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Abstract

The utilization of Portland cement as a constorctmaterial is unsustainable
due to the huge amount of g@missions coupled with the high energy demandhduri
its production. New innovations in low impact conostion materials require a
reduction in the use of Portland cement with alitue binders, preferably utilising
industrial waste materials and aggregates made femycled waste. Alkali activated
cementitious materials (AACMs) shows potential besewhen used in place of
Portland cement in the construction industry. Hosvewmarket forces mitigating against
the acceptance of AACMs are fomidable. This is Ipaltecause of the limited
knowledge of the in-service life of AACM concretehich is linked to the inadequate
durability investigations available in literature.

This research project investigates the durabpityperties of AACM concrete
by exposing it to deleterious substances that caleferioration and damage to
reinforced concrete structures. The durability prtips of AACM concrete were
investigated under long term exposure to chloriod @G environments which are the
two main corrosion initiators in reinforced conerettructures. Four series of AACM
concrete mixes were studied with a parallel OPCir mix used for the comparative
analysis. Mix parameters investigated in the regearcluded factors such as activator
dilution and liquid/binder ratios which are givenrelevant chapters.

Chapter 1 provides an Introduction to the the€isapter 2 gives an overall
Literaure Review and also provides information loa materials used in the research. A
chapter specific literature review is given at start of each chapter. The third chapter
presents the investigation of the microsrtuctureACM and OPC mortar mixes which
shows that AACM mortar has less porosity than OP@&@tan. However, a greater
capillary pore volume was observed in AACM mortaaurt OPC mortar but the reverse
was the case for gel pore volume. The fourth arffith fchapters investigate the
physically bound, chemically bound and free chler@bncentrations in both AACM
and OPC concrete. The results show a lower dednelysically and chemically bound
chlorides but a higher degree of free chloride ®CM concrete compared with OPC
concrete. The free chloride/hydroxyl ion ratio whis an index for corrosion initiation
in concrete is lower in AACM concrete than OPC cete due to the higher pH of the
former. The sixth chapter investigates the carbonain AACM and control OPC
concrete. The depth of carbonation is higher in AR€oncrete than OPC concrete but
the phenolpthlain test method has limitations fee in AACMs. Investigations on the
pH of carbonation specimens gave a greater ingmtdarbonation in AACMs. The
influence of mix design parameters of AACMs areorégd in each chapter 3, 4, 5 and 6.
The seventh chapter reports the monitoring of tireosion activity of steel reinforcing
bars embedded in AACM and OPC concrete until 86 ad cyclic exposure in a 5%
NaCl solution and air. The corrosion potentials @udrent densities were higher in
AACM concrete than OPC concrete under wet cyclesichv is likely due to the
insufficient oxygen concentration at the steel riiatee. The visual inspection of the
reinforcing steel bars in AACM and OPC concretelétect when corrosion begins will
confirm the insufficient oxygen concentration a gteel interface.

Generally, AACM concrete shows better durabilityogerties than OPC
concrete except the carbonation aspect which regufurther investigation. The
likehood that the phenolpthalein indicator methddal is a standard testing method
for carbonation of OPC concrete might not be sigtér AACM concrete.
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CHAPTER 1
INTRODUCTION

11 BACKGROUND

The use of alkali activated cementitious materfaAlaCM) in place of ordinary
Portland cement (OPC) has recently been recognisetiave great potential in
construction applications. There is the need foriadble alternative to OPC cement
because of the high carbon footprint generatechduts production with a huge energy
demand, which is not sustainable in the future. €agon footprint is significant
because of the large volume of OPC cement consumueliwide, which is ranked
second after the volume of water [1]. A staggeyegrly estimate of 1.5 Gt of G&
emmitted into the atmosphere during the produatib®PC cement worldwide [2]. To
put this into perspective, for each tonne of cenpeatluced an equivalent tonne of £0
is emitted into the atmosphere. This translatebécemission of 400 Kg of Gvhen 1
m>of concrete is produced [3]. In addition, cemenuistry is the most energy intensive
of all manufacturing industries, which consumeswieein 12 - 15% of the total
industrial energy use [4]. The electric energy cmmgtion for the burning process
during cement production is estimated to be 65 Kavime while the thermal energy
consumption for cement grinding is 2.72 GJ/tonrje(4early, a dire need for replacing
OPC cement with a less carbon foot print and a ée®sgy demanding construction
material is imperative.

Until recently, the research effort has been planefundamental investigations
on AACMs and their engineering properties with leagphasis on the service life and
durability properties. A number of papers have bpehlished on the filler effect of
AACM materials resulting in a denser microstructtihan OPC concrete, thus leading
to higher mechanical strengh [5][6]. Similarly, thee resisting potential of AACM
makes it an attractive construction material irried and nuclear stations and in other
facilities including buildings prone to fire outlade [3]. Other potential commercial
applications include repair materials, overlaystbadge decks and pavements, mining
and turnelling applications, industrial floors, mma&r structures.

However, with the preliminary research findingg@esting numerous attractive
attributes associated with the use of AACM as astrastion material over OPC cement,
RILEM TC 224-AAM3] pointed out that the market forces resisting theeptance of
AACM are formidable. Some of the reasons giventhee 150 years track record of

OPC cement while rapid advances in AACM began ent’'s with limited knowledge
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of its durability and in-service life. The limitekhowledge of the in-service life of
AACM is linked to the inadequate laboratory durdpiinvestigations. Secondly, there
are no existing standards which can serve as awaeual for consulting engineers and
asset owners regarding liability and risk involwekden using the product [#lthough
more recently PAS 8820: 2016 [7] has been publis&CM mix design and test
methods are currently dependent on the standardd t OPC cement and its
supplementary materials, which are not always gpmte for AACMs [3] The
research investigation carried out on the durgtiifoperties of AACM concrete in this
study will address some of these concerns.

1.2 AIM OF THE RESEARCH

The research investigation focuses of the dutsbproperties of an alkali
activated cementitious concrete. It has been peddr by subjecting AACM and
parallel OPC concrete to long-term chloride andaaation exposure, which are the
two main corrosion initiators in reinforced conerethe microstructure and corrosion
behaviour of AACM concrete is also investigated andluated relative to OPC
concrete. The durability and microscructure inggions have been carried out for
optimum AACM concrete mixes which were developedirdy the first phase of the
research. The investigation on the durability props of AACMs will provide useful
information for potential applications in deep watenstructions.

1.3 SCOPE OF THE CURRENT INVESTIGATION

Carry out a critical state of the art review on AMI€ considering different types
of AACM binders and alkaline activators.
Investigate the microstructure of AACM and cont@iPC mortar through the
classification of their pore sizes and distributipare system parameters and the
relationship between strength and porosity.
Investigate the physically and chemically boundbalde concentrations present
in AACM and control OPC concrete when exposed %@NaCl solution over
long exposure periods up to 270 days.
Investigate the free chloride concentrations andopAACM and control OPC
concrete
Establish the relationships between the freéQEl for corrosion activity and
free CI/ bound Clfor chloride binding capacity.
Investigate the rate and depth of carbonation #&swthe carbonation and drying
shrinkage of AACM and control OPC concrete.
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Investigate the pH of the carbonated and non cadted zones in AACM

concrete and determine the suitability of the plyghalien test for monitoring

carbonation depth of AACMSs.

Investigate the corrosion behaviour of reinforcatgel embedded in AACM and
control OPC concrete when exposed to long-term bhl&ride diffusion and an
accelerated corrosion environment. Determine tipglasy absorption effect of

AACM and control OPC concrete by using the sorptitechnique and relate it
to durability.

1.4  THESIS LAYOUT

The thesis reports the durability properties of @M materials under the
influence of two main corrosion initiators; chlogidand carbon dioxide. The
microstructure of AACM concrete and capillary alpgmm tendencies which directly
relate to the transportation mechanism of the stwroinitiators within the matrix of the
concrete has been investigated. The thesis isativiigto eight chapters which includes
this introductory chapter 1.

Chapter 2 presents a detailed critical literatuegiew of AACM binders
containing high and low calcium precursors, variallaline activators normally used
as a liquid content in the production of AACM coeter. The units of measurements and
nomenclature of concrete materials reported byuarresearchers is also reviewed.

Chapter 3 presents the details of concrete andtamanixes. Specimen
preparation and test methods used during eachtigagen are presented seperately in
each chapter. The microstructure of AACM mortar esidb to Msand the control OPC
mortar mix M; are investigatedThe AACM mortar mixes Mto Ms incorporated
varying levels of activator dilution of 2.15%, 495 8.12% and 12.0% respectively.
The corresponding AACM and OPC concrete mixe$oSs with the same levels of
activator dilution were also used for other invgations reported in subsequent chapters.
The microstructure of the AACM and OPC mortar wasestigated by using the
mercury intrusion porosimetry (MIP) technique. Experimental results were analysed
to determine the pore size and distribution paramsetuch as the gel and capillary pore
volume, unimodal and bimodal pore distribution,rudiable porosity, critical and
threshold pore diameters. The strength-porositgtimship of AACM mortar is also
presented. The results show higher capillary palarae in AACM concrete than the
control OPC concrete and the reverse for gel paleme. The total porosity (i.e

summation of capillary and gel pore volumes) iséesn AACM concrete than OPC
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concrete. A bimodal pore size distribution is okiedrin AACM concrete while OPC
concrete has a unimodal pore size distribution.

Chapter 4 investigates the physically and chenyi¢cedund chlorides in AACM
and OPC concrete mixest® S A total of 50 slabs (250 mm X 250 mm X 75 mm) of
AACM and OPC concrete specimens (10 slabs per m&chwere cast and cured for 28
days before immersing in 5% NaCl solution. The pdalyy and chemically bound
chloride tests were performed on 2 slabs per eanhrete mix at 55, 90, 120, 180 and
270 days of exposure in the 5% NaCl solution. Cloalmnalysis were performed on
the concrete powder collected at 8, 15, 20, 25,586and 65 mm depths from the
concrete surface. The powder samples were dissolvedater and acid solvents to
extract the water and acid soluble chloride conme#iophs. Regression analysis were
performed on the water and acid soluble chlorideceatrations by applying Fick's
second law of diffusion to determine the chloridéugion profiles, rate of chloride
diffusion and the surface chloride concentratidrige relationship between the porosity
which was determined in chapter 3 and the chlodd&sion parameters is also
determined.

Chapter 5 investigates the free chloride and pHhefpore solution that was
obtained from the cores of AACM and OPC concreteesiSto S The coring of the
slabs of AACM and OPC concrete mixest® S was performed at 180, 270 and 540
days exposure to 5% NaCl solution. An average of fmres (50 mm diameter X 60
mm depth) were drilled per mix at each test ageinga& total of 20 cores per each test
age. Each concrete core was sliced into 20 mm thsxs (i.e. 0 - 20 mm is labelled 1,
20 - 40 mm is labelled 2 and 40 - 60 mm is labeB@dThe discs with the common
number from the 4 cores for each mix (e.g. labdist for mix $) were combined and
placed inside a pore fluid extractor device. Theepituid expression device with the
concrete discs inside it was placed within thegpiatof a compression testing machine.
The compression machine exerted pressure on thee fhod extractor device which
released the pore solution from the concrete matfie free chloride concentration and
pH of the pore solution from AACM and control OP@ncrete were determined.
Regression analysis was performed on the free ideloconcentration profiles by
applying Fick's second law of diffusion to determiie chloride diffusion parameters.
The chloride binding capacity between the free bhadnd chlorides (from chapter 4)
was investigated. The free chloride/hydroxyl iotias for AACM and OPC concrete
mixes Sto $ were also determined and related to the corrasieestigation reported

in chapter 7.
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Chapter 6 investigates the carbonation of AACM aodtrol OPC concrete
mixes Sto Sby the accelerated carbonation method. A totalCop@sms (300 mm X
75 mm X 75 mm) per mix were produced to determime riate of carbonation (10
prisms), carbonation shrinkage (10 prisms) andngrghrinkage (10 prisms) while 15
cylindrical specimens (50 mm diameter X 60 mm dgpthre produced to determine
the pH value at the carbonated and non carbonategisan AACM and OPC concrete
mixes $to S. All the AACM and OPC concrete mixestS Swere cured in water (20
+ 2°C) for 27 days after demoulding (1 day). The spetisnwere placed inside an
accelerated carbonation chamber which was programmee provide 5% C©
concentration at 20 +°2 and 50% - 70% R.H for 360 days. The drying stage
control specimens were not placed in the carbonati@mber; instead they were cured
in the laboratory air (20 +°2 and 65% R.H) after the 27 days water curing. The
carbonation depth was determined by the phenokthakst method. The rate of
carbonation was, however, determined by applyingregsion analysis on the
experimental data of the carbonation depth. Thdingataken for both carbonation and
drying shrinkage at regular intervals throughowt tluring periods were analysed. The
pH at the carbonated and uncarbonated zones wasmile¢éd from the cylindrical
specimens. The results show that the effect ofocation is greater in AACM concrete
than OPC concrete, however, the pH values suggéstrvase and, therefore, the
phenolpthalein indicator method might not be appede for determing the depth of
carbonation in AACM concrete.

Chapter 7 investigates the corrosion behaviouAACM and OPC concrete
mixes Sto $ A total of 10 reinforced concrete slabs (250 mm50 2nm X 75 mm),
each having 3 bars of 8 mm diameter steel reinfoece embedded in it, were produced
for AACM and OPC concrete mixest® S (i.e. 2 slabs per mix). Each concrete mjx S
to S was grouped into two seperate batches "a" orEbth batch was exposed to bulk
chloride diffusion, alternative climate chambelhdeatory air and wet/dry cycles. The
exposure period was 860 days. The steel potenifi@re&hce and corrosion current
densities were monitored at regular intervals. B0 8lays age, cores were drilled on
each specimen to investigate free chloride conagoir and pH of the pore solution
near the steel, similar to chapter 5. The resutsgnted include the corrosion potential,
corrosion current density and the free chloridefoygl ratio. AACM and OPC
concrete show no active corrosion activity evethathigher threshold value of 0.61 for

free chloride/hydroxyl ratio.
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Chapter 8 provides the overall conclusions frome tstudy and gives

recommendations for further research.
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CHAPTER 2
GENERAL LITERATURE REVIEW

2.0 INTRODUCTION

This chapter presents the review of materials usetie prodution of AACM
concrete and mortars. The unit of measurements raomdenclature used for the
materials is also reviewed. However, the detailsapicrete and mortar mixes, specimen
preparation and test methods are presented sdgena¢ach chapter.

The production of Portland cement worldwide wasnested to be 2.9 billion
tonnes in 2008, 3.6 billion tonnes in 2012, 4 billtonne in 2013 and 4.3 billion tonnes
in 2014 [8]; this makes Portland cement to be #wrd highest volume of commodity
produced beside water [1]. Environmental challengesociated with such enormous
production are quite significant. Its carbon foatpris topmost amongst these
challenges with 5 to 8% of the total €€nitted to the atmosphere being a result of CO
generated during the production of Portland cerfint

The use of ordinary Portland cement as binderigesvgreat challenges to the
environment and makes its use unsustainable ifiutbee. TheEuropean commission
[10], proposed a technological roadmap for the idesseduction of CQemissions in
cement industry by 18% by 2050. To achieve this, tke of industrial alkalis with
industrial pozzolanic materials offers a promisialgernative to cement and is an
important area of current research. New innovationslow impact construction
materials require a reduction in the use of Podtlaament with alternative binders,
preferably utilising industrial waste materials agfiregates made from recycled waste.

