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ABSTRACT

Nineteen red tropical soils from the States of Paraiba and
Pernambuco which are located in the North East of Brazil were
treated with high calcium lime, they reaéted showing a wide range
of variation of maximum unconfined compressive strengths with -
4.5% or 6.0% lime generally required to produce maximum strength.

The reaction between the soil and lime is mainly a diffusion

controlled process. Most of the reaction takes place within
five to seven days and the reaction within this period obeys

Jander's diffusion equation for solid state reactions. Based on
the constant rate of reaction obtained from this equation and on
the quantity of the reactive components of the soil, an activity

index, Ai, is proposed and its validity tested against the uncon-
fined compressive strength of the soil-lime system. A valid

statistical correlation is presented linking Aj value with the

empirical reactivity parameter of Thompson.

Identification of the types of the reaction products by
x-ray diffraction which is greatly aided by the use of a semi-
automated computer search program reveals that the soils form
cementitious reaction products varying from dense and close
textured calcium silicates of the tobermorite-like type through

alumino-silicates to calcium alumino-ferri-silicates with
relatively larger voids when the soils are treated with lime and

cured for two years at 22°C. The increase in strength of the

soll-lime system not only depends on the volume of the reaction

products but also on their types and purity.



Other constituents of the soil-lime system affect the
strength to varying degrees. While the increase in the amount of
unreacted material at the expense of cementitious reaction
products is not desirable, an amount of unreacted material is

essential for other engineering requirements other than strength

to be satisfied. Unlike other cemented composites, the strength

of the soil-lime system 1s not related to the overall porosity

of the system.
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INTRODUCTION

Approximately one-thifd mof'_ the land surface of the eérih is
contailied within the huge belt 1imited by the tropincs of Cancer
and Capriéom. Befitting attention is now being giw};en to tropical
weathéring and the resulting so%il pfo&ucts which are the dominant
features of the landscape." |

‘ “Thée nomenclature of the soils of the tr0pii:stifla; increased

not only in size but in complexity. | 'ihe confusion andT controversy
originatéd by the very nomenclature proposed by researchers in
their desire to preciselﬂr define these materials have led to
underutilization of the data gathered on their hehaviour. Terms
like laterite, la'teritiér soil, latosol, ferricrete, ferruginous
soil, ferrisol, oxisol, ferrasol, etc. have been used for the same
type of material 1n one céséq aﬂd épblied to vﬁfiaus types of
materiéis_ in other cases. o

Attemﬁts have been inadé to find common grounds for agree-
mént. However, most of the attempts have not drawn a clear
distinction between classification and nomenclature. To the
ehgineer, it is enough that nomenclature be an ordered 's,jfstem of

naming whlch reflects pecullar phy51ca1 properties of the soils

while classification be a tool for predlctlng their engineering
behaviour. Hence in this Hwo'rk, use is made of the term "red
tropical soils" and this is broadly a soil which fits the
definition of 'laterite' given by Sivarabjasinghamv et al (15. Thus
it includes "highly weathered matériala (a) rich 1n secondaryﬁfoﬁns
of iron, aluminium or both; (b) pob} in humus; "J(c) depletéd of

bases and combined éilica; (d) with or without nbﬁ-diagnbstic
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substances such as quartz, limited amounts of weatherable primary
minerals or silicate clays ...." The term '"laterite" is
restricted to the original ‘definition‘given by Buchanan (2) who
wrote " ... 1t 1s full of cavitiés and pores and contains a véry
large quantity of iron in the form of red and yellow ochres. In
the mass, while excluded from the air; it is so soft that any iron
instrument readily cuts it, and is dug up in square masses with a
pick axe, and is immediately cut into the shape wanted with a
trowel or large knife. It very soon after becomes as hard as a
brick.... As it is usually cut into the form of bricks for
building, in several of the native dialects it is called the
brickstone (Itica cullu) ... The most proper English name would
be Laterite, from lateritis, the appelation that may be given to
it in Science."

However, the word 'laterite" will also appear where passages
are quoted from works in which the term is used.

Red tropical soils have been used to a large extent on a

"trial and error' basis. They have been used successfully as
subgrades and as sub-bases or bases of low quality; in some

instances the aggregates comprising red tropical soils have served

as suitable mineral components of concrete and asphalt.

Their availability and abundance make them very attractive
as sources of "'stabilized" or improved engineering materials.. To
improve their engineering properties and expedite construction
they are usually treated with cement, lime and rarely bitumen.
Reports of successful treatments as well as failures are abundant.

There 1s no doubt that contradictory results have their origin in

the empirical nature of the techniques employed for their
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improvement.
This 1s particularly true of the use of lime to upgrade the

engineering properties of red tropical soils. Although the studies
of lime-soll systems are numexjous' for temperate soils, knowledge
of the response ‘r.::f tropical soils to lime treatment is scanty and
limited. Like any bt_her branch of applied science, progress on

the efficient and economic use of red tropical soil-lime systems
will only be possible when the fundamental mechanisms of the
reactions and thé nature of thé reaction products are properl)Jr
elucidated; This will profide a basis for adequate technology for
maximising the successful utilization of the lime treated soils
under varying conditions aﬁd permit more refined engineering

decisions to be made.
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CHAPTER 2

GENERAL LITERATURE REVIEW

Each chapter of this thesis is commenced with a review of

pertinent literature and methods. This chapter therefore

summarises literature on some aspects of pedology and engineering

behaviour of the soils.

Genesis and Compos ition

Red troplcal soils can be formed 1n-s:|.tu or transported

Hl -

When formed in-situ, parent rocks like basalt, sandstone and schist
are decomposed nnlder a warmm and humid climate of the tropics
(3,4,5,6). Expansion and contracniqn associated with high and low
temperatures which occur during the dry and wet seasons respec-

%

tively, leave cracks in huge masses of rocks thnough which warm
surface water r1ch :'Ln# carbon dioxidé and bacteria filter. This
chemically nctive water decomposes the rocks (aluminous silicates).
An upward suction of mointure to the snrface' in the dry season and
drninage of rainwater over the gentle and moderate relief of the

tropics remove the dissolved mlnerals of the parent rock in
solution. This prncess of relatlve acmmlatlon 1s called
leaching. The fes:1d1mm comprises minerals like aluminium, iron,
titanium, manganese, chromium and vanadium oxidesw,? quartz and clay
minerals. Tne types of minerals depend on the pnrent rock (7 - 10)

while their nature depends on other soil forming factors like
t0pography, dramage and climatic - vegetatlonal conditions.
Aluninium exists in the form of glbb51te (aAl (OH) 3),

boehmite (yAlO(OH)) and in amorphous forms The chemlcal composi-

tion of amorphous alumma and other amorphous mmeral constituents
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of red tropical soils are not known.

