was observed. XRD analysis provided no strong evidence for the formation of new 
phases. TEM analysis and EDAX, however, showed that the newly-formed fibrous and foil-like 
material consisted of an amorphous calcium silicate aluminate hydrate gel, similar to the gels 
formed during hydrothermal treatment of lime—silica, but with lower calcium to silicon ratios 
than previously reported for such gels. The morphological development of the gel suggested that 
it formed as a result of the progressive breakdown of the clay component in the soil by reaction 
with the calcium ions from the lime.

The development of strength in soil-lime systems is a result of a chemical reaction taking 
place between the lime and the clay component of the soil. Numerous reports of the 
formation of calcium silicate hydrates and calcium aluminate hydrates in clay-lime-water 
systems occur in the literature and these have been discussed by Arabi & Wild (1986). The 
reaction is normally accompanied by the formation of some calcium carbonate due to 
partial carbonation of the lime; however, the evidence available suggests that carbonation 
makes a negligible contribution to strength development, and may in fact be deleterious, as 
less lime is then available for 'pozzolanic' activity.

Arabi & Wild (1986) showed, for Red Marl-lime compositions, that after three weeks 
curing at 75 °C there was clear evidence of a marked change in morphology. The surfaces 
of the platy clay particles became covered with much smaller and finer plates, some of 
which had a distinctly fibrous appearance. With prolonged curing the network of plate-like 
and fibrous particles developed into a dense mat with a microstructure analogous to that 
produced in hydrated portland cement paste. Although the SEM work showed a 
continuous sequence of morphological changes, it was not possible from SEM observations 
and associated XRD studies to characterize the new phase (or phases) or to identify 
positively the mechanism involved in their formation. In fact, XRD showed that the 
newly-formed material was poorly crystalline. The two likely mechanisms involved in the 
formation of this material are:

© 1986 The Mineralogical Society
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(i) a solution-precipitation mechanism whereby lime and siliceous material are slowly 
taken into solution and reprecipitated as fine fibrous and foil-like calcium silicate hydrate 
gel, as occurs in cement hydration and in lime-silica reactions (Taylor, 1981; Bailey & 
Stewart, 1984; Zhao-Qi & Young, 1984); 
or/and
(ii) a general breakdown of the clay particles (mainly illite in the present material) due to 
chemical attack by the lime, whereby calcium ions initially adsorbed on to clay particle 
surfaces by cation exchange, slowly diffuse into the clay structure by further exchange, 
gradually breaking apart the structural layers of the clay, and reacting to produce fine 
foils and filaments of calcium (aluminium) silicate hydrate gel.

One of the objectives of the present investigation was to identify the particular mechanism
involved.

EXPERIMENTAL METHODS

The soil was oven-dried (100°C) and then mixed with 2, 6, 10 and 14 wt% of lime to which 
'fixed' amounts of water were added. The moisture content employed (12%) and the 
density to which the specimens were prepared were the optimum values required to give 
maximum dry density using the British Standard Compaction Tests (BS 1377, 1975). The 
mixtures were compacted into 100 mm long, 50 mm diameter cylinders of constant density 
in accordance with BS 1924 (1975). The cylinders were sealed by wrapping in cling film 
and placed in polythene boxes to prevent moisture loss, and were then cured at 25°, 50° 
and 75°C for 3, 6, 12 and 24 weeks before being tested in compression. One particular 
specimen with a 10% lime addition was cured at 75°C for up to two years in order to 
approach complete equilibrium. For the long curing times, specimens were periodically 
placed in moist sand to recover any loss of moisture and returned to the curing chamber 
when their original weight was achieved. XRD was used to detect any new crystalline 
phases formed, and TEM, SEM and ED AX techniques were employed to follow changes 
in microstructure and composition during curing. A Cambridge Stereoscan 150 electron 
microscope was used to examine fracture surfaces of the cured soil-lime composites, and 
these were vacuum-coated with a thin film of gold prior to examination.' Particles of soil 
and of gel for examination in the TEM were prepared by grinding material in a methyl 
acetate-colloidon solution in an agate mortar to produce a very fine suspension of 
particles, some of which were electron transparent. A drop of this fine suspension was 
placed on a copper grid on which a continuous carbon film had previously been deposited. 
The grid was then introduced into a JEOL-100C microscope fitted with an ED AX 9100/ 
60 energy-dispersive analysis system, and the data analysed using the 'Quant' program 
which corrects iteratively for background and overlap.

RESULTS

Soil analysis

XRD examination of the soil confirmed (Arabi & Wild, 1986) the presence of illite, 
quartz, feldspar, chlorite and hematite. From XRD and SEM, TEM and ED AX analysis it 
was apparent that illite was the major clay mineral phase. The overall cation distribution of 
the soil determined by SEM and ED AX was:
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Mg 

atomic % 2-8
Al 
9-8

Si 
78-4

Ca
0-6

K
4-7

Fe
3-2

Ti 
0-6

Na 
not detectable

Strength development of the cured soil-lime samples

Compressive strengths against curing times for specimens cured at 25°, 50° and 75°C 
with different lime additions are illustrated in Figs 1, 2 and 3; these clearly show a marked 
increase in the rate of strength development with increasing curing temperature. At low 
lime contents the composites approach their ultimate strength after 24 weeks, but for the 
higher lime contents strength is still developing at quite advanced ages. At 25 °C, where 
strength development is extremely slow, the strength is negligible at all lime contents, even
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FIG. 1. Plot of unconfined compressive strength against curing time for soil-lime cylinders of 
various compositions cured in a moist environment at 25°C.
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FIG. 2. Plot of unconfined compressive strength against curing time for soil-lime cylinders of 
various compositions cured in a moist environment at 50°C.
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B 12
AGE-WEEKS

24

FIG. 3. Plot of unconfirmed compressive strength against curing time for soil-lime cylinders of 
various compositions cured in a moist environment at 75°C.

after 24 weeks curing. For the 50°C and 75°C cured specimens, greater strength increases 
were achieved by further increasing the lime content, as illustrated by Fig. 4 which shows a 
plot of 12-week strength against lime content at 50°C. This indicates an optimum lime 
content of approximately 8%.

Analysis of the cured soil-lime specimens
XRD and electron microscopy were carried out mainly on specimens at the higher lime 

contents (10 or 14%) and at the higher curing temperature (75°C) because: (i) the higher
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FIG. 4. Plot of unconfined compressive strength against lime content for soil-lime cylinders cured 
for 12 weeks in a moist environment at 50°C.



Soil—lime reaction 283

c 
o
E

O
E
CO

TJ
C 
03

00

£ 
U

a
o

o

J_
8
o

E
c o
t!

00c '£

§
VI



284 5. WildetaL
lime content materials should contain more cementitious phase; (ii) the degree of 
crystallization of any cementitious phases formed is likely to be greater (for a particular 
time) at the higher temperatures where equilibrium conditions will be more rapidly 
established.

The X-ray results gave inconclusive evidence with respect to the formation of new 
crystalline phases. After 1^ year's curing of a soil-(10% lime) compact at 75°C the only 
additional reflections observed were a very weak reflection at 3-04 A (the strongest 
reflection of calcite) plus two equally weak diffuse reflections at about 3-08 A and 2-75 A. 
Clearly any phase being formed was very poorly crystalline, and attempts to make 
any positive identification on such limited data would have been pointless. It is, however, 
significant that gels prepared by reacting lime with silica have been shown by Gard et al. 
(1959) to give diffuse electron powder diffraction rings in this region. The X-ray data did 
also show a general weakening of the illite reflections, relative to those of quartz, as the lime 
content increased, confirming that illite was consumed more rapidly by reaction with lime 
than quartz.

85"'0 98^16 17

FIG. 6. (a) Transmission electron micrograph of gel formed in a soil-(10% lime) composite cured 
in a moist environment at 75 °C for one year, (b) EDAX analysis of gel.
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Previous work by Arabi & Wild (1986) had shown that a cementitious gel phase was 

formed in this system and that the amount of gel produced was proportional to the amount 
of lime reacted. They showed that for curing times of up to 12 weeks the gel consisted of an 
interlocking network of platelets and fibres. Fig. 5 shows SEM microstructures of cured 
samples at more prolonged curing times (6, 12, 18 and 24 months). At these extended 
curing times, fine foils and filaments have replaced the platelets and fibres as the 
predominant form of microstructure. Fig. 6 shows a typical transmission electron 
micrograph of the gel together with its associated EDAX output. The gel consists of 
crumpled sheets or foils which, as illustrated in Fig. 7, have a fibrous appearance when 
broken. Often the sheets appear to be made up partially from a series of parallel fibres or 
laths criss-crossing each other in the plane of the sheet. The gel shows a range of C/S ratios 
(0-4-1) with the majority of gel particles consisting of material with unusually low C/S 
values of about 0-50. The gel also always contains a small quantity of aluminum 
(A/S ~ 0-16). Table 1 shows a series of cation compositions for different particles of gel, 
present in a one-year, 75°C-cured soil-(10% lime) specimen. The results are remarkably

FIG. 7. Typical transmission electron micrographs showing gel morphology after one year at
75°C for a soil-(10% lime) sample.
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TABLE 1. Results of ED AX analyses of 

amorphous gel phase.

Composition 
(total of 10 analyses) Ca/Si Al/Si

Mean
3^*6

0 . 94Si6 . 0

0-47 
0-45 
0-57 
0-50 
0-53 
0-46 
0-48

0-50

0-10 
0-14 
0-14 
0-15 
0-22 
0-16 
0-19

0-16

Tanzanite

93319 
Okenite

Ca 2 geSie 02
FIG. 8. ED AX analysis of tanzanite and okenite using TEM.
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consistent, with the C/S ratio ranging from 0-45 to 0-57, the A/S ratio ranging from 
0-1-0-22 and with the mean composition represented by Ca3 . 00 Al0 . 94 Si606 . The reliability 
of the analytical technique was checked by analysing two materials (Fig. 8) of known 
composition and similar C/S ratio, those of tanzanite Ca2Al3 Si3O 12 (OH) (C/S = 0-67) and 
okenite Ca3 Si6 O6.6H 2 O (C/S = 0-5). The cation compositions determined for these 
compounds were found to be in excellent agreement with their accepted compositions, 
indicating that the compositions obtained for the gel were reliable to within ±5%. 
Precautions were also taken, by careful choice of spot size and microscope operating 
conditions, to ensure that there was minimal beam damage to the gel during counting as 
this can affect observed C/S ratios for C-S-H gels. Counting for different periods on the 
same spot area was found to give fully consistent and reproducible results for the operating 
conditions chosen. It is of interest to note that the relative proportion of C a to Si in these 
particular gel particles is identical with that in the mineral okenite. This is clearly illustrated 
by comparison of Fig. 6 with Fig. 8. Fig. 9 shows another particle of gel together with its 
associated electron diffraction pattern. The gel is almost completely amorphous, showing 
only one very broad and diffuse powder diffraction ring at a d-spacing of 2-93 ± 0-1 A.

FlG. 9. Transmission electron micrograph of a typical gel particle, together with its electron
diffraction pattern.
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There is a distinct possibility that the particles of gel examined were not homogeneous 
and consisted, on a very fine scale, of more than one amorphous phase. Although it is not 
possible at this stage to fully discount this suggestion it is considered to be unlikely, as 
analyses from different parts of given gel particles gave almost identical results.

DISCUSSION

Before discussing the reaction of lime with clay it is necessary to review the current state of 
knowledge relating to gel formation in lime-silica systems and in hydrated portland 
cements.

