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Abstract

The thesis considers the feasibility of using marginal soils, stabilized with by~
drated lime or ordinary Portland Cement 45 an alternative construction material
for embankment damms.

An listorical review discusses some prior successfil applications of soil-cement,
soil-Jirme sud rolier com acted concrete in hydraulic structures.

The principles of yoil stabilization with lime an< cement are presented 2s an intro-

duction to the lab testing The testing considers
aspects of eagi) i i to dam i
‘Thess incly jon ch istic ive girength, shear

strength, ﬂexural strength, shrinkage characteristics and permeability.

Since the stabilized material will require protection by a durable facing, the
durabilities of the muterials ate considered, but o s limited extent, as are the
thermal properties, Further research is required to investigate the suitability of
the presently accepted durability test methods which appeat to be tao harsh for
soil-lime.

The engincering praperties of the unircated ml,, whlc,h would probably nat be

suitable for jon, ave signifi-
cantly enhanced by the addition of the stabilizers. The rssultmg stabilized mate-
rials present the designer with a variety of alternative materials suitable for dam
construction, Cost savings relative to coaventional dam building matesials result
from » significant reduction in the construction time.

Although the properties of soil-lime and soil-cement may differ, e.g. in time rate
of strength development, this is seen as an adventage in the consideration of
alternative design options in arriving at a creative cost-effective solution.
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Chapter 1

INTRODUCTION

1.1 Developments in the Use of Compacted Materi-
als in Embankment Dams and other Hydraulic
Structures

In recent years, Fapid incresscs in construction costs have motivated dam de-
signers to Tesearch and develop construction techaiques which reduce costs by
utilizing less suitable materisis and by redusing the construction tims. Both sta-
bilized soil and roller compacted concrete have become increasingly popular in
dam building and other hydrsulic applications where durable and erasion Tesis-
tent materials are requized.

The need for cost effective construction materiels is especially apparent in Africa
where many areas are subjected to alternating periods of severe drought and
sudden high rainfalls. The third world economies are hard pressed to cope with
the more immediate problems of disease and starvation, and thus cannot affard
the costs of building structuzes to sither prevens fioods or to provide water during
periods of drought. Although foreign aid attempts to partially solve the problem
by providing mmch needed food and medical supplies, it does not belp the third
world countries ig became self sufficient.

Thus many dams must be constructed at the lowest possible cost, while at the
same time providing sullicient spillway capacity and/or erosion resistance to
prevent dam failure during a major flood. Rural communities could then de-
velop agricultural projects without feer of their efforts being thwarted by flood
or drought.




Robertson, Bentel and Blight [1} discuss the potential of the stabilized . sil dam
in the African context, and how the different materials and embankment config-
urations provide the designer with a number of feasible alternatives which can be
used under a wide varisty of circumstances,

The following sectians present an historical review of some of the developments
in the construction of embankment dams and other hydraulic structures which
motivated this research projest. The discussion highlights the arces where the
use of stabilized soil and roller compacted concrete can provide benefits over
treditional solutions, sither by expediting construction of by cutting costs.

1.1.1  Soil-cement

Probably the most fmpertaut development in dam building techuology in recent
years was the successful use of soil-cement as slope protection. A typical soil-
cement slope protection design is shown in Figure 1.1, The protection layer of
approximately 600 mm thickness is consiructed by compacting hotizontal layers
of soil-cement typically 2 to 3 m wide and 150 to 300 mm deep in stairstep fashion
up the embankmet. 1 should be noted that the same technique is used in raller
compacted camcrete constructioa.

NOT TO SCALE>

Figure 1.1: Soil-cernent Stope Protection




oceurred iz 1051 when

The first signil usé of soil- it in dam
a trinl embankment in the area of the Bonny dam was faced with soil-cement and
asphalt concrete as substitutes for rip-rap slope protection (2,3} The closely
mnmtoud ma.l proved sw;ussful md soil-cement rapidly gained popularity as

A In 1976 the Portland Cement

Associntion [4} reported that soxl ement had been used in sorse 150 projects for
slope protection for earth dams’or other embankments.

Although not yet widely used in South Africa, soil-cement w23 used by the De-
partment of Water Affairs to e the upstream and downstream faces of seversl
small containmens dams in the Vasl-Grootdraai emergency scheme, The inter-
mediste containment dams were built at “great speed” in 1983 to reverse the
fow of the Vaal River between the Vaal Dam and the Groatdraai Dam during a
particularly severe drought which begau in 1978 {5).

The idea of = sclid stabilized sofl dam, i.c. a homogensous embankment (Figure
1.2) was initiated by Nash, Jardine and Bumphreys 6] and pursued by Blight
{7}, Robertson and Blight [§], and Robertsax (9], The philosophy behind the idea
is that since stabilized soil has proved successful in ‘bydraulic’ applications, then
under suitable conditions it can also be used in the body of the dam as the mass
gravity component. By varying the stabilizer content, the specific ‘zones’ required
in the embankment can be provided 6.5, 4 cement rich xpatream facing can be
uged si asan i and as slope

CUMPACTED STABILIZED

NORMAL WATER SURFACE = rg[m_ LAYERS

)
250-a00en

NOT 70 SCALE)

igure 1.2: The 'Solid’ Stabilized Soil Bmbankment Dam
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In compatison with & typical soned earth embankment dam, some advantages
pezceived us .t use of stabilized soil ave:

o The embankment slopes can be suspened as the strength of the material
increnses thereby i volume. Depending on the
height of the embankment, I:he ot seving through reducing the embank-
ment volume and thereby the construction time can xceed the additional
cast of the stabilizer.

The need for slope protection can be eliminated if the stebilized soil is
sufficiently duvable to resist erosion.

The reduced base width of the stabilized soil dam and the increased erasion
resistance could reduce the lengths and thus also the costs of diversion and
outlet warks, For example, an emergency spillway could be lined with soil-
cemeut Tather that the conventional and more expensive concrete lining,
while the Jength of the spillway wowd be less than that required for an
earth dam because of the reduced width of the dem.

.

o Fondation preparation would be similar o that for an earth embankment
dama. Although the width of the foundation would ke reduced, the depth
might in some cases have to be greater to provide an sdequate foundation
for the less flexible stabilized soil.

o The permeability of stabilized soil is generally low enough to eliminate the
need of impervious zones and flters. For exataple, an impervious upstream
soil-cement facing might eliminate the necessity for a clay core.

Robertson [9] conducted extensive research on verious engineering properties of
soil-cement, using 2 residual felsite located neat to the new Rondebosch Dam
site at Middelburg, Transvaal. He conchuded that the solid soil-cement dam was
indeed viable and in a comparison with the actual Rendebosch concrete buttress
dam, he found that the soil-cement dam would provic- many advantages which
would result in a considerable cost saving.

Although a latge soil-cement dam has yet to be constructed, this may be at-
tributable to the fact that the material is still being ressarched and developed.

Bilevertheless, the material has been used in smaller hydraulic structures in a
sumber of wass.

Dinchak {10] reports the ion of small solid soil % emb
walls (depths varying from 2.5 m to 65 m) forming bhe circumferential wall
and the interior bafe dykes of a cooling water Teservoir in Texas. Dinchak

4




[10} and Adeska [3} report the use of soil t for found

shoreline erosion protection and the use of low-permesbility soil-cement 25 a
lining material for seepage control and slope protection in reservoirs, chennels,
and sludge-drying aud wastewster lagoons, Adaska (3] reports the use of soi-
cement it more than 300 water resource projects aver the 30 year period before
1985. He aiso mentions the development of a composite liner consisting of
synthetic liner placed between two Iayers of soil~cement for maxinum seepage
Protection in the storage of hasardous wastes.

1.1.2 Soil-lime

The strength and durability of lime stabilized soils are generally lower than ce-
ment stabilized soils. A direct comparison is however pointless since the choice of
stabilizing agent for a particular application is dependent on the soil type, and in
particular the quantity and type of clay present in that soil. For a soil containing
2 heavy clay, one will often find that on adding a given quentity of lime, the
resulting material s superior to that obtained by adding a similar quantity of
cement.

Thus cement stabilization is not suitable for all spplications, and Gutschick (11]
reports  wide variety of projects where soil-lime has been used successfully in
“hydraulic’ ie. thet are sub or partially submerged

One such project is the Friant-Kern irrigation canal in California where the USER
re-tined sections of the canal with soil-lime. Initiaily, 85% of the canal was lined
with concrete panels, the remainder of the canal being earth lined. The purpose
of the remedial work was to overcome cracking and sliding problems along earth
lined sections of the canal, and ta prevent further cracking or “popping of® of
concrete panels. These problems were caused by the expansive clay soil used
to construct a large proportion of the canal. After twelve years, the soil-lime
lining was reported to have performed “in an excellent fashion” [12], showing
little deterioration, very good resistance to erosion and no loss in strength. Core
samples indicate that the strength is increasing with age.

Lime stabilization has also been used extensively in zepair wark in levees aud earth
dams where piping problems in dispersive soils, and sliding problems in expansive
clays have been encountered. As & result of these successful applications, suiklime
is being used as a ‘shell’ to face dams and spillways [13,14,45} and in dam cores
to prevent erosion and piping [L4,13].
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1.1.3 Roller compacted concrete - RCC

Roller compacted concrete s a material which has gained rapid popularity as a
construction material in embankment dams. Smca the first RCC dam wes con-
structed in 1982 (16}, RCC has proved i a8 an

to both earth embankment and concrete gravity dams. Prior to August 1988, ap-
proximately sighteen RCG dams had been built worldwide [17}. In South Africa,
$wo RCC daons have heen constracted while at least two more are at the design
or tender stage.

RCC origh d from the idea of i ional structural concrete with
vibratory roflers in order to gain economical advantage by reducing the consiruc-
tion time. Since densification is achieved by compaction, less placement water
and Jess cement is requized to achieve similar strengths at similar cement/water
ratios as conventional crmcretes, The cement content can be further reduced
by replacing cement with flyash which improves the workability of the mix, and
which can cantribute to sizengeh gains through pozzolanic reaction with lime
Hberated during cement hydration.

The unit cost of ROC is thus lesa than the unit cost of conventional conerete.
However, the major cost savings smanate frum the reduction in construction tims,
since ncreased material volumes may offées cust savings through reduced cement
contents.

Sucsessful mixes [16,18,19,20] have alsc been achieved using less select aggregates
and a higher cement content to offset the lower strength resulting from the higher
proportion of fine material. The aggregates may be a mixture of locally quar
tied materisls (“as dug?), with some processed aggregate added to improve the
particle grading distribution.

Prior to the addition of cement, these latter materials would appear to fall within
the Unified and AASHTO soil groups, ie. they can be classified o8 soils rather
than concrete aggregates. The products however have concrete like properties.
Thus he products can justifisbly be classified as soil-coment, but ere rather
included in the so-called “range” of roller compacted concretes. The classification
seems to result from the ability to obtain a fairly consistent material throughaut
the dam, thus minimizing the variability of the praduct.

There exists no siugle defizition for RCC, and it appears that in order for such
‘matexials to be acceptable to dum buildars, the definition of concrete has besn
*stretched” to include soils successfully stebilized with coment, Schrader [16] con-
tends that the soif in soil-cement has very little coarse material, whereas RCC
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contains more coarse gravels. However, from descriptions given, the matgm!s
wsed at Willowereek {16] and ille {18} dams {albait d by mix-

ing constifuents}), might well be classified as well graded gravels rather than
‘concrete aggregates’.

The awthor feele that such attempvx to redefine stabxhzed #oil and concrete are
The search for materials will lose momen-
tum if it gets caught up in the concrete designers desire for materials with the
predictability of conventional concrete. The ‘code’ approach to roncrete dssign
will certainly stifle the development of alternative materials if this approach is
allowed to be the criterion for evaluating the success of alternative materials.

of the arts of soil jos and concrete technology provides
suﬁaenﬁ understanding for (at least) trials to validate (or invalidate) proposed
alternatives. Such trisls would be expensive but could prove profitable to dam
buiiding, as did RCC which required the expsnditure of vast smounts of money
on field trials before becoming acceptable as » dam building material.

The successful applications of soil-cement quoted in Section 1.1.1 can thus be
augmented by similar applications where the use of material referred to as RCC
has not been prepared using conventional concrete aggregates.’

1.2 Justification for Further Research

As the title of this thesis suggests, the primary aim of this research project is to ex-
tond earlior research into slternative dam building materials to include stabilizing
agents other than cement, and simultaneously broaden the zangs of exploitable
soil bypes. This idea arose from the desire to utilize the large quantities of plas-
tic (clay) soils available in South Africa not generally suitable for use 25 a dam
building material in an unstabilized form.

Tiegge {21] notes that in certein regions of South Africa, %t is not possible to
obtain even semi-pervious soils within an economic haul distance from the dam
site”. A possible solution under such cuuumstances is to construct an homoge-
neous ie. without Dt ot pervious outer zones, using the
impervious clay material. This results in the embankment having steeper side
slopes than the slopes which might be achieved in a zoned embankment. Costs
could certainly be reduced significantly if it proved feasible to use such materials
in a stebilized form to tonstruct the embankment dam.
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Tt was also envisaged $hat it would be advantageous to dam designers if it became
possible to pravide a mare fexible stabilized material by using plastic soils and
stabilizing agents other than cement. As a result the restriction on the use
of soll-cement to sites with foundations stiff encugh to prevent cracking in the
relatively brittle soil-cement, could be eliminated or at least improved upon.
Alternatively, the increased costs of pto\ndmg adequnte foundations for the less
flexible stabilized soils (relative to dam
‘might well be offset by the reduction in the transportation costs through utilizing
nearhy ‘marginal’ sofls.

Sinee stabilized sofl has been used so extensively in highway construction a vast
amount of research has been conducted into the praperties of stabilized soil re-
sulting in a great deal of reference htemc.um on the sub]m:f. However the past
research is often selective, on the of the

spesific to » particular application. This reference material is thus not easily
transferable to the more elaborate requirements of embarkment dam design, and
thus further research is required to evaluate alternative materials in this context.

Furthermors, the behaviour of an embankment dam under varying boundary con-
ditions is certainly different to the behaviour of road or airfield paverments. The
conséquences of the failure of a dam demand that & dam be designed with almost
1o risk of failure, ‘This requires an intimate understanding both of the engineer-
ing properties of the materials invalved, and of changes in boundary conditions
(such as the presence of wair) on the engh and on
She integrity of the structure as a whole.

In order to use stabilized soil as & construction material i dams, there is  need
for research whick provides:

* An understanding of the mechanismz of cement and lime stabilization of
various soil types.

o The quantification of the enti trum of resulting
pertinent to dam desig, for a variety of soil-stabilizer combinations.

In planning the research programme, it was recognized thak the scope of the

project would not permit an in-depth investigation into all the properties which

require quantification. For & number of soil /stabilizer combinations, each prop-

erty could in fact form the basis of an individual research project. It was thus

decided to diflerentiate between those pmpemes which require lsboratary in-
before the fon of 2 trial emb and those

which could better be investigated under full-scale conditions.




A testing programme was then sst up fo investigate the foliowing aspects of
stabilizad soils:

» The determinution of the index properties of the selected sofls, including
particle size dir tribution and Atterberg limits. The results of these prelim-
inary tests are preseated in Chepter 3 together with information regarding
selection of soil types, stabilizing agents, and stabilizer contents.

« Compaction characteristics.

» Strength - including triaxial sh ength,
and flexural strength.

» Permeability and evosion :esistance,
* Shrinkage.
* Durability.

« Thermat conductivity.

The testing programmes for thermal conductivity and durability were limited
tuus allowing more effort to be concentrated on the other properties. Thermsal
conductivity would be mors easily quantified through measurements on a large
structure, but some value for stabilized soff was desired. The testing of durability
aceording to the accepted wet/dry testing procedure appears to be too harsh
for sofl-ime mixtures which, although they may fail such a test, show evidenca
of baing sufficiently durable for some hydraulic applications. Further research
is Tequired to develop a suitable laboratory test which provides a satisfactory
comparison with field resulta.

Nevertheless, it was felt that the quantification of the listed properties wonld
provide sufficient design data for the construction of a trial embankment. The
trial embankment could then be used to quantify other properties and to evaluate
the field behaviour of the various materials,

o
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Chapter 2

THE PRINCIPLES OF 50IL
STABILIZATION WITH
CEMENT AND LIME

2.1 Introduction

In South Africa, both lime and cement are used to stabilize scils for use in pave-
ment layers. The type of stabilizing agent depends on the constituents of the soil
to be treated while the quantity of stabilizer normally depends on the end result
required, i.e. modification or cementation.

A rule of thumb frequently used is that lime i suitable for treating materials
with a plasticity index (PI} higher than 10 (22]). Ballsatine and Rossouw [23]
recommend that for effective stabilization with lime, the treated soil should have
= minimum clay content of 5% and & P of et least 12 o ensure “an adequate ce-
menting mateix”. There ave howsver many materials e.g. astural gravels such as
certain sandsto.es, calcretes, decamposed granites aud dolerites, whose streugth
may increases considerably when treated with lime, sven though the Pls of these
matetials mey be below 10 {22},

Although cement can be used to stabilize almost auy sofl, it is generally most
effective in stabilizing medium to low plasticity meberials. In praciice it is some-
times difficult to obtain a uniform mixture when using cement with fine, clayey
soils. In such cases, Jime may prove to be a better stabilizing agent since it re-
ducss the plasticity of the clay and cas aid in the pulverization of a clay i.e. in
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allowing desiceated humps to be broken dawn. mors easily {see Section 2.4).

Research is currently being conducted st the University of the Witwatersrand
which will hopefully delineste more clearly the boundary between soils that
should be stabilfzed with cemert, and soils that should be stobilized with lime.

the fmal choice of s agent for a particuler project requires
of the design ¥ test results, site conditi
of at the time of ion aud i

In attempting to achisve a desired vesult, one cai also consider the possibility
of using a combiuation of stabilizing agents. By adding small quantities of lime
to » clay soil, one can significently reduce the plasticity of the soil {or “dry
out” the soil) and produce a more friable material whick is casier to work and
compact. The teckuique of “preconditioning” clayey soils in this way is often
used to sxpedite construction, particularly on wet sites or during reiny weather,
or to prepare the soil either for further additions of lime or for stabilization with
cement.

Clay mineralogy and the chemisizy of lima-clay reactions snd cement hydration
are complex topics not fully understood at this stage. A critical revue of these
topics is beyond the scope of this project. Soma seferences dealing with soil

use simplistic $o describe complex manifestations such
as the self-aggregation or flocculation of clay resulting from the addition of lime.

A&n unde ding of the d: la of soil according to these
simplistic explanations has proved adequate for the successful use of stabilized
materials in a vaviety of applications. However some points do require emphasis
t prevent materials from being incorrectly used.

In the case of lime stabilization for example, a kowledge of the type of clay being
stabilized s important since the extent and zate of the lime-clay reactions differ
between clay minerals because of the different mineral struchures. Thus successful
lime stabilization is fairly sensitive to the quantity of added lime i.. different
clays require different quantities of added fime to achieve the same end result.
Unlike cement stabilization where increasing the cement content almost inevitably
tesulta in an increase in the strength, excess lime may defeat the objective, with
higher strengths being achieved at lower lime contents.

“The rate of gain in strength of soil-lime may be very slow compared to the rate
of gain in strength of soil-cement. Design ¢onsiderations must therefore take into
account the need for lengthier curing periods before a structure can be put into
service.
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In praciice, it is not economically viabls to pulverize hardened clay lumps into fn-
dividual clay pazticles, Specifications generally tequire that the lumps be crushed
to a maximum size of 475 mm (pessing the #4 sieve). A particle size distribution
curve obtained in the laboratory reptesents an ideal case, with the clay particles
having been separated from each sther {dispersed) by the addition of a defloc-
culant or dispersing agent. In reality, the clay lumps must be treated s larger
particles inherently wecker than any cementing agent or silt or sand particles.
Although the outsides of the lumps may be modified and thereafter coated with
cementing material, it is not likely that the interior of the lumps will become
stabilized unlesa the stabilizer is able to diffuse into the body of the lump. Care
must therefore be taken not to treat clay soils as if they were made up of easily
divisible minutely sized particles.

The basic structuze of clay minerals is described in Appendix A, together with
the structure of two clay types smectite and kaolinite. Smectite and kaoliuite
are common in naturally occurring soils and are frequently used to describe the
extremes of the behaviour of the vatious clay minerals. They are used in this text
to highlight the differences in the behaviour that one might expect on stabilizing
various clay soils with lime and cement?.

2.2 Lime Stabilization

2.21 Lime

Althaugh ‘lime’ zefers specifically 0 the chemical compound calcium oxide (C20),
it is also commonly used ta refer to the caleination products of limestone (CaCOs)
and dolomite {CaMg(COs)a) and other calcareous or dolomitic calcination prod-
ucts.

When heated to about, 1100°C (24], calcitic limestons decompases into “burned”
Time (also “quick” or “unsleked” Hme - CaO) and carbon dicxide (CO), i
CaC0; MY G0 + €O, - limestone

The decoraposition of dolomitic limestons is & two stage process. At a temper-
ature of about 700°C dulomite decomposes to form magnesinm cxide (MgO),
carbon dioxide (CO;) and calcium carbonate (CaCOs) fe.:

" "Tha slay minerals senct with the fres lime In the cement
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CaMg(COg); ¥ MgO + CaCOy + CO;3 - dolomite

It is necessery to continue heating the products to 13100°C to decompose the
CaCO0s, Le:

MgO + CaCOs 125° Ca0' + MgO + CO,
The products generally include small quantities of ‘impurities’ originally included
in the limeatone (see Table 3.2), but the two types of lime are easily distinguished
by the quantitiss of calcium (as CaO) and maguesium (as MgO). ‘High calcium’
limes may contain 90-99% CaO while dolomitic Emes may contain 30-40% MgO.

Dry hydrated calcitic lime is produced when CaO is reacted with just enough
water to satisfy its ainity for moisture under conditions of hydration. High
calcinm quicklime reacts readily with water to produce calcitic hydrated lime
Lo

GaO + Hz0 —» Ca(OH)z T

‘The hydration reaction, also known as ‘slaking’, is exothermic and is zzcompanied
by an increase in volume. Logically, the hydrated lime has less available CaO per
unit mass (typically 60-75% aveilable GaO) than the unslaked lme.

Dolomitic quicklime does not hydrate 2 readily, the MgG component being
less reactive as & result of the ‘over burning’. Hydration at atmospharic pres-
sure and low retention times results in dolomitic monohydrate lime (Ca(OR); +
MgO), while longer tetention periods, elevated temperature and pressure results
in dolomitic dihydrate lime (Ca(OH)z + Mg(OH),).

The products most commonly used for soil stabilization are hydrated high cal-

cium lime (Ca(OH)s), monohydrated dolomitic lime (Ca({OH); + MgO), calcitic
quicklime (C20) and dolomitic quicklime (CaO + MgO).

2.2.2 Lime-clay Reactions

‘When Jime? i» mixed with 2 moist clay soil, t%o basic though complex reactions
take place(22,23,25,26]:

hesia considers the use of high calcium hydrated lime, calcium hydroxide (Ga{OH)s)




+ Cation exchange reactions and focculation of the clay which begin almost
instaataneously aad which produce rapid changes in the soil plasticity and
workakility - referred to as modificution reactions.

« Depending on the characteristics of the sofl being stabilized, a clay-lime
pozzolanic reaction may occur. The paszclaaic reaction, which is time
dependent, results in the formation of of various cementing agents which
increase the strengih and durability of the matetial - called cementation.

Ton exchange and floceulation -

Clay particles adsorb catians® to neutralize the negative surface charge resulting
from unbalanced isomorphous substitution (see Appendix A). The negative sur-
face and the distributed chatge in the adjacent phase are together tecred the
‘diffuse double layer’ [27].