Iron occurs commonly as goethite (aFe,O(OH)), haematite
(aFe,03), lepidocroi:ite (yFeOOH). Maghemite (yFe,03) and
magnetite (yFe30,).have also been reported- (9, 11).

- Titanium minerals include rutile, anatase and ilmenite.
Chromium and vanadium are resistant primary minerals and their

oxides can be present in small amounts depending onthe.type of
the parent rock unlike manganese oxide which readily goes into
solution in acidic conditions and is.subject.to removal by
leaching. However, concentrations of manganese in forms like
lithiophorite and birnessite are present or occur-where drainage
1s poor or it is absent. Silica occurs as quart;; , which can be
residual or alluvial, and in the amorphous form. - The clay mineral
that occurs most corrfmnly in the soils is the 1:1 type, i.e.;,
kaolinite and/or halloysite. Kitagawa et al (12)- md~Yoshﬁaga
and Aomine (13) have .reported allophane (poorly defined combina-
tions of silica and sesquioxides usually regarded as hydrates of
alumino silicates (14, 15)) as the dominant clay mineral of young
volcanogenous soils (soils derived -mainly from pyroclastic’
materials) occuring in the tropics. Solid state reaction within
an amorphous gel has been postulated to:be the process of forma-

tion of kaolinite (16) with a slow rate of crystallisation... On
the other hand, Kitagawa (15) postulated, from calculations of the
chemical composition of allophanes, -that halloysite could-be, the

end member of-the amorphous - allophane series. This and the fact

that metahalloysite is difficult to distinguish from kaolinite

suggests that the clay reported as kaolinite by many could be

metahalloysite especially where such clay occurs alongside
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amorphous minerals. Illite and montmorillonite are rare in red
tropical soils.

Further complications arise when the distribution and nature

of the minerals within the profile are considered.  There 1is

little agreement by pedologists on the mechanism responsible for
the distribution of the minerals. The concept of the soil as a

residuum with relative immobile constituents was modified by a
second phase of formation which involves the resolution of the
residuum by groundwaters. The recognition of pallid zones under-
lying some of the soils led to-the concept of red ‘tropical soils
as precipitates. The enriched zone was believed to be caused by .
the precipitation of iron and alumina in'solution, with capilla- -
rity and the seasonal ‘fluctuations 6f the water table being the
mechanisms reSponsiblé for this (7, pp. 91°- 108). Thomas (17)
postulated the removal of “rock alteration products" from deep
within by ionic diffusion as a possible mechanism. Recent models
proposed include the detritus models and those which compromise

Ra s r Wi

between the residuum and'pfecipitation concepts.
It is difficult, if not impossible to distcémt’*groundwafef

as an important factor which determines the nature and type of

some of the constituents of red tropical soils (18, 19).

Harder (19) found among other things, for synthetic clay mineral

formation that:

a) amorphous hydroxides of Al, Fe,”Mr, Mg, Zn, Co, Ni, etc., are

capable of coprecipitating Si0O, even from very dilurteb (weathering)

solutions.

b) the most important factor for silica mineral formation is the

silica concentration in the solution which should not be too high

*
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or too low. Silica minerals form only in those precipitates from
solutions undersaturated with respect to amorphous silica (100 ppm

Si0, at 209C); lower silica content allows formation of quartz or
feldspar while higher contents makes the precipitate stay
amorphous even after long ageing :times. ., - -

c) a sufficiently slow rate of-precipitation is necessary for the

synthesis of clay minerals. The precipitation can be as a result
of changing pH. These findings suggest that in tropical conditions
clay minerals cannot be formed in the wet season since the silica
content of the groundwater is generally very low whereas their
formation is possible during the dry season below the water table
level. .The presence of-allophanes and/or amorphous minerals is an
indication that during their formation the silica content of the

groundwater was too high for quartz or clay mineral formation.

2.2 Classification

Geologists, pedologists, agriculturalists and engineers are
interested in different aspects of behaviour of the soils and con-

.sequently have classified them from their professional view points.

This is reflected in the great volume of work dewvoted to classifi-
cation which unfortunately is confusing and of limited use to a
civil engineer. - Ideally,-a classification should .serve not only
as a tool to transmit information but also as a tool to predict
behaviour when experience is not available.

Early attempts to classify red-tropical soils used chemical
content as a basis. Martin and Doyne  (20) introduced the concept
of silica - alumina ratio as a measure of laterization; a concept
that has since been modified. - Dury: (21) named duricrusts on the
basis of their chemical content, the name being compounded from

those of the minerals present, thus:-



Silitic
Siallitic
Fersilitic
Fersiallitic
Ferrallitic
. Ferritic
Fermagnitic
Tiallitic

Allitic

]\\
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S10- I

S10,, Al203

Fe,05, Si0, = o

Fe,03, FeOOH, SiO;, ‘Al,03nH,0, ' A10CH -
Fe,03, FeOOH, A1,03nf,Q, AIOOH :
Fe,03, FeOOH - o S

Fe,03, MnO, , - -
TiOp, Al,03nH,0,

3 A1203HH29;* A100H

These are at the best systems of nomenclature as they lack

scientific precision.

They have not taken.into account the

following which influence any classification with engineering

validity.

a).. Pedological and geological factors such as parent rock, . .

genesis and environment.

b) The type and, more important, nature of the mineralogical

constituents of the soil -'""for it is the form in which the chemical

contents occur which varies consistently in accordance with the

physical properties of the soils" (7, pp. 17).

D'Hoore (22) used the terms ferruginous, ferralitic and

ferrisol to describe these soils depending solely on climatic

conditions, using annual rainfall intensity as a measure. Lyon

Associates (9) noted that most of the samples they tested showed a

good correlation between the index properties and D'Hoore's

pedological classification. Their other report (10) related South

American soils to the FAQ - UNESCO classification which is a com-

promise retaining some traditional pedological terms like pedosols

and .recent popular terms like vertisols and andosols. These -
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classifications can only be used as a very rough guide to the

properties of the soils.