Alkali activated concrete which is classified undgopolymer concrete is a
relatively new technology with little understandiafjits durability characteristias/er
a long period of time [3][11]. One reason for ligdtfield application of geopolymer
concrete is because of limited knowledge of itsctrral behavioul2] when subjected
to prolonged exposure to corrosion initiators sastchloride ion and carbonation. The
importance of structural stability cannot be ovemplasized since the primary aim of
design is for a structure to perform optimally dgriits design lifespan [13].
Environmental factors contributing to structurafesdes or collapse could be attributed
to the rate at which reinforcement steel corrodedeu the prolonged influence of
chloride; carbonation and the matrix deterioratath vgulphate attack. Millions of

pounds (an estimate of £550m) [14] per year hawenbest in repairs and structural
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failures due to this corrosion mechanism in the [1%]. The structural integrity of

alkali activated concrete under these elementsbeiltritically examined in this project.

2.1  ALKALI ACTIVATED CEMENTITIUOS MATERIALS (AACMs)

The production of an alkali activated cementitiongterial (AACM) comprises
of an alumina-silica containing solid precursortsas fly ash, ground granulated blast
furnace slag, silica fume and natural pozzolans arsiiitable alkali activator (alkali
cations of hydroxides, silicates, carbonates anghsies) [3]. The first patent on
AACM was by Kuhl [16] in 1908 which comprises of slag activated diigalis of
sulphate and carbonates. The AACM material watéurtleveloped biurdonin 1940
and the results were published in scientific jolgr@vering 30 different types of blast
furnace slags activated by sodium hydroxide andiwal hydroxide [3]. The results
showed that the compressive strength and heat tewolachieved were comparable to
OPC concrete and a lower solubility of binder phEisg[18]. In the 1980s, cement
shortage was experienced in former Soviet Union @hoha which led to the use of
AACM as an alternative binder to OPC. Much work wasried out byGlukhovskyin
the former Soviet Union [3]. Similarly, many patendn AACM are accredited to
Davidovitsin France, which were formed by the chemical ieacbetween alumino-
silicate oxides and alkali polysilicates to yieldlymeric Si-O-Al bonds [19] similar in
composition to natural zeolites [20][21].

Unlike ordinary Portland cement, the setting medranof AACM is by
geopolymerization which involves the dissolutionsdica and alumina in a pozzolanic
compound of geopolymer precursor species resultinghe formation of hydrated
calcium silicates and aluminates (C-A-S-H) [22][23] well as regeneration of caustic
alkali solution [24]. The performance level of @ifént solid precursors and alkaline
activators reported in literature is presented abl€ 2.1[3]. The solid material formed
from the AACM is comparable in mechanical and duitgbproperties to hardened

Portland cement [3].
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Table 2. 1 Performance level of combining different solid presors with alkaline activators [3]

Alkaline activators

Binder
MOH
Blast furnace slag Acceptable
Fly ash Desirable
Calcined clay Acceptable

Natural pozzolans
and volcanic ashes

Acceptable/Desirable

Framework
aluminosilicates

Acceptable

Synthetic glassy
precursors

Acceptable/Desirable (depending
on glass composition)

Steel slag -
Phosphorus slag -
Ferronickel slag -

Copper slag -

Red mud -

M20r8|02 MzCQ MzSO4 Other
Desirable Good Arztdp -
Desirable Poor (acceptable with Acceptable (with Acceptable
cement/clinker cement/clinker addition) (with NaAlO,)
addition)
Desirable Poor Acceptéblth -
cement/clinker addition)
Desirable - - -
Acceptable Acceptable (with Acceptable (with
cement/clinker cement/clinker addition)
addition)
Desirable - - -
Desirable - - -
Desirable - - -
Desirable - - -

Acceptable (grinding of slag is - - -
problematic)

Acceptable (better with slag addition) - - -

M is the cation of the alkali metal ands the modulus.
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Desirable signifies that high compressive strength and hilitga of concrete can be
achieved by using the activat@ood depicts slightly lower compressive strength than
the optimal activator but good results can still &ehievable.Acceptable depicts
drawbacks in strength, durability and workabilityoor. strength development is
insufficient for most field application.

2.2  AACM BINDERS

Alkali activated binders are broadly classified adcium rich precursors and
low calcium precursors [3]. Fly ash class C andd~aagood example representing high
and low calcium precursors respectively. Other gdamare ground granulated blast
furnace slag (GGBS), silica fume, rice husk ash amadakaolin. These cementitious
materials are normally incorporated into OPC cadiecrn@ varying percentages to
achieve desirable properties such as high strengtpbrove workability, reduced
bleeding and permeability amongst other propertigsille [25] pointed out that the
reason for these materials being used as supplamgent partial replacement to
Portland cement was because cement was considerdes$t binder until fairly recently
when AACM binders were used independently to predwoncrete without the
inclusion of OPC cement. Preliminary results froiterbture show that concrete
produced from AACM binders possesses comparablehamézal strength and
durability properties to OPC concrete [3][6][26]hd durability properties of concrete
produced from AACM binder is investigated in thesearch project in parallel with
control concrete produced from Portland cement.

2.2.1 High calcium AACM Binders

2.2.1.1 Ground granulated blast furnace slag (GGBS)

GGBS is a latent hydraulic binder which sets anddéms slowly when in
contact with water or alkali activator unlike sdiédume and class F fly ash which only
sets and hardens when in contact with an alkalator such as hydrating OPC. This is
because of the high calcium content (about 45%jgios [22]. The reaction process of
AACMs based on ggbs involves dissolution of thesgjaprecursor resulting in the
growth of initial solid phase, mechanical bindingcors in the phase formed, this is
followed by the dynamic chemical equilibrium dueth@ ongoing reaction and lastly,
the diffusion of reactive species from the curingdmm [3]. The structure and
composition of ggbs based system is strongly degr@noin the type of activator used.
Sodium hydroxide activator was suggested to produxe more structured

geopolymerisation product with higher Ca/Si ratilmart sodium silicate activator
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[27][28]. The reason suggested was the availalditysilicate species in the pore
solution of silicate activator based system [3]ahhproduces lower Ca/Si ratio.

The main geopolymerisation products formed by gghsed system are the
aluminium substituted C-A-S-H type and the disoedetobermorit type C-S-H type
structures [29][30]. This is followed by a secondegaction which produces AFm type
phase when sodium hydroxide activator is used B8][Si containing AFm phase
when sodium silicate activator is used [32], hydimte when ggbs containing high
MgO content is used [33] and zeolite such as gistimenand garronite when ggbs
containing high AIO; content is used [34]. The chemistry controlling Kweetics and
equilibria of the secondary phase is not fully ustteod [3].

The performance of ggbs based systems is baseduedyde and concentration
of activator used [3]. These activators includeahlkhydroxides (NaOH, Ca(OH)
KOH), alkali silicate salts (N®.rSiG, K;O.rSiQ,), strong acid salts (N8O,
CaSQ.2H,0) and weak salts (M@0;, KoCOs, N&S, KS) [35]. In addition, all caustic
alkalis whose anions react with ¢.aomponent from ggbs to produce lower solubility
than Ca(OH)can act as activator [36]. The calcium rich contenthe ggbs based
system is produced during the initial reactionmibaic component of the activator with
C&* dissolved from ggbs binder [3]. The sodium hydrexahd sodium silicate are the
commonly used activators for ggbs based systemaubecthey produce high pore
solution pH in its matrix. The pore solution pHggbs based system is slightly higher
when activated with sodium hydroxide than sodiulicate but silicate activated system
develops higher mechanical strength than hydroaarated systems [37][38]. This is
because of the additional supply of silicate speaiesilicate activator that reacts with
Ccd"* dissolved from ggbs binder to form dense C-A-S-bpicts [27].

The dense microstructure of ggbs mortar made withCCOreduces water
permeability up to a 100 times less than OPC momgarticularly in resisting the
penetration of chloride [39]. Other advantage olegrin ggbs based OPC concrete
systems is the high resistance to sulphate atfaclexampleHooton and Emery40]
reported that supplementary cementitious matecaigaining 50% ggbs by mass with
Portland cement (Type 1) produce high resistancilighate attack similar to sulphate
resisting (Type 5) cement. The low permeability ggbs based systems provides
effective control over alkali-silica reaction besauwf the reduced mobility of alkali in
the concrete matrix [25]. In the case of carbomgtioo pore blocking formation of

calcium carbonate was observed in ggbs based d¢ermeeause of the lower amount of
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calcium hydroxide in its pore solution [25]. Howeyvéhe tight pore structure reduces
the depth of carbonation in ggbs based concrefe [39
2.2.1.2 ASTM class C fly ash

Class C fly ashes are artificial pozzolans produfredh the combustion of
younger lignite or subbituminous coal in large powkants [25]. The lime content in
class C fly ash ranges from 15% to 30%. The higie Icontent in class C fly ash makes
it a self-cementing binder similar to ggbs whichssand hardens when it reacts with
water without necessarily using an alkali activgut]. The lime will react with the
silica and alumina content of the ash in the preseof water to produce
geopolymerisation products. When incorporated asupplementary cementitious
material in OPC concrete, the additional lime cohtieom the hydration products in
OPC cement will dissolve the silica and alumina pooand of class C fly ash rapidly
[25]. This reaction of class C fly ash accounts ttoe rapid strength development of
class C fly ash based systems.

The reaction mechanism in converting fly ash to @natithic alkali activated
gel is complex because of the variability of thetenal [3]. Variation in the properties
of fly ash often occurs from one power stationhe bther. The non-uniformity in the
coal used can also result in fly ash with varyingperties from the same power station
[25]. This is aided by the inhomogeneous mix oh@hosilicate and silica glasses and a
small amount of crystalline materials such as gudrematite, magnetite and mullite
present in fly ash [42]Ferna’ndez and Palompt3] suggested an optimum binding
properties for fly ash content as less than 5% untbuaterials, less than 10% of,Bg,
low CaO content, reactive silica should be betw4@ -50%, particle size lesser than
45um should be between 80% - 90% and the preséimghovitreous phase.

The beneficial influence of fly ash in OPC concristebserved in the reduction
of water content and increased workability [25]water reduction of 5% to 15% using
fly ash based system compared to OPC based systeathieved for the same
workability. These values increase as the waterogmmatio increases [44]. Other
beneficial influence of fly ash on OPC concretelude cohesiveness which is an
essential property for pumping, slipforming anddimng operation [25]. The fineness
of the particle sizes of fly ash has been idertifas the primary factor responsible for
the desirable properties exhibited by fresh fly eshcrete [25][3].

33



2.2.2 Low calcium AACM Binders
2.2.2.1 ASTM class F fly ash

Class F fly ashes are artificial pozzolans produoeah the combustion of older
anthracite and bituminous coal in large power @d4856]. The lime content is less than
10% which is lower than the lime content in clasdlyCash [26]. Thus, an alkali
medium (e.g. an alkali activator, free lime frondhgting OPC cement) is required for
class F fly ash to set and harden unlike classy@gh which can set and harden when
mixed with water only.

The rate of pozzolanic reaction of class F fly essklow when incorporated as
supplementary cementitious material (in OPC) comgbarith when activated by an
alkali solution. The pozzolanic reaction can beagetl when used as supplementary
cementitious material for up to one week or moterafixing [25]. Fraay et al.[25]
observed as much as 50% unreacted fly ash in ORCrate after one year of mixing.
The reason is the high alkalinity required to aati@vclass F fly ash [45]. The pH of the
pore solution should be at least 13.2 which reguige certain degree of cement
hydration coupled with precipitation of the cembmgitirate on the surface of class F fly
ash, thus acting as a nuclei [25]. This distincthedaviour is beneficial in the reduced
evolution of heat [25].

Class F fly ash is deficient in calcium contentl®3%) [26] which accounts for
the slow pozzolanic reaction but has sufficientmahate content (< 35%) which is
critical to the hardening process [26]. The alurteneontent is believed to chemically
trigger an irreversible hardening [46]. The aut®8] suggested that dissolution of
Al, O3 by an alkali activator controls the stoichiometfythe class F fly ash based
system. Rapid strength development of about 80%clseved within 24 hrs for high
alumina cement after the initial setting [25]. Gl&sfly ash displays slow setting due to
the high alkalinity demand but a rapid hardeningcpss after the initial setting begins.
This phase reaction is dependent on the tempergititeof pore solution, Si/Al ratio
and alkali concentration [46].
2.2.2.2 Silica Fume (SF)

Silica fume SF is also an artificial pozzolanic erv&l which is produced from
the oxidation of silicon dioxide gas when silicoretad or ferosilicon alloy from high
purity quartz and coal is heated in a submergedetectric furnace [25][47]. The
oxidized silicon dioxide gas condenses to formreenely fine spherical particle in an

amorphous phase [25]. The high reactivity of sihgme is as a result of its amorphous
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form which contains high content of reactive silica85%) [47]. The fast rate of
pozzolanic reaction between the amorphous silich@a(OH) from cement hydration
product or alkali activator solution results in lgastrength development. Silica fume
dissolves in Ca(OH)r alkali activator within minutes [48]. In additipnucleation sites
are provided by the extreme fineness of SF pastide Ca(OH)[25] or alkali activator.
The beneficial effects of using silica fume in OB@nhcrete include improved
cohesion in the mix and reduced bleeding which eodgpumping, slipforming and
finishing operation [25]. Other important propeigythe particle packing effect between
cement grains and inter-transitional zones (ITZjween the cement grains and
aggregates. The particle packing is achieved dukea@xtreme fineness of the particle
size which is 100 times smaller than the OPC gf2i). The pore spaces between the
inter-transitional zones (ITZ) provide the weakbésk in concrete, thus the particle
packing effect of silica fume close to the aggregairface will improve the strength
properties of concrete considerably [49]. The phtpacking effect also improves the
microstructure of silica fume concrete by posses$ewer pores for the ingress of
deleterious substances like chloride, carbon dmxsiad sulphate [50].
2.2.2.3 Rice husk ash (RHA)

Rice husk ash RHA is a natural pozzolan whichraglpced by slow incineration
of rice husk at a temperature of 8600 706C in an industrial furnace for few minutes
until the carbon content is below 5% [51][25]. Aghiamorphous form of RHA is
achieved by not exceeding 8@0 during the burning of the rice husk. Rice husk
contains cellulose #100s), lignin (C;H1003), hemicellulose, Si@and holocellulose
[52]. Similar to silica fume, RHA has high silicaordent between 87% to 97%
depending on the source of rice husk and the effey of the combustion process
[52][51]. It has a porous structure with specifizface as high as 50,000%#g when
measured by nitrogen absorption [25].

The beneficial influence of RHA in OPC concretelinles early strength
development at 1 to 3 days [53]. There is reduatiaie heat of hydration which helps
in preventing drying shrinkage, thus facilitatifge tdurability of the concrete [25]. The
permeability of concrete containing RHA is redubgdarticle packing effect similar to
silica fume [53]. This concrete property will hapesitive impact on the resistance to
deleterious substances.
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2.2.2.4 Metakaolin

Metakaolin MK is a natural pozzolanic material pnodd from dehydroxylated
product of calcinated kaolin clay by applying temgtere of 508C to 808C [3][26].
Kaolin is a clay mineral containing layered tetrédta¢ silicon atom that is connected to
octahedral aluminium atom via oxygen [26]. The italtton temperature is just high
enough to remove the bound water from the clayctira but not so high as to lead to
the formation of mullite [54][55]. The calcinatidgamperature has been identified to be
the dominant factor in determining the reactivityMK with alkaline solution [56][57].
Puertas et a[58] suggested that the application of temperaaimave 556C will alter
the hydroxyl ions that are strongly bonded to them&nium framework leading to an
ordered system with increased pozzolanic reactwitly alkali solution.