The type and size of the adsorbed cations, together with other influences such
a3 pH 2nd electrolyte concentration?, infuence the thickness of the double layer
and thus the interparticle forces and the guantity of water edsorbed by the clay
to hydrate the particle sutface and the adsorbed cations.

The adsorbed cations are excha.ngeable, ie. they can be replaced by other cations
with the general rule for replaceability being that multh tions are adsorbed
in preference to monovalent cations.

‘When lime is added to a moist clay soil, a base-exchange reaction occurs with
Ca?* jons replacing the H* jons and other monovalent jons such as Na* ions
adsorbed to the clay.

Both the increase in the and the ial adsorp-
tion of multivalent Ca** jons suppress the double layer, leading to reduction in
interparticle repulsion [27,29).

As the water content of calclum staectite is increased, the interlayer expansion
is restricted to a c-axis spacing of 19 4 leading to domains or aggregates of

-~ several unit layers [27]. On the other hand, sodium smectite can expand almost
i itely due to strong i i fons, leading to fully separated it
I layer particles (dispersed).
ju The inflasnce of adsorbed auions 8 generally not considerad as befng significant in lime
i stabilization

o “Lazbe and Whitman}28} and Mitchsll [37] and Grizm [2s) describe the vatious infiusnces ou
Vo the adsorbed watar.
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If sufficient lime s added to the clay, crowding of the Ca®* cations onto the clay
particle surfaces results in the particles aggregating into silt sized ‘focs’.

1t is thought [36] that the tendency towards floceulabion arises from the increase
in the pH of the soil-water. At higher pH values, hydrogen fons may dissociate
from SiOH groups exposed at the surface and edges of the particle ie.:

sioH 24 sio- + HY
resulting in the particle hecoming mare negatively charged. Thus the cation
exchange capacity is dependent on pH, being greater at higher pH values [29].

Thus the phenamencn of facculation appesrs to result frora the combined effects
of the reduced interparticle repuisions and from the bonding together of two
negatively charged edges or surfaces by the positive valencies of calcium fons.

The jon exchange reactions and the focculation of the clay begin almost imme-
diately, resulting in most cases in an inctease in the plastic limit and therefore
am increase in the strength at the same ‘in-situ’ water content [31]. Generziiy
the plastic limit increases, while the liquid limit ither remains unchanred or
increases ot decreases slightly. The lime improves the texture of the clay, and the
‘material becames more friable and more worksble.

The result of Hocculation s in effect an increase in the size of ‘particle’ which
will semain stable, ie. will not disperse into smaller particles, when placed in
waver. Ingles [82] defines floceulation as the ‘bridging’ of clay particles into a
loose random structure (Figure 2.1). The randomly oriented structure is more
porous (and hence has a higher permeability) than the unflocculated structure.
The bridged structure resists shear and thus yields a lower compacted density for
the same compactive effort. He describes Hocculation as “effectively converting
the clay to the mechanical equivalent of a fine ailt”.

\/ Floc unit

Figure 2.1: Floc Units in Randem Orieatation
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Figure 2.2 shows the variation of the Atterberg limits with increasing lime content
of a smeztite clay soil investigated in this project. The limits were determined
after the mixtures had been allowed fo ‘cure’ in a loose state for a period of 48
hours. ‘The trend is typical of smectite clays which show  significant reduction
in plasticity resulting from an increase in the plastic limit and  reduction in the
Yiquid limit.
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Pigure 2.2: Variation of Atterberg Limits of Soil C with Lime Content

The fncrease in the plastic limit can be ascribed to the focculation of the clay
which behaves more like s granulas material. Hilt and Davidson [33] explain the
sise in plastic limit as being additional water required to break the stronger bonds
between clay particles within the flocs. In other words, a bigher water content
creates a more diapersed structure which is easier to zemould.

The stabilized material still exhibits a liquid limit i.e. some cohesive strength, but
will exhibit little plasticity because of the overriding influence of weakly attracted
silt size flocs. Although the soil may appear to be non-plastic, this does not mean
that the plastic limit is zero, but that the plastic lirait is very close to the liquid
limit or cannot be measured. The higher the clay conteat (unizeated), the further
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the plastic and liquid Hmits diverga from one another because of the increasing
influcnce of the clay.

Thus as the lime content is increased, more clay becomes focculated, reducing
the range of water contents over which the soil will behave plastically, The lime
itself may also contribute to some extent to the raising of the plastic lrmit when
it hydrates, i.e. additional water is required to plasticize the lime.

The same trend cannot be expected for all soils, and laboratory dsterminations
of the Atterberg imits must be conducted to confirm any assumed changes.
Kaolinitic clays often show increases in the lquid Limit with incressing lime
content, sometimes showing incressed plasticity [31). However, the increased
plasticity can be shown to result when the liquid lmit increases by a greater
amount thaa the plastic imit?, Le. the liquid and plastic limit curves diverge
with incteasing lime content.

Rowlands, Fiht and Delpak [34] present results obtained by A. Leroux which
show the PI of a kaolinite clay increases from 35 to 40% on the 2ddition of 20%
lime as a result of the liquid Limit increasing from 71 to 87%, whils the plastic
limit increased from 36 to 47%. Although an increase in the plasticity may not be
desirable in certain applications, the increase in the plastic limit still makes the
s0il stronger a$ the same ‘in situ’ water content (31]. Resulta of their own research
‘programme {34] conducted on a soil with a P1 of approximately 12% show that the
PI decreases with increasing lime content, curing period and curing temperature,

The quantity of lime required to tomplete the ion exchange and foceulstion
reactions (known as the ‘initial lime demand’ or ‘lime fixation capacity’), the
Tate of the reaction and the extent to which the properties of the clay are altered
Ly the reaction, are dependent on the clay type.

Kaolinites have low cation exchange capacities and thus Jow initial lime demands
{1 to 2% lime by dey weight). The ion exchange and Aocculation reactions are
normally completed airly rapidly i.e. in less than 24 hours. Smectite clays have
high cation exchange capacities and initial lime demands may range from 5% to
as high as 12%. The ion exchange and focculation reactions occur at slower rate
and may take some days to complete.

Because of its small particle size and the expanding lattice structure of these
perticles, smectite cley is highly water ‘sensitive’. Smectite is notarious for the
large volume changes which ocour when it is web or dried. On the other hand,

In the mumerous texts conulted, the author found no instance where the plastic limit of 3
clay soil of auy type decreased with increasing lime content.
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kaolinite is relatively insensitive to changes in water content and does not swelf
or shrink very tuuch. Thus the potential for modification of the cngineering
‘properties of smectite by lime stabilization is logically much greater than that for
kaolinite.

Changes in the engineering properties can be effected rapidly, with the modified
clay having higher shear strangth, higher permeability and lower plasticity thaa
the original material. As mentioned earlier, these beneficial effects tan be utilized
to expedite construction on wet sites where the modification of 2 plastic clay to
2 friable non-plastic material allows access to heavy construction equipment.

Cementation

After the short term jom exchange and focculation reactions have occurred, any
excass or ‘fres’ lime reacts chemically with the clay Iinerals or with any other
fine, pozzolsaic component such a3 hydrous silica or alumina. These reactios
produce “tough, water-insoluble® hydrated calcitm silicate and aluminate gels
which cement the soi} particles [22,25,31,35,36].

The reaction products are similar to those present in hydrated Portland cement
(see section 2.3), However the hydration of cement is independent of the soil
type, while with lime the gel is formed only after attack and removal of silica
from the clay minerals of the soil [25,31].

The type and amount of minerals in the soil that react with the lime (known as
poszolans) vary for diffesent soil types and determine the long term properties of
the soil-lime. Possible sources of silica and alumina inciude clay minerels, quartz,
felspars, micas and ather similar silicate or alumino-silicate minerals.

Ir addition to the formation of calcium and aluminium silicates, it is also believed
that the lime reacts chemically with the surfaces of the clay minerals [25], with
new phases nucleating directly upon the surfaces of the clay particle. The same
reference suggests the possibility that ce~ ntation cccurs as a combination of the
twa processes.

These reactions occur only under a condition of high alkalinity {23,25,33,37,38,39]
(pH > 11) at which the solubilities of silica and alumina are greatly increased.
‘This condition is achieved by adding sufficient lims {the pH of lime saturated
water is approximately 12.4) to ensure that the pore water remains calcium sat~
urated for the projected duration of the pozsolanic reactions. Ingles and Metcalf
{31] note that the reactions proceed only whilst water is present and able to carry
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calcium and hydsoxyl ions to the clay surface. The reaction thus ceases on dry-
ing {just 25 cement hydration would cease on drying), and very dry soils will not
Teact with Ime.

Ingles and Metealf (31] describe the cementing mechanisra as shown in Figure 2.3
whereby the gel immediately begins to coat clay lumps in the soil and to block off
the soil pores. In time the gel crystallizes on the sides of clay lumps into calcium
silicate and aluminate hydrates. Water for the reactions is ‘withdzawn’ from the
soil pores until there is insufficient water in the voids and the reaction ceases.
Correct. emphasia is placed on the fact that (in the short term) clay lumps are
stabilized on their outside surfaces only. Thus together with the unused lime and,
the weaker ancrystallized gel, the interior of the lumps represent local weaknesses
in the ‘matrix’ of stabilized soil. In the longer term (a munber of years), the
interior of the lumps may become stabilized through the diffusion of dissolved
Eme.

\ CaSiDy st gelatinoas
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Figure 2.3: Mechanism of Lime Stabilization of Clay Soils (after Ingles and Met-
calf [31])
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Natural soils contain both granular (silt, sand and gravel) and clay mateniels.
Some of the granulsr partisies may be capable of reacting with the lime to form
cementitious gel. It follows logically that there must be sufficient lime reactive
clay or other materials to produce sufficient cementing material to both encase
the clay lurmps and to bind granular particles together at paints of contact [32).

Although the ing reactions may begin i the rate of the reaction
is very slow, and it ey take some years before emﬁmmt crystalline products form
to ‘with soil b, Tl itious products are

permanent [22,25,39], 2ad as will be demm;crmd by the results of this project,
large increases in strength ocour when the material is submersed in water or when
flowing water is passed through the material.

On the basis of this discussion, the suthor feels intuitively that water pexcolatmg
through a compacted lime.clay material is advantageons since i can ‘carry

cium fons into the unstabilized body of clay lumps and other regions ntherwwe
inaccessible to the calcium. In this way the material may be tnore effectively
stebilized fairly rapidly. However, excess lime required for the slower pozzolanic
reactions may be leached out of the material. It s thus important in a strac-
ture such es an embankment dam, to ensure that the flow of water through the
stabilized material is very slow.

Not all clay types are lime reactive. The non-veactive materials show little or no
increase in strength when lime stabilization is attempted. Short term (7 or 28
day) laboratory strength tests are of little value in determining ‘optimum’ lime
requirements for strength, and may provide misleading results (see Chapter 5).
Long term laboratory tests, which may be skortened by accelerating the reactions
by curing specimens at elevated temperatures {25, are the only reliable means of
identifying whether a soil is lime reactive or not.

Carbonation

If  soil-lime mixture is left exposed, then carbon dmxxde from the air reacts with
the calcium hydroxide to form calcinm carb

because it obs the lime intended for pozzolanic rea:tmns and s the voids with
a weak cement which prevents the honding of sofl particles by sny pozzolanic
cement that may be produced.

Paige-Green (40] found that not only does carbon dioxide retard the development
of strength of i tabilized materiuls but is al: pable of reversing th th
development in some materials, particularly lime stabilized calcvetes, such that
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major stengih losses result.

Carbonation of lime prior to and after mixing must therefore be prevented in
order to achieve the maximum strength geins throngh pozzolanic action and to
prevent the deterioration of the stabilized material when subjected to setvice
loads

2.3 Cement Stabilization

2.3.1 Cement

Portlend cement s manufactured by burning an intimate mixture of calcareous
(mainly limestons} and acgillaceous (clay or shale) and/or other silica, alumina or
izon oxide bearing makerials at approximately 1500°C. The constituents cambine
by means of solid state diffusion $o produce stone-hard dense lumps known as
“Portiand cement olimker’.

‘The clinker is finely ground at which stage a small proportion (up to 5%) of

gypaumz is added to retard bhe initial setting of coment for suficiently long to allow

working of mixed materials (o.5. concrete) into 8 final desired pesition [41). The

R——— jally of finely ground calctum silicates and

with small p of ium oxide, gypeumm and uncombined

calcium oxide. Table 2.1 lists the spproximate compound compasition of ordinary
Portland cement.

The abbreviated notation of the campounds use oue Jetter to describe each oxide,
ie. CaO = C, §i0, =8, Al;O3 “= A, FesOg = F, and HzO = H.

Some of these compounds have bydraulic properties, i.e. when mixed with water
they hydrate to form new compotinds which interlock in  mixture of high phys-
ical strength. The bydration of the major constituents of portland cement i.e.
tricale-um silicate and dicalcium silicate are largely zesponsible for the strength
of hydrated cement.

The most commonly used cement is otdinary Portland cement, » general all
purpose cement. Other cements with special propertics e also used, gonerally
for more ications, ‘These are d either by altering
the chemical composition of the clinker (e.g. sulphate resistant cement), finer
grinding of the clinker (e.g. rapid-hardening cement) or adding other constituents
e.g. blestfarnace slag or flyesh.
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Table 2.1: Apptoximate Componnd Composition of Ordinary Portland Cement

Compound Formula Percentage
(A jation) | (by weight)

Tricalcium silicate 3Ca0.5i02 35-55
(Cs8) ]

Dicalcium silicate 2Ca0.5i0; 20 - 40
(C:8)

Triealcium 3Ca0.AL0s 5-12

Aluminate (CsA)

Tetzacalciura 4C20.A,OFez0O5 | 5-10

Aluminoferril (CeAT)

Gypsum Ca0.80,.2H,0 4-7

Calcium oxide a0 0.5-25

Magnesium oxide MO 05-8

2.3.2 Soil-cement Reactions

The chemistry of hydrated cement is also not completely understood at this
stage. As in the previous section, simplistic explanations ate used to describe the
complex reactions which produce hardened cement.

When water is added to cement, the cement-water reactions (hydration reac-
tions} prodace hydrates of the various compounds which aze pracipitated in gl
form. The gel bazdens owing to crystalline intergrowths formed by the hydration
compounds.

The idealized hydration reactions of the major constituents are written as follows
{42,48):

Tricalcium Silicate
2CsS + 6H —» Cs8zHs + 3Ca{OH),

2z




Dicalcium Silicate
2G2S + 48 — Csé ks -+ Ca(OH)2
Tricalcium aluminate

CsA + 6H — CsAHs

Tewracalcium aluminoferrite
C4AF + 4Ca{OH); + 22H —— C4AHs + G, His

The hydration compounds reach different strengths at different rates [41]:

« Tricalcium silicate hydrates rapidly and is chiefly responsible for the early
strength of cement-water pastes.

« Dicalcium silicate hydrates slowly, contributing little strength before 28
days. It does however contribute significantly to the strength at laier ages
if sufficient water is available for continued hydration.

o Tricalcium aluminate does not contribute much to the ing action. ¢
accounts for tke initéel set and adds slightly to the esrly strength liberating
large amovnts of heat during the first few days of hardening.

« Tetvacalcium aluminoferzite hydrates rapidly but develops very little strength.

When mixed with soil and water, the reactions which occur aze similar to those
presented in the case of clay-lime:

» The hydzstion of the calcium silicates releases lime as Ca(OH},. Reactive
free lime (ss C3O) present ia the cement (i.e. CaO that is not over-burned)
also hydrates to produce Ca(OH);. These Ca(OH)s products react with
the clay in plastic soils as described in Section 2.2 resulting in 5 fairly rapid
reduction in plasticity anc an increase in strength [22].

* The major contribution to the strength of soil-cement cotnes however from
the hardened cement which boads the sail particles together providing early
and long-term strength, and thus determining the engineering properties of
cement breatad materials (22],

Ingles (32] notes that granular soils reguire cementation at points of contact to
maintain their de-ise state after compaction, while clay lumps must be encased by
a ‘shell’ of cement which provides a moisture barrier and restricts volume changes.
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He also points cut however that a disadvantage of the high early strength type of
atructure is that once the structure has been ruptured it does not readily reform.

This implies that high coment contents may be sequired to effectively stabilize
expansive ot shrinkable clays. In this casv, lime stabilization is cerbain to provide

a cheaper solution with the sdded edvantage of being capable of ‘seif-healing’ .
early band brehages because the comeinting action is relatively slow.

2.4 Preconditioning Soils with Lime

The strengths of lime and cement stabilized soils strougly depend on the unifor-
mity of the soil-stabilizes-water mixture before compaction, i.e. on how evenly i3
the stabilizer has been distributed throughout the coil. However when either ce-

‘ment o fime is mixed with s highly plastic ciay and tle mixture moistened, clay

lumps may stick togsther preventing a uniform mixture of soil and stabillzer.

|
“Preconditioning’ such soils with lime is s fairly common method of achieving }
a more uniform mixture and thus obtaining higher strengths from plastic soils
{25,31,33,37,44,45,46]. Firstly a small amount of lime {1-2%) is mixed with the
soil. After water has been added, the mixture is allowed to stand for one or
two days in a loose uncompacted state. The Jime fncreases the plastic limit
of the soil with the result that on subsequent wetting to the moisture content |
required for compaction, the ciay lumps do not stick sogether. Whon further lime o j
(or cement) is added for the purpose of cernentation, it can therafore be more i
uniformly distributed thronghout the soil, thez.y improving the effectivensss of !
the stabilizer. |

i

i

The same references also mention the ‘helpful astion of lime in breaking down
clay clods’, Apparcatly it also becomes sasier to broak the clay luampa into smaller
fragments after preconditioning with lime,
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Chapter 3

SELECTION,
PREPARATION AND
MONITORING OF

« MATERIALS AND TEST
SPECIMENS

8.1 The Soils
" u¢ particle size distributions of the four soils used in this project are shown in
Figure 3.1. Throughout the text the soils are referzed to as:

Soil A: A reddish brown clayey silt.

Soil B: A yellowish brown clayey silt.

Soil C: A light green silty clay.

Soil D: A greyish black clayey silt containing organic material.
The soils were obbained from the same site. Soils A, B and C appear to have N
originated by in situ Weathering of the same parent material, with Soils A and B k

move highly weathered than Soil C. Soil D, a topsoil containing organic material, Y
appeared to be alluvial.
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Figure 3.1: Particle Size Distributions of the Soils used in the Project

The predominaat clay mineral was identified using X-Ray diffraction analyses as
smectite,  bighly expausive and lime reactive clay mineral. An X-Ray Auores-
cence scan indicated that the clay was 3 calcium smectite since a preponderance
of calcium was indicated while little or no sodium was evideat. AR clays in in-
land South Africa are likely to be celcium clays since they were not deposited in
a marine environment.

In agcordance with the Portlend Cement Association guidelines for the prepara-
tiom of soils for laboratory testing [4] the soils wers air dried, mixed thoroughly
and passed though a # 4 sieve (4.75 mm opening). The material retained on
the # 4 sieve wes then crushed if in clod form, or discarded if granular. Soil C, a
heavy clay, required a great deal of pulveruing befors passing through the No. 4
sieve, This resulted in lumps of clay (maxiaum size 4.75 mm) and clay ‘powder’.
The soils were then thoroughly mixed to re-include the material thet equired
pulverizing, and then stored in large steel drums covered with plastic sheetixg.
The seils were mot oven dried since an elsvated temperature can permanently
alter the properties of a clay sail [47].

When sail was required for sample preparation, an amount of soil (approximately
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5 kg) was taken from the drum and mixed thoroughly. After taking a moisture
content sample from the mixed soil, the %6l was sealed in a plastic bag and placed
in n air tight bin for 48 hours before it was used. ‘This preparation proved to
be satisfastory for achieving accurate and uniform moisture contents in movlded
samples.

Table 3.1 lists the resvite of the prel.\m.mary tesfa condm:ted on the soils to de-
termine their index and

Table 3.1: Basic Properties of the Sotis

Soil | Atterberg Limits | ASTM Sofl Group Particle
Classification | Specific Gravity
TL | PL | P1
%) | (%) | (%)
A [469 | 288 181 CL 272
B [ 803 | 265 | 240 CI-CH 32.70
C | 751280 | 621 [ 3.73
€3.1 [ 320 | 302 MH T zer
Compaction Characteristics
Sail Modified AASHTO Standard Proctor
Optimum Masimamt Optimum Mavcimun:
Moisttire Contént | Dry Density | Moisture Content | Dry Density
(%) (kg /m") ) (kg /m®)
A 207 1654 243 1550
B 204 [~ 168z 25 578
[5] 210 | 164 24,8 1535
D 78 [ 82 758 1475

3.2 Stabilizing Agents

Initially, in order to keep up with the current trends in scil stabilization, it
was hoped to stabilize the soils with cement, lime, and combinations of these
stabilizers with fiy ash. At the time that the research was conducted however,
the use of South African fly ash as a pozzolan in soil stabilization had not proved
as successful as elsewhere in the wold.
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Tt was thus decided to limit the scope of the projsct ta the stabilizing of the four
soils with varying percentages of cement and lime.

3.2.1 Cement

Ordinary Portland cement was used bhroughout the project. Sufficient cement
for the entire project was sealed in plastic bags which wese placed together with
large baga of desiccant in air tight containers. Cement retains its propertiss over
fairly long periods time if correctly stored and sealed from the ingress of carban
dioxide [9,41).

3.2.2 Lime

A Time commonly ussd for base and sub-base stabilization wes selected for this
project. ‘The lime was described as a “super sir-separated dry hydrated lime”.
The chemical analysis of the lime is shows i Table 3.2.

"o prevent carbonation after opening the bag of lime, the lime was divided into
smaller quantities and stored with bags of desiccant in airtight containers. In
this way, the lime was minimally expased before use in sample preparation, Any
fime that was falt to be overexposed was discavded.

In considering the type of lime to use, unsiaked lime was rejected b - - its high
heat of hydration was felt to be undesirable i dam construction.

Table 8.2: Chemical Analysis of Hydrated Lime

Avedlable Cab
Total Calcjum a5 GaO
Total Magnesium a3 MO
SHica 1 Insolubles as 510z
Gther Metals as §;05
Cacbon Digxide a5 Works
Toss on Ignition

[ Residue on 0.075mm sieve
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3.3 Stabilizer Contents

Before the testing programme could begin, it was necessary to salect stabilizer
contents at which the would be :d. The feasibility
of stabilized soil as a dam building material depehdx strongly on the quantity of
stabilizing agent and the relative strength at a particular stabilizer content.

Although the unit costs (per dry muu) are a\mxlax for cement and lime, the sail-
stabilizer reactions for soil differ The stabiti
contents must therefore be selected :q:pn:prmbelyv

2.3.1 Cement

The selection of cament contents was based on the Portland Cement Association
“Guidelises for the jon of soils for testing’ [4]. Minimum ce-
‘ment cantenis for soil-cement % be used in ‘water control’ are specified according
to ASTM soil group clessification.

o use soils A to s for ‘water control’, the recommended minimum cement content
is 10%* [4]. It was felt that by using the recommended minimum as the uppsr
bound of the cement content for this project, it would be possible to establish
why this limit was necessary. Thus it was decided to investigate the propertiss
of soils A to D stabilized with 5%, 7.5%, and 10% cement,

Because of the high plasticity of Soil C, 2% lime was added at the same time as

the cement to facilitate mixing which was otherwise not possible.

8.8.2 Lime

‘The selection of lime content depends on a number of factors including:

+ The initial lime demand to satisfy ion-exchange and flocculation reactions.
« The reduction in plasticity required to facilitate construction procedures.

© Whether the soil is lime teactive - not all clay soils react with lime to
Produce  substantial strength increase.

Throughout the thesis, the stabiliter content is exprossed as 2 Percentags of the dry mass
of the sofl to which it is addad.




o The stength requirements, ie. short or long torm strength. Por ‘cemen-
tation’ additional lime must be provided fo satisfy Jong ferm pozsolanic
reactions if these are possible.