Attempts by engineers to use particle size and plasticity,
which have proved adequate _classiification parameters for temperate
zone soils, have been unsuccessful because the conventional

methods for determining these parameters do not yield reproducible
results (4, 5, 6, 23 - 28). This has led to a search for other
consistent parameters for classification of red tropical soils.
De Graft-Johnson et al (18) and Gidigasu (29) have shown that
'lateritic gravels' and fine grained 'laterite' soils can be
classified on the basis of geology, amount of clay, linear shrin-
kage and climatic conditions while Wesley (28) showed that basic
engineéring properties are related more closely to mineralogical
composition than to pedological classification. It thus seems
that for any single quantifiable parameter to be suitable for
classifying these soils, it must incorporate the intrinsic and
apparently extrinsic properties of the soils. Such apparent
extrinsic pf0perties are climatic condition or the behaviour of

the soils in an environment of particular conditions.

'thsical and ‘eng ineering characteristics

Texture

Variations in particle size distribution with methods of
pretreatment and testing which have been widely reported can be

accounted for by a number of reasons. Wet sieving, for instance,

has been shown to increase the silt and clay fraction from 7% to

20% (30) while the dispersant used affects the percentage of the

clay fraction. The problem does not seem’to be with dispersion

but preventing the dispersed particles from re-flocculating (28),
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hence Quinones (31) found that a halloysitic clay from Kenya

dispersed with sodium oxalate gave 20% to 30% clay.fraction but

with sodium hexametaphosphate gave 40% to 50%. The sedimentation

test is further affected by the method of drying. Moh and Mazhar
(23) reported less clay in oven dried samples than in air-dried
or as received samples with increased silt and sand:fraction.

Most workers believe that the coarse fractions of the soils.result

from micro-aggregations of the clayey constituents by sesquioxides

(4, 25, 27). Pretreatments like wet sieving, dispersion.and .

remoulding dismembers some of the aggregations into finer clayey
clusters due to the friable nature of the sesquioxidic cementing
agents while drying results in an ineveréible process of dehy-
dration of the amorphous constituents and hydrated halloysite with
the free iron and alumina cementing and coagulafing the-clay
particles (24, 25, 28). The indurated soils are less affected by
pretreatment than the fine grained soils although they (indurated
soils) have high content of fines and therefore do not fit into

the classification system for temperate zone coarse-grained soils.

"Atterberg Limits

The nature of the predominant clay mineral influences the
levels of plasticity of the soils (9). For example, montmori- -
llonitic tropical clays of Ghana .were found to plot above-the
A-line while the halloysitic clays over volcanic ash plot below
the A-line although both are very plastic. However, the coarse
grained solls show a less erratic plasticity characteristics; most
plot above the A-line with liquid limits generally below 60%.

Apart from the nature of the clay it is also observed that the

position of the sample within the soil profile influences the -
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plasticity (32). Due to differential weathering, movement and

deposition of dissolved materials, the variation of plasticity
with depth is very difficult to predict even in two similar
profiles on different topographical sites.

Another problem associated with the determination of -
Atterberg limits is the effect oé pretreatment and handling.

Sherwood (33) found that the.liquid limit increased with increased

working while the plastic limit was not significantly affected.

The usual explanation is that. remoulding or working breaks down the
aggregations of clay particles by sesquioxides. While remoulding
could break down friable and weak aggregations of clays, it does
not seem likely that the average energy associated with mixing can
break down the normal bond between the clay and sesquioxides. It
has also been suggested that mixing affects the allophanes and -
amorphous constituents by releasing the water held in the structure

of these minerals (28, 34).: This explanation also seems to fall .

short of the energy input required to release water held in
minerals.

Drying is said to partially or completely convert the clay™
fraction to a non-reactive silt-like fraction with reduction or
total loss of plasticity (8). Gidigasu (27) noted that wet forest
zone materials-and deep layer dry savanah zone solls are more

sensitive to changes in plasticity than highly dessicated top

soils from the dry savanah zone when they are dried. Red tropical
solls generally have low colloidal activity.
Density and compaction characteristics

When compacted from dry to wet, the dry density increases
with increasing moisture content up to a maximum beyond which the

dry density decreases. With increased compactive effort, the
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maximm dry density generally increases and the optimum moisture
content generally decreases. The moisture-density relationships
are influenced by factors which can be ‘'divided into two broad
groups. The first group of factors ‘derive from genesis while the
second derive from pretreatment prior to testing. The failure to
consider all the factors in any single-’study has placed limitations
on the applicability of the .results available on their density and
compaction characteristics.

The most important genetic factor is texture or grading.
This is illustrated by the fact that the gravels have maximum dry
densities ranging between 1842 - 2323 kg/m3 and optimm moisture
content between 6 - 16%; while for sandy clays .the maximm dry -‘
densities are 1602 - 1922 kg/m3 and optimum moisture content °
16 - 24%. The maximum dry densities for clays are generally below
1602 kg/m3 with the 'optimum moisture content above 24%. Compaction
breaks down weak aggregations in the soils (4, 5, 24, 35). Studies

on the effect of reusing materials, which results in further break-

down of weak aggregations, on the compaction characteristics of
some red tropical soils show that whereas the maximum dry density

is increased, the optimum moisture content appears unaffected (35).
Whether higher or lower densities are obtained after compaction
depends on whether the breakdown leads to an improvement or dete-
rioration of the grading.