MK has been identified as a key component in ceitiems blends particularly
with fly ash and various slags because it provilggplementary alumina species to the
reaction process [59][60][61]. The beneficial ighce of incorporating MK in concrete
is the increased thermal resistance and contral aiali-aggregate reaction.

2.3  ALKALINE ACTIVATORS

Alkaline activators are made up of alkali metaltwpdiroxides (NaOH, Ca(OH)
KOH), silicate salts (N®.rSi0,, K;0.rSiQ,), strong acid salts (N&O,, CaSQ.2H,0)
and weak salts (NE0O;, Ko,COs, N& S, K;S) [35]. These activators when mixed with
AACM binders prompt the precipitation and crysialion of the amorphous
aluminosilicate species present in the mix [26]féom a hardened concrete. This
process involves the dissolution of the solid AA@irticles by releasing monomeric
alumina and silica into the solution [62]. The dised monomers of alumina and silica
in concentrated solutions lead to the formatiormgelf as the oligomers in the aqueous
solution [62]. The gel formed grows into a well-stgllized structure [26]. The reaction
process between the alkaline activator and AACMIéia is termed geopolymerization.

A list of alkaline activators together with thesaiis shown in Table 2.1.
2.3.1 Sodium and Potassium Silicatg®a,O.rSiO,, K,O.rSi0y)

Sodium and potassium silicates is a semi visdgugd which is classified under
caustic alkalis [63]. It is produced by blendingndgSiQ) with sodium or potassium
carbonate (N&Os; KoCOs) at a temperature of 1100 - 12a0[64]. The resulting
product (glass) is dissolved with high pressurerst to form a clear, viscous liquid
also known as waterglass. The waterglass can lag sipled to form quick dissolving,

hydrous powder [64]. Sodium and potassium silicatesconsidered the best material to
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activate pozzolans because of the effectivenedsotif the cation and anion of the
activator [29]. The cation (N®, K;O) activates the siliceous materials present in the
pozzolans while the anion (Silfacilitates the formation of calcium silicate hgtes.

The modulus ratio (Si¥IN&O) is an important property that affects the
geopolymerisation of AACM binder when sodium andassium silicates are used as
an activator. A range of 1.5 to 3.2 SIQIgO0 ratio is commercially available with 3.2
suggested to be best suited to enhance geopolatien465]. On the other hand, the
degree of solubility of the silicate present in @n@on is suggested to have positive
influence on the compressive strength of AACM ceterand mortars [66]. This is
because the activating solutions containing litleno soluble silicates will saturate in
the concrete pore solution while the soluble siéoaill promote inter-particle bonding
within the AACM binder as well as the interfacialfaling between the aggregates and
AACM paste [66].

2.3.2 Sodium, Calcium and Potassium Hydroxide@NaOH, Ca(OH), KOH)

Sodium, calcium and potassium hydroxides are conmynased alkaline
activator in the geopolymerization process of AAGCbhcrete. It is used to buffer the
pH of concrete pore solution due to its high pHlikénsodium and potassium silicates
that can be used independently to produce desifataperties in AACM concrete,
sodium, calcium and potassium hydroxides cannatdeel independently. A mixture of
hydroxides and silicates are often used as alkasioevator rather than using
hydroxides independently [67][68]. This is becant¢he undesirable morphology and
non-uniformity of the final product produced dueth® excessive hydroxyl ion OH
present in the concrete pore solution when hydeigdised independently [24].

Sodium, calcium and potassium hydroxide activat&dCM concrete displays
lower compressive strength than the sodium andspta silicate activated concrete of
similar concentration particularly in high calciuoontent AACM binder. This is
because calcium solubility decreases with high pkeneas the silica and alumina
solubility increases [3]. Since the calcium contisritigh in GGBS and class C fly ash,
the Cd cation dissolved in hydroxide solution is lesdeart silicate solution. Similar
observations were reported for GGBS concrete shpwigher compressive strength
when activated by silicate solution than when atéd by hydroxide solution
[37][38][69].
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2.3.3 Sodium and Pottasium Carbonat@\a,CO;s, K,COs)

Sodium and pottasium carbonate is classified antioagveak salts. It has a low
pH lesser than 12 which is lower than silicates dmydlroxides activators. The
advantage associated with sodium and pottasiunogate activator is that it is cost
effective, environmental and user friendly [70][7Qn the other hand, the prolonged
setting and delayed compressive strength developraen some of the practical
challenges associated with using sodium and pattasiarbonate independently [72].
The delayed hardening process is because of thectred in the alkalinity of the
solution that is required to dissolve the reacsilea and alumina present in AACM
binders [73]. The alkalinity of sodium and pottasicarbonate favours the dissolution
of Ca?from the AACM binder which reacts with the @drom the anionic component
of the activator to form carbonate salts such &siteaand gaylussite whereas the’Na
from the cation component of the activator reaat whe hydroxyl ions (OH in the
solution[71][72]. A later stage reaction of sodigarbonate activated AACM system is
similar to sodium and pottasium hydroxide activasgdtem once the GOions have
been exhausted.

A mixture of carbonates and silicates is often usgalkaline activator similar
to the combination of hydroxides and silicates vattir. Partial substitution of
carbonates by silicates reduces the carbonateinothe pore solution which increases
the alkalinity of the system compared with usingocaates independently to activate
AACM binders [73].

2.4 METHODS OF MEASUREMENT

Literature often presents different measuring ufdtsanalysing the same result
which could sometimes be confusing when used inwtheng context. A number of
standard measuring units were adopted during theseoof analysing the test results
and in the discussions in this project report. Beistion addresses the variation in these
measuring units for the same result.

2.4.1 Activator Concentration

Alkaline activator concentration plays a vital @oin the geopolymerisation
process of AACM concrete and consequently influsnite durability and mechanical
properties. Regardless of the activator type, areased concentration facilitates faster
reaction rate resulting in desirable AACM concneteperties [26]. However, optimum

limits have been observed for certain activatoresyguch as 10M for KOH solution
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[24]. Exceeding these limits will reduce the effeatthe desired concrete properties. A
number of measuring units have been adopted irafitee to quantify the activator
concentrations which are discussed in the follovgnlsections.

2.4.1.1 Percentage dilution

The activator concentration is expressed as a p&ge dilution ratio when
certain amount of distilled water is added to tl@aentrated alkaline activator. The
alkaline activator when used without diluting witliater may result in inferior
properties of AACM concrete. For examplehale and Chaudhary24] observed a
decrease in strength for AACM concrete when higmceatration of potassium
hydroxide KOH solution was used as activator. Iswaggested that the excessida
in the framework may have contributed to the desgea its strength. Similarhgmaoui
et al. [80] increased the alkali content of the mixinguid used to produce AACM
concrete by decreasing the amount of water addeddmm hydroxide NaOH activator.
The alkali content was increased from 0.6% to 1.25%la0 of cement mass. The
resultant effect was a decrease in its strengtbezé-thaw resistance, increased
shrinkage and a porous microstructure was obs¢8d

On the other hand, when too much water is addetig¢aconcentrated alkaline
activator provided by suppliers, it will have a at@ge effect on the mechanical and
durability properties. For example, over-dilutio the activator will result in an
increase in the net drying shrinkage, setting tand decrease in the reaction kinetics
and strength [81]. Therefore, an optimum mix prdipar between the alkali activator
and water should be produced in order to obtairactivator concentration that can
produce AACM concrete with desirable properties.e Tjpercentage dilution ratio
between 2.15% to 12% will be adopted in this redearoject to produce AACM
concrete mixes. This dilution can also be represkemh terms of molarity which is
discussed in the next section. The range of ditutib15% - 12%) was within the upper
and lower limits of molarity beyond which AACM perimance drops.

2.4.1.2 Molarity or Molar ratio

Molarity or molar ratio can be defined as the rationoles of solute by volume
of the solution. In the case of quick dissolvinglious powder of sodium silicate, the
molarity of the activator is obtained by dissolvitige powder in water to provide a
solution of the required molarity. Similarly, sothuhydroxide activator, which is
produced as a solid by electrolysis of NaCl sohytis dissolved in water to produce the

required molarity or molar ratio [82].
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The pH of AACM concrete pore solution is influendedthe degree of molarity
present in the activator solutioWilliamson and Juengef83] suggested that an
increase in the molarity of NaOH activating solatioom 6 M to 8 M produced 11%
increase in the pore solution alkalis while incnegst further to 10 M produced 27.3%
increase in pore solution alkalis. The authors @8jgested that the effect is greatest at
the point of optimum concentration of activator e to liberate silicate and aluminate
species from the AACM binder. Presumably, additioakalis beyond what are
required for complete polymerization of AACM coniereend up in its pore solution
[84] where they are charge-balanced by hydroxylsi¢&3]. The molarity of any
solution is given by equation 2.1.

2.1
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Figure 2. 1 Example of relation between activator dilution anallarity for a 15 M
activator
2.4.2 Liquid to Cementitious Ratios

Various nomenclature in publications have been usedkescribe cementitious
materials that play the role of binding togethdreotaggregates present in a concrete
mix [25]. Some of the generally accepted nomenotstare as follows;

1. Portland cement contains 95% or more Portland cexlgker by mass of

the total constituents.

2. Pozzolanic materials are substances of siliceoussibico-aluminous
composition or a combination which reacts with watde alkali solution to
produce concrete.

Variations in nomenclature have been used to desdhe combination of
Portland cement clinker lesser than 95% by masspaadolanic materials more than
5% by mass. ENV 197 — 1 [85] uses the term CEM c¢rteedescribe the component
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containing Portland cement clinker lesser than @%e total mass. This nomenclature,
however, is not sufficiently explicit for high aluna cements [25]. ASTM C 1157 -
94a uses the term hydraulic cement to describerdbication of inorganic constituents
greater than 5% of total mass when present in cemadrich aid the strength
development. Inorganic constituents in this caderr® the natural and industrially
produced pozzolanic materiaNeville [25] suggested blended cement to describe the
inter-grinding of Portland cement clinker and iremg materials (pozzolanic materials).
The author, therefore, proposed all these matettalse referred to as cementitious
materials for simplicity and clarity [25]. The teroementitious materials are equally
adopted in this thesis to describe the alkali attist cementitious materials (AACM)
which were investigated.

Similarly, the term liquid is used to describe thextures of water and alkali
metals of hydroxides (NaOH, Ca(OHKOH), silicate salts (N#.rSi0, K;O.rSiQ,),
strong acid salts (N8O, CaSQ.2H,0) and weak salts (N@O;, Ko.CO3, Na S, KS) to
form an activator solution which is used to prodéo®CM concrete. However, for
OPC concrete, the activation of cement was donle evity water.

The strength of concrete at a given age, curedruadertain temperature and
humidity is primarily dependent on its liquid/ceni@nus ratio and the degree of
compaction [25]. The cementitious material in a m@xnains inert until the liquid is
added to the mix, which facilitates a chemical tieacof hydration in OPC concrete
(with water) and geopolymerization in AACM concreeith alkali activator). An
inverse relationship was established between stieangd water/cement ratio in a fully
compacted OPC concrete by Duff Abrams [86] as shiovaguation 2.2.

2.2

Where w/c represents water/cement retipandK; are empirical constants and
fcis the strength.
Rene Feret proposed a similar general rule relairength to volume of water

and cement [25] as shown in equation 2.3.
" 2.3

Wheref.is the strength¢, wand a are the absolute volumetric proportions of
cement, water and air akds constant.
The inverse relationship between strength and veat@ent ratio ceases to be

valid at very low water/cement ratios when full quantion can not be achieved [25].
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Figure 2. 2: The relationship between strengthvaatdr/cement ratio of OPC concrete
[25]
2.4.2.1 Liquid/binder ratio

Liquid/binder ratio is the nomenclature used tcadde the proportion by
weight of liquid to cementitious material used toguce AACM concrete, mortar or
pasteJaarsveld and Devent@87] acknowledge the importance of low liquid content in
AACMs leading to the formation of amorphous zealitth low porosity. Apart from
temperature, the ratio of ;-B/NaO (liquid content) > NgO/SIO, (activator
concentration) > SigdAl O3 (alkali metal) was proposed for zeolite formatioralkali-
activated mixtures. Zeolite formation is the stumat framework which has the
controlling capacity for the polycondensation angstal growth in AACMSs.

In order to maintain a constant molar ratio afOoHo NaO in a fly ash based
geopolymer concrete, both the activator concenimgiNaO content) and water content
was increased but no significant effect was obskorethe compressive strength [46].
In other words, the higher molar ratio of JA4SIO, (activator concentration) had an
insignificant impact on the compressive strengthigler liquid content. The durability
properties of AACM material were enhanced by thespnce of lower liquid content
rather than a higher activator concentration. He@wvemuch attention has been given to
NaO/SiGy in literature [26], [88)vhile limited data exist on the impact of liquididier
ratio on porosity parameters of AACM materials. sThspect has been addressed in this

project.
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2.4.2.2 Activator/pozzolan ratio

Some literature uses the activator/pozzolan nomeelato express the ratio
between the effective liquid content to cementsionaterial in AACM concrete. The
reason for this choice of nomenclature was to sprethe effectiveness of the activator
type and concentration in dissolving the silicorailoious species present in the
pozzolanic materials [89][88]. For exampl&ernandez-Jiménez et ,al[88]
recommended 4% content of NaOH by weight in refatmslag for higher mechanical
strength. Similarly,Krizan and Zivanovic[89] achieved the highest compressive
strength by using 5 M of water glass activator ariguid/fly ash ratio of 0.6.

2.4.3 Chloride Diffusion

Chlorides are present in concrete as free, acigbsoland water soluble [90].
Chloride concentrations that are physically absorie the walls of the binder gel are
referred to as water-soluble chlorides. Acid-satubhlorides are chemically bound to
the concrete matrix which forms by the hydratioofgglymerisation process. The free
chloride on the other hand is present in the patatisn of the concrete which is
considered to facilitate chloride induced corros{®d]. The wall of the binder gel
which stores the water soluble chloride can eitbérase or absorb chloride ions from
the free chloride in the concrete pore solutionweleer, the acid soluble chloride forms
part of the hydration/geopolymerisation product aadnot influence corrosion.

The results of acid and water soluble chloridesancrete can be expressed as
percentage by weight of binder or percentage bygktedf concrete. The unit of
measurement for free chloride concentrations is/Imblecause it is obtained by
expression of concrete pore fluid. Some authors leipressed it as a percentage by
weight of binder because concrete powder was disdah water to measure the free
chloride concentration [92][93]. However, theseues do not strictly represent free
chloride concentration and are more representafiveater soluble chloride.
2.4.3.1 Percent weight of binder

The percentage by weight of binder nomenclatureftisn used in literature to
express the acid and water soluble chloride conatons relative to the weight of the
binder in the concrete mix. The bound (acid andewabluble) chloride reacts directly
with the binder gel to form Friedel's salt 24,0s.CaCb.10H,0) and Kuzel's salt
(CasFex0s.CaCh.10H,0) [94][95][90]. Regardless of the amount of aggtegin the
concrete mix, the Friedel's salt (§£4,0,CaCh.10H,0O) and Kuzel's salt

(CaFe06.CaCh.10H,0) is formed at the C-S-H gel of the binder pa88. EN206
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[74] recommended the maximum permissible chloride canagons in steel reinforced
concrete to be 0.4% by weight of bindelowever, a single value for chloride threshold
level is not true for different types of concres¢égel and exposure environment [96].