Singe the last three factors were ot known at the start of tie project, the selention
of the lime contents Was based on the initial ime demand as detsrmined by the
Eades and Grim ‘Quick Test’ [48].

The ‘Quick Test’ measures the amount of lime required to raise the pH of the
soil.water mixture o 124 (i, lime saturated) aftor one hour. Figure 3.2 shows
the results of the Eades test for Soil C, indicating ihat at least 5% lime should
be added to this soil to satisty the initial lime demand. The results for the other
three soils Wers very similar, ie. all four soils hed an initial lime demand of
approximately 5%.

12 /:’

pH

"
v &
-

[ 2 4 3 s 10
Lime Content (%)

Figure 3.2: pH versus Lime Content {Eades and Grim ‘Quick Test’) - Suil C




This result was confirmed by the results of X Ray difraction analyses condueted
on foil ¢ stabiiized with increasing amounts of lime (Figure 3.3). The samples
wwers wet-mixed to ensure maximum lime-clay reaction, and then cured for three
months in sealed containers before the X-Ray analyses wera conducted. The
samples were air-dsied and the smounts oriented ta enhaace basal refections.

From the results it can be seen that at least 5% lime must be added before the
clay is “fransformed’, i.e. the peaks on the X-Ray diffraction trace at 26 = 5° and
129 (corresponding to the peaks normally obtained for smectite) are significantly
suppreused. These results also agree with the results from the tests to determine
the variation in plasticity with increasing lime content which show that 5% lime
almost renders the material non-plastic. From the small peaks still evidont st
7.5% lime, i is also sppazen that significantly longer curing periods ave required
before the clay is ‘destroyed’. ,

1t should be noted that because of the variability of the properties of clay soils
and the uncertainty which exists as to the exact reactions which may take place
between the clay and the lime, a clear cut method for determining the minimurn
Jime content does not exist. All the methods {reference {25] quates nine possible
methods) have limitations and thus either suggest or use supplemental strength
tests to determine the lime content required to develop the strength desired for
the particular application.

Although existing literature [23,25] indicates that there exists an optizmm lime
content above which the sirength of the soil-lime mixture would deareus, u;

appears that this iz applicable only to shott term
(see Chapter 5). The amount of ‘excess’ lime required to “ensure a pH of 12.4
for the strength-ps soil-lime ic reactions” (28,25) can

only be determined by semng the properties over Jonger periods, at lime contents
higher than those required for the short term reactions.

In order to simplify the recording, analysis and preseniation of data and the
comparison of results with soil-cement, lime contents of 5%, 7.5% and [0% were
selected.

3.4 Moulding and Curing Specimens

Standard eylinder specimens measuring 37.5 mm dismeter by 75 mm lang were
used for the unconfined compressive strength tests, the triaxial tests and the
permeability tests. The following procedure was used in the manufacturing of
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0% and 1% Lime

e

2% and 3% Lime

\ 7,5% Lime

T T T T o T T h
5 4 3

Angle (26)

Figare $.3: X-Ray Difivaction ‘Trace for Soil C Stabilized with Lime {Specimens
cured for six months at 30°C)
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the specimens:

.

The required quanities of atabilizer aud soil were mixed in a dry state using
a domestic food mixer with a dough hook.

The required water was then added while mixing proceeded. It was found
that because the mixtures initially remained plastic, they could not be ad-
equately mixed in the mixer, and required supplemental hand mixing to
bresk down lumps which stuck together. The total mixing time was ap-
proximately five minutes, although some maberials required slightly longer
mixing times.

The required mass of stabilized soil was weighed and poured into a cylin-
drical mould designed to BS 1924 (1975). The material wes continacusly
tamped into the mould with a tamping bar to obtain a uniform loose den-
sity.

The mould was placed in » compression testing machine and the top and
Dbottom ‘ram’ caps compressed until fange closure was obtained,

The specimen was extruded, weighed and stored in a humid chamber (ap-
proximately 95% relative humidity).

Moisture content ssmples were takep at the fime that each specimen was
being moulded. Moisture content determinations were made by oven drying
these samples at approximately 1109C.

tex the specimens had been cured in the humid chamber for 7 days, they
weze sealed by wrapping them firstly with a commercial thin plastic kitchen
wrap, followed by » layer of aluminium foil. The wrapped specimens were
then dipped in paraffin wax.

The sealed apecimens were cured for a further three weeks before testing,
i.e. a total of 28 days curing.

Because of the size of the fexure specimens {300 mm long by 75 mm square),
the maserials for these specimens were hand mixed and the campacted specimens
humid cured (95% relative humidity) for 28 days before testing.

3.5

Recording of Data and Analysis of Resuits

The primary objective of the research was to examine several properties of a
variety of soikstabilizer combinations with the intention of proving the feasibility
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for ise) of the use of ive materials in dam

Tn view of the large number of soil-stabilizer combinations to be tested {28 com-
binations per test type), and bearing in mind the fact that the results were not
intended for design purposes, it was decided to conduct only one test of each
type at each stabilizer contant. The triaxial shear strength, flexure and shrinkage
tests were time consuming and it was estimated that increasing the number of
testa per property to three (for 2 statistically acceptable set of results) would
have extendsd the Jaboratory pragramme by 1% to 2 yeass.

The number of specimens of a particular soil-stabili instion used for each
test type was limited to:

« Triaxial shear strength test - four specimens per set, cach specimen sheared
at a different confining pressure.

« Unconfiued compuessive etreagth - throe specimens per set.
» Permeability test - three specitmens per set.

o Single specimens were used in the chrinknge and Rexure tests,

. The standard cylinders were moulded in setg of six or seyen specimens, depending

on the tests to be performed at the end of the curing period. §pecimens for
each test type were then randomly selected from within & set, e,g. four iriaxial
specimens sud three UCS specimens,

The specimens were weighed before und after each procedure. A record of the
mass of each specimen was kept to determine if any irregularities e.g. excossive
drying through improper sealing, bad ocvurred. No irregular moisture changes
during the curing o testing periods were observed.

“The majority of the test results are presented in graph form, using smooth curves
to indicate the estimated trends. The range of tha results for the UCS and per-
meability tests (three specimens per set) allowed these property trends $o be
estimated fairly accurately. When estimating the trends of the zesults obtained
from single specimen sets e.g. the variation of pesk shear strength with stabi-
lizer conbent for  particular confining pressure, reliance was made on supportive
trends Le. similarities in trends between various stabilizer conteats or similar

il-stabili imations, to exclude inconsistent data.




[ =2t

Chapter 4

THE COMPACTION
CHARACTERISTICS OF
STABILIZED 30ILS

4.1 Introduction

Figure 4.1 shows the moisture-deraity curves for the untreated soils used in this
project using Standard Prostor compactive effort, while Figure 4.2 shows the
moisture-density curves using Modified AASHTO cc pactive effort,

Since c)m addition of a lime or csment to a soil res\dt! in changes to the index

of the soil, the of the material can also
be expected o change, Figure 4.3 shows how the addition of cement and lime
influences the compaction characteristics of Soil A 1.

Pigures 4.4 and 4.5 show the variations of maximum dry density and optimum
moiskure content with cement and lime contert respectively for all tke soils. Nota
that 2% Jime was added ta the Soil C specimens stabilized Wwith cernent.

The results imnilar to the ly obtained fc bilized soils [25,31,49,60].

Int general, the moisture-dencity curves for scil-cement shov. .n apparent decrease
in optimum moisture content and az increase in the maximum dry density, ab
though for some soils the opposite may occur [49]. The mejority of soils stabilized

The ytabilized goils were all compactsd immediately after mixing using Standard Progtor
compactive affort
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Figure 4.1: Moisture-density curves - Standard Proctor Compactive Effort
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Figure 4.2: Moisture-density curves - Modified AASHTO Compactive Effort
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Figure 4.3: Moisture-density Curves for Soil A at Various Cement and Lime
Contents - Standard Proctor Compactive Effort

with fime show an increase in the optimum moisture content and a dscrease i
the maximunm dry density as in Figure 45.

Some aspacts of the infinences of stabilizing agents on the compaction character-
stics of soils are discussed in the following sections, The determination of the
ragnitude by which a particular infiusnce affects the compaction characteristics
is beyond the scape of this project. However a discussion of the probable reasons
for these changes is important, particulaly to allay fears that a decrease in den-
sity resulting from the addition of a stabilizing agent might be deleterious to the
engineering properties of the material.

Awareness of these influences is I in the ination of the
characteristics since the addition of cement or lime results ir a different material
with a new specific gravity, a different particle size distribution and a different
twater demand’. Sorme references (e.g. [40]) suggest using the unstabilized soil's
optimum moisture content and maxsmum dry density for the compaction of the
stabilized material. However, if for example the optimum moisture content for
soil-cement mixtures are not corrected to allow for the consumption of compaction

o i
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Figure 4.4: Maximum Dry Density and Optimum Maisture Content vs. Cement
Content, - Standard Proctor Compactive Effort
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Figure 4.5: Maximum Dry Density and Optimum Moisture Content vs. Lime
Content - Standard Proctor Compactive Effort
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water by cement hydration {in i then field fon of
the soil-cement would be carried out at a moisture content dzy of the optimum
moisture content (see Section 4.3).

4.2 Soil-lime

Lime hes a lower specific gravity (s.. = 2.2) than soil particles (s.3. = 26 to
2.8). A proportion of the decrease in the dry deasify may thus be attributable
to the lower specific gravity of the ‘corpasite’ material. An accurate comparison
would require that the volume of air voids be compared which in furn would
require the determination of the specific gravity of the stabilized material at the
time of the test.

As discussed in Chapter 2, the addition of lime causes clay to focculate into &
joose random structure which offers increased resistance to shearing. The sta-
bilized materie} thus yields a lower mmximum dry density 2t a higher optimura
svater comtent. Ingles [33] notes that a reduction in maximum dry density can
serve aa an indicator that & clay has in fact become focculated.

From Figure 4.5, it can be seen that the reduction in density for amounts of lime
in excess of 5% infiuence the compaction characteristics faz less than amounts of
Jimms up to 5%. For this soil (Soil A), the initial lime demand was determined
to be approximately &%, ie. little further flocculation of the clay or increase
in plastic limit is to be expected above the 5% lime content. Levs, Abdelkater
and Hamdani [51] also found that the first increment of added lime (2%) caused
the major proportion of the reduction in maximum dry deasity, while further
#aditions of lime ceuned smaller reductions in density.

“This result is important in that it indicates that lime in excess of the initial lime
demand does not affect the compaction characteristics very nach. Although short
term strengths may decrease at lime contents above the initfal lime demand, this
results from the presence of wnreacted lime which appears to reduce the short
term cohesive strength, but not necessarily the shearing resistance {see Chaptar
5).

Hydruted lime poswder is approximately sils sized with approximately 75% by
weight being smaller than 0.05 mm [23]. Since lime has a low solubility in wa-
ter, it is possible that some of the lime behaves in a particulate fashion during

ion, and can be i d to itcresse the p jon of ‘fines’ to some
extent. This does not seem to be sigaificant 2s shown by the slight decrease in
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density when the Hime content: is increased from 5% to 16%.

The focculation of cley into silt-sized flocs does however modify the particle
size distributi P of this di jon can be d by
comparing the rates of settloment in water of clay purticles when Hocculated and
dispersed. The increase in the silt content may be beneficial to some sails in
providing a void filler, while it may make other soils more single sized, yielding
a lorger void volume. However the overriding factor seems to be that the porous
clay flocs, being less dense than the unflocculated clay, will cause a decrease in
the maximum dry density.

it is essential to mote that the modification of the clay to a non-plastic state
results in the material not having the capacity to maintain its remoulded shape
wven under smill loads, when in = unconfined condition at early ages. The
sttccess of lime stabilization depends to & largs degres on the curing time allowed
for the cementing action which will provide tho required cohesion.

4.3 Soil-cement

Since the specific gravity (s.g) of cement is higher than that of the soil min-
ecals (the 5.5, of cement is approximately 3.14), part of the apparent increase
may result from the new higher specific gravity of the combized materials. As
with soflime, it would be necessary to compars the volume of voids in order to
establish whether in fach an increase in density does oceur due to this cause.

A further praportion of the increase iz density can be atéributed to the hydration
products which begin to &l up the voids. The density of the compacted material
continues to increase with time, ss hydration proceeds and more cementitious
material is produced (45].

& problem encountered with results reported by various researciers is that these
results do not show the water content to which the mixture was ‘brought before
compaction, but the evaporable water after the cement has hydrated to some
extont. Cement hydrates rapidly, and thus some of the added water is irveversibly
consumed. This leads to lower water contents being measured than were actually
added to the soil-cement mixture prior to compaction.

During this study, conirolled tests which accounted for water evaporating to the

atmosphere showed that moistuze content specimens reflected lower values (0.5 to
1.0 percentage points oF 2.5 to 5.0 percent of the water added) than they should
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Figure 4.3: Moisture-density Curves for Soil A at Various Cement and Lime
Contents - Standard Proctor Compactive Effort

with lime show an increase in the aptimum moisture content and & decrease in
the maximurm dry deasity as in Pigare 5.

haract

Some aspects of the influences of stabilizing sgents on the
istics of soils are discussed in the following sections. The determination of the
magnitude by which a particular influence affects the compaction characteristics
is beyond the scope of this project. However a discussion of the probable reasons
for these changes is important, particularly to allay fears that & decrease in den-
sity Tesulting from the addition of a stabilizing agent might be deleterious to the
engineering properties of the material.

Awareness of these influences is i inthe ination of the
characteristics since the addition of cement o lime results in a different material
with a new specific gravity, a different perticle size distribution and a differsnt
‘water demand’. Some references (e.§. [49]) suggest using the unstabilized soil’s
optimum mofsture coutent and muxamum. dry deusity for the compaction of the
stabilized material, However, if for example the optimam moisture content for
soil-cement mixtures are not corracted to allow for the consumption of compaction
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water by cement hydration then field ion of
the soil-cement would ba carried out at a moisture content dry of the optimum
moisture content (see Section 4.3).

4.2 Soil-lime

Lime has a lower specific gravity (s.g. = 2.2) than soil particles {s.g. = 2.6 to
2.8). A proportion of the dectease in the dry density may thus be attributable
4o the lower specific gravity of the ‘composite’ material. An accurate comparison
would require that the volume of air voids be compared which in turn would
reqaire the determination of the specific gravity of the stabilized material at the
time of the test.

As discussed in Chapter 2, the addition of lime causes clay to Socculate into &
oose random structure which offers increased resistance to shearing. The sta-
bilized material thus yields a Jower maximumm dry density at o higher optimum
water content. Ingles [32] notes that a reduction in maximum dry density can
serve as an indicator that a clay has in fact become flocculated.

From Figure 4.5, it car be seen that the reduction in density for amounts of ime
in excess of 5% influence the compaction characteristics fas less than amounts of
lime up to 5%. For this soil (Soil A), the initial lime demand was determined
to be approximately 5%, ie. Lttle further Hacculation of the clay or increase
in plastic limit is to be expected abave the 5% lime content. Lews, Abdelkater
and Hemdani (51) also found that the Srst increment of added fite (2%) caused
the major proportion of the reduction in maximum dry density, whilz further
additions of lime caused smaller reductions in depsity.

This tesult is itoportant in that it indicates that lime in excess of the initial lime
demand Joes not affect the compaction characteristics very nach. Although short
term strengths may decrease at lime contents above the initial lime demand, this
results from the presence of unreacted lime which appears to reduce the short
term cohesive strength, but nob necessarily the shearing resistance {see Chapter
5).

Hydrated lime powder is i silt sized with s 5% by
weight being smaller than 0.05 mm {23]. Since fime has s low solubility in wa-
ter, it is possible that some of the lime behaves in a particulate fashion during
compaction, and can be considered to iucrease the proportion of ‘fines’ to some
extent. This does not seem to be sigaificant as shown by the slight decrease in
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density when the lire content is increased from §% to 15%.

The flocculetion of <lay into smfmea focs does however modify the pa:txcle
size distri The can be

comparing the rates of settlement in water of clay particles when fucculated and
dispersed. The increase in tke silt coutent may be benoficial to some soils in
providing a void filler, while 16 may make uther soils more single sized, yielding
a larges void volume. However the overriding factor seems to be that the parous
clay floes, being less dense than the unflocculated clay, will canse 3 decreass in
the maximum dry density.

It is essential to pote that the modification of the clay to a nom-plastic state
results in the material not having the capacity to maintein its remoulded shape
even under smg! loads, when in an uncoufined condition at early sges. The
success of lime stabilization depends fo a large degree on the caring time alfowed
for the cementing action which will provide the required cohesion.

4.3 Soil-.cement

Since the specific gravity (s.g) of cement is higher than that of the soil min-
ezals (the 5.5. of cement is approximately 3.14}, part of the apparent increase
may result from the new higher specific gravity of the combined materials. As
with soil-lime, it would b necessary to compare the volume of vaids in order to
establish whether in fact an increase in density does ocour due to this cause.

A farther proportion of the increase in density can be attributed to the hydration
products which begin to fill zp the voids, The density of the compacted raterial
continues to increase with time, as hydration procesds and more cementitions
material s produced [49).

A problem encountered with results reported by various researchers js that these
results do not show the water content to which the mixture was brought before
compaction, but the evaporable water after the cement has hydrated o some
extent. Cement hydeates rapidly, and thus some of the added water is irreversibly
consumed. This leads to Jower water contents bem; measured than were actually
added to the soil t mixbuze prior fo

During this study, costrolled tests which accounted for water evaporating to the
atmosphere showed that moistire content specimens reflected lower values (0.5 to
1.0 percentage poinis or 2.5 ta 5,0 percent of the water added) than they should
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have. The Highway Research Board [44] report ¢hat about 10% of the total water
added to n clayey sand is used up during the first seven days in hydrating the
cement.

"The quantity of water consumed by hydsation increases with cemment contens with
the me~sured water content reduced Ly about 0.5% ab 5% cement and 1.0% et
15% cement. 1 corrections for moisture consumed during hydrstion are applied
to the moisture-density carves for soil t in Figure 4.4, then it becomes
appasent that the optimum maisture content may be higher than the optimuza
moisture content foz the unstabilized soil.

The hydration of cement can increase the mixture’s resistance to compaction
both as a result of flocculation of clay present n the sofl, and as a result of
the viscosity of the cement ‘paste’ (4] These effects result in an increase in
the optimum water content relative to the unstabilised material and a decrease
in the maximum dry density. The influence of the increase in viscosity is time
dependent, and thus delays between mixing and compacting can result in further
increases in the optimum water content and decreases in density (see Section 4.4).

3t would be highly impractical to attempt to determine the exact compaction
characteristics Le. based on veid volume, immediately after compaction. The
aathor believes however that the increase in specific gravity and the rapid forma-
tion of cernentitions products {which can be assumed to continue to some extent
during oven drying of water content specimens) tend to ‘mask’ the real influ-
ences of cement on the compaction characteristics. These may be opposite to
what is shown by the moisture-density plot, ie. the addition of cement actually
increases the quantity of water required to achieve maximum density while the
volume of voida may weli be greater than the unstabilized material immediately
after compaction.

Cement particles are also approximately silt sized and thus increase the silt con~
tent of the soil, together with any flocculation of clay by free lime and fime
liberated during the cement bydration. As with lime, the influence of the cement.
depends on the ariginal particle size distribution, on the quantity of added ce-
ment, and on how far the cement hydration has proceeded since the viscosity of
the cement paste will determine how particulate is the behaviour of the cement
particles within the paste.

The Highway Research Board [49] report increases in dry densities for uniform
sands and clay while the densities of silts decrease on the addition of cement.
However, it is nob clear whether the messured increase iu density avises solely
from the change in the particle size distribution.
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A practica! implication of the above discussion is that specifications must include
‘oth tire moisture content required for compaciion and the moisture content to
be expected at the time that moisture content; determinations are made. Failure
1o do this may result in atterpte 4 compact at a waber content dry of optimun
which will make ic d;ﬁicult for the required density to be achieved at the specified
level of dry of opth may also be d ious {0 some
soil-cement rmxtute.m Davidson et al {50] and the Highway Research Board [48]
report that the water contents for maximum strengths of soil-cement mixtures
are to the dry side of optimwun for sandy scils and nonexpansive clays, buf; to
the wet of optimum for expansive clays. Compaction of expsnsive clays dry of
optimura may thus produce inferior soil-cemens.

4.4 Delays Between Mixing and Compacting

4.4.1 Soil-cement

A delay between mixing and compacting can bave negative influerces on the com-
paction characteristics, the strength, and the durability of soilcment [4,49,52].
The initial setting of cement occurs fairly rapidly aad the viscosity of the ce-
ment paste increases with time, resulting in the need for more compaction water.
Consequently the maximum dry density decreases for the same compactive effort,

To account for ﬁbe dmxepancy which may resalt between leboratory anrl field
results, for jon require that moisty ity
relationships be dstermined in the feld, with soil-cement being aken dxrect]y
from the area being constructed 4],

West [52] fourd that delays of up fo six howrs did not significatly alter the
compaction chatacteristics of a uniformly graded sand to which 10% cement had
been added, although slight decreases in strength were cvident. On the oiher
hand, the densities and strengths of hoth a sandy gravel and s medium plasticity
clay deeroased substantially even with short delays (one hour) between mixing
and compacting.

West, hypothcsizes that the influence of the delay is dependent on the strength
which the material is capable of developing (measured after 7 days in this case).
The sandy gravel had the highes strangth and showed the highest reductions
in density and strength after delaye between mixing and compaction, while the
uniform sand had the lowest 7 da, strength, The uniform send-cement thus
has a lower resistance to compection than $he other soils tested, and thus a
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delay between mixing and compacticn causes little change in the compaction
chatacteristics and the strength.

West alsa found that remixing the material after & delay reduces the decteases
in density and strength.

4.4.2 Soil-lime

When soil-time is cared in a loose upcompacted state, cation exchange and floseu-
fation reactions pracsed, the rate of the reaction depending (smong other factors)
on the type of the clay, the clay content and the lime content.

These eactions may tske some time to complete. Taylor and Arman [44] report
that a major praportion of the change in plesticity occurs within the frst 3 to
6 hours but that for bigher clay contents, increases in the plastic mit are still
evident after 42 days.

As discussed in Chapter 3, kolinite has a much lower cation axchange capacity
than smectite, and since cation exchange only accurs on the exterior surfaces of
Xeolinite pasticles, Bocculation reactions will be completed quicker.

Moisture-density tests on scil-lime mixtures which aze allowed to cure in a looss
state before compaction reflect decrensea in dry densities and increases in com-
paction water consents.

These results are attributed to (25,45}

o The further focculation and increass in plastic limit with time causing
increased zesistance to compaction.

 The reaction products from pessolanic reactions begin to cement pasti-
cles together, further increasing the resistance to fon [45). This is
also time dependent ie. the longer the material is aliowed to cure hefore
compaction, the more cemented it will become and the larger will be the
resistance to degradation and deformation.

Using an expansive soil stabilized with 49 lime, Mitchell and Hooper [45] conclude
thiet the delays in compaction acs detrimental to dersity, sirength and swell, The
author does ot fecl that that their results are entirely conclusive since they do
2ot establish the initial lime demand. Although their results indicate an increase
in stength with time, it is not known whether sufficient lime wes addsd to fully
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satisfy the fon-exchange and foccujution reactions azd to provide excess lime

for cementation reactions, i.e, higler strengths may have been obtained at lime

contents above 4%. Mitchell and Hooper did however find that if the density of .
the Ioose-cured material was increased to the same magnitude as the material
which was comipacted immediately after mixing, then the soaked and unsozked

strengths and the swell values were esgentialfy the same.

