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ABSTRACT

Acid sulphate soil (ASS) whishextensively distributedlongthe coastal areas dAustralia,

is considered problematic in the contextggotechnicakéngineeringprimarily due to the low
shearstrength and potential of sulphate attack. A search of literature shows that there is no
costeffective and environment}-friendly ground improvement techniguer treating ASS.
Recently, it has been reported thabil mixing with reactive magnesiactivated ground
granulatedblastfurnaceslag (GGBS) improves both strength and sulphate resistance of non
sulphatebearing sds. This finding is of considerable environmental significance as both MgO
and GGBS are carbeaifficient materials but their effectiveness on stabilising ASS remains
unknown. Moreover, the concept of imparting carbon sequestration with biochar into urban
soils has to be considered seriously, which opens a possitaligignificantly offset the
constructiorinduced C®@ emissions Nevertheless, the viability of incorporating biochar
sequestration intogeotechnicalengineering has not been investigated y&the primary
objectives of this study are to assess the effectiveness of using-ddtitated GGBS to
stabilise ASS and to investigate, for the first time, the feasibility of sequestering biochar into
chemicallystabilisedASS.

To fulfil the objectives othis studythe experimental program was divided into three stages.

In Stage ltwo categories of ASS (i.e. passive AFESHNnd active ASRPASHwere treated

with reactive MgO at 5 t®80% and GGBS a6 or 20% (% by the weight of dry soit®)
primarily assess the influence of the category of A83he strength development. In Stage

2, PASS was mixed with MgO at 5 to 15% and GGBS at 10 to 20% to determine the optimum
MgO and GGBS contents for the strength development. In Stage 3, PASS was mixed with MgO
or lime at 5 to 15% and 20% GGBS to compare the performance of GGBS activation with
different alkalis (i.e. MgO and lime)o investigate the feasibility of incorporating biochar
sequestration into soil mixing biochar derived frortimber railwaysleepaswasadded into

PASS at 109 Stage 2 and.3rhe treated ASBas curedn a humidity chamber for up to 12
months. A range of tests, including pH test, particle density test, unconfined compression test,
scanning electron microscopy anea§ diffractionanalysis, were carried out to investigate

the engineering properties, mechanical properties, mineralogical evolvement and
microstructural development of the MgO/lim@GBS treated biochaequestered ASS.

The results of this study indicated that reactiveg®lactivated GGBS could effectively
improve the strength and stiffness of PABSyever,it had limited efficacy for treating AASS,
owing to the moderate alkalinity of MgO amstiongacidity of AASS. Was also foundhat

the optimum MgQto-GGBS ratio fomproving the mechanical properties BASS was 1:4.
Increasing thigatio by either elevating the MgO content or decreasing the GGBS content
tended to result in a decrease in thestrength and stiffnessin addition, an empirical
relationshipwasdevelopal which may be used tauantify the effects of curing time, MgO
content and GGBS content ofneé strength and stiffness ofhe treated PASS.More
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specifically, the unconfined compressive strength (UCS) oM@ GGBSreated PAS$an

be estimated with theempiricalrelationship,qc(kPa)=t/(mt+c) where g is the UCS, t is the
curing period in days, and m and c are constants that characterise the strength development.
The constaram and c arggovernedby the GGB&ndMgOcontent, the relationship of which

can be expressed am=0.007931x(5.849xH° and ¢=0.2913x22328%<(4.8935x16)S,

where M and S are the MgO content and GGBS content, respectively. Similadiffiiess,

Eso, of the MgOGGGBS treated PASS can be eswdatvith the empirical function,
Eo(MPa)=t/(nt+d), where t is the curing period in days, and n arade@lstiffness characteristic
constants. The constants n and d are also governed by the GGBS and MgO content. As such,
they can be characterised with the empirical functioms;0.023538x(8.85x10%° and
d=2.5126x19778x(7.7506<10°)S, where M and S are the MgO content and GGBS content,
respectively.

In termsof the performance of Mg&or lime-activated GGBS, it was found that, at a low alkali
content (5%), Mga>GBS treate®ASS yielded high 28day strength while at highealkal
contents (10 to 15%), lim&GBS stabilisePASS showed greater strengthkinth short and

long terrs. Theprimary hydration product in both Mg©and limeGGBS treate®@ASS was
calcium silicate hydratéke phasesthe minor hydration products in MGG GBS treateBASS
were ettringite and hydrotalcite while theninor hydration products in limé&GBS treated
PASS were ettringite and a hydrocalumitee phase GAHiz. The experimental results also
demonstrated that inalsion of biochar in ASS decreadmuth the strength and stiffness;
however, this adverse impact may be compensated by the environmental benefits brought
by biochar.
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CHAPTER 1
INTRODUCTION

1.1 Background

In Australia, there are extensive deposits of acid sulphate soils (ASS), approximate 95,000 km
(Fitzmatrick et al., 2008)nderlying coastal areas where the majority of Australian reside. ASS
are natural soils containing predominanthsulphide mineralsusually pyrite(FeS). ASS in
Australia areusuallyunderconsolidated and have vetgw shear strengthdue to the young
geological agedn addition the deposits of ASS in Australia can be very thick. For instance,
GKS /22RS LatrFryR {AfGx I 201t !'{{ Ay aSfo2c
up to a depth of 30 nfNeilson, 1992 Thelow strength and extensiveess of ASS impose
challenges on the construction of infrastructure and building structurBise current
construction practice in ASS is usually either installne¢ptively expensivadeep piles to
circumvent the soft soil or completehgplacingthem by wtting, transporting and spoiling
Although foundations consisting dieep piles canbe justifiedfor heavily loaded and large

scale structures, the application of deep piles is probably not economically feasible for low
to medium rise structures. Beside it has been shown that pile foundations are not
environmentally friendly due to the emission of a large amount of (S@aulding et al., 2008
Regardinghe replacement solution, it also associates with high amowht€Q emissions

which imposes unfavourable impacts on teevironment(Spaulding et al., 2008Moreover,

due to the potential environmenal hazards of pyrite in ASS, Ausi@al Environmental
Protection Authority requires careful treatment for ASS before disposal, which complicates
the solution of soil replacement. Thereforepnstruction of infrastructure on ASS was
generallyavoided in the past.

wSOSyGf ez ( Kuhatioh das bedtlincréaked dranaialijislprojectedthat the
population will increase from 22.7 million in 2012 to 48.3 million by 2061 (Australian Bureau
of Statistics, 2013). The rapid growth in population and infrastructure of urban and
metropolitan areas in Australia have dramatically increased the land prices over the last
decades. Accordingly, developmemn areas of poor ground conditioris becoming more
attractive and indispensable. Therefore, there is an urgent need to develop alternative
techniques to deep piles and soil replacement, which can make the construmti&isS cost
effectively while keeping the adverse environmental impacts to a minimum.

A costeffective alternative is to improve the engineering properties (strength and
compresdbility) of ASS by eptoying appropriate ground improvement methad Various
methods have emerged for improving the engineering properties of soils, such as preloading,
stone columns, chemical stabilisation, and jet grouting. Among these methods, chemical
stabilisation has been considered to be efficient and esféctive for soft soils.Chemical
stabilisation in soilgs usually implementetly mixing soils with stabilising agents in the form

1



of dry powder or slurry, the process of which is known as saihgn Recent studigBouazza
et al., 2004 Stanley, 2010dam et al., 2012Chowdhury, 201phave shown promising results
of using chemical stabilisers to improve the geomechanical properties of ASS.