Hydration of cement at room temperature produces a calcium silicate hydrate gel which 
is very poorly crystalline, giving weak diffuse X-ray peaks at 3-1, 2-8 and 1-8 A. The C/S 
ratios of the gel are ~l-5. A similar gel also forms on reaction of lime with finely divided 
silica in the presence of water; such gels give lower C/S ratios. Table 2 gives the range of 
C/S values for each type reported by different investigators. Glasser & Marr (1984) 
represented the cementitious reaction products formed between CaO, H2 O and SiO 2 in 
terms of a phase diagram on which the lime-rich limit for calcium silicate hydrate gel is 
given as C/S 1-7. As portland cement on hydration always produces Ca(OH)2 , the gel 
formed in this manner is always lime-rich. Thus the C/S ratios of cement gel should be of 
the order of 1-7 and this is in general agreement with reported values in Table 2. Clearly, 
values in excess of 1-7 are the result of intimate association between gel and fine Ca(OH) 2 
crystals, or gel and cement grains. If the silica content of the cement is artifically increased 
by the addition of finely divided silica, the composition passes from a three-phase (C-S-H, 
CH, H) region into a two-phase (C-S-H, H) region, during which the C/S ratio of the gel 
decreases to a minimum value (when excess silica is present) of 0-8-0-9. This is again in 
general agreement with the data of Table 2 which show a minimum C/S ratio of 0-8 for gel

TABLE 2. C/S ratios of calcium silicate hydrate 
gel from hydration of portland cement or C 3S.

Ca/Si

Locher(1966) 1-4-1-9
Grutzech& Roy (1969) 1-5-1-9
Copeland&Kantro(1969) 1-3-2-3
Taylor(1975) 1-9
Stuck &Majumdar( 1976) 1-5-2-3
Diamond (1976) 1-8-2-0
Goto etal. (1976) 1-8-2-0
Dent Glasser ef al. (1978) 1-6
Odler& Dorr (1979) 1-99
StewartA Bailey (1983) 1-5-1-6
Le Sueur <?f a/. (1984) 1-7
From lime-silica-water mixes
Gard etal. (1959) 0-81-1-36
Brunauer(1962) 0-8-1-5
Traetteberg(1978) 1-1
Sellevold «r a/. (1982) 1-3
Zhao-Qi& Young (1984) 1-1-1-4
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formed in lime-silica—water mixes. In the present investigation, where finely divided 
siliceous material was in excess relative to lime, a C/S ratio of about 0-8 would be expected 
for the fully developed gel. The values obtained, however, are significantly below this 
reported minimum value (Table 1).

The work of Zhao-Qi et al. (1984) on lime-silica-water pastes indicated a tendency for 
highly polymerized pastes to have lower C/S ratios. This is to be expected because the 
greater degree of polymerization of the silicate anions results in a smaller number of 
negative charges (per silicon) and hence a smaller number of positive cations to neutralize 
the negative charges. Similar results were reported by Taylor (1981) on cement paste. The 
uniquely low C/S values (~0-5) obtained for the gel in the present investigation suggests an 
even higher degree of polymerization of the silicate anion species than that obtained in 
lime-silica-water systems. The main reactant in the present work is, however, illite and not 
silica.

The fundamental unit in the illite micas (Fig. 10) is a 2:1 layer consisting of two inverted 
Si 2 Os sheets between which are sandwiched a dioctahedral sheet of trivalent (mainly A1 3+ ) 
cations. The composite layer is negatively charged and the negative charges are neutralized 
by interlayer K+ cations (Brown, 1984). Therefore one of the reactants, i.e. illite, already 
contains highly polymerized SiO 4 tetrahedra in the form of stable two-dimensional 
(Si2 O 5 )2~ silicate sheets.

C-S-H gel with C/S ratios in the range 0-8-1 is considered (El-Hemaly et al., 1977) to 
be the precursor of crystalline tobermorite and to consist of similar structural elements to 
those in tobermorite, but in a much less regular and ordered form. Crystalline tobermorite 
C 5 S 6 H3 (C/S = 0-83) is formed under hydrothermal conditions at elevated temperatures 
and consists (Hamid, 1981) of infinite Si 3 (O/OH)9 chains linked by calcium atoms. For 
C/S ratios <0-8 under similar conditions, the crystalline phases formed are gyrolite

AAAAAAAA
101 A

H.O + K + M,O *

two-dimensional [Siz0 6 ] z sheet 

interlayer potassium -t- water

dioctahedral cation sheet

Si04 tetrahedron

some aluminium substitution

octahedron

o 0*-

. (OH>-
o mainly AI3+ , also Mg2+ and Fe2+
• Si4+

K(Fe,Mg.AI),(AI,Si)40 10(OH>, 

octahedral :tetrahedral = 05 

FIG. 10. Representation of illite structure.
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C 2 S 3 H 2 (C/S = 0-67), truscottite C 7 S 12 H3 (C/S = 0-58) and Z-phase (C/S = 0-50) (Luke 
& Taylor, 1984). The structures of these minerals consist of infinite two-dimensional sheets 
of SiO 4 tetrahedra linked by sheets of calcium atoms (Mackay & Taylor, 1955; Gard et al., 
1975). Okenite C 3 S 6H6 (C/S = 0-5), is also considered (Taylor, 1964) to possess a form of 
layered structure of this type. Thus structures with low C/S ratios are built up from highly 
polymerized two-dimensional silicon-oxygen networks similar to those present in the clay 
micas.

The low C/S ratios found for the gel in the present work would thus indicate similar 
(although disordered) highly polymerized networks, which could have been derived from 
gradual breakdown of the illite structure rather than having been built up from a complex 
polymerization process. Although currently there are insufficient data to fully substantiate 
this suggestion, scanning electron micrographs of reacted material (Fig. 11) do show 
evidence of separation and breakdown of the clay layers.

FIG. 11. Scanning electron micrograph of fracture surface of cured soil-(10% lime) composition
cured at 75°C for 24 weeks.

CONCLUSIONS

During the curing of soil-lime compositions at elevated temperatures, the following
principal points are apparent:

1. The soil-lime reaction is accompanied by the initial appearance of extensive mats 
of plate-like particles in intimate association with the clay particles of the soil. At longer 
curing times those plate-like particles are replaced by foil-like membranes and fine 
filaments.
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2. TEM work and EDAX analysis confirm that these fine filaments and foils 
consist of a calcium silicate hydrate gel which contains a small amount of aluminium.

3. The gel is almost completely amorphous, showing one weak diffuse electron 
diffraction ring at a d-spacing 2-93 ± 0-1 A.

4. C/S ratios obtained for the gel (~0-5) are generally below those obtained for gel 
formed from silica-lime reaction (~0-8) and gel formed from cement hydration (~1 -5).

In the latter two cases it is acknowledged that the C/S ratio of the gel is an 
indication of the degree of polymerization of the silicate anions, and the lower this ratio 
the greater the degree of polymerization. This suggests that the present gel is highly 
polymerized.

5. Careful examination of the development of the microstructure of the cured soil- 
lime samples indicates that the newly formed platelets and foils result from modification 
and gradual breakdown of the clay particles rather than the actual formation and growth 
of new particles from solution.

It is, therefore, suggested that the cementitious gel formed during reaction of lime with 
clay soil is derived from the breakdown of the original clay particles as a result of 
gradual substitution of Ca for both the inter- and intralayer cations within the clay.
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INTRODUCTION
WHEN LIME is added to wet clay soils
two types of chemical reaction occur:
(1) Lime alters the nature of the soil by

cation exchange phenomena. In this
case calcium ions displace the
sodium or hydrogen ions naturally
present in the soil and this alters the
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nature of the absorbed water layers. 
The electrical double layer of the col 
loidal soil particles may be depressed 
due to an increase in the cation con 
centration or may expand due to the 
high pH value of lime. 

(2) A pozzolanic or cementing action 
takes place with the lime reacting 
with the silica and alumina present in 
the soil to form natural cementing 
compounds of calcium alumino- 
silicate hydrates.

The first reaction occurs quite rapidly 
on addition of lime and has the effect of 
improving the workability of the soil. 
The clay particles flocculate into larger 
aggregates, and the soil becomes more 
friable. The clay component disinte 
grates more readily and wet clay dries 
out more rapidly. In general it is assum 
ed that the plasticity index will tend to 
decrease and the plastic limit to increase 
with the addition of lime.

The second reaction is more complex 
and is attributed to the cementing action 
of calcium silicate hydrates, calcium 
aluminate hydrates and calcium 
aluminate silicate hydrates. The rate of
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Transportation Research Board (1976). 
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mineralogy of the process is given by 
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and Leng-ward (1985).

The methods and degree of compac 
tion have a significant effect, however, 
sufficient moisture must be available to 
allow the reactions to take place. The 
lime reaction leads to an increase in the 
shrinkage limit and a decrease in the 
shrinkage ratio. Strength and durability 
increase and in general there is an in 
crease in the optimum moisture content 
and a reduction in the maximum dry 
density of the treated soil. At this stage 
one would expect the plasticity
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LIME AND PLASTICITY OF CLAYS

characteristics of the stabilised soil to 
decrease as it cures.
Review of Literature
Before investigating the influence of 
lime on the plasticity of Devonian Red 
Marl, a literature study was undertaken. 
Clare and Crutchley (1957) contended 
that the influence of lime on the liquid 
limit of Kimmeridge Clay was complex, 
but tended to be insignificant for low 
concentrations. The plastic limit, on the 
other hand, increased with increasing 
lime concentration and curing time. 
Dawson (1956) showed a similar tenden 
cy with a Texas clay of lower plasticity. 
Townsend (1979), however, found that 
the liquid limits of four types of levee 
clays decreased by approximately 10 per 
cent after the addition of lime but the 
plastic limit increased almost to the li 
quid limit. Amman and Munfakh (1972) 
investigating the suitability or organic 
soils to stabilisation noted a similar ef 
fect on the Atterberg limits for soils with 
relatively low organic contents (less than 
15 per cent). However, they noted one 
interesting phenomenon, the plasticity 
decreased until a critical lime concentra 
tion (4 per cent) was reached. At this 
level the plasticity started to increase 
again. This was attributed to the 
presence of excess lime. Lund and 
Ramsey (1959) investigating the 
possibility of using lime to improve 
highly plastic clay subgrades showed 
that the liquid limit decreased and the 
plastic limit increased by equal amounts 
with zero plasticity index at 6 per cent 
lime content.

With higher lime contents the material 
became non-plastic as it cured. Brand 
and Schoenberg (1959) using quicklime 
to stabilise loess found that as the lime 
content was increased to 6 per cent, the 
liquid limit changed from 22.8 to 24 per 
cent and the plastic limit from 18 to 2 per 
cent after 24 hours curing. In all these 
experiments there was a tendency for 
the plasticity index to decrease with the 
addition of lime. In only one case (i.e. 
that reported by Lund and Ramsey) did 
the clays become non-plastic. This is 
rather surprising since there was no sug 
gestion that the plasticity properties 
tended towards those of lime at high 
concentrations. Mateos (1964) conclud 
ed a series of interesting tests. He at 
tempted to correlate the plasticity 
changes with the predominent clay 
mineral present. He showed that for a 
gumbotil soil the liquid limit tended to 
decrease with increasing lime concen 
tration whilst the plastic limit increased 
to a maximum value at about 1 per cent 
lime content. He then investigated how 
the plastic limit is influenced for soils 
rich in Kaolinite, Illite and Mont- 
morillonite. The relations for plastic limit 
are reproduced (Figure 1). The results 
show a pronounced increase in plasticity 
for Montmorillonite. This was also ac-
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• Figure 1. Effect of addition of lime 
on the plastic limits of soils (after 
Mateos, 1964)

companied by a decrease in liquid limit. 
In Illitic soils, however, the increase in 
plastic index is virtually unchanged. 
Kaolinitic soils respond to lime in the 
same way as Montmorillonite with 
decreasing plasticity index.

Similar trends are shown by Leroux 
(1969), Table 1, but in this case all the 
soils became virtually non-plastic after 
90 days curing. To summarise, 
therefore, the study of the literature in 
dicates:
(1) The plasticity of most clay soils is in 

fluenced by the addition of lime. 
Some researchers found that the li 
quid limit increases. The plastic in 
creases in all cases.

(3) The presence of organic soils (up to 
15 per cent) does not appear to in 
hibit the reaction with lime.

(4) The reaction with lime seems to be 
controlled by the predominant clay 
minerals present. The plasticity of II-

TABLE 1

(2)

lite rich soils is not significantly in 
fluenced by lime as both the liquid 
and plastic limits tend to increase by 
equal amounts. Montmorillonitic 
and Kaolinitic clay soils, on the other 
hand, respond better because the li 
quid limit decreases and the plastic 
limit increases.

(5) No indication is given how the At 
terberg limits vary with time or with 
different curing conditions. Some 
workers, however, showed that the 
soils became non-plastic after 24 
hours curing.