I£ delays in compaction ate likely to occur, for example if the plasticity of the
clay mmust be reduced io zender it workable, then it is suggested that:

o The lime fixation point be determined, Le. the quantity of lime necessary
%o satisfy complete flocsulation. The lime content should then be increased
above this, the amouat being determined by Tlong term’ strength tests (see
Chapter 5) or after curing at elevated temperatures. :

» The rmixture must be ‘sealed’ by light compaction to prevent carbonation
during the initial curing peviod.

« The highest economical compactive effort should be used for the final com-
paction since the Jower the void volume, the less is the quantity of reaction .
products required to cement part.cles together. The increased cost of com- 5
pacting to a higher leve{ will be somewhat offset by the cost savings in first .
rendering the material workable.

The shove process is sometimes carried out using two applications of lime. The )
first application (2 to 3% lime) o intended for the reduction in plasticity of

the clay to expedite construction (modification), while the second application

provides the additional lime for jc reactions i

4.5 Modification of Clays Prior to Cement Stabiliza-
tion

I the strength of 2 soil-lime mixbure ia insufficient for a particular application, or
if high early strengths sz required, then it is possible to firstly modify the clay
into a fiocculated state and then use cement to stabilize the aggregated material.

The lizme and cement can be added separately {double application) or togsther.
The author found that it wes unnecessary to nse the double application method
for soil-lime-cement rixtures prepared in the laboratory, and that 2 wniform mix
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cauld be achisved with a beavy clay {Soil G} when the stabilizing agants were
added together.

Figure 4.6 shows the moisture density curves for Soil ©, which because of its
bigh plasticity required a 2% supplement of lime before it could be stabilized
with cement, The lime markedly improved the friability of the material indi-
cating that flocculation oceurred rapidly, althaugh it Tequired some 50 mirutes
of hand mixiog before & satisfactory mix was obtained. O the other hand, the
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Figure 4.6: Moisture-density Curves for Soil C at Vazious Cement and Lime
Coutents

unstabilized material couid nob be mixed because of the clay's high plasticity,
and uniform d fon. of water throughout the ilized clay lamps could
only be achicved by sllowing the mixtuze to stand ia & polythene bag for 2 fo 3
days,

The flatness of the cnrve complicates the identification of the ‘optimure’ moisture
content, and the selection was based on the appearance and feel of the soil. The
optizoum water content chosen for subsequent tests was af the point where the
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decrease in dry density becomes pronounced. Below this wrater content, the soif
felt; too dry, and it was fesved that using & moisture content below the chosen
velue might produce inferior soil-lime.

_te sddition of either me or coment tended to flatten the moisture-density
curves relative to the unstabilized material. The reason for the flabtening of the
curve which was also noted by Mitchell and Hooper [45} is not clear, although
it appears to be linked to the degree of flocculation since the effect is more
pronounced for lime stabilized material on the dry side of the optimum moisture
content and for Soil C stabilized with cement and 2% lime.

Of interest to this section are the results of Pinto et al [53] who stabilized soils
containing smactite with various percentages of lime and cement using & simul-
taneous appli of both stabilizers. In addition to i ing the engineeri

properties markedly, they found that the lime reduced the decrease in density
caused by prolonged mixing i.e. the densities of samples stabilized with cement
alone were lower than samples with similar cement contents, but containing time.
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decresse ju diy density becomes pronomnced. Below this water content, the soil
felt too dry, and ¥ was feared that using a moisture content below the chosen
velue might produce inferior sofl-lims.

The sddition of cither lime or cement tended to fiatten the moisture-density
carves relative to the unstabilized material. The reason for the flattening of the
curve which was also noted by Mitchell and Hooper [45] is not clear, although
it appears to be linked to the degree of Hocculation since the effect is more
pronounced for lime stabilized material on the dry side of the optimum moisture
content and for Soil G stabilized with cement snd 2% lime.

OF iuterest to this section are the revults of Pinto <t af [58] who stabilized sails
containing smectite with various percentages of kime and cement using @ simul-
tancous application of both stabilizers. In addition to improving the engineeri
‘properties markedly, they found that the lime reduced the decrease in density
caused by prolonged mixing ie. the densities of samples stabilized with cement
alone wers lower then samples with sitnilar cement contents, but contaiuing lime.
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Chapter §

THE STRENGTH OF
STABILIZED SOILS

5.1 Introduction

The strength requirements of 3 stabilized soil ave determined by its intended
application. The more important design criteris, for roed and airfield pavement
foundations are that the muterial has sufficient bearing capacity to sustain the
predicted traffic loads, does not shrink or swell very much and is fairly permeable.
The development of cohesive strength through cementatiom is of lesser importance
since the layers are normally, confined by surrounding material.

The economical use of stabilized soil in an embankment (where maserial right be
in an unconfined condition or exposed to the elements) requires that the material
develop snfficient frictional and cohesive strength so that the side slopes can be
steepened 1o the extent that resulting cost savings are significantly greater than
the cast of adding the stabilizer.

The following sections preseat the results of the laboratory strength determi-
nations of uncsnfined compressive strength, triaxial shear strength and flexural
strength of the four soils stabilized with varying quantities of lime and cement.
The elastic propexties are also discusted.

The triaxial testing programme was time consuming with one week required for
the testing of each soil at a particular stabilizer content. It was thus decided
to conduct triaxial sirength tests at 28 days only, using UCS tests to examine
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the variation in strength with time. The spaclmsm! used for UCS mtx at the

later age were the specimens used for the It was
felt that using these spacimens would provide valuable information o the effect
of leaching on the strength of the materials.

5.2 Unconfined Compressive Strength

Figure 5.1 shows the vatiation of unconfined compressive strength at 28 days for
each of the four soils stabilized Wwith varying contents of cement and lime. The
specimens were all tested in 2 dry condition since preliminary tests revealed that
the soil-lime specimens had not developed sufficient permanent coliesive strength
and crambled when soaked.

1t ehould be noted that in order to provide a quick visual comparison between
the results for soil-cement and sofl-time for & pacticular set of data, the scale ou
the abscissa is kept the same for both stabilizers.

The soflcement results all show that the UCS incresses with increasing cement
content. Soil C stabilized with cement appeats to behve slightly differently to
the other scils probably as a result of the 2% lime which was added at the sume
time as the coment. At bigher cement conteuts 1t is possible thet for this soil
which has 2 high clay content, some of the added lime s not used up in jon
exchange and flocculation reactions aod prevents the cementing tagether of saif
pacticles.

In the case of the soil-me the UCS of Soil A increases with increasing lime
content up to 10%, but showed the lowest UCS ab 5% lime. The strength of the
other three soils appeazed to reach a peak at 5% lime with Soils B and G showing
firstly & reduction in strength as more lime was added (7.5%), and then slight
increases in strength at 10% lLime. The strength of Soil C at a lime content of
10% was higher than the strength at the peak at 5%.

Piguses 5.2, 5.3 and 5.4 compare the UCS strengths of Soils A, B and © at 28 days
{dry) and at 540 days (saaked) on = logarithmic time scale. After the normal 28
day curing period, the 540 day specimens were subjected to percolation for 240
days under 4 head of 50 z/m (s Chapter 8), and then stored in & water bath
for 272 days. Thers was Ro specific reason for these time periods other than that
sufficient permeability recordings had been obtained after 240 days, while it was
felt that further storage would provide valusble information regarding long term.
strengths.
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Soil D showed bad deterioration after percolation and wet storage, and UGS tests
could not be performed on these specimens at any stabilizer content.

The 28 day dry strengths caanct be compared directly with the 540 day sosked
strengths since part of the apparent reductions in strength can be attributed to
the increase in the degree of saturation relieving negative pore water pressures.
The plots are however useful in that they madel the strengths of the materials
under the different conditions to which they will be subjected in a dam, ie. early
dry strengths during construetion and long term soaked strengths for normal
operating conditions {dam full).

The results show trends whick appear to be iraportant to the choice of stabilizer
and stabilizer content for an application such as a stabilized embankment dam.

For Soils A and B, cement stabilization proved more effective than Hme stabi-
lization with higher sirengths being achisved ot all stabilizer contents and sges.
Soil C stabilized with coment had highar early strengths than the lime sabilized
amaterial, but similar strengths ab 540 days.

However the stabilizer contents of the Soi] C-cement specimens aze actually 2%
higher than those indicated in the graphs (2% lime added to facilitate mixing), &
this additional lime is taken into account, i.e. if the 7.5% lime is comparad with
the 5% cement (plus 236 lime}, or the 10% lime compaved with the 7.5% sement,
then it is cleat that Soil C appeass to be more efficiently stabilized with: lime.

Since the wet sirength of Soil B stabilized with 10% cement was kigher than
the 28 day dry strength, it appears that some loss of strength through leacking
has ocourred in specimens at lower cement contvats. The wet-dry tests (Chupter
10) showed that only Soils A and B stebilized with 10% cement apyeared to
retain a large proportion of their early strengths after leaching and soaking. This
finding concurs with the Portland Cement Association’s recommendation [} that
» minimum of 0% ceent be added to Soils A and B if the stabilized maberial
is o be used for water control structures.

-
The same trend of lower wet stzengths st 540 days did not occur with Soil C even
at the lowest cement content indicating that the 2% lime supplement. appears
to reduce strength louses in the soil-cement when subjected to percolation. The
excess lime appears to reduce the strength loss by keeping caleium saturated
water flowing through the specimen.

This agrees with Muller’s [54] description for the corrosion of concrete where he

notes that hydrated calcium silicates are stable only in highly alkaline canditions.
With the removal of calcium bydroxide by flowing water, the pH is fowered and
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the decomposition of calcium silicates takes place.

In the case of the scil-lims specimens, loaching apparently zesulted in strength
reductions in the §% lime specimens for all the soils. Although a proportion of
thin foss in strength may be attcibutable to the relieving of negative pore wa-
ter pressures through saturation, i might alse indicate that insufficient lme is
present for any poasolanic reactions to ocenr. For the 7.5% and 10% lims stabi-
lized specimens, the leached strengths were higher than the 28 day dry strengths,
indic Sing that pogsolanic resctions occurred duting the periods of leaching and
soaking.

Of major significance is the trend of increasing long term wet strength with
increasing lime coutent for each of the three soils which indicates that the fime
conbent wmwst not be selected on the basis apparent ‘peak’ or ‘optimum’ strengths
frow 28 day UCS results.

Since apparently excessive quantities of Yime will actually reduce the cohesive
strength of a clay sofl, the use of the UCS test at early ages has lead o the belief
that an optimum fime content for maximum strength exista since above a certain
lime content the UCS decreases.

Although a peak appears in the UCS versus lime content curves (at 28 days) for
Soils B, C and D at a lime content of 5%, the long term UCS fests (540 days)
shaow that this peak does nob represent the optimum lime content for maximum
strength but that {ho strength continues to increase above the apparent pesk as
the lime content increases.

Davidson et al [50] mske the same conclusions on the basis of the resulis of

UCS tests conducted a¢ latér ages. They find that the rate of strength gain is.

influenced by the amount of lime and d that the highest
percentags of lime be used where the project requires long term strength.

The results also substantiate that ime ™ excess of the initial lime demand (which
was approximately 5% for each of the soils) must be added if long term strength
gains through pozzolatic Teactions are to be expected, and that the = action
products are in fact permauent. It is also apperent that higher lime contents
yield higher rates of gain in strength.

Unfortunately a compatison was not made with specimens cured for long periods
undes sealed conditions, sinice ab the time the above results ware anexpeced.
Generally i has beea found {9,22,31,45] thet the strengths of both soillime
and sofl-cement specitnens cured at constant moisture conbents fncrease approxi-
mately Lineazly with the logarithm of age. Although not all soil-stabilizers follow
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this treud exactly, the author found un other instance where the rate of gain
in stremgth ncransed with the logarithm of time as occurred with the soil-lime
specimens in this project.

Tt does seem povsible that one of the factors contributing to the gain in strength of
soil-time i the calcium saturated percolating water which is able to stabilize the
interior of clay lumps which would previously have acted as localized weaknesses
in the stronger cemented matrix.

On examining the dry and wet unconfined ive trengths of a highly plas-
tic clay and n sandy clay stabilized with 4% and 7% cement or lime, Keanedy ev al
[65] found that ime stabilization produced higher dry strengths fu the highly plas-
tic clay, while cement produced higher dry strengths in the sandy clay. However
on soaking the test specimens, the strengths of the soil-lime mixtures decreased
far less than the strengths of the soil-coment mixtures (at 7% stabilizer content),

with the wet strength of the sandy clay stabilized with lime being far higher than-

the wet strength of the cement stabilized specimens. They conclude that for
Both soils, fime i = more effective stabilizer in reducing the sails’ susceptibility
to moisture changes.

A notable point from their rosults is that the strengths of the soils stabilized with
49% Jime appeared to remain constant as the curing time Was extended, whereas
the strengths of the 7% lime specimena increased with curing tims, indicating
that siguificant pozzolenic reactions are occurring oaly in the 7% lime specimens.

5.3 Shear Strength

‘The Mohr-Coulomb faifure theory is widely used ta characterize the shear strength
of soils. It states that:

7= 4 o'tand.......{in terras of effective stresses)

where 7 is the shear stress at failure on the failure plane, o' is the cohesion
intercept, o' is the norznal effective siress on the failure plane and ¢ iz the angle
of shearing resistance.

To vompare the va:nalnon 0f ch: compenencs of shear strength i.e. ' and ¢, four

of each were tested under triaxial loading
conditions after a 28 day curing period. Each specimen wes firstly saturated
under & back water pressure. The specimens were then consolidated to effective
confining pressures (cell pressure minus back pressure) of 100, 250, 600 and 850
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kPa, after which they were sheared undrained {consolidated undrained (Cu} bri-
axial test). The pore water pressure was recorded at each lvad/deflaction reading.

The results at peak shear sirength were used to plot Mohr failure envelopes using
an approximate linear fit, from which the values of ¢ and ¢/ wete obtained. The
failure envelopes are nat pressnted since the trends of the variations in ¢ and ¢
are of particular interest, while the results from the plote of these tzends pravide
sufficient information from which the Mokhr envelopes can be consiructed.

Ditficulty was experienced in ffting a Makr envelope to some of She results.
This arose from an apparent ‘nstability’ of these materials ak highet confining
pressures. This s discussed in Section 5.4 where the stress/strain bekavionr of
the soils is discussed.

The values of ¢! and ¢ presented may thus vary to some extent since for example
incressing the alope of the failure envelope, ie, incressing ¢, will lead to o
dacrease in the magnitude of ¢!, The suthor is confideut however that the resuits
describe the behaviour trends faitly accurately.

$.8.1 Cohesion
The cohesion intercept may have two components:

o “True’ cohesion which results from permatient interparticle bonding by cs-
‘menting agents.

o ‘Apparent’ cohesion which results from negative pore pressures set up in
the soll, fer example in compacted soils whick are always partially saturated
immediately after compaction.

The addition of cement to any soil, and the addition of lime $o a lime-reactive soi
can thus be expected to increase the brue cohesion of the soil, while the apparent
cohesion may incrense through self-desiccation whea pors water is used up in
the hydration of the stabilising agent. fon of trisxial specimens largely
removes the contribution of the appatent cohesion.

Figare 5.5 summatizes the values of the cohesion intercept obteined for the soils
stabilized with cement and lime. For both stabilizers, the variations of cohe-
sion, with increasing stabilizer content are similar to the trends obtained for the
unconfined compressive strengths (Figure 5.1).

&7

E\



SOIL-CEMENT

—
& 1
& A \
» AN
W \ /
[\ ///
1 ST
“4mya -
EEEE ™
2 = 8 8 8 3 °
§ 8 8 8§ ® 8

10

{va#) 1090191u] wopsSYOY

Cement Content {%)

i) o

7
Bl
=l N
& :

Ay
LK)
3833

2 8 § 8

{san) idevumju] BoysoYOy

10

3
b
&
H
o
»
I
]
Fog
>3
i B
B
8 &
S 4
§3 =
36
g
;
)
I}
3
g
S
8 .
3
L
5TTY g



With the exception of Soil C to which 2% lime was added, the cohegion increases

with increasing cement content. The decreass in cohesive sizength for Soil C at i
cement contents above 5% may be caused by unreacted lime, The same trend

oceurs for all the scils when lime in excess of 5% is added, where significant

reductions of cohesive strength occur.

‘The apparent decrease in cohesion may however have resulted from erronecus
interpretation of the resuits caused by the instability of Soil C at higher confining
pressures {see Section 5.4). Shear strength parametees of ¢’ == 875 kPa and ¢/
= 34° may be more appropriste for Soil C stabilized with 10% cement, (and 2%
Yime}, in which cese the trends of increasing ¢’ and ¢' with tement content will
be similar to the other eoils.

The coliesion intercept of stahilized solls has baen found to increase approximately
Tineasly with the logarithm of age [8,25,31,56]. The same references find that the
cohesion intercept also increasss linearly with cement content.

Lees ot al 53] obtain results similar to those presented in Pigure 5.5 for soil-ime,
where higher lime contents appear to cause a reduction in the cobesive strength
or bave little effact on the increass in cohesive strength at 2a carly age (T days).

5.3.2 Angle of sk~sring resistance

When a soil is sheared, a failure plane (or ‘alip’ plane) develops on which shear U
strains are concentrated. The frictional shear resistance developed along this

plane ig essentially derived from two components which contribute to the zagle

of shearing resistance of the material (¢/):

« Sliding friction where the relative movement of ane soil pasticle to another
is resisted through the development of adhesive friction forces ab points
of contact [28]. Microscopic interlocking because of surface roughness of
particles may sontribute ta the sliding vesistonce between patticles [57).
Negligible movement normal o the fuilure plane resuits fram shidigg friction.

”ﬂ » Macroscopic interlocking of particles which causes appreciable movement
: of particles noroal to the failure plane during shearing, i.e. for shear de-
formations o acour, particles have to move up and over ouch other. This

& results in an increase in volume (dilasation) prios to faiture [57).

Both cement (9,49,56] and lime {25,51,58,69] stabiization result fx increases in
{ the angle of shearing resistance.
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Figure 5.6 shows the variation of the angle of sheating resistance with increasing
stabilizer contents for the four soils at 28 days. The magnitade of the change
in ¢ s sallest in coarse materials which have initially high values of ¢/, and
Iargest for stabilized clay soils having imitially low values of ¢'.

The rapid development of the angle of shearing resisiance of soil-lime indicates
that the change is largely attributable to the focculation of the clay. Lees e al
(51} and Fossberg {58] also sbserved significazt increases in @ after 28 days meist
curing. Fossberg observed a slight decrease in ¢ after 4 monshs moist curing,
accompanied by a large increase in the magaitude of the cobesion intercept. 1t is
passible that the ‘instability of soil-lime at higher consolidation pressures (which
Fossberg observe! in consolidation tests) leads to higher sssumed magnitades of
& ab 28 days (see 5.4).

5.3.3 ‘Peak’ shear strength

To observe the overall effect that the stabilizer is having on the shear strength it
35 necassary to lock af the combined efects of the stabilizer on ¢ sad ¢'. Figures
5.7 and 5.8 show the variations of peak deviator stress with increasing stabi-
Hger content as measured iu she undyained triaxial tests ab the various confining
pressures.

These results indicate that in most cases, the shear strength insreases with in-
creasing stabilizer content afier 28 days curing. ‘The soil-ime results indicate
¢hat there it no significant peaks at any stabilizer content although for Scils B
and D there appears to be 3 slight drop in strength from 7.5% to 10% Time.

The results again confirm that at early ages, cement stabilization at stabilizer
contents above 5% produced bigher strengths than lime stabilization. From the
TICS results, it appears that except for the highly plastic soil (Soil C) it is unlikely
that the long term strengehs of the soilime mixtures will approach those of the
high stabilizer content soil-cement mixtures.

5.4 Stress-strain Behaviour

Since presentation of the large number of stress versus strain and pore water
pressure versus strain curves would detrsct from the resdability of the text, these
curves are included in Appendix €. Sketch forms of these curves are used where
required, while the results are summarized in abbreviated graph form.
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Figure 5.6: Angle of Shearing Resistance ve. Stabilizer Content - 28 Day Curing
Period
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Figure 5.9 summarizes the shapes of the stress-strain curves which, together with
vigual observations indicate that:

« The failure of higher cement content specimens (7.5 2nd 10%) was generally
of a brittle nature (‘brittle’ behaviour curve), with the development of a
single shear “fracturs’, The pore water pressure increased to a maximum
before the peak shear stress was reached and then rlecxea.sad 28 the specimen.
was sheared further.

 The soil-lime specimens aad the fower {5%] cement context specimens 2p-
peared to behave in a ductile fashion (‘ductile’ behaviour curve), the shear
stress § ing at a ing rate with ing strain, until the max-
i shear stress was reached. These specimens ‘barrelled’ near the top
or bottom. At the highest confining pressure (850 kPa) the pore water
pressure in these specimens increased gradually (curve A) until a maxi-
o at the peak shear stress, decreasing slightly as shearing continued. At
the lower confiniug pressures {curve B), the pore water pressure reached a
‘meximum before the peak shear stress was reached and then decreased as
shearing continued.

Figure 5.10 shows the effective stress paths fot these specimens, while Figure
5.11 shows corresponding plots of the pore pressure parameter {A = F] versus
strain. Figures 5.12 show the variation of the pors pressure paramster at failure
with stabilizer content at & confining pressure of 850 kPa. Figure 5.13 shows
the variation of the pore pressute patameter at failuze at the various confining
pressures for Soil B stabilized with cement and lime., The behaviour at the various
confining pressures was similar for all the soils.

The pore pressure parsmeter decreuses significantly ou the addition of & stabiliz-
ing agent, and continues to decrease us the stabilizer content is increased. The
magnitudes of the pore presaure parameter af, failure reflected in Figure 5.1 e.g,
A = 0.2 - 0.3 at 10% cement {confining pressure = 850 kPa) indicate that con-
stryction pore water pressures may become significans. Rowever until the dam
reaches a significant height, (850 kPa is equivalent to an embankment height of
approximately 40 m) one would be justifed in using A values obtained for low
confining pressures (A = 0.0 t0 0.15). As congtruction proceeds i.e. at luter ages,
itis envisaged that much of the pore water available at an sarly age will have besn
used up in cement hydration or clay/lime reactions, thus relieving construction
pore pressures to some extent. This fiypothesis will however require verification
under larger scale conditions. .

A slight but noticeable differe .ce in behaviour patteras dusing the consolidation
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Figure 5.9 Typical Stress vs. Strain and Pore Water Pressure ve. Strain Curves
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stags occurred for higher lime content specimens consolidated to high pressures.
Figure 5.14 shows the void ratio versus confining pressure {e-log(P)) curves for
Soil C at different cement contents, while ¥igure 5.15 shows the e-log(P} curves
for Sl C at different ime contente. The curves were obtained from the three-

of triaxial specimens, each data point ropresenting the

consolidation of a specimen at & coustant confining pressuze. The results indicate
that, the stabilization of  soil with either cement or lime reduces the volume
chaages occurring during consolidation significetitly.

Insufficient Tesults were gathered to be able to distinguish whether the slight
difference in the twend of the e-log(P) curves for 7.5% and 10% fime between
600 kPa and 850 kPa resulted from experimental error, specimen variability ot
different behaviour to cement stabilized o low lime content spec’mens. However
in all the high lime content specimens, there appeated to be  suiden change in
slope of the e-log(F) curve between 600 kPa and 850 kPa.

A similar effect was reported by Fossberg {58] who noted that the soil-lime struc-
fure appeared to be unstable above certain consolidation pressures. Yong and
Warkentin [57] atizibute this ‘nstability’ to the Soceulation of the clay by the
2dded lime. Consolidation of a clay soil tha is not focculated gradually reorients
pasticles and pushes them closer together, yielding a fairly smooth e-log(P) curve
(Fxgu:e 516 - curve (b}). On the other hand, the strong interparticle honds in

dated clay resist until a sufficiently Jarge load is applied $o
dmupc the bonds and bresk down the structure. Thus the initially fat e-log(P)
curve (a) suddenly steepens after the preconsolidation load (c) is reached.