1.2 Statement of the problem

The commonly used chemicabbilisers in soil mixing are Portland cement (PC) and lime,
which are associated with large amounts of2@@issions, i.e. 03t of CQ/t of PC and 0.8 t

of CQ/t of quicklime(Yi et al., 2014aReay, 2006 In order toreduce the carbon footprit

some industrial byproducts, forinstance ground granulatedblastfurnaceslag (GGBS) arfigt
ash,have been adopted asupplementaryadditives in many applicationsuch as soil mixing

and GGBS cemerithese supplements ateydraulic latentmaterials which require activate

to promote their hydration process. In general, 5 to 10% alkaline materials (usually lime or PC)
can be sufficient for the activation. However, the presence of pyrite demands more alkaline
materials in the stabilisation process, since the oxidationyot@producedarge amounts of
sulphuric acid which consumes considerable amounts of a(katizpatrick, 2008 It hasbeen
reported that an increasecamount (15%) of lime s requiredto effectively improve the
mechanical properties of AgStanley, 2010Islam, 2014 As such, although the properties

of ASS came enhancedby adding lime and GGBS into the sall, it is still associated with
considerable amounts of G@missions.Thus, to establish an eddendly andeconomcal
technique to stabilise ASS, reduction in the consumption of caibi@msive construction
materials musbe achieved

Recently, reactive MgO has been proposed as a more cagfieative alternative (0.35 t
CQJt reactive MgO) to PC and lime in soillsitesation(Jegandan et al., 201¥i et al., 201p

In addition to the environmental benefitd)gOisalsoknown to provide higheearlystrength

and superior sulphate resistance for G&hilised norpyritic soils(Yi et al., 2012Yi et al.,
20143 Yi et al., 2014byi et al., 20150 However, its performance to stabilise ASS is yet to be
investigated.

To further incorporate sustainability into geotechnical engineering, the concept of
sequestering carbon into urban smilthus reducing atmospheric gMas to be considered
seriously(Renforth et al., 2011)One possible technology could be sequestration of carbon
with biochar through soil mixing processiggue et al., 2014)Biochar is an alkaline,
recalcitrant and highyl carbonaceous material produced from the thermal decomposition of
biomass (e.g., green wastélehmann, 2007, Renforth et al., 2011, Haque et al., 2014)
However, to date, the engineering benefits and risks of adding biochar into soils have not
been invetigated.

1.3 Scope of the research

This study focuses @he fundamental nature o$oilstabilisereactions inrMgO-GGBS treated
biocharsequestered potential ASS (PAS8E scope of this studgcludes qualitative analysis
of the influence of MgO and GBS content, MgO to GGBS ratio, curing period and biochar



addition on the mechanical behaviour, mineralogical development and microstructural
evolvement of treated PASS. The investigation covers both-sont(7, 14 and 28 dayshd
longterm (up to 12 manths) influences. A quantitative study has also been carried out to
characterise the influence of the MgO and GGBS content and curing period on the mechanical
behaviour of treated PASS.

A brief study on the #icacy of using MgO and GGBS to improve thensfth and stiffness of
AASS is also included in the scope. In additistydy comparing the efficiency of using MgO

or lime-activated GGBS to treated PASS, with an emphasis on the improvement of mechanical
properties, has also been conducted.

1.4 Sigificance of the research

The outcome of this study will rebound to the benefit of both society and environment
considering that MgO and GGBS could be incorporated insittinsoil mixing technique to
develop an effective, lowost and environmentally friedly approach to stabilise ASS. Such
an approach will increase the confidence of engineers in utilising ground of poor conditions
(ground underlain by ASS) to accommodate the fast growing population in Australia. In
addition, the findings regarding biochaequestration in the application of soil mixing would
create a new approach to incorporate the concept of sustainability into geotechnical
engineering.This newtechnological developmenuill create and secure jobs in Auslia@
constructionindustries magnesite miningsectors, biochar industrieand other affiliated
businesses

For researchers, the study will help them uncover the fundamental stabgméreactions
regarding he application of pozzolanic and latemydraulic materials activated with alkalis in
ASS. A thorough understanding of the fundamentals will in turn help to further improve the
soil mixing techniques in ASS.

1.5 Researclobjectives

The aim of this studig to, for the first timejnvestigatethe feasibility of sequestering biochar
into chemically stabilised ASS, atitus, to connectthe broader scope of sustainable
development into geotechnical engineering by developing an economical and
environmentallyfriendly soil mixing techniquelhe specific objectives of this study are to

1 Assesshe influence of the Mgai>GBS stabilisation and biochar sequestration on the
basic engineering properties (e.g., pH and particle density) of ASS

1 Studythe influence of thecategory of ASS on thedficacy ofMgO-GGBStabilisation
for ASS

1 Investigate the optimum Mg&GBS binder combinations to provide an effective and
efficient treatment for PASS, with an emphasis on the development of mechanical
properties



1 Develop an empical relationship linking the UCS and stiffness of PASS to MgO content,
GGBS content and curing period, which can be used to determine the binder dosage
for a targeted strength or stiffness

1 Compare the performance of Mgértivated GGBS and liraetivated GGBS in
stabilisingPASS, with an emphasis on the mechanical properties

1 Examine the influence of biochar on the development of mechanical properties during
the stabilisation process of PASS

1 Appraisethe microstructuralevolution and mineralogical develogent of MgQdlime-
GGBS stabilisedSS, which cate correlatedto the improved geomechanical
responses

1 Investigate the influence of biochar sequestration on the microstructural and
mineralogical development dlgQlime-GGB3reated PASS

1.6 Thesis structe

The structure of this thesis and a summary for each chagategivenin the following.

Chapter 2: Literature Review

In Chapter 2, an overview of the ASS in Australia is provided, including the category,
distribution and engineering properties. The maadmsm of soil stabilisation with
conventional cementitious binders is also introduced, with extra attention on the mechanism
of chemical stabilisation for soils exposed to sulphate attackddition the stateof-the-art

soil stabilisation technology wit novel binders (MgO and biochar) will be thoroughly
reviewed.

Chapter 3: Material and Methdology

Thischapterpresents the properties of the materials used in this project and the experimental
program for this project. Thgeotechnicakxperiments and @alytical methods applied in this
projectare also introduced

Chapter 4: Properties of Stabilised ASS

This chapter describes and discusses thexperimental results with respective to the
fundamental properties of ASStabilisedwith various binders. Therimary properties
presented in thishapterare the pH of soil pore solution, water content and particle density,
as the variation of these properties can be indicative of the stabilisation process.

Chapter 5: Strength and Stresd$rain Behaviour of Stalised ASS

The experimental results with respective to tehearstrength and stiffnessbehaviour of

MgO- or lime-GGBS stabilised A&® presentedn this chapter. A relationship linking the UCS
and Eoto the MgO content, GGBS content and cuiisidevel@edin this chapter, which can

be used to derive the dosage of binders required to achieve a targeted strength or stiffness.
The influence of biochar atie strength and stiffnesdevelopmentare also analyseih this
chapter.



Chapter 6: Microstructure ad Mineralogy of Stabilised ASS

Chapter 6 focuses on the microstructural and mineralogical development of the stabilised ASS
through the SEM and XRD analyses. mineostructural and mineralogical features can be
correlated to the microscopic behaviour toderstand the geotechnical response of the
chemicallystabilisedASS. The structure of this chapiepresentedelow.