Pretreatment such as drying (air-or oven) affects the densities
and optimum moisture-contents of the soils irrespective of texture.
Generally, drying gives higher maximum dry density and lower
optimum moisture content than values obtained at their natural

moisture contents (9, 25, 27). As has been pointed out, drying
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alters the state of some of the mineral constituents, irreversibly
and as such the density determined from a dried sample of such

soils is, in effect, for a different material. Hirashima (36)
reported that for Hawaiian 'lateritic soil' formed under conditions
of continuous high moisture content in the profile there was no
peak when the material was compacted wet to dry but when after

drying it was compacted dry to wet, a peak occurred. This
illustrates the need to test samples from areas with. high,regular
rainfall in their undried state.
2.3.4  Strength Chardcteristics '
The strengths of red tropical soils are usually determined
by mconfinea compression strength test (U.C.S), California bearing

ratio test (C.B.R), triaxial and penetration tests; UCS and CBR
being more popular. In their untreated state, genesis and pedology
influence significantly the strength of the soils. Lyons
Associates (9) using D'Hoore's pedological .classification (22)
found that ferruginous soils have higher CBR values than ferrisols
which in turn have higher values than ferrallitic soils. The most
important genetic factor is texture. Unusually high internal
friction has been reported for eveq_‘the clayey soils (4, 24, 25,
30, 35). To evaluate the hardness of laterite concretions, Nova-
Ferreira and Correia (37) proposed a hardness index which is a
modified form of the fineness modulus used in assessing mineral
aggregates; while de Graft-Johnson et al (18) converted grading
into a single parameter called the fineness index which is a
modification of the hardness index. They (18) showed a significant
correlation to exist between the CBR and this index for some

'lateritic' gravels. .The hardness index apparently excludes 'soft!
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concretions which contribute to strength despite their breakdown

during compaction while the fineness index does not take into
account the breakdown of the concretions.

ther genetic factors such- as mineralogy and the profile
position of the sample can be tied into texture as far as their
effects on strength are concerned. For example, mineralogy will

influence the breakdown of the aggregations during compaction
manifesting in improvement or deterioration of the final texture
after compaction.
Swellinig, permeability-and corisolidation characteristics

Since the occurrence of swelling minerals 1is rare in the
soils, they are not susceptible to excessive swelling. Swelling

is affected by their moisture content and apparently, drying. The

higher the moisture content, the less the swell while oven-dried
samples prior to compaction seem-to swell less than samples
compacted at their natural moisture content (38).

While in-situ the porous and granular type of the soils are
highly permeable but exhibit low permeabilities when compacted or
remoulded (6). Typical in-situ.permeability values range from
1072 to 10~! cm/sec but decrease to 10™* to 107® cm/sec after
compaction. Malomo (39) found that the strength of red tropical
soils depends on the level of the stress applied and that they

change from over-consolidated clay behaviour at low moisture

content to normally consolidated clay behaviour at higher moisture

contents. He attributed this to particle degradation. He
suggested that the phenomena of bredkdown of aggregations under

stress occurs more readily with increase in moilsture content.

Hence samples with higher moisture contents will breakdown or
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disaggregate more than those compacted at lower moisture content.

2.4 Pozzolanic properties of red tropical soils
2.4.1 Red tropical solls as pozzolanas

BS 892 defines a pozzolana as '"a naturally occuring or
artificial material which has in itself little or no cementing =
property but which will combine with lime in the presence of
water to form a stable insoluble compound having cementitious
properties'. Literature abound to show that most clayey soils of
the tropics as well as temperate zone clays satisfy this defini-
tion. The study of the pozzolanic properties of clayey soils have
generally been termed '"lime soil stabilizafidn". This term is
usually associated with highway engineering simply because the
soils so treated have been used in sub-bases, bases and founda-
tions of highway structures. The additional use of red tropical
soil-1lime systems in parts of superstructures as blocks, bricks

and in concrete (3) calls for the use of a temm broader than

""'soil stabilization'. In view of this and the fact that they

satisfy the BS 892 definition given above, red tropical soils are

considered as pozzolanas in this work.
2.4.2 'Soil-line reactions
2.4.2.1 Minifestations of the redctions

The reactions which occur when lime is mixed with a clayey

soil in presence of water account for the changes in.its
engineering properties. These changes are broadly recognised as
two phases:- |
a) a phase resulting in improved workability and reduced |

plasticity (amelioration):

b) a phase resulting in.strengthening (cementation). Among the
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many mechanisms proposed to account for amelioration are

(i) flocculation due to cation exchange, (ii)“ carbonation,
(1ii) pH-dependent increase in cation exhange capacity (cec),
(iv) adsorption of calcium hydrdxide molecules, (v) .pozzolanic
reaction leading to diffuse cementation. It'1s unanimously agreed
that '"'pozzolanic reaction' is responsible for the phase resulting

in strengthening.

2.4.2.2 Amelioration 'in clays
Diamond and Kinter (40), Stocker (41) and the Transportation

and Road Research Board, USA (42) have very exhaustively reviewed

and summarised current opinion. Cation exchange and carbonation
cannot be discounted but have been accepted as auxiliary effects,
under appropriate cifcwnsténces, inadequate for the explanation of
the changes associated with amelioration. They are unavoidable

Cal o

lime consuming processes.
Hilt and Davidson (43) in proposing the pH-dependent cec
theory, which involveé "a crowding of additional cation to the
surfaces of the clay' after the normal cation exchange, noted that
significant increase in the unsoaked strength of the soil-lime
system occurs only after a certain threshold lime content is™
exceeded. The threshold they termed the ''lime retention point'',
This implies that "pozzolanic reaction' (responsible for strength-
increase) can only take place beyond the lime retention point
which is usually measured after two hours.’ Further clarification

of the lime retention point was given by Ho and Handy (44) who

observed that '"lime retention requires an alkaline pH, little or

no retention occurs below pH 11.0 and retention is maximum at ™

about pH 11.75,. Calcium hydroxide provides a near optimum ratio
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of Ca** and OH™ ions, Mg and Na* ions are relatively
ineffective'. They further advanced the following fundamental
explanation of the lime retention point phenomena. ''The cec of
clays is ordinarily measured at ;SH 7.0. At high pH's, more
cations are adsorbed, perhaps because of increasing dissociation
of weakly acidic SiOH-groups exposed on clay crystal edges and 1is

usually attributed to isomorphous substitutions in the clay

mineral structure'. They went on to say ''The increased adsorption
of Ca’’ to clay surfaces at high pH may be the cause of better
bonding between particles, evidenced by bigger flocs, higher
suspension viscosity and high plastic limit". They concluded that
'""the 1ime-montmorrillonite reactions are divided into t}-n'ee
levels. In the first, the total .cec 1is ordinarily measured at

pH 7.0. In the second, the additional lime retention is .dependent
on an alkaline pH. In the third, after ca*”’ holding capacities