It appears that the degree of focculation achieved when stabilizing Soil C with
5% lime is not sufficient to cause this fustabi

This raises 4 question as bo the sccuracy of the ftted Mobr failure envelopes
which sometimes indicated that a discontinuous failure euvelops might be mors
applicable to o material with an unstable structurs.

Figure 5.17 shows a hypothetical Mohr {ailure envelope (curve A} which becomes
discontinuous at & stnwe of stress sufficient to cause a breakdown »f the unstable
structure and a loss of cohesive strength, As curing proceeds (curve B), the
cohesive strength increasos as cementitious products are formed.

The identification of an unstable structurs is important in the design of an em-
bankment, dam, since a sudden collapse of the material structure in the lower
‘portions of the dam s certain to result in cracking of the upper material.

These cbservations point to the need for Brstly determining whether a breakdown
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7))

in the stracture will ocour during the consolidation phese and approximately at
what, consolidation pressure the ouset of this instabilicy occurs. Fossberg 58]
found that the consolidation pressure at which the instability occurs is time
depéndent, i.e. the longer the material is cured prior o consolidation, the higher
the stress required to break down the material structure, More information would
also be provided by examining & larger numiber of spevimens (6 or 8) sheared at
smaller incremental confining pressures.

The peak shear stress versus stabilizer content curves were presented in the pre-
vious section. Figures 5.18 and 5.18 summarize {for all the soils) the strains at
peak shear stress for cement and Jime respectively, while Figures 5.20 and 5.21
surmmarize the variations of the secant modulus at one third peak shear stress!
with stabilizer content.

The results reveal the following trends:

 The first increment of lime or cement results in an increase in the peak
shear stress. In most cases, the peak shear siress contimues o increase with
increasing lime and cement content. The rate of increase is largest for soil-

The majority of tha stabillzed specimens appeazed to bebrve elastically up to this point
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Figure 5.17: Hypothetical Mohr Failure Envelope for a Material with an Unstable
Structure

carmt specimens containing less clay, and with cement contents above 5%,
In csme cases, the shear strength decreases slightly at high lime contents.

The peak shear stress generally increases with incrensing confining pressure.
% appears that in some cases, breakdown of the cemented or foceulated
structure results in similar or lower peak shear stress at consecutive confin
ing pressures.

The secant modalus {to one-third peak shear stress) lucveases with the first
increment (5%) of lime or cement. Thereafter, the modulus continues to
increase with increasing cement content apparently at an increasing rate,
The moduli for soil-lime specimens increase less rapidly at fime contents
above 5% with Soils C and D showing a slight decrease in elastic mod \lus
at higher lime contenta (sbove 7.5%).

The secant modulus also increases with increasing confining pressurs.

For soils with high strains to peak shear stress when unstabilised, vk« drst
increment of lime or cement reduced the strain to failure dramatically, e.g.
Soil C with 5% stabilizer. The strain to peak shear siress remaina approxi-
mately constant with incressing cement conteut, but increases significantly
with increasing lime content.
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o The strain to peak sheat stress decreases with increasing confining pressure
for both sojl-cement and soii-lime.

The above cbservations differ from Robestson’s results in that he found that at a
particular cement content, the strain to peak shear stress generally increased with
increasing coofining pressure which is generally also the case with unstabilized
soils. However, the soil that Robertson used was far more suitable for cement
stabilization, yielding peak shear sizesses 4 - & times those of the four soils used
in this project at similar cement contents. These high strengths vesulted from
increases in the cobesion intercept, the angle of shearing resistance s 10% cement
being approximately 37°,

1t is thought that the effect observed in this project results from some break-
down in the c(mentad ar !icccula.ted structure whersby some cohesion is also
Jost. Progr i of che soil structure, as the
consolidating pressure is increased might then madify the stress-strain behavionr
from plastic to brittle. n such a case, the more denise material would reach peak
shear stress at a strain less than that of the less dense material.

In comparison, such densification migltt not occur with Robertson’s sol, since this
‘material is capable of developing significant cohesive strength. Similar results to
Robertson's might be obtained for the soils used in this project at cement contents
higher thau were used.

A notable point is the increase in strein to peak ohear stiess with increasing lime

cotttent. Thte implication of these results is that soil-lime might lend itself very o
well to cmbankment dam construction stncs it wili be fexible while fonndation

settlement is occurring, but will gradually develop the strength required to sustain

service loads.

5.5 Flexural Strength

The fexural strength of ile stabilized soils was determineA by conducting flexure.
tests in sccordance with ASTM D 1635 - 63 - Standard test method for deter-

\1 mining the flexural strength of soilcement using simple beam with third-point

! loading. Figure 5.22 shows the loading configuration used.
10, The beam specimens were moulded by compacting the stabilized soil into  rect~

i angular mould, using a square drop hammer. The beams were then moist cured

H for 28 days prior to testing. -
|
i "
[
i o)
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Figure 5.22: Loading Configuration for ¥lexure Tests

Since it was recognized that the strain at which a crack would begin to develop
was also important, to the consideration of shrinkage, strain gauges were giued to
the bottom of the specimens 8o that a stress-strain curve could be obtained. The
readings of load and strain were both electzonically recorded by meens of an XY
pen recorder.

Figure 5.23 shows a typical set of stress versus strain curves (Soil B stabilized
with cement). The stress versus strain curves for the other soil-stabilizer com-
binations are included in Appendix C. Figures 5.24, 5.25 and 5.26 summarize
the variations with stabilizer content of the modulus of rupture (&}, the flexural
modulus (bending stress/strain} at 0.33 Rpqe and the failure strain.

Althiough in all cases, the specimens failed within the length of the central 50 mm
strain gauge, suggesting that fairly uniform stabilization had been achieved, it is
felt that because the faiture is generally sudden, any observation of strem above
the ‘ield” point is uareliable, i.e. the apparent plastic behaviour is misleading.
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Figure 5.23: Bending Stress vs. Strain - Soil B-coment (28 days)

The failure strain was thus assumed to occur at the apparent yield point.

The results indicate that:

& Both the modulus of rupture and the flexu. dulus increase with m-
creasing lime and cement contents. The soil~. specimens had higher
moduli of rupture and fmnmral moduli than soil-lime specimens at the same
stabilizer content.

« The feilure strain generally appeass to decrease with increasing stabilizer
content.

The irvegulurity of the variation of failure strain with increasing stabilizer content
is o be expected since thess materials ate not komogeneous in that they contain
unstabilized clay lumps. These lunips, together with the air and water voids
act as localized weaknesses from which cracks csn propagate. Higher cement
contents or longer curing periods in the case of the soi-lime might yield more
regular results,
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Chapter 6

SHRINKAGE OF
STABILIZED SOILS

6.1 Introduction

The major source of shrinkage in soils [#0] (and concrete [41]) is drying shrinkage
where water from the voids evaporates into the atmosphere. When the exposed
surface of a stabilized soil layer beging to shrink, it is restrained from doing so by
the material below it (which has not yet hegun to lose moisture}, thereby setting
up differential tensile strains in the material. A surface crack will thus begin to
form when the tensile strain is sufficient o cause rupture.

The development of cracks i dams is highly undesirable sinee these cracks can
develop into leakage paths. Although it may not be economically feasible (nor
possible) to attempt to eliminats shrinkage cracking im stabilized soils layers,
tironugh 2 knowledge of the sbrinkege behaviour with time, the size and spacing
of the cracks can be minimi: thereby minimizing the risk of the d

of leakage paths.

In soil-cement, sutogenous volume changes due to coment hydration can aso
lead to reductions in volume. The hydration of cement results in products which
have less volume than the sum of the volumes of the original water and cement
volumes taken separately [41]. ‘Thus the tatal volume of the systsm may decrease,
even thongh the absolute volume of solids is increased by the newly formed snlid
reaction products.
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Autogenous snrmkage resulting from the internal conxumpcmn of water during by~
dration (self-desis can also occur if additional water is not made available
after mixing. However, the water cement ratio of the materials tested (approx-
imately 2.75 ab 10% cement) was far greater than the minimum water cement
ratio required for the compiete hydration of the cement (approximately 0.4),
Thus autogenous shrinkage in these soils is only likely to contribute once the
mejor proportion of drying shrinkage has occurred.

George [60] found that the shrinkage strain of a sand containing 4% clay increased
from 3.05% (unstabilized) to 0.195 when 10% cement was added, this increase in
shrinkage being attributable o the self-desiccation of the cement paste during hy-
dration, Compared with the overall shrinkage strains of 2.5% for the soil-coment,
speciinens tusted in this project (see Section 6.2.2), it warld not be possible to
detect an autogenous volume change of 0.05%.

Both cement and lime stabilizetion reduce the shrinkage potential of a shrinkabls
sail. The reduction in shrinkage is attributed {25] to the Teduced ‘water afinity’
of the calcium saturated clay and $o the formation of a cementitious matrix which
resists volume changes.

6.2 Laboratory Shrinkage Tests

6.2.1 Prel 'y tests and d of equi

Tt was felt that the standard laboratory tests generslly used for shrinkage testing
were not adequate to provide meaningful data for the needs of this praject.

On the one hand the shrinkage limit Gest, although providing valuable compara-
tive data ie. as an indicator test, would not model field conditions in any way
since the material is uncomnpacted and oven dried. On the other hand the use
of beams or cylinders extruded from moulds was also felt inadequate since the
extrosion of the specimen from the mould allows it to expand to an equilibrium
volume, therefore increasing the potential for shrinkage. Extrusion also allows
drying from all sides of the specimen which rarely occurs in stabilized soil layers,
Pigure 6.1 shows the result of a pilot test conducted to determine the effecta
of extrusion on the measured shrinkage, using a silty sand stabilized with 10%
cement. The soil contained approximately 5% clay sized material.

The *extruded’ sample was compacted to Standard Proctor density, after which
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it was extruded from the mouid. Shrinkage strains were measured between two :
targets placed 100 mux. apart on the circular surface. The unextruded sample

was left in the Proctor mould, with the base kept in pesition to seal she bot- : B

tom surface. Strain measurements were 2lso taken an the bottom surface of the
anextruded specimen.

To determine the maximum shrinkage that conld occur, the specimens were oven
dried for 48 hours once the shrinkage on the exposed surface had reached the
maximum valze under the testing conditions i.e. after 316 houss.

Measurements taken hefore and after extrusion showed that an expansion of 0.3% il
occurred on the circular surface. The measurements of shrinkage on the dealed i
surface of the unextruded specimen indicate that the material frst expanded

(0.03%), after whi.s some shrinkage accurred.

The results indicate that extrision of the Secimen results in higher values of mea-
sured shrinkage. The difference arises both from the expausion of the oxtruded
specimen increasing the shrinkage potential (the expansion of 0.3% represante |
18% of the shrinkage potential of this specimen), and because the rate of mois-

ture loss is higher in the extruded specimer. (see graph of moisturs loss versus

time, Figure 6.1).

The results for the exposed and sealed surfaces of the unextruded specimen i~
dicate that the slower the rate of moisturs loss, the more the cement hydrates

providing = stronger cementing matrix to resist shrinkage strains. Thns although .
approximately the same total mass of maisture is lost from both specimens (ap~ o
proximately 228g after oven drying), the exposed surface of the unextruded apec-

imen shrinks less than the éxposed surface of the extruded specimen, while the

segled surface shinks the least.

Based on these resnlts, and on the philosophy that a knowledge of, and the ability
to control the shrinkage-time behaviour would be important to the minimizing
of cracks in dams, a new tasting procedure was developed.

A split-rrould (mild steel) wes used to ‘secnre’ a 100 mm length of PVC tubing
(150 mm cutside diameter) while the stabilized soil was being compacted into
the tube (Figurs 6.2). After compaction, the specimen surface was triramed
fush with the top of the tube, and targe’ wore glued across two diameters on
either ends of the specimen using a rapid hardening, high strength gue.

The specimen was laverted from its compacted position 5o that the top surface
appeared plane zud uniformly densified. The bottom surface of the apecimen was
sealed using plastic shesting secured in place with rubber bands, ‘The shestiog ,

86




MRLD STEEL
{— PERSPEX CYLD JER

[ REMIVABLE STEEL CLLLAR

STARRIZED
S SPECHEN

CNOT TO SCALE)

SECTION A-A

)

of Shrinkage

for C

Figure 6.2:

87

Lo




could be removed and replaced quickly to allow strain measurements.

A section of a laboratory was enclosed with plastic sheeting so that the specimens
could be subjected to a constant temperature (25°C) and a constant humidity
{55% relative humidity) during the tests.

The “maximum’ shrinkege measured after oven drying the pilot specimens ¢
110°C indicates that curing soil-cement specimens i.e. moisi or sealed cure for
say 28 days, would permanently reduce the shrinkage potential of the material.
However since It is the period between the compaction of successive layers that
any significant amotnt of shrinkage cracking on the horizontal exposed surface
accurs (this is where cracks might develap into leakage paths through the body
of the dam} it was decided t0 start the shrinkage oburvamuns 2s soon aa the glue
had set 15 . nutes after was leted).

8.2.2 Shrinkage test resulte

The shrinkage versus time graphs for each soil et the various stabilier contents
are included in Appendix D. Figure 6.3 shows typical shrinkage time curves for
the exposed surface for Soil C when unstabilized and when stebilived with 7.5%
lime and cement. Figure 6.3 also shows the graph of moisture loss versus time
for these specimens.

Figure 6.4 shows the trends of maximum shrinkage strain versus stabilizer con-
tent for the four soils. The shrinkage strains represent an average of the two
straina messured on the exposed surface, while ‘iotal’ shrinkage strains were the
maximum shrinkage magnitudes observed under the test conditions, ie. the total
shrinkage straines were not determined by oven drying as in the pilot tests.

The results wers typical of ali the soils and show that:

= The addition of the first increment of lime or cement reduces the shrinkage
markedly. The shrinkage continues to decrease as the stabilizer content
increases.

o Lime is more effective than cement for controlling shrinkage of these soils.
This is especially noticeable in the clay soil (Soil C) where 10% cement
and 2% lime reduced the shrinkage by 45%, whils 10% lime reduced \he
shrinkage 1y 65%.

. Anhongh the quaniity of meisture losh in a given time Js higher in the soil
than in the soil at  particular stabilizer
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content, the shrinkage of the soil-ime specimens is always less. Although
only one example is given in Figure 6.4, this was always the case.

Figure 6.5 shows the graph of rate of moistute loss versus time for Sofl C when
unstabilized and at all stabilizer contents. The same linear trend of decreasing
rate of moisture loss with the logarithm of time occurred for all the soils at
all stabilizer contents. The rate of moisture loss from Soil C when unstabilized
inittally remained constant and then followed the same trend as the stabilized

oepoRErOe
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Figure 6.5: Rate of Moisture Loss vs. Time - Soil C

i Although there wes no dehnite relationship between the rate of moisture loss
i and the stabilizer content, it was noticed that the initial rate of moisture loss
HG) appears to be dependent on the permeability of the material, ie. the lower
the permeability, the lower the iniial rate of moisture loss. This is however of
. academic value sirce the rate of shrinkege is dependent on the quantity and type
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of clay present, i.2. Soil C unstabilized shrinks faster than when stabilized even
though the Tate of moisture loss is lower.

The initial rate of moisture loss is however impartant in determining the rate a6
whick moisture meeds to be zeplaced if shrinkage s to be minimized.

Figure 6.6 compares the total shrinkage on the top and bottom surfaces of the
specimens of Soil B stabilized with cement and lime. The measurements of shrink-
age on the bottom surfaces wers begun once the shrinkage on the top surface hed
reached a constant value, at which stage the specimens were inverted and the
previously sealed surfaces exposed. The final measurements were taken 21 days
after the specimens had been compacted. Similar results were observed for the
other soils.

‘The exposed surfaces of the soil-cement shrank more than initially sealed surfaces
as occurred in the pilot tests. Although the specimens were not cured, it appears
that since the rate of moistire loss from the lower part of the specimen is lowar
than the top, more cement hydration occurs in this region.

On the other hand, the sealed surfaces of the scil-lime specimens shrunk more
thau the exposed surfaces. This was not unexpected since it was noticed that for
2li the soils, the shrinkage of the uastabilized material was greater on the sealed
surface.

It is thought that a densiby gradient is caused by the tamping of successive layess
so that the bottom of the compacted specimen is mors dense than the top. Since
the specimens were inverted relative to their compacted positions, the exposed
surface was more dense than the sealed surface and thus exhibited less shrinkage
potential.

6.3 The Effect of Water Replacement on Shrinkage

If the amount of shrinkage cea be controlled in the period betwesn the placement
of layers, then the amount of shrinkage cracking within the body of an embank-
ment can be minimized. Since the shrinkage is largely caused by drying, it is
logical that the shrinkage of an exposed surface can be reduced by replacing the
lost water, until the surface is sealed, by the subsequent layer.

Figure 6.7 shows the results of a water replacement test conducted on Soil B sta-

bilized with 7.5% cement. Up to point B, the water lost through evaporation was
replaced at 2 hourly intervals, by sprinkling water on the exposed surface. The
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specimen was then allowed to shrink overnight, after which the lost moisturs was
sgain replaced (point C). This was repeated (poiat D) after which the specimen
was allowed to shrink with no farther additions of water.

2
1.9 }
1.8 I
17 . -
s Expbsed [surfsce =
¥ 1% nio_water sdded. T
e 13 EETTN
g 12 i ——
i 11
s 7
& 09
£ os
£ o7
2 06
“ g‘f RC I Watkr added ifroml A 0 §
.3 1 and at € and D
03 =
01 1
]
o 20 40 60 £ 100 120
Time (hours)
Figure 6.7: Effect of Moisture Repl on Shrinkage-ti h

The results show that not only can the shrinkage be successfully controlled, but
there is also evidence that the shrinkage is partly recoverable, with the amount
of recovery decreasing with time affer compaction.

1 $he strain required to catse eracking is known, then it seems likely that the use
of control measures such as sprinkling water on the surface ak regular intervals
would almost certainly allow good contral over the development of shrinkage
cracks.

From the flexure test results, it was observed that the strain at which a crack

begins to devel  may be as low as 0.02%. The shrinkage of all the specimens
reached this strain very shortly aier the resdings bega, indicating that it is
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unlikely that shrinkage cracks can be enticely eliminated.
Howsver, the fallowing visual observations were made:
« ‘Hairline’ surface cvacks were observed in the unstabilived and soil-cement
specimens at very low shrinkage strains (less than 0.1%).

© These cracks grew 3a shrinkege continued, but were mwch mneller in the
i  than in the a The specimens also shrank
away from the PVC tube.

« A few hairline cracks were observed in the 5% soil-lime specimens, but
1ot in the 7.5% or 10% lime specimens. With continued shrinkage, these
materials moved away from the PVC tubing.

1t appears that the rastraint offered by the material below the shrinking surface
develops more rapidly in soflcement thag in scillime. Thus the soil-cement
cracks, while the soil-lime appears to move radially inwards, ie. material below
the shrinking surface is pulled inwards by the shrinking material.

The NITRR [22] reports that “usually the cracks in lime-treated materials are
nerzower and less extensive and therefore less significans than those in cement.

treated materials”. Since the time rate of shrinkage is lower for soil-lime, it is

2pparent that it wili be easier to control cracking of soil-lime than soil-cement.

Tz ensure adequate bonding at the interface between soil-cement layers, « fairly
liguid cement paste may be spread on the exposed surface before construction
of the subsequent layer begins [8]. This paste would certainly zid in illing ~mw
shrinkage cracks that may have developed.

Because of the slow rate of strength gain with time of soil-lime mixture .7
of these materials have been reported to exhibit ‘self-healing’ (or sutog.
healing) propeties [25,61,62]. Thus the possibility existe that ¥ shrinkags cracks
in soil-lime can be made to close up e.g. by water replacement, the material
can regain some bensile strength. However this self-healing property is not well
proven, and should ot be relied upon {22).
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Chapter 7

THE PERMEABILITY OF
STABILIZED SOIL

7.1 Imtroduction

The permeability of the stabilized soil is an important consideration in the design
of b stabilized soil dams. It is desirable to minimize the
permeability to reduce seapage losses through the embankment, while Robertson’s
[0} findings show that the distence inta the matesial that calcium is leached from
soil-cement ix = given time ia propartional to the permeability of the material.

The permeability of a soil is Jargely influenced by the volume of voids in the
‘material and the continuity of flow channels. Shrinkage cracks can strongly influ-
ence the permeability by creating continuous flow channels. It is thus desirable
%o minimize the void volume, and to minimize shrinkage cracking to ensure and
maintain a low permesability.

7.2 Permeability Test Results

The ility tests were using the designed
by Robertson [3]. The percolation cell in which the specimen was placed is
described in Figure 7.1. De-aired distilled waker was used both to apply the
confining pressure of 100 kPs, and for the percolating water which was at &
pressure of 36 kPa at the inlet of the cell.
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The grudisnt actoss the 75 mm long specimens was thus 50 m/m which may
2ppear to be extzeme for & homogenous embankment dam in which the gradient
across the material is likely to be less than & m/m. However, the approach thas
Robertson took in the design of this test was to simulate the design life of the
material using a higher gradient over a shorter test period. The test conditions
for sespage over a period of omie year ace thus intended to represent a unit gradient
(2 m/m) over & peziod of 50 years.,

Three specimens of each sofl-stabili formed & test ‘set’. Onee
fnstalled in the cells, the specimens were saturated firstly by fushing the specimen
with the confining pressure off, and then by applying a vacuum at the outlet end
for 80 mimutes with. the confining pressure on. This pracedure was repeated until
5o air was visible in the outfowing water under vacuum.

During the tests, the water which had passed through the specimens was collected
in plastic bottles, Moisture losses at the gap between the outlet piping and
the bottle were cffectively eliminated by sealing this gap withk an impermeable
tape, For each specimen, a continuous record was kept of the mass of water
passing through the specimen in a given time, from which the permsabilities of
the specimens were calculated at various intervals in time.

‘The tests were carried out over a period of 240 days following the standard 28 dey
cuze at which stage, sufficient information on the permsabilities of the various
sets hed been oblained.

Figures 7.2 aad 7.3 show the variations of permeability with stabilizer content.
The figures have been presented separately for clarity.

In some cases, a single specimen within a set showed a sigoificantly higher per-
meability than the average permeability for the set. This probably resulted from
the development of shrinkage cracks during the setting-up of the cells, It was
noticed that sach high initial flows occurred in the majority of the 5% stabilizer
specimens, which also showed the highest rate of shrinkage with time.

Figuro 7.4 shows the vasiation in permeability with sge for specimens showing
high initial fows. The ‘average the average

of the thres specimens in the set after 240 days percclation. It is apparent from
these curves that there is a tendency for the closure of leakage paths to oceur, with
the permeability decreasing towards the average value cbtained for the specimen
set.

The addition of eithor 5% cement or 5% lime resuléed in increases in the perme-
ability, this increase being larger for 5% lime. The increase in permeability is to
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be expected since the foccalation of clay results in an ‘open’ less dense structure
which results in 8 larger fow area and thus a higher permenbility [28,57].

In the twoless plastiz soils, Soils A and B, further increases in either the cement or
the lime content resulted ia decreases in the permeability, with the cement having
& larger influence than the lime at smilar stabilizer contents. The permeabilities
of both soils a¢ a cement content of 10% were less than the permeabilities of the
respective unstabilized materials.

The permesbilities of Soils C and D increased substantially on the addition of 5%
cement or lime. Further increases in stabilizer content resulted in small increases
in the permeabilities of these materials. The permenbilities at 10% cement were
still far kigher than the initially low permeatilities exhibited by these two soils
when unstabilized.
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As might be expected, the trend in permeability with stabilizer content resermbles
the inverse of the trend in maximum dry density with stabilizer content (Figures
4.4and 4.5). Generally smaller incresses in density occurred on the addition of 5%
cement (reductions in density occurred in Soils A and C), while more significant
increases in density occurred above the 5% cement level. This agrses with the
initial increase in permeability ab 5% cement and the reductions in permesability
at higher cernent contents.