This aspect is discused futher in chapter 4.
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CHAPTER 3

POROSITY AND PORE STRUCTURE OF AN ALKALI ACTIVATED
CEMENTITIOUS (AACM) MORTAR

3.1 INTRODUCTION

The durability properties of concrete have a graelationship with its
micropore structure. They are greatly influencedtlby refinement of the micropore
structure of the matrix. The important propertidsichi are influenced by the concrete
micropore structure include its strength, shrinkagyeep, permeability and diffusion.
The resistance of concrete to the penetration wbsmn initiators such as chlorides is a
function of its pore system characteristics [1@B&rboczi [101]applied three different
types of pore structure and transport (PST) theqi@zeny-Carman Theory, Archie's
Law and Katz-Thompson Permeability Theory) to dighlihe direct relevance of pore
system characteristics to the durability of coner&ihe conclusion suggested that Katz-
Thompson Permeability Theory was applicable to mMBille Kozeny-Carman Theory
and Archie's Law were found wanting.

Research shows that diffusivity of harmful ionipesies (Cl CQO,) in the
concrete pore fluid causes corrosion of the emledtlsel reinforcement and fibres in
concrete [91][102][103]The deterioration rate is controlled by the eagé wihich Cl,
CO,, O,and sulphate enter concrete and their movementnaiithThe attacks by these
harmful species on concrete and steel reinforcemetermine the durability of
concrete. AACM concrete is a porous cementitiousemal similar to OPC concrete
and its porosity and pore structure will impact psoperties. Hence, the need to
investigate the pore structure characteristics &CM concrete to better understand its
durability properties with respect to these harnidnic species (C| CO,and sulphate)
Is addressed in this chapter.

The permeability of fluid carrying harmful ionipecies (Cl, CO,and Sulphate)
into concrete is through its hardened cement pastethe interfacial transition zone
(ITZ) between the cement paste and aggregate J2f.ITZ which accounts for up to
one-half of the total volume of hardened concreteld arguably be considered to be
the predominant factor allowing the ingress of Hatnelements. However, studies
suggest that the diffusion of the ionic elements é@@d N4&) is mainly through the
cement paste matrix [49]. The ITZ between the cdrpaste and aggregate was found
to be discontinuous and the pores were isolated #ach other thereby preventing the

diffusion of harmful elements within the concretatnx.
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The common method of testing the microstructurecafcrete by mercury
intrusion porosimetry (MIP) is the application oeroury under high pressure through
the mortar pores. The method is based on the "reiting" effects of mercury on the
walls of the mortar pores. Mercury intrusion intge tconcrete matrix is suitable for
pores within the range of 0.003n to 400 m [104]. This method will be used for
analysing the accessible pores within the AACM #edcontrol OPC mortar samples.

Different mix compositions of the AACM mortar (foumixes) suitable for
structural applications have been selected for mbrecture analysis. These mixes
represent different concentrations of the alkalivator, curing conditions and different
binder content. Parallel investigations on consaimples of normal OPC mortar of
similar strength were also conducted. The reseemchthe microstructure of AACM
mortar will give quantitative measurements to datee the influence of pore
parameters on the ingress of @hd CQwithin the AACM concrete matrix that cause
its deterioration.

3.2 LITERATURE REVIEW

3.2.1 Concrete Pore Structure

Similar to the pore system in OPC paste, the madlAACM paste comprises
mainly of two types of pore sizes namely gel anpiltzay pores. Table 3.1 shows the
classification of pore size in a conventional hyeldacementitious paste presented by
Mindess et al. [105]. The pore system is furthassified as unimodal or bimodal based
on its distribution.

Table 3. 1: Classification of pore sizes in hyddatementitious paste

Designation Diameter Description
10,000 - 50 nm Large capillaries (macropores)
Capillary Pores 50-10 nm Medium capillaries (large mesopores)
10-2.5nm Small isolated capillaries (small mesep)
Gel Pores 25-0.5nmm Micropores
0.5 nm Interlayer space

Source:Mindess, Young, and Darwin, 20[XD5]
3.2.1.1 Gel pores

The gel pores are developed during the poor palyaigon of aluminosilicate

gel of the AACM binder. The polymerization and hemthg of alkali activated
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cementitious gel governs the desirable propenieSACM concrete, particularly in the
context of durability, similar to the calcium sdie hydrate (C-S-H) gel in Portland
cement hydrate [106]. The formation of aluminosilec gel involves the dissolution of
aluminosilicate precursor in the presence of al&etivator, thereby releasing silica and
reactive alumina in monomeric form [107]. The site and aluminate species released
become amorphous aluminosilicates in the presercevaier. The amorphous
aluminosilicate in concentrated solution resultg@h formation [108] The conceptual

model for geopolymerizatiors presented in Fig. 3[108].

Figure 3. 1: Conceptual Model for Geopolymerizafibd8]

The gel pores of OPC are generally considered ¢amcabout 28 percent of the total
volume of the gel after drying in a standard mar{aé@]. However, the gel pores of
AACM are perceived to be less than 28 percent eftdial volume of gel [106]. This is
due to AACMs having a finer particle size than OR€5ulting in improved particle
packing. The volume of gel pores in concrete itugriced by the type of cementitious
binder, water/cement ratio and the hydration rdteavdened cementitious paste [25].
The total volume of gel pore increases in AACM wthile progression of polymerization
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and in OPC with hydration. On the other hand, tlbume of capillary pores is
simultaneously reduced as the gel pore volume ase®[110].

The mix design factors affecting the pore formatio AACM mortar will be
evaluated in this research work in order to develpiimal performing mixes in relation
to engineering properties.

3.2.1.2 Capillary pores

The large capillary pores are orders of magnitudger than gel pores as shown
in Table 3.1.An inverse relationship was suggested between thane of gel pores
and capillary pores as hydration progresses [1T0f volume of capillary pores
decreases while the gel pores increases durindnytieation process in the concrete
matrix. This results in a lower cumulative pore urak within the concrete matrix
because the comparatively large capillary poregargally occupied by the binder gel.
Ultimately, a denser microstructure evolves ashydration progresses.

The capillary pores provide ease of ionic movenoéimarmful species (CICO;,
and sulphate) within the concrete matrix, when otutson with water. Solutions of
these ionic species (CICO, and sulphate) are normally absorbed through thiélaap
pores within the concrete matrix because of thaatively large pore diameter. When
water containing these harmful ionic species,(CI, and sulphate) comes in contact
with a dry concrete surface, it is driven into ttencrete pore structure by a moisture
gradient [111]. This process is known as capillsmgtion. It is a common transport
mechanism prevalent in the tidal zone of marinecstires and in coastal structures
exposed to wetting and drying cycles. Thereforgjlieay pores play a decisive role in
the durability of concrete.
3.2.1.3 Unimodal and Bimodal

A unimodal pore distribution in OPC concrete isied by the single range of
pore volume within the differential pore distribari graph for OPC concrete as shown
in Fig. 3.2. Other studies on the microstructureO&fC matrix also show a unimodal
pore size distribution with most of the pore volumi¢hin the range of 0.01 to 0.1 pm
of pore diameter [3][82].

A bimodal pore distribution, on the other handjegined by the double range of
pore volume within the differential pore distribati graph as shown in Fig. 3.Bhese
pore sizes are normally observed between two seEpacmes. Current studies suggest
that the pore size distribution of AACMs is bimodath pores separated into two zones

48



( 1pmand 0.02 um ranges) unlike a similar grade of OPC imathich is observed

to be unimodal ranging between 0.01 to 0.1 um [82].

|oPC Mortar |

A
NI AL [T

Differential Pore Volume (méfg)

Pore Diameter (um)
Figure 3. 2: Unimodal pore size distribution in@Eoncrete (Author's data)

[AACM Mortar |

A\
“\—\___/l \——f\ﬂ_

Pore Diameter (um)

Figure 3. 3: Bimodal pore size distribution in AAGincrete (Author's data)
3.2.2 Pore System Parameters

Differential Pore Volume (m#fhg)

o ——

There are three pore system parameters thatearedntly used in analytical and
empirical property-microstructure relationship misd¢l12]. These are intrudable
porosity i, critical pore diameted, and threshold pore diamet#y. These parameters
are derived from the cumulative porosity curve dne logarithmic differential pore
volume curve which are represented in Figures 3d &5. The cumulative pore
volume is the vertical scale on the left (blue ¢Mawhile the logarithmic differential
pore volume is the vertical scale on the right @eaph) as shown in Figures 3.4 and 3.5.
These pore system parameters are applicable todfd@ and AACM mortars (Figures
3.4 and 3.5 respectively).
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3.2.2.1 Intrudable porosity i,

Intrudable porosity i» which is obtained from the highest point on the
cumulative porosity curve (Figures 3.4 and 3d&pends on the connectivity of the
capillary pores. A percolation intrudable porosity18% or less pores (equivalent to
82% or more solid fraction) was proposed for paseahtinuity in neat cement paste
[113]. This threshold value is assumed to repregentlegree of hydration where pore
spaces are isolated from each other thereby lighttie intrusion of mercury within the
pore spaces in a neat cement paste. How connectisiconnected these pores are, has
a significant effect on the intrudable porosity,  The smaller the intrudable porosity

in, the more refined the pore network thereby limitthg ingress of hazardous ions

within the mortar matrix.
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3.2.2.2 Critical pore diameterd

Critical pore diameted. is referred to as the pore diameter that existadwt
the interconnected net of voids within the concretatrix [101]. This is used to
characterise the extent by which harmful ionic gedCl, CO, and sulphate) can
penetrate into the concrete matrix through the agtwof these pores. Critical pore

diameterd. is shown in Figures 3.4 and 3.5 as the highesttpminthe logarithmic
differential pore volume curve. At this pore diaereta high volume of mercury
intrusion within the concrete matrix is observediti€al pore diameted.is applicable

to AACM and OPC mortars as shown in Figures 3.43%6d
3.2.2.3 Threshold pore diametef,d

Threshold pore diametel, was considered by some researchers as the diameter
obtained from the in exion point of the cumulatimeercury intrusion curve [101] while
others considedy, as the diameter obtained from the point of abugstation in the
same curve [114]. The in exion point is often impeptible and can be best observed
by logarithm scale unlike the point of abrupt vaoa, which is visible by plotting on
both normal and logarithm scales [115]. It was nee®nded that the values measured
at the point of abrupt variation were useful intliica for assessing the quality of the
concrete rather than at the point of inflexion [[[156]. Position of threshold pore
diameterdy, is shown in Figures 3.4 and 3.5.
3.2.2.4 Effective Porosity

Porosity can be classified as total or effectiveopity. Porosity is defined as the
fractional volume of pores with respect to the butkume of the material [112]. Total
porosity includes both open and closed pores unhkeeffective porosity which takes
account of only open pores that provide acces$idoid to move within the concrete.
Total porosity affects the bulk density, strengtid dhermal conductivity of concrete
while the effective porosity relates to the permiggtof concrete [112]. The porosity-
strength relationships of concrete are often ingattd in publications [117][118][119].
Four major empirical models relating porosity amersgth of cement-based materials
have been proposed [120][121][122][123]. A powardtion relationship was proposed
by Balshin [120]. RyshkevitcfiL21] proposed an exponential relationship. Hasselmann
[122] and Schiller [123] proposed a linear and logarithmic relationship nhode

respectively. These strength-porosity relationslaips shown in Table 3.2., where=
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Compressive strength,” = Compressive strength of fully dense material, poroBity

and p = Porosity of fully dense material.

Table 3. 2: Models of porosity and strength relalups for cement-based materials

Author and Year Equation Constant  Relationship Agapion
Hasselmani122] = o(1- bp) b Linear Originally for glass
Balshin[120] = o(1-p)f n Power Originally for powder metals
Ryshkevitch[121] = oexp(-cp) c Exponential Originally for ceramics and
rocks
Schiller[123] =k In(po/p) k Logarithmic Originally for non-metallic

brittle materials

3.2.3 Factors Affecting Pore Structure
3.2.3.1 Pore System Characteristics

The pore sizes and their distribution within tlemarete matrix, obtained from
mercury intrusion porosimetry, are used to charesethe concrete pore structure
[116][124]. These pore system parameters are algoiat to the mechanical and
durability properties of AACM concrete. Over thespéew years, the AACM concrete
pore system has been studied in relationship toh#slened properties such as
compressive strength and durability. Preliminarpeskmental results reveal that the
high degree of polycondensation of AACM concretautes in greater densification of
the AACM paste within the concrete matrix when cangal to the same degree of
hydration of OPC concrete [26]

The complexity of concrete pore refinement is duehie complex nature of concrete
pore system [116]. Many researchers [125][126][1&fcluded that a true pore size
distribution cannot be accurately determined in @etibased materials due to
limitations of the mercury intrusion porosimetesttenethod (MIP). Mercury intrusion
under pressure in MIP testing can access onlyntinedable connecting pores within the
concrete matrix, thereby leaving out the non-intild pores. It is also argued that
mercury is accessible only to the connecting ptoeated at the outer surface of the
specimen. Despite these limitations, MIP is thdfgured alternative for assessing the
pore structure of cement based materials.
3.2.3.2 Experimental Factors
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Factors influencing the results of mercury intomsporosimetry are the mercury
contact angle with the pore walls, the surfaceitensf mercury, sample preparation
and conditioning, rate and maximum pressure apdied][128]. Appropriate input
values of these factors are introduced in the MK for a given test material to obtain
the output pore structure characteristics. Amotigstotable MIP input parameters are
the contact angle and surface tension of mercuheirTvalues are 140with the
concrete pore wall and 0.48N/m surface tensione@sely. These values were kept
constant for all samples under investigation dutimg research work reported in this
thesis.

3.2.3.3 Hydration/Geopolymerisation of Binder

The hydration/geopolymerisation in OPC and AACMa®te is dependent on
time, temperature, type of binder and activatordusehe AFm phase (Aluminate
Ferritemono structure) is responsible for the gotsom and anion exchange with
chloride ions. The formation of this AFm phase och@M binder geopolymerisation
lacks theoretical understanding [3][5] unlike tloenmhation of hydrated calcium silicates
and aluminates (C-A-S-H) in cement gehere is little information on the formation of
AFm phase in alkali-activated binders providedha titerature. Experimental studies
show the formation of C-(N)-A-S-H gel during theogelymerisation phase of AACM
binder which has a mixture of cross-linked and oorss-linked tobermorite based
structures [129] as shown in Fig. 3.6. This iskmlhe calcium silicate hydrate (C-S-H)
of Portland cement, which is composed of only nmss-linked tobermorite and
jennite-like structures [130] as shown in Fig..3[Tis differencecould account for the
high densification of AACM gel during hydration.

Figure 3. 6: Model for Hydrated AACM Figure 3. 7: Model for Hydrated Portland
Binder. (Myers et al. [129]) Cement. (R. F. Feldman and P. J. Sereda, [130])
3.2.4 Materials
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3.2.4.10PC

The production of OPC has risen to 4.3 billion tesim 2014 which is the second
highest commodity produced in the world [8]. The989annual consumption is
estimated to be 256 Kg of cement per head in UK, 2§ per head in US, 647 Kg per
head in Spain, 664 Kg per head in Japan and 799fKgment per head in Portugal
[25].