Plasticity of the Devonian Marl
In the course of a research programme 
on lime stabilisation undertaken at the 
Polytechnic some interesting data was 
obtained regarding the influence of lime 
on the plasticity characteristic of the 
soil. The soil used in the investigation 
was a local red clay from the Devonian 
series. Its engineering properties were: 

Liquid limit 32-33 
Plastic limit 21 
pH value 6.4 
Specific gravity 2.73 

Its mineralogical composition com 
prise quartz, feldspar and illite with 
traces of chlorite and haematite. The in 
vestigation was carried out using com- 
merically available high calcium 
hydrated lime (BS.890). All the soil-lime 
specimens were prepared in accordance 
with BS.1924 (1975). They were cylin 
drical specimens 50mm diameter, 
100mm long. The percentage of lime ad 
ded was 2, 6, 10 and 14. An optimum 
moisture content (12 per cent) relating 
to maximum dry density was maintained 
throughout all specimen preparation. 
Specimens were cured from one to 24 
weeks under different temperatures (25 
and 50°c). Samples were tested for 
strength and durability in accordanne 
with BS.1377 (1975). In all cases it was 
necessary to crush and pulverise the 
cured stabilised soil before undertaking 
the Atterberg limit tests.
Results and Observations
The liquid and plastic limits of soil 
samples containing different percen-

Clays

Mixed layer 
Kaolinite 5-7% 
Illinite 45-50%

Kaolinite 
95 - 100%

Montmorillonite 
>90%

Bentonite 
>90%

Lime 
Content

%

0 
3 
5
7

0 
20

0 
20

0 
20

Liquid Limit

24 
hours

45 
55 
49 
48

71 
87

165 
87

450 
203

28
days

56 
57 
50

82

90

20.5

90 
days

46

10.5

-

8

Plastic Limit

24 
hours

20 
34 
31 
32
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tages of lime and cured at different 
temperatures for various periods of time 
are shown (Figures 2 and 3).

It was observed that the curing 
temperature has a significant effect on 
the mechanical properties of the soil- 
lime. The liquid and plastic limits in 
creased with increasing lime content.

The rate of increase of the plastic limit 
was observed to be significantly higher 
than the rate of increase in the liquid 
limit. However, both the liquid and 
plastic limits decreased with the increase 
in curing time but in this case the rate of 
decrease in the liquid limit was found to 
be higher than the corresponding
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Figure 4. Relation between plasticity index and lime content.

14

decrease in the value of the plastic limit.
The plastic limit (immediately after 

mixing) increased significantly with lime 
content (21 per cent to 31 per cent) but 
the liquid limit increased significantly up 
to 2 per cent lime content (32- 39%) but 
increased only slightly thereafter (39-43 
per cent).

The most significant effect, however, 
was due to the curing temperature. The 
liquid limit decreased and the plastic 
limit increased as the curing temperature 
was raised. In fact all samples with lime 
contents of 6 per cent or more became 
non-plastic after curing for six weeks at 
50°C. Apart from the Atterberg limits 
determined immediately after mixing it 
was observed, (Figure 4) that the 
plasticity index decreased with increas 
ing:

(1) lime content,
(2) curing period,
(3) curing temperature.
The improvement in plasticity of the 

cured samples under different curing 
conditions, are shown on the plasticity 
chart, (Figure 5). It was observed that a 
decrease in the plasticity of the lime 
stabilised Red Marl occurred when 
cured 25 and 50°C.

This corresponded to crossing of the 
A-line to the so called silty region for 
most cured samples. The exception was 
the specimens with 2 per cent and cured 
for 1-24 weeks at 25°C. The effect of the 
curing period was observed to cause a 
shift towards zero plasticity and, hence, 
lower degree of compressibility. This 
was almost parallel to the A-line. When 
the curing temperature was increased 
from 25°C to 50°C, all the points on the 
plasticity chart crossed the A-line 
(Figure 5). Raising the curing
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35 4O

temperature also caused a shift towards 
the zero plasticity and lower com 
pressibility. The effects of lime content, 
the curing period and curing 
temperature are analogous to the cur 
vilinear axes (Figure 6). The effect of in 
creasing the lime content is typified by 
the L-line whereas the increase in curing 
time and temperature will have the ef 
fect of shifting the L-line in the direc 
tions of the C and T lines respectively.
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RELATION BETWEEN PORE SIZE DISTRIBUTION, PERMEABILITY AND 

CEMENTITIOUS GEL FORMATION IN CURED CLAY-LIME SYSTEMS

S. WILD, M. ARABI and G.O. ROWLANDS

The Polytechnic of Wales, Department of Civil Engineering and 

Building, Pontypridd, Mid Glamorgan

ABSTRACT: Cylindrical specimens of a Devonian Red Marl 

with various amounts of lime (calcium hydroxide) were 

prepared and were cured in a moist environment at 

different temperatures (25, 50, 75°C) from 1 to 24 

weeks. As the gel forms and develops within the cured 

clay-lime composites there is a general refinement in 

pore structure. Mercury porosimetry shows significant 

changes in pore size distribution with the clay-lime 

composites as the lime content, curing time and curing 

temperature are increased. These changes are shown to 

be a result of the formation of increasing amounts of 

cementitious gel. The formation and growth of this 

gel results in appreciable increases in strength and 

is accompanied by a general decrease in permeability, 

although total porosity is in fact found to increase. 

This is accounted for in terms of a pore blocking 

mechanism by the developing gel.

1. Introduction
Strength development and the improvement in durability of clay 

soil by the addition of lime is widely recognised. After mixing 

clay with lime and water the pH of the system increases sharply, 

workability improves and there is a decrease in the plasticity 

index . These changes which occur rapidly are attributed to 

adsorption of calcium hydroxide onto the clay particle surfaces 

which causes modification of the electrical double layer and 

which in turn results in flocculation of the fine particles. 

This alters the nature of the clay. The particles within each 

floe are thought to be weakly bonded together by formation of



small amounts of cementitious material at the particle contact 
points. Long term reaction is complex and (according to 2) is a 
result of pozzolanic activity between lime and clay particles. 
During the curing process cementitious materials, consisting of 
calcium silicate hydrate gel and calcium aluminate hydrate, are 
formed. Analysis of the cementitious materials formed at various
temperatures in a micaceous soil-lime system has been carried out

3 4 by Arabi and Wild, ' , using XRD. SEM, TEM, EDAX and
thermogravimetry. The results show no evidence of formation of 
calcium aluminate hydrate phases. The reaction products are very 
poorly crystalline even at elevated curing temperatures (75°C) 
and long curing times (1 year). The amorphous products initially 
consist of quite coarse platelets whereas at advanced stages of 
curing the final products comprise fine foils and filaments of an 
aluminium containing calcium silicate hydrate gel.

The gel (formed in a soil-10 wt% lime product) shows a range 
of Ca/Si ratio between 0.4 and 1.0 with the majority of gel 
particles consisting of material with unusually low Ca/Si values 
of about 0.5. The gel always contains small but significant 
amounts of Al with Al/Si ratios varying between 0.1 and 0.3. The 
greater part of the gel water is lost in the temperature region 
100-250°C, thus the weight loss in this region is an indication 
of the amounts of gel formed.

The gel binds the soil particles together and as a result 
compressive strength increases in direct proportion to the amount 
of gel which is formed. Thus increasing the lime content 
produces an increase in the amount of gel formed at a particular 
curing time and temperature, and hence produces an increase in 
strength. The rate of strength development is also very 
sensitive to curing temperature, increasing rapidly as 

temperature increases.
The formation and growth of such cementitious products not 

only affect strength but also affect porosity and pore size 
distribution which in turn affect permeability. Very little work 
appears to have been carried out on the effect of gel formation 
on porosity and pore size distribution in cured clay-lime 
systems. However a considerable amount of such work has been



carried out on other related cementitious systems which might be

expected to behave in a similar manner. For example, Bye ,
6 7 fi 

Bentur and Grinberg , Takemoto and Uchikawa , Mehta in

studies of the pore structure of cementitious-based materials 

found a decrease in the total pore volume and an increase in the 

proportion of fine pores with increase in curing time. This 

suggests a gradual replacement of capillary pore space with fine

gel pores owing to the formation of cementitious material. Odler
9 and Robler found that as the curing period of a cement paste

increases, the pore size population for pores in the size range 

100-1000 'nm decreases and this decrease is accompanied by an 

increase in the pore size population for pores in the size range 

10-100 nm. This shift in the pore size population was also found 

to occur at an increasing rate with increasing temperature.

The permeability of cementitious based material will clearly 

be strongly influenced by both porosity and pore size 

distribution. It must, however, be emphasised that only 

continuous pores which are accessible to liquid will make a 

contribution to the permeability.
Attempts have been made by a number of workers ' to 

correlate the permeability of cemented materials with pore 

volume, and it is thought that permeability is largely related to 

pores of sizes about approximately 50 nm. Other workers have 

claimed that permeability depends on the "primary continuous pore 

size", which is the pore radius corresponding to the pressure at 

which a significant amount of mercury first intrudes into the 

pore space during mercury porosimetry measurements. More recent 

work13 ' 14 however, suggests that there is no way of accurately 

predicting permeability from porosity or pore size parameters 

alone. Hughes discusses the problems associated with the 

technique of mercury porosimetry and develops an equation (based 

on Poiseuille's formula) which contains a term to account for 

pore tortuosity and which also includes terms to account for the 

effect of both pore size and pore volume on permeability. This 

shows that permeability is proportional to



where V. is the volume porosity which results from pores of 
radius r..

Therefore, if there is present in a material a wide range of 
pore sizes the small pores will make a negligible contribution to 
flow unless they account for very nearly the total porosity of 
the sample. Thus previous claims that permeability is determined 
by the total pore volume of pores above a critical pore size, or 
by the "primary continuous pore size" can both be accounted for 
as special cases of this particular relationship. A summary of 
the principal factors relating to porosity and permeability in 
cementitious materials, reported in the literature, is given 
below:-

(i) permeability is influenced by a number of different 
factors which include pore size, pore volume, pore 
anisotropy and pore tortuosity ,

(ii) in cementitious systems the reduction in permeability 
results from the formation of cementitious gel which 
produces a change in pore size distribution towards 
much finer pore sizes as gel formation increases, and 
also results in a general reduction in total 
porosity12 ' 13 ,

(iii) in such systems, where there is a wide distribution of 
pore size, the permeability is determined principally 
by the volume of the larger pores, the fine pores 
making a negligible contribution to the flow , 

(iv) the permeability of the gel itself is extremely small 
(10 - 10~ m s~ ) as the gel pores are very 
fine ranging from 1-100 nm and typically peaking at 
between 10 and 50 nm,

(v) the addition of pozzolanic material ' (such as 
micro-silica) to cement produces a dramatic reduction 
in permeability. This is thought to be the result of a 
pore blocking effect by the additional gel which is 
formed by the pozzolanic reaction.



(vi) in clay-lime systems permeability initially increases 
when lime is added to clay owing to flocculation of the 
particles (particularly for low concentrations of 
lime), but subsequent increases in curing time produce 
a fall in the permeability17 ' 18 .

2. Materials, specimen preparation and experimental techniques
2.1 Materials and specimen preparation
The soil used was a Devonian Red Marl consisting of illite, 
quartz and feldspar with minor amounts of chlorite and 
haematite. The lime used was calcium hydroxide and its 
characteristics were based on BS 890 (1972). Specimens of 
soil-lime containing various concentrations of lime (2, 6, 10 
and 14 wt%) were mixed with "fixed" quantities of water and 
were compacted into cylinders (100 mm long, 50 mm diameter) 
of a constant density in accordance with BS 1924 (1975). All 
specimens were cured in a sealed environment at various 
temperatures of 25, 50 and 75°C for periods of 1 to 24 
weeks.
2.2 Experimental Techniques
Mercury intrusion porosimetry (maximum pressure 196 MN m ) 
was employed to determine porosity and pore size distribution 
in cured specimens. These were dried slowly at room 
temperature (- 20°C) for a period of up to three months (at 
which time about 95% of the free water was lost), and then 
for 24 hours at 100°C to drive off any remaining free 
water. Fragments (about Ig) of the cured and dried specimens 

were taken for mercury porosimetry analysis. A mercury
porosimeter model 70 Carlo-Erba was employed in the present

9 work. The pore radii were calculated using Washburn's
equation: r = 2°"cose 

P

where r = pore radius
cr = surface tension of the liquid (0.0048 N cm~ for

mercury)
8 « contact angle between the solid and the liquid 

(about 140°C for mercury).