Lacge increases in permeability can be associated with large decreases in maxi-
um dry density resulting from the addition of 5% lime. The floceulation of the
cley results in a less dense and hence more permeable structure.

Smaller decrenses in density at lime contents above 5% cotrespond with smaller
increases in permseability. At lime contents below the lime Sxation capacity (ap-
proximately 5% for these soils), the added lime is nsed up in jon exchange and
Hocculation reacvions. Since the degree of focculation approaches a maximum
at the lime fixation capacity, lime contents above this will result in free lime in-
tended for the slower poszolanic reactions. In = soft particulate form, this lime
may act as & void fller, remlting in smaller jacreases in permesbility and even
decreases in permenbility ss observed for Soils A and B ab lime contents above
5%.

Brand! [63] obtained similar results where the permesbility increased on the ad-
dition of 1% lime, but decreased progressively at higher lime contents. He also
found that the permeability decreases as the curing period is extended. After 180
deys curing, 7% lim .ample exhibited the same permeability as the unstabilized
material.

As noted in Chapter 4, the specific gravity of the ‘new” materials would have to be
measured to be able to compare the void volumes more exactly. I is possible that
the higher lime and cement content specimens were less susceptible to shrinkage
cracking (generally the ‘high initial flowrates were observed in 5% specimens)
and thus had lower permesbilities. 1t is also possible that the presence of excess
lime in the lower plasticity soils increases the viscosity of the permeant thereby
reflecting lower permeabilitics. However since this testing programme considered
only the quantification of the permeabilities, mare precise tests will be required
to determine the ressons for the observed beliaviour.

Fossberg {58] also found that lime reduced the permeability of the clay soils he
tested. The permesbility decreased further when the specimens were cured for 4
smonths, Townsend and Kiym [64] propose that Fosshery, observed these Tesults
becauss he (Fossbers) compacted the soil-lime immediately after mixing {as the
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author did in this project), which did not allow the clay to flocculate, Townsend
and Klym maintain that “f the soil is allowed to cure for the recommended 48
hours in 2a uncompacted state to allow the reduction in placticity necessazy to
expedite construction, then the flocculation of the clay will always Tesult in an
increase in bility relative to the ized material, if the two materials
are compacted usi:g the same compactive effort”.

However the author found that it was not necessary to allow the material to cure
before compaction without the material sticking to the compacting ram. There
thus appears to be 2 compromise between curing time before compaction and
the various properties obtained, i.e. Some properties may be improved by curing
before compaction while others may not.

For embankment dam design, Sherard et al [2] classify soils with permesbilities
within the range 51077 t0 1.10~ /s as impervious to very impervious, while for
an impervious core, Thomas [65] recommends that the permeability of the com-
pacted core material should not exceed 1.1077m/s. The measured permeabilities
of the stabilied materials ranged from 2,10 to 2.10*m/s. Siuce these per-
meabilities fall within the range of biliti ble for an

core, it would not be necessary to include other impermeable elements to reduce
seepage losses if these stabilized soils were used in 2 dam.

7.3 Flow Through Artificially Created Cracks

An attempt was made to observe the exosion effects of fast moving water thisegl
an artificially created crack. Figure 7.5 shows the equipment used for these
cbservations.

Cylinder specimens (37.5 mm diameter by 75 mm) cured for 28 days (standard
cure) ware cracked nsing cylinder splitting test equipment to yield twa half cylin-
dexs. The two halves of the cylinders were held apart by thin steel wedges while
they were glued in position by an epoxy normally used for concrete sopeirs.

After the epoxy had set, the wedges were zemoved and the area of the crack at
each end measured, The cracked specimen was then installed in the cell, snd a
confining pressure upplied. Water was then forced through the crack, the pressure
applied o the flowing water being half the copfining pressure. Once a consistent
volume flowrate bad been determined, the confining pressure was increased after
which the flow pressure was also increased.
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The velocity of fiow was calculated by dividing the volumetric flowrate by the
crack area. Since it was impossible to measure the crack area accurately, the
results were adjusted so that the curve passed through the origin.

Figure 7.6 shows ¢he resulis of the limited tests conducted. The equipment was
calibrated using a specimen made from a granular soil with 20% cement {control
specimen). For this specimen, the velocity increased lineacly with incressing
How pressure. At higher flow pressures, the velocity increased at a decreasing
rate, probably because of increased friction losses together with the closure of
the crack at the higher confining pressures (the initial crack area was used for all
caleulations).

1z

1

10 Cottrot=20%CenrenT
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- 8 g o
s
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T s I
3 a2 B L 5% Lims R
= 4

4

3 = 3
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1_‘ Soil A |- 5% Lime

B Soil A |- 5% Cpment

@

100 200 300 400
Flow Pressure (kPa)

Figure 7.6: Velocity vs. Flow Pressure - Artificially Cracked Specimens (28 Day
Cure)

Since & veriable pressire continuous water supply was not available, the duration
of flow for each test {ie. for eack data point) way Iimited to approximstely 10
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‘minutes.

Testa on unstabilized materials were not possible since the crack closed up under
very low conlining pressures. The obscrved outfiows from the unstabilized spec-
imens were extremely cloudy indicating that exosion of the material cecurred at
low flow velocities.

None of the stebilized specimens showed ercsion in the form of cloudy outflow
at any flow pressure, the specimens “failing’ when the crack collapsed under the
confining stress. The graphs for the stabilized soil specimens are all similar to the
control specimen with the rate of velocity increase decreasing to a larger extent.
Early apparent failures appear o reflect the strength of s material rather than
its erosion capacity, with the collapse or closure of the crack o\:cumng earlier in
the weaker i The des of the strengths
(Figure 5.1) of these materials agree with this observaticn-

Although it is felt that the measurements are not highly accurate, the tests
do reveal that the soil is far more erosion resistant when stabilized. A more
sophisticated test will be required to determine whether such stabilized materials
can be used without a protective layer to resist erosion.

The ‘apparens’ ility of the imate crack width of
1 mam}, ranged from 1.10~4m/s to 2.10 %m/s. compaua with the permeabilities
of the uhcracked :pecimens which ranged from 2.10*m/s to 2.1073m/s it s
evident that such cracks would result in unacceptably high aeepage losses.

However is unlikely that extreme flows through shrinkage cracks will be prob-
lematic since in an embankment dam it is not likely that a shrinkage crack will
develap through the entire width of the dam. Thus shrinkage crarxs will probas
bly not exist as open flow channels as they do in smail specimens. With proper
curing, the development of shrinkage cracks within the body of the dam can be
almost entirely eliminated. Shrinkage cracks will then exist mainly on the surface
of the dam and will not extend to any significant depth.

Since the durability of soil-lime matericls will probably be » limiting factor in
the design of an smbankment dam using materials such as those tested in this
progeamume, it is likely that a durable and relatively impermesble ‘membrane’,
e.g. & cement rich gramular soil-cement facing, will be used to face the dam. This
would sliminate the risk of high flows through leakage paths and protect less
durable materials from environmental effects.
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Chapter 8

THE DURABILITY OF
STABILIZED SOIL

8.1 Introduction

The durability of a soil can be broadly defined = that property of the material by
which jt resists eavironmental ar ofber forces tending to cause the deterioration
of the integrity of the material during its service life.

Destructive infiuences which can weaken cemented materials include:

+ Repeated volume chabges due o variations ip temperature {freezing and
thawing) or moisture content (wetiing and drying). The tensile stresses
developed can weaken or rupture the cementing bond, thersby causing a
reduction in strength.

« The presence of deleterious mi arials. Salt crystallizabion, sulfate attack,
acid and cajciwm carbonate can all lead to a luss of cementation and/or
excessive heaving and cracking. Organic compounds are also beneved to
interfere with coment reactions.

o Teaching of cementitious products by percolating water.

« Abrasion and erosion e.g. by wave action or reinfall.

The durability of stabilized soil is 2ot essily quastifisble aund is normally investi-
gated by conducting laboratary wetting and drying (ASTM DS59) and fressing

107

S

")
&
3
[soewn ]
=



and thawing (ASTM D560) tests. The ASTM tests correlate with the fiald per-
formance of highway base courses in temperate climates, and thus may not be
dacly relevant to the of stabilized soils in dams in Scuthern

Africa.

The applied temperature ranges (71°C drying and -23°C freesing) ars severs
for South African conditions while the brushing of the specimens exerts siresses
which are nok realistic for all applications.

It was inguitively felt that the plastic stabilized soile used in this project would
ot be acceptable to dam builders as durable facing materials because of the high
assurance levels required for this element of the dam structure. Better quality
soil-cement with a fairly high cement content (approximately 10%) would be
required to satisfy the critetis for soil-cement a3 a durable facing.

Since Rot (9] has i the leaching effects and ‘he dura-
bility of such a material (2 well graded silty sand with 4% clay sized material and
PI = 5%), it was felt that repetition of such & testing programme was notb war-
tanted. K is worth noting that Robertson found for hia soil that 2% cement was
sufficient to satisfy the standard mass Joss criteria for the wet-dry test. For slope
protection, the PCA recommendations indicated 2 cement content of 4% while
leaching tests indicated a cement content of 10% for minimdzing permeability and
cament loss.

Notwithstanding the above discussion, limited testa were conducted in order to
make some compatison between the durabilities of the soils tested. This was
motivated in part by the appatent contradiction arising from the inability of lime
stubilized soils to satisfy the accepted durability tests, and the fact that soil-lime
has in bydraulic

8.2 Durability Tests

A limited number of wet-dry tasts were conducted on a number of standard spec-
imens which had been subjected ta percolation and soaked storage {see Chapter
7). Some of the soil-cement specimens at the lower stabilizer contents appesved
soft at the ‘inlet’ end, this softening being evidence that some leaching of the
stzbilizer had oceurred during the percolation test.

Since the specimens had been leached and wet stored for a prolonged period, &
Jess harsh wet-dry testing procedure was adopted. The specimens were subjected

108

N

G~

N

0



V"(

60 cycles of wetting by soaking in & water bath followed by drying at 40°C for 48
hours. No abeasion tests wers conducted.

Soil D proved totally unsatisfactory with specimens at all stabilizer contents dis-
integrating after 1 or 2 wet-dry cycles. This was expected since Soil D contained a
noticeable amount of organic material which appeered to affect all the engineering
‘properties negatively.

Soils A and B behaved more favourably with 5% lime aud cement specimens
failing after 4 ta 5 cycles, 7.5% specimens failing after 7 cycles, while both the
10% Kime aad cement specimens remained fntact after 10 cycles. Soit C, which
kad 2 content of clay sized material of 60% (almost double that of Soils A and B)
failed after 3 o 4 cycles at all stabilizer contents. Clearly & much higher stabilizer
cantent would be required to render this soil s durable as Soils A and B.

Granular soils generally require low cement contents (5 to 7% by weight) ta ensure
satisfactory durability for hydraulic structures [4]. The durability of clay soil-
cement depends on the strength of the cement mairix aud on bow effectively the
volume changes i the clay can be minimized and restraied. Tn order to obtain a
‘material sufficiently durable for hydraulic structures it becomes necessary to use
2 high cement content to enclose the cley lumps eutirely with cement paste. A
combination of Eme and cement may prove to be a less costly method of rendering
such a material loss water sensitive aad more dnzable.

For Soils A and B, lime appeared to be as effective as cement in improving the
aurability of the soils. It seams Lkely that the durability of soil-lime is ques-
tionable oaly in the short term when the material mey exist in a non-plastic
uncemented form and can disintegrate easily in the presence of water. Soaked
strength tests could not be conducted on soil-lime specimens ab 28 days because
they disintegrated. In the long term, lime stabilization reduces the magnitude of
volume changes {by reducing the water afiinity) and by the formation of perma-
nent cementitious reaction products which increase the tensile strength.

The size of the clay lumps also appears to influence the durability, i.e. the larger
the lumnps, the less durable is the material. Finer pulverization of the clay lnmps
would certainly allow more effective stabilization of the soil, resulting in higher
strength and durability.

Throughout the thesis, the addition of Hme in excess of the lime fxation capacity
is emphasized. The durability resalts for Sofls A and B sgain highlight that high
lime contents are required to stabilize the material successfully, whereas poor
results would have baen obtained using the ‘optimum’ lime conent for unconfined
compressive strength a 28 days.
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TFrom the perspective of dam design, it is folt that the durability of stabilized soils
should not be a deciding factor. As proposed in eszlier chapters, the less dusable
material can be used in the body of the dam where moisture and temperatuze
changes are small. More ducable granular soil-cement can then be used to face’
the external surfaces of the dam where temperature and moisture changes ate
large and durability becomes a critical design criterion, This type of approach is
already used in the design of conventional and roller compacted concrete dams
‘which use a lower cement content less durable material as the mass gravity com-
ponent (termed ‘hearting’), protected by a shell of cement rich durable material,

From the successes achieved in certain applications such as the Friant Kern canal,
it is apparent that unprotectsd lime stabilized expansive clays can readily be
used in hydranlic structures. Since such materials may be discounted for use
because of their apparent lack of durability when compared with cement stabilized
soils according to the standard tests, thete is thus a need for more research ixto
accepiable durability evalustion methods.
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Chapter 9

SOME THERMAL
PROPERTIES OF
STABILIZED SOILS

9.1 Introduction

Generally, thermsi volume changes ave not significant relative to molsture related
volume changes. Using 2 valus for the coefficient of thermal expansion as quoted
below, a temperature change of 10°C may cause a strain of 0.01% which is small
commpared to observed shrinkage strains of the order of 1% for  change in moisture
content of 1 to 4% {calculatied for Soil C stabilized with 7.5% lime or cement).
The thermal properties of stabilized soil are thus not deals with in detail. Some
information on the thermal properties of stubilized soil is presented below.

8.2 Coefficient of thermal expansion (@)

1t is difficult to quantify the thermal expansions of soils in laboratory tests since
o rise in temperature causes a loss of moisture which can offset the thermal ex-
pansion of the material. Should a qusatitative measure of o be requized it would
probably prove moro valuable to make determinations both in a dry state and
seeled {preventing moisture loss) thus modelling expased material and material
in the body of the dam.
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The Highway research Board [49] reports an increase in  with an increase in
cement conbent and with an increase in density for all soil typee. The rate of
increase in o with density is larger for clay soils.

“The coefficients of thermal expansion range from 5.5.10~%mm/mm"C for low ce-
‘ment contents (2.5% by weight) to 11.10~mm/mm®C for higher cement contents
(10%). The variution between sail types is small

9.3 Coefficient of Thermal Conductivity (k)

The thermaal caductivity is defined as the rate of heat flow through a material
under & unit thermal gradient.

From data presented by Mitchell [27] it seems that at the same density and
moisture vontent, silt and clay soils have lower thermal condu.ctivities than sandy
soils. Increasing the density at the samr moisture content, or increasing the
moisture content at a constant density both result in an increase in the thermal
conductivity.

During the project, limited tusts were conducted to determine the values of the
cosficients of thermal conductivity (K} for Soils A, B and C unstabiiized and
stabilized with 5% cement and lime.

Figure 9.1 illustrates the coraponents of the apparatus used in the tests. Although
not sealed, the specimens were ‘capped” at either end {the caps were glued to the
specimen fo ensure uniform heat transfar to the specimen), and enclosed within
a large polystyrene foam block o minimize lateral temperature losses.

The botbom steel cap (k 2240 k.cai/h.m.%C] acted us a heat ‘source’ while the
perspex cap (k 0,18 k.cal/h.m.°C) acted as a heat ‘sink’ giving the thermal
gradient across the specimen 2s shown in Figuze 9.2. This configuration was
chosen to allew a measurable temperature gradient to exist across the stabilized
soil specimen and the perspex vap.

The bottom cap was heated using a large steel block partially immersed in
constant temperature bath, while the top cap was cooled by exposure to the
atmosphere. Ineluded in Figure 9.2 are typical tempersture measurements, nsing
thermocouples linked to a for some of the tested. The
temperature gradients across the specimen and the perspex cap were then used
to calculate the value of k for the soil specimen (a value of k 20.18 k.cal/h.m.°C
was assumed (6] for the perspex) using the principle thab the rate of heat flow
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Figure 9.2: Typical Measured Temperature Gradients

across both materials is the sume. The temparatures were logged continuonsly
until equilibrium vaines were reacked.

Table 0.1 presents the valuea for caefficient of thermal conductivity obtained from
the tests. Also presented i the table are comparative values of & for concrate
and various soll-cement mixtuzes as quoted by other references. Although the test
results may not be highly accurate betause of the sizplicity of the equipment and
the assumned value of k for the perspex cylindsr, they appear to be near the values
obtained from ather sources for similar materials and of adequate comparative
value.

The clay soil (Soil ) had a lower vakue of k than Soils A azd B, while the lime
treated materials showed lower values of k than their cement treated equivalents.
For comparison, a silty sand stabifized with 20% cement was also tested. This
matesial which was compacted to » higher density at & lower moisture content
than Soils A, B aud C exbibited the highest thermal conductivity.

The results also appess to follow the trends in thermal conductivisy reported in g,
the sources onsulted (41,68] he.:

= The thermal conductivity increases with increasing density.

« The therma) conductivity increases with increasing moisture content since
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Table 9.1: Thermal Conductivities of Stabilized Soils

Soil Stabilizer Toelficient of
Content thermal conductivity (k)
%) (k.cal/h.m°C)
A nons 7
A 5% cement 17
A 5% lime 155
B nane 17
B 5% cement T
B 5% lime 18
[ none 11
[+ 5% cement & 135
2% lime
c 5% lime 1.35
Siity send | 20% coment, 19
Concrebe [41] 1023
Sand cement [45] 225
Silt-cement [49) 12
Clay-cement [49] 11

the thermal conductivity of the water (k 0.5 k.cal/h.m.0C} is greater than
the thermal conductivity of the air it replaces (k ~0.02 k.cal/hm2C).

» Limestone aggregates yield concretes with lower thermal conductivities than
concrates containing quartvite aggrogates.

® Au increase in the cement content results in an increase in the thermal
conductivity.
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Chapter 10

DESIGN OF STABILIZED
SOIL EMBANKMENT
DAMS

10.1 Introduction

The preceding chaptera present the results of the laboratory investigations into
the properties of stabilized soils relevant t6 embankment dam design. This chap-
ter examines the validity of the prermise of the thesis, i.e. whether the addition of
the stabilizer increases the streugth of these materials to the extent that a cost
saving over conventional solutions can be achieved.

Robertson (9] used the Rondsbosch Dam as a case study to compare the costs
of alternative structures. Data were availsble for the concrete buttress dam
constructed 5. che site, as well a3 for an alternative (proposed) earth embankment
dam. Although Roberteon compared costs essentially on the basis of material and
construction costs per unit volume of materiel, he wes able to show that a soil-
cement embankment dam could have been considerably cheaper than the cancrete
buttzess dam actually constructed at his site.

For the strength and stability analyses #nd the cost comparisons presented in

the following sections, it wes decided to agsume the section dimensions of the
‘proposed’ Rondebosch earth embankment,
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The section dimensjons are:

Crest width 60m
Height of spillway crest 35.4m
Maximmn reservoir depth at design food 39.4m
Maximum height 409m
Volume of proposed earthfill embankment 890 000 m*
(for comparison}

The design of an embazkment dam requires thorongh consideration of numeraus
aspects such as foundation strength and suitability. Such a design is beyond the
scape of this project, aud the analyses are thus greatly simplified, the intention
being more to demonstrate the foasibility of the use of the materials in terms of
strength and cost.

A Hruitabion ox the use of stebilized soil Jment dams is that the
‘mast, be sufficiently incompressible to ensure that kurge transverse cracks do not
develop es & result of differenti along the longitudinal axis of the dam.

For the considerations which follow, it is therefore assumed that the foundations
are sound and incompressible.

10.2 Material Properties for Design

From the results of the laboratory investigation presented in the previous chap-
ters, ib is clear that the most eficient stabilization i.e. highest strength per mass
of added stabilizer, is achieved when cement is combined with lower plasticity
soils having well distributed particle sizes.

For the strength and stabilify analyses it was decided to consider only Soil B
stabilized with cement and lime, since this materiel gave the best results in terms
of strength. From the results of these analyses, the requirements for other soil
stabilizer combinations can be deduced.

The properties of Soil B st various cement and lime coutents abstracted from
rosulis presented previously are shown in Table 10.1.

The triaxial shear strength paramsters ¢ and ¢' at 540 days were calculated

from the unconfined compressive strength data at this age using the Mobr failure
envelope {0} = 0 and o} = UCS) assuming that ¢' remains constant with sge.
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Table 10.1; Summary of Compastion and Strangth Properties - Soil B

Gotapaction Characteristics Shear Strength
Optimum Moistare | Maximum 28 Days 540 Days
Content Dry Density | ¢ 4 < 2
(%) (kg/m®) | (kPa) | (degrees) | (kPa) | (degrees)
No stabilizer 225 1578 30 22 30 22
5% cement 227 1580 300 28 330 2
5% lime 2.8 1550 320 27 300 27
75% cement 224 1583 360 39 600 39
7.5% lime 240 1520 225 35 550 35
10% cement 221 1588 485 43 925 43
\i% Time 243 1510 130 40 550 40
18




10.3 Analysis of Strength Requirements

Since the properties of stabilized soils lie between those of concrete and unstabi-
Tized soils, it is reasonable o assume that the ‘bulk’ behaviour of the stabilized
soil in the body of an embankment dam will also be somewhere between the
rigid behaviour of concrote and the plastic behaviour of soils, In other words,
» stmplified design of a stabilized soil embankment dam can be carried out by
satisfying the strength requirements for ths extremes of the possible bekaviour
of the matesial.

10.3.1 Soil-cement
Strength requirements for gravity stability

The gravity section is analysed by the ‘Gravity Method of Analysis® [67} where
; the fallowing assumptions are made:

* Th shilized soil in the dam i isotropic, and uniform elastic
material.

« A1 loads are carried by the gravity action of vertical, parallel-side can-
tilevers which receive no suppost from the adjacent elemanta on either side.

« Normal stresses on horizontal planes vary kineasly from the upsiveam face
to the downstzeam face.

« Horizontal shear stresses have a parabalic variation across horizontal planes
from the upstream face o the downstream face.
Figure 10.1 shows the applied loading on the section under consideration, Equal
upstream and downstream slopes are assumed throughout.
The factors of safety generally applied to concrete gravity dams [67] ave:
 'The factor of safety against overstressing (Sc) is normally specified as 3.0,

2.0 and 1.0 regpectively for nsual, unusual and extreme loading combina-
o tions.

 The shear friction factor of safety Q s specified as 3.0, 2.0 and 1.0 respec-
tively for usual, unususl and exizeme loading combinations.
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Figure 10.1: Applied Loading on Gravity Section
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Figures 10.2 and 10.3 show the results of the gravity analysis in relation to the
recommended safety factors. The compressive stress safety factor reflects the
critical strers at the toe of the dam while the analysis for the shear friction safsty
factor was petformed for the base of the dam.

The ‘critical gravity section’ is defined as the section having zero vertical stress at
the heel, For the section dimensions assumed, the limiting critical section occurs
for the ‘design flood’ condition at a slope angle of 650,

The results show that the limiting condition according to the recommended safety
factors ia compressive stress (at the toe) under normal operating conditions, for
which a cement content of 10% must be used in order to canstract a dawn of equal
upstream ead dowastream slope angles between 54° and 62°. Assuming that the
foundation conditions peraitted, the steepest slope would be used to minimize
the cost of the embankment §ll.