Chapter 7: Conclusions and Recommendations

The conclusionsof this study will be summarised in thishapter together with the
recommendhtion for future researctto better understand the mechanism of Mg®GBS soil
stabilisation in AS@s well asto explore furtherthe feasibility of incorporating carbon
sequestration within ground improvement.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Soft soils usually create construction difficulties for structures due to the high compressibility
and low strength. The solution to overcome tlhfficulties is either to install deep
foundations to circumvent the problematic soils or to improve the engineering properties of
soils. Compared to deep foundations such as driven piles or bored pilesdgraprovement
approaches are usually more ceaxfective. Soil Mixing (SM) is one of the ground
improvement techniques that involves using stabilising agents in the form of slurry or powder
to improve the engineering and environmental properties of astaxy soiljn order tomeet
specificengineeringrequirements. The main properties targeted in civil projects includes
strength, compressibility, permeability and durability. Application of this technique has
recently become increasingly popular, partemly in countries that rely on vast coastal areas
where soft deposits dominate, such as Japan. The application areas include waterfront and
marine structure, foundations, restraining earth pressure, seepage control andffcwiall,

and environmental appiations(Porbaha et al., 1998

There are several distinctive advantages of SM compared to conventional soil improvement
techniques(Porbaha, 1998 which include

1. rapid solidification that accelerasghe construction process

2. strength calibration that enables soils to achieve various desired gtinemnd
serviceability for site specific goals;

3. reliability achieved by the new advancements in SM machinery for-tirael
monitoring during installation processes which enables effective quality control;

4. a wide range of application areas;

5. effective useof resources as SM generally does not reqeixeernalgranular fill like
stone columns nor generate a large volume spaifs]

6. less environmental impact, such as noise and vibration created during installation.

Although the study and research for SM irfitsmils has steadily progressed over the last four
decades, there are still some issues that need to be investigated. One of them is to understand
the longterm behaviour of SM treated soils undgpecialenvironmental conditions, such as
corrosive soil§Porbaha, 1998 Soils containing metal sulphide, known as aciglsate soils

(ASS), are highly aggressive to infrastructure that causes severe corrosions in long term to
concrete and steels. The commonly used chemical stabilisation agents for ASS are lime and
cement; however, problems, such as expansion a@ave ari®e due to the sulphate attack

from ASS. As such, other agents have been used in soil stabilisation to increase the durability



and resistance to sulphate attack. Studj€asong et al., 1999Vild et al., 1999Higgins, 200b

have shown that ground granular blastfurnace slag (GGBS), as a complementary material, is
very effective in combating the expansion associated with the presence of sulphates in lime
and or cemenistabilised soils.

Although the incorporation of GGBS does provide extra environmental benefits as it is an
industrial byproduct, SM with the conventital stabilisation agents is still a carbon intensive
technique since both cement and lime are associated with large energy and carbon dioxide
emissions. This is particularly true when dealing with ASS which requires significantly higher
amount of stabilisaon agents compared to normal soils (5 wt.% vs 15 wt.%). More specifically,
it was found that 15 wt.% of lime was required to stabilise ASS whereas 5 wt.% of lime was
adequate for noracid sulphate soil§Stanley, 201 Recently, a novel abilisation agent,
reactive MgO, has been investigated in SM as it is a more carbon effective material and shows
promising results in soil stabilisation. The performance of reactive MgO in ASS is yet to be
examined. To further reduce adverse environmentapacts of ground improvement, the
concept of sequestering carbon into urban soils has been realised and highl{&etbrth

et al., 201). One of the promising materials in carbon storage is biochar; however,
investigations only focuses on the application of biochar in agricultural areas.

Owing to the engineering and environntah considerations it is therefore appropriate to
assess the feasibility of using MgO in combination with GGBS and biochar to stabilise ASS.
Textbooks, guidelines and published papers have been reviewed and summarised in this
chapter to develop a theoretad basisof geomechanical and geochemical mechanisms
involved in SM in sulphatikearing soils for the assessment of stabilisation performance of
the novel materials.

2.2 Acid sulphate soill

2.2.1 ASS in Australia

Acid sulphate soils (ASS) are naturadlguring soils or sediments containing metal sulphide,
primarily pyrites (Fe$ In waterlogged environment, sulphate sourced from seawater,
underground water or surface water is converted by organic matters into hydrogen sulphide
(HS) which then reacts witmetals to form metal sulphide. Under inundated conditions
where deoxygenated environment is maintained, ASS is inert and harmless. However, once
disturbed and exposed to air, ASS is ready to react with oxygen and moisture where sulphuric
acid is generatednd consequently the soil become strongly acidic. The oxidation of pyrite is
expressed in the equation below:

o PUG X 06000 TO ¢ (Fitzpatrick, 2008

The pH of soils that are undergoing pyrites oxidatienerallydrops to 4 orsometimes even
less than 3.5Fitzpatrick et al., 1998 Bagd on the oxidation degrees of ASS, they can be
broadly categorised into the following three typ@sanning, 2002



U Postactive or ripe ASS which is soil that has passed through the oxidation phase of
pyrite but is hghly acidk.

U Actual oractive ASS (AASS) which is tait been drained and is experiencing the
oxidation of pyrite due to the exposure to air. Sulphuric acid is being released from
the oxidation process and hence the pH of the soil decreases to asl8vb.a

U Potential or unripe ASS (PASS) which is soil bearing pyrite that has not been oxidised.
Thereby the pH of the potential ASS is around 7.

In Australia, there are extensive ASS, mainly comprising of coastal ASS, inland ASS and
minesite ASS. The didiution of ASS in Australia is shownFigure2-1. Among the three

types of ASS, the coastal ASS is of greater concerns than the other two as the majority of
Australians reside over the coastal areas. It has been reported teatdastal ASS totals up

to approximately 95,000 kframong which 74,000 kfrare exposed to some extent during

the tidal cyclgFitzpatrick et al., 2008

Owing to human activities from excavation or dredging for urban development, agricultural
production and flood mitigation ovethe coastal area, some ASS tmeen considerably
disturbed and hence serely acidified. The soil acidification imposes substantially adverse
effects on society, economy, and environment. It has been reported that A8Brbatened
developmentof Australian coastal areahich worthover 10 billion dollargFitzpatrick et al.,
1998. In terms ofengineering perspectives, ASS also Eeesral challenges as showrthe
Figure2-1. Acid generated from ASS will attack concrete and steel structures, decreasing the
durability of the construction materials and thereby reducing the service life ef th
infrastructure, which in turn leads to enormous economic coast. For instance, the Tweed
Heads Shire Council spent 4 million dollars to replace infrastructure lost from corrosion
caused by ASESIRO, 20)2

Probability of ASS occurence

High Probability (>70% chance of occuring in map unit)

Low Probability (5% - 70% chance of occuring in map unit) 0 ' [
Extremely Low Probability (<56% chance of occuring in map unit) @

Figure2-1. Distribution of ASS in Austra(iehe Australian Department of the Environment, 2P15



Figure2-2. (a) Concreteorrosion of a floodgatéThe Office of Environment and Heritage, 20{3) The effect
of ASSunoff on concrete pylon€Queensland Government, 2013

2.2.2 ASS in MelbourgeCoode Island Silt

In Victoria, ASS primarily distributes along the coastal line as sho®igune2-3, which is
known as coastal acid sulphate soil (CASS). Estuarine areas peaidmvironment for the
formation of ASS as this waterlogged environment anaerobic bacteria in sediments convert
sulphate from seawater to sulphides. The produced sulphides subsequently react with iron to
produce pyrite(Fe$) owing to the presence of irench freshwater. Most of the CASS in
Victoria were formed approximately 10,000 years ago when sea level was last at its highest
level (Rampant et al., 2003 Generally, areawithin 2.5 m of current sea level are prone to
bearing ASS.