In this equation it is assumed that the pores are

cylindrical.
Permeability of the cured cylindrical specimens was measured

using a triaxial cell and a constant head. The coefficient

of permeability was calculated using Darcy's Law q = K i A

where q » rate of flow cm s~

K « coefficient of permeability cm s
A - cross section area of specimen cm
i = hydraulic gradient » head loss h

specimen length L 
The head pressure used was 1 Kgcm

The apparatus used for permeability measurement is shown in 
Figure 1.

Specimens were immersed in distilled water for 48 hours prior 

to testing in order to ensure complete saturation before 
permeability tests commenced. The cylindrical surface of the 

specimen was sealed with two layers of rubber membrane and 

two perforated perspex caps were fitted to the upper and 

lower ends of the specimen to allow water to flow evenly 

through the specimen. 'O r rings were employed at the ends to 

prevent water penetration along the sides of the specimen and 
between the lower cap and the base. Before each test the 

upper perforated cap was replaced by a blind cap and a trial 

run was carried out to ensure that no water penetrated the 

sides of the specimen. Measurements of flow were taken at 5 

or 10 minute intervals, four sets of test results were taken 

for both upward and downward flow and the permeability values 

obtained (per specimen) were found to vary within about 5%. 

Corrections were made (using a standard curve) to allow 

for the effect of temperature on the coefficient of 

permeability.

3. Results and Discussions 
3.1 Pore Characteristics

Figures (2-7) show pore size distribution curves for 

specimens with various lime contents cured at 25 and 75 C 

for 1 and 24 weeks. The graphs show the percentage of the
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total pore volume resulting from pores below a particular 
pore size, against pore size. These results indicate a 
number of marked trends which are:
(a) curves of cumulative pore volume (%) against pore 

radius, for materials with short curing times (A), 
always lie below those for equivalent materials with 
long curing times (B) (Figures 2-5). This confirms 
that there is a general refinement of the pore 
structure as curing time increases. Higher curing 
temperature (see Figure 6) and increased lime content 
-(see Figure 7) also have a similar effect on refinement 
of pore sizes,

(b) As the curing time increases (Figures 2-5), and at 
higher temperatures (Figure 6), and for increased lime 
contents (Figure 7) there is a clear trend towards the 
development of two distinct pore size populations, the 
major one in the region around 4-40 nm and a secondary 
one in the region around 400-4000 nm, with a relatively 
small proportion of pores in the region 40-400 nm and 
virtually a complete absence of pores of size exceeding 
4000 nm. This is clear from the data presented in 
Table 1.

At the extended curing times (24 weeks) and high curing 
temperatures (75°C), it can reasonably be assumed (from the 
evidence of strength data and thermogravimetric analysis) ' 
that reaction is virtually complete and that all major 
microstructural changes have occurred. Thus specimens with 
increasing lime content cured under these conditions will 
contain increasing amounts of cementitious reaction product at 
an advanced stage of development in terms of morphology and 
micrestructure. Hence, the formation of increasing amounts of 
cementitious reaction product results in a marked increase in 
the proportion of micropores (4-40 nm) within the cured 
sample. However, although the results for the total porosity 
of the cured specimens show a decrease in total porosity with 
increase in lime content (see Figure 8) this cannot be

10
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considered as being solely as a result of the formation of 
increased amounts of cementitious reaction product. As 
discussed earlier, cylindrical specimens were pressed to an 
initial constant density prior to curing, and as the average 
soil material density (2.73 g cm" ) is rather greater than 
that of the hydrated lime (2.24 g cm" ) the porosity of 
specimens in their green state would be expected to show a 
small decrease with increasing lime content. Thus comparing 
porosities of specimens of different lime content can be 
misleading. A more appropriate comparison is of the porosities 
of specimens with the same lime content but with different 
curing times (see Figure 8). In this case, although with 
increased curing times (and hence formation of increased 
amounts of gel) the proportion of micropores is significantly 
increased, the total porosity actually shows a slight 
increase. This trend is consistent at all lime contents and at 
different curing temperatures. Therefore, the results suggest 
that gel formation has a relatively small effect on total 
porosity, probably resulting in a slight increase, but has a 
marked effect on pore size and pore distribution. These 
changes in porosity and pore size distribution are reflected in 
changes in the permeability of the cured specimens. 

3.2 Permeability
The coefficients of permeability were found to decrease 
uniformly (above 2% lime addition) with increase in lime 
content at all three curing temperatures (25, 50 and 75°C) as 
shown in Figures 9-11. The results are consistent with the 
observed decrease in porosity with lime content previously 
discussed (e.g. for 75°C see Figure 8). It is, however, 
significant that the total volume porosity is greater at the 
longer curing times than at the shorter curing times. 
Variation in permeability with lime content at 25°C (see 
Figure 9) reflects the changes in volume porosity, the higher 
the total pore volume, the higher the permeability (see Table 
1). However, at the higher curing temperature of 50°C where 
increased amounts of gel are being formed, permeabilities at
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the longer curing times drop below those for the shorter curing 

tines (see Figure 10), and the effect is further enhanced at 

75°C (see Figure 11). This decrease in permeability with 

increased curing time is accompanied by a slight increase in 

porosity, a marked increase in the population of micropores 

present (4-40 nm), a general decrease in the proportion of very 

large pores present (4000 nm), and a marked increase in both 

strength and cementitious gel formation. This suggests a 

mechanism by which microporous gel forms and develops and grows 

into the larger pores, shifting the pore size distribution 

towards finer pore sizes, and completely blocking up some of 

the larger pores.

From Hughes' work it would be expected that where there are 

present two pore size populations of widely differing pore 

sizes, the permeability would depend upon the volume percent 

porosity due to the pore size population with the larger pore 

sizes. In the present work, therefore, the pore size 

population with pore sizes below about 40 nm will not make any 

significant contribution to permeability, the predominant 

contribution to permeability coming from the pore size 

population with pore sizes greatly in excess of 40 nm. Figure 

12 which is a plot of the volume percent porosity for pores of 

sizes in excess of 40 nm against permeability, for the cured 

soil-lime specimens, clearly supports this hypothesis. The 

only point which does not lie close to the curve is for a 

specimen cured for 1 week at 25°C. For such a short curing 

time and a low curing temperature negligible pozzolanic 

activity will have taken place and an interconnected 

three-dimensional rigid network will not have developed. The 

behaviour of this material cannot, therefore, be compared 

reliably with that of the other cured materials.

4. Conclusions
The development and growth of the cementitious product formed 

during the curing of a clay soil-lime material leads not only to a 

substantial increase in strength but also to a marked improvement

16



in durability. The cementitious product (in a soil-Id wt% lime 
sample) consists of an amorphous calcium silicate (aluminate) 
hydrate gel with the Ca/Si ratio ranging from 0.4-1.0 and the Al/Si 
ratio ranging from 0.1-0.3. The amount of gel which is formed is 
determined by lime content, curing time and curing temperature.

The formation and growth of the gel leads to a general 
refinement of the pore structure of the cured clay soil-lime 
material, with an increase in the proportion of pores in the size 
range 4-40 nm. The development of the gel does not, however, have 
very much influence on the overall porosity of the cured clay-lime 
material, which in fact shows a small increase in porosity as 
curing time (and hence gel formation) increases. Gel formation 
also changes the permeability of the cured clay soil-lime 
material. The addition of a small amount of lime (2 wt%) results 
in a sharp increase in permeability relative to the lime-free clay 
soil of the same moisture content, compacted to the same initial 
density. This increase in permeability, which is independent of 
the formation of significant amounts of gel, is a result of the 
flocculation of soil particles which produces a coarsening of the 
pore structure and an opening up of capillary channels. Because of 
the problems associated with the drying of compacted soil (which 
does not possess a rigid interconnected framework) it was not 
possible using mercury porosimetry to obtain reliable pore size 
distribution data for the soil alone or for soil-lime compositions 
cured at low temperatures for short times. At low curing 
temperatures there is very limited gel formation and both 
permeability and porosity increase with curing time indicating a 
continued coarsening of the pore structure with age. At elevated 
curing temperatures and particularly for high lime contents and 
long curing times, there is substantial gel formation. This leads 
to a decrease in permeability, although porosity still continues to 
increase with curing time as the gel develops. As the gel forms, 
however, the population of pores in the size range 4-40 nm show a 
marked increase, pores of this magnitude being characteristic of 

C-S-H gel.

17



The effect of the growth and development of the microporous gel 

is to fill in the larger pores and reduce the volume percent 

porosity of pores with sizes in excess of 40 nm, hence reducing the 

permeability.
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ASSESSMENT OF THE UNCONFINED COMPRESSIVE STRENGTH 

OF A LIME STABILIZED SOIL BY AN ABRASION TEST

M. ARABI, R. DELPAK and S. WILD

The Polytechnic of Wales, Department of Civil 
Engineering and Building, Pontypridd, Mid Glamorgan

ABSTRACT: Stabilization by lime, which is 
frequently carried out to improve the mechanical 
properties of soils, results from the formation 
and development of cementitious calcium silicate 
aluminate hydrate gel. The gel produces 
interlocking and bonding of the soil particles, 
hence increasing the strength and abrasion 
resistance. The proposed method to assess the 
compressive strength of the existing structure of 
lime stabilized soil using a simple mechanical 
abrasion technique, provides an alternative means 
by which the strength characteristics can be 
assessed. The advantages of employing the 
abrasion method are:
(i) the relative ease of specimen collection and 

preparation as the test is not particularly 
sensitive to specimen size and shape, 

(ii) the ease of application to existing 
structures, as large scale mechanical testing 
equipment would not be required once a 
calibration chart has been established, and 
testing could be carried out on site.

Keywords: soil-lime-stabilization-compression-strength-abrasion



INTRODUCTION

Over the past few decades, a growing number of technical 
notes have been devoted to the engineering use of lime in various 
civil engineering projects. The principal use has been in the 
construction of highways, airfields, buildings and in other 
construction projects (1-4).

The use of lime may be considered to upgrade or stabilize 
unsuitable soils. Where the partial or the complete replacement 
of the existing soil proves to be highly expensive, an 
alternative method is to improve the properties of the soil by 
adding controlled amounts of lime. It has been observed (5-7) 
that both the plasticity and workability generally improve with 
lime additions in the presence of sufficient moisture. These 
changes are normally achieved by the addition of small quantities 
of lime.

However, by increasing the lime content and the curing 
period, a further change, termed cementation, takes place (8-11).

At this stage, the increase in strength resulting from 
stabilization has been shown to be due to the formation of 
cementitious materials within the clay-lime system. Previous 
studies (12, 13) on the microstructural development of cured 
soil-lime composites using a red marl revealed formation and 
growth of a cementitious gel, resulting in an increase in the 
degree of interparticle bonding and hence, a significant increase 
in strength.

During the course of the soil-lime research it was observed 
that the pulverization of cured specimens in a ball mill took 
longer as the compressive strength of the specimens increased.

Therefore, attempts were made to investigate the relationship 
between the strength and the abrasion characteristics of this 

particular lime-stabilized soil.
Clearly, as the degree of interlocking of soil particles 

increases during curing, larger forces are required to overcome 
this bonding and to break up the particles. Therefore, it was 
considered that measurement of the degree of abrasion under 
standardised conditions in a ball mill would provide an indirect 
method of evaluating the degree of bonding and of determining the 

strength.



In the literature, there is no well established theory to 
explain the relationship between strength and behaviour under 
comminution, and therefore any relationships which have been 
developed (14) are purely empirical. The continuous impact of the 
balls on the specimen in the mill will result in the formation 
and growth of cracks and the breaking away of small particles of 
material from the surface. For the type of material under 
investigation the development of a cementitious gel, which leads 
to an increase in the degree of interparticle bonding and a 
refinement in pore size, may not in itself result in any increase 
in toughness. However, it will result in an increase in elastic 
modulus and also a reduction in average flaw size and this in 
turn will lead to an improvement in fracture toughness and an 
increase in both tensile and compressive strength. Thomson (15) 
has in fact shown that for a montmorillonitic Illinois soil cured 
at 49°C (120°F) the elastic modulus increases with curing 
time, presumably as a result of increased gel formation. There 
is also an approximately linear relationship between modulus of 
elasticity and unconfined compressive strength.