As pointed out by Robertson aad Blight (3], since stabilized soils behve plasti-
cally undet high confining pressures, it seems probable that plastic deformation
will lead to 2 redistribution of stresses in highly stressed zones. Conaequently the
application of the igid body analysis to stabilized soils tay be conservative.

One would thus probably bo justified in selecting the cxitical section [85°) even
though the safety factor for the critical section is slightly less than 3.0 (compres-
sive stress, normal operating condition).

Por the critical gravity section under the critical loading condition (design fiood),
the shear friction safety factor is 5.6. However, in the consideration of the shear
strength on Lift joints, the full shear strength of the material cannot be assumed
4o have develaped between the faces of the joint, i.e. the safety factor must ailow
for the reduction in shear strength across bonded faces.

The shear strength can be considered (section 5.3) as

iie. cohesive and frictional sear resisiance. Considering the lift joint to be a
horizontal failure surface, th least resistance to shearing that can be expected is
i the coesive strength is watr,, Le. the Tesidual’ or ‘Frictional’ strengsb is:

7 =o'tang’

The shear friction safety factor on the Iift joiut can then be considered in terms of
the residuat (frictional) strangth plus the proportion of cohesive strength assmed
%0 have developed between the joint surfaces. Figure 10.4 shows the shear friction
safety factor in terms of the residual strength on the joint (¢’ = 0) and the
proportion of cohesive strength developed. From this graph only 28% of the
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cabesive strength need be developed to satisfy the safety factor of 3.0 on = lift
Join at the base of the dam.

Robertson {9] points out that the safety factor of 3.0 is seemingly only applicable
to conventional concrete gravity dams, since concrete has a high ratio of peak
to residual strength. He proposes that design for shear friction for soil-cement
should be based o the residual strength with 1 factor of safety of 1.2 applied for
material variability, while the shear friction safely factor as previously determined
should be a minimum of 2.0 for normal and unusual loading conditions.

Figure 10.4 shows that the residual strength is sufficient to satisfy these conditions
for the normal operating condition, while development of 13% of the available
cohesive strength would be required to satisfy the ultimate strength requirement.

Construction control measures such as brooming joint surfaces, treating the sur-
fece with a neat cement slurry, and reducing delays between construction of
consecutive layers should improve the interlayer bond considerably should this
be deemed necessary.

Figure 10.5 shows the compressive strength sefety factor (Sz) for the same ma-
terials at an age of 540 days. At this age, a cement content of 7.5% would be
sufficient to satisfy the recommended safety factors.

‘The loading co-rdjtions considered occur only after first flling and it will probauly
be justifiable to design on the basis of the cured strength at this age. Although
the 548 dey curing period of the bested specimens will probably be longer than
the period required to construct the dam, these specimens had been subjected
to percolation end sozking for 512 days. ‘Thus the safety factors can be assumed
to represent those for unleached material after a shorter curing penod althoe =h
this may be conservative when the severiiy of the leaching tests is considerea.

Thus the minitium cement content for the critical section can be set at 7.5%.

Slope stability analysis

Earth embankment dam design Tequires that the upstream and downstresm
slopes be stable under various operating conditions. The critical times [28] for
the upstream slope are end-of-constouction and during repid drawdown whereas
the critical times for the slope are end-of- and steady
seepage under normal {reservoir full) operating condition.
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Sinee i is bkely that construction pore pressures will dissipato foirly rapidly since
the pore water will be used up to hydrate ths t, the critical ti

in the following anslyses aro rapid drawdown (upstroam slope) and reservor full
(downstreamn slope).

Slope stability analyses were carried out using a computer programme STABL,
developed bo handle general slope stability problems. The programme searches
for the critical failure surface, using & random technique for generating circulaz
failure surfaces. The author selected the Modifled Bishop method for the analysis
(method of aualysia is optional).

Figure 10.6 shows the variation of the slope stability factor of safety for the
upstream and downstream slopes. These results indicate that both upstream
and downstream slopes are stable ab the selected minimum cement content of
7.5% using the material strengths a¢ 28 days.

10.8.2 Soil-lime

Figure 10.7 shows the vasiation of compressive stress safety factor with slope angle
and Hme content % ages of 28 days aud 540 days for Soil B, while Figure 108
shows the vasistion of the shear friction safety factor with the same parameters.
Throughout the thesis # has been emphasised that soil-lime should not be
judged according to 28 day strengths, upless short term strength is required.
These graphs show that althongh the soil-lime may have been rejected at 28
days, sufficieat strength gains have occarred 2t 540 daya such that it might be
possible to construct the dam using soil-lime with & lime content of 7.5%.

16 will however be necessary to messurs the strength gain with time so that the
required strength is available at first damm flling.

For a 7.5% lime content, the safety factors (based on the shear strength param-
eters at 28 days) for the upstream and downstream slopes of the critical section
are 1.8 and 2.1 respectively. At 10% lime (28 days) the safety facuor for the up-
stream siope is 1.2. These safety factors can be expected to increase significantly
with time,

Since the slope stability safety factors were obtained considering operating condi-
tions and using 28 day strengths, it is unlikely that sope stability will be critical
during construction. Pore pressures are also ikely to dissipate rapidly siace the
pore water will be required to hydrate the lime.
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However since soil-lime has low cohesive strength ab the time of compaciion, it
is probable that with the steep slopes proposed, problems will be experienced
becsuse of concentrated surcharge loads applied by compaction equipment. Fur-
thermore it is likely that difficulty will be expsrienced in achieving the required
degree of compaction b the edges of the layers where there is no confining sup-
part.

Thus it is likely that some form of confining support will have to be provided to
provent local slip failures and to provide a "buttress’ against which the soiklime
can be compacted.

- 7)5% Soll-cement or Soii-lme ‘Hearimg’

Figure 10.9: Composite Stabilized Soil Dam

These problems can probably be overcome by using a layer of better quality soil-
cement at a fairly high cement content (say 10%) to form the outer ‘shell’ of
the dam (ses Figute 10.9), For the soil-lime dam, this shell would probably be
tequired in either event for slope protection.

Due consideration will then have 1o be given to problems which may arise from
differential settlement between the facing and the hearting. However from the
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it does not seem that this will present a problem.

achieved with the faing of earth embankment; dams with soil-cement,

Siace it will not be possible to preveat carbonation of excess lime near the surface
of 2. compacted soil-lime layer in the period between the construction of successive
layers, it will be necessary to institwte control messures such as those livted below,
to minimizs carbonation or possible failures because of the presence of carbonated
matarial.

o Delays between the ion of ive layers must be minimized to
minimize exposure to atmospheric cerbon dioxide.

o Atess where leugthy delays may have allowed carbonation to occur must
be tested for carbonation. The Tapid field test for carbonation of lime
or cement treated materials’ suggested by Netterberg [68] ie. the treated
‘material is sprayed with pH indicators o test for the presence of unreacted
Time aad the reaction with dilute hydrochloric acid solution is observed
(Rervescence indicates carbonation), will probably suffice as an indicator
of carbonation. Carbonated material must be removed upon identification.

@ The surface of each layer must be swept clean of all loose and possibly
carbonated material prior to the compaction of fresh soil-lime to ensure
maximum bonding between successive layers.

10.3.3 Soils A and C

By ing the long term ive strengths of Soils A and C
(Soil D having been rejected) with the sirength of Soil B for the chosen section
(Figures 5.2 to 5.4), the following can bo deduced:

« Soil A could only be used for a structure of the assumed dimensions when
stabilized witk 10% cement.

» Soil C, which would probably hsve been rejected easly in the design ou the
basis of the indicator tests (PI = 52%) and the particle grading distribution,
showed long berm strengths comparable to Scil B stabilized with 7.5% lime
or cement, The lime option would be chosen sincs the cement stabilization
requires the addition of 2% lime to facilitate mixing, i.e. two or more siages
of mixing.
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Thus it is i that an dam could be from ma-

tedal which probably would be classified as spol. The normelly encountered
‘problems of placing such a plastic materia during wet weather will be overcome
by reduci.ig the plasticity using lime. |

A two stage process, Le. preconditioning excavated material with 2% lime fol-
lowed by stabilization with the remainder of the lime required as the maerial is
placed, will probably prove the most practical method of ensuring high rates of
placement.

10.4 Cost Comparison

In the absercs of a factual design where various alternatives are thoroughly in-
vestigated, a simplified cost compatison must be viewed as approximate. The
only costs which can be compared fairly accizately are the ‘in place’ costs of the
materials used for the different structures. Even these may not be entirely real-
istic, since for example, quoted cost for bulk earthworks vary considerably while
the price of stabilizers on site in South Africa vary depending ox the proximity
cf the site in relation to the cement or lims plant.

‘The material unit cost will 2lso vary according to the hanlage distance. In arriving
at & cost estimate, it is assumed that the sofl for the stebilized soil embankment
is closer to the dam site than soil for an upstabilized earth embankment (one
would attempt to make use of spoil from foundation or spillway excavations)
and that the esrth embankment dam is likely to be ‘zoned’, i.e. more than one
Dborrow material is required. The cost for ‘borrow to GIF’ is thus assumed to be
the same for both materials, curently approximately R 7-00/m®, i.e. the cost of
additional processing required for the stabilized soil is offset by the haulage cost
and processing costs of the various materials for the zoned earth embankment.

The cost of the lime and cement, per ton is faisly similar. The retail material cost
‘ex plant’ is approximately R 107/on, but this cost is dramatially increased by
the additional cost of transporting the stabilizer to the site. An average cost of
R 215/ton (cement and lime delivered to site) is assumed.

The proposed earth embankment dam required spproximately 890 000 m® com-
pacted earshfll 9] The cost of compacted carthfill for this dam is thus R 6.2
million,

An homogeneaus stebilized soil dam with 35 upstream and downstream slopes
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would require 201 000 m® compacted earthfill: This volume is based on an equiv-
alent length of the dam wall of 220 m with the section dimensions given earlier.
Based on an average stabilizer content of 7.5% by dry mass, the cost of the sta-
bilizer is R. 4.74 million, while the earthworks cost is R 1.4 million, i.e. a total
cost of R 6.14 million.

‘These estimatzs do nob take into account the cost of the slope protection. If &
soil-cement facing using 10% cement is used in either case (upstream facing for
earth embankment but both faces for stabilized soif dam}, then the cost of the
earth embankmens increases to R 7.1 million, while the cost of the stabilized soil
dem increases to R 6.5 million. Since soil-cement facings have not yet been widely
used in South Africa, # is likely that preforence would be given to rip-rap slope
protection of the earth dam at an increased cost.

One could expect cousiderable cost savings to emanate from the reduction in
construction time, The volume of placed stabilized material is approximately
25% of the earthAll volume. If the Tate of placement of stabilized sofl relative fo
unstabilized sofl is halved becsuse of the additional stabilization procedures, the
construction period would also be halved. The rates of placement will probably
be similer sinr 2 the carth dam requizes the placement of flters and zones.

Reducing tho construction time reduces ths costs in & Tumber of arsns including
escalation, maintenance of site, wear and tear of equipment etc. Contractors will
probably be able to offer lower rates because of the overall cost of the project
relative to the construction period.

The costs of cement and lime in the latge quantities required ace tikely to be less
than those quoted sbove which were abtained from current prices for relatively
small quantitics for roadworks projects.

The extent of foundation preparation can be sxpected to be greater for the sarth-
£ dam, but the foundatinn depth of the tha stabilized soil dam would probably
be greater, The zoned earth embankment dam requires filters while it is unlikely
that the sbabilized soil dam will require lters.

Fusther cost savings will sesulfrom the o of an integrl sol-cemoms ovefiow
spillway rather than a chute spill used for earth emb
The chute spillway normally requires additi ‘o slong 4u abutment,

Thus under the appr-priate circumstances, the stabilized soil dam could provide
significant cost savings relative to a conventional earth embankment dam.

The present cost of the concrete buttress dam actually constructed, excluding
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excavation, pipework and gates, is estimated at nearly R 20 million, a large
contribution {approximately 21%) of this cost coming from sscalation aver the 3
year comstruction period [9).

The large difference in the costs of the earth embankmert s7d the concrete dam
suggests #hat the earth embankment costy would be significantly increased by
other factors, or in fact that the materials were not considered suitable, Appar-
ently only preliminary investigations were carried out for the eari’s embankment
proposal which itself was not a comprebensive design {69).

However, there i3 no reason to suggest that a stabilized soil or rollcrete dam could
not have been constructed in place of the concrete buttress dam, in whick case
the above cost estimates indicate that a significant cost saving could have been
achieved, even if the stabilized soil costs are underestimated.

10.5 Alternative Dam Configurations

The preceding discussion considered only equal upstream and downstream slopes
whereas other configurations may provide more economical solutions,

Large soil-cement dams could probably be const: ucted with a vertical upstream
face, thereby reducing the volume of hestting material. This configuration is
popular in the construction of RGC dams (Figure 10.10).

‘There are various options for the construction of the upstream face, including
conventional concrete cast in place using vertical shutters, precast concrote pan-
els, compaction of RCC against shutters and slipformed curbing, It is ‘anlikely
that one would attempt to use the soil-cement as the vertical facing, unless the
resulting material had properties near those of conventional concrate or better
quality RCC.

It is important that the facing and the hearting act as an integral structure, ie.
there must be adequate bonding between the facing and the hearting so that they
do not separate under the applied loads or through differential settlements. If the
materials deform independently under the horizontal water Jond, the less fexible
facing will be subjected o bending. For materials where the strength of the
bonding is doubtful, or where di i may become

the integral action can be achieved using precast concrete panels anchored into
the hearting material.

For soil-lime dams, a similar configuration could be achieved nsing reinforced

135

RO SREOM: ;4 <SP S AR S T CUONII 7 5



GONVENTIONAL oI5
CONCRETE.

ACINQ\ Q&

T LAV

Figure 10.10: Soil-cement or Roller Compacted Concrete Dam with Vertical Up-
strearn Face

§ll. A vertical face could be formed by interlocking precast concrete panels tied
Dack into the soil-lime with reinforeing straps. Smaller vertical faces or fairly
steep slapes could also be constructed using fabric reinforced 8ll. Reinforced fill
technology relies on the development of friction between the compacted soil and

i rather than the of & cohesive bond. Thus the fact
that soil-lime doen not develop cohesive strength rapidly, becomes unimportant.

Since the frictional resistance of the soils tested increases significantly on the
addition of small quantities of lime, the stabilizer content can be reduced to the
content required to modify the soil udequately to expedite construction end to
achieve the required frictional resistance. The use of lime might however provide
an additional benefit in raising the pH of the fll, thereby reducing corrosion
of stesl reinforcing straps, although these are generally galvanized to prevent
corrasion.

Reinforced fill structures are fairly flexible siuce elements are not fixed to one

another. Thus the larger deformations expected i1 the soillime can be accom-
‘modated without the integrity of the structure being affected.
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For a high vertical face structurs, it i» wnlikely that any seal between interlocking
panels would be required, since the soil-lime appears to be sufficiently impermie-
able o be used without any water barrer. 1t is worth noting that this type of
structure has besn used to form the veriisal downstream face of a flip bucket
spillway {Taylor Dam, U.S.A. {70]).

10.86 Other Design Considerations

Other design considerations such as permeability and durability have been dis-
cussed to some extent in the earlier chapters.

Although t.orough consideration of such aspects will be crucial in gainiag wider
acceptance of stabilized soils in embankment dams, it is felt that further analysis
requizes the Iaboratory test results to be supported by results from the monitoring
of small scale trial smbankinents.

Since laboratory kesting apparstus limits the size of the tested specimens, unan-
swered questions Temain as bo certsin practicalities e.g. since it will not be pos-
sible o pulverise clay lumps to the degree achieved by crushing in a smait labo-
ratory jaw crusher, will the properties of stabilised soils propated using normal
road be ? The need for

would increase costs, possibly making the use of such materials inappropriste.

Although it is felt at this stage that the use of stabilized soil embankment dams
wilk be restricted to sites with elatively incompressible foundstions, it may prove
feasible to construct a soil-lime dam on fairly compressible foundstion materiel
such as that occurring in an alluvial valley. The soil-lime behaves mare plasti-
cally and gains sizength at & much slower rate than soil-cement and hence will
accommodate settlements with less distress.

Both soil-cement and soil-lime show evidence that they are capable of self-heeling,
while they are sufficiently erosion resistant to eliminate the risk of piping failures.
These behaviour characteristics suggest that it may be possible to assers the
effects of transverse cracks in the design for stabilized soil dams on compressible
foundations. These effects and the investigation of remedial measures such as the
grouting of cracks cither before flling the dam or during normal operation, can
anly be assessed on a larger scale structure.

The fact that soil-lime used o line channels subjected to fairly high flows and
numerous wet-dry cycles has not shown any amount of distress [12], suggests that
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the currently used drrability test methods might be too harsh. Evaluation of vhe
laboratory test methods would require simultaneous evaluation of the durability
of the material under larger scale, realistic onditions.

Tt appests that neither the rigid body analysia nor the slope stability analysis is
ideally suited to the analysis of ihe bulk behavicus of stabilized sil. Although »
select, high cement content soil t content may b te-like

stabilized soils have lower elastic modali than conczete indicating that the rigid
body saalysis is conservative.

The monitoring of trial stabilized soil embakments would provide data for the
development of analyti.ai models (probably of the finite element type) to pre-
dict the bulk behaviour of & variety of materials under the appropriste loading
corditions.

Numerous ideas /3 to dam configuration can be generated fo suit the variety
of products obtained through stabilization, such 2s the proposed soillime rein-
forced 8 dam. Although feasible, the i of such ideas
can only be evaluated through the attempted design sad construction of such
structures.

10.7 Approximate Design Parameters for the Pre-
liminary Appraisal of Stabilized Soil Dams

During the sazly stages of a design, it is desirable in considering the diffrrent

alternative dam types and construction materiais aveilable, to eliminate those

sli.srnatives which are not suitable for reasons such as prohibitive cost, insufficient
tities of jon materials or inad ineeri i

The intention cf this section is to provide the designer with approximate design
parameters in order to be able to carry ot 3 preliminary appraisal of stabilized
soil alternatives after only minimal testing of the locally svailable soifs.

10.7.1 Subdivision of Soil Groups

For soil ¢, the soils are
classification system) into:

ly divided (in Lae with the AASHTO

Granular soils - less than 35% by weight finer than 0.075 mm (silt sized).
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Fine-grained soils - more than 35% by weight finer than 0.075 mm.

For soil-lizne, the soil is assumed to be fine-grained, with a clay conteat (fner
tl}a.n 0.0025 mm) of more than 5% and a PI of 10 or more.

In the case of scil-lime, it will be necessary to determine as eazly as possible

whether a soil is Hime reactive. However this need only be done if the preliminary
assessment shows that soil-lime might | leld a promising solutian.

1072 Design Parameters

design required to perform gravity and/or stability anal-
yses are presented below. The values of the parameters have been exteacted from
refevences (9], [25], [56] and from the results of this thesis.

Comments on parameter trends are included to sid in the selection of appropriate
design parameters.

Compaction Characteristics

Table 102 lists G for the i istics of
stabilized soil using Standard Procor compactive effort.

¥ the particle grading distribution and the plastic limit ave known, the com-
paction chatacteristics can be estimated {71} using the following equations:

InOMC = 0.784InPL -+ 1.378/n(FA + 100) - 6.586

0.0625InMDD = 7.247 - 0.567n(PL + 20) - 0.1Lin(FA)

whera In is natural logarithm, OMC the optimum moisture content (%), MDD
the maximum dry dessity (ks/m®), PL the plastic Limit, aud FA the fineness
average and:

FA = §(Sum of % finer by weight than mm pacticle sizes 2.0, 0.42, 0.074, 0.02,
0.005, 0.001)

On applying these equations to the soils used in this project and the soil used by
Robertson [9] it was found that the equations predicted the optinmum moisture
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Table 10.2: Compaction Characteristics of Stabilized Soils - Standard Proctar

Compactive Effors
Maximum | Corresponding
Dry Density | Moisture Content
{tons/m®) &)
Sofl-cement
Granular 16022 208
Fine-grained | 146020 281010
Soll-lime 13to 18 32 to 18

content to within 1% and the maximum dry density to within 30 kg/m®. The pre-
dicted moisture contents were consistently less than the actual moisture contents
while the predicted dry densities were greater than the actual dry densities. )

Since the preliminary analysis is approximate, it is ot necessary at this stage fo
allow for the influence of the stabilizing agent on the i isti

Strength Parameters

Approximate UCS and shear strength parameters are listed in Teble 10.3 while
tress-strain parameters are listed in Table 10.4.

As might be expected, the soils which give higher sirengths when stabilized with
cement are those with a larger proportion of coarse material and with good
compaction characteristics, Because of the higher density and lower proportion
of fines, such materials require less cement to bond particles at points of contact,

—d

é‘ﬂ‘i and will thus achieve higher strengths than poorly graded less dense materials at Y
% i the same cement content.

i

i ) The strengths of soil-lime mixtures are not as predictable s soil-cement mixtures,
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Table 10.3: Strength Paramsters

r Sotl-Gement Soit-Lims
Granular | Fine-grained
28 day UCS 500 to 1000C | 200 t0 €00C | * 50 to 150L
{kPa) C = cement content (%} [ L = lime content
UGS a% age UCSy = UCSa + Mopio{s)
4 (days)
k=500C | k=70C k = 80L

Shear Strength

e 0.220C8 0.25UC8 4.27UCS

I'd 40 to 45° 30 to 400 25 to 35°

since the development of cohesive strength is primarily dependent op. the lime
sanctivity of the cley, and not all clays are lime reactive.

The Eades and Grim ‘Quick Teat? can be used to determine the minimum lime
content required to satisfy ion-exchange aud focculation resctions. Brsed on this
resalt, UCS tests ab lime contents above the lime fixation capacity can be used
to determaine whether the soil is fime reactive, i.o. whether ime-clay pozzolsaic
reactions are capable of ocenrring.

The Transportation Research Beard [25] proposes the use of accelerated cures
{curing at an elevated temperature (48.9°C) for 48 hours) to establish whether
the soil is lime reactive. However, the criteria adopted for acceptable strengths
are based on the strength requirements for base and sub-base pavement layers.
The strength requirements (¢.g. UCS greater than 0.7MPa at 28 days for a bese
layer) are significantly less than the strengths (UCS from 2 to 3MPa) required
for soil-lime to be used economically as a construction material in dams.
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The use of GCS tests after d curing at elevated therefore

‘needs to be investigated further to ¢orrelate the test with the strengths of soil-lime
mixtures cured under field conditions for long periods ie. 1 to 2 years.

‘Table 10.4: Stress-Strain Parameters 3

Sotl-Coment Soil-Lizne
Granular | Fine-grained
Compressive | & to 88 17 D1t05
Modulus (GPs)
Failure 05 07 FT]
Strain (%)

For both sofl-cement and soil-lizs, the cotpressive modulus increases with both
stebilizer content and confining siress. For soil-cement, the faiture strain is ap-
proximately constaut at all ceent contents and at all levels of confining stress.

For soil-lime, the fuilure strain increases with lime comtent and is inversely pro-
portiona? to the confining séress.

Other Design Parameters J

Othor design parameters such as permesbility, durability and shrickage re more
apecific to the later phases of a desiga. For the detailed design, the designe: will
obtain accurate design from in-depth Iab into
el the pertinent material properties.

At this stage, should the material not meet one or more of the design require-
‘ments, the designer is able to zone the dam e.g. to satisfy the spplicable criteria
for seepage or dursbility, while controls can be ayemﬁed o limit shrinkage to
acceptable levels during construction.

‘The designer should hawever allow far increased costs, should it be suspected
during the preliminary appraisal that such zoning might be required.
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Chapter 11

CONCLUSIONS

The abjective of this research project was to investigate the engineering proper-
ties of marginal scils stabilized with ceamant ot lime to determine the foasibility
of using these materials for embankment dam construction. The major benefit
would be that cost savings could be achioved through shortening constiuction
time and through using readily available soils close to the site of the dam wall.