The Yarra Delta where the Melbourne CBD locatemderlainby a large area of ASS. Due to

the industrial and urban development, ASS in this area has been extensively disturbed, as has
been observed from the low pH (pH varying from 1.9 to 6.1) of soils collected at 2.75 m depth
from south Melbourne (Rampant et al., 2003 Coode Island Silt (CIS) is a form of ASS,
underlying much of South Melbourne, Port Melbourne and Foots(Eayin, 1992 CIS is a

soft dark grey to brown silty clay (up to 30 m depth) vt strength, high plasticity and high
compressibility. The engineering propesdi®f CISs summarisedn Table2-1. The main
components of CIS are kaolin (23%), smectite (32%), quartz (24%) and illite (10%) with various
contents of pyrite (6/%) depending on the depth and location of the @&am, 2014

Table2-1. Summarised engineering properties of EISin, 1992

Properties Range Properties Range

Plasticindex 34-55 Undrained shear strength 2550kPa

Linearshrinkage 11.519 Preconsolidation pressure 40-70 kPa
240mm under

Bulk deniy s Lo Primary consolidation 20kPa

avg. 15.3 kN/mh 850 mm under 75

kPa

Moisture content 64-83% Creep settlement 5-10 mml/year

9FFSOGABS O2 020 (avg. 6.8) kPa Compression ratio (f1+eo)) 0.150.45
Effective friction: y 3 f S 16%37° (avg. 29.6°) Recompression ratio ({1+e)) 0.0040.067
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2.2.3 Previous research on stabilising CIS at Monash University

Several studies have been conducted by Monash University on stabilisingdDixza et al.
(2004) investigated the strength properties of CIS treated with cement. The results showed
that the minimal amount 6 cement required to effectively stabilise CIS was 10% and the
strength increased rapidly with the increase in the cement quantity up to 30%. However, it
was inferred that no significant strength increase would be obtained with further increase in
the cement content beyond 30%Rex et al. (2008)sed ime and GGBS to treat CIS and
concluded that limeactivated slag was promising in stabilising CIS. Further §Btdgley et

al., 2010 found that the optimum lime content for stabilising CIS from shallow depth (<5 m)
was 7.5%. However, in the subsequent reseg8thnley, 201)) a much higher amount (15%

of lime was required to effectively stabilise CIS from a greater depth (11 to 12 m) due to the
presence of pyrite (3%). The oxidation of pyrite caused significant decreased in pH, which
impeded pozzolanic reaction and generated sulphate, resulting phate attack.Stanley
(2010)identified that it was the thaumasite form of sulphate attack rather than ettringite that
posed greater threats on the strength development of stabilised CIS. The formation of
thaumasite causes degiation of GCSH and therefore, reduces the strength of treated soil.
Another study(Chowdhury, 201Bfocused on the mechanic behaviour of lirakag treated

CIS. It was concluded that when the slag was gtifely activated by lime, the curing time and
slag contents had a great effect on the development of strength and compressibility
properties. This was subsequently confirmeddigm (2014)Studieglslam et al., 201,2slam

et al., 2013bhIslam, 201%have also investigated the effect of variation ofipg/ contents on
stabilising CIS with limactivated slag. Varied percentages (0, 2, 4%) of commercial pyrite
(Fe9) were added into CIS with 15% lime and varied amount of slag (5, 10, 15, 20%). It was
found that the amount of pyrites has negligible infhoe on strength development given
sufficient lime was provided to the system. The strength of treated CIS generally increased
with the increase in slag contents and curing time despite the contents of pyrite. However,
when high percentage of pyrite (4%)esented in the soil, the strength of CIS stabilised with
high slag content (25%) started to decrease at 180 days, which may be attributable to the
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mineralogical phase changes. More specifically, when the sulphate concentration is high,
greater amount of slg may favour the formation of thaumasite in the long term, causing
decomposition of cementitious materials.

Recent studieglslam, 2014Haque et al., 2014at Monash Ulversity start to emphasise on

the sustainability aspect of SM by incorporating biochar sequestration into soil stabilisation.
It was reported that the initial lime consumption for CIS was reduced by 3% through partially
replacing the soil with biochar.

2.3 Mechanisms of soil stabilisation with cementitious additives

Various techniques have emerged for improving the engineering properties of soils, such as
surface compaction, preloading, soil replacement, improvement with gravel or sand column,
lime and cerent stabilisation, and jet grouting, among which soil stabilisation with chemical
additives is usually used for addressing soft soils due to its high efficiency and cost
effectivenesgVan Impe, 198p

Soil properties can be improved by adding chemical stabilisers. In practise, Portland cement
(PC) is commonly used to enhance strergftboils while lime is added to improve workability

and reduce swelling/shrinkage propensity. Three major reactions area involved in the process
of soil mixing with chemical additives, i.e. (1) hydration process, (2) cation exchange
(flocculation) and (3gementitious reaction. When soils are first mixed with additives, water

is consumed by the stabilisers and hydroxides form. Dissolution of the newly formed
hydroxides increase pH of the mixture and generates cations which then are attracted to the
negatiely charged clay particles. This process is called cation exchange and results in
flocculation/agglomeration of clay particles. The hydroxides formed from stabilisers, such as
calcium hydroxide and magnesium hydroxide, then react with particles released Joll

matrix and/or other additives to produce cementitious products, which is known
cementitious reactions. All the three processes change soil properties. However, the
cementitious reactions have a greater significance than the other two since thateate
stabilisation is highly dependent on the degree of cementation, in whether soil is bonded with
stabilised matrix by cementitious materials, and on whether bonds are formed between
individual soil particles or agglomeratéherwood, 1998 In terms of cementitious reaction,

it is controlled by the intrinsic physical and chemical properbédreated soil, by the
components and proportions of binders, by the amount of binders, and by the curing
environment(Wilkinson, 200Y.

2.3.1 Cement stabilisation

The mechanism of ceenmt stabilisation establishes the fundamental understanding of how
cementitious reactions are involved in the stabilisation processes and how the geomechanical
properties of soils are changed as a result ofadditives interactions.

The soil/ground impvement by cement is a wedistablished and economical way that has
been used worldwide. PC is manufacture by calcinating a mixture of limestone and clay
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thoroughly at a high temperature of about 1450Taylor, 199). The main constituents of

PC are alite, belite, aluminate and ferrite. The proportion of each component is summarised
in Table2-2. Alite, also known as tricalcium silicate, is the most important material in PC. It
hydrates quickly and thus is the greatest contributor to thed2§ strength. Belite is a
dicalcium silicate that reacts slowly with water and therefors hess effect on early strength.
However, it contributes substantially to the lotgrm strength. The strength gained at one
year curing period from belite is comparable to that obtained from dllii@ylor, 199Y. The
aluminate in PC clinkers is tricalcium aluminate. Although the percentage of aluminate in
cementis low, it hydrates rapidly and hence can cause undesipeadi satting. The proportion

of ferrite is similar to that of aluminate and it has variable reaction rates with water.