Therefore t the amount of energy absorbed in producing a given 
amount of abraded material under standardised milling conditions 
might be expected to be a function of the area under the stress 
strain curve (14) and show some correlation with strength.

MATERIAL AND EXPERIMENTAL PROCEDURE

The soil used was a Devonian Red-Marl obtained from South 
Wales, U.K., the characteristics of which are:

Liquid limit 32 - 33%

Plastic limit 21%
Specific gravity 2.73
A composition grading curve of oven dried soil is shown in 

Figure 1. The characteristics of the lime (calcium hydroxide) 
were in accordance with B.S. 890 (16). Specimens of soil-lime 
containing various amounts of lime (0, 2, 6 and 10 percent by 
weight) were mixed with 12% of water (to give maximum dry 
density) and compacted at a constant density into standard
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Figure 1: Particle-size distribution of the soil

cylinders (100mm long, 50mm diameter). All specimens were 
prepared to B.S. 1924 specification (17) and were cured in a 
moist environment at 50°C + 1°C (122°F). The moist 
environment was maintained by wrapping the specimens in two 
layers of shrink-wrap membrane and sealing in polythene boxes 
containing wet sand. Specimens were cured for 3, 8 and 16 weeks: 
two specimens for each strength test and one for each abrasion 
test. This relatively small number of specimens per test was 
chosen because of the practical problems associated with 
preparing, processing and testing large numbers of specimens. 
This was, however, compensated for by careful control of 
materials, mixing, pressing, curing and test. After curing, the 
specimens were unsealed and placed in a constant temperature 
chamber at 50°C and dried to constant weight for periods of up 
to 2 days. This was to ensure that all specimens reached an 

equilibrium moisture content of approximately 1%.



Clearly the moisture content of material in situ in a 
structure would be different from this standardised value, and 
further work would be required to relate strength to moisture 
content. However, it was felt that it was initially of greater 
importance to fully standardise conditions in developing a test 
procedure, rather than attempt to reproduce in situ conditions. 
This particular drying procedure was adopted because drying at 
higher temperatures (i.e. 100°C) would have resulted in loss of 
gel water (12) which may modify the gel structure and therefore 
the strength. Drying at lower temperatures than the actual 
curing temperature (50°C) would have taken much longer to 
establish equilibrium conditions.

A cylindrical ball mill (Pascall, model no 2 fixed speed) 
with a horizontal rotary axle was deployed for abrasion testing. 
The specifications of the ball mill are:

Fixed speed model at 73 r.p.m.
Porcelain Pot - capacity 2.5 litres

external diameter 159 mm 
overall length 270 mm 
weight 4.5 kg

Porcelain ball charges - 37 balls, diameter 26 mm
weight 32 g
100 balls, diameter 18-19 mm 
weight 12 g

Pieces of the cylindrical test specimens were filed on both 
edges to produce an approximately ellipsoidal shape and were 
milled in the ball mill for a few minutes to give a smooth 
rounded surface. Each specimen was then subjected to a number of 
milling cycles (normally ten), each cycle consisting of a fixed 
time period termed the abrasion period.

After each milling-cycle the specimen was weighed. The 
abrasion periods were set to correspond to a 1-2% loss in the 
specimen weight, except in the case of very low strength 
specimens where a 2-3% loss in weight was found acceptable. The 

abrasion factor 7) is defined as:

•n - the average percentage weight loss per cycle x 100 
the abrasion period (minutes)



RESULTS AND DISCUSSION

Table 1 shows the results of tests for unconfined compressive 

strength and abrasion resistance. It can be seen that the value 

of the abrasion factor decreases as the curing time and the lime 

content increase . Figure 2 shows a plot of compressive strength 

against abrasion factor. The form of the curve suggests an 

exponential relationship. Figure 3 shows a plot of compressive 

strength against Log (abrasion factor ,7) ), which gives a linear 

relationship. Such data is clearly useful to engineers, and the 

techniques could provide a convenient low cost method of 

monitoring the strength development of lime-stabilized soil 

structures and of indirectly determining compressive strength and 

assessing durability.

TABLE 1

Lime 
content 

in specimen 
W/o

0

2

2

6

6

6

10

10

10

Curing 
period 

weeks

3

3

16

3

8

16

3

8

16

Unconfined 
corapressive 

strength 
N/mra2

1.70

2.45

3.15

5.30

10.50

12.30

7.20

15.60

19.00

Ball Mill Test

Abrasion 
Period 

T minutes

2

2

2

5

10

15

5

30

60

Number of 
Cycles

10

10

10

10

10

10

10

10

5

Average percentage 
weight loss per 

Cycle W

2.90 * 0.22

2.60 * 0.20

2.33 ± 0.20

2.05 ± 0.15

1.38 t 0.08

1.30 t 0.05

1.50 4 0.15

0.95 * 0.05

0.85 * 0.05

Abrasion 
facto c 
W x 100 
T

145.00

130.00

116.50

41.00

13.80

8.67

30.00

3.17

1.42
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The empirical relationship between compressive strength and 
abrasion factor for the particular soil examined under the 
specified experimental conditions is given as:

Y - MX + C 
where:

Y - unconfined compressive strength (N/mm ) and 
X - Log (abrasion factor T] ) - Log (W x 100)

T
The actual equation to predict the strength of the particular 

soil considered here is calculated to be: 
Y - 20 - 8.45 Log X

As tests have currently only been carried out with one 
particular soil, it is not yet known whether this is a universal 
relationship applicable to all soils. It would therefore be 
anticipated that a calibration excercise would first have to be 
carried out for each particular soil. The assessment of the 
strength depends on a series of recommended steps as follows:

1. The specimen should be dried to a low constant moisture 
content of about 1% by weight without losing the gel water 
incorporated within the cementitious material.

2. The collected specimen from the existing structure is likely 
to have sharp and loose edges owing to fragmentation. It is 
advisable (a) to remove all loose edges by careful 
inspection; and, (b) to round off the sharp edges either by 
mechanical means or by inserting the specimen in the ball 
mill apparatus prior to the test. The authors would 
recommend an approximately ellipsoidal shape with the major 
axis about double the two minor axes. In the present work 
the major axis was about 100 mm with the two minor axes about 

50 mm.

3. The ball mill should be used in a standard form, thus keeping 
constant the size of the container, the number and the weight 

of the balls, and the operating speed.

8



4. The time interval of the abrasion, for a given weight, is

naturally related to the strength of the specimen. Thus it

is recommended that the following abrasion intervals for soil

of varying strength should be used:
2 Strength (N/ram ) Abrasion intervals (minutes)

4 2
5-10 5-10

10 - 15 10 - 20
> 15 30 - 60

Generally, an abraded weight of more than 2% (with the 

exception of the very weak samples 2-3%) is not recommended 

because this would result in rapid change in surface volume 

ratio and would lead to inconsistency in the results. Should 
the abraded weight exceed 2%, then the abrasion interval must be 
revi sed.

CONCLUSION

A particular empirical relationship has been determined 

between the compressive strength and the abrasion factor, for 

cylindrically prepared specimens of a lime-stabilized soil, cured 
under controlled laboratory conditions.

This relationship is given as:
Y - 20 - 8.45 Log X

where Y is the compressive strength (N/mm ) and X is the 

abrasion factor.
It is therefore concluded that the compressive strength of 

existing lime-stabilized soil structures may be assessed on site 

by use of simple ball mill apparatus. It should, however, be 

emphasized that the above relationship has at present only been 

determined using one particular soil (a Devonian Red-Marl) and 

although it may be applicable to many other soils, further work 

is required to establish this.
The authors suggest that this technique would be particularly 

applicable to sites where easy access to specific laboratory 

equipment such as core drilling and compression testing equipment 

would be difficult and/or costly.



In addition, once a satisfactory calibration chart is 
available for a particular lime stabilised soil one could 
dispense with cored or moulded specimens, as the abrasion test 
does not require specimens of well defined shape and dimensions.

10
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FROST RESISTANCE OF LIME-STABILISED CLAY SOIL

M. ARABI, S. WILD, G.O. ROWLANDS

INTRODUCTION

Frost resistance has seldom been considered when examining 

the potential of lime stabilised soils. Yet lime stabilised 

clays have been known to be durable materials from ancient times 

and there is evidence of lime stablilised road bases still intact 

in Roman roads today. This paper presents the results of a study 

of the frost resistance of a lime stabilised clay soil subjected 

to curing at elevated temperatures commonly experienced in the 

summer in the arid regions of the Middle East. These regions 

are, however, subjected to continental climatic conditions and 

frequently experience extremely cold winters. Also the soils of 

the saline deserts of these regions comprise quite a high 

percentage of frost susceptible silty clays with the water table 

close to the ground surface e.g. the Great Kavir in Central Iran 

ref. Rowlands et al (1984). A local U.K. soil of a similar 

consistency to the Kavir clay of Central Iran was employed in 

this investigation. 
LIME STABILISATION IN RELATION TO FROST SUSCEPTIBILITY

Strength development and the improvement in durability of 

clay soils by the addition of lime is widely recognised. The pH 

value of the soil increases sharply when lime and water are mixed 

with the soil. Workability improves and the plasticity index 

decreases. These changes occur quite rapidly and are attributed 

to the adsorption of calcium hydroxide onto the clay particle 

surfaces, thus causing modification of the electrical double 

layer and the characteristic flocculation of the fine clay 

particles to form a workable tilth.
The particles within each floe are thought to be weakly 

bonded together by the formation of small amounts of cementitious 

material at the contact points. Long term reaction is complex 

and is claimed by Diamond and Kinter (1965) to be due to



pozzolanic activity between the lime and the clay minerals. 
Cementitious materials comprising calcium silicate hydrate gel 
and calcium aluminate hydrate are formed during the curing stage. 
Analysis of the cementitious materials formed when a lime clay 
mixture was cured at different temperatures has been carried out 
by Wild et al (1986) using techniques of X-ray diffraction. 
Transmission and Scanning Electron Microscopy (SEM andTEM), 
Energy Dispersive X-ray Analysis (EDAX), and Thermogravimetry 
(TG). No evidence of the formation of calcium aluminate hydrate 
was detected in this investigation. The reaction products were 
found to be poorly crystalline even at high curing temperatures 
(75°C) and after long curing periods (1 year). The amorphous 
products were found to comprise coarse platelets in the early 
stages of curing but at later stages they were found to comprise 
fine foils and filaments of an aluminium containing calcium 
silicate hydrate gel. This gel was found to bind the soil 
particles together resulting in an increase in compressive 
strength. The increase in compressive strength was found (see 
Arabi and Wild (1986)) to be directly related to the amount of 
gel formed. The formation and growth of the cementitious 
products was also found to affect the porosity and pore size 
distribution which in turn affected the permeability of the 
reacted soil. These changes in strength, porosity and 
permeability, due to the gel formation, are also likely to 
significantly affect the frost susceptibility of the soil. Wild 
et al (1987) observed that gel formation leads to an increase in 
the proportion of pores in the size range 4-40 nm. In a 
relatively open textured material this is likely to lead to a 
reduction in pore sizes greater than 40 nm as the gel forms. 
However, the development of the gel does not seem to influence 
the overall porosity significantly. In fact, the porosity of 
compacted material was found to increase slightly as the material

cured.
The permeability of the soil-lime mixture also changed as it 

cured. The addition of a small quantity of lime (2% by weight) 
resulted in a sharp increase in permeability compared to that of



compacted lime free material. This was found to be independent 

of the amount of gel formed and was probably due to the 

coarsening of the pore structure and the opening of capillary 

channels as a consequence of flocculation or soil modification.