are fulfilled, pozzolanic reaction with additonal lime can

proceed'.
While admitting that pH-dependent cation exhange can and

does occur, Stocker (45, pp. 33) questioned the validity of the
claim that this phenomenon sufficiently accounts for amolioration.
He argued that pH-dependent cation exchange consumes less, much
less than 3% lime if the soil pH is initially 7, less still if the
pH is even greater initially. Based on Jackson's (46) identifica-
tion of five ranges associated with the removal of protons from
different sites (see Table 2.1) he postulated pozzolanic reaction
leading to diffuse cementation as the mechanism responsible for
amelioration. He stated that when pH-dependent cation exchange is

maximised pH is around 10 or 11 and at this value rapid dissolution



Table 2.1 Removable protons as a function of pil

(After Jackson (46)).
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and reaction (Range V, Table 2.1) is initiated leading to genera-
tion of tiny cementltious reaction products, at, or near the edges,
responsible for amelioration. He rather favours diffusion as a

mode of attack than dissolution and believes lime retention point
to be the quantity of lime used up in reaction in two hours by
which time many of the physical changes are maximised.

The adsorption theory of Diamond and Kinter (47) recognises
the reaction of lime with clay-but suggests:that this is preceeded

by physical adsorption of calcium hydroxide molecules on to the
clay surfaces, a largely reversible process. This theory is in
closer agreement with that of Stocker, the difference being that
while Diamond and Kinter see amelioration and strengthening as

being accounted for by two distinct mechanisms, Stocker *believ‘es

one mechanism is responsible for both. Current opinion therefore
seems to recognise cec, carbonation and pH-dependent cec as
processes that take place but each is insufficient to explain
amelioration. Amelioration in clays therefore seems to.be a
result of one or a combination of these processes supplemented by

formation of tiny reaction products.

2.4.2.3 Amelioration 'in ‘reéd tropicdl ‘soils S
If amelioration in.red tropical soils is not explained by

the theories emumerated for clays, the deviation should.be as' a

result of the presence of the following:-
a) the colloidal fractjon (fraction’'less or equal to clay.size
consisting of clay minerals, amorphous oxides and/or allophanes).

b) the very poor crystallinity of the clays.

c) the crystalline iron compounds.

The effects of these on cec, physical adsorption and pozzolanic
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reaction leading to diffuse cementation -theories are examined.

The carbonation theory 1is omitted because it is independent of the
three factors enumerated.

Unusually high cec have been repdrted for red tropical soils
(48, 49, 50) which do not contain high cec crystalline clay
minerals such as montmorillonite, .vermiculite, and illite.
Crystalline oxides of aluminium and silicon have low capécities
and cannot account for this apparent abnormality nor could poor
crystallinity of the clay present. The ‘'culprit! therefore.seems
to be the colloidal fraction. Fieldes et al (51) showed that the |
capacities of the colloidal hydrous oxides of aluminium and
titanium were so high that if they are present in small quantities
they could cause the high cec observed in red tropical soils.
Because the differential thermal analysis curves of the laboratory
precipitated colloidal hydrous oxide of aluminium contained - .
various endothemmic peaks similar to. the unusual peaks of the
soils, .he concluded that the principal exchange material in the
soils was amorphous hydrous alwnimiwn oxide. Capacities for the
colloidal hydrous oxides of ‘iron and silica were lower but
considerable. These .findings imply that where allophanes are
present (they have low Si/Al ratio) in the soils, high cec may be
expected. Birrell et al (52) not only confirmed this expectation

but further concluded that "'physical adsorption of cations by
soils containing allophane, palagonite .and certain amorphous -
oxides 1s responsible to a greater or less extent for the apparent
high cec shown by these soils...'". He was led to suspect ''some

kind of adsorption mechanism' because he observed that the cec

depended on the strength of the leaching solution and the cation
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used, and that the exchange complex was extremely easily

hydrolysed.
It is therefore reasonable to say that cec in collodial

fraction takes place and is pH-dependent because the allophanes

and amorphous minerals are likely to have surfaces characterised
by broken bonds (53). The exchange capacity will depend on the
composition of the equilibrium liquid since the surface potential
will be detemined by the pH of the equilibrium liquid. This has
been demonstrated by Aomine et al (54) who showed that the cec of
allophane separated in an alkaline medium (pH 10.5) was about
three times that of the same fraction separated in acid medium

193 S.S)igdliaving a method of approach similar to that of Birrell
et al, Diamond and Kinter (47) concluded among other things that

calcium hydroxide is physically adsorbed from solution at a very

rapid rate by calcium-saturated clay and that this process which

is largely reversible at very early stages is soon followed by
reaction to produce calcium silicate hydrates. They measured

adsorption isotherms at 5 mins. for bentonite and 10 mins. for

kaolinite suspensions. It thus appears that pH-dependent cec -
through physical adsorption of cations takes:place in the collo-
dial fraction of red tropical soils. The question then 1s, 1is
this the process responsible for amelioration or is it the begin-
ing of the process?

The answer can be found by considering the time required for
amelioration i1n practice and that required for physical adsorption.

The low concentration region of the isotherms of Diamond and

Kinter fitted the B.E.T. adsorption equation theory. If 5 mins.

or 10 mins. 1s suitable for this process in crystalline clays and
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15 mins. is sultable for the determination of cec (an indirect
measure of adsorption) of allophanes as shown by Aomine et al (54)

then it is likely that pH-dependent cec through adsorption seems

to be the initiation of the process actually responsible for

amelioration. Diamond (55) demonstrated that lime reacts almost
instantaneously with hydrous alumina of high specific area to
generate tetracalcium aluminate hydrate. Recently, De Carvalho
(56) found that while amorphous silica and alumina contents were
significant, pH-dependent cec is an excellent indicator of a
soil's lime reactivity. Lime reactivity is as 1s measured by
Thompson (57) i.e. the difference between the strengths of the
lime treated soil and the untreated soil. Since strengthening is
a result of the formation of some cementitious reaction products,
pH-dependent cec through adsorption appears therefore to be the
initiation of the actual, probably one, process:responsible for -

both amelioration and strengthening. Amelioration in red soils

containing amorphous minerals appears to be a result of the rapid
reaction of the collodial fraction to produce cementiftious

reaction products with the initiation of the process.of reaction
manifesting (at very early stages) in pH-dependent cec through

adsorption of lime. ~ e

2.4.2.4 The reaction process

The reaction rate between soil and lime is influenced by a
nunber of factors among which are:-.-
(1) the fineness or specific surface area of the minerals
(ii) -solubilities of the minerals
(111) pH of the medium

(iv) intimacy of the mix (mineral + lime)
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(v) temperatures
In a practical red tropical soil-lime system, factors iii, iv, v,
are controllable and since the pH depends on the percentage of
lime used, factors i and ii are considered at the optimm lime

for maximum strength (pH is nearly that of saturated lime water,

12.4).