Table2-2. Composition of PC clinkers

Name Chemical name Chemical formula Abbreviation Prgportion
Alite Tricalcium Silicate Ca3SiO5 C3s 50-70%
Belite Dicalcium Silicate Ca2Sio4 c2s 15-30%
Aluminate Tricalcium Aluminate Ca3Al206 C3A 5-10%
Ferrite Calcium Aluminoferrite  Ca2AlFeO5 C2AF 5-15%

The mechanism of cement stabilisation was exteéddivé S E LJ 2 NB RHatdWIOHgy R M e

Herzog and Mitchell, 1963/0h, 1965 Croft, 1967 Croft (1967a)pointed out that earlier
studies had not consider the role of soil components in strength increase in cestadilised

soils and had only attempted to explain the mechanism based on the experience and
understanding acquiredrom concrete cement. In addition, several researchers including
Handy (1958andHerzog and Mitchell1963 demonstrated that soil activg contributed to

the longterm strength development through reactions between clay minerals and products
generated from cement hydration. Clay minerals respond differently when attacked by
alkaline stabilisers. For instance, montmorillonite is more effecin reaction with cement
than kaolinite owing to its poorly defined crystallini{Zroft, 1968 and greater specific
surface aregHerzog and Mitchell, 1963Consequently, cemerdtabilised clays containing
larger percentage of montmorillonite present higher letegm strength than clays bearing
kaolin and/or illite.

Based on the nature of reactions between cement &oil, the stabilisation process can be
categorised into two stages, i.e. cementitious hydration of cement and pozzolanic reaction.
Cement is a hydraulic material which means when contacts with water it reacts with water.
The hydration process of cemerst very rapid for the first twelve weeks and thereafter it
slows down gradually and some unreacted cement can remain anhydrous after several years
(Croft, 1967 In this hydration process, alite/tricalcium silicate plays a vital role due to its
large percentage in cement and rapid hydration. Two important products will be generated
from the hydration of alite which are calcium silicate hydrateS{) and calcium hydroxide
(CH). The reaction is expressin Equation Z1. Calcium silicate hydrates is a highly
amorphous and gelatinous matter that fills in voids among particles and boibaggregates
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together, enabling soil grains to form to a more continuous skeleton. During curing, the
gradual desiccation of-6H further hardens the matrix.

6,Y dQu©° 6 Y O 6ad "Oc Equation2-1

The released calcium hydroxide during the hydrolysis of cement increases the pH of the pore
water, which triggers the secondary reaction or pozzolanic reaction. The high pH environment
(>10.5) enables clay pg&les to break down and to liberate soluble silica and alumina to
surrounding pore solution which subsequently react with calcium cations and hydroxide ions.
The mechanism of pozzolanic reaction is showgquation 2. The major products of this
reaction are GSH and calcium aluminate hydraa€GA-H). The secondary cementitious
materials primarily precipitates at the interface of clay particles and hydrating cement where
silica and alumina are released darreact with calcium hydroxidePrecipitation @
cementitious products usually forms a coat over soil grains, creating stronger bonds between
clay grains and hydrating cement paste. Soil properties are improved considerably through
this secondary reaction, not only because of the generated productalbato the alteration

of clay particles caused by the dissolution of silica and alumina and other amorphous
constituents.Herzog and Mitchell (1963uggested that thisnodification could reduce the
plasticity and expansibility of clay when subjected to water. The mechanism of strength
increase in cementreated soil is illustrated ifrigure2-4.

6 G008k  ¢HO
66 G0 YR ¢ a6 HHHWMARBGY O

660 0O B0 | € a0 QO@A O & Q& 6 O Equation2-2

Voids filled with e @
cementitious hydration
products

Large clay aggregates 3
enetrated by cementid
; y L]

liquid along fractures <~

L
A,

Gores of cement
surrounded by hydration

“/ Secondary reactions
between clay particles
and lime released during
hydratien

Figure2-4. Schematic representation of the arrangement of structural element in cestabilised soi(Croft,
1967H
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2.3.2 Lime stabilisation

Lime stabilisation refers to utilising burned limestone productdhegitquicklime (CaO) or
hydrated lime (Ca(OH) to stabilise soil. This technique has been broadly used in pavement,
railroad and airfield projects where lime is added into soil to improve subgrades and sub
bases. Lime stabilisation enhances several emging properties of clayey soils, including
increasing strength, erosion resistance and, most importantly, decreasing the susceptibility
to volume change when attack by wat@ell, 1989.

The mechanism of lime stabilisation is similar to that of cement stabilisation. Lime
stabilisation, howeve does not involve cementitious hydration and thus does not generate
any cementitious products during hydrolysis process. Therefore, in most casestdiniesed

clays cannot achieve as much strength as when mixed with cement. There are three stages in
lime stabilisation. The first two stages, i.e. dewatering and modification, are instantaneous
whilst the third stage last for a number of months. The processes of lime stabilisation are
detailed below.

Drying: if quicklime is usedt hydrates immediatelywhich consumes water in the soil. The
released heat from hydration evaporates extra moisture in soil. Hence, soils are dried.
Addition drying also occurs as the hydrated lime react with clay particles. This chemical
reaction reduces the water holding capty of the soil. If hydrated lime is used, drying take
places through the chemical reaction only.

Modification: modification occurs due to interaction between calcium ions?*jCiaom
hydrated lime and clay patrticles, which is known as flocculation agtbagration. Calcium

ions migrate to clay particle surfaces and substitutes water molecules and other ions. This
substitution results changes in soil fabrics and alters consistency limits of soils significantly.
Bell (1989¥ound that the addition of lime increased the plasticiliof tested soils and the
largest increase occurred in soils where montmorillonite dominated. The liquid limit of
kaolinite rich and quartz rich soils increased with addition of lime while that of
montmorillonite rich soil decreased. As a result, the ptaty index of montmorillonite soil
decreased appreciablell (1989)also indicated that the shrinkage characteristics of lime
treated montmorillonite rich soil were also improved considerafligis suggests that lime
modification is more effective in soils bearing more montithanite than those of more
kaolinite or quartz.

The interaction also causes reduction in cohesion of soil particles and increase in internal
friction, which subsequently increases the workability of soils at constant moisture contents
(Wilkinson, 200Y.

Cementation: when sufficient lime and water are added into soil, the pH increases and the
high pH environment (>10.5) enables clay particles to dissolve and release silica and alumina
to surrounding pore solutiorffThe National Lime Association, 2004)he soluble silica and
alumina react wh calcium ions from lime and forms cementitious product& I and CA-

H. Formation of the cementitious products increases the wp@rticle bonding and fills pores
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in soils and consequently improves strength and stiffness propdkv@kinson, 200Y. In lime
stabilisation, unlike cement stabilisation, the cementitious products can only be formed
through this cementation process. Thus the cementation reaction is the primary contributo
to strength gain. There are several factors influence the cementation process or strength
development of limestabilised soil, such as soil type, type and amount of lime added, curing
period and curing environmenBell (1989)concluded that an optimum lime content for
strengthgain could be found for a specified soil and addition beyond this amount could give
rise to decrease in strength since lime itself had negligible friction or cohesion. Curing time is
also important as stabilised soil obtains strength gradually with elagiseel Nonetheless,

the increase in strength usually slows down within one or two year and thereafter it ceases
(Brandl, 198). Clay treated with lower amount of lime achieves maximum sgfifenn a
shorter duration than that of soil having higher lime contéBell, 1989. Besides, curing
conditions, like curing temperature and humidity, also impact strength development. Several
studies(Laguros, 195685eorge et al., 199Bell, 1996 has confirmed that higher temperature
assists cementitious reaction, resulting in higher strength. Fstaice Bell (1996jound that

the strength of limestabilised soils was more or less doubled by increasing the curing
temperature from 20°C to 40°C. In terms of curing humidigguos (1956¥ound that lime
treated soils samples cured under 90% relative humidity attained greatest strength compared
to corresponding samples cured under other environment.