The OPC used in this research project was supligétank-key group, Sheffield.
It was supplied in 25Kg bags conforming to CEM tylpwvith above 95% clinker [74].
The ordinary Portland cement has a strength cla48.6. The cement was used for the
control concrete mixes used in the research. Thenaedal composition of the OPC used

in this research is shown in Table 3.3

Table 3. 3: Chemical composition of ordinary Partlaement

CaO SiQ Al,0; Fe0; SO Mgo KO POs TiO, MnO SrO

64.2% 11.6% 8.35% 3.16% 3.14% 2.09% 1.19% 2.01%8%.82.14% 0.23%

BSI 12 [75] suggests chemical composition requireisiéor the production of
OPC as follows:
1. The sum of the reactive portion of CaO and,St@uld be greater than 50%
2. The CaO/Si@ratio should be greater than 2 in order to ensha¢ the setting of
cement paste is not inhibited as well as providécsent free lime within the concrete
pore solution.
3. The quantity of MgO should not exceed 5%. Thesence of high MgO in OPC will
constitute unsightly cracks in concrete.
4. The SQcontent should be less than 3.5 + 0.1%; &tent is known to accelerate
the setting time of cement paste.
5. The maximum permissible €bntent should not be more than 0.4%. This is bsexau
of the possibility of chloride induced corrosiorppaning due to high amount above the
specified limit when OPC is used in reinforced aete structures.
6. Other chemical constituents such agOdbnd FgOsz aid the physical appearance of
OPC as well as assist with faster setting time.
3.2.4.2 Water

The tap water used in each mix conforms to theireouent ofBS EN 100876].
Additionally, distilled/ionized water was used falibration of instruments, preparation
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of NaCl solution, dissolving concrete powder inusion for analysis of chloride
concentration and pH.
3.2.4.3 Chemical Admixtures

The retarder used was supplied by Oscrete ConstnuBroducts Ltd, Bradford,
U.K. It was used in accordance with the manufacirgpecification of 0.75% binder
weight. Its chloride ion content is less than 0.484 the alkali content N@ (sodium
oxide) is less than 3.5%. The introduction of te&rder in the AACM concrete mixes
is aimed at prolonging the initial and final segtiime of the geopolymerization
reaction. This provides the time for the AACM cagter to be transported, placed and
compacted easily. The shrinkage reducing agent S®RA& supplied by Oscrete
Construction Products Ltd, Bradford, U.K. SRA vaided to the mix in accordance
with the manufacturer’s specification of 2% by l@naveight. Its chloride ion content is
less than 0.1% and the alkali content@®l&sodium oxide) is less than 3.5%.

3.2.4.4 Aggregates

The coarse aggregates used were 10 mm uncruséregl gnd 6 mm limestone.
They were both supplied by Tarmac Ltd, Derbyshifde proportion of 10mm
uncrushed gravel to 6mm crushed limestone in eamitrete mix was 2:1. The
aggregates were in a saturated surface dry stage wlaced in the mixer. The main
properties and oxide compositions of these aggesgabnform to relevant standards
[77]. The grading curve for the 10 mm uncrushedvgras shown in Figure 3.8.
Grading was performed in accordance vBth EN 12620: 2002+ A[l/8] andBS 812 -
103.2[79].

Figure 3. 8 Grading curve for 10 mm uncrushed gravel
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Silica sand and sharp concrete sand were usednasafigregates for the
production of AACM and OPC concrete and mortar. Sliea sand was used in the
production of AACM concrete and mortar while shagmd was used for OPC concrete
and mortar. The silica sand and sharp concrete sasrd both supplied by WBB
Minerals Ltd, Congleton, Cheshire. The grading esryor silica and sharp sand are
shown in Figures 3.9 and 3.1@spectively. The grading curves show a larger
percentage of silica sand passing sieve size In@®8compared with sharp concrete
sand. This suggests that silica sand is finer #tearp concrete sand, but they fit the

same grading zones.

Figure 3. 10: Grading curve for sharp concrete sand
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Silica sand was produced from consolidated sammbgits. It has high silica
content (SiQ) of 95.17% as shown in Table 3.4. It is free frionpurities like clay and

refractory minerals such as chromite.

Table 3. 4Chemical analysis of silica sand

Sio, FeOs Al,O3 K20 LOI

95.17 0.25 2.17 1.35 0.31

3.3 TEST PROGRAMME
3.3.1 Materials and Mix Proportions

Four different mix compositions of AACM mortar ¢Mo Ms) comprising a
cementitious binder, fine aggregate, and alkalvatir were produced and investigated.
A pilot AACM mortar mix My was initially produced to optimise the mix compimsit
for AACM mortars (Mpto Ms). A parallel control mix (M) of C40 grade mortar was
also produced with 100% OPC binder. The AACM cemients binder used was a
proprietary hybrid alkali activated precursor coming of low and high calcium
constituents, which has been developed at Shefflalthm University [131]. A version
of the AACM cementitious binder and activator isremtly manufactured under licence.
Medium grade silica sand (fine aggregate) was tsethe AACM mortar mixes while
sharp concrete sand was used for the OPC mortarTh&x experimental mortar mixes
M, to Mg used in this research were based on the praaticatompositions of AACM
concrete which were investigated for chloride isgreeported in Chapter 4 and
published by the author [132]. The samples for Mifady were preparedy
replacement of coarse aggregate with fine aggremyadethe binder to provide mortar
mixes for MIP analysis. The replacement of the seaggregate content in AACM and
OPC concrete were done by increasing the mix coutetihe fine aggregate and binder
proportionately.

The liquid/binder and fine aggregate content wadgusted to achieve the
workability and setting time required to producagtical AACM mortar mixes suitable
for construction purposes. Two batches of AACM msixeere produced; the first batch
of mixes had admixtures (retarder and shrinkageiaied admixtures) in it while the
second batch was without admixtures. A retarderigdine (R42) containing less than
0.1% chloride ion and less than 3.5% alkali contBl@O (Sodium oxide) was
introduced in the first batch of AACM mortar mixeghe retarder in these mixes

prolonged the initial and final setting time of tgeopolymerization reaction, thereby
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facilitating the required time for AACM mortar telransported, placed and compacted
easily. Similarly, a shrinkage reducing admixtus&kfA) was added to AACM mortar
mixes in accordance with the manufacturer’s spesatiton of 2% by binder weight. The
composition of the five mixes Mo Mgis given in Table 3.5. The alkali activator liquid
[131] was diluted with tap water by 2.15%, 4.249%4,286 and 12% in mixes Mo Ms
respectively, similar to the AACM concrete specisigmoduced for chloride ingress

investigation reported in ChapterMgis an OPC mortar mix with water binder ratio of
0.486.
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Table 3. 5: Composition of AACM and OPC mortar asx

Mix Batch  Total Binder Fine Agg. Total Liquid Liquid/Binder Dilution R42 SRA Curing
(%) (%) (%) Ratio (%) _ .
(% Binder) (% Binder) \weyDry Wet Dry
M a 45.0 33.0 22.0 0.488 9.93 0.75 2 - -
- 'll b 50.0 30.0 20.0 0.400 2.04 0.75 2 - -
ral
) C 50.0 33.0 17.0 0.340 1.60 0.75 2 - -
miXx
d 50.0 32.0 18.0 0.360 0.00 0.75 2 - -
M 50.0 29.0 21.0 0.414 2.15 0.75 2
? b 50.0 29.0 21.0 0.414 2.15 0 0
a 48.2 28.9 23.0 0.477 4.24 0.75 2
M b 48.2 28.9 23.0 0.477 4.24 0 0
° o 48.5 29.1 22.3 0.460 4.24 0.75 2
d 47.6 28.6 23.8 0.500 4.24 0.75 2
M a 48.0 29.0 23.0 0.473 8.12 0.75 2
) 48.0 29.0 23.0 0.473 8.12 0 0
M a 48.0 29.0 23.0 0.470 12.00 0.75 2
° 48.0 29.0 23.0 0.470 12.00 0 0
Me Ctrl 32(OPC) 53.0 15.0 0.486 - - -
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3.3.2 Specimen Preparation and Conditioning
3.3.2.1 Casting of Specimens

The AACM mortar mixes were prepared to evaluatartpore structure using
the mercury intrusion porosimetry technique. Thelidnder and aggregate were placed
in a 12 litre Hobart mixer with a 3-speed optiohey were mixed in the Hobart mixer
with the lowest speed (option-1) for 30 secondavoid dispersing the powder into the
atmosphere. The Liquid component containing al&elivator, water, and retarder R42
were slowly added to the mix. The mixing contind@d2 minutes until a uniform paste
was produced. The shrinkage reducing admixturetivas slowly added while mixing
continued. The mortar was further mixed for 1 ménléfore stopping the Hobart mixer.

The mortar was placed in 75 x 75 x 75 steel cube moulds which had been
lightly oiled to prevent the hardened mortar froticksng to the surface. Each mould
was filled in three layers. Each layer was propedynpacted on the vibrating table for
about 20 seconds to attain homogeneity and minithesg@resence of voids. The mortar
surface was gently trowelled to obtain a smooth lamdl surface. The cast specimens
were placed on a flat surface and covered with thelye sheets to prevent rapid
moisture loss. The specimens were left in the mdald24 hours under a room
temperature of 20 + % and a relative humidity of about 65% before deldiog. The
hardened AACM mortar specimens after 24hrs of sgstire shown irFig. 3.11. The
OPC mortar mix M was prepared similar to AACM mortar mixes excemttthe
retarder R42 and shrinkage reducing admixture SRAewot added to the OPC mortar

mix.

Figure 3. 11: AACM mortar specimens after demougdin
3.3.2.2 Specimen Preparation

Two batches (a) & (b) of AACM mortar mixes;MM,and Ms were produced as

shown in Table 3.5. Batch "a" as shown in Table &®Btains retarder R42 and
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shrinkage reducing admixture (SRA) at 0.75% ando3%weight of binder respectively.
Batch "b" of the AACM mixes contained no retardéi?2Rand SRA admixturéHowever,
for AACM mortar mix M, four batches were produced by varying the ligoiader
ratios as shown in Table 3.5. Batches (a) and f(lmix M3had the same liquid binder
ratio of 0.477 while batches (c) and (d) had lidoiider ratio of 0.460 and 0.500
respectively. In addition, batches (a), (c) anddahtained retarder R42 and shrinkage
reducing admixture (SRA) while batch "b" contaimedretarder R42 and SRA, similar
to batch "b" of AACM mixes M, Mgand M. Mortar mix Msis based on the AACM
concrete mix $which gave optimum properties of strength, workbénd shrinkage
in the investigation reported in chapter 4 and awghpublication [132] M3 was,
therefore, chosen for a more detailed investigabbriquid/binder ratio The OPC
control mix Ms (one batch) contained no retarder R42 and shrinkedygcing admixture
(SRA).

Six cubes (three per batch) were cast for each MA@Gortar mix M, M4 and
Ms and twelve cubes were cast for AACM mortar mix Mhile three cubes were
produced for OPC control mix MA total of thirty-three cubes were cast.

3.3.2.3 Curing Regime

The curing regime is important for the developmeinthe AACM mortar pore
structure. Three practical curing regimes (wet/dmgt and dry) applicable in the
construction field were adopted in this researchkves shown in Table 3.6.

Table 3. 6: Curing regimes for AACM & OPC mortarxes
Age(days) Wet/dry Wet Dry

0-3 Water (26C) Water (26C)  Air (20°C; 65%RH)

3-28 Air (20C; 65%RH)  Water (AT)  Air (20°C; 65%RH)

Wet-dry curing involved placing the specimens gtev at a temperature of 20 *
2°C for 3 days immediately after demoulding, followyldry curing in the laboratory
air at a temperature of 20 £@ and approximately 65% relative humidity for 25/sla
(total curing period of 28 days). For wet curirtgg specimens were placed in water at a
temperature of 20 + %C for 27 days immediately after demoulding. For daying, all
the specimens were cured in the laboratory air &tnaperature of 20 +°2 and
approximately 65% relative humidity for 27 days iedrately after demoulding. The
specimens cured in the laboratory air were securelyered with polyethene sheets
during 28 days of dry curing to prevent rapid mamstloss. It simulates site practice of

preventing moisture loss, for example, with theligggon of curing membranes.
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Compressive strength tests on the 75mm cubesaoaducted after the 28 days
of curing under each regime (Wet/dry, Wet and DBamples for MIP testing were
obtained from the crushed cubes, which were thesddn an oven at a temperature of
50°C for 3 days (28- 31 days age) and finally presgivea desiccator for 3 days (31-34
days).

3.3.3 MIP Sample Preparation and Conditioning

3.3.3.1 Cube Crushing

Mortar test samples of small dimensions with aarage length of 1cm were
obtained for MIP testing from the 75mm mortar culmbgch were crushed after 28 days
of curing under regimes wet/dry, wet and dry (TaBlé). This was achieved by
performing compressive strength tests on the cubescordance witlBS EN 12390-
3:2009[133]. The results of the compressive strengttstast presented in section 3.4.1.
Compression tests on the 75mm cubes produced ¢argeks of mortar samples. These
chunks were further broken into smaller pieces éxytlg crushing with the test machine
to produce samples ideal for MIP testing. The aperof the crushing machine was set
to 1cm to obtain samples which would pass throbghthroat of the MIP dilatometer as
discussed in section 3.3.5.1.

Figure 3. 12: Location of test sample  Figure 3. 13: MIP specimens stored in
used for MIP testing within a mortar self-sealing bags after oven drying
cube core

3.3.3.2 Location of Test Samples

The selection of samples from crushed cubes,vitiabe a true representation
of the mortar matrix, was achieved by obtaining i@ from the inner core of the
crushed cube as shown in Fig. 3.12. The samplesfas®IP testing after crushing the

cube into suitable small pieces and oven dryingevgtored in self-sealing bags (Fig.
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3.13) Using samples close to the concrete cube surfdtaat give an accurate result
for the MIP test. An investigation was carried eotdetermine the in uence of test
sample location within the paste matrix relativehe casting position on porosity and
pore size distribution[134]. The research revealed that the test sampta the top
surface (trowelled) and the side surface of a paste a larger pore volume and
generally higher proportions of large pores comgpaoethe middle (core). A conclusion
was that test samples located near the surfacmare sensitive to the curing regimes
and settlement compared to the middle core.

3.3.3.3 Oven Drying

The crushed samples of 1cm average length wewd dri an oven at a
temperature of BT for 3 days. This was carried out to remove ad=bsgater from the
pore fluid within the mortar pore system, which adstruct its accessible porosity in
MIP testing. Oven drying at a higher temperaturantts@C was found to cause
microcracking which may adversely affect the tesuits [135]. After oven drying at a
temperature of 5 for 3 days, the samples were placed in a desicéat another 3
days to cool down to 2C. The desiccator had silica gel at the bottorrutthér assist
with removing adsorbed water and preventing moéstaigration from the air. After
cooling in the desiccator for 3 days, the test dampere stored in a self-sealing bag
and labelled accordingly as shown in Fig. 3.13.
3.3.3.4 Details of MIP Test Samples

The mass and dimensions of each test sample sedhjem MIP testing were
obtained using an electronic weighing balance agadl callipers as shown Fig. 3.14
and 3.15.

Figure 3. 14: Weighing of test sample Figure 3.MBasuring the dimensions of
samples
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The mass and dimensions for each of these tesplesmare documented in
Table 3.6. The dimensions of test specimens redjuUme MIP test, as specified by
BS1902-316: 199(136] are a particle of maximum size 1&nThe dimensions of
mortar test samples used for MIP analysis are wighiange of 0.52 to 0.98 cm whose
area falls within the specified 1émaximum particle size. However, the mass required
for MIP analysis is not specified. It was obsertldt both the mass and dimensions
affect the total intruded porosity even when magsearchers fail to record these details
in their investigation [137]. The higher mass amuehsion give greater total intruded
porosity when compared to samples of lower massdandnsion.

In this investigation, mass ranging between 1102P.647g was recorded for the
test samples used for MIP analysis shown in TallleBoth the mass (1.022 to 1.647 g)
and dimensions (0.52 to 0.98 cm) of all test sample within an acceptable range
[136] to minimise the effect of specimen size om thsults of MIP analysis of this
study. The data given in Table 3.7 are an averagdtrof three samples obtained from
different cubes. The mass and dimension variatietwéen each set of the three

specimens are less than 5%.