At low curing temperatures only a limited amount of gel 

formation was observed and both the porosity and permeability 

were found to increase with increase in curing time, implying a 

gradual coarsening of the pore structure with age. At elevated 

curing temperatures and particularly with higher lime contents 

and longer curing periods, substantial gel formation was 

observed. This was associated with a decrease in permeability 

but the porosity continued to increase slightly as the gel 

developed. The population of pores also moved towards the 4 - 

40 run size range. The effect of the growth and development of 

the micro porous gel was therefore to shift the pore size 

distribution towards the finer pore sizes and to block some pores 

and channels.
It is apparent from this discussion that lime stabilisation 

is likely to affect the frost susceptibility of clay soils by 

modifying the pore structure and hence the permeability and 

tensile strength of the soil. The mechanism of frost heave is 

complex but it is widely recognised that the governing factors 

are the particle size distribution, the permeability of the soil, 

the availability of water and the duration of the freezing 

period. In weakly cemented soils the tensile strength is also 

likely to be an influencing factor. Croney and Coleman (1960) 

indicated that the addition of a small quantity of Portland 

cement to frost-susceptible granular materials can render them 

less prone to frost damage without materially affecting their 

permeability in the unfrozen state.
This is because the small level of tensile strength developed 

in such materials is adequate to restrict ice segregation i.e. it 

is sufficient to resist the suction forces (pF = 4.1 + 1 n t) on 

the ice phase alone as it tries to expand. Townsend and Klym 

(1966) have shown that the frost resistance of cured soil lime 

specimens is directly related to their tensile strength but they 

contend that the compressive strength may also be used to give an



indirect indication. Thompson (1973) suggested a minimum value
2 2 of 2001b/in (1.4 N/mm ) compressive strength in order to

restrict heave to 2 percent. In relation to lime content Brandl 

(1981), found that the frost heave in a highly plastic clay (PI = 

32.2%) and a silty clay (PI - 15.5%) increased with the addition 

of 1 percent lime but increasing the lime content to 5 percent 

and extending the curing period resulted in a reduction in heave 

and hence an improvement in frost resistance. He also noted that 

the compressive strength of cured specimens decreased after 

freezing and thawing. Other workers e.g. Alien et al (1977), 

Rosen et al (1974), Dempsey et al (1973) have shown that the 

strength • of cured specimens decreases with increasing number of 

freeze-thaw cycles. No doubt this is due to the rupturing of the 

bonds between particles as a consequence of ice formation in the 

freezing zone. It is now also recognised that actual measurement 

of heave yields a more realistic criterion for assessing frost 

susceptibility than compressive strength. Although it has been 

shown by Dempsey and Thompson (1968) that there is a linear 

relationship between heave of test specimens and the number of 

freeze-thaw cycles (for up to 12 cycles) a simple continuous 

freezing test is preferred as this is likely to yield results 

more quickly. This is the basis on which the TRKL freezing test 

was developed by Croney and Jacobs (1967) for assessing the frost 

susceptibility of road materials. In this test a limiting heave 

of 1/2 inch (12.5 mm) is accepted for compacted cylindrical 

specimens of dimensions 4 inch (100 mm) diameter by 6 inch (150 

mm) high subjected to continuous freezing at -17°C for 10 

days. This time has now been reduced to 4 days following the 

work of Roe and Webster (1984). 

MATERIALS AND TESTING
The TRRL freezing test equipment was modified to accommodate 

six standard stabilised soil specimens 50 mm diameter 100 mm long 

as shown in Figure 1. Fully saturated specimens were placed 

in the freezing cabinet with the lower 10 mm immersed in water 

maintained at a constant temperature of +4°C. The cabinet was 

then placed in a freezing chamber maintained at a temperature of 

-10°C. Figure 2 gives a detailed illustration of the immediate
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specimen environment, the temperature directly above the specimen 
being at -10°C. Vertical movement of the specimens was 
monitored at regular intervals for seven days and the heave at 
this time was taken as an indication of the frost susceptibility 
of the specimen.

As discussed earlier, a local silty clay of the Devonian 
Series was chosen as a test material because of its similarity to 
the silty clays encountered in the Great Kavir in Central Iran. 
Its engineering properties were:

Liquid Limit 32 - 33%

Plasticity Index 11 - 12%
pH value 6.4
Specific Gravity 2.73

Optimum Moisture Content 12.5%
Max. Dry Density 1.89 g.cro
Its mineralogical components were quartz, feldspar and illite 

with traces of chlorite and haematite. The lime used was 
commercially available high calcium hydrated lime to BS890 
(1972). Standard 50 mm diameter by 100 mm long specimens were 
prepared at the appropriate moisture contents with lime contents 
of 2, 6 and 10 percent by weight in accordance with BS1924 
(1975). Samples were cured at temperatures of 25, 50 and 75°C 
for periods of 1, 6, 12 and 24 weeks and then subjected to the 
freezing test. 
TEST RESULTS

Figure 3 shows the heave developed after seven days 
continuous freezing plotted against curing time for samples cured 
at 25°C. The heave with 2 percent lime is almost twice the 
amount developed for untreated soil and it decreases slightly 
with longer curing times. With 6 percent lime, however, the 
heave increases slightly after 1 week curing, but it decreases 
with longer curing times to a low value after 12 weeks and to 
zero after 24 weeks. With 10 percent lime the heave after 1 week 
curing was less than that of the untreated soil and it decreased 

to an insignificant value after 12 weeks.
Figure 4 shows the development of heave against curing time 

for specimens cured at 50°C with the same lime contents as used



140

120

100

E 80
E
in
>
< 60
tu
X

40

20

CURING TEMPERATURE : 25 C*

2% Dm*

UNTREATED »OIL

6 12

CURING TIME (WEEK)

24

Figure 3 Frost heave against curing time for specimens cured

at 25°C

140

120

100

E 80
E
UJ
>
< 60
UJ
I

40

2 Oh

UNTREATED SOIL

X«% 
N 
\

10'

CURING TEMPERATURE : SO C

2 % I i m e

6 12

CURING TIME (WEEK!

24

Figure 4 Frost heave against curing time for specimens cured

7

at 50°C



previously. In this case the heave developed with 2 percent lime 

was again about twice the amount developed for the untreated soil 

after 1 week curing, but it decreased to less than 80 mm after 12 

weeks, and to about 70 mm after 24 weeks. The material with 6 

and 10 percent lime, however, showed a heave of about 20 mm after 

1 week curing and thereafter the heave decreased to zero after 12 

weeks curing.

The results for the material cured at 75°C are shown in 

Figure 5. Here again the heave developed with 2 percent lime 

after 1 week curing was more than twice the amount developed with 

untreated soil but it decreased thereafter to approximately 40 mm 

after 24 weeks. With 6 percent lime content however, only a 

slight heave was observed after 1 week and it decreased to an 

insignificant value at 6 weeks. No heave was observed even after 

1 week curing with 10 percent lime. From the work reported in 

this paper it appears that the addition of a small amount of lime 

is likely to increase the frost susceptibility of the soil even 

after long curing periods and high curing temperatures. The 

addition of 6 percent or more of lime however, reduces the frost 

susceptibility of the soil significantly and heave is quite small 

after 12 weeks curing at a temperature of 25°C. Hence it would 

appear from this investigation that under conditions of high 

ambient temperatures often met with in many Middle Eastern 

countries, only relatively short periods of curing are required 

to protect clay soils from problems of heave, as long as the lime 

added to the soil is above an optimum level (6 weight percent). 

DISCUSSION
As outlined above, previous studies (Wild et al) on the 

porosity and permeability of these specimens showed a general 

decrease both in porosity and permeability with increasing lime 

content, for lime contents greater than 2 weight percent. These 

changes therefore appear to correlate with the observed changes 

in frost heave behaviour. However, the changes in porosity and 

permeability with curing time do not in the same way, reflect the 

changes in frost heave behaviour. For example, at 25 C curing, 

both porosity and permeability (see Figure 6) actually increased

8
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with increased curing time. For higher curing temperatures 
porosity still continued to increase with increased curing time 
although permeability was found to decrease. At 50°C curing 

the decrease in permeability was only very small between 1 week 

and 24 weeks curing (see Figure 7), whereas at 75°C curing (see 
Figure 8) the decrease was more substantial.

Evidently, for the current specimens, the improvement in 
frost resistance with curing time is not principally a function 
of changes in porosity and permeability.

The improvement in frost resistance with curing time is due 
predominantly to the development of interparticle bonding, even 

at the" low curing temperature 25°C where formation of 
cementitious material is very limited and strength increases are 
small (see Wild et al 1986). The compressive strength attained 
after 24 weeks curing at 25°C for a 2 w/o lime soil cylinder 

was 0.9 Nrratf and for a 6 w/o lime soil cylinder 1.3 Nmm 
which are respectively less than and approximately equal to the 

value of 1.4 Nmm~ quoted by Thompson (1973) as the suggested 
minimum compressive strength required to restrict heave to 2 
percent.

Clearly the use of an exact critical value of compressive 
strength to predict the amount of heave would be unreliable, but 
it does serve as an indicator of the point at which the increase 
in interparticle bonding and hence tensile strength have become 
sufficient to restrict ice segregation. As the ice phase tries 
to expand , the resistance exerted by the cemented soil exerts a 

pressure on the ice phase, depressing the freezing point and 

preventing continuous ice formation. At the high curing 
temperatures (Figure 5) the amount of heave falls off very 
rapidly with curing time. A 75°c cured 10 w/o lime-soil 

cylinder is fully frost resistant within one week, and even a 2 
w/o lime-soil cylinder experiences less heave than the untreated 

soil after twelve weeks curing, although it is much more 
permeable than the soil alone. This reflects the very rapid rate 

of strength development and interparticle bonding at the high 

curing temperatures. Typical photographs of heaved specimens are 

shown in Plate 1. The nature of the surface cracking shows a

10
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la)

Plate 1 Frost heave and cracking of soil-lime cylinders.
(a) 2% lime cured for 1 week at 75°C
(b) 6% lime cured for 6 weeks at 25°C

(c) 10% lime cured for 6 weeks at 50°C
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characteristic variation, in relation to the degree of 

interparticle bonding which has developed. For short curing 

times and low lime contents there is very limited interparticle 

bonding even at 75°C curing. The surface (see Plate la) shows 

particle agglomerates which are coarse and widely separated close 

to the unfrozen zone (lower part) and much finer and less widely 

separated towards the frozen zone (upper part). The spaces 

between the particle agglomerates are created by the development 

and growth of ice lenses. At longer curing times and higher lime 

contents, even at 25 C curing, there is some interparticle 

bonding and the surface (see Plate Ib) shows a network of large 

cracks separating areas which are still essentially coherent. At 

even higher lime contents 10% and increased curing temperature 

50 C specimens exhibit (see Plate Ic) very limited cracking and 

retain their original shape and dimensions.

Thus the major factor involved in achieving improved frost 

resistance of cured soil-lime composites is the development of 

interparticle bonding and strength, the small changes in 

permeability and porosity during curing having a negligible 

effect on frost heave behaviour. This is in contrast to unbonded 

materials where frost resistance is dictated mainly by the 

permeability of the materials.
Hence, whenever an improvement in the frost resistance of 

road materials such as sub-grade or sub-base is required 

lime-stabilisation should be considered as an appropriate 

solution, particularly if the work can be carried out in warm 

conditions.
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LIME STABILIZATION OF A SALINE CLAY SOIL 

M. ARABI, S. WILD and R. DELPAK

The Polytechnic of Wales, Department of Civil Engineering, 
Treforest, Pontypridd, Mid Glamorgan

Abstract. It is generally agreed that the 
construction of roads, highways, airfields etc. in 
salty arid regions is both difficult and costly. 
The present work suggests that the engineering of 
such structures could be greatly facilitated by 
use of lime stabilization. It was found that the 
local saline soil of the Great Kavir in Iran, when 
stabilized with 6 wt% lime, displayed considerable 
reactivity and the compressive strength increased 
sharply. The reaction products of the samples 
stabilized in the present work, together with a 
cured soil-lime specimen dating back about 400 
years retrieved from the same area, were analysed 
using XRD, SEM, TG and TEM-EDAX analysis. It is 
suggested, that in some cases, undesirable features 
such as unsuitable saline soils and intense 
temperatures could be turned to advantage when 
using lime-stabilization for construction 

purposes.