2.4 Sulphate attack

2.4.1 Role of pyrite in sulphate attack

Pyrite (FeS), as anetal sulphide, does not cause sulphate attack directly. Nevertheless, when
it is oxidised, the sulphate products will lead to sulphate attack to stabilised soil. The oxidation
of pyrite is generally affected by three major factors: concentration of axygarticle size

and shape and alkaline environment while the last factor is more predominant than the other
two. (Casanova et al., 199Tasanova et al. (199@gmonstratd through a thermodynamic
approach that sulphide tends to oxidise with elevated pH and no pyrite remains stable under
strongly alkaline conditions (above 10) even with limited exposure to atmosphere. This may
be attributed to the inherently promoted oxidi@n due to the presence of large amount of
strong alkalis, such as linfiggins, 200b Therefore, sulphides can be treated as sulphates
in the context of soil stabilization with strong alkalis.

2.4.2 Ettringite

The chemical composition of eitigite is CaAl(SQ)3(OH)2-26H0. Ettringite is also referred

as AFt phase as pure minerals are hardly found in cement or other pozzolanic material
stabilised soil. It is capable of adsorbing a large amount of water, imparting expansive
propensity to thematrix. Ettringite form of sulphate attack is a conventional form of sulphate
attack, caused by the reaction between sulphate and alurbiearing phasegHiggins and
Crammond, 2008
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There are two types afulphate attack, i.e. external sulphate attack and internal sulphate
attack. External sulphate attack occurs when external water containing dissolved sulphates
penetrates into the system, causing cracks, expansion and destruction. Contrarily, internal
sulphate attack happens when sulphatieh materials are inherently included in the system,
raising the opportunity of ettringite formation. It seems that early formation of ettringite is
not a problem since ettringite can be easily accommodated by the matrearly stage.
However, delayed formation of ettringite causes substantial expansion.

Formation of ettringite is not solely controlled by sulphate content, but also affected by pH,
availability of alumina, and formation of competing mineral phasesirigite is only stable

when there is a sufficient supply of sulphate ions. For instance, when the ratio of sulphate to
tricalcium aluminate (a constituent in PC) is less than 3, it degrades and converts to
monosulfoaluminate (AFm phasg@}asanova et al., 1997n the presence of sulphate ions,
ettringite preferably forms at pH between 1013..5, while lower pH favours formation of
gypsum and higher pH facilitates development of calcium aluminate monosulphate (AFm
phase)Casanova et al., 1996The availability of alumina, influences the growth of ettringite
considerably and sometimes is the decisive factors. It is suggested that soils composed of a
large amount of kaolin are expected to present a higher kHtettringite formation when
sufficient sulphates presents in the soil, since kaolinite more readily provides aluminium due
to its lower cation exchange capacity and available aluminium along the edgéstesatas,

1995. This was subsequently agreed lbgtle et al. (201Q)In addition, érmation of other
competing mineral phases can also impact ettringite formation. Soluble silica liberated from
clay particles can consume calcium ions, forming calcium silicate hydrates, and thus impedes
ettringite growth(Tasong et al., 19).

Tasong et al. (1999bserved ettringite with various morphologieBigure2-5) in sulphate
attacked limeslag stabilised kaolinite and classified them into the following titagegories:

l. well-developed rodike crystals with random orientations. This type of ettringite
grew into the preexisting pores and cracks that extended later, indicating that the
precipitation of the ettringite appeared to feed on ions, such as, G&*and AF*,
in pore solutions. This normally occurred when high limslag ratios were
maintained;

Il. crystals of short needles on the surface of particles when the-torsag ratio was
low. Ettringite of this category formed primarily as a result of lowcamtration of
available calcium cations;

Il flower-like radiating needles at isolated points. This was the case when only slags
were added into the clays. In this situation, the calcium as well as alumina and
silica was released from slags during hydratioocpess and therefore ettringite
formed at the releasing points.

The mechanism of expansion caused by ettringite is still a matter of debate. Accordititgto
et al. (2010) there are at least two theories concerning the expansion mechanism: (1)
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topochemical formation and anisotrapigrowth of crystals and (2) expansion resulted from
water absorption by ettringite formation. He concluded that, through stoichiometric
calculations, whether the mechanism is one of the above theories or a combination of both,
access to external watertise determinant factor in causing expansion in stabilised soil. If the
water consumed in ettringite formation is from external sources, a volume expansion of up
to 137% in the stabilised matrix can ocguittle et al., 201D
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Figure2-5. (a)well-developed rodike ettringite; (b) shorneedle ettringite; (c) flowelike ettringite(Tasong et
al., 1999

2.4.3 Thaumasite

Thaumasite is chemically expressed asSE@H)CQ)(SQ)-12HO and is formed through an
interaction of cabonation and sulphate attack. Although ettringite does not contain any silica,
thaumasite can use it as a precursor or template for the formation. As a result, the structures
of these two crystals are similar. Nonetheless, thaumasite has much less exparogpensity

than ettringite since thaumasite takes only 45% of the volume of ettringite after the
transformation procesgBensted, 200D Thaumasite form of sulphate attack (TSA) can
completely destroy the matrix ahreduce the strength by transforming binding materials into

a white, mushy incohesive mass. TSA usually occurs when there is carboeates phases

in mixtures, such as limestone; however, it was found that TSA occurred in mortar bearing no
carbonatesbut sourced the carbonate ions from atmospheric carbon dioXid®res et al.,
2006).

Formation of thaumasite in concrete, cement and maos has been extensively studied
during the past 25 years but only limited literature of TSA in soil stabilisation is found. Thus,
knowledge from cement technology is referred here to help understand mechanism of
thaumasite formation in ground applicatis. It is suggested that there are two means of
thaumasite growth in concrete, (1) possible topochemical replacement of ettringite by
thaumasite and (2) through solution mechanis(@rammond, 2008 Topochencal
replacement mechanism refers to formation of thaumasite through interchange of Si for Al
and C& + S@ for SQ% + HO. In this processluminium would be liberated to solution

and act as a source for ettringite formation which then facilitatebsequent thaumasite
precipitation. Thaumasite does not only forms where previously is occupied by ettringite; it
can precipitate from solution directly. When soluble sulphates migrate into the system, it
firstly attacks calcium aluminium hydrates, procgettringite. When aluminium is depleted,
formation of ettringite ceases and other phases forms to accommodate sulphate ions. The
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precipitation of various competing phases highly depends on the availability of other
reactants. In the presence of carbonaiebicarbonate ions, at pH values between 10.5 and
13, and at low temperatures, thaumasite preferably forms. Phases of higher stability, more
specifically solubility in this case, tend to form than those of lower stability to satisfy
equilibrium of the sgtem. When concentration of calcium ions decreases to a certain level
during the sulphate attack,-&H that is more soluble compared to thaumasite will dissolve,
releasing calcium to the solution for the growth of thaumasite. This process is known as
decdcification of CSH. Since a glutinous mineral-83) is converted to a mineral of no
binding ability, the matrix is softened and becomes mu#hyas established that thaumasite
formed it cement or mortar is usually a solid solution between ettringitel thaumasite
rather than as a pure phagéorres et al., 2004