As has been suggested in the foregoing section 2.4.2.3, very
rapid early reaction takes place between lime and the colloidal
fraction.  The mechanism is not yet clear. While investigators
like Eades et al (58, 59) postulate a 'through-solution' reaction
mechanism, others like Stocker (45) favour reaction through solid
state transformation. The probable mechanism or combination of

mechanisms'reSponsible for strengthening in red tropical soils is
a subject of Chapter 5. However, the order of reaction of the
minerals can be postulated. If two minerals react, the finer one

is or both are the faster is. the reaction. The collodial fractions

of the soils are very fine as measured by their high specific

surface areas (50, 53) and hence will be more reactive than the

crystalline constituents of the soil. They are also more soluble.

Using a monomer model, Marion.et al (60) showed that at different
pH, there 1is considerable difference in the total soluble alumina
that can exist in equilibrium with the different aluminium com-
pounds found 1in soils. For instance, at a pH of 10 the total
soluble alumina increases in the order of the aluminium compounds
Kaolinite- > Gibbsite > Halloysite > Amorphous A1(OH)3. This order
is significant if solubility is a measure of reactivity. From the

view point of chemical composition only Kitagawa (15) concluded

that halloysite may be the end member of the allophane series.
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Fieldes (34) distinguished bei:ween the various forms of allophanes
and indicated that they age to clay in the sequence:-
allophane B + allophane AB -+ allophane A - metahalloysite -

kaolinite. This order holds for the increasing specific surface
areas of the minerals. Using solubility and specific surface
areas as factors for assessing reactivity the following order of

decreasing reactivity of some minerals found in red tropical soils

follows:- Amorphous Si, Al > Allophanes > Metahalloysite >
Halloysite > Gibbsite > Kaolinite. The role and position of
crystalline iron minerals 1s more difficult to assess since in an
alkaline medium such as that provided by red tropical soil-lime
system, iron oxides are insoluble. Their roleé will be considered

in latter chapters.

2.4.2.5 The reaction prodiucts

Chemically, the reactions that take place when lime reacts
with soil minerals can be represented by the following over
simplified equations.

Ca(OH), - Ca** -+ 2(OH)~ e (2.1)
Ca** + 2(OH)” + Si02(Soil silica) - CSH oo (2.2)
Ca*t* + 2(OH)™ + Al203(Soil alumina) -+ CAH ... (2.3)
Kaolinite + 1lime - CSH and/or CAH and/or CASH ... (2.4)
Montmorillonite + lime - CSH and/or CASH oo (2.5)
where C = Ca0; A = Al,03; S = SiO__z_; H = H,0; F = Fe,03.
Equation (2.1) represents the dissociation of hydrated lime in
water. The solubility of lime at normal temperature is low;

~approximately 0.20 gm/100 ml. This means that most of the lime

added remain as solid particles. The dissociated and undisso-

ciated lime react with the soil minerals to produce calcium
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silicate hydrates, calcium aluminate hydrates and calcium alumino-

silicate hydrates as indicated by equations 2.2 - 2.5. The main
factors controlling the development and type of reaction products
are the inherent properties and characteristics of the soil.

Reaction products identified generally as calcium silicate

hydrates have been reported (58, 59, 61, 62, 63). Others have
reported calcium silicate hydrates as belonging to one ofﬁthe
three sub-groups:

a) tobermorite gel which has a high C/S ratio and is attributed
with strength gains that occur in hydrating cements.

b) CSH (1) has a low C/S ratio than tobemorite and is generally
found 1n poor crystalline or gel form. |

c) CSH (2) has a high C/S ratio but with doubtful properties (#0).
Handy and Glenn (64), Ormsby (65) and Diamond et al (66) reported
the formation of CSH (1) and CSH (gel). Ruff and Ho (67) went

further to state that strength gain'of lime-clay mixtures is due
to the presence of the different phases of the complex reaction:
lime + clay - CSH (gel) + CSH (2) - CSH (1) + tobermorite; the
further the reaction went, the highei' the strength. The formation
of calcium allﬁninate hydrates alongside calcium silicate hydrates
was also reported by some of the authors quoted. Some authors
(40) have suggested that the aluminium present in some products 1is
as a result of isomorphous substitution for silicon within the
calcium silicate hydrate lattice. The identification of quater-
nary compounds (compounds in the lime-silica-alumina-water system)
have been limited. Ariizwni et al (68) i‘eported gehlenite,
similar to that reported by Benton (69), to form at normal tempe-

rature when lime was used to treat loam soils consisting mostly
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of amorphous clay mineral and allophane. It thus appears that

quaternary phases in which silicon and aluminium atoms occur in
distinquishable lattice position are produced when lime reacts
with calcined clay or with amorphous clay minerals and allophanes.

It may therefore be speéulatéd that in red tropical soils treated
with 1lime, quaternary compounds of lime-silica-alumina and
possibly lime-silica-alumina/-iron may be formed.

The reaction conditions chosen by different workers can
account for the apparent differences in the reaction products
reported for the same clays treated with lime. Many used pastes
or systems of high liquid content, high lime/clay ratio and high
curing temperatures.

Engineering characteristics of lime treated red tropical soils

This has been aptly summarised by de Graft-Johnson (£8).

The ameliorative effects have been discussed in sub-sections

2.4.2.2 and 2.4.2.3. There is a fair agreement that lime
decreases the plasticity index by considerably increasing the
plastic limit of the soil. The compaction characteristics of
treated soils show that increasing the lime content decreases the
maximm dry density and increases the optimum moisture content.
The effect of lime on strength varies according to the type
and quantity of the reaction products formed. While some soils
form products that increase their strengths significantly, others
form products associated with small strength increase (70).
Curing temperature and time affect the amount of reaction product
and hence the strength. Sherwood (33) reported that red tropical

soils containing high proportions of aluminium oxide may show a
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decrease 1n strength with time due to the formation of CAH,,

and C>AHg which later change to a more stable and weaker form
C3Als. Unless this is the only reaction product, which is
unlikely, the reduction in strength may be masked by a general
increase in strength. With lime treatment most’ red tropical
soils lose the little swell they had and permeability 1is greatly

reduced.