Introduction.
The problems of construction in many of the desert areas 

throughout the world have been a source of some attention for 
civil engineers. Typical of these problems are:

(i) a lack of suitable local construction materials;
(ii) subsequent difficulty in transportation of specified 

materials;
(iii) an inhospitable working environment.



The routes through most deserts are generally constructed 

around the edge of the desert zone in a less hostile 

environment. Communication and transportation would be much 

improved if a trans-desert highway forming a more direct route 

could be constructed. The current work considers these problems 

in relation to the Great Kavir desert in Iran.

Kavir is a local term for desert. The Great Kavir is 

approximately 52,800 square kilometres with the sea level varying 

from 650 to 850 metres. This area is largely surrounded by 

mountains and forms an internal basin. The streams leading to 

the basin are dry for most of the year except for periods of 

flooding, the frequency of which may vary. These streams carry 

flood water from the chalky and salty mountains to the Kavir, 

providing a major source of salt (sodium chloride) influx. 

Although the ground surface is usually very dry, the water table 

is often quite near to the surface. The absence of paved roads 

in this area has in recent years prompted a number of civil 

engineers to analyse the technical and logistical problems 

associated with highway construction in this area. A study by 

Engineering Consultants [1] has shown that the main difficulties 

are those outlined in the text above. In such an environment 

conventional road construction can lead to long term durability 

problems. For example, some stretches of U.S. highway 40 were 

constructed (in 1923) through the salt crust of the Great Salt 

Lake, Utah, and there have been difficulties reported with this 

highway since its initial construction. These difficulties have 

principally been due to the action of salt, such as unsettlement 

of the embankments especially after heavy storms', and failure of 

the pavement [2]. Damage by salt to pavements in arid 

environments has also been reported by Horta [3]. He suggested 

that in a saline soil, salt heave similar to frost heave may 

develop and cause serious damage to the pavements. When salt is 

present in the soil at levels up to 4-5%, these soils can be used 

under sub-grade. Should the salt content exceed this level, the 

usual solution is to replace the saline soil with suitable 

alternative materials. The purpose of the present study is to 

evaluate the potential of lime stabilization as a method of
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producing required strength gain and long term durability of a 
saline clay soil, to serve as a sub-grade or sub-base.

Studies on lime stabilization of a soil (Red-Marl) from the 
U.K. with an almost similar mineralogy to the Kavir clay but 
without the level of salt and carbonate contamination (calcium 
carbonates, sodium chloride and gypsum) have been carried out by 
the present authors [4-9]. It was observed that curing 
temperature has a dramatic effect on the reaction between the 
soil and lime and hence on the mechanical properties and 
durability of the cured soil-lime composites.

The reaction of this clay soil and lime leads, at elevated 
temperatures, to the formation of calcium aluminate silicate 
hydrate gel with a composition showing a wide range of Ca/Si 
ratios and a relatively narrow range of Al/Si ratios [5], The 
gel has a very characteristic morphology comprising a matrix of 
foil-like membranes and fine filaments which interconnect the 
soil particles.

Some research has been carried out by other workers!10-14]on 
soil-lime systems where sodium chloride has been added as an 
accelerator. It is thought that the solubility of silica and 
alumina (which is the rate controlling step in the clay-lime 
reaction) is increased when sodium chloride is present, thus 
increasing the rate of formation of cementitious products.

Lambe et al. [15] suggested that in a composite of 
soil-cement in the presence of a sodium compound, the following 
reaction occurs:

Na2X + Ca(OH) 2 ——> CaX + 2NaOH
Suppression of the calcium concentration retards 

precipitation of insoluble calcium silicate gel, whereas 
increasing the hydyroxl ions in the system accelerates attack of 
soil silica and alumina to form soluble alkali silicate and 
aluminate. Marks and Haliburton [12] claim that sodium chloride 
in a clay-lime mixture acts as a catalyst to accelerate the 
reaction by causing earlier new mineral formation, and an 
increase both in the rate of strength gain and total strength, 
when compared to lime treatment alone. Lees et al [16] claim



that the addition of NaCl (in conjunction with lime) to pure 
kaolinite results in the formation of calcium chloro-aluminate 
hydrate and sodium calcium silicate hydrate and treatment of 
montmorillonite with lime and NaCl, results in the formation of 
sodium calcium chloride silicate hydrate and calcium chloro- 

aluminate hydrate. However, the evidence presented is not very 

convincing. Suzuki et al. [17] studied the effect of NaCl on the 

formation of C-S-H and found that the Ca/Si ratio decreases with 
salt addition and the gel takes in sodium giving a Na/Si ratio of 
(~<0.1). This sodium-containing phase is not stable in pure 
water, the sodium ions going into solution more easily than the 
other ionic species resulting in an increase in the Ca/Si ratio 
which approaches the original value of the pure C-S-H. They also 
stated that it is possible that a sodium ion is adsorbed on the 

surface and may act as a bridge between two C-S-H particles. 
Thomas [18] in the study of corrosion problems in reinforced 
concrete observed that the anions with ability to cause 
deflocculation (e.g. chloride ions) of C-S-H particles during the 
hydration of Portland cement accelerate the reaction, whereas 

those anions with the greater flocculation power are retarders.
Despite the complexity of the reaction in soil-lime salt it 

has a relatively simple effect on the observed strength 
development. By the addition of a small amount of sodium 

chloride (about 1%) to the soil-lime, a considerable increase in 
the strength may be achieved [10-14] and usually, further 
increase of salt causes a decrease in the ultimate strength. 

Salt addition, however, has a negligible effect on the plasticity 
of the soil, while dry density increases and the corresponding 
optimum moisture content decreases. This is opposite to that 
when lime is added to the soil [11,12,14], This phenomenon, in 

fact, may be the major aspect of the strength gain in a 

soil-lime-salt composite. Because NaCl acts as a deflocculating 
agent, the large hydrated Na+ cations increase the thickness of 

the electrical double layer leading to deflocculation, hence more 

efficient packing and a lower water requirement. The more 

efficient packing and greater dry density will in itself lead to 
higher strength because of the porosity reduction, probably
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regardless of any acceleration in the reaction. The strength 

enhancement is particularly more pronounced [19] at low «25°C) 

curing temperatures.

As already discussed, temperature has a dramatic effect on 

the reaction between soil and lime and therefore, it may be 

possible by careful use of appropriate additives to achieve rapid 

stabilization of soils in regions of high ambient temperature 

such as the Great Kavir, and also adequate stabilization of soils 

in cooler regions where lime stabilization is less effective.

Properties of the Materials.

The characteristics of the soil in the Great Kavir have been 

studied by the National Iranian Oil Company (NIOC) and also by a 

number of other workers [2, 20]. The Kavir clay in general 

exhibits medium plasticity [1] and falls mainly into the CL group 

on Casagrande's plasticity chart [21]. It also exhibits a high 

permeability (K - 5.8 x 10 m/sec) [2J. The latter is mainly 

responsible for the migration of salt from the water table to the 

surface as a result of capillary action and evaporation and, 

therefore, salt crusts are frequently to be seen in the Kavir. 

The composition of the Kavir soil was studied by Krinsley [20] 

using X-ray diffraction and it was found to contain illite, 

chlorite, halite (sodium chloride), haematite, dolomite, gypsum, 

calcite, quartz and feldspar. Samples of Kavir clay soil have 

been used for the present study.
The average values of the liquid limit and the plastic limit 

of the soil were determined to be 30 and 18 respectively. The 

soil was found to contain about 8-10% sodium chloride which 

although typical cannot be taken as fully representative as the 

soil in the Kavir shows a wide range of salt content. Hydrated 

lime was used throughout the project, the characteristics of 

which are given in BS 890 (1972). In addition to the above, 

sizeable fragments of ancient stabilized Kavir clay, from a 

bridge structure in the same area as the soil samples but dating 

back about 400 years, were analysed. The samples were part of



the mortar and the foundations of an old hump bridge, located in 
the north-eastern region of the Great Kavir and used to span a 
dry brook which carries saline water during wet seasons. The 
method of soil stabilization with lime in this part of the world 
has been common practice for centuries. This tradition with the 
use of lime was probably due to the easy availability of lime 
stone.

Experimental Procedure.
Cylindrical specimens (100 mm high and 50 mm diameter) were 

prepared from mixtures of the Kavir clay with 6 wt% added lime. 
This optimum lime content was arrived at using the pH quick test 
[22]. The moisture content employed (16%) was that required to 
achieve maximum dry density using BS 1377 (1975) compaction test. 
A series of lime-free soil specimens was also prepared. The 
preparation of the specimens was in compliance with BS 1924 
(1975) which requires a constant specimen density. The specimens 
were cured at 50 C in an open unsealed environment. The 
unconfined compressive strength was measured at 1, 2, 4 and 12 
weeks. Fragments of the specimens were retained for further 
analysis using scanning and transmission electron microscopy with 
energy dispersive analysis, X-ray diffraction and 
thermogravimetry The techniques and sample preparation have been 
reported elsewhere [4,5].

Results.

Soil analysis.
The X-ray powder diffraction data for Kavir clay is presented 

in Table 1. It can be seen that, apart from the absence of 
gypsum in this sample, the results are consistent with those 
reported by Krinsley [20]. The soil consists of illite, 
chlorite, quartz, feldspar, calcite, dolomite, haematite and 
halite. Typical SEM micrographs of the Kavir clay are given in 
Figure 1. Figure l(a) shows the general morphology of the soil 
and Figure l(b) shows an example of salt whiskers.



Table 1 

X-ray powder diffraction data for Kavir clay

d(nm)

1.01
0.707

0.64
0.472
0.449

0.426

0.403

0.385

0.376

0.366

0.350

0.345

0.334

0.325

0.321

0.318

0.303

0.299

0.293

0.289

0.282

0.270

0.264

Intensity

vw
vw
vw
vw
w

• m

w
w
vw
vw
vw
vw
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m-w

w
w
s
vw
vw
vw

vs
vw
vw

Minerals

111
Chl
Fel
Chl
111
Qu
Fel
Cal-Fel
Fel
Fel
Fel-Chl
Fel
Qu-lll
Halite
Fel
Fel

Cal

Fel

Fel

Dol
Halite-Fel
Hae
Fel

d(nm)

0.260
0.256
0.252
0.249
0.245
0.240
0.238
0.228
0.223
0.219
0.215
0.213
0.209
0.199
0.198
0.191
0.187
0.185
0.181
0.179
0.169
0.167
0.166

Intensity

ww
vw
vw
w
w
vw
vw
m
vw
ww
vw
w
m-w

vs
vw
w
m
vw
m
ww
vw
w
vw

Minerals

Chl
Ill-Fel
Chl-Hae
Cal
Qu-Fel
111
111
Qu-Cal
Qu-lll
Dol
111
Qu
Cal
Halite-Ill
Qu
Cal
Cal
Cal
Qu
Dol
Hae
Qu
Qu

Key: vs - very strong; s - strong; m - medium; w - weak; 
w - very weak? Ill - Illite; Chl - Chlorite; 
Fel - Feldspar; Qu - Quartz; Cal - Calcite; 
Dol - Dolomite; Hae - Haematite.



(b)

Figure 1

Scanning electron micrographs of Kavir clay 

(a) X 5000, (b) X 2000
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Typical EDAX analysis of the salt whiskers observed on the 

Kavir clay is given in Figure 2.

N
a

S
i

Figure 2

Typical EDAX analysis of the salt whiskers observed 

in Figure l(b)



Thermogravimetric traces given in Figure 3 show the following 
distinct peaks.

(a) a low temperature peak at around 90 C, due to the 
loss of free and adsorbed water,

(b) a peak at around 600°C, resulting from the loss of 
water as hydroxyl ions from the clay particles,

(c) a large peak at about 780°C, resulting from 
decomposition of calcium carbonate. The proportion of 
calcite was calculated to be about 14% by weight.

(d) a continuing weight loss starting at around 850 C 
due to vaporisation of sodium chloride. This weight 
loss was not observed in TG analysis after the removal 
of salt by dissolution from the clay.

Peaks (a) and (b) are typical of DTG traces from illite.