2.4.4 ldentification of ettringite and thaumasite

Identification of thaumasite and ettringite through XRD is difficult due to the similar
structures and thus the -Kay patterns as shown ifrigure 2-6. While there are some
differences in the positions of minor peaks in XRD patgernt is very challenging to
differentiate them when only small amounts are present, particularly if both may be present

in a samplgHartshorn et al., 1999 The two major paks of thaumasite, at around 9.1 and
Mcd®nc H'X | NBE O@OSNE OfFiguie2-6).0TRe twoKphases mayFThe S G NJ
distinguished if there are sufficient minor peaks present in the XRD pattern, particidarly t
GKFdzY aAdsS LISEFE14a Fd FNRdzyR MpPpI Ho®nX Hc dn
pattern. However, distinct peaks are usually absent from the XRD patterns of stabilised soils
as the quantities of formed ettringite and thaumasite are vemy End the phases are highly
amorphous. As such, the intensities of the peaks are very low and the minor peaks generally
blends into the background noise.

It is even more difficult to identify the nature of the crystals by measuring the interplanar
spacingof crystals in XRD analysis if they are solid solutions instead of a mechanical mixture
of the two phasegBarnett et al., 2002pb In ettringite-thaumasite solid solutions, atomic
arrangements in cells changes with the variations in the composition, which subsequently
affects the interplanar spacing of crystals. Alterations in cell parameters changes the positons
of the peaks in XRD patternsausing extra difficulties in identifying the phasEgure2-7

shows partial sections of the XRD patterns of the ettringi@umasite solid solutions of
different compositions.

However, employment aénergy dipersive Xray spectroscopy (Efpanalysis on the scanning
electron microscope (SEMgnalysisand differential thermal analys (DTA) may help
characterise and distinguish the two phases or the solid solutjfpesmatas, 1995Barnett

et al., 2002h. Barnett et al. (2002bidentified two different morphologies in solid solution of
ettringite and thaumasite through electron microscopy analysis as showigure2-8. Type

1 was short, stubby csyals, considered as ettringite; Type 2 was acicular crystals, considered
as thaumasite. The compositions measure bXEfibwed that Type 1 solids tended to have
higher Al contents while Type 2 solids were likely to possess more Si. A typ{qatten o
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ettringite-thaumasite crystals are illustrated in, showing that the major chemical elements
include Si, Ca, Al, and S.
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Figure2-6. XRD patterns (from copper radiation) of ettringite and thaumgsigetshorn et al., 1999
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Figure2-8. Electron micrograph of a solid solution of ettringite and thaumdBitenett et al., 2002
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2.5 key additives investigated in this project

2.5.1 Ground granulated blastfurnace slag (GGBS)

Ground granulated blaturnace slag (GGBS) is afpduct from iron and steel industry,
obtainedby quenching molten slag in a granulator where high volume, high pressure and cold
water is sprayed over the slag which is then dried and grounded to cement fineness. GGBS
mainly onsists of CaO, SIOAbO:; and MgO.Concerning the high energy consumption
associated witlthe manufacture of Portland cemeiaind adverse environmental impabf
disposal of GGBS, GGBS has been considered as an greener and sfiggliesmentaryof

cement since its first use in 193ustralasian (Iron & Steel) Slag Association, 20 Ebje2-3

shows the comparison of the environmental impacts of GGBS ard®&S, now, ispgoven

binder that has been extensively used in many cement applications where it offers improved
strength, high resistance to chloride peneti@t and high resistance to sulphate attack
(Richardson et al., 1989t is, however, essential to notice that GGBS is antalgdraulic
material that hydrates slowly if no activator is us&ichardson et al. (198@)entioned that
reaction between GGBS and water was very slow &C2W/ild et al. (1998found that no
strength was gained at 28 days of curing when only GGBS was mixed with kaolinite clay, which
was agreed by later researddames et al., 2008James et al. (2008kported that the
strength development of soil treated with 10% GGBS onlywsaglimited, compared to the

soil treated with 10% limactivated GGBS. This attributed to the fact that without
activation, only limited pozzolanic materials frol@GBS catake part in the cementitious
reaction.Thereby, activators are required to promote theydration of GGBS to an acceptable
level. The most commonly used activators for GGBS are PC and lime. Calcium hydroxide,
produced from hydration of cement or hydrolysis of lime, provibdgdroxylions that attack

the glassy slag, breaking down theGsibond and AIO bonds toliberate cations to
surroundingpore solution.Song éal. (2000)koncluded that the GGBS hydrated more rapidly

in stronger alkaline environment and suggested that tbeest pH to effectively activate
GGBS was 11.5. The major products in the GgeBfentlime-soil system are-SH and GA-

H and the stabiiation mechanism does not significantly differ from that of cement/lime
stabilisation.

Table2-3. Comparison of the environmental impacts of GGBS and PC

Impact

Typical manufacture of | t

Environmental issue Measured as Manufacture of | t of ggbs™ of Portland cement
Climate change CO; equivalent 007t 095t
Energy use Primary energ),f'r 1300 MJ 5000 M)
Mineral extraction Weight quarried 0 I-5¢t

Waste disposal Weight to tip | tsaved? 002t

“The profile for ggbs consists of the impacts involved in processing granulated blast-furnace slag to produce ggbs. No account has been
taken of the impacts of iron-making because the slag evolves, irrespective of whether or not it can be used.

fIncludes energy involved in the generation and distribution of electricity.

#The use of slag for the manufacture of ggbs potentially saves it from having to be disposed of to tip.

Table I. Comparison of the environmental impacts of ggbs and Portland cement
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Several studie§Wild et al., 1996Wild et al., 1998Wild et al., 1999Higgins, 200bshowed
that for stabilising sulphatdéearing soilspartial replacement of lime with GGRBB8bstantially
reduced the swellingpropensity whilst maintaining or sometimes even increasing the
strength ofthe soils. Nidzam and Kinuthia (201@ummarised that the enhancement of
resistance to sulphate attack by partially substituting GGBS for lime was attributed to wide
range of hydration products, reduction in free lime, change in morpholayy ather
improved binding and absorptive effeciBie amount of ettringite formed in the GGHi8e-
soil system is controlled by the availability of free linRartially replacing lime by GGBS
reducesthe amountof free lime through both dilution and slagdiration effects, restricting
formation of ettringite (Wild et al., 1999 Tasong et al. (199%urther pointed out that
progressivesubstitution lime by slag also resulted in gradual modificationetfingite
morphology.The morphological characters of ettringite ar@ntrolledby chemical conditions,
in particularly the pH condition and availability of free limecording toMehta (1983) when
the concentration of hydroxyl ions is low (ilew level of free lim ettringite tends to
precipitate as chunky crystals whereander condition of high hydroxyl ions (i.e. in the
presence of large amount of free lime) ettringite precipitates as fine and ndid@erystals
which is colloidal in nature and thereby is capatiénbibinglarge amounts of water on the
surface, showing high volume change propensity.