Chapter Summary

a) The formation of clay minerals under tropical weathering
conditions is discussed and it is noted that because of the low
silica content of groundwaters in the wet season, clay minerals
cannot form but their formation is possible during the dry season
below the water table level.

b) 'i“he reasoning that mixing releases the water held in the
amorphous constituents or breaks aggregations of clay size
particles to explain the changes that occur in the index pro-
perties as a result of increased mixing is questionegl.

c) Red tropical soils satisfy the definition of pozzolanas and
their versatile use after treatment with lime calls for the use
of a term broader than "'soil-stabilization' to describe the lime
treatment of the soils.

d) Following the theories advanced for amelioration in clays and
the explanations given for the high cation exchange capacity in

red tropical soils, it is suggested that amelioration in those
soils which contain amorphous minerals is due to the rapid

reaction of the colloidal fraction with lime. This reaction

produces cementitious products with the initiation of the process

of reaction manifesting (at very early stages) in pH-dependent



29,

cation exchange possibly through adsorption.

e) Finally the order of reaction of some of the minerals in the
soils is postulated viz:- amorphous silica, alumina >
allophanes > metahalloysite > hailoysite > gibbsite > kaolinite.

These reactions could lead to the formation of quaternary

compounds.



" CHAPTER 3
SCOPE OF THE 'INVESTIGATION

- The preceeding chapters show the lack of information on the
fundamental properties of red tropical soils and red’ti*bpical
soil-lime systems despite the actual and potential wide utiliza-

tion of the soils in both the natural and lime treated states.

The response of red tropical soils to lime treatment is assessed

only by empirical methods. Methods with theoretical basis,
tested by laboratory results are desirable; furthermore where
experience is not available, as in most countries where red
tropical soils occur, a simple classification system‘with
engineering validity will be beneficial.

An- understanding and eventual solution to these problems
will be facilitated by the following objectives set out in this
work:

a) to examine and 1f possible determine the mechanism of
reaction between the soil and the lime,
b) to study the nature and types of the reaction products and

their relative effects on the strength of soil-lime systems and,
C) to investigate the contributions, if any, of the other
constituents of the red tropical soil-lime systems to strength.
It was decided to use the unconfineél compressive strength (UCS)
of the soill-lime systems as a measure of the effects of the
reactions and reaction products since strength is one of the most

important engineering properties considered in a soil-lime

nixture.
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The mineralogical and chemical compositions of the soils
and soil-lime systems are studied using x-ray diffraction, x-ray
fluorescence and thermal ahalysis while the micromorphology of
the reaction products is assessed by scanning electron microscopy.
The mechanisms of the soil-lime reactions are studied .in detail.

and the role of the type and volume of the reaction products and

quantity of other constituents of the system are assessed in

relation to the changes of unconfined compressive strength.
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CHAPTER 4

¥

PROPERTIES OF THE MATERIALS USED IN THE INVESTIGATION

Introduction

The purpose of this chapter is to give a brief description

of the location and environmental characteristics of the area,
sampling procedure, chemical and mineralogical composition, and
some of the engineering properties of the soils used. The origin
and chemical composition of the lime used to treat the soils 1is
also given.
Location and ‘environmental characteristics of the area

The nineteen soils were collected from the states of Paraiba

and Pernambuco which are located in the North East of Brazil.

Figure 4.1 shows the area in relation to the world. Three

distinct climatic conditions prevail over the area. A section
(A in Fig. 4.2) enjoys a hot and humid climate with mean annual

temperature ranging between 22°C to 26°C. Annual precipitation in

this section range between 700 mm - 1500 mm with about 80%
humidity. While another section (B in Fig. 4.2) is hot and humid
as well, irregular rainfall (annual precipitation around 800 mm)
gives it an arid characteristics. The third section (C in Fig.
4.2) is dominated by very hot climate with temperatures never
below 249C. It is semi-arid with low annual precipitation of
around 400 mm.
Sampling

The localities in the states of Paraiba and Pernambuco from

which the samples were collected are shown in Fig. 4.2. The



Fig. 4 1 Area of research in relation to the world
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Fig. 4.2 Details of area of research showing also the

climatic zones A, B, C referred to in the text
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choice of samples was based on such factors as experience, local
information and the performance of those materials that have been
used in roads and dams. The samples, normally taken from the B

horizon, were placed in polythene bags and sealed before being

taken away for storage.
Samples were named after the towns or the nearest town from
where they were taken. "I‘hroughout this study, samples are identi-

fied by the abbreviations for the names of the towns followed by
roman numeral to indicate where more than one sample is collected
from a town (see Table 4.1). The samples from the city of Joao
Pessoa (JP) are identified according to their positions in the
profile, 1.e., A (acima = top), M (meio = middle), and B (abaixo =
base); hence JPA, JIM, :JPB. All the samples used for the study

were less than 2 mm with the sieving done according to BS 1377

(71). Where the clay size fraction (< 0.002 mm) was needed it was

obtained by sedimentation under gravity using Stoke's law and

dried at 60°C to avoid possible changes in the material

characteristics.

-------

The total silica, alumina, iron and other oxides in the clay
size fraction were determined by x-ray fluorescence and the
results are shown in Table 4.2. The results show that total

silica and alunina each constitutes about a third of the total

minerals (including water) in the clay fraction of the soils

except JPA, SIA, and JII in which iron 1s substantial (about one

third). Total iron in most of the rest of the soils account for
about one-tenth of the total mineral constituents. The silica/

alumina and silica/sesquioxide ratios range between 1.05 to 2.67.

UNIVERSITY LIBRARY LEEDS



Table 4.1 Nomenclature of the soils




Joao Pessoa Acima - JPA
Jodo Pessoa Meio JPM
Jodo Pessoa Abaixo JPB
Cuite CT
Areia I Al
Areia II A II
Solanea IA S IA
Solanea IB S IB
Solanea II S II
Nova Floresta NF
Junco I J I
Junco II J II
Teixeira T TI
Teixeira IT T II
Recife RC

~ Usina S. Maria UsM
S. Bananeiras SB
Penha PH

Sape Mari AU B M. ...