— 5 
U>

10

15 
Ul

20
100 200 300 4QO 5OO 6QO 700 800 90O 100OC 

TEMPERATURE

Figure 3 

Thermogravimetric result for Kavir clay
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Analysis of cured samples.
The increase in unconfined compressive strength with curing 

time is shown in Figure 4. it can be seen that the strength 

increases sharply within the first two weeks of curing, the 
strength enhancement between lime stabilized (treated) and 
lime-free soil specimens (untreated) is of the order of 300%. 

Comparison between the strength (Figure 4) developed in the Kavir 

clay and Red Marl (ref. 4,5] both cured with 6 wt% lime in a 
similar environment shows that Kavir clay is a highly reactive 
soil with lime. However, further studies should be carried out 
to determine the mechanical properties and in particular the 
durability of the Kavir clay cured with various amounts of lime 
in different environments. Unfortunately, as a result of a lack 

of sufficient quantities of raw material and difficulties of 
transportation, further investigations using the Kavir clay were 
not possible.

X-ray diffraction of a 12 week cured sample (see Table 2) 
did not produce any positive evidence of formation of 
cementitious materials. SEM micrographs of the cured sample are 
shown in Figure 5. Comparison of these with micrographs of 
lime-free Kavir clay does not show a considerable alteration in 
morphology and much more detailed analysis of the cured samples 

is required to establish the nature of Kavir clay after lime 
stabilization. Thermogravimetric traces of a 12 week cured 
sample is shown in Figure 6. The weight losses are summarized in 
the Table 3 and these show two major changes in comparison with 

those of the untreated Kavir clay. These are:
(a) an increase in the weight loss in the temperature 

region 100-250°C in the cured samples, which is 
attributed to the loss of gel water from the hydrates 

formed, and
(b) a considerable decrease in the weight loss after about 

850°C in the cured sample, corresponding to 

evaporation of salt.
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Figure 4

Plot of unconfined compressive strength against curing time 

for Kavir clay and Red-Marl specimens, cured with 6 wt% lime 

for 12 weeks in an unsealed environment at 50°C
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Table 2

X-ray powder diffraction data for lime-stabilized Kavir clay

d(nm)

0.101
0.708
0.472
0.449
0.425
0.385
0.377
0.352
0.334
0.325
0.318
0.313
0.303
0.299
0.293
0.288
0.282
0.258
0.252

Intensity

ww
ww
ww
vw
w
vw
vw
vw
m
vw
vw
vs
m
ww
ww
vw
m
ww
ww

Minerals

111
Chl
Chl
111
Qu
Cal-Fel
Fel
Fel-Chl
Qu-lll
Halite
Fel
*
Cal
Fel
Fel
Dol
Halite-Fel
Ill-Fel
Chl-Hae

d(nm)

0.249
0.246
0.241
0.238
0.228
0.223
0.219
0.216
0.213
0.209
0.199
0.198
0.192
0.187
0.181
0.180
0.170
0.167
0.163

Intensity

vw
vw
ww
ww
w
ww
ww
ww
vw
w-vw

m
ww
vs
vw
w
ww
vw
vw
vs

Minerals

cal
Qu-Fel
111
ill
Qu-Cal
Qu-lll
Dol
111
Qu
Cal
Halite
Qu
Cal
Cal
Qu
Dol
Hae
Qu
*

Key: vs - very strong; m - medium; w - weak; vw - very weak;
111 - Illite; Chl - Chlorite; Fel - Feldspar; Qu - Quartz; 
Cal - Calcite; Dol - Dolomite; Hae - Haematite; * - standard
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(a)

Figure 5

Scanning electron micrographs of the fracture surface 

of Kavir clay-6 wt% lime sample, cured for 12 weeks at 50°C 

(a) X 2000, (b) X 5000
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Figure 6

Thermogravimetric result for Kavir clay-6 wt% lime sample 

cured for 12 weeks at 50°C

Table 3

Temperature C

0-100

100-250

250-400

400-850

850-1000

Total

Kavir clay, weight loss wt%

untreated %

1.2

0.8

0.6
10.2

8.0

20.8

treated with lime %

1.0
2.0
0.8

11.0

2.6

17.4

Ancient lime
stabilized Kavir clay

weight loss wt%

2.0

4.0

1.4

12.2

1.0

20.6
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This suggests that a significant proportion of the salt 
present in the raw material has been involved in the reaction 
between the soil and lime, and is taken up in the reaction 
product. Further work is, however, required in order to 
establish to what degree this influences the observed substantial 
strength gain.

Analysis of ancient lime stabilized Kavir clay.
The X-ray powder diffraction data for this sample is given 

in Table 4. In addition to the soil minerals which in this case 
also include gypsum, there are a number of weak reflections which 
may be tentatively attributed to C-S-H gel, although positive 
identification is not possible with the limited data. SEM 
micrographs are presented in Figures 7 and 8 and the following 
observations were made:

(a) formation of cementitious material is observed in 
Figure 7(a) which has a similar morphology to the gel 
formed in cured cement paste [4,5], and can be seen in 
Figure 7(b),

(b) Figure 8(a) shows that some of the salt crystals are 
encased by the cementitious reaction product.

It is not known whether these salt crystals formed at the 
initial stage and were isolated by the reaction products after 
construction of the bridge, or whether the bridge was 
subsequently saturated with saline water and subsequent drying 
deposited the salt crystals in the pores.

Thermogravimetrie analysis of this sample is given in Figure 
9. The weight losses in the different temperature regions are 
already given in Table 3. TG analysis shows that with the 
exception of a peak around 170°C, corresponding to the 
dehydration of gypsum, there is a general similarity between the 
TG analysis of this sample and that of the stabilized Kavir clay 
(see Figure 6). TEM/EDAX analyses of the gel formed in this 
sample are given in Figures 10-12. Typical gel morphology shows 
it to be composed of foils and filaments. The following are 
examples of compositions determined for the gel:
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Table 4

X-ray powder diffraction data for 
ancient lime-stabilized Kavir clay

d(nm)

0.750
0.718
0.633

0.554
0.445

0.425

0.401

0.383

0.374

0.364

0.356
0.340

0.333
0.320

0.317

0.303

0.298

0.291

0.285

Intensity

w
vw
vw
vw
vw
m
vw
w
vw
vw
vw
vw
m
m
s
vs
w
w
m

Minerals

Gyp
Chl
Pel
CSH?

Ill
Qu-Gyp
Fel
Cal-Fel
Fel-Gyp
Fel
Fel-Chl
Fel
Qu-Ill
Fel

Fel
Cal-Gyp-CSH

CSH

Dol
Gyp-Hal-Fel

d(nm)

0.280

0.267

0.263
0.256
0.251
0.248

0.245
0.228
0.221

0.211

0.208
0.203
0.198
0.191

0.187

0.181

0.178

0.162

0.160
0.152

Intensity

w
vw
vw
vw
vw
m

vw

m
vw

vw

m

w

w

m
m
w
vw
vw
vw
vw

Minerals

CSH

Gyp-Hae
Fel
Pel-Ill
Fel-Hae
Cal
Qu-Fel
Qu-Cal
Dol
Qu
Cal-Gyp
CSH
Qu-Hal

Cal-Gyp
Cal-Gyp
Qu-Gyp
Dol

Cal

Qu-Cal

Qu

Key: vs - very strong; s - strong; m - medium; w - weak; 
vw - very weak; Gyp - Gypsum; Chl - Chlorite; 
Fel - Feldspar; 111 - Illite; Qu - Quartz; Cal - Calcite; 
Hal - Halite; Dol - Dolomite; Hae - Haematite;
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(b)

Figure 7 

Scanning electron micrographs of the fracture surface

(a) ancient lime-stabilized Kavir clay, X 5000

(b) Portland cement paste, cured for 4 weeks, X 5000
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(a)

(b)

Figure 8

Scanning electron micrographs of the fracture surface 

of ancient lime-stabilized Kavir clay, X 5000
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(i)

(at point "X" in Figure 10)

Ca0.26 Si1.00 M0.22 M90 

(at point "X" in Figure 11)

Na0.23 P0.04 C10.04 K0.03 Fe0.02

(iii) Ca0 _ 30 Si1>QO A10<28 Na0>08 C10>03 KQ>03 FeQ>04 

(at point "X" in Figure 12)

The Ca/Si ratios are in the range 0.26-0.33 and Al/Si ratios 
are in the range 0.19-0.28. The electron diffraction pattern of 
the gel given in Figure 10 shows two diffuse rings giving d 

spacings of 0.240 + 0.01 nm and 0.270 +0.01 nm, and the d spacing 
of the gel in Figure 12 is found to be 0.275 +0.01 nm.

It is noteworthy that after about four centuries the 
cementitious material formed in a soil-lime system is an amorphous 
gel and the composition of the gel tends to suggest that it 
consists mainly of C-A-S-H which contains small amounts of other 

elements such as Na, K, Fe, Mg and P.

1OO 200 300 40O 5OO 600 70O 800 900 1000 C. 

TEMPERATURE

Figure 9 

Thermogravimetric result for ancient lime-stabilized Kavir clay
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d = 0.240 + 0.01 ran and 0.270 + 0.01 nm

jee
Ca0.33 Si1.00 Mg K Fe0.06 0.02 0.02

(C)

Figure 10

(a) TEM micrograph of gel formed in an ancient lime-stabilized Kavir clay
(b) Electron diffraction at point "X"
(c) EDAX analysis at point "X"
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e

(b)

Figure 11

(a) TEM micrograph of gel formed in an ancient lime-stabilized Kavir clay
(b) EDAX analysis at point "X"
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d = 0.275 + 0.01 run (b)
(98

Ca0.30 Si1.00 ^0.28 Na0.08 C1 0.03 K0.03

-0.04

(C)

Figure 12

(a) TEN micrograph of gel formed in an ancient lime-stabilized Kavir clay
(b) Electron diffraction at point "X"
(c) EDAX analysis at point "X"
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Discussion and Conclusion.

As already discussed, lack of sufficient quantity of Kavir 
clay in the present work made it impossible to extend the 
investigation. However, the available data can be reviewed to 
assess the feasibility of lime stabilized Kavir clay layers in a 
sub-grade or sub-base.

X-ray diffraction and TG analysis of the soil samples showed 
that it is basically an Illitic soil containing appreciable amounts 
of calcite (about 14%) and halite (about 10%) but this particular 
sample contained, unlike previous observations, no measurable 
gypsum, although gypsum is known to be a commonly occurring mineral 
in Kavir soils. It was found that the Kavir clay is a highly 
reactive material with lime and further investigation is needed to 
clarify which one of the particular aspects of this soil (e.g. the 
presence of salt or calcite) is responsible for this high 
reactivity. It has been recognized that by adding a small amount of 
NaCl to the soil-lime mixtures, the reaction may be accelerated and 
higher compressive strengths can be achieved. Calcarious soils 
also tend to show a similar effect. A study by Thompson [23] on 
the reactivity of Illinois soils by lime showed that all calcarious 
soils exhibit higher reactivity. Poole and Sotiroponlus [24] on the 
study of reactions between dolomitic aggregates and cement paste in 
concrete observed an enhancement of the reaction involved when NaCl 
is present. Gypsum, however, has been reported to produce the 
opposite effect. Akpokodje [25] on the study of arid zone soils 
stabilized with cement and with lime reached the conclusion that 
the presence of a high level of gypsum in soils results in greater 
strength loss in the specimens after soaking, whereas carbonate 
tends to produce the opposite effect. The study of Davidson et al. 
[10] on the strength of Ottawa sand-lime-flyash showed that the 
strength of 4 month cured at 70 F specimens (containing 5% lime 
and 20% flyash) increased when 1% calcium sulphate (as powder) was 
added to the mixture.
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All this information tends to suggest that in a soil-lime 

mixture the addition of a small amount of salt (about 1-2%) 

accelerates the reaction and the presence of a relatively higher 

amount of gypsum retards the reaction. However, higher carbonate 

content (up to 20%) in a soil also produces higher lime 

reactivity. Hence, higher lime reactivity may be attributed to the 

presence of both calcite and halite in the Kavir clay and its

texture. Although the strength of the Kavir clay increased
a 

substantially when stabilized with 6 wt% lime and from^strength

point of view a strong road-base can be built using these 

materials, further investigations should be undertaken to evaluate 

the durability.
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