Table 3. 7: Mass and dimensions of samples unffereht curing regimes

Mix  Batch Wet/Dry Wet Dry
Mass Dimensions Mass Dimensions Mass Dimensions
(9) (cm) (9) (cm) (9) (cm)
M, a 1.148 0.92 x 0.61 1.198 0.93 x 0.62 1.460 0.082
b 1.264 0.90x0.84 1.022 0.96 x 0.68 1.360 8.0192
M3 a 1.173 0.93x0.52 1.231 0.91 x0.83 1.283 R.052
b 1.147 0.90 x 0.67 1.177 0.94 x 0.97 1.211 8.062
c 1.305 0.98 x 0.85 1.198 0.82 x0.78 1.202 2.0358
d 1.148 0.89 x0.91 1.320 0.98 x 0.76 1.103 8.8165
M, a 1.330 0.90 x 0.89 1.330 0.91x0.76 1.647 R.089
b 1.510 0.90 x 0.94 1.266 0.92 x 0.86 1.234 8.0670
Mg a 1.208 0.95x0.82 1.173 0.97 x0.72 1.234 R.0670
b 1.192 0.85x0.89 1.255 0.98 x0.74 1.370 ®.0772
Mg Ctrl 1.156 0.93 x 0.58 1.162 0.89 x 0.60 1.165 .98 0.63
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3.3.4 Test Procedure
3.3.4.1 Mercury Intrusion Porosimetry

The mercury porosimetry analyses were performemhgu$ascal 140/240
Porosimeter [Fig 3.16]. This device is in two paRascal 140 which applies pressure of
up to 100 MPa and Pascal 240 which applies pressuue to 200 MPa. The device
measures pore sizes within the range of 0.007 @ouk0. The computer microprocessor
translates the data collected on applied presdorgmre radius using the Washburn
eguation (equation 3.1):

$ %E&( 3.1

Where) is the absolute applied pressuras the pore radius: is the mercury surface
tension (= 0.48N/m); is the contact angle (= 190
Washburn equation assumes that the pores in tleeetermatrix are cylindrical in

shape which has been criticised by many researdi&?|

PASCAL 240 PASCAL 140 Dilatometer

Assembled

Figure 3. 16: Mercury intrusion porosimetry Figure 3. 17: CD3 dilatometer showing the
device used for analysis male cone and female bulb components

3.3.4.2 Mercury Intrusion Porosimetry Test Proceaur

Test samples of pre-determined mass and dimengi@ide 3.7) were placed
inside a CD3 dilatometeThe dilatometer consists of a top male cone arahele bulb
as shown in Fig. 3.17The lower part of the male cone was lightly lubigch with
silicon grease to prevent leaking. The male cone than securely tightened to the
female bulb (Fig. 3.17and placed in the PASCAL 140 Porosimeter. The Migt t

analysis was done in two parts, as follows:
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3.34.21 Pascal 140

The test samples were analysed through severesstay PASCAL 140
Porosimeter, which are: Outglass Countdown, Screnatdneter, Outglass Run,
Outglass Ready, Filling Run, Air Pulse, Filling Waind Analysis Run. The first four
stages (Outglass Countdown, Screw Dilatometer, I@sggRun and Outglass Ready)
involve degreasing the sample under vacuum. Thenessof degreasing the test
samples was to avoid the risk of powder elutriatibhe mercury filling operation
(Filling Run stage) commences once the minimum wacis reached after degreasing
the sample. In between mercury filling operationgy air pulses were introduced to
eliminate the possibility of bubble formation dugithe mercury filling operation. The
maximum mercury fill was set to 450 minOnce the mercury fill is completed, pressure
increases from vacuum up to 100 MPa. The appliedsare up to 100MPa will allow
mercury to intrude into large pore spaces of thetamomatrix. Depressurization
(extrusion) begins when the pressure has reach@dvia. The 100 MPa is the set
maximum pressure for PASCAL 140. The Depressunmafextrusion) decreases to
atmospheric pressure before the data is collectatl analysed by the computer
microprocessor. After the seven stages of analpsiBASCAL 140 Porosimeter are
completed, the sample, mercury fill and dilatometere weighed and transferred to
PASCAL 240 Porosimeter for further analysis.

Figure 3. 18: Autoclave (1) Figure 3. 19: Filling Figure 3. 20: Placing the
upper valve (2) locking nut with dielectric oil dilatometer into the autoclave
(3) lower valve [138]
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3.3422 Pascal 240

The CD3 dilatometer (Fig. 3.1¢pntaining the mortar sample and filled with
mercury is placed inside the autoclave of PASCAIO ZEig. 3.18). The autoclave
contains dielectric oil to aid mercury intrudingetimortar pore spaces under high
pressure up to 200 MPa. Using a syringe, the esyge above the mercury fill in the
male cone of the dilatometer was filled with diétecoil to avoid any air remaining in
the capillary, as shown in Fig. 3.19. The autocléeking nut was tightened after
properly placing the CD3 dilatometer (Fig. 3.20heTupper and lower valves were
slightly loosened up to the red mark indicator lbefthe filling operation of dielectric
oil. The filling operation by dielectric oil wasitrated to eliminate possible air bubbles
in the hydraulic circuit. After all air bubbles veeeliminated, the upper and lower
valves were tightened. The first cycle of mercuntyusion was initiated after tightening
the upper and lower valves. The first cycle inveltiee application of high pressure up
to 200 MPa to aid intrusion of mercury through ploge spaces of the mortar sample to
pore size down to 0.0073 pum. After the maximum ues of 200 MPa is reached, the
second cycle begins which involves the extrusiomefcury from the pore spaces of
the mortar sample. The second cycle reduces themmuax pressure from 200 MPa
until it reaches zero. The graphs of pore sizespamd distribution were obtained at the

end of the mercury intrusion porosimetry analysis.

3.4 RESULTS AND DISCUSSION
3.4.1 Compressive Strength

The compressive strengths of mortar mixegdvVMgs were obtained as explained
in section 3.3.3.4The influence of activator dilution, admixtures @R4nd SRA),
liquid/binder ratios and different curing regimese{/dry, wet and dry) has been
investigated. Compressive strengths presentedisnsgttion represent an average of
two specimens tested in accordance \BEhEN 12390-3:2000.33].
3.4.1.1 Effect of Activator Dilution

The degree of alkali activator dilution for mortarixes M to Msis given in
Table 3.5 (section 3.3.1Yhe dilution ratio is expressed as a percentageadér by
mass which is mixed in the activator developedSheffield Hallam University131].
Figures 3.2Jand 3.22show the relationship between compressive streagthactivator
dilution of 4.24% to 12% representing AACM mortaixes Ms to Ms for batch "a"
(with admixtures) and batch "b" (with no admixtyresspectively.
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Figure 3. 21: Compressive strength of mortar batchFigure 3. 22: Compressive strength of mortar batch
"a" containing admixtures (R42 and SRA) "b" containing no admixtures (R42 and SRA)

The liquid/binder ratios of the AACM mortar mixéd; to Ms are equal at
approximately 0.47 and thus they have been usedhwestigate the influence of
activator dilution on compressive strength of AAGMncrete. Mix M was excluded
from this analysis since it has a different liqgbidter ratio (0.41).

A decrease in the compressive strength was adhigyéncreasing the degree of
dilution of the activator. This was observed for @ mortar mixes Mto Msunder the
three curing regimes for both batches (a) and (esn(Figures 3.21 and 3.22). The
lowest activator dilution of 4.24% (§1produced the highest compressive strength. For
example, the compressive strengths of AACM mortateswith 4.24% (M), 8.12%
(Mg) and 12.00% (M) dilution were 70.9 MPa, 69.9 MPa and 65.2 MPapeesvely
under wet/dry curing (Fig. 3.21).

A concentration between 8 to 16 molarity was rec@mded for sodium silicate
activator [26] while a concentration of 10 molaritsas recommended for potassium
hydroxide [24]. These authors suggested that tlpagmer formations were delayed
by a higher activator concentration due to excesgmns thereby limiting the mobility
and potential to interact with reactive speciesisTieverse effect was, however, not
observed in this study because the activator cdratens are within acceptable limits
of the activator molarity.

The activator dilution affects the workability astrength of AACM concrete
and mortar significantly [139]. A workability of 22mm slump and compressive
strength of 45 MPa was achieved by using a 35%atoti concentration compared with
40% activator concentration which produced lowerkability of 180 mm slump but
higher strength of 54 MPa at 28 days age [139]s&hesults were based on an AACM
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mix with a liquid/binder ratio of 0.37, binder cent of 400 Kg/mcontaining ground
granulated blast-furnace slag (GGBS) and class yFagh cured under ambient
conditions at a temperature of 20%2and 70 + 10% relative humidity [139].

3.4.1.2 Effect of Admixtures (R42 and SRA)

Retarder R42 and shrinkage admixture SRA werednoited in the AACM
mortar mixes Mto Msfor batches (a)The admixtures were not added to batches (b)
mixes Msto Ms.

The presence of retarder and SRA admixtures inAREM mortar mixes
improved the compressive strength. For examplehbat(with admixtures, Fig. 3.21)
produced higher strength of 80 MPa compared withM#2a for batch b (with no
admixtures, Fig. 3.22)nder wet/dry curing at activator dilution of 4.12%he strength
increase in batch "a" relative to batch "b" waserntssd under the three curing regimes
although the wet/dry curing shows the greatesteftéigures 3.21 and 3.22).

Similar results from literature show that a 2% ¢bgss of binder) dosage of
SRA increases the compressive strength by approeiyn@% at 28 days for a sodium
silicate activated slag paste of liquid/binderadi5 cured at a temperature of 20°€ 2
and 99% relative humidity [140]. The reasons preploby the author [140jvere a
reduction in the surface tension leading to legs®rnal stress when water evaporates
and the redistribution of the pore structure byeasing the smaller pores while the
larger pores are reduced simultaneously withirAR€EM concrete matrix.
3.4.1.3 Effect of Liquid/Binder Ratio

The liquid/binder ratios of the AACM mortar mixgMvere varied between 0.46
and 0.50 to optimise strength and workability. F&CM mortar mix Mswas selected
for this fine-tuning of strength and workabilitystead of AACM mortar mixes MM,
and M due to its superior resistance to chloride ingfd$82] which is reported in
chapter 4. Fig. 3.28hows the compressive strength of the AACM mortat ki at
liquid/binder ratios 0.46, 0.48 and 0.50 under dmgt/and dry curing alongside
published compressive strength results for AACM tarsr from other authors all cured
under room temperature 20 35and 70 + 10% R.H. [141][142][143].
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Figure 3. 23 Effect of liquid/binder ratio on compressive stréngf AACM mortars

The strength of AACM mortar mix Mdecreases with increasing liquid/binder
ratios. The slope of the graph for mix M3 is simiia the graphs representing the data
of the other authors [141][142][143]. The strendthps off at liquid/binder ratios under
0.4 in two cases [142][143] due to workability lagsulting in poor compaction. The
close range of liquid binder ratios of 0.46 to OwW@s used in this research work to
optimise the strength and workability of mixM

Keun-Hyeoka et al141]investigated a wider range of liquid/binder rati8,
0.4, 0.5 and 0.6 to give compressive strength2d#lPa, 63 MPa, 61 MPa and 38 MPa
respectively for slag concrete activated by sodigificate cured under room
temperature (20 +°2) and relative humidity of 70 + 5%. Another widege of liquid
binder ratios 0.65, 0.50 and 0.35 having compressitengths of 54 MPa, 67 MPa and
58 MParespectively were presented Maochieh Chi142]. The concrete wasired at
a room temperature of %5 and relative humidity of 80%. The graphM&ochieh Chi
[142] in Fig. 3.23 gives the highest compressivergjth values due to the high
temperature of curing (36) compared with the ambient curing temperaturé26f +
2°C) adopted by the other researchers.

The results of Fernandez-Jimenez and Palomd43] show the lowest
compressive strength values of specimens curetoat temperature (20 @ and 75
R.H). The mix composition used iaochieh Chi142] was 574 Kg/mof class F fly
ash, 1581 Kg/rh of fine aggregate and 270 Kg/nof sodium silicate and sodium
hydroxide activator while the mix details Beun-Hyeoka et a[141]and Fernandez-

Jimenez and Palond43] were not stated.
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The graphs in Fig. 3.28how a sudden loss of strength at low liquid/binder
ratios due to poor workability of mortar or conerefThe explanation for the poor
performance at the lowest liquid binder ratio (38 MPa) presented bdylaochieh Chi
[142] was an insufficient alkali solution for the fornati of crystallized structure.
Fernandez-Jimenez and Paloifi@3] presented results similar kdaochieh Chi142]
showing the lowest compressive strength of 30 MHPaveest liquid binder ratio 0.38.
The data fromMaochieh Chi[142] and Fernandez-Jimenez and Palorfizt3] show a
sharp decline in strength at liquid/binder raticdolv 0.4 as seen in Fig. 3.23. The
optimum limits for liquid/binder ratios for compmdge strength, recommended by
Fernandez-Jimenez and Palofi@ 3], are between 0.40 and 0.50. A liquid/bindsor
below 0.40 limits the plasticity of the fresh mertevhich results in inadequate
consolidation and strength loss.
3.4.1.4 Effect of Curing Regime (Wet/dry, Wet andyp

Three curing regimes (wet/dry, wet and dry) wemgeyed for mortar mixes
M2to Mg, The strengths of batch "a" mixes (with admixtur@®) shown in Figures 3.21
and 3.24, while the batch "b" mixes (with no admigs) are represented in Figures
3.22 and 3.25. The significance of applying pradteuring methods (wet/dry, wet and
dry) is to investigate strength performance untlesé curing conditions. These curing

methods are often applied in the field applicatibhe shrinkage reducing admixture

SRA and retarder R42 will equally influence the @@te mechanical properties.
m% %
|
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AACM Mortar Mixes AACM & OPC Mortar Mixes

Compressive Strength (Mpa)
Compressive Strength (Mpa)

Figure 3. 24: Compressive strength of AACM Figure 3. 25: Compressive strength of AACM
and OPC mortar batch "a" mixes with and OPC mortar batch "b" mixes without
admixtures admixtures
For AACM mortar mixes Mto Ms, the wet/dry curing which is 3 days in water
at 20 + 3C followed by 25 days in the laboratory air (20 %£265% R.H.) had the
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highest compressive strength for both batches r{d) () mixes as shown in Figures
3.24 and 3.25. This was followed by dry curing @2§s curing in laboratory air at 20
2°C, 65% R.H.). The least compressive strength wesrded for wet curing (28 days
curing in water at 20 +°Z).

Arie at al.,[144] achieved a compressive strength of 63 MPaunwbist curing
at a temperature of 20 £Q for a slag/fly ash AACM mortar blend, other resbéars
presented compressive strength as high as 100 MRl fash-based AACM mortar at
elevated temperature curing (50°8) [26][145][146]. Heat treatment is required foy f
ash-based AACM mortar to synthesize. The benefiefééct of heat curing is the
increased pozzolanic reactions in geopolymer coaondien compared with ambient
temperature curing. Whilst it may be practicablexpose specimens of geopolymer to
heat curing in the laboratory, it is impractical @mstruction sites.