Although reducing the amount of lime caubstantiallyincrease the resistance to sulphate
attack, the extent of substitution GGBS for lime should not exceed aiodgvel to ensure
sufficient lime presenting in the system to fully activate GGBS as w&ll psomote the
cementitious reactionsThe optimum slago-lime ratio depends on the type of soil and
purpose of stabilisationWild et al. (1998jound that the optimum ratio to achieve highest
strength for kaolinite clay was 5:1 and for Kimmeridge Clay was Tddppreciably reduce
or eliminate sulphate expansiolVild et al. (1999proposed that 60% to 80% of lime should
be replaced by sladgdiggins (2005suggested that at least 50% of lime needed to be
substituted by slag to achieve considerable resistance to sulphate attack and a higher ratio of
3:1 or even 6:1 could be used for better performan€empositionof slag also impacts the
effectiveness of usinGGBS to combat sulphate attatlsually slag with low ADs content is
more effective against sulphate attadkollop and Taylor (199@pinted out that theextent

of ettringite formation is largely dependent on tlevailability of alumina ionsrhey found
that a large amount of ADs were, typicallytaken up by formation of hydrotalcite or bded

by GSH and these Al ionsvere generally not available for the formation of ettringite. The
amount of AlOsthat can bebonded by €H-S increases with the ratio of Si/@s.high content

of slag, the Si/Ca ratio is high and consequently the quanti®h6t accommodated by &
Hincreases and the amount of28k available to ettringite formation decreases. Although the
total amount of AlOs released from slag increases, this could be compensated by the larger
quantity of A}Os accommodated by -ES. Nevertheless the slight various of GGBS
composition do not give significant influence on strength developni#gggandan et al., 20).0
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2.5.2 Reactive magnesia

Recently,Harrison (2003promoted the incorporation of reactive magnesia (MgO) into PC
owing to the significant sustainability advantage, including lower energy required in reactive
magnesia manufacturing, sigicant enhancement of durability and potential of £0
sequestration. Reactive magnesia is produced by either precipitating magnesium hydroxide
from seawater or brine sources, or by calcinating magnesite. Accordilghand (2006)
about 14% of magnesia is obtained by synthesis while the majority is sources from calcination.
Calcination environment, particularly the temperature, appreciably alters the characteristics
of magnesia. Magnesia can be generally classified into theskegrbased on its reactivity and
usage(Yi et al., 201p

) dead burned magnesia (14062000°C), which possesses the least reactivity and
is considered as a problematic material in cement. High calcination temperature
enable molecules in magnesia to be orderly arrahged thus highlyrystallised,
resulting in slow hydration in cold water;

1)) hard burned magnesia (10001@00°C), which has intermediate properties and is
commonly useasa supplementary or fertilizer in agriculture;

iii) reactive magnesia (700°ID00°C), sometimes called caigstalcined magnesia,
which has high chemical reactivity as a consequence of its amorphous and less
perfect atomic structure, as well as high specific surface area. Reactive magnesia
readily to hydrate to the hydroxide in cold water and then rapidly priéaips as
brucite (Shand, 2006 It also carbonates slowly on exposure to atmospheric
moisture and carbon dioxide to form 5MgO-4G®120(Shand, 2006

The usage of reactive MgO has expanded to multiple civil applications, mglwdiste
management, MgO cement and soil stabilisatidandeperre et al., 20Q&araballo et al.,
2009 Zhang et al., 201 Y et al., 2014 The engineering performance of reactive MgO can
be significantly affected by the physical and chemical propertigglg®, which in turn is
controlled by the manufacture process and origins. For example, it was foahthe specific
surface area (SSA) of synthetic MgO, derived from different salts and dolomite mineral,
decreased in the order of sulphate>nitrate>acetad®lomite(Alvarado et al., 2000Another
finding was that calcinating magnesium hydroxide pr#ated from magnesium nitrate and
sulphate at 600°C increased the SSA of the resulted MgO signifig kSRl Sl {®H10).
Several studiegEubank, 1951Birchal et al., 2000Sasaki and Moriyama, 20jLlhave also
concluded that the increase of calcinating temperature and/or time would result in decrease
in SSA, reactivity and porosity, and increasgairticle size and crystallinity.

Key properties of reactive MgO in soil stabilisation

Among the various characteristics of MgO, such as texture properties, specific surface area
and compositions, the contents of impurities and reactivity are probably the imog
important factors that affecthe performance of MgO in magnediased applicationgJin

and AlTabbaa, 2014
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The main impurities in calcined MgO are CaO and Bifch are the common minerals of
rocks(Jin and AlTabbaa, 201¢ The percentages ®figO and Sigare usually very minimal in
commercial calcined MgO, mostly <3% for CaO and <9% for(Taikde 2-4). The slight
variation of the Si@content does not result in any significantly different performamncsoil
stabilisation given the content of the added MgO being usually less than 20 wt.% while the
inclusion of even a small amount of CaO has a considerable effect on pH, a vital factor in
initiating cementitious reactions. The pH of excess brucite lfdration product of MgO) in
equilibrium with water is around 10-51 (Harrison, 2003whereas the pH of calcined reactive
MgO is generally great than 11 and can be up to almost 12.5 (the equilibrium pH of CaO) as
demonstrated irFigure 210 (Jin and AlTabbaa, 2014 The pH of calcined MgO increases with
the increase in CaO content. It was found that to reach pH of 11.3, only a small proportion
(0.078% by weight) of CaO would be requif(édang et al., 20)1The pH of MgO varies with
time (Figure 210). It decreased initially and then stabilised from 56 days onwards. It was
explaned that the decline in pH was due to the slow carbonation reactions wit@iairand
Al-Tabbaa, 2014

Table2-4. Compositions of different commercial reactive magnébkiaand AlTabbaa, 2014

Source Supplier Label MgO0 Ca0 Fe 03 Al 0; SO, B;,0: Mn Na Cl Si0, L.O.L
Magnesite  Causmag, Australia XLM 97-2 12 0-2 0-20 — — — — — 1-2 25
Premier Chemicals, USA Unimag 958 13 0-8 — — — — — — 21 NAF
RBH ®°, China 94/325 940 20 07 — — — — — — 10 2
RBH, China 94/200 940 20 07 — — — — — — 10 2
RBH, China 92/200 935 19 08 0-10 — — — — — 09 2-8
RBH, China 90/200 932 09 05 0-22 — — — — — 23 26
RBH, Greece 83CG 883 26 02 018 — — — — — &8 1-9
RBH, Greece B3CS 879 29 03 013 — — — — — &7 16
RBH, Greece NOR 916 17 01 014 — — — — — 65 2-3
RBH, Greece 83CR 889 26 02 015 — — — — — 82 22
Styromag, Austria K10 80-0 69 2-8 — — — — — — 6-0 T
Seawater Dead Sea Periclase, Israel DSP 952 02 0-01 0-004 0-125 0-005 004 01 002 0-8
RBH, China N50 977 05 0-03 — 0-8 — 0-002 — 01 — 54
Chemicals  Intermag Ltd, UK IM 945 03 0-02 0-01 0-2 — — — 02 002 6

# Not available

® Richard Baker Harrison Ltd, UK.

Figure2-10. Variation of pH for magnesia in wat@lin and Alfabbaa, 201
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