From the results of the tests conducted, i cen be concluded that both lime
and cement sfabi enhance the of marginal soils to
the extent thet the resulting materials can indubitably be uged as constroction
materials for large embankment dams.

The addition of the stabilizing agent resulis in o significant increass in the shear
strength of the original soil. The addition of cement or lime resalts in increases
in both the cohesive strength and i the angle of shearing resistance. For scik

-+, cresses in the cohesive strength are slow and depend on the type of clay
present.

Although 1 is generally that cement stabilization is preferable for
soils with a plasticity index of less than 10%, it was found that soils with higher
plasiicity indices could be successfully stabilized with cement. The addition of
10% cement by dry mass to a soil with a plasticity index of 18% yielded 2 ma-
terial with a long texm strength of 4 MPa. This sirength was obtained after the
specimens had been subjected to percolation and soaking for  period of 512 days
after an initial 28 day curing period.

18 is also possible to stabilize highly plastic soils with cement, although the sic
multaneous addition of 2% lime by dry mass is requized to facilitate mixing.
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The addition of lime to 2 clay soil results in an almosi immediate reduction in the
plasticity of the soil, whille the lime/clay poszolatic reactions resul in long term
increases in cohesive strength. Lime can thus be used to expedite construction
by reducing the plasticity of clay soils {(modification), to increase the strength
of clay soils (stabilization), or to modify clay soils prior to cement stabilizstion
(preconditioning).

Unconfined compressive strength tests showed that the strength of soil-lime in-
creased significantly during au extended period of leaching and soaking (512
days), indicating that the lime/clay reaction ptoducts are definitely permanent.
1t seems possible that the calcium saturated percolating water contributes to
gains o strength by stabilizing the interior of cisy lumps which would obhersise
B weaker than the cementitiaus products formed on the outsides of the lumps.

Both lime and cemiat reduce the shrinkage of soils significantly. The addition
of 7.5% cement reduced the maximmum shrinkage strain of a highly plastic soil
from 5% to 2.8%, while the addition of 7.5% lime to the same goil reduced the
shrinkage strain to 2.4%.

The addition of a stabilizer also reduces the rate at which the sofl shrinks. It is
possitle to control the shrinkage to a certain extent by replacing lost moisture.
Such control can be utilized to ensure that no large cracks across the width of
the dam (which could later becomne leakage paths) are developed.

Although the addition of either lime or cement may result in an increase in the

ity relative to the ilis sc';l ﬁhs hiliti of ’.he stabilized
sails still fall within the range of ible in cores.
Thus 2n homogeneous stabilized s0il dam can be cnn:uucted wzthout incorpo-

reting seepage control cloments.

Gravity and slope stability analyses show that the strengths resulting from the
addition of 7.5% by dzy mass of either lime or cement to the best of the marginal
soils tested were adequate to construct an homogeneous stabilized soil embank-
ment dam 41 meters in height with equal upstream and downsiream slopes of
5% Since similar long term strengths could be obtained from a highly plastic
clay {PI = 52.1%) stabilized with between 7.5 and 10% Hme, it is conceivable
that a similar structure could be constructed by stabilizing soils whick would
previously have been rejected as spoil.

At a stabilizer content of 7.5% by dry mass, the fotal in place material cost
is similar to that required for an earth émbankment dam of the same height,
although it is envisaged that significant cost savings will emanate from the use
of an integral spillway and from the reduction in construction time. The cost
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of the material in the stabilized soil dam is significantly less than the estimated
‘material cost for a conerste butiress dam.

At this stage, the Iaboratory = udies show that stabilized soil s theoretically a
feasible alternative construction material. However, there is 2 need to investigate
the bebaviour of the material under field conditions. Small scals trial embank-
ments woutd allow the various ideas as to possible dam configurations to be
tested, as well as highlight the practical difficulties whick might be

when constructing a stabilized soil dem. Monitoring of the behaviour of the trial
structures would provide valuable information which cannct be gleaned from the
laboratory tests.

“This will become possible only i dam desigrers view such materials as ‘alterna-
tives’ rather than ‘competitors’. If seen as a competitor, stabilized soil can be
easily criticized out of context, and hence disregarded. However the dam designer
is obliged to consider as many options available to him as possible, not oaly to
find the solution which best satisfies safety and economic criteria, but also to
utilize modern technology and natural resonrces in an zesthetically pleasing and.
environmentally protective manner,

In the Bght of the findings of this research project, stabilized soil appears to be
a promising alterrative dam building material. The variety of materiels which
can e utilized to yield a diverse range of products, considerably sugmenta the
wumber of design options open to the dam designer.

145

f ¢ S—
X



|

List of References

{1] Rabertson, 5.4, Bentel, @M., and Blight, G.E, Stabilized soil as a material
for dam construction in Africa. Proceedings of the 9th African Conference
an Soil Mechanics and F: Lagos, Nigeria,

1087,

[2] Sherard, C.V., Woodward, R.S., Gizienski, S.¥. and Clevenger, W.A. Farth
and Farth-Rock Dems. Jobn Wiley and Sons, Inc. New York, 1963,

18] Adaska, W8, Soil-cement liners. Hydraulic Barricrs i Sodl and Rack. ASTM
STP 874. Al Johnson, RX. Frabel, N.J. Cavalli and C.B, Pettersson, Eds.
American Society for Testing and Materials, Philadelphis, 1965, pp 209-318.

{4} Portland Cement Association. Soil-Cement for Water Control: Laboratory
Tests, Portlend Cement Association (USA), publication IS 168.02W, 1976,

(5] Conley, A. The Department of Water Affsirs: A tradition of engincering
excellence. The Civil Engincer in South Africa, The South African Iustitistion
of Civil Engineers, Johannesburg, Volume 30, No. 5, May 1688, pp. 221-228.

[6} Nash, JK.T.L, Jardine, F.M. and Humphreys, J.D. The economics and phys-
ical feasibility of oil-cement dams. Procecdings of the Gik Intsrnational Con-
Seretce on Soil Mechanics and , Volume 2, Division
6/19, pp. 517-521, Montreal, 1965,

[7) Blight, G.E. Material Benefits. Tnaugural lecture as Professor of Construc-
tion Matecials, University of the Witwatersrand. University of the Witwa-
tersrand press, Johannesburg, 1972.

(8] Roberteon, J A, and Bhght G, Stabilised cacthll dams. Proc. Symporium
on Soil an in Bny Syduey, 1978,
PP 571-500.

[o} Robertson, LA. The Use of Stat "'zed Soil as o Material in Dom Construc-
tion. P.D Thesio, University of the Witwatersrand, 1984.

148

L2 707

A

P



{10] Dinchak, W.G. New uses for scil . Civil Bngincering-ASC]
1981, pp. 97-99.
3] ick, K.A. Lime-soll stabilization. Proceedings of the 6th ional

Lime Congress, London, June 1986,

{17] Gutschick, K.A. Canol lining stabilization proves successfel. Dit and Quarzy,
May 1885.

{13] Gutschick, K.A. Lime under hydraulic condjti
of the 41k Tnternational Lime Gongrese, Pennsylvani, Sephamber 19785,

{24} Knadel, P.C. Lime I canal and dam stabilization. National Lime A
conference on “Effective use of lime for stabilization?, Denver, Colorado,
February 1986.

{15] McDasiel, T.N. Dispersive scil problems at Los Eateros Dam. Journal of the
Geoteshnical Division, ASCE, Sept. 1979, pp. 1017-1080.

{16] Scheader, EK, Willow Creek dam - World's first all-rollerete dam. Cisdl
Engineering-ASCE April 1982, pp. 45-48.

[17] Progress in the design, construction snd performance of RCC dams. Inter-
national Water Power & Dam Construction. August 1988, pp. 44-48.

[18) Eliss, G.C., Campbell, D.B. and Schrader, E.K. Monksville dam - a roller
compacted concrete water supply structure. Proceedings of the Fifteenth
Congress on Large Dams, Lausaune, 1985. Volume T, pp. 215-237.

{19} Dunstan, M.R.H. Rolled concrete for dams -  laboratory study of the prop-
erties of high fiyash content concrete. CIRIA Technical Note 105, May 198i.

120] Dunstas, M.R.H. Rolled concrete for dams - consiruction trials using high
Byash concrete. CIRIA Technical Note 106, May 1981

[21) Legge, W.C.S. Problems sssociated with embankment dom design in South
Africa. Procesdings of the Sizth Regional Conference for Africa on Soil Me-
chanics and Foundation Engineering, Durban, South Africa, 1975, pp. 251-
254,

{22} Draft TRE13. Cementitic ilizers in Road O ion. National In-
stibute for Transport and Road Research of the Council for Scientific and
Industrial Reseacch, Pretoria, 1986,

123] Ballaatine, R.W. and Rossouw, A.J. Stabilization Of Sodls, PPC Lime Ltd.,
Johannesburg, 1080.

147

[R5

o

&2 E———
> .

&



{24] Waug, 3.W., Davidson, D.T., Rosauer, E.A. and Mateos, M. Comparison
of various commercial limes for soil stabilization. Highuay Research Board
Bulletin 335, 1962, pp. 65-75.

{25] ‘Transportation Research Circular. State of the art: lime stabilization. Trens-
portation Rescarch Circular Numbes 180, Transportation Research Board,
Washington, September 1978,

{26} British Aggregate Comstruction Materials Industries. Lime Stabifization
Manual. Noversber, 1986

(27] Mitchell, J.K. Fundumentals of Soil Behaviour. Juhn Wiley and Sons, New
Yok, 1976.

[28) Lembe, T.E. and Whitman, R.V. 8oil Mechanics. John Wiley and Sons,
e, New York, 1969,

(29] Geim, R.E. Clay Mineralogy McGraw-Hil, New York, 1968.

130} Clare, K.E. and Crachley, A.E. Laborat 5 in the stabili
of clays with hydrated lime. Geotechnigne, Volume VII, 1957, pp. 97-111.

{81] Ingles, O.G. and Metcalf, J.B. Soil Si~ilization. Butterworths, Sydney, 1972.

(32] Ingles, O.G. Soil chemistry relevant to the engineering behaviour of soila.
Soil Mechanics - Selected Topics. Edited by LK. Lee. Butterworth aad Co.,
London, 1088, pp. 1-57.

(33] Hilt, G.H. and Davidson, D.T. Lime fixation in clayay soils, Highway Re-
search Hoard, Bulletin 262, 1980, pp. 20-32.

(34 Rowlands, Q.0., Fikt, M.A., and Delpak, R. Lime snd the plasticity of clays.
The Journal of the Institution of Highwags and Transportation, May 1987,
Volume 34 Number 5, pp. 21-24.

[35] Eades, J.L. and Grim, R.E. Reaction of hydrated lime with pure clay min-
erels in soil stabilization. Highway Research Boerd, Bulletin 262, 1960, pp.
51-63.

[86] Hilt, G.H. and Davidson, D.T. Iolation aud investigation of s Lme
montmorillonite crystalline reaction product. Highway Research Boaed, Bul-
letin 304; 1981, pp. 51-64.

[87} Winteskorn, HL¥. avd Feng, H. (Editors) Feundation Hngineering Hondbook.
Von Nostrend Reinhold Company, New York, 1075.

148

N

G



Narn b

[38] Lee, LK., White, W. aud Ingles, 0.G. Geotechnical Engineering. Pitman
Publishing Inc., Massachusetts, 1983.

{89] Bades, 1.L., Nichols, F.P.(Jr.) and Grim, R.E. ¥ormation of new minerals
with lime stabilization as proven by field experimentation in Virginia. High-
way Researck Boerd, Bulletin 335, 1962, pp. 31-39.

{40} P: 5 P. A lab ion into the influence of carbonation
on the strength of lims-stabilized materials. Proceedings of the Bighth Re-
gional Conference for Africa on Soil Mechanics and Foundation Engincering,
Harare, 1984, pp. 403-406.

{41} Fulton, F.8. Concrete Tecknalogy (Fifsh Edition). The portland Cement In-
stitute, Johannesburg, 1977

{4%] Cuernin, W. Gement Ghemistcy and Physics for Givil Engineats, Georg God-
win Ltd., London, 1980.

{43} Neville, AM. Propertics of Concrete. Pitman Publishing Ltd., London, 1981

{44] Taylor, W.H. and Arme7, A. Lime stabilization using preconditioned soils.
Highwaey Research Board, Bulletin 262, 1960, pp. 1-19.

[45] Mitahelt, 1.K. and Hooper, D.R. Toflusnce of time between mixing snd com-
paction on properties of & lime-stabilized expansive clay. Highway Rescarch
Board, Bulletin 904, 1961. N

[46] HerrinM and Mitchell H. Lime-sofl mixtures. Highway Reaearch Boasd, Bul-
letin 304, 1961, pp. 95-138.

{47} Lawbe, T.W. Soil Trating for Engincers. John Wiley and Sons, iew York,
951,

{48] Esdes, J.L. and Grim, R.E. A quick test o etermine lime requirements for

Lime stabilization. Highway Rescarch Record, Number 139, 1968, pp. 61-72.

{49] Soil stabilization with portiend cement. Highway Research Board, Bulietin

292, 1961.
; (8] Davidson, D.T, Pliae, G, Matsos, M.T. sud George, K.P. Moistare
P deasity, o of
o) soil mixtures, nghwuy Rumrch Boerd, Bulletin 353, 1962, pp. 42-64.
3 i
P (51] Tees, G., Abdelkater, M.O. and Eamdani, S.K, Bfect of the clay fractios
i on some mechanical properties of saillime mixtures. The Journal of the
il Tustitution of Highuay Enginecrs, November 1983, pp. 5-9.
I 19 !
1
i

SO O

ROl

B

R RO VAR f"Zéxﬂﬁ



Cd

U W

{52} West, G. A faboratory study into the effect of elapsed time after mixing ov
the compaction and strength of soil-cement. Geotechnigue, Volume 9, 1959,
pp. 2228,

(53] de Sousa Pinto, C., Davidson, D.T. and Leguros, J.G. Effect of lime on
cenent stabilization of montmorilionite soils. Highway Research Board, Bul-
fetiz 353, 1962, pp. 64-83.

[54 Muller, .. Deterioration. of Portland Cement concrete in natural waters.
Notes for a lecture to the Johannesburg branch of South African Fstitution
of Civil Engineers. June, 1978.

{55} Kennedy, T.W., Smith, R., Holmgrosn, R.J{Inr}, and Tahmoressi, M. An
evaluation of lime and cement stabilization. Transportation Research Record
Number 1119, Trapsportation Research Board, National Research Council,
‘Washington , 1D.C., 1987. pp. 11-25.

(56} Abboud, MM. Mechanical Pmpemes o/ Cement Treated Soils in Relation to
their uae in Fmd lished Ph.D. thesis, University
of California, Berkeley, 1969,

[67] Yo.., RN. and Warkentin, B.P. Soil Properties and Behaviour. Elsevier
Scientific Pablishing Gompany, Amstesdam, 1975

{58] Fossbere, P.E. Some fund 1 perties of & lime-stabilized
dlay. eedings of the 6th ianal Confe on Soil Mechanics and
Foundation Engineering, 1985.

{59) Thompson, M.R. Shear strength and elastic properties of lime-soil mixtures.
Highuay Research Record, Number 139, 1986, pp. 1-14.

{60] George, K.P. Shrinkage characteristics of soil-cement mixtures. Highway Re-
search Record, Number 255, 1968, pp. 42-58.

{61] Thompson, M.R. and Dempsey, B.J. Autogenous healing of lime-soil mix-
tures. Highway Research Record, Number 268, 1969, pp. 1-7.

(62} Hammond, A.A. A study of factors influencing autogenous bealing in lime
and cement stebilized road bases. Praceedings of the 8th Regional Gonference
for Africa on Soil Mechanics and Foundation Engineering, Harate, 1984, pp.

371-379.
[63] Brandl, H. Alteration of soil by ilization with lime, Proceed-
ings of the 10th I ional Confere on Soil hanics and Foundati

Engineering, Stockholm, 1081, Volurme 3, pp. 587-504.

150

[

3



{64) Townsend, D1.L. and Klym, T.W. Durability of Eme-stabilized soils. Highway
Research Record Number 139, 1068, pp.25-41.

[65] Thomas, B.H. The Engineoring of Large Dams, Parts 1 and 2. John Wiley
and Sons, London, 1676

{66} Everett, A. Mitchell’s Building Construction: Materials, B.T. Batsford Lim-
ited, 1970.

{67} Golze, A.E. (Editor). Handbook of Dam Engineering. Van Nostrand Reinhold
Company, New York, 177.

[68] Netterberg, F. Rapid field test for carbonation of lime or cement treated
maverials, National Inatitute for Transport and Road Research, Unpublished
Technical Report Number RS/2/84, Council for Scientific and Industrial
Research, Prstoria, 1984,

68} Rob 1.A. Personal ication with author. 1989.

(70] Reinforced Farth. Cotalogues obteined from Reinforced Barth (Piy) Léd..
Sohannesburg, 1989.

{T1] Ring, G.W., Sallberg, .R. and Collins, W.H. Correlation of compaction and
classification test data. Highway Rescarch Board, Bulletin 325, 1962, pp. 55
17

151




Appendix A

CLAY MINERAILS

A.1 The Structure of Clay Minerals

The clay rainerals commonly found in soils are alumino-silicates. The structures
of the common layer silicates can be considered in terms of two simple structural
unitsl. 1be silica tetrabedral unit {Figure A.1) has a silicon ion (Si**) tetrahe-
drally coorcinated with four oxygen ions (0%~). The octahedral unit (Figure A.2)
has an aluminium cation (A1) (or fum (Mg?*)

with six hydroxyls ((OH)").

Figure A.1; Schematic Diagram of s Single Silica Tetrahedron

The different clay mineral groups are ch ized by the stacking
of sheste of these units, and the manzer in which two successive bwos or three-
sheet layers are held together.

1The information in this section waa extracted from references [28},[27] and [67)
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magnesium, etc.

Figure A.2: Schematic Disgram of a Single Octahedral Unit

The silica tetrahedra form shests where each of the three cxygens at the base of
the tetrahedron are shared by two silicons of adjacent units, forming a hexagonal
net (Figure A.3). The structure can repeat indefinitely and has the composition
(SicOs0)*".

Qi omm e sicm

Figure A.3: Schematic Diagram of a Sheet of Silica Tetrahedra

Figure A.4 shows the sheet structure of aluminimta or magnesium octahedral
units, When the octahedrally coordinated cation is trivalent e.g. A%+, only two-
thirds of the availsble spaces are normally filled (called a dioctabedral structure).
If the octahedrally coordinated cation is divalent e.g. Mg**, all possible cation
sites are normally flled {trioctahedral structure).

In the case of aluminium, the composition is Aly(OH)e (the mineral gibbsite),
while with magnesium the compasition is Mgs{OH)s (brucite). In clay mineral

H and i 1 sheets are often referred to ag
gibbsite and brucite sheets jvely. The schematic ons for the
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Figure Ak Schematic Diagram of a Shest of Octahedral Usits

ifferent structural units are shown in Figure A5,

i

E

Figure A.5: Schemati jon of Units

In naturally ocemrring clay minerals, some of the tetrahedral and octahedral
spaces are occupied by cations other than those in the ‘ideal’ structure, This
isonsrphous (same form) substitution oceurs during initial farmation of the min-
eral,

Tf a cetion is replaced by another cation with a lower valence, e.g. AR replaces
Si** in the tetrahedral unit, then = net unit charge deficiency results for each
ituti k itution occurs in all clay minerals, giving clay
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pacticles & net negative charge.

In nature, soil particles attract ions to neutralize their net charge. These ions
are usually weakly held on the particle surface and can be readily replaced by
other ions, hence they are called exchangesble dons. The quantity of exchange-
able cations required to balance the charge deficiency of a clay is called the
“cation exchange capacity” (cec) usually expressed 2s milliequivalenta per 100
grams (me/100g) of dry clay:

A.1.1- Kaolinite

The basic kao.aite layer consist of & gibbsite shest on top of a silica sheet with
2 shared layer of oxygen atoms between them {a 11 mineral). The kaolinite
particle consists of stacked layers (Figuze A.6) and hus a structural formula

(OH)3SisALO10.

LT
Al g o
joined 1o form

L5 5N\
AN

keotinite. poyticle

Figure A.6: Schematic Representation of Typical Kaolinite Structure

Tn kaolinites, bonding between successiva layers is both by van der Waals forces
aud hydrogen bonds. This bonding s of sufficient strength that layers will zot
separate in the presence of water,

Kaolinites nndergo little i itntion i any, but cation exchangs
capacities of 3 to 15 me/100g have been measured. Since interlayer hydration is
prevented by strong interleyer bonding, balaucing cations ars adsorbed onto the
exterior surfaces of the clay particles.
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A.1.2 Smectite

Figure A.7 shows the typical 2:1 smectite structure, with each layer cousisting of a
gibbsite sheet sandwiched between two silica sheets (Figure A.7). The structural
Sormula for smectite is (OH)4Sis{Als24 Mggs )Oz20-n820.

i

Na.gs

Several
Vter
Logers

Several
‘Woter

Layers

Figure A.7: Schematic Representation of Typical Smectite Structure

Mg
The term | indicates shat the substitution of Mg?* for A% in the oo-
Nags
tahedral shest is tha source of charge dsficiency, and that the sodium {Na?*}
is adsorbed to satisfy the charge deficiency. In this example, the clay would be
called sodium smectite. Measured fon exchange capacities range from 80 to 150
me/100g).

The interlayer bonding in smectite is by van der Waals forces and by exchangeable
cations that may be present to balance charge deficiencies in the stracture. These

tol bonds are weak and can easily be separated by cleavage or adsorption of water,

P and balancing cations take up positiona between the unit ¢ell layers as well as on
I the surfaces of the particles.

[

I Figare A.8 compares the sizes, specific surface (surface area per unit mass) and

I
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cation exchauge capacitiss (the quantity of exchangeable cations required to bal-
ance the charge deficionicy) of typical smectite and kaclinite particles.

Suriace Ares
g

Edge View
«
“Honmorilone 0
0
Clay Mics
&0
Caigate
5
Koalne

Tigure A.8: Relative Sizes (Edge View) of Clay Particles

The propetties of clay minerals are related to their particle size 2nd their struc-
tre, for example smectite clays undergo large volume changes on wetting and
drying since cations and water ate easily adsorbed between layers. Smectite s
said to have an ‘expanding lattice structure’ since the unit layers can be eus-
ily separated. On the other hand kaolinites are relatively water resistant since
cations aad hydration water are adsorbed onto the outside surface of the particle.
Thus kaolinites do not swell o shrink very much.

The type of adsorbed cation elso infiuences the properties for example, sodium
smectite swalls and shrinks more than calcium stectite.

o/

<
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Appendix B

MOISTURE DENSITY
CURVES

B.1 Moisture Density Curves for Seils B and D

gO
3
N
i
1
© . 158




R ,n,_u..g__._,,“Mw.AWN

C‘J

r...f

1.66

1.64 4

UEmeTnt

B |CEMERT

No Stabilize)
3

5%| Lime -~

Dry Density (tons per cubic meter)

1.44 7T

Moisture Content (%)

Pigure B.1: Maximum Dry Density vs. Moisture Content - Soil B « Cement and

e

1.56

16 18 20 £ 24 26 28 30

154

152 S%[Csie

135

/1]
]
/

o Stabilize;

™~
-

Dry Density (tons per cubic meter)
I
S
4
b
A,
g
B

L3z

i8 20 22 24 26 28
Moisture Content (%)

Figure B.2: Maxizmm Dry Density va. Moistare Content - Soil D - Cement and
Lime

159

30 32 34




.

o

Appendix C

STRENGTH TEST
RESULTS

C.1  Triaxial Tests
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C.2 Flexure Test Results
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Appendix D

SHRINKAGE TEST
RESULTS

D.1 Shrinkage vs. Time Curves
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