The effect of curing conditions on OPC mortar casis the AACM mortars by
providing the maximum compressive strength undet euging. The availability of
moisture in OPC concrete supports cement hydratibith produces strength. The
geopolymer reactions in AACMs do not rely on maistas OPC. The OPC mortar mix
Mg recordedhe highest compressive strength of 51 MPa (Fig5)3under wet curing
followed by 43 MPa for wet-dry curing, which isgditly higher than 42 MPa for dry
curing as shown in Fig. 3.2bhe results of OPC mortar mixddre consistent with the
work of other researchers which also show a sineféect of curing conditions on
strength of OPC concrete [147][148]. The relatiwenidity of moisture in the OPC
capillary pores is maintained above 80% when cureslater, which favours hydration
reactions [25] There will be little loss of moisture when OPC caate is cured in any
medium above 80% R.H., hence curing in water mayh®needed for continuing
hydration.

3.4.2 Classification of Pore Size Distribution
3.4.2.1 Unimodal and Bimodal Pore Distribution

The distribution of pore sizes in AACM and OPC taomixes was determined
from the differential pore volume graphs under amt/ wet and dry curing as shown in
Figures 3.26, 3.27 and 3.28 respectivdlge results of two AACM mortar mixes M
(2.15% activator dilution) and §(12% activator dilution) alongside the OPC mortar
mix Mg are presented. All mixes were without the admix@urzl2 and SRA. AACM
mixes My and M, provide similar results as mixes,Mnd M;, which are recorded in
Appendix 3.2(a - d).
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AACM Mortar Mix M, AACM Mortar Mix Mg
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Figure 3. 26: Pore size distribution for AACM an&O mixes without admixtures
under wet/dry curing
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OPC Mortar Mix M
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Figure 3. 27: Pore size distribution for AACM an®0O mixes without admixtures
under wet curing
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Figure 3. 28: Pore size distribution for AACM an®0O mixes without admixtures
under dry curing
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A unimodal pore distribution in OPC mortar is deiil by the single range of
pore volumes observed within the differential pdigtribution graphs for OPC mortar
shown in Figures 3.26, 3.27 and 3.28. Other studie the microstructure of OPC
matrix also show a unimodal pore size distributioth most of the pore volume within
the range of 0.01 to 0.1 um pore diameter [3][8Blowever, under dry curing, OPC
mortar also shows the presence of pore diametets Lipm.

A bimodal pore distribution in AACM mortar, on tlether hand, is defined by
the double range of pore volume observed within difeerential pore distribution
graphs in Figures 3.26, 3.27 and 38 the AACM mixes. These pore sizes are
normally observed between two separate zoneslgfim and 0.02 um [3]. The results
of this investigation in Figures 3.26, 3.27 and83Bow AACM mortar falls under this
category with significant porosity observed at pm and 0.02 um while there is little
porosity between these pore size rangeSCM mixes with admixtures show similar

bimodal pore distribution which will be discussadsection 3.4.2.2.4.

3.42.11 Wet/dry Curing

The pore sizes in AACM mortar mixes under wet/duying presented in Fig.
3.26 show a bimodal pore size distribution. The firsige of pore sizes in the AACM
mortar mix My is 0.02 um pore diameter while the second range idgonenantly
0.2 pum. AACM mortar mix M shows similar trend of bimodal pore distributidine
pore sizes range from under 0.03 um and greatarGtZapm. The OPC mortar mixgvi
shows a unimodal pore size distribution (Fig. 3.@thin the approximate range of
0.01 to 0.3 um. The bimodal distribution of poresAACM mortar mixes M and M

has a larger maximum pore diameter than the OP Gamid.

3.4.2.1.2 Wet Curing

The bimodal pore size distribution in AACM mortaix Ms is less pronounced
under wet curing (Fig. 3.27han under wet/dry (Fig. 3.26) or dry curing (RB8) due
to its highest activator dilution. There is sigo#nt continuity of differential pore
volume above pore diameters 0.01 um which do npeapunder both wet/dry and dry
curing. There is the possibility of interconnectioinpores in wet cured AACM mortar
mix Ms (12% activator dilution) between the gel pore9@8.to 0.01 um) and capillary
pores (0.01 to 100 um) which provides continuitythe pores. The interconnection is
represented by the distribution of peaks throughloaitrange of pore sizes 0.01 to 100
pm. The less geopolymerisation product formed inCAAmortar mix My due to its
higher activator dilution are likely to cause imi@nnected capillary pores. This leads to
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vulnerability of the wet cured AACM mortar mix4Mo greater permeability of harmful
ionic elements like CICO, and sulphate [132].

AACM mortar mix M, which has a lower degree of activator dilutionl§26),
on the other hand, shows the typical bimodal distron similar to that observed under

wet/dry curing in Fig. 3.26.
3.4.2.1.3 Dry curing

AACM mortar mixes M and M; under dry curing (Fig. 3.2&how a bimodal
pore size distribution similar to wet/dry curinghd first range of pores in AACM
mortar mix M are less than 0.01 pm while the second rangeeobitmodal pore size
distribution is greater than 1 um. AACM mortar nMbg has a coarser pore range of less
than 0.2 um and greater than 1 pum. OPC mortar myxrddealed a unimodal pore
distribution between 0.01 um to approximately 2 |the pore size range is slightly
higher compared to wet/dry and wet curing.
3.4.2.2 Gel and Capillary Pore Volumes

The total pore volumes within the AACM and OPC tas were determined
from the cumulative pore volume curves under wgi/dret and dry curing, which are
shown in Appendix 3.1 (a -aespectively. Fig. 3.28hows the total pore volume of
AACM and OPC mortar mixes under the three typeswing. Only AACM mortar

mixes My and M; are considered in this section.

AACM M2
m AACM M5
mOPC M6

Intrudable Porosity (mfg)

Curing Regime

Figure 3. 29: Intrudable porosity for AACM and ORtxes without admixtures under
wet/dry, wet and dry curing
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34221 Wet/dry curing

AACM mortar mix M, had a lower pore volume of 29.82 figicompared with
81.21 mni/g for the OPC mortar mix Mas shown in Fig. 3.29. The application of
wet/dry curing to AACM concrete was observed toarde its resistance to chloride
ingress under prolonged exposure to salt ladenmr@mwient which is reported in chapter
4, section 4.4.3. The resistance of heat cured AAGMtar to chloride penetration is
best achieved when it is initially subjected togudee wet curing before the application
of external heat source [149]. The 3 days initigt wuring under the wet/dry curing
method (Table 3.5)sed in this research project provided the muclieegenoisture to
improve particle packing [149] around the aggregah the AACMs. This together
with the geopolymer reactions resulted in lowerepwolume when compared to the
OPC mortar at later ages.

The pore volume for AACM mortar mix M(2.15% activator dilution) is
slightly less than AACM mortar mix M(12% activator dilution). The pore volume in
AACM mortar mix M is29.82 mni/g while it is 30.60 mriig for AACM mortar mix
Ms under wet/dry curing as shown kiig. 3.29. The higher activator dilution of 12% in
AACM mortar mix Ms under wet/dry curing reveals almost the same peireement as
AACM mortar mix M, with 2.15% activator dilution.

3.4.2.2.2 Wet curing

The wet curing of OPC mortar resulted in a porédume of 68.16mrig
compared with 81.21 mity and 93.51 mrg for wet/dry and dry curing respectively
(Fig. 3.29). The wet curing method normally prowdéhe best mechanical and
durability properties to OPC concrete. The sataratf OPC mortar pore spaces with
water supports cement hydration. The hydrationreatly reduced when the relative
humidity within the capillary pores drops below 8(080][61]. Since both the wet/dry
and dry curing methods exposed the specimens twrdalyy air curing at relative
humidity of 65% before cement paste hydration wammeted, the result was a slow
hydration rate with more pores than under wet gurirhis is more prominent under dry
curing (Fig. 3.29Yhan wet/dry curing because of the lack of wetrayat a very early
stage.

The pore volume of AACM mortar mix Munder wet curing is greater than
under wet/dry curing (Fig. 3.29). The intrudablegwolume under wet curing of 38.14
mm°/g is higher than 29.82 miig under wet/dry curing. AACM mortar mix dshows
a similarly higher pore volume under wet curingg(FR3.29). The OPC mortar mix M
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on the contrary, has a lower pore volume underaughg (68.16 mriig) compared to
wet/dry curing (81.21 mig). The wet curing favoured the hydration proces®PC

mortar resulting in lower pore volume.

3.4.2.2.3 Dry curing

AACM mortar mix My under dry curing, has pore volume of 59.13 ¥gm
compared with 93.51 mity for the OPC mortar mix under the same dry curing (Fig.
3.29. The results presented in Fig. 3.&%w that AACM mortars possess significantly
less pore volume than OPC mortars under the thueegc methods. This suggests
AACM mortar contains less pore spaces accessibladrgury than OPC morte8ince
the dimensions and mass of all test samples atentite same range (Table 3.6), the
effect of hysteresis and entrapment will be minifd8l7]. The pore volume of the OPC
mortar mix Msis higher than the AACM mortar mixes for all curiognditions

RILEM TC 224-AAM3] reported that the total pore volume (i.e. surhamof
both gel and capillary pores) of AACM is somewhatikar or sometimes higher than
comparative OPC. On the contrary, the results isfstudy show that the total intruded
pore volume was higher in OPC mortar than in AACMrtar. Nevertheless, a higher
capillary pore volume (0.01 to 100 pm) was obserired®ACM mortar than OPC
mortar, while the gel pore volume (0.0073 to 0.0h)pwas much lower in AACM
mortar. For example, AACM mortar mixes,Mnd M; under wet/dry curing (Fig. 3.23)
have a higher capillary pore volume compared to OR&tar mix under the same

wet/dry curing as shown later in section 3.4.3.4.4.

3.4.2.2.4 Effect of admixtures

The distribution of pore sizes of batch "a" mixesth admixtures) are presented
in Fig. 3.30. The corresponding data for batch filn%es (without admixtures) are
plotted in Fig. 3.31. The specimens under wet/dmyng were only considered amongst
the three curing methods employed due to the optpedormance of AACM mixes
under this curing condition as discussed latereictisn 3.4.3.2The graphs for other
curing conditions are shown in Appendix 3.2 (avahjch is similar to Figures 3.30 and
3.31.
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Figure 3. 31: Pore size distributiohAACM mortar mixes (without admixtures) under
wet/dry curing

The introduction of chemical admixtures in AACM rtar reduces the pore
sizes as shown in Figures 3.30 and 3.Bhe reduction indicates significant pore
refinement when admixtures were added in the AACMrtar mixes M to Ms.
Chemical admixtures (R42 and SRA) induce a betistrildution of cementitious
particles consequently leading to better hydra{ib®2]. Similarly, the inclusion of
polycarboxylate admixture in OPC cement paste haw/s significant reduction in total
porosity after 2 days of hydration and the poracitmre becomes more refined by the
rise in the percentage of gel pores and a deciedbe capillary pore sizes [152].

However, RILEM TC 224-AAM[3] report reveals inconsistencies in the
rheological properties as well as the hydrationcpss of AACMs by the addition of
most available admixtures designed for Portland es#rbased materials. The
differences in the chemistry of AACM materials camgd with OPC based materials,
in particular the high pH obtained during the swsik of most alkali-activated binders,
is likely to account for such differences in thdweological properties and activation
process.

The volume of pores is reduced under the combimieence of admixture and
a lower activator dilutionFor instance, batch "a" (with admixture) displayetbwer
pore volume which is 15 mity for mix M, (Fig. 3.30)compared with batch "b"
(without admixture) which is 57 mity for mix M, (Fig. 3.31). Similarly, AACM
mortar withlower activator dilution (2.15%) has the lowest @eolume of 15 mriig
compared with 46 mi¥g for AACM mortar with highest activator dilutiofl2%) as
seen irFig. 3.30.The porosity results indicated that the permegbdft AACM mortars
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is reduced by the inclusion of chemical admixtu(Bg2 and SRA) and by lower
activator dilution.

3.4.3 Pore System Parameters

The pore system parameters were derived from theulative porosity curve
and logarithmic differential pore volume curvesdiscussed in section 3.2.3. These
parameters are classified as intrudable porosity, critical pore diameted. and
threshold pore diametek, and their location on the curves is shown in FigiBgl and
3.5 for OPC and AACM mortar respectively. The locatioh i, on the cumulative
pore volume curve is similar for both OPC and AA@Mbrtars (Figures 3.4 and 3.5).
The location ofd. andd, is different with both values representing largeregpvolumes
for AACM mortars. Mercury intrusion porosimetry teswere performed on two
samples per mix and their average results were!leacl.
3.4.3.1 Intrudable Porosity i,

The Intrudable porosity i, is obtained by reading the highest point on the
cumulative porosity curve. This corresponds to ltwest equivalent diameter on the
cumulative porosity curve. The influence of actoratdilution, admixtures, liquid/binder
ratio and different curing regime (wet/dry, wet ahg) on the the intrudable porosity

in was determined. The intrudable porosity, values which were derived from the
highest point of the cumulative porosity curves jmesented in Appendix 4.3 (affr
all mixes. The liquid/binder of the mixes was Ogd&ept mix M (2.15% dilution) for
which it was 0.41.

3.4.3.1.1 Effect of activator dilution

The influence of activator dilution on the intradpore volume is presented in
Figures 3.32 and 3.33.
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Figure 3. 32: Intrudable porosity of AACM Figure 3. 33: Intrudable porosity of AACM
mortar batch "a" mix with admixtures mortar batch "b" mix withot admixtures

Figures 3.32 and 3.33 show that the intrudablestyr increases as the activator
dilution increases. The increase in activator dilureduces the pore refinement of the
mortar matrix.

A gas sorption analysis was performed on a fly-babed AACM system to
study the influence of activator concentration [[[534]. The authors observed pore
refinement of the fly-ash based alkali activatedemal with an increase in the activator
concentration which is similar to results obtairfean this study. A high dosage of

activator improves the pore refinement of AACM naoifi89].

3.4.3.1.2 Effect of admixtures (R42 and SRA)

The intruded pore volume of mixes with and withadimixtures (R42 and SRA)
is shown in Figures 3.32 and 3.8&spectively A lower intruded pore volume was
observed in batch "a" mixes (with admixtures) coragawith batch "b" mixegwithout
admixtures). This could be due to the modified talygrowth or morphology produced
by the admixtures [3]. A similar modification wadserved in the microstructure of
OPC pastes when 1% polycarboxylate retarding admextvas used, which resulted in
a slight reduction in the porosity [152]. A similaduction in the total intrudable pore
volume of cement paste by inclusion of admixtures wbserved [155].

The beneficial influence of the shrinkage reducaggnt SRA is explained by
two factors, firstly, the reduction of surface temsof water present in the pore system
leading to smaller internal stress when water exatpe and secondly, the redistribution

of cement particle due to the decreased capillegss of water induced during the
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mixing process [156]. On the other hand, the retamtduces the reaction rate of
tricalcium silicate with water, thereby, impedirgetearly growth of calcium hydroxide
in OPC concrete. During the delayed growth of cedcihydroxide, which is the
hydration product, realignment of cement partidesurs in the concrete matrix to form
a denser pore structure [157]. The admixture R4&2&haimilar retarding effect on the
early age reactions of the AACMs, which slow dowmsetting and hardening process.

However, the chemical processes involved are matr @t present.

3.4.3.1.3 Effect of curing

The lowest intruded pore volumes in batches "a' ‘@Y occur under wet/dry
curing, followed by wet curing and then dry curifgigures 3.32 and 3.33). The
combined influences of admixtures and wet/dry @uhiave a more beneficial effect on
the pore structure than either wet or dry curinigisTs due to the high volume of pore
blocking effect induced by wet/dry curing regimégures 3.32 and 3.38how that the
intrudable porosity under dry curing is highestaltactivator dilution values. This is
contrary to the results on compressive strengthti(se 3.4.1.1) which show higher
strengths achieved by AACMs under dry curing coragdo wet curing. For example,
AACM mortar M, batch "a" (with admixtures) had intruded porosify36.60 mni/g,
38.14 mnilg and 53.44mnig for wet/dry, wet and dry curing respectivelygf.32)
while their corresponding strengths are 73 MPalVib& and 65 MPa respectively (Fig
3.24).