39.



Table 4.2 X-ray Fluorescence Analysis of the Soil-

Fraction less than 0.002 mm (% by weight

based on samples dried at 60°C)
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Table 4.3 shows the constituents, in the clay size fractions

of the soils, which are extractable by 0.5N sodium hydroxide.

The extracts represent the different minerals in the amorphous
states ( 56). An examination of the percentages of the amorphous
silica shows that there is a wide range of values from 2% for SIA
to 11% for SII whereas the range of values 1s narrower for
amorphous alumina (from‘ 3% to 8%). Amorphous iron is nearly non-
existent 1n RC but has the highest percentage value of 2.5 in JPA.

The mineralogical composition was determined by x-ray
diffraction; it will be discussed in detail in Chapter 6. These
results are shown in appendix A.l; they reveal the presence of the
clay mineral kaolinite with quartz, haematite and goethite

present.

iiiiiiiii

4.5 Morphology and ‘distribution ‘of ‘minerdls

A discussion of the morphology of the minerals identified in

the soils is carried out in this section with a view to examining

their possible roles in the soil-lime reactions.

4.5.1 Kaolinite

The kaolinite as shown by x-ray diffraction is disordered,
giving a slight shift in the (001) reflection (d-spacing ® 7.21&
as against d-spacing of 7.14A for well crystallised kaolinite).
The disordered clay mineral has been reported as kaolinite rather
than metahalloysite purely from x-ray diffraction peaks.
Metahalloysite is difficult to distiﬁguish from disordered
kaolinite. It has been suggested that the presence of partially
hydrated halloysite can be detected by heating the soil to about
400°C and observing the 7.20A d-spacing (72). An enhancement of

the peak indicates the presence of partially hydrated halloysite



Table 4.3

Constituents in the clay size fractions
extractable by 0.5 N NaOH (as determined
by De Carvahlo (56)).




Soil Name

Jodo P. Acima
Joao P. Meilo
Jodo P. Abaixo’
Cuite

Areia I

Areia II
Solanea IA
Solanea IB

Solanea II

Nova Floresta
Junco 1

Junco II
Teixeira I
Teixeira II
Recife

Usina S. Maria
S. Banareiras

Penha
Sape Mari o

All

SIA
SIB
SII

JI
JII
TI
TII

RC

UM

SB
PH

3510,

2.81

10.91

6.71
7.84
8.11
9.69
2.08
4.13

11.29

8.31
5.02

0.69
8.12

4.68
9.21
3.71
?.19
2.91
7.98

3A1,04

3.10

" 7.97
.11

4.12
6.95
5.89
3.28
3.97

7.56
7.02

©6.11
4.07

6.98
4.02
6.16
4.41

6.84
5.80

6.48

bl ] }

Constituents extracted by
O0.5N NaOH

%Fes03

0.46

0.68

2.51
0.80
1.07
0.62
1.01
0.79
0.21

0.43

0.78

2.05

0.30
0.87
0.10

0.19

0.28
0.29

0.78

44,
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in the sample. Thermally, goethite reacts at this temperature and
since the x-ray diffraction peaks are affected by the presence and

state of the iron compounds (39), such a method of differentiation

may not apply to the soils. Methods for the determination of the
degree of crystallinity and distinction between kaolinite and

metahalloysite include x-ray diffraction, infra-red and thermal

analysis. The crystallginity*of the soils have been studied using
infra-red spectroscopy (73) and by the use of kinetic thermogravi-
metric methods. Both methods show that the kaolinites present in
the red tropical solls studied are poorly crystallised. These

studies did confirm that clay mineral halloysite is ‘absent.

4.,5,2 Silica

X-ray diffraction shows silica to occur in crystalline form
as quartz and in kaolinite. In the clay size fraction the range
of total silica is narrow (Table 4.2). Thus it will appear that
if the soils react with lime according to the total silica not
much difference in the strengths of the lime treated soils will be
observed. Relatively, the range of values of the amorphous silica
is wider and if the soils should react with lime in proportion to
the amorphous silica present, the range of values of their
strengths will be wide. It is Important to point out that high
values of amorphous silica are not necessarily associated with
high values of total silica.

4.5.3  Alumina
No other form of crystalline alumina e.g. gibbsite, boehmite

was detected. Crystalline alumina occurs only in kaolinite. The

range of values of total alumina 1S narrow whereas it is fairly

wide in the amorphous state. As in the case of silica, amorphous



4.5.4

4.6
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alumina does not vary as the total alumina.

Iron minerals

Iron exists in the soils as haematite, goethite and in the
amorphous state. The range of vélues of total iron is very wide
whereas the range is narrow for the amorphous state. A relation-
ship seems to exist between the values of the amorphous and total
iron in most of the soils. It would appear that the higher the
value of the total iron, the greater is the value for the .
amorphous iron. It thus seems that iron as measured in temms of
total or amorphous will have the same effect (if any) on the lime

reactivity of the soils.

Phxsical and ‘engineering p roperties

Table 4.4 shows the textural composition, compaction and

strength characteristics of the soils and soil-lime mixtures.

The conditions under which the maximum strengths of the soils were

determined are given since strength is the engineering property

used in assessing the lime activity of the soils in this study.

Strength de termination
Fach soil was treated with O, 1.5, 3.0, 4.5 and 6.0% 1lime

(by weight of soil). The strength of the soil is measured for
each lime percentage at different moisture contents. For any
particular lime content, the soil was mixed with water, statically
compacted into a 5.08 cm diameter x 5.08 cm high split mould using
energy equivalent to the BS intermediate compactive effort
(approx. 1090 KJ/m3). The density and moisture contents were
determined. The moisture content was varied and the procedure

repeated. The compacted specimens were cured at 22°C for 28 days

when their strengths were determined in unconfined compression.



Table 4.4 Physical and engineering properties of the

soils used for the investigation
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4.6.2

4.7

49.

For a lime content, the optimum moisture content was determined
and the strength corresponding to this moisture content on a
strength vs moisture content plot was taken as<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>