The availability of water during early age allofes more hydration to take
place in concrete containing mineral admixtureds Tasults in the formation of more
calcium silicate gel [134]. In the case of supplatagy cementitious materials,
reduction of pore spaces occurs with wet/dry curiRgsearch results frokhatib and
Mangat[134]agree with the reduction of pore spaces when wetdring is employed
for cement pastes with 22% and 9% replacement fittash and silica fume. The
authors [134] adopted 14 days moist curing aftstig followed by air curing at 46
and 25% relative humidity for further 14 days. Thi'enomenon may be applicable to
AACM concrete where fewer pores are produced umagrcuring at early age due to
initial hydration reactions which proceed alonghwgeopolymerisation reactions.
3.4.3.1.3 Effect of liquid/binder ratio

The intruded pore volumes for AACM mortar mix; Mith three liquid/binder
ratios of 0.46, 0.48 and 0.50 are presented in3=3g¢. The intrudable porosity was

obtained from the graphs of cumulative pore volpresented in Appendix 3.4 (a-c).
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The AACM mortar mixes were subjected to curing megg wet/dry, wet and dry.
Despite the small range of liquid/binder ratiogt@- 0.50), a clear linear relationship is
observed with the intrudable porosity as shownheyltest-fit regression lines plotted in
Fig 3.34.
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Figure 3. 34: Relationship between liquid/bindérorand intruded pore volume of
AACM mortar mix M (with admixtures)

Liquid/binder ratio 0.46 had the lowest intrudeate volume of 30.23 mify
compared with 38.63 mity at liquid binder ratio 0.5 under wet/dry curing.

The lowest intruded pore volumes were recordedwet/dry curing, followed
by wet curing and lastly dry curing for the AACM ner Mz as shown in Fig 3.34, each
curing condition showing a linear relationship beéw liquid/binder ratio and porosity.
This relationship is similar to the strength-ligllichder ratio relationships discussed in
section 3.4.1.2xcept the contradictory effect of wet and dry iegron the relationships.
It has been suggested that the reason for lesseidé@u pore volume in hardened
cement paste with low water/cement ratio is thellemédistances between unhydrated
cement grains [126].
3.4.3.2 Critical Pore Diameterd

The tortuosity and randomness of interconnectegspof AACM and OPC
mortars M to Mg are determined by the critical pore diamedgfThis represents the
extent to which these pores are connected to eteh. orhe influence of parameters
such as activator dilution, admixtures, liquid/Bndatio and curing regime on the
critical pore diameted, was analysed, similar to intrudable porosity,. The first
highest point on the logarithmic differential porelume curve (pore diameter versus
dv/dlogD curve) is considered as the critical pdi@meterd. as shown in Figures 3.4

and 3.5discussed iisection 3.2.3.
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34321 Effect of activator dilution

Four levels of activator dilution of 2.15%, 4.24%12% and 12.00% were
adopted for the AACM mortar mixes /MMM3 M4 and M respectively. Their critical
pore diameterd, were obtained from the differential pore volumegirs under wet/dry
(Fig. 4.31), wet (Appendix 3.2agnd dry curing (Appendix 3.2aespectively. The
critical pore diameted. is plotted against activator dilution in Fig. 3.35
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Figure 3. 35: Effect of activator dilution on thetical pore diameters (with admixtures)

The dilution of alkali activator increases theticél pore volumed, as shown in
Fig. 3.35 This pattern is similar for the three curing regsmwet/dry, wet and dry
although the slope of the dry cured graph is sigauitly steeper. The increase in the
critical pore diameted, within the AACM mortar matrix leads to greaterfddion of
deleterious substances such as chlorides and sedphBhe durability properties of
AACM mortars are, thereby, impaired by higher catipore diameted, produced by
the dilution of alkali activator.

The highest critical pore diametafswere observed under dry curing as shown
in Fig. 3.35. The combined effect of 3 days wetirayrfollowed by the 25 days dry
curing (wet/dry curing) improved the crystallini;md pore structure of AACM mortar
leading to superior mechanical and durability praps compared to dry curing, as
shown in chapter 4.

The pore size distribution of capillary pores i@M mortar determines its
permeability to deleterious elements such as dawegriand sulphates [82] while the
gel/space ratio determines the strength propediethe cementitious materials [25].
Consequently, the influence of activator dilutiamdy is likely to have greater impact
on the durability properties of AACM mortar rathiiyan its mechanical strength. In
conclusion, the wet/dry curing displayed the besult for the critical pore diameteg
followed by wet curing and lastly dry curing for A&\ mortar.
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3.4.3.2.2 Effect of admixtures

The critical pore diameted. under wet/dry curing plotted against activator
dilution is shown in Figures 3.36r batch "a" (with admixtures) and batch "b" (vath
admixtures). The critical pore diameteksis derived from the differential pore volume

curves presented in Figures 3.30 and 83pectively.
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Figure 3. 36: Effect of admixtures (R42 and SRA}loa critical pore diameters of
AACM mixes under wet/dry curing.

Batch "a" (with admixtures) possesses lower @itpore diameted. than batch
"b" (without admixtures). The presence of admixsufie42 and SRA) in AACM mortar
mixes Myto Ms resulted in a lower critical diametey.

The effect of SRA on cement based materials hag®sitive impact on the
capillary porosity depercolation. The diffusivity fuid and ions is impeded within the
mortar matrix when its connecting capillary pores depercolated, thus improving its
durability properties. An increase in the capillgrgre depercolation was observed in
cement paste by the addition of water reducing atlme (HRWRA, Glenium 3000NS)
[158]. Also, 5% by mass of shrinkage-reducing aduorx (SRA, Tetraguard AS20) was
added to a mix of water/cement ratios 0.3 and @& @PC content of 360 Kgfm
which was cured for 7 days at a temperature 8€2@ lime water. The authors [158]
observed a significant reduction of capillary pasoby around 15% — 25% in the OPC
paste containing the chemical admixtures compardith \wwement paste without
admixtures. The pore discontinuity (depercolatianbhin the paste matrix was also
observed using low temperature calorimetry (LTC)d aelectrical impedance
spectroscopy techniques. These observations \alith&t depercolation of intrudable
porosity caused by admixtures in concrete, whiels wroposed bBentz and Edward

[113] as discussed in section 3.2.3.1.
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On the other handCraeye et al.[159] studied the effect of polycarboxylate
admixture on the critical pore diameters of selapacting concrete (SCC) and
observed no significant difference between SCC misentaining the admixture and
those without it. The authors concluded that ihag clear if the admixtures have any

influence on the concrete microstructure.

3.4.3.2.3 Effect of liquid/binder ratio

The critical pore diameterd. for AACM mortar mixes M containing three
liquid/binder ratios of 0.46, 0.48 and 0.50 weré¢anted from Appendix 3.5 (a-cThe
mixes were subjected to curing regimes wet/dry, avet dry. The results in Fig. 3.37
show a significant influence of liquid/binder rabo the critical pore diametel under

the three curing regimes.
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Figure 3. 37: Relationship between liquid/bindérorand critical pore diameteg df
AACM mortar mix M (with admixtures)

Depercolation of open pore spaces during geopoigateon of the gel paste is
highest at the lowest liquid binder ratio 0.46. éspible explanation could be that the
faster closing of the pore spacing between the dvirghrticles is aided by a lower
amount of liquid content present in the mix. Thedservations are consistent with
those of OPC concrete [160]. The gel hydration potsl of OPC pastes at lower
water/cement ratio occupy greater pore spacescthdtl otherwise have been water-
filled spaces. Therefore, water/cement ratio infless the connectivity of cement paste
pores. This impacts the overall durability of cagter

Zeolite formation is the structural framework whicas the controlling capacity
for the polycondensation and crystal growth in AAENh order to maintain a constant
molar ratio of HO to N&O in a fly ash based geopolymer concrete, bothattieator
concentration and water content was increaseddsigmificant effect was observed on
the compressive strength [46]. In other words, higher molar ratio of N#&/SiO,
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(activator concentration) had an insignificant iripan the compressive strength at
higher liquid content. The durability properties ®ACM material were enhanced by
the presence of lower liquid content rather thamgher activator concentration [46].

However, much attention has been given to activatacentration in literature [26][88]

while limited data exist on the impact of liquididier ratio on porosity parameters of
AACM materials.

3.43.24 Effect of curing regimes (wet/dry, wet ahdry)
The critical pore diameterk under wet/dry, wet and dry curing were obtained

from the differential pore volume graphs presemtedppendix 3.6 (a-cand are shown
in Fig. 3.38.
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Figure 3. 38: Effect of curing regime (wet/dry, vgetry) on the critical pore diameters
of AACM and OPC mixes (without admixtures)

Fig. 3.38 shows that wet/dry curing regime hadltieest critical pore diameter
dc. This is followed by wet curing which is reasonablygse to wet/dry curing while dry
curing has the highest critical pore diameter. &ample, AACM mortar mix Mhas
critical pore diameter of 1.26 um under wet/dryicgy 1.47 um under wet curing and
2.40 um under dry curing.

On the other hand, OPC mortar mix Mhder wet/dry curing has the lowest
critical pore diameter of 0.21 um followed by wetriag (0.30 pm) while the highest
critical pore diameted.is exhibited by dry curing (0.48 um). The pore liog effect
in OPC concrete was proposedHKiyatib and Mangaf134] for the wet curing regime.
The availability of water during curing allowed fonore hydration to take place
resulting in the formation of more calcium silicagel.

OPC mortar mix M has a much lower critical pore diametkithan AACM
mortar mixes. This may explain the reason for themmhigher fire resistance of AACM

concrete than OPC concrete. This is because theected pores in AACM concrete
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reduce vapour pressure induced by fire. A notabteease in strength was observed
when an alkali-silicate activated concrete was egpoto 1008 [161]. This was
attributed to the iron oxide content of the fly astd the better connected microstructure
of alkali-silicate activated concrete [16Kong et al.[162] suggested that the retention
of strength in fly ash based AACM concrete was wutne different range of pore sizes
present within its matrix and their distribution i is responsible for the escape of
pore water during heating, without damaging thecstire.

3.4.3.3 Threshold Pore Diametegd

Threshold pore diameteg,atan also be considered as the pore diameter ahwhi

an abrupt slope change or point of inflexion ocaumsthe cumulative porosity curve.
This is the point where the intrusion by a smalbant of mercury ends, and just before

the intrusion by a great portion of mercury begassshown in Figures 2.4 and 2.5 in
section 2.3. The threshold pore diametejis wlere investigated to determine the
influence of activator dilution, admixtures (R423RA), liquid/binder ratio and curing

regimes (wet/dry, wet and dry).
3.4.33.1 Effect of activator dilution

The threshold pore diameteds, for AACM mortar mixes M to Ms were

obtained from the combined curves of the cumulagive the differential pore volumes

which are presented in Appendix 3.7 (a-c). Fig 3B8ws the relationship between the
threshold pore diameteds, and the activator dilution in AACM mortar mixes; i Ms.
A linear relationship between the threshold pomaraitersdy, and activator dilution is

observed by the best-fit regression lines.
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Figure 3. 39: Effect of activator dilution on thedshold pore diameterg df AACM
mortar mixes Mto Ms (without admixtures)
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AACM mortar mix M, with the least activator dilution of 2.15% posséss
lowest threshold pore diametek, while AACM mortar mix M with the highest
activator dilution of 12.0% has the highest thréddhmore diameter. For example, the
threshold pore diametek, for mix Mzis 2.12 um compared with 2.62 pm for mix M
under wet/dry curing.

The high alkali activator concentration especialyng sodium silicate on slag
based systems facilitates a high degree and rateaofion, thereby leading to smaller
pores [163]. However, the arguments put forward Khale et.al, [24] suggested
optimum limits for alkali activator concentration order to achieve superior AACM
concrete qualities. When this limit is exceeded, uhreacted positive ion will interfere
with the mortar matrix leading to greater threshptite diameted;, A concentration
between 8 to 16 molarity was recommended for sodiiiicate activator [26] while a
concentration of 10 molarity was recommended forapgium hydroxide [24]. The

upper limit has not been exceeded in the data pteden Fig. 3.39.
3.4.3.3.2 Effect of admixtures

Fig. 3.40shows the threshold pore diametdgsof AACM mortar mixes Mto
Ms for batch "a" (with admixtures) and batch "b" (watt admixture) for wet/dry, wet
and dry curing.The combined curves of the cumulative and the diffeaénpore

volumes given in Appendix 3.7 (a-c) and 3.8 (avejeused to determine the threshold

pore diameterg,
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Figure 3. 40: Effect of admixtures (R42 & SRA) dineshold pore diameterg, of
AACM mortar mixes

AACM mortar mixes with admixtures have much lowmeshold pore diameter
than the corresponding mixes without admixturese fnaphs in Fig. 3.48how a

strong linear relationship between activator ddntiand threshold pore diametgy,
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especially for batch "b" mixes (without admixtur@#lich show a greater slope of the
linear relationship.

Studies show that SRA when added to blended cemeduces the capillary
stress and water evaporation in plastic systemeeligeincreasing the portlandite
oversaturation level in solution. This results iigher crystallization stresses which
could lead to an expansion [164]. Likewise, thespnee of retarders in concrete records
an improvement in its performance, particularlydtgability [164]. The addition of
admixtures (SRA and R42) in AACM mortar also shawiraprovement similar to that
of blended cement mortars. This difference is gre@at AACM mortar mixes with high
activator dilution (Fig 3.37) For example, AACM mortar mix with 12% activator
dilution possesses a threshold pore diameft&.62 pum for batch "a" (with admixture)
and 9.04um for batch "b" (without admixture) undegt/dry curing. This is a 71%
reduction in the threshold pore diametdue to admixturesThe corresponding
difference at 2.15% dilution is 65%.

3.4.3.3.3 Effect of liquid/binder ratio

The relationship between the threshold pore diamsét, and the liquid/binder
ratio of AACM mortar mix M is shown in Fig. 3.41. The data are given in Agjden
3.9 (a-9.
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Figure 3. 41: The relationship between threshole pllameter g and liquid/binder
ratio (with admixtures)

Threshold diametetly, increases linearly with increasing liquid/bindaetio. For
example, the mixes with liquid/binder ratios of ®.4.48 and 0.50 had a threshold pore
diameterdy of 1.38 um, 1.42 um and 1.81 um respectively undet/dry curing as
shown in Fig 3.38The wet and dry curing follow the same trend. Tésults show a

significant influence of liquid/binder ratio on thiereshold pore diameteds, even at
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the small incremental increase of liquid/binderardéitom 0.46 to 0.50, particularly with
dry curing. Wet/dry curing displayed lower threshpbre diameterdy, than wet or dry
curing.

Huajun[165] investigated the porosity and pore structirbigher liquid/binder
ratios between 0.6 - 0.8 for a fly-ash based sysiEéme AACM mortar mixes were
cured under AT temperature, 95 + 5% R.H. for 1 day, followedldydays wet curing
at 20C. The activator used was a mixture of sodium hxide and sodium silicate in
the ratio 2:1. No significant change was observethe porosity and pore structure of
this fly-ash based system compared with OPC moftais is possible due to the high
temperature of curing (8G) which dorminated the influence of other factorspore

structure.

3.43.34 Effect of curing regime (wet/dry, wet andry)

The curves of the cumulative and differential pecdumes that were used to
determine the effect of curing regimes on the tho&bpore diameterdy, are presented
in Appendix 3.10 (a-c).